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IPP 2/250 W VII-A Team Mode and Sawtooth Behaviour

During Neutral Beam Injection

in the W VII-A Stellarator

Februar 1980 (in English)

ABSTRACT

The mode behaviour during Neutral Beam Injection in the WENDELSTEIN VII-A
stellarator is presented. The analysis is mainly relying on soft X-ray
measurements.

Two types of discharges were found during Neutral Beam Injection with
plasma currents > 20 kA. The first type is dominated by large,regular and
long sawteeth, which are caused by a (m,n)=(1,1) mode. In the second type
the sawteeth disappear completely. Later in the discharge a local dis-
ruption causes a transition to the first type; this disruption has a
(3,2) mode precursor. A new mode (2,2) is found and phase coupled to the
(3,2) mode.

Even at a high external rotational transform (t,=0.23) a large (2,1) mode
is found after the (3,2) mode has caused the Tocal disruption.

At slightly lower ty values major current disruptions may even occur. This
is mainly due to the enhanced edge heating by the Neutral Beam Injection.

Results of simulations of the mode structures are also presented.
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. INTRODUCTION

Two neutral beam injectors (30 kV, 30 A) /1/ have been in operation on
the Wendelstein VII-A Stellarator (major radius R = 2.0 m, plasma radius
a > 0.10 m; helical windings: 2 = 2, m = 5; shearless external rotational
transform t < 0.23; main magnetic field B < 4 T). The neutral beam power,
Pb < 450 kW, exceeds the ohmic power, POH ~50 to 100 kW, during neutral
injection. The beams are co-injected horizontally at an angle of 84° to
the main magnetic field. Thus large losses due to particles trapped in

the helical and toroidal mirrors are expected. Also the plasma radius is
rather small, so that even at high plasma densities (ﬁéf>5-1019m_3) with
Te(o) ~500 eV full absorption of the injected beam is not achieved. It has
been calculated /2/ that approximately 180 kW is actually absorbed in the
plasma. This exceeds the ohmic power during neutral injection by a factor
of three.

Furthermore a strong increase of the radiation Tevel in the plasma centre
has been observed, such that the radiation losses become a substantial
part ( ~30 %) of the local input power (1 to 1.5 w/cm3). Also a larae
increase (factor of 5) of the plasma beta during neutral injection is
observed ( <B> = 10_3 and Bga 2 during NI). Even more important is that
the radial profile of the injected energy deposition is different to that
of the ohmic power. This should be of influence on the current density
radial profile. Indeed a substantial change in the mode activity and
structure has been observed during neutral injection.

. DIAGNOSTICS

The mode structure is analysed in the W VII-A device with the aid of
the following diagnostics:
- Ultra-soft and soft X-ray detector arrays (USX- and SX-arrays)
(in certain cases the local X-rays originating from runaway electrons
impinging on the outer limiter can also be used),

- Magnetic measurements using sets of Mirnov coils,
- Electrical measurements using the four insulated Timiter segments,

- H-a emissivity measurements with a set of photo-diodes focussed on
different spatial positions in the limiter plane.




Fig. 1: The ultra soft X-ray diode array.
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The ultra-soft X-ray detector array consists of 30 rectangular surface
barrier diodes (Fig. 1), mounted in a high vacuum casing. The latter is
connected to the torus vacuum by a small slit (Fig. 2). The spatial
resolution obtained in thisway is better than =1 cm in the plasma
centre. With the 30 diodes the full poloidal aperture is viewed.

Thin beryllium filters of 0.5, 2.0, 25 and 75u thickness can be moved
in front of the entrance slit in addition to the 0.1w thick aluminium
window of the surface barrier diodes. A coarse energy resolution can
thus be obtained. Table I shows the approximate energy bands for each
filter combination.

Filter 15 Band 2" Band
0.1 uAl 15 eV< hv <70 eV 250 eV< hv
II + 0.5 uBe 350 eV< hv
11l 4 2  fiBe 570 eV< hv
IV + 25 uBe 1400 eV< hv
+ 75 uBe 2000 eV< hv

TABLE I: Filter energy bands

The radial flux profiles obtained with the 30 diode array are Abel

inverted /3/, taking into account the elliptical cross-section of the

plasma /4/. At another toroidal position a set of two soft X-ray circular
surface barrier detectors has been installed. These view the plasma at a

radial position of + 2.8 cm through a 25u thick berylTium window. The two
detectors allow the toroidal mode number n of the instabilities near the

plasma centre to be analysed (in particular the(m,n)=(1,1),(2,2) and (3,2)
modes). Two large surface barrier diodes (with resp. a 328 and a 738u

thick beryllium window) have been installed at the same position in order

to determine the central electron temperature by the filter method /5/.

A1l the data obtained are stored on a PDP-11 computer via a CAMAC and
CAMEM interface, built at the institute. The sampling time of the CAMAC
interface is 1.2 usec per channel so that with 4 channels per CAMAC unit,
frequencies of 20 to 30 kcs can be readily detected. A total of 36 signals



Beryllium

Filters

Surface Bafrier Diodes '

Fig. 2: Sketch of the ultra soft X-ray diode array.
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each with 1k 10-bits words are stored for each discharge. This, together
with a variable amplification of a range of 1 to 1000, yields a dynamic
range of <106. Even this large dynamic range has sometimes proved to be
too small during neutral injection.

The magnetic measurements are made outside the plasma, but inside the torus
at three toroidal positions 108° apart, with sets of 4 Mirnov coils equally
spaces in the poloidal direction.

The different coils are combined together in such a way that the mode
structure in poloidal (m-number) and toroidal (n-number) direction can be
readily analysed. The signals are stored on fast transient recorders

(200 kHz sampling rate, 8 bits and 1 k words). USX-array and magnetic
signals are exchanged in order to make cross-relations.

. MODE AND SAWTOOTH BEHAVIOUR DURING NEUTRAL BEAM INJECTION

In Wendelstein VII-A mode behaviour generally changes appreciably during
neutral injection.

Two types of discharges have been observed for a plasma current of 20 kA
and an external rotational transform to of 0.23 with the two available
neutral injectors.

The first type is characterised by large regular internal sawtooth dis-
ruptions, which affect the energy confinement over more than half the
plasma radius.

The second type is characterised by a disappearance of the regular saw-
teeth. This allows a further heating of the plasma centre, leading to
the highest obtained central beta values.

Apparently the current density radial profiles are different for each type
of discharge. This can also be seen from the nosition of the q = 1 surface.
In the first type the q = 1 surface is at r = 5 cm, as seen from the
position of the maximum of the (1,1) mode. (Fig. 4).
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In the second type the q = 1 surface is at r = 3.5 cm, as seen from the

position of the maximum of the (2,2) mode (Fig. 6). This mode is observed
instead of the (1,1) mode. Coupling to the (3,2) mode due to the toroidal effect
is probably responsible for the varied mode structure at the q = 1 surface.

The increase in the sawtooth repetition time at the start of the neutral
injection is qualitatively well understood from the increased edge

heating and the increased central radiation losses due to the neutral

beam injection as compared to the ohmic heating above.

In the first type of discharge the edge heating is apparently not sufficiently
strong to prevent the current channel constriction, which leads to the internal
sawtooth instability.

In the second type of discharge a small amount of deuterium has beed added
to the helium discharge by gas puffing technique at the beginning of the
neutral beam injection.

This apparently changes the energy deposition radial profile of the beams
Just sufficiently such that the sawtooth repetition time increases
progressively and finally the sawtooth disruption seems to disappear.

In both types of discharges the level of the central radiation losses is
roughly the same.

The second type of discharge usually turns over after a while to a sawtooth
dominated discharge after one or more localised internal

disruptions at the q = 1.5 surface. This leads in two ways to a cooling of the
plasma centre, firstly by the internal disruption itself, secondTy by the
subsequent presence of large (1,1) and (2 1) modes.

These modes are destabilized by the change in the current density profile
due to the internal disruption at the q = 1.5 surface.

Moreover the cooling of the plasma centre causes an increase of the power
deposition from the neutral beams to the electrons in the centre. The
change in the power deposition profile is probably the cause of the
transition to a sawtooth dominated discharge.
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At slightly lower values of the external rotational transform to the
(3,2) internal local disruption may even subsequentially lead to major
current disruptions caused by very large (2,1) modes. These disruptions
seems to be linked to a rather far inward location of the q = 2
surface.

An inward location can be achieved by

- a lower value of %

- a lower plasma current

- and dynamically by an internal disruption at for instance the
q = 1.5 surface.

This will be shown in the following chapters.

Plasma parameters for the neutral injection discharge are given in Table II.

The values in brackets are for the target plasma without neutral beam
injection.

. FIRST TYPE DISCHARGES - INTERNAL SAWTOOTH DISRUPTIONS AT THE
q = 1 SURFACE

Discharges with large, long, and regular sawtooth activity (At, ~ 5 msec,
ATE/Te-«ZO %) are obtained when injecting two hydrogen beams of 450 kW
total power into a helium plasma of density =H ~4 to 5'1013ch3. The

external rotational transform to equals 0.23.

The sawteeth disruptions are characterised by large (1,1) percursors. A
typical time evolution of the sawteeth is shown in Fig. 3 for ultra-soft
X-ray fluxes with energies above 500 eV (through 2 uBe). Occasionally, in
between the disruptions, a (3,2) mode of a constant amplitude appears.

The radial profile of the amplitude and phase of the (1,1) precursor is
shown in Fig. 4. The asymmetry in the (1,1) mode amplitude is an indication
of the presence of a small (2,1) mode, as is measured by the Mirnov coils.

The disruption causes a substantial lToss of plasma energy and also a
redistribution of the plasma current. The latter is straightforward to
derive if one assumes that the effective plasma charge Zeff does not
change during the internal disruption. Since Zeff is close to 2 (helium
plasma) this assumption is reasonable. It is now possible to Tink the
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decrease in the resistive voltage, when the temperature drops (!) during
the disruption, with a decrease in the central current density. Typically
the change in the central current density is such that the central safety
factor g(o) = 1/t(0) varies from q(o) ~ 0.8 before the sawtooth dis-

ruption to q(o) -~ 1.2 just after. This can be seen in Fig. 5. The figure
also shows the time evolution of the X-ray central electron temperature,
the plasma energy content deduced from the diamagnetism, the ohmic

heating power and the plasma horizontal and vertical positions. The

changes in the plasma energy content agree with the inward and outward dis-
placements of the plasma column (around ~ 1 mm). This shows that 7 to 8 %
of the global plasma energy is st at each sawtooth disruption, as compared
‘with losses in the central plasma (r <5 cm) where around 20 % electron
temperature fluctuations are seen.

Neglecting electron density transport caused by the sawtooth disruptions, it
is clear that the plasma energy losses are, for a substantial part (400 mW/cm
due to the sawtooth disruptions. This figure should be compared with the
total calculated power input to the electrons in the centre of around

%

g} w/cm3 and the total measured radiative power in the plasma centre of
- 300 to 500 mh/cm°.

The previously mentioned (3.,2) mode which appears occasionally inbetween
~ the sawtooth disruptions has amplitude and phase radial profiles shown in
ig. 6 for shot 19418. This (3,2) mode is accompanied by a smaller (2,2)

~ mode of varying amplitude.In contrast to the (1,1) mode at the q =1

surface, which is never seen with Mirnov coils, the (2,2) mode at the same
surface is clearly visible on the outside.

The (3,2) mode is present only for a few milliseconds. This is an indication
of the changing radial current profile during the build-up phase of the

~ sawteeth disruption.

SECOND TYPE DISCHARGES - QUIESCENT DISCHARGES

When deuterium is added to the helium plasma by gas puffing, the sawtooth
pehaviour changes appreciably. This is shown in Fig. 7. The upper part of
the figure shows the time evolution of a central soft X-ray signal for a
pure helium plasma. The neutral injection starts at ~ 75 ms. The increasing
sawtooth period and subsequent decrease to -~ 5 msec can be clearly seen.

3
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The lower part of the figure shows the time evolution for a helium-
deuterium mixture. It can be seen that the sawtooth period also increases,
but that is continues to increase. It can be seen on the right half of

the figure that a sawtooth disruption caused by a (1,1) mode occurs a few
msec before t = 140 msec and is later followed by a relatively large
internal disruption caused by a (3,2) mode.

INTERNAL DISRUPTIONS AT THE q = 1.5 SURFACE

A typical time evolution of the USX fluxes for various radial positions

is shown in Fig. 8 (shot 19544). At t = 135.5 msec the above-mentioned

(1,1) caused sawtooth is hardly visible. At t = 138.5 msec the internal
disruption caused by the (3,2) mode occurs. The precursor modes for the
latter disruption are coupled (3,2) and (2,2) modes. The amplitude and phase
radial profiles of these modes just before the disruption are given in the
lower half of Fig. 9a for a similar shot. The structure of these modes has
been determined by a set of Mirnov coils and the USX and SX diodes. Note

that the amplitude of the modes is now much larger than for shot 19418 (Fig.6),

especially the (2_2) mode.

SIMULATION OF THE (3.2) AND (2,2) PRECURSOR MODES

The left and upper part of Fig. 9a (shot 19561) shows the (3,2) and (2,2)
modes during a 1 msec interval just before the internal disruption. These
should be compared with the simulated signals /14/ on the right, which

are produced by a fitted analytic X-ray emissivity distribution represented
by the contour plot in the lower right half of the figure and also by the
3-dim. plot in figure 9b.

The simulated amplitude and phase radial profiles (broken lines) are given
together with the measured profiles (solid lines) in fig. 9a.

The phase profiles show particularly good agreement between simulation and
experiment. The discrepancies for the mode amplitudes are mainly due to the
fact that in reality the modes are rapidly growing, especially towards the
outside of the torus. Because of this the relative amplitude (a AS /A) rises
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well above two. This value is the maximum relative amplitude that can
possibly exist for modes of constant amplitude and uniform rotation.

Fig. 10 shows the Abel inverted X-ray intensity profiles just before and
after an internal disruption at the q = 1.5 surface. This causes the profile
to steepen near the q = 1 and q = 2 surfaces and to flatten at the q = 1.5
surface. (Note that the figure is on semi-log scale and that -%% =1 Q%%l).
Assuming that the X-ray profile is a reflection of the electron temperature
and therefore also the current density profile, the destabilization of the

(1,1) and (2,1) modes can be expected.

THE AFTERMATH OF THE INTERNAL DISRUPTION AT THE q = 1.5 SURFACE

It has been observed that plasmasof the first type are more stable after
an internal disruption at the g = 1 surface, although occasionally a (3,2)
mede with constant amplitude may appear in between the sawtooth disruptions.

For the second type discharges it is usually found that the internal
disruption at the q = 1.5 surface causes both the inside (1,1) and the
outside (2,1) to become very unstable. This can be seen from the X-ray
diode signals for shot 19544 in Fig. 8. The fast transition of the (3,2)

and (2,2) modes structure during the disruption to a (1,1) and (2,1) modes
structure is shown both on the X-ray and the Mirnov coil signals in Fig. 11.

The large (1,1) and (2,1) islands are correlated with a continuous plasma
energy loss as is seen on the continuously decreasing central electron
temperature (Fig. 12). The latter is measured with the filter method, which
usually gives good agreement with other methods /5/.

The energy loss is also quite noticable on the plasma diamagnetism (total
energy) and the plasma horizontal position. The latter change is also
clearly visible on the USX-diodes: especially diodes Nos. 7 and 25 of Fig.8
(19544). (In order to compare both figures add 2.5 msec to the time scale
of Fig. 8 (19544)). The plasma energy does not always decrease so smoothly.
Changes in (1,1) and (2,1) mode behaviour may occur during sequential

local disruptions, usually originating near the q = 1.5 surface. Some
indication of this is also visible for shot 19544 on the outer USX diodes
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in Fig. 8. Further properties of the (1,1) and (2,1) modes will be
discussed in the following sections.

The effects of the q = 1.5 disruption have died down at t = 141.5 msec
(see Fig. 8) and transition to a normal q = 1 sawtooth discharge takes
place. Apart from the lower Te’ radial profiles of the X-ray intensity
of q = 1 and the position before and after the sawtooth disruption are
very similar to that of the pure helium discharges (shots 19400 - 19435).

ENERGY LOSSES BY (1,1) AND (2,1) MODES

It is not clear why, in certain cases, the modes saturate and in other
cases lead to a disruption.

In both cases enhanced plasma losses occur:

During the disruption, the loss is caused by the ergodisation of the field
Tines over the area of interest or by reconnection processes of the various
islands.

During the saturation of the tearing mode the loss is caused by a virtual
shortcircuiting of the perpendicular heat conduction K across the island
width A/6/. Based on the increase of the gradients outside the islands,
the energy confinement time TEcan be calculated:

2
. .2 Al (1)
E e a
a = plasma radius or the region where gradients exists.
K = average heat conductivity

Assuming that the central temperature Teo is correlated with its average
value, one can derive that

aTeq w ~O Teo

dt a-A

TE
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Tg is the original energy confinement time, before the existence of the
island(s). From the shape of the decrease of Teo in Fig. 12, it can be
found that A/a~ 0.7. Where A is the sum of the total shortcircuiting
islands. If we assume the A (1,1) ~r(qg=1), this gives approximately

2.5 cm for the width of the (2,1) island. The plasma radius a is assumed
to be ~ 10 cm. This value can be further reduced, because of the high
radiation level at the plasma edge. (Radiative limiter /W VII-A Team,
Prague/) The value of the radius r(g=1) has been taken from the radius
where the (1,1) mode has its maximum. This is shown in Fig. 13. Here the
measured radial profiles of the relative amplitude and phase of the
coupled (1,1) and (2,1) modes are given by solid Tines in the left part

of the figure. These have to be compared with the simulated curves (broken
lines). The right-hand side of the fiqure shows the contour plots of the
X-ray emission calculated by the simulation. The large size of the islands
found in this way explains rather well the enhanced losses that have found

experimentally.

. MODE LOCKING

Another feature of the coupled (1,1) and (2,1) modes is that they may stop
rotating over short periods.(In our example Fig.14 upper left part for 1 to 2
msec.) Correlated with the end of the locking interval is a change in the current
density profile by a internal disruption. This can be derived by the change

in the position of the q = 1 and q = 2 surfaces.

In all cases of so called mode locking the X-points of the separatrix

of the (1,1) and (2,1) tearing modes are close to the upper-outer

limiter segment /7/. This segment is the most severely subjected to

the plasma - limiter interaction, because of the elliptical shape of

the stellarator plasma and its horizontal position. Limiter mode

Tocking has been regularly observed also in OH discharges with large (2,1)
amplitudes and q(a) close to two.

Mode locking or reduction of the mode rotation has also been observed

on TFR /8/ and ALCATOR A and C /9/. However, it seems in those experiments
that the stagnation point is correlated with the 0-point of the islands.
This is the opposite of our interpretations.
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Whether or not slackening of the rotation or locking occurs depends on the
(2,1) island size and the distance between the q = 2 surface and the
limiter. It is believed that both affect the drag of the limiter on the
island and that further rotation is allowed when the island size is re-
duced or the distance to the limiter is increased. It is plausible that
when the island tries to pass the cool Timiter region it may shrink by
partly quenching itself, therefore allowing further rotation. On the

other hand it has also been observed (Fig. 8 shot 19544) that the rotation
starts again during a local disruption. Here the disruption can force the
current to flow more outside the q = 2 surface, thereby increasing the
distance between that surface and the limiter.

SIMULATION OF THE (1,1) and (2,1) MODES

In addition to the measured X-ray signals simulated signals were calculated
/14/ for the shot shown in Fig.14. In particular, the double frequency at

t = 153 - 154 ms superimposed on the central USX signals can be well explained
by the structure of the (1,1) island. The non-sinusoidal oscillations are
partly caused by the poloidal extension of the islands and partly by a non-
uniform rotation. The structures in the poloidal plane used for the simu-
lation at two specific"times" marked I and II are shown in the figure. The
emissivity is shown on logarithmic scale.

MAJOR DISRUPTIONS - LARGE (2,1) MODES

Without Neutral Beam Injection (NI) no major current disruptions occur if
the external rotational transform to is larger than 0.14.

The density Timit for various values of the plasma current exceeds the
Murakami 1imit significantly; by a factor of 3 to 4. At external rotational
transforms of t0> 0.14 the density Timit no lTonger depends on disruptions
/12/. The appearance of major disruptions is clearly linked with the presence
of strong (2,1) modes. The increase in the (2,1) mode activity with
increasing density is correlated with the increased radiation losses at the
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plasma edge. This behaviour could be explained by the modification
of the current density radial profile due to the edge cooling /13/.
It has also been observed that a general decrease of the m = 2

mode activity with increasing tb occurs /7,11/. This effect together
with the additional plasma equilibrium provided by the helical
stellarator field are stabilizing the plasma against major current
disruptions /12/.

An important aspect of these disruptions is that several modes ((2,1) +
(1,1)) play a role in the process. In particular, the edge cooling

forces the q = 1 surface to move outwards, diminishing the distance between
the rational g-surfaces /12/.

Without Neutral Beam Injection the m = 2 mode and the major current
disruptions disappear for high to (to > 0.14 to 0.17). This could be
understood by the fact that the rational q = 2 surface moves outwards
with increasing tb towards regions with less and less current density.
With Neutral Beam Injection large (2,1) modes appear under certain
conditions also at high values of t, 2 0.20. Occasionally major
disruptions occur then.

Qualitatively, the destabilization of the (2,1) mode with NI can be
understood as being caused by the enhanced edge heating which increases
the current density near the q = 2 surface. This effect is amplified

by the occurrence of internal disruptions at q = 1.5.

New aspects of the major disruptions during NI are that most disruptions
observed occurred usually with only one predominant precursor mode
present and also at Tower plasma currents. The precursor mode of a (2,1)
structure was occasionally accompanied by a much smaller phase coupled
(1,1) mode.

In these discharges, however, other large modes were observed a while
before the (2,1) caused major disruption. These other modes cooled the
p]asma centre. Enhanced cooling of the pnlasma centre or heatina of the
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plasma edge forces the q = 1 and q = 2 surfaces radially inward by
changing the current density profile. The q = 1 surface may even
disappear, in which case a large (2 ,1) mode can grow in a region with
reduced shear. Extensive (2,1) modes have indeed been observed as will
be shown in the following examples.

GENERAL DESCRIPTION OF THE TIME EVOLUTION BEFORE A MAJOR CURRENT

DISRUPTION

The examples show the time evolution of the USX and Mirnov coils signals
before and during the (2 1) disruption. The plasma parameters for these
discharges are close to those discussed in Chapter 5.1: k 0.19;

Ip =_%7 - 20 kA, He and D mixture, 2 injectors, and average plasma beta
~10 ~. Again the characteristic feature is the relatively Tong time
interval ( ~20 msec) with only a very small mode activity. But in this
case, a (3,2) mode is growing very slowly (¥~ 33 sec-l) in contrast

with the rapidly growing (3,2) mode discussed in Chapter 5.1. It is

Tikely that in most cases the (3,2) mode is coupled with a (2,2) mode,
although this has not been extensively analysed. Usually, after a Tocalized
internal disruption at the q = 1.5 surface, large coupled (1,1) and (2,1)
modes appear which decay progressively, leaving a quiescent plasma for a
period of 1 msec. Apparently, during this period there is a reorganization
of the current density radial profile because a large growing (2,1) mode
appears afterwards, coupled with a (1,1) mode of varying amplitude.
Sometimes, the (1,1) is hardly visible at all, and a single (2,1) mode

is present. Usually, these large single (2,1) modes Tead to a current
disruption.

FIRST EXAMPLE

Fig. 15 shows the time evolution of the USX diodes and some of the Mirnov
coils, from a few milliseconds before the supposed q = 1.5 disruption
until after the main q = 2 disruption for shot 18921. It is difficult to
determine whether the localized disruption occurs at the q = 1.5 surface,
because the precursor mode is not clearly visible on the USX diodes, since
too few sampling points over the long time that the mode is growing are
taken. However, the inversion radius of the disruption is close to 4.7 cm,
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whereas the q = 1 and q = 2 surfaces are situated at 3 and 7 cm. This
has been determined from the maxima of the (1,1) and (2,1) modes that
appear during and after the disruption.

The situation therefore looks very similar to the discharges discussed
in Chapter 5.1 (shot 19544), although here the external t, was larger,
possibly being the reason why no major current disruption occurred later
on. (Remember that the q = 2 surface is closer to the outside for larger
values of to.) Also there the (3,2) mode started to develop with a
"normal" faster growth rate. The Tlarge coupled (1,1) and (2,1) modes
have a modulation of 70 %. However, they decrease in time and disappear
completely.

Following a quiescent period of around 1 msec, a large (2,1) mode starts
to grow, leading to a major current disruption at t = 141.3 msec. Radial
profiles of the relative mode amplitude are shown in Fig. 1g for two
times. The mode initially grows exponentially in time with a growth rate
Y= 5.6 & 0.6 10° sec-l, but starts to saturate after t = 140.9 sec.
Typically also the rotation slows down with increasing mode amplitude.
This also occurs exponentially at a rate approximately equal to that

of the time averaged growth rate: ~ 4-103 SEC i

Another feature of the (2 1) modes before the disruption during NI is that
the q = 2 surface is situated 1.7 cm closer to the plasma centre than
calculated for stable discharges from the measured Te(r) profile. (It is
assumed that the position of the q = 2 surface cooresponds to the maximum
of the mode amplitude.) This implies that the q = 2 surface is closer to
regions with steep current density gradients. Therefore, we may expect the
(2,1) to be more unstable. This may explain the occurence of major current
disruptions at Tlower plasma currents, as is shown in the third example.
Because a lower plasma current implies a more inward located q = 2 surface.




Fig. 17: Evolution of the radial USX intensity profiles during
subsequent disruption: at ¢=1.5 at t=t; and a major
disruption at q=2 at Lo

} (Shot: 18921, ¢,=0.19, Ip=20 kA, 2 injectors, 2uBe).
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HOLLOW EMISSION PROFILES AND THE g=1 SURFACE

Shrinkage and disappearance of the g=1 surface seems to be correlated

to larger extended (2,1) islands. The shrinkage of g=1 may be supported

by the fact that inbetween the smaller and larger disruption, during the
quiescent period, hollow USX emission profiles are observed. The USX
emission is mainly due to (1ine) radiation between 600 - 1000 eV,

probably the K-lines of 07+ (oxygen being the most abundant impurity)

so that a hollow profile may indicate a lower abundance in the centre of
07+ as compared to the fully ionized 08+. This is some evidence for the
assumed disappearance of the g=1 surface, which, when present leads to

a flattening of the profiles in the central region. Fig. 17 gives the time
evolution of the Abel inverted radial profiles of the USX emission through
2uBe before the small disruption (tl)’ in between the disruptions, and
just after the major disruption (tz). Note the hollow structure during

the quiescent period.

SECOND EXAMPLE

Various types of disruption have actually been observed. The second
example (shot 18918) shows in Fig. 18 that a large (2,1) disruption may
not necessarily follow the g=1.5 disruption directly. In this case, the
g=1.5 disruption is followed by a smaller disruption which originates
mainly at the q=2 surface. This example shows a weak (2,1) disruption,
even without a complete reconnection of the field lines. This can be de-
duced from the continuous presence of a smaller (2,1) mode after the dis-
ruption. A large scale disruption has possibly been prevented by the
presence of the g=1 surface. This presence can readily be deduced from
the clearly visible (1,1) mode before and after the local disruption.
(Up to 200 % modulation after the disruption). After the evanescence of
the (1,1) mode, a quiescent period follows. During this period the g=1
surface probably shrinks, since a (2,1) mode starts to grow, which leads
to a major disruption. Fig. 19 shows the time evolution of Abel inverted
USX radial profiles. Here also the hollow structure of the emissivity
during the quiescent period is visible.
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Fig. 18: Diode signals preceding major disruption
(Shot: 18918, €=0.19, Ip=20 kA, 2 injectors, 2uBe).




Fig. 19: Evolution of the radial USX intensity profiles during

subsequent disruption: at q=1.5 at t=t1, at g=1 or 2 at
to and a major disruption at g=2 at t3
(Ehot: 18918, t5=0.19, Ip=20 kA, 2 injectors, 2uBe)




= 16 =

6.5. THIRD EXAMPLE - MAJOR DISRUPTION AT LOWER PLASMA CURRENT

This example (shot 18886 in Fig. 20a) shows that the position of the
q=2 surface plays a more important role in the stability of the plasma
than the actual value of the safety factor q(a) at the boundary. In
this case, the plasma current has been lowered from 20 to 17 kA, which
resulted in even stronger (2,1) mode activity. Essentially, the time
history of this shot is identical to that of the first example.

Fig. 20a also shows the relative measured amplitudes and phases of the
USX diodes before the disruption, together with the results of a
simulation. From the contour plots of the X-ray emissivity in Fig. 20 a
the width of the (2,1) island can be estimated to be around 3.5 cm.
Fig. 20b shows a 3 dimensional plot of the same X-ray emissivity. In
order to simulate the modulation of the diode signals, a periodically
changing rotation and a small (1,1) mode have to be included.

6.6. GENERAL REMARKS ON THE OBSERVED MAJOR DISRUPTIONS

It should be noted that the major disruptions discussed very much
resemble the internal disruptions at the g=1 surface, because the

q=2 surface is located far inside the plasma volume and because only
one dominant precursor, the (2,1) mode, is present. Also the propagation
of the heat pulse from the g=2 surface to the plasma edge is clearly
visible, as in the case of an internal sawtooth disruption at the

g=1 surface. However, the amount of energy loss is too large, so that
the replenishment of the plasma energy is taken from the magnetic field
energy of the plasma current itself: a major or minor current disruption
occurs /12/.

Another feature often observed during the (2,1) disruptions is that the
(2,1) islands have a similar poloidal and toroidal position when the dis-
ruption takes place. This is an indication of the interaction between

the (2,1) island and some obstacle at the plasma edge. As in the case

of the mode locking discussed in Chapter 5.5 the X-point of the separatrix
of the (2,1) mode seems to be close to the outer and upper limiter.
However, in this case, although a continuously slowing down of the mode
rotation is observed, no strong locking with the limiter is detectable,

at most a periodically changing rotation is observed.
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THE DIRECTION OF ROTATION OF THE TEARING MODES

The direction of rotation of the tearing modes does not change during
Neutral Beam Injection, probably because of the nearly perpendicular
injection. This is in contrast with other experiments, which have
tangential injection, such as PLT or ISX.

The rotation is either in the direction of the poloidal electron
diamagnetic drift or that of the toroidal drift of the electrons in the
toroidal electric field. This can not easily be distinguished, because of
the helical structure of the instability.Comparison of the value of the

measured drift velocity with the calculated electron diamagnetic drift and
the electron toroidal drift is not very conclusive. This is because the

accuracy required in order to be able to distinguish between both
possibilities is not sufficient. This may be seen from the following:

Te(eV) dln neTe
Vdia(m/s) 5 W— T AR (2)

and
Vga(m/s) = 3(A/mE)/ng(m>) e(C).

Assuming q(o) = 1 and ne(r) ~ Tefrj /5/, /10/, one gets

-1 _1dlnne Te Te(ev) 1
vdia(sec) "% —W—e W ‘2‘;;2' (3)
an (sec)] 4 ToleV)
Y] sec = ———R—Z- —
o Be(0) = BO(Ij 2ma
a
2

with¢ = r/a and Be(o) = ne(o)-Te(o) / B, /2u .

This yields the following relation

B (o) - R2/a2 din n,T,

Vi - Ly ) dg
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Fig. 21: Transition of coupled (3,2) + modes to coupled
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In practice this ratio is of the order of unity:

din neTe a2

7.1. MODE COUPLING AND DIRECTION OF ROTATION

However, the mode coupling shows some evidence that tearing modes are
rotating toroidally. This is based on the following observations:

|

|

| During the coupling of an (m,n)=(3,2) mode with a (2,1) mode the

| frequency of the (3,2) mode: f(3,2) is twice f(2,1). An example of
coupled (3,2) and (2,1) modes is presented in Fig.21. In the time inter-
val between internal sawtooth disruptions from 254.5 - 256 ms (3,2) and
(2,1) modes are observed simultaneously. The respective frequencies of
the modes localized at 6 and 8.5 cm differ by a factor of two. In con-
trast to the Mirnov coils, which show a superposition of the two

| rotating modes (upper two traces of Fig.21 ), the two modes are each

i separately detected by the USX diodes. Furthermore, during the coupling
I of a (3,2) mode with a (2,2) mode, f(3,2) equals f(2,2). (See Fig. 9c),
| and during the coupling of a (2,1) mode with a (1,1) mode, f(2,1) equals
1 f(1,1). (See Fig. 13). The assumption of a toroidal rotation would

| readily explain the fact that the toroidal mode number n relates the

I two frequencies.

A physical argument that supports this observation is that tearing modes
are essentially caused by local concentrations of the current density or
by electrons drifting in the toroidal electric field. It is very likely
that the mode structure will therefore drift in the same direction and
with the same speed as the drift of the electrons that is producing it.

8.  CONCLUSION

The discharges with a high energy content during Neutral Injection may
be divided into two types.

The first type is characterized by large, long, and regular sawteeth
caused by the (1,1) mode at the g=1 surface. This surface and also the

|

|

|
-—a‘a—_———J.
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gq=2 surface are relatively close to the outside of the plasma:

at resp. ~5.5 and 9.5 cm. Inside the g=1 surface the electron heat
losses can, when time averaged, be explained by the measured line
radiation and the sawtooth disruptions (about 50% each).

The second type is characterized by increasingly longer and disappearing

sawtooth disruptions. Therefore, the plasma Tosses are considerably less

in comparison to the discharges of the first class. The plasma energy

content is accordingly higher during the quiescent period. The rational

surfaces appear to be closer to the plasma centre, especially after a

localized disruption at the q=1.5 surface, which ends the quiescent period.
| Both, the g=1 and gq=2 surface, are displaced ~2.5 cm inwards in comparison
to the discharges of the first type. In particular, this brings the g=2
surface closer to the steep current density gradient. The resulting
large (2,1) and often also (1,1) modes are then responsible for substantial
plasma losses either through disruptions or more continuously by energy
transport across the islands. At slightly Tower values of the external
rotational transform (to from 0.23 to 0.19) major current disruptions
caused by the (2,1) mode may occur.

The only difference in the discharge build-up between the two types is
additional gas puffing with deuterium. The first type has a constant

level of helium. The second type has deuterium added to it at the be-
ginning of the injection by gas puffing. This apparently increases the

beam energy deposition at the plasma edge, impeding the current constriction
towards the plasma centre of the sawtooth internal disruptions.

The problems encountered with the (2,1) tearing mode proved to be clear-
ly Tinked with the toroidal plasma current.

In the WENDELSTEIN VII stellarator several means to avoid the deleterious
effects of the (2,1) mode are possible. Firstly, increasing the stella-
rator external rotational transform t, when decreasing the plasma current
in order to keep the g=2 surface at the outside away from the current
density gradients. Although then difficulties with a shearless ro-

tational transform of the WENDELSTEIN VII stellarator might be encountered.
Secondly, tailoring the beam deposition or the radiation loss radial

profiles by carefull addition of various gasses, such as 02 and Ne.
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