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Abstract

This paper reports about the latest developments on feedback control of MARFEs in TEXTOR-94. This technique
allows us to avoid most of the density limit disruptions and provides means to create stationary MARFEs. The best
signal for MARFE detection is the CII or CIII line radiation from the vicinity of the inner wall. This signal has been
used successfully in various feedback loops acting on the deuterium gas flow, the external heating power, impurity
injection or the horizontal plasma position or a combination of these. The results demonstrate that the proximity to the
inner wall can be of major importance for the MARFE development, quite comparable to the average electron density
or the plasma current. Recombination becomes significant inside the MARFE at electron densities of about 3 x 10'#
cm™ and temperatures of a few eV as is shown by spectroscopy. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

A MAREFE is a radiative instability effect, identified
first in the tokamak ALCATOR C [1,2], where this
name has been coined, and observed later on many other
machines [3]. This instability starts when the derivative
of the local radiation losses P; with the local electron
temperature 7. is negative 8P /6T, < 0 and its absolute
value becomes larger than the change in heat flow into
this region. This condition can be met at rather low T,
and is generally achieved first on the high field side of a
tokamak, where the radial heat transport has a mini-
mum. At this location a rather thin toroidal belt of low
T. and high electron density n. with strong radiation
develops, which typically covers about 10% of the po-
loidal circumference and 5-10 cm of the minor radius in
the vicinity of the last closed flux surface (LCFS). Po-
loidal asymmetries in transport (e.g. drifts, plasma ro-

*Corresponding author. Tel.: +49-2461 61 3085; fax: +49-
2461 61 5452; e-mail: u.samm@fz-juelich.de.

tation, etc.) may cause the MARFE to start somewhat
below or above the horizontal midplane and further-
more may lead to a slow movement of the MARFE in
poloidal direction.

MARFEs are an issue for fusion machines since the
operation at high densities and high radiation level is a
typical regime where MARFEs are often observed. The
so called divertor detachment, an important scenario for
energy exhaust, is also linked to MARFEs.

Improved knowledge about the MARFE develop-
ment and the conditions for MARFE onset may help to
understand partly the density limit in a tokamak. Lip-
schultz [3] formulated a condition for MARFE onset

p = 7./I,na’, (1)

with 7. the line averaged electron density in (10 m=3),
I, the plasma current in mA and the minor radius a in
m. In the data set available at that time MARFEs have
been observed for p =0.4-0.7 and the upper limit for the
density was at p ~ 1. Later this scaling with p=1 has
been applied successfully to fit the density limit also of
elongated and diverted plasmas leading to the so called
Greenwald limit [4].
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Recently it has been shown on TEXTOR-94 that this
limit can be overcome by up to a factor of 2 if one
chooses conditions where the onset of MARFEs is
suppressed or delayed [5]. In these experiments the
proximity to the inner wall plays a crucial role, a pa-
rameter which is not included in Eq. (1) and is so far
also not considered in MARFE theories [6-8], except a
new approach developed by one of us [9]. The experi-
mental evidence for this will be elucidated further in this
paper.

A safe operation close to or with these instabilities
requires the employment of feedback systems. Experi-
ments with feedback systems may also help to identify
and study the relevant mechanisms for MARFE devel-
opment. We have already reported earlier about the ef-
fect of horizontal plasma positioning on MARFE
development in TEXTOR [10]. On ASDEX-U it has
been shown that MARFEs can be controlled with a
feedback system based on bremsstrahlung and neutral
beam heating [11].

In this paper we report about the latest developments
on feedback control of MARFEs in TEXTOR-94. This
new technique allows to avoid most of the density limit
disruptions and provides means to create stationary
MARFEs. By employing this technique we will dem-
onstrate the relevance of proximity to the inner wall, the
development of different types of MARFEs and present
spectroscopic data from which local plasma parameters
inside the MARFE can be derived.

2. MARFE detection

MARFEs can be observed with all diagnostics which
are sensitive to density, temperature or radiation chan-
ges at the high field side close to the LCFS. Examples
exist for bolometry, interferometry, electron cyclotron
emission and emission spectroscopy. The MARFE
structure is most clearly seen in the poloidal cross sec-
tion. Fig. 1 displays video images obtained from a CCD
camera. Most of the light detected comes from D, and
some impurity lines, like carbon CII and CIII. Two
types of MARFEs are shown: a ‘fat’ and a ‘thin’
MARFE, the appearance of which depends on the
horizontal plasma position as is discussed later. The
MARFE onset can also occur somewhat below or above
midplane (£45°). Furthermore the MARFE can move
poloidally. Therefore, the observation volume for
MARFE detection has been choosen to be rather large
as is depicted in Fig. 2.

On TEXTOR-94 we employ a filter-diode system
which provides a fast signal (10 kHz) from various lines.
Furthermore, a spectrometer with a tangential view is
used, which allows the determination of radial emission
profiles across the MARFE region (50 Hz resolution)
and another spectrometer viewing radially to the in-
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Fig. 1. Poloidal cross section of TEXTOR in the light of D,
showing MARFEs at the high field side; (a) thin MARFE when
distance to inner wall is enhanced; (b) fat MARFE.
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Fig. 2. Observation volume in the poloidal plane which has
been used for spectroscopic MARFE detection and feed-back
control.
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board side and scanning via a technique with oscillating
mirrors gives data for higher ionization states (e.g. CIV
and CV). The most pronounced signal is obtained from
CII and CIII, whose peak values rise typically by a
factor of 10 with a MARFE. The higher states like CIV
and CV increase much less. This has also been reported
from other tokamaks (e.g. JET [12]).

We report here only about feedback control systems
in which the CII radiation has been used for MARFE
detection. Since the signal is averaged over a large area it
may vary less than the peak values mentioned above.
These peak values have been derived from emission
profiles, but are so far not available online, thus cannot
be used for feedback control.

3. MARFE onset and development

Among the experimental observations which lead to
the development of a MARFE the most important ones
are: (a) increase of density beyond a critical value, (b)
increase of radiation by impurity injection, (c) decrease
of heating power and (d) increase of local recycling by
shifting the plasma towards the inner bumper limiter.
From this list we can immediately see by which means a
MARFE control should be possible. This is discussed in
Section 4.

The standard case for a MARFE development is a
density increase as is shown in Fig. 3. Above a critical
density the MARFE starts. Fast D, measurements show
a rise time of about 2-3 ms. The line emission from
carbon rises as the MARFE grows further with a
characteristic time of about 12 ms. This is in agreement
with the ionization and excitation times for the lower
ionization states of carbon: before the MARFE in an
edge plasma with T, ~ 50 eV and n, ~ 7 x 10" cm> (at
LCFS) the radiation from CIII builds up in about 0.1
ms, but as the plasma cools down to a few eV inside the
MAREFE this characteristic time rises by about two or-
ders of magnitude.

The local cooling leads to a pressure drop which
causes the MARFE to act like a pump with the result
that a high local electron density of about 3 x 10 cm™3
builds up. Simultaneously the line averaged central
density decreases by about 10-15% as can be seen in
Fig. 3. The number of electrons collected inside the
MARFE volume is estimated to be about 3 x 10",
which is consistent with the corresponding loss in the
bulk plasma. In contrast to Fig. 3(a) the decrease of 7,
in Fig. 3(b) coincides also with a switch off of the deu-
terium gas puff due to the feedback loop. From the
comparison of the two curves we see that the dominating
effect of density decrease is due to the pump effect in the
MARFE and not to the gas injection. The gas feed ap-
plied in Fig. 3(a) leads to a growth of the MARFE and
ends with a major disruption.
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Fig. 3. Time trace of line averaged central electron density and
CII line radiation from the MARFE region for (a) a discharge
with density ramp until a major disruption occurs and (b) a case
where the feedback system keeps the MARFE constant via an
adequate gas puff control (I, =450 kA, Phea = 1.6 MW).

In Fig. 4 time traces of 7. are shown for various
horizontal plasma positions with which the distance of
the LCFS to the inner bumper limiter is varied from 2.3
cm to about 6.1 cm. The critical line averaged density for
MARFE onset varies from 7. =4.9 x 10" cm™ to
fie = 6.3 x 1013 cm~3. The shift in plasma position is
linked to a change of the minor plasma radius of about
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Fig. 4. Evolution of the line average density for various hori-
zontal plasma positions. Indicated are relative shifts of the
plasma column with respect to the standard position (negative/
positive = inboard/outboard), which correspond to distances of
the LCFS to the inner bumper limiter between 2.5 cm and 5.5
cm (f, =350 KA, Py =1.6 MW).
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3%. According to Eq. (1) we would expect then a change
in the critical density of about 7%: i.e. an increase to 77, =
5.2 x 10® cm™3 rather than to 7, = 6.3 x 10 cm™3. This
demonstrates that the proximity to the inner wall is also a
very important parameter. However, the important role
of the plasma current I, follows almost exactly the scal-
ing: the critical density at I, =450 kA for a shift of the
LCFS of 0.9 cm inboard is a factor 1.26 higher than the
one at I, =350 kA with a comparable shift (0.8 cm).

The size of the MARFE depends also strongly on the
distance of the LCFS to the inner wall. We observe two
different types of MARFEs: a fat MARFE [Fig. 1(b)]
for a short distance (<5 cm) and a thin MARFE
(Fig. 1(a)) for a larger distance (>5 cm). Their properties
and impact on global parameters are quite distinct.

From the region of the fat MARFE about 40% of the
total radiated power P4 is emitted (Fig. 5). The global
radiation level P 4/Phey 1 in these cases y = 75%. Strong
recycling on the inner wall is evident from the enhanced
D, light. A further growth of the MARFE, e.g. by
strong gas puffing, would increase the radiation level to
y=100% followed by a major disruption. The fraction
radiated from the MARFE stays always below 50% of
P..q. The radial profile of CII emission shown in Fig. 6
shows that the peak radiation coincides approximately
with the LCFS.

The thin MARFE radiates only 10-20% of P..4. Also
the CII line emission is compared to the fat MARFE
about a factor of 3 less intense (Fig. 6). The D, emission
shown in Fig. 1(a) corresponds to the beginning of the
MARFE development. When increasing the density
further, as is seen in Fig. 4, the MARFE moves poloi-
dally to a position about 45° below the midplane. There
the radiation from the MARFE is reduced by about a
factor of 3 compared to the MARFE onset. The absence
of a density drop manifests that the pump effect of a thin
MAREFE is significantly weaker. A very important fact is
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Fig. 5. Power radiated from MARFE and total power as a
function of the horizontal plasma position relative to the nor-
mal position (neg. =inboard, Pye, = 1.6 MW).
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Fig. 6. Radial profile of CII line radiation in a fat and a thin
MAREFE; the position of the LCFS is approximately at r =46.9
cm (fat) and r=43.3 cm (thin).

that 72, can be increased much beyond the critical density
for MARFE onset. It has been shown that under similar
conditions with an optimized geometry (enhanced dis-
tance to inner wall) the Greenwald density can be
overcome by up to a factor of 2 [5].

In Table 1 the line averaged central electron density 7.
and edge density n. measured by beam emission spec-
troscopy [13] at the low field side before and during the
MARFE are given for the discharges with various plas-
ma positions as discussed above. Also here we see that
the thin MARFE (4 =6.1 cm) has nearly no effect, nei-
ther on the central density nor on the edge plasma. In
contrast, the fat MARFEs lead to a decrease of central
density and edge density (pump effect), where the drop at
the edge is generally more pronounced (peaking). For the
strongly oscillating case two values are given (min/max).

The local densities and temperatures inside the
MARFE deviate from those in a normal edge plasma,
such that the standard edge diagnostics on TEXTOR-
94, like atomic beams, fail to provide data. We have
derived the electron density from the Stark broadening
of deuterium lines [14]. Figs. 7 and 8 show spectroscopic
data obtained from the vicinity of the inner wall similar
to the geometry shown in Fig. 2. In Fig. 7 the line in-
tensities before the MARFE are also shown together
with the data during the MARFE.

The different increase in D, and D, radiation indi-
cates already that recombination processes begin to play
a role inside MARFEs. Recombination changes the
population of higher levels (n=15) more than the lower
ones (n=23) in contrast to what one would expect from
excitation due to electron impact only. This is even more
pronounced from Fig. 8 where also the radiation from
the levels n=9,10 and 11 is seen. The increase of the
various line radiation of the Balmer series is given in
Table 2.
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Table 1

Line averaged central electron density 7z, and edge density 7. at the low field side varying with the distance of the LCFS to the inner

wall 4. The inner bumper limiter is located at r = 49.3 cm

A cm fi. 101 cm™3 nercrs 1012 ecm ™3
Before MARFE In MARFE Ratio Before MARFE In MARFE Ratio
2.4 49 4.6 0.94 5.1 4.0 0.78
3.0 5.5 4.7 0.86 6.5 4.5 0.69
4.0 6.0 5.1/5.4 0.90/0.85 7.0 4.3 0.61
4.4 6.1 5.5 0.95 7.8 5.1 0.65
6.1 6.3 7.2 1.0 6.0 5.7 0.95
200 20
_____ before MARFE #77126 (before MARFE) _
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= (0]
cl g a
(426.7nm) 7 D,
100 & 10z
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[ .
£ £
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Fig. 7. Line radiation from the MARFE region. Shown are
data before and during the MARFE for CII, D, and D,.

We conclude that recombination is significant and is
nearly as strong as it has been observed in the divertor of
ALCATOR C-mod at detachment [15,16], where 50% of
all ions flowing into this region recombine. The Stark
broadening has been analyzed from the least disturbed
lines D(11-2). We obtain values up to 3 x 10'% cm™
electron density inside the MARFE. The electron tem-
peratures are estimated to be several eV. Assuming
pressure balance we obtain 2 eV.

4. MARFE feedback

The feedback scheme used on TEXTOR-94 is depic-
ted in Fig. 2. A CII signal obtained from the high field
side is compared to a preset value. If the signal is above
this threshold the system (a) switches off the deuterium

also hydrogen lines for high excitation levels. The transition
11 — 2 is used to derive n. from Stark broadening.

gas puff or (b) increases the auxilliary heating power
(ICRH) or (c) switches off impurity injection or (d)
moves the plasma away from the inner wall. If the signal
falls back below the threshold the actions are reversed.
Also combinations of these measures have been realized.

Table 2

Relative increase of Balmer lines at the MARFE onset as ex-
pected from 100% recombination (10" em~3, 1 eV) [15] and the
measured values normalized to D(3 — 2)

Transition Enhancement ex-  Enhancement mea-
pected sured

D3 — 2) 2 2

DS — 2) 15 8

DO — 2) 600 65

D(11 — 2) 1800 -




U. Samm et al. | Journal of Nuclear Materials 266-269 (1999) 666672 671

All these schemes work in principle and allow to in-
hibit the MARFE growth. The impurity injection
method is the one with the lowest sensitivity and should
normally be combined with one of the others. Plasma
position feedback is rather unfavorable for experiments:
the system tends to strong oscillations of the horizontal
plasma position. Gas puff switch off with and without
additional ICR heating turns out to give the best results.
The neutral beam heating has not been integrated in the
feedback loop so far. Since the strongest effect in the
feedback loop comes from the deuterium gas feed, we
will show in the following examples only cases where the
gas feed method has been applied. In Fig. 9 two cases
are shown for two different plasma positions leading to a
quite distinct behaviour.

The most quiet one is obtained with a position closest
to the inner bumper limiter [Fig. 9(a)]. The amplitude
varies only by about 5% during feedback. The MARFE
sits ‘quietly’ at the midplane for more than 1.5 s. The
other example is a case with the most violent oscillations
(Fig. 9(b)). The MARFE appears and disappears with a
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Fig. 9. MARFE feedback: shown is the signal CII and the gas
flow of D,, with the threshold for feedback preset to 3 V (a.u.)
and two different horizontal plasma positions where the LCFS
has a distance to the inner bumper limiter of (a) 2.5 cm and (b)
5.5 cm.

period of about 110 ms (compared to 40 ms in case (a)).
The CII signals varies by a factor of 2. The rise time of
the MARFE signal of about 12 ms is the same in both
cases although the amplitudes are quite different. This
agrees with the characteristic ionization times for carbon
up to C>*. The strong oscillation in case (b) can partly
be understood from the better pumping efficiency which
allows to reduce the density faster (Fig. 4), since this is
the case where the plasma is shifted more to the outside
where the pump limiter ALT-II is located. But the
pronounced growth of the MARFE in case (b) is not yet
understood.

When shifting the plasma further to the outside the
tendency of the system to oscillate disappears, the
MARFEs become weaker. At a distance of the LCFS to
the inner wall larger than 5 cm, where the thin MARFE
develops, the CII signal obtained from the filter-diode
system is so small (due to averaging over a large area)
that it stays below the threshold for feedback and the gas
feed is not switched off. However, this case allows us to
go to much higher densities without getting a disruption.

5. Discussion and conclusions

Feedback systems allow a safe operation close to the
density limit. Best results have been obtained with sys-
tems based on line radiation from the MARFE zone
(e.g. CII) and controlled gas puffing. The local recycling
on the inner wall plays an important role in the dy-
namics of the feedback loop.

We have presented evidence that proximity to the
inner wall is an issue for the onset of MARFEs. The
distance to the inner wall or the local recycling there has
been neglected so far in MARFE theories and in sca-
lings. However, the strong sensitivity on average density
and plasma current according to the Lipschultz scaling
has been confirmed.

Energy losses from hydrogen alone might be suffi-
cient for a MARFE to develop. The theoretical ap-
proach [9] to describe this instability is based on the
local cooling by ionization of recycling neutrals which
leads to an increase of plasma density through the
pressure equilibration on magnetic surfaces. This results
in a larger outflow of charged particles perpendicular to
the field towards the inner wall causing the recycling to
increase further. The measured rise time of 2-3 ms for
the MARFE onset agrees with this theory. However,
impurity radiation contributes also to the MARFE
growth, leading to rise times which can be linked to the
ionization times of the lower states (10—-15 ms) and will
also depend on the MARFE growth which may occur
on a slower scale.

A large distance of the LCFS from the inner wall is
favorable to obtain a high density limit. Under these
conditions only thin MARFEs develop, which allow to
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increase the average central density much beyond the
Greenwald density. In contrast, fat MARFEs with
strong local recycling at the inner wall inhibit a further
increase of central density due to their strong pumping
effect. Further gas puffing leads to a growth of these
MARFEs and normally a major disruption follows. We
have shown that fat MARFEs can be generated and
kept constant during the flat top.

Strong recombination inside the MARFE has the
effect of a virtual limiter in case of a fat MARFE. A
large fraction of the ions recombines in the MARFE
zone as if a toroidal belt limiter would have been in-
troduced at the high field side. Most of the power
flowing into the MARFE is lost in its vicinity. Further
investigations are needed to decide whether this might
lead to a possible application.
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