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1. Interchange mode at ASDEX Upgrade

The discharges we are referring to are characterised by strong impurity accumulation of high-Z
elements which leads to significant radiation in the plasma centre. The resulting time devel op-
ment of the electron temperatureis given in Fig. 1. Since the density profiles are rather flat in
these shots, for times later than 3 s a positive pressure gradient can develop. A more detailed
analysis shows that the pressure gradient changes its sign from time to time. After 3.1 s a
(m = 4,n = 3) mode has been observed by soft X-ray (SXR) aswell as by Mirnov diagnostics.
The growth time of this mode has been found to belessthan 500 us. InFig. 2the SXR amplitude
of the (4, 3) modeis given together with the pressure gradient at p = 0.60. .. 0.65. It isobvious
that the mode’samplitudeislargefor positive pressure gradients and weakens strongly when the
pressure gradient becomes negative. A wavelet analysis for the mode considered together with
its frequency as expected from the electron diamagnetic drift and the measured plasma rotation
isgivenin Fig. 3. Asis seen, the measured mode frequency is in quantitative agreement with
the expected variations in the el ectron diamagnetic drift frequency with the pressure gradient.
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Fig. 1: Electron temperature profiles versus the Fig. 2. Pressure gradient at p,,; = 0.60...0.65
square root of the normalized poloidal flux for together with the amplitude A of the observed
different times of ASDEX Upgrade shot £8533. (4, 3) mode.
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Fig. 3: Wavelet amplitude plot of the (4, 3) mode. Dark areas represent mode activity. The dashed line
gives the frequency variation of the electron diamagnetic drift together with slow changes of the toroidal
plasma rotation.

In order to identify the observed mode, a stability analysis using the resistive MHD code
CASTOR has been performed. Sinceat ASDEX Upgrade no direct measurement of the current
profile is possible, one has to rely on indirect information. 200 ms before the onset of the
(4, 3) mode the ¢-profile can be found from cascades of high-n tearing modes [1,2]. Thetime
development of the ¢-profileafterwardshas been found carrying out atransport analysiswiththe
ASTRA code([3]. Usingtheresulting ¢-profilefor CASTOR cal cul ations, the observed mode has
been identified to be an interchange mode driven by the positive pressure gradient. The growth
rate of the mode has been found to be proportional to p?/3 asexpected for interchange modes. [4]

2. Double tearing modes

One of the most important resistive MHD instabilities in advanced scenarios is the double
tearing mode. Reversed shear plasmas have been investigated at TEXTOR, where the ¢-profile
is measured via polarimetry [5]. The reversed shear again has been reached by impurity
accumulation in the plasma centre [6]. We have investigated discharges with similar g-profiles
but different heating scenarios. Whereas in ohmic discharges one finds strong mode activity
leading to internal disruptions, no significant MHD activity has been observed in NI heated
plasmas. A stability analysis for the ohmic discharges using the CASTOR code shows both
the (2,1) and the (3,2) double tearing mode (DTM) to be unstable with linear growth rates
Yoy = 3.3-107% /74 and y(3) = 2.7- 107% /74 with 74 being the Alfvén time. Due to the
larger pressure in NI heated discharges, the DTMs are less unstable. The growth rate of the
(2,1) DTM, eg., isreduced by afactor of 10. Since differential rotation, not included in the
CASTOR code, would further stabilisethe DTM, onewould not expect DTMs to be unstablein
NI heated dicharges, where tangential injection leads to sheared toroidal plasmarotation. This
isin good agreement with the experimental observations . The internal disruptionsin ohmic
discharges could be explained by overlapping (2, 1) and (3, 2) islands, which has to be proved
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by a non-linear stability analysis.

Whereas in discharges with strong impurity accumulation in the plasma centre the equi-
librium bootstrap current is negligible, for investigating usual advanced scenarios one should
include the influence of the perturbed bootstrap current due to the pressure flattening across
magnetic idands. Therefore, the non-linear evolution of the neoclassical double tearing mode
has been investigated by numerica modelling [7]. As predicted by analytical theories [8],
the perturbed bootstrap current is found to have a stabilising effect on the inner isand but a
destabilising effect on the outer idand as seen in Fig. 4.
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Fig. 41 (m = 3,n = 1) saturated island width Fig. 5: The normalized saturated island width as
normalized to the minor plasma radius versus a function of 5(r = 0), which is proportional to
time (normalized to the resistive time). The solid the equilibrium bootstrap current.

and dotted curves represent the inner and outer
island width, respectively, taking into account the
bootstrap current. To obtain the dashed and
dashed-dotted curves, the bootstrap current has
been neglected.

The influence of pressure, and hence, of the fraction of the equilibrium bootstrap current,
on the growth of DTMs is demonstrated in Fig. 5. Here the width of both idands is given as
afunction of 3(r = 0) = p(r = 0)/(2u0BZ,), which, after normalisation, is proportional to
the equilibrium bootstrap current. In contrast to analytical theories, our simulations are not
restricted to a large distance between the two rationa surfaces and include plasma rotation.
Since the growth of DTMs is strongly affected by the coupling of the two rational surfaces,
the influence of the distance between the rational surfaces, dr, is investigated in Fig. 6. It is
seen that both the inner and the outer island width increase as dr decreases due to the stronger
coupling between the two idands. The perturbed bootstrap current reduces the inner island
width and decreases the outer idand width. Since for the largest distance (dr = 0.55) the effect
of the bootstrap current on the outer island is negligible, the outer island is somewhat smaller
compared to the purely resistive case due to the weaker coupling to the inner island. As seen
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Fig. 6: The normalized saturated island width as
a function of the distance between the two ra-
tional surfaces, dr. The curves with solid and
empty squares represent the inner and outer is-
land width taking into account the effect of the
perturbed bootstrap current. The curves with
solid and empty circles represent the inner and
outer island width obtained neglecting the boot-
strap current.
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Fig. 7: The normalized island width as a function
of time, where the solid and dotted curves repre-
sent the inner and outer island width, respec-
tively, obtained neglecting differential rotation.
For a differential rotation of Aw = 6.3 - 10*/7
the dashed and dashed-dotted curves result.

in Fig. 7, sheared plasma rotation plays a stabilising role in the idand’s growth. However, this
effect isimportant only for small iands. Oncethe outer island is sufficiently large driven by the
perturbed bootstrap current, the phase between the two isands will be locked and both islands
rotate with the same frequency. Since the DTM is mainly driven by the outer mode, which is
destabilised by the perturbed bootstrap current, its stabilisation or the decoupling of the modes
by differential rotation is necessary for stabilising the DTM.

References

[1] A. Gude, K. Hallatschek et al.: Plasma Phys. Control. Fusion 40 1 (1998)

[2] S. Gunter et al.: Nucl. Fusion 38, 325 (1998)

[3] G.V. Pereverzev: “ASTRA: An automatic system for transport analysis’, |PP-Report

5/42 (1991)

[4] S. Gunter et al.: “Interchange modes in low shear regions with locally inverted pressure

profiles’, submitted to Nucl. Fusion (1998)

[5] H.R. Koslowski, H. Soltwisch: Fusion Engineering and Design 34-35, 143 (1997)
[6] H.R. Kodlowski et a.: Plasma Phys. Control. Fusion 39, B325 (1997)
[7] Q. Yu, S. Gunter: “Numerical modelling of neoclassical double tearing modes”,

submitted to Nucl. Fusion (1998)
[8] Q. Yu: Phys. Plasmas 4, 1047 (1997)

1843



