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Introduction

Neo-classca tearing modes (NTMs) [1] present one of the most serious limitations to
adiieving high plasma performance in modern day tokamaks and (probably) next step
devices, often restricting the achievable 3 to values well below the ided limit. Hence, their
control has become a important area of tokamak research. Key to understanding the
behaviour and control of NTMs in future devices is a thorough understanding of the onset
criteria and instabili ty driving medchanisms. Following earlier COMPASSD experiments on
NTM onset [2] and avoidance/control [3,4], recent experimental studies have focussed on
observing how the criticd B, for NTM onset depends uponseed island size and demonstrating
the full stabili sation d pre-existing NTMs with Lower Hybrid current drive (LHCD) [5].

Experimental conditions

These eperiments were undertaken in typicd single null divertor (SND) plasmas on
COMPASSD (I, ~ 140KA, k = 1.6, By = 1.1T, s ~ 3.9) a low line averaged eledron
densities (0.6-0.8 x 10™m™). In excessof IMW of 60GHz ECRH power was injeded into the
plasma using balanced launch angles (on bdh the high and low field side), ensuring no ret
EC current drive. The low toroidal field used ensured high B regimes could be eaily
aacessd and second harmonic ECRH absorption was concentrated in the plasma @re. NTMs
were ather triggered naturally (e.g. via sawtedh) or using the highly adaptable resonant
magnetic perturbation (RMP) external saddle wil set available on COMPASSD [2]. In
additi on, the mode stabili sation experiments employed the 1.3GHz LHCD system, launching
waves via an eight waveguide mnventional antenna (Ag = -60°, pe&k launched Ny ~ 2.1 and
77% diredivity) [6].

Neo-classical tearing mode seeding conditions and onset criteria

A key aspect of the formation d NTMs is the triggering mechanism which requires a finite
seal island (generated by sawteeth for example). Asthis ®aling processdepends on various
complex physical medhanisms that are hard to measure accurately on most devices, it is
difficult to deconvdve the seed size from the other mode adivity accompanying the NTM
and sawtooth at mode onset. On COMPASSD it is possble to use the RMP bars to induce
measurable seal islands for the NTM, all owing better examination d the underlying physics.
The growth of NTMs can be described by the modified Rutherford equation [1],
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Thisis denoted in terms of the tearing stability parameter (A') which is typically negative and
therefore stabilising for NTMs and the (,/w) expression which represents the reduction of the
bootstrap current within the island region that drives the NTM growth (with various profile
parameters). T, is the resistive time scale. lon polarisation effects (wpo term) [7] and finite
island transport effects (wq term) [8] act to stabilise the mode at small island sizes, so that a
critical seed island size isrequired for NTM growth. Rearranging equation (1) for NTM onset
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(i.e. dw/dt=0, w=wsey), and reglecting transport effects (which are not significant on
COMPASSD, asdiscussd inref [2]), the foll owing is obtained:
O-4', —seed 2

(1_ W[2)0I /Wgeed) ( )
In the experiments, the RMP bars induce (2,1) locked modes in the plasma. Once arrents in
the bars are switched off, the mode quickly spins up and starts to decay in amplitude,
produwcing a rotating island in the plasma, with identifiable structure. The plasma is then
heaed, and the mode amplitude tracked, mapping the parameter space of the NTM. A set of
28 naminally identicd discharges is considered, with the same plasma aurrent and toroidal
field, and line average densities in a narrow range (~0.6-0.7 x 10"°m™). Only the timing and
power of the ECRF heding is varied with 1.0 [
resped to the switch-off of RMP bar currents. B, [ . ool ]
Data was taken orce the mode had reached a 0.8 | SN, :
natural rotation frequency. The resulting island ]

Bp—onset

evolutions are shown in Figure 1. This siows 06 | idp ]
that a minimum criticdl By (~0.49 is required  , f saturated ]
for positive growth, and at that criticd B, a T 3 v NTM
criticd seel size is necessry (marked '+ in g2 [ ' YR ]
. R . -2 I ECRF heat & ]
Figure 1). The trgjedories divide neatly into [ plasma B AN RMP bars

induce island]
1

two caegories, passng to the left or right of 0.0 :
the ‘+'. In some caes, a higher B, a small 000 001 002 003 004 005
sawtooth seed can also trigger the NTM. VB at outboard midplane (T°°) O island size
The data can be ompared with the form of ~ Figure 1: Evolution of RMP induced islands:
the predicted orset criteria from Eq. (2), where %en\t/'?:almgqsih :rmggtzjier _fr?f E2(§3R|—r|]otmrir?r?”)y
: ; i i i varyi i ,
O o (Bkeh o COMaN and preticted onse citera (fick line). The
X ) : timeincreases along lines of increasing 3.
temperatures remain approximately constant, as
confirmed by NPA measurements). The predicted orset criterion is plotted in Figure 1
(adjusted to match the experimental data & minimum Bp.onss) @nd reproduces the form of the
data reasonably well. In particular, at the lowest B, where NTMs are triggered (marked ‘+),
island sizes are gproximately /3 larger than those required at high B, (marked ‘x’), as
expeded from a solution d equation (2) for minimum PBp.onse« aNd Maximum (infinite) Bp-onset-
Thereis some disparity at larger saturated island sizes, where the island might be expeded to
influence the pressure and current profiles (and thus the A" and wp terms). This would be
expeded to be stabilising (reducing A" and thus the island size), as observed in Figure 1.
Toroidal cougding and wall i nteradions may also play arole athe island sizeincreases. The
onset criterion calculated with island transport effeds (wg) included and wpy negleded (not
shown in Figure 1) predicts lower threshold island sizes at high (3, inconsistent with the
experimental data.

Neo-classical tearing mode stabilisation with LHCD

In previous COMPASSD experiments, bah the avoidance of (2,1) NTMs [3] and their
partial stabili sation [4] with LHCD has been demonstrated. In more recent experiments,
NTMs (triggered either naturally or by externa RMP coil s) have been completely stabili sed
with modest levels (80-120KW) of launched LHCD power, compared to the ECRH heding
power [5]. This isillustrated in Figure 2, where anaturally triggered mode is completely
removed with 90RN of LHCD power. Removal of the mode occurs ~10ms after the start of
the LHCD pulse, consistent with estimates of the diffusion time for the LH current
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perturbation (~7ms). The initial appearance of the mode is accompanied by a clear saturation
of B, which continues into the LHCD phase. The loss of ECRH power from one of the
gyrotrons (~130kW) during the LH flat top

phase (caused by pick-up on its reverse

power detector) does initially cause a  @-odd,
negligible drop in B, which isimmediately "
followed by a significant increase in By

(~15%) as the mode is stabilised by the Bo
LHCD, achieving a pesk (,~0.95 and ‘
Bn~1.6. This increase in performance is 800

Pgcru 600

maintained until a neo-classica mode re- &% %
appears well after the LHCD has been 90
turned off. The delay is again consistent PLiicp
with the calculated LH current diffusion  “"
time and the absence of an immediate
trigger event for the re-growth of the
mode. Complete or partial stabilisation of  Figure 2:  Complete stabilisation of a naturally
the NTM in these experiments was triggered neo-classical tearing mode (illustrated by
observed in 14 shots (see Figure 3). The th_e perturbed poloidal r_nagnetic field _measurements)
reduction in the mode amplitude shows a mfn St"tﬂCD' A clear improvement in /3, is noted
e mode is stabilised.

clear dependence on the absorbed LH
power (launched power minus the reflected power), normalised to the line averaged density,
which is ameasure of the LH driven current magnitude. The discontinuous jump in the mode
stabilisation (near the point of full stabilisation) is due to a reduction of the neo-classica
island below its threshold value.

Estimates of the magnitude and location - - -
of the LH driven current have been obtained 100 f re1rereseene e -
from the self consistent Fokker Planck and
ray tracing code, BANDIT-3D [9] using
experimentally measured Tg(r) (Te ~ 4keV)
and ng(r) profiles. The calculated LH driven
current profile is located off-axis (r/a~0.6-0.8)
and contributes 15-20% of the plasma current,
consistent with the reduction in interna
inductance, |;, deduced from the EFIT +
equilibrium reconstruction code [10] and
from a change in the feedback controlled
equilibrium vertical field. 0 - - -

Calculations have shown that the observed 0 5 10 15 20
stabilisation with LHCD on COMPASS-D Piias (W) /11 (107m)
can be explained by a reduction in A" (as o .

. . Figure 3: Reduction in mode amplitude as a

SqueSted, in [11]), arising from LH_ €O~ function of absorbed LH power normalised to
current drive at and around the mode rational  gectron density (a measure of LH driven
surface. By adding the calculated LH driven  current).
current profiles (at different radial locations)
to a reference equilibrium current profile (derived from the TOPEOL free boundary Grad
Shafranov equilibrium solver, carefully matched to an EFIT equilibrium reconstruction), new
profiles were re-converged and used to calculate cylindrical approximations of rA' (wherer,
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is the radius of the mode rational surface). A stabilising reduction in rA" was calculated
when the LH driven current peak was within 3cm (~17% of the minor radius) of the =2
surface, with the largest reduction (~-3) observed when the LH current pe& is stuated very
close to the rational surface (asis predicted from BANDIT-3D and TOPEOL).

Comparing the island evolution caculated using the modified Rutherford equation (1) to
experimentally measured island widths from a standard cylindricd formula[2], an acceptable
fit to the initial growth of the island was obtained with reasonable values of rA', w,, w , and
(L/L,)). Tomode the stabili sation d the mode (on atimescde cmparable to that observed
experimentally) required a relative reduction in r A" of between -3 and —4in equation (1),
close to the value predicted bythe g/lindricd A’ cdculations. Further cdculations have dso
suggested that stabili sation via A" is the dominant effect in these experiments as additional
(‘nontlinear’ layer) contributions (via adirect current drive medchanism in the island) are
small (<15% of the A" stabilisation scheme). Toroidal couding d the g=1 surface can
strongdy affect the tearing mode stability at g=2[12]. Indeed, the TOPEOL results $how that
the g=1 surfaceis removed with the aldition d LHCD. Initial cdculations suggest that this
can have a strong stabilising effed on A" at g=2, athough the observed stabili sation
timescdes are not consistent with this hypahesis. Nevertheless further experiments are
planned to assessthe importance of this eff ect.

Summary

The variation d criticd B, for NTM growth with seed island size has been investigated on
COMPASSD, using externally induced and clealy measurable seal islands, confirming the
anticipated theoreticd dependence on ion pdarisation effeds. Full stabilisation d NTMs
with LH current drive has been olserved, consistent with a modification d the cylindricd
approximation to A’ at the rational surface. The relative dhange in A’ calculated with the
addition d LHCD agrees well with that required for stabili sation in the Rutherford equation.
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