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1. INTRODUCTION

Neo-classical Tearing Modes (NTMs) are a critical issue for Next Step devices. They occur at
Bn> 2 in ELMy H-mode (the baseline scenario envisaged for ITER FDR). The modes occur
above a critical By when an MHD perturbation, such as a sawtooth, triggers a seed island with
large enough size. They degrade confinement (and thus fusion performance) and can lead to
disruptions. Critical issues for Next Step devices are extrapolating onset criteria, which
requires detailed understanding of the mechanisms involved, and developing control
techniques, which are likely to be required. NTMs have been clearly identified on JET in
previous work [1]. This paper reports on further experiments examining onset mechanisms,
with fast magnetic and ECE diagnostic, improving onset criteria scaling data, and
investigating control of the modes with lon Cyclotron Current Drive (ICCD). Present studies
focus more on the 3,2 mode, which occurs at lower By, than the more catastrophic 2,1 mode,
and istherefore easier to study experimentally, and more likely to occur in Next Step devices.

2. ACTIVITY ACCOMPANYING NTM ONSET

A typical pulse (47296), isshown in Fig 1 where a 3,2 NTM istriggered at 26.7s. As the mode
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important to test: Fig 2 shows a clear correlation of
NTM onset time (taken from spectrograms) with
sawtooth events and peak n=1 sawtooth precursor
amplitudes. We note that the onset correlates better
with the n=1 peak than the crash itself (which do not
always coincide). This establishes MHD activity, in
these cases sawteeth, as a key part of the mechanism
responsible for seeding the NTM. We examine the
modes involved below.
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2.2 Onset mechanisms and mode structure tt(ntm) / Sawtooth period

Careful timing of fast data clearly identifies the 3,2 Figure 2: Correlation of NTM with
mode onset and accompanying mode numbers %‘V"tociﬂs‘edac“‘"ty for: 17 dpulseﬁ, each
associated with the onset, as shown in Fig 3: normalised to sawtooth period.

The 3,2 starts with frequency
just higher than that of n=1
sawtooth precursors. ECE data
locates it to a radius of ~3.55m
on the outboard midplane,
which is consistent with rotation
profiles and g-profiles from
EFIT. Thereis astrong kink-like
component to the mode with
flux surface displacements much
greater on the magnetic axis side
of the island than on the outside.
Typical saturated island sizes
are ~10cm at 1.7T, measured by
the ECE diagnostic.

Prior to the appearance of the
3,2, a clear n=2 precursor is
observed, which appears to be
m=2. This 2,2 generdly S ;
correlates with n=1 sawtooth

activity, terminating exactly at : pocir Erasd *f‘ﬁ"*'f' rL“ -
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identified as a harmonic of the Figure 3: Spectrograms for onset of a 3/2 NTM (pulse
sawtooth Precursor. This 2,2 47285), where colour indicates mode amplitude, toroidal
mode is also seen (more clearly) and poloidal harmonic numbers (top to bottom)

in more marginal pulses where the 2,2 activity is more prolonged and 3,2 onset has been
delayed; here ECE data clearly locates the 2,2 activity to the centre of the plasma, within a
minor radius of ~20cm. In these more marginal pulses it is possible to see two n=2 harmonics
for atime. One is clearly m=2, the other is less distinct but with frequency ~70% of the 2,2
frequency (therefore further out in minor radius and estimated from rotation profiles to be
close to g=1.5), indicating that seeding is taking place but that the resulting island size is not
sufficient to lead to NTM growth. The 3,2 mode has a lower frequency than the 2,2, and
appears to co-exist with it for a short time in some cases, indicating that locking between the
resonant surfaces is not required to seed the NTM. However it seems clear (not least from the
statistical analysis) that it is viatoroidal coupling to this 2,2 sawtooth precursor, that the seed
island for the NTM isinduced.

Thereis aso strong 4,3 activity prior to the 3,2 mode, which somewhat degrades confinement,
as can be seen by the dight reduction in the rate of increase of By in Fig 1 at ~26.3s. ECE
identifies this as an idand at R~3.38m. This mode occurs in nearly al pulses once
intermediate Bns (~2) are reached, persisting until the 3,2 mode has saturated in amplitude,

0 Mode amplitude:
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when the 4,3 then becomes stabilised. Like the 3,2, the onset of the 4,3 appears to correlate
well with sawtooth activity. Unlike the 2,2 activity, once seeded, the 4,3 amplitude evolution
does not correlate with sawtooth activity or other MHD, but remains steady until its decay.
Thus this mode is likely to be another NTM. Other higher mode numbers (n=4, m less clear)
are also sometimes seen early on, either persistently or more intermittently. Generally most of
this activity dies away once the 3,2 NTM saturates in amplitude.

The regular appearance of 4,3 modes and possibility of other modes raises concerns about the
viability of NTM stabilisation, which would be required if scaling of onset criteria point to
lower NTM thresholdsin By for Next Step devices. Thisis only a practical proposition if there
are very few unstable modes (probably 1 or 2).

3. SCALING AND ISLAND EVOLUTION FITS

The new data obtained in this campai gn approximately agrees with the scaling of previous JET
data (ref [1], based on a wider range of experiment types), refining the error bars on the
exponents in adimensionless local parameter fit to the combined data:

Bn (3,2 NTM onset) O Pi*0'64i0'17(vi /8%*)'0'1010-04_

where pi«=[(2kemiT;)Y?/eB+]/a, vi=5.09x10"nyTi(eV)*?, and wa=m(dPy/dr)/rs.e.nB in terms
of the usual parameters at the g=1.5 surface (with poloida mode number m=3). However, it
should be noted that the new data is systematically approximately 15% higher in By than the
previous data. This may be due to the much smaller steps used in the NBI ramp-ups of the new
campaign, or to changes in the plasma configuration due to installation of a new divertor.
However, if the previous data Bys are scaled up by 15%, this has little effect on the fitted
powers, mainly reducing error bars - clearly this should be investigated further.

TWO mOdeIS ha\/e been de\/eloped to O.OGPUISe No: 47276 369917908 1 o
explain the role of a seed by adding n =2 data
stabilising terms to the island ‘evolution 005" L Komede e o

equation, based on ion polarisation current
[2] or perpendicular conductivity [3]: The
island size evolution has been modelled for
the JET data using both of these models. £
Fig 4, where beam power is stepped down 2
to reduce 3, shows that while stabilising
terms are required to match island size 0.02-
evolution, either model is capable of

—-— No stabilising term

explaining the data. 0.01}

In practice, mode onset also depends on

seed size, governed by the more complex %8

physics of sawtooth amplitude, geometric Time (s)

coupling and dynamic shielding. Thus we  Figure 4: Time evolution of mode amplitude as S,
need further information about seed Sizé  changes due to NBI step down. This is compared with

scaling. This approach is described in ref  predictions of the Rutherford island evolution equation
[4]. Onset seed island sizes are ~1-3cm On  using either ion polarisation or perpendicular transport
JET, but are too scattered to constrain the  (y,) terms and with no stabilisation terms.

model well. Comparisons with other

devices, to extend the data range and obtain predictions for Next Steps, are underway.

4. PRELIMINARY ICCD STABILISATION EXPERIMENTS

Cadculations (using the 'FIDO' code [5]) indicate that a moderately localised current drive is
possible with minority ion cyclotron current drive (Fig 5), which may assist NTM stabilisation
through modification to A', or preferential 'O' point current drive. This was applied during
NTMs, with deposition location scanned on the inboard side by means of a Bt ramp - see Fig
6. However, for the Hydrogen concentrations used, no effect was seen, probably due to
insufficient current drive levels. Clearly, further detailed work including optimisation of the
RF scenario (hydrogen minority concentration, etc.) is required.
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Figure 5: Monte Carlo simulation of 1CCD Figure 6: Heating, By and toroidal field for pulse 47805
Hydrogen (at 8%), -90° phasing, as in  for ‘co-' (47805, -90° phasing giving co- current drive near the
current) for pulse 47805 at 25.5s. +90° phasing reversing the current drive) directions.

5. CONCLUSIONS AND FURTHER WORK

The onset of Neo-classical tearing modes has been examined in considerable detail, with fast
data providing measurements of mode numbers and location. This has provided useful insight
into the mechanisms involved. There is a clear correlation between NTM onset and sawtooth
MHD. The 3,2 NTM appears to be triggered by a 2,2 harmonic of the sawtooth precursor, but
locking between these harmonics is not required to induce the NTM. A 4,3 mode, aso
sawtooth triggered and likely to be an NTM, is seen reproducibly at lower By than the 3,2, but
dying away as the 3,2 grows. This raises concerns for Next Step devices if mode control is
required, which will be more difficult if several modes co-exist. Triangularity and elongation
effects need investigation if the new RC-RTO-ITER is to adopt stronger shaping: very
preliminary studies on JET showed asmall fall in Bn-onset @S Upper triangularity rose from .3 to
4, but a more complete study is necessary. The data from these experiments, including onset
island size scalings, is being incorporated into new models being developed which incorporate
seeding physics, to provide predictions for Next Step devices. Initial attempts with ICCD
control failed to demonstrate an effect, although considerably more can be done to improve
this scenario. Thus, recent progress in identifying the physics mechanisms, developing physics
based fitting models and measuring onset criteria, provide optimism that this area is becoming
well understood and Next Step behaviour will be predictable.
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