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Abstract. A range of ITER relevant plasma stability issues has been studied in the JET tokamak; these include
the effects of fast particles on sawteeth, control of NTMs via sawtooth seeds, scaling of m=2, n=1 NTM
thresholds and the effect of error fields on plasma rotation and vice-versa. The sawtooth studies have examined
both the effects of ICRF and NBI fast particles, and models used for ITER predictions have been validated.
Large sawteeth, due to fast particle stabilisation, have been shown to trigger m=3, n=2 NTMs at low beta.
Conversely the use of ICRF to produce small short-period sawteeth has been shown to raise the NTM B-limit,
indicating the value of local heating and current drive near q=1. The marginal-B (B mare) below which the m=3,
n=2 NTM is unconditionally stable has been examined; it is found that By mar, scales almost linearly with p* and
typical H-mode (with qg¢s=3) discharges are meta-stable to NTMs (ie a sufficiently large seed can always
destabilise an NTM). The m=2, n=1 NTM has been studied in a joint scaling experiment with the DIII-D
tokamak. These experiments, using closely matched non-dimensional parameters (plasma shape, R/a, q, gyro-
radius and collisionality) on DIII-D and JET, show similar NTM B-limits and consistent scalings. The issue of
error field thresholds and their variation with plasma rotation has also been studied, helping to clarify scalings to
ITER.

1. Introduction

Studies on JET with 3™ harmonic “He ion cyclotron resonance heating (ICRH) [1], simulating
a-particles, have shown that the resulting fast particle stabilisation of the sawteeth can lead to
long sawtooth periods and large crashes which trigger neo-classical tearing modes (NTMs) at
low normalised B [2]. More generally a clear operational relation is found to exist between
sawtooth period and the 3/2 (m=3, n=2) NTM B-limit (Fig 1).
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Since NTMs can result in a 10-20% confinement degradation, it is important to explore both
the fast particle stabilisation of sawteeth and means to avoid long period sawteeth, to optimise
NTM stability. Such issues have been examined in the JET tokamak over the past 2 years; in
addition other important physics issues (e.g. seeding and scalings) have been studied for
NTMs, to improve extrapolations to ITER, as have the thresholds for error fields to induce
locked modes.

2. Fast Particle Effects on Sawteeth

The studies of the effects of fast particles on sawteeth have been conducted in JET using both
deuterium neutral beam injection (NBI) and ICRH. The NBI studies show a hysteresis of the
sawtooth period with respect to power (Fig 2), which is consistent with the slowing down
time of the fast NBI ions.
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Fig 2 (a) Asymmetric variation of sawtooth period (lower trace) resulting from a symmetric ramp-up
and down of the NBI power (upper trace). (b) The hysteresis in sawtooth period, with NBI power, is
reduced if the sawtooth period as a function of fast particle energy is considered.

In order to investigate a possible theoretical basis for the observed sawtooth period behaviour
with NBI, a model [3] which was developed to predict behaviour in ITER, has been applied
[4]. An analytic beam ion contribution to the internal kink potential energy, validated using
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the hybrid kinetic/MHD code NOVA-K [5], has been implemented in the transport code
PRETOR [6]. The beam ion term is found to be sufficiently stabilising to produce simulated
sawtooth periods in agreement with the experimental results (without this term sawtooth
periods are much shorter than the measured periods). The model indicates that sawteeth are
triggered in these JET discharges by excitation of the internal kink in the semi—collisional
ion—kinetic regime; thought to be the most relevant regime for ITER. These calculations thus
serve as a validation of the methodology used to predict ITER sawtooth periods.

For ICRH, previous studies on JET [7], and the recent ‘He experiments mentioned in the
Introduction, have shown the stabilising effect from the ICRH fast ion population. Recent
studies have also focussed on the effects of wx=2mcy H-minority ion cyclotron heating and
current drive (ICCD) on sawteeth [8], with both low and high field side (HFS) resonances
examined [9]. The shape of the calculated current perturbation and the radial localisation of
the heating power density for the LFS resonance are consistent with the experimentally
observed evolution of the sawtooth period when the resonance layer moves near the q=1
surface; in particular it is found that sawteeth are destabilised, with a minimum period, when
the ICCD is near the sawtooth inversion radius. The diamagnetic current driven near g=1 is
calculated to be similar with +90° phasing [10] and experimentally little difference is
observed. For HFS resonances the sawtooth period is found to be minimised when the
resonance is just inside the sawtooth inversion radius with -90° phasing (Fig 3).
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3. NTM Control

Since sawteeth are the primary seed for 3/2 NTMs their control with ICCD has been exploited
to delay, or prevent, NTM onset. By active sawtooth destabilisation, short period and low
amplitude sawteeth are generated, such that the sawtooth produced NTM seed island is
reduced and the threshold normalised-p for triggering of 3/2 NTMs, B onset, 1 increased (Fig
4).
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This is an important result for ITER, suggesting the benefit of sawtooth destabilisation, via
local heating and current drive, to counter a-particle stabilisation. This technique might use
ECCD or ICCD near g=1, and should retain the beneficial properties of sawteeth in limiting
core He-ash accumulation.

The converse of these results is that, in general, large sawteeth can induce NTMs whenever
there is an H-mode in JET; this is confirmed by power ramp-down studies which show the 3/2
NTM only stabilises at, or close to, the H-L transition (see next section). It should be noted
that, although the link between sawteeth, their control and NTM seeding is clearly
established, the exact seeding mechanism is not clear in all cases; the seeding process can
sometimes be attributed to mode coupling but not in all cases.

4. NTM Physics Studies

The onset of an NTM instability is governed both by its intrinsic stability and by the size of
the seed islands available to initiate its growth. However, once initiated, studies ramping
down the additional heating power generally show a large hysteresis in § before the NTM is
stabilised. The marginal normalised B (Bn,marg) below which the NTM is unconditionally
stable is governed solely by the intrinsic NTM stability and not by seed island effects; hence
studies of NTM marginal stability can directly address the form of the equation governing
NTM stability and in particular the nature of the small island width stabilising terms. The
modified Rutherford equation determines the NTM island width (w) evolution [12]:-

ﬂocA#ﬁ{ fbsW N aces N aposz 0
dt w
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where A’ is the tearing stability parameter, the aps term is the bootstrap drive term which is
reduced at small w due to the finite perpendicular transport [13], the ags term is the curvature
effect and the a,, term is due to the polarisation current effect [14]. Experiments have been
performed, slowly ramping down the ICRH/NBI power once a 3/2 NTM is formed; these




experiments frequently exploit real time detection of the
NTM, and control of the heating power. The 3/2 island
width evolution for a typical 2.7MA/2.7T discharge, in
which the power is ramped down, is shown in Fig 5. Also
shown is the predicted evolution from a slightly more
general form of Eq (1) [15] including 7y, stabilising terms
only, polarisation stabilisation terms only and both terms.
The island width evolution is generally well modelled by
both stabilising effects but close examination shows the
y.1-model is appropriate to explain the island decay in the
4-6cm range while the polarisation model terms are
needed to explain the rapid decay for B<Bmarg. For typical
H-modes in JET, with qos=3.3, it is found that the 3/2
NTM is stabilised near the H-L transition, though at higher
qos NTM stabilisation occurs while the discharge is still in
H-mode. At lower qos (=2.5) a similar By mar 1S found,
suggesting that the lower onset By at qos<3, that has been
previously reported [16], is due to a stronger coupling with
the sawtooth seed. Initial studies indicate that B mare
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Fig 5 The variation of poloidal-f
(cyan curve), and the simulated
island width (cm) including just the
polarisation term (magenta), just
the y, term (blue) and both
stabilising terms (green).
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collisionality. Such a scaling indicates H-modes in ITER will always be metastable to 3/2

NTMs thus highlighting the value of local heating and current drive control of the seed islands

in ITER.

The onset scalings for the m=2, n=1 NTM have also been studied in a joint experiment
between JET and DIII-D. The 2/1 NTM has potentially serious consequences as it always

leads to severe energy confinement degradation and can

lead to disruptions. Very similar

instability behaviour is observed on both JET and DIII-D as shown in Fig 6.
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Fig 6 Spectrograms for poloidal
Mirnov probes on DIII-D (upper plot)
and JET (lower plot). As the power is
ramped, first a 3/2 NTM is
destabilised (marked n=2) and then a
2/1 NTM is destabilised, which slows
rapidly to form a large locked (or very
slowly rotating) mode. The strong
equivalence of the instability
behaviour in JET and DIII-D is
evident.
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These 2/1 modes are identified as NTMs from the observation of n=1 islands at =2 and from
the scaling of the mode island width with 3, including a substantial hysteresis between the
onset and marginal B's. Similarity experiments using closely matched non-dimensional
parameters (plasma shape, aspect ratio, q, p* and collisionality) on the 2 machines show
similar global B-limits for the NTM (Fig 7).
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Consistent scalings for the onset of the 2/1 NTM (including standard plasma shape DIII-D
data) are found between JET and DIII-D. For example it is found that thermal-By at 2/1 onset
scales as Pn o (p*)"* (v¥)™", which is very similar to the scaling for the 3/2 NTM and
indicates the importance of considering control schemes for the 2/1 NTM in next generation
tokamaks.

5. Locked Modes

The (2,1) NTMs frequently result in a locked or nearly locked mode. The converse problem
of how the approach to NTM stability affects the threshold for error fields to form locked
modes is also being studied; initial results show a marked decrease in threshold as the (2,1)
NTM PBn limit is approached. More generally the issue of error field thresholds and their
variation with plasma rotation has been studied. This is an important issue for ITER, where
the increased sensitivity to error fields at high toroidal field (Bthresh/BtocB{l'2 from JET scaling
studies), has shown it is prudent to include an error field correction system. It is found that an
improved description of the data is obtained by including a theoretically predicted form of the
plasma rotation into the scaling for the threshold error field to form an m=2, n=1 locked
mode; in particular it is found that the locked mode threshold is well described by the scaling
relation Bthresh/BtocnO'SgB{l'270301/2
g=2). Further, a good match to theory has been achieved, with locked mode formation being
precipitated after the EM torque has slowed the plasma to '% its original frequency. The

(where y is the pre-error field fluid rotation frequency at

results have also shed light on the important physics of plasma rotation braking from applied
helical 'error fields'. A viscous drag model with the torque applied solely at the island (q=2)
surface would predict a uniform reduction of the rotation within q=2, but the observations
seem to contradict this and indicate an approximately self-similar reduction of plasma rotation
within g=2 (Fig 8).
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A new model associated with a toroidal viscous drag originating from non-axisymmetric
fields, in particular due to the non-resonant m=0, n=1 mode, seems to qualitatively match
these observations [17], however a more complete treatment including mode coupling due to
toroidal and shaping effects [18] is needed to fully understand the fluid rotation behaviour.

6. Summary and Future Prospects

3/2 NTMs are likely to be metastable in ITER H-mode operation and could be triggered by
the crash of long period sawteeth (e.g. due to a-particle stabilisation), emphasising the value
of developing NTM control schemes. Such schemes should include control of the sawteeth
using ECRF or ICRF systems. Physics studies of the 3/2 NTM in JET have clarified the
likely role played by both perpendicular transport and polarisation currents in setting a finite
island width threshold for NTM growth. The m=2, n=1 NTM has been studied in a joint
scaling experiment with the DIII-D tokamak. These experiments using closely matched non-
dimensional parameters on DIII-D and JET show similar NTM B-limits. Also the data from
the 2 machines is well represented by scalings indicating an approximately linear scaling of
the onset-f3 with p*; showing the value of 2/1 NTM control for future devices. However,
further studies on seeding and 2/1 NTM physics, similar to the 3/2 studies, are also needed to
assess the implications for ITER.

The increased sensitivity to the formation of error field locked modes as B; increases, has led
to the inclusion of error field correction coils in the ITER design. Further error field studies
on JET have refined the threshold scaling expressions and shed further light on how error
fields interact to slow the plasma rotation. A new mechanism based on the drag from non-
resonant harmonics has been proposed, which may supplement toroidal coupling effects in
determining the bulk slowing of plasma rotation.

In the near future it is planned to study direct control of the NTMs, at q=3/2 and 2/1, by
LHCD and ICCD. Error field locked mode studies exploiting the newly installed Error Field
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Correction Coils will also occur with particular emphasis on the effects of error fields at high-
B. Thus JET studies will continue to make important contributions to the understanding of
MHD instabilities, and their control, for ITER.

References

[1] M J Mantsinen et al, Phys Rev Lett 88 (2002) 105002-1

[2] J Pamela et al, Nucl Fus 42 (2002) 1014

[3] F Porcelli et al, Plasma Phys and Contr Fus 38 (1996) 2163
[4] C Angioni et al, Plasma Phys and Contr Fus 44 (2002) 1521
[5] N N Gorelenkov et al, Phys Plasmas 6 (1999) 2802

[

6] D Boucher et al, Proc IAEA Tech Com. Meeting on Advances in Simulation and
Modelling of Thermo-nuclear Plasmas, 1992 Montreal (1993) p142.

[7] D J Campbell et al, Phys Rev Lett 60 (1988) 2148

[8] Angioni C. et al., 29th EPS Conf on Plasma Phys. and Contr. Fusion, Montreux, 17-21
June 2002, ECA Vol. 26B, P-1.118 (2002)
[9] M-L Mayoral et al, 29th EPS Conf on Plasma Phys. and Contr. Fusion, Montreux, 17-21
June 2002, ECA Vol. 26B, P-1.026 (2002)
10] M Mantsinen et al, Plasma Phys and Control Fus 8 (2002) 1521

11] O Sauter et al, Phys. Rev. Lett., 88 (2002) 105001.
12] O Sauter et al, Phys Plasmas 4 (1997) 1654

13] R Fitzpatrick et al, Phys Plasmas 2 (1995) 825 and N N Gorelenkov et al, Phys Plasmas 3
(1996) 3379.

[14] H R Wilson et al, Phys Plasmas 3 (1996) 248
[15] O Sauter et al, Plasma Phys and Contr. Fus 44 (2002) 1999

[16] T C Hender et al, IAEA 2000 proceedings IAEA-CN-77 XXP3/02 TAEA Vienna (2001)
IAEA-CSP-8/C (CD-ROM)

[17] E Lazzaro et al, Phys of Plasmas 9 (2002) 3906.

[18] E Lazzaro et al, 29th EPS Conf on Plasma Phys. and Contr. Fusion, Montreux, 17-21
June 2002, ECA Vol. 26B, P-5.079 (2002)

[
[
[
[

Acknowledgement

This work was conducted under the European Fusion Development Agreement and partly
funded by EURATOM and UK Department of Trade and Industry.



