32nd EPS Conference on Plasma Phys. Tarragona, 27 June - 1 July 2005 ECA Vol.29C, P-2.062 (2005)
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Introduction

The control of sawteeth is vital for plasma performance, edpyetiadevices like ITER
where the mixing radius is expected to be half the size ofrimer radius. Here we
consider the effect that toroidal rotation has on sawtooth stabiliyoidal rotation
approaching the sound speed has been shown to stabilise the n=1, m=[Lkirtlermade,
eliminating sawteeth [1]. However, it is important to achievbatance between the
beneficial and deleterious effects of sawteeth. Reducing theoa#wperiod, and thus
amplitude, has been shown to delay the onset of neo-classicagtesdes, which cause
confinement degradation [2]. Sawteeth can also help to prevent ignpaatimulation in
the core [3].

Experimental Results

Sawtooth behaviour has been compared M08 —— —— —
MAST plasmas with  approximately [/ rucoos Gembovero s 1mw Cor
matching magnetic field, flat-top current ;|
and shape. Figure 1 shows how the
sawtooth period varies with bea

direction. Results are consistent with%%|
previous results from JET [4] and
TEXTOR [5]. The dependence of sawtootho.|
period upon NBI heating power is very
different in the co- and counter- regimes. It

. .. 0 : :
is found that as co-NBI power is increased o022 023 0.24 025 0.26 0.27
the sawtooth period also increases. Timeds)

Fig 1: Soft X-ray traces showing significantly

However, as counter-NBI —power IS oo o iooth periods with counter-NBI than
increased, the sawtooth period first,n ccNgI

decreases to a minimum then subsequently

lengthens (see Fig 2). Indeed, with counter-NBI shorter sawtootbdseran be achieved
than with purely ohmic heating. It is expected that the toroidkdcitg will increase
monotonically with beam power. As such, these observations indicatediteatoroidal
rotation has a stabilising effect upon sawteeth and so plasmasowittotation will be
more susceptible to n=1 m=1 internal kink modes. The minimum in sawtabk pecurs
when approximately 0.7MW counter-NBI is applied in MAST fpr1470kA, B~ 0.5T,

~ 1.6<10°°m™. The reason for this is that the counter-NBI causes toroidaiantwhich
opposes the characteristic ion diamagnetic rotation. In a pureli @hesma in MAST, the
sawtooth MHD precursor mode rotates in the same directidheaplasma currentuy
direction). This means that the momentum input from the counter-tdBpk she MHD
rotation, which is approximately given by the sum of the ion diammginetuency and the
rotation frequency. At this point, the sawtooth period is minimisee. dxperimental data
indicates that the minimum of sawtooth period is at a similarpdBver to that at which
the sawtooth precursor has null frequency (see Fig 3). This is tmsisith the
observations on JET and TEXTOR, within experimental uncertainty.
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Fig 2: Sawtooth period for MAST discharges Fig 3: Sawtooth precursor frequency as a
as a function of NBI power,/[[455,555]KA, function of NBI power. Negative frequenc
B/7[0.45,0.55]T, n/7[1.3,1.8]x10°°m>. indicate the mode is rotaly in the oppositi
Negative NBI Power reresents count-NBI direction

Charge exchange measurements also indicate that the corenragdtw at the minimum
of sawtooth period. This is consistent with models for the intermdl ikistability, which
predict increased instability in regimes of low sheared rotation [6].

It should be noted that in these discharges, the variation in heating poweé result in
stabilisation due to changes in the plasma beta. However, in thexpEiliment, the sum of
the injected power was kept constant whilst a mixture of co- amater- beams and ICRH
allowed for a power scan at constant total injected power. Buttseroduced the same
qualitative result that the sawtooth period reaches a minimwarieatel of power input in
the direction that opposes the characteristic ion diamagnetic mode rotation.

Modelling the effect of toroidal rotation on the internal kink mode

The MISHKA-DRIFT code [7] has been used to investigate the gyabilthe internal kink
mode with respect to variations in the toroidal velocity. The MIBHPRIFT code was
developed as an extension of the ideal magnetohydrodynamic code MISHIGA-
investigate the finite gyroradius stabilising effect of ion digmetic drift frequency and
toroidal rotation on MHD eigenmodes in tokamaks. The projection of the equati
motion of the plasma parallel to the equilibrium magnetic fisldnot considered in
MISHKA-DRIFT since the effects of the perpendicular projectians dominant. The
plasma motion due to the cross-field velocity is assumed to be incompressible.
MISHKA-DRIFT uses an equilibrium generated by HELENA, a cedech solves the
MHD equilibrium equation for a toroidal 1. 4ps== e
axisymmetric plasma. Thomson scatterlng
and spectroscopy measurements wefe -2
used to create the pressure profile anjjj s
poloidal current profile and theirg ,
derivatives for shot 8360 (a shot with
counter-NBI near the point of minimumg °
sawtooth period). The plasmf was ¢ o.4f
increased until an ideally unstable n=%
internal kink mode was found (see Fig 4)s
Here we assume zero ion diamagnetism 0 s
and toroidal rotation. The value of q W

on axis is 0.87. Fig 4: Radial profile of&. 7w/ |7y for n=1 internal kink
It is important to note that HELENA
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70 : : : : solves the static Grad-Shafranov
sl -] equation. The effect of the toroidal
I | rotation is only considered in the
ERy . stability analysis and not in the
2 40l i construction of the equilibrium.

8 ¢ MISHKA-DRIFT wuses a linearly
§30j 7 varying rotation profile, which is the
E 0l i best estimate of the rotation profile in
i Gocww | MAST using charge exchange data.
105 ol uin | M Different profiles were also tested and it
v ~26|+05 : 6 : 26;05 s was foungl that the stability of the
) Toroidal Velocity (mfs) internal kink mode was not strongly

Fig 5: The growth _period of _the internal kink _mod'nzh ;il;ﬂgv%f t’?he r(it)ig?;al p\:gmii tysr\llsgr?e.
respect to the toroidal velocity of the plasmaietd S . . X
and varying ion diamagnetic frequencies, which are ~ performed at a range of ion diamagnetic
renresented bv the narameter C\such that frequencies to see how the stability of
— 1/ {070 _ the kink mode depended upon the
CWW=1/agl7,? where 7, =R, V,(0) rotation and to test the hypothesis that
the characteristic frequency of the plasma determined the ommisawtooth period (see
Fig 5). It was found that the internal kink mode was strongly selilby rotation, and
could be completely stabilised by toroidal velocities approachingdhad speed. It was
also shown that as the ion diamagnetic frequency increased,rttmeumi of growth period
of the mode occurred at higher toroidal velocity. Since the ion diamsgneas in the co-
NBI direction, the toroidal rotation required to achieve this maxinstebilisation of the
mode at finite diamagnetism was in the counter-current directidrenvwnodelled at the
same ion diamagnetic frequency as measured experimenttily ttne of the sawtooth, it
is found that the minimum in the growth
period occurs at approximately the sam
toroidal velocity that minimised the
sawtooth period experimentally (see Fi¢- |
6). Similarly the frequency of the S
internal kink mode changes sign in the |
same way that the sawtooth precursc:
MHD modes did. In MISHKA-DRIFT i
the perturbation grows exponentially in 20
time, so the imaginary part of the
eigenvalue is a pseudo-frequency whicl s e 0 2ers | aeil®
is analogous to the frequency of the Texoldal Velogliy i
precursor mode. This strong correlatic Fig 6: The growth period of the n=1 internal kinlode
between the results indicates that &1 S0 deregneie ieney (s
SaW,tOOth beha\”our is largely due to tf dashed Ii)ne) as afungtion 0>1i toroidal velo |
toroidal rotation of the plasma.

40 ‘ ; | : ‘ ; 0.04

—0.03

w)

0.02 =

a.

—0.01

Frequency (a.u

[
U
I

-0

Gro

CWW =0.028 —-0.01

Analysis

Assuming that the toroidal velocity is of the order of the iomdignetic frequency g
and that the equilibrium thermal ion distribution is Maxwelliansipossible to show that
the internal kink dispersion relation is given by:

Yosvi+A 1) SN

w, 31 &,
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where the magnetic shear is given by dgrqua=va/Ro and w is the Alfven velocity,
e=r/Ro, SW=8W.61280°RoBo’e1*/o, v1°=-0 (w-0i)|x andA=2¢f [6]. This can be evaluated
in the absence of a radial electric field by transforming tame moving with the toroidal
rotation at the resonant surface, we— w - Qq, so that

ve=-lw-0Jw-w -9,)|,
This elucidates the dependence of the growth period of the mode upon thanagnetic
frequency. It is evident that when the Doppler shifted eigenfrequéatances the
diamagnetic frequency, the real part of the growth rate ointieenal kink mode will be
maximised. Another interpretation is that when the toroidal rotatitanbes the intrinsic
MHD rotation (given by the sum of the ohmic plasma rotation and #meatjnetic effects)
the growth period will be minimised, just as the period of sawtest MAST was
minimised when the toroidal rotation countered the MHD rotation.

Conclusions

Previous JET and TEXTOR results regarding sawtooth period havecbeémed on
MAST. The sawtooth period increases with co-NBI power. Howewdh increasing
counter-NBI power, the sawtooth period first decreases to a miniatudri7MW before
increasing. The sawtooth precursor mode changes direction at this beam powe
Modelling with MISHKA-DRIFT has replicated these experinamnesults. It has been
shown that the growth period of the internal kink mode is minimiseud terbidal rotation
in the counter-current direction. There is good correlation betweermthenum in
sawtooth period and the maximum growth rate of the kink mode. The ioraginetic
frequency determines the toroidal velocity at which the grgetiind of the internal kink
mode is minimised.

The dispersion relation for the internal kink mode indicates that wieetotoidal rotation
is in balance with the MHD rotation, the growth rate will reach its maximum.

It is important to be able to control sawtooth stability to imprplasma performance.
Since decreasing the period of sawteeth is known to delay theadi$é€Ms, these results
suggest that this could be achieved by keeping the toroidal rotation of the plasma low.
In future work the approximations in MISHKA-DRIFT are beindaxed with the
development of a new code, MISHKA-FLOW, which models the perturbedmneatential
in the toroidal direction rigorously, since in general this is noo-ze the presence of
toroidal plasma rotation. MISHKA-FLOW incorporates a full tneaht of Ohm’s Law
projected both perpendicular and parallel to the equilibrium magnetic field.
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