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ABSTRACT

Clear observations of early triggering of neo-classical tearing modes by sawteeth with long quiescent
periods have motivated recent efforts to control, and in particular destabilise, sawteeth. One successful
approach explored in TCV utilises electron cyclotron heating in order to localy increase the current
penetration time in the core. The latter is aso achieved in various machines by depositing electron
cyclotron current drive or lon Cyclotron Current Drive (ICCD) close to the g = 1 rationa surface.
Crucially localised current drive also succeeds in destabilising sawteeth which are otherwise stabilised
by a coexisting population of energetic trapped ionsin the core. In addition, a recent reversed toroidal
field campaignat JET demonstratesthat counter-Neutral Beam I njection (NBI) resultsin shorter sawtooth
periods than in the Ohmic regime. The clear dependence of the sawtooth period on the NBI heating
power and the direction of injection also manifestsitsdlf in terms of the toroida plasmarotation, which
consequently requires consideration in thetheoretical interpretation of the experiments. Another feature
of NBI, expected to be especialy evident in the negative lon based Neutral Beam Injection (NNBI)
heating planned for ITER, is the parallel velocity asymmetry of the fast ion population. It is predicted
that afinite orbit effect of asymmetrically distributed circulating ions could strongly modify sawtooth
stability. Furthermore, NNBI driven current with nonmonotonic profile could significantly sow down
the evolution of the safety factor in the core, thereby delaying sawteeth.

1. INTRODUCTION
The control of sawteeth is expected to be important in a next step device such as ITER [1]. The
presence of highly energetic ions in large tokamaks has given rise to sawteeth with long quiescent
times and large amplitudes[2] -[4]. Although this might seem to be an advance, large sawteeth also
have detrimental ramifications. In particular, the radial location of the collapse event propagates
with respect to the sawtooth quiescent time. The collapse radius has been predicted to be so largein
ITER [5] that coupling islikely to occur with modesat other rational surfaces. Evidence of interaction
between large sawteeth and 3/2 Neoclassical Tearing Modes (NTM) has been observed in JET [6],
while discharges with smaller regular sawteeth are found to have increased core confinement, and
are less likely to be coupled to confinement degrading NTMg[6]. Hence it is seen that greater
understanding and control over the mechanisms that determine sawteeth stability is required.
Sawtooth control refersto the ability of an actuator system, i.e. some additional heating and/or
current drive, to alter the period and usually the amplitude of the sawtooth instability. Two strategies
are possible to avoid the deleterious effects of large sawteeth. One option which has had some
successin JET [7] isto attempt to suppress sawteeth for many energy confinement times. InITER
one would attempt to reach burning conditions before the onset of the first crash. This may prove
possible because of the expected stabilising properties of the trapped a phapopulation [8]. Moreover,
aswe shall discuss|ater, co-injection of negativeion based neutral beamsin ITER sbaseline scenario
could suppress the formation of aq = 1 rational surface over a significant fraction of the current
penetration timescale. The other strategy isto deliberately increasetherate of sawteeth, i.e. destabilise



sawteeth, in order to reduce the perturbation to the plasma beyond the inversion radius. The most
successful and repeatable experiments involve Radio Frequency (RF) heating and current drive
with the resonant surfacelocalised closeto theq = 1 rationa surface. Evidently the control mechanism
involvesthe destabilising effect of creating local perturbationsin the current and el ectron temperature
profiles[9, 10]. Another approach involvesthe injection of neutral beams with orientation opposite
to the direction of the plasma current [11]. Such experiments point to the possible sensitivity of
sawteeth to momentum induced plasma rotation.

Thispaper collectsrecent experimentsand simulationswhich employ localised Electron Cyclotron
Heating (ECH) and Current Drive (ECCD) [10, 12, 13] and lon Cyclotron Resonance Heating
(ICRH) and Current Drive (ICCD) [6, 12, 14] to control sawteeth. The reproducibility of such
experiments has recently been exploited in order to destabilise sawteeth by localised ICCD, and
thereby control sawteeth which were initialy lengthened by a population of energetic ionsin the
core [15]. This has important and encouraging implications for the control of sawteeth in a next
step tokamak, since the experiments provide evidence that local modification of the current profile
could assist destabilisation of sawteeth despite the predicted large energy sink 6W from the kinetic
contribution of trapped alpha particles in the core. Also presented in this paper are dedicated
experiments and analysis of counter-injection (counter in relation to the plasma current and toroidal
field) of neutral beamsin JET [16]. It will be seen that the observation of sawteeth in discharges
employing moderate counter-NBI, with quiescent times not exceeding those of Ohmic discharges,
can be partially explained in terms of areduction in stabilising kinetic contributionsto dW. Finaly,
recent experimental [17] and theoretical [18] results on negative ion based neutral beam injection
(NNBI) arereviewed. Despite NNBI populations having a dominant passing fraction, the sawteeth
are strongly stabilised by the energetic population. It is shown in this article under what conditions
the NNBI ions could be as influential as apha particles for sawtooth stabilisation in ITER.

The article is organised as follows: models for the sawtooth trigger and plasma evolution are
overviewed in Section 2; section 3 presents recent important progress on sawtooth control using
localised current drive; in section 4 the effect of counter-NBI on sawteeth in JET is presented,;
section 5 gives a brief overview of our understanding of sawtooth control using NNBI; the last
section contains concluding remarks on the work presented here.

2. MODELLING THE SAWTOOTH INSTABILITY
2.1. THE TRIGGER PROBLEM
The sawtooth trigger problem is addressed by seeking to correlate equilibrium properties at the
onset of them =n=1instability with the crossing of atheoretical stability boundary for theinternal
kink mode. Thetheoretical boundary differsasadditional physical effectsare added into thelinearised
‘MHD’ equations.

It isfound that the stability of sawteeth in TCV falls into two broad classes [19] depending on
the shape of the plasma cross section. In particular, sawteeth were found to be small for a plasmas



with large elongation and/or small triangularity. We shall see that such plasma shaping strongly
destabilises MHD modes in the core plasma; this includes the internal kink mode, the ideal
interchange mode and the resistive interchange mode. Since additional heating shortensthe sawtooth
period even further, it follows [19] that the sawtooth period for such equilibria could be triggered
by the criterion for ideal instability:

oW Ol
TC - - 1
St T

with o, the ion diamagnetic frequency and s, the magnetic shear s = (r/q)dg/or evaluated at g = 1
(denoted by subscript ‘1'). Here the ideal MHD growthrateyt, = nSVAV/sl, so that SW = dW/(2m?
&,2¢,"R B, 7u,), which can in general account for MHD contributions SWMHD, and kinetic
contributions Wk from auxiliary hot ion populations and thermal ions in the banana regime.
Increased heating would make the MHD contribution to SW more unstable because toroidal
contributions [20] and combined toroidal-shaping contributions [21] areincreasingly destabilising
for increasing 3 o the poloidal betaat g = 1. The contributionsto ideal MHD stability have recently
been compiled in Ref. [22]:

8Wl\/IHD :Aq823 [(03 - OS(%?> )2 - %3] + ¢4 [6[3%1 (1 + Bpl) + Bpl(l ;214Bp1)] _ 3A2q3 -
Aq 3 AqQ Aq 1)
G e g Bt (56 3= 12) e |t G (4= 7)

with e = (k—1)(x+1), k the elongation, d the triangul arity, i) = 2, Aqg = 1-q, and all quantities
areevaluated at r,. Figure 1. plots the sawtooth period over atriangularity scan (ranging fromlarge
inward pointing to small outward pointing), together with a similar trend in 6\7VMHD given above
and the same quantity calculated numericaly [22].

In contrast to the high «, or small positive or negative & scenarios mentioned above, for more
conventional scenarios with moderate 6 and k, the sawtooth period in TCV increased with respect
to increasing heating power [19]. Such a dependence on heating is consistent with the sawtooth
trigger being described by resistive MHD with two fluid effects. Although the m = n = 1 instability
isaways unstable in one-fluid resistive MHD, accounting for two fluid effectsin the layer reveas
stable regions of parameter space which could account for quiescence during sawteeth [23]. The
instability criterion can bewrittenintheforms > s (B). In Ref. [] it is pointed out that the effects
in the layer, which are described by the latter critical shear criterion, are only important when the
macroscopic drive SW of theinternal kink mode is not strongly stabilising, i.e. thereis not avery
large energy sink. The criterion for instability is thus given by [5]:
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where p; istheion Larmor radius normalised to the g = 1 radius, ¢, anumerical constant of order
unity, and s () isacritical shear, governed essentially by the pressure profile [5, 23, 24, 25], and
also containsanumerical constant ¢ of order unity. Thedefinition of s () depends on the regime of
interest. It is for example defined for instability in the ion kinetic regime, or resistive regime, by
Eqgs.5(b) and 5(a) of [12] respectively.

2.2. PLASMA EVOLUTION DURING RAMP PHASE

In order to interpret the sawtooth period in present day experiments, and predict the sawtooth
period in planned regimes and future experiments, it is clear that the transport between sawteeth
(theramp phase) must be modelled accurately. An estimation of the current diffusion can be obtained
upon considering the leading order tokamak expressions for the induction equation 6B /6t = E’ »
Ohm'slaw E, ~nJ,,, and Ampereslaw p (., 4 H o) = (FB,)’, wherex’ = x/or, and j,, +j , +
], 1Sthetotal current, comprising the Ohmic current, driven current and bootstrap current. Theseequations
can bewritten asan evol ution equation inthe poloidal magneticfield: 6B /ot =[(m/r)(rB /1))~ M( ;)]
wheren isthe resistivity, which scales with electron temperature as~ T_~32. Now, for small shear, and
using q=rB/R B, oneobtains:
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and assuming that (nj)” >> r(nj)”:
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Hence it is seen that variation of the deposition of current drive and/or the conductivity profile
modifies the time it takes to reach the critical shear criterion of Eq.3, and hence presumably the
sawtooth period.

The effect on sawteeth of modifying the conductivity profile is demonstrated in Fig.2. It is clear
that the predictionsof theeffectsof differing ECH sourcesare qualitatively and essentially quantitatively
validated by these TCV discharges[12]. From Eq.5it is seen that heating outsidetheinversion radius,
such that " is reduced at r,, reduces 85/6t in turn (here inversion radius refersto the radius at which
the temperature is unchanged over the crash event). Thus the data in Fig.2 commences with long



sawteeth. Another beam isdeposited closeto the magnetic axis, and isthen swept through theinversion
radius. Again, from Eq.5, the effect on thelocal conductivity profileinitially givesriseto an increase
09/6t, and as the beam crosses to the outside of the inversion radius, d5/6t is strongly reduced. In the
PRETOR-ST smulations [12], the variation in 65/6t modifies the sawtooth period because of the
differing timescales over which the critical shear criterion of Eq.3 isreached. It should be noted that
Eq.2 isaways satisfied for these experiments which are devoid of energetic minority ions.

It is recognised that simulations of the type shown in Fig.2 assume Kadomsev [26] full
reconnection at the crash. Consequently the transport during the ramping phase commences with
s=0andr, = 0. Clearly, if full reconnection does not actually occur, transport during the ramp
based on Kadomsev initial conditions would over-estimate the sawtooth period if other ‘free
parameters (e.g. in s (3)) cannot be employed to artificially hastenthetriggering event. A relaxation
process which does not give rise to such asmall shear at the end of the crash phase (and beginning
of the next ramp) is based on Taylor relaxation [27]. Evaluation of the region of instability of the
resistive interchange mode in MAST [28] indicates that this secondary instability, which could be
responsible for the triggering of the Taylor relaxation, is unstable beyond the g = 1 surface for
elongated plasmas. A convincing proof of this trigger mechanism would be the observation of
precursorless sawteeth in strongly elongated discharges, and sawteeth with precursors in more
conventiona (moderate triangularity and elongation) discharges.

Pellet injection into the core quite frequently resultsin the creation of ahigh density closed tube
of plasmaontheq =1 surface[29]. Observations[28] of these so called snakes surviving consecutive
crash eventsin the MAST experiments mentioned above indicate that the g = 1 radius undergoes
only asmall variation over the sawtooth cycle. Neverthelessit should be noted that a high degree of
temporal resolution would be required in order for such observations to imply that only a small
amount of reconnection occurs. This follows because, immediately following Kadomsev
reconnection, therate of change of theq = 1radiusisinitialy very fast, dueto its dependence on the
vanishingly small magnetic shear:

3. CONTROL OF SAWTEETH BY CURRENT DRIVE
Experimentsin TCV [10], and morerecently in ASDEX-Upgrade[13], demonstrate that the addition
of small amounts (less than afew percent of the plasma current) of co-ECCD to ECH inthe sweepin
the resonance | ocation enhances the trend observed in Fig.2. This can be understood upon inspection
of Eq.5whereit is seen that cocurrent drive with resonance location outside g = 1, thus giving riseto
dj cd8r|rl >0, dows down the evolution of s. Clearly, co-ECCD inside g = 1 reduces the sawtooth period.
The variation of the plasma evolution and consequent sawtooth period is clearly demonstrated in
smulations [12] which account for the combined effects of localised heating and current drive.
Perturbations in the current can also be obtained effectively with ICRH upon employing a
particular choice of current phasing in the RF antennas [30]. Figure 3 () shows recent resultsfrom
JET [14] demonstrating the crucial differences between —90°, +90° and dipole phasings, over a



magnetic field and plasma current scan in discharges employing first harmonic heating of minority
hydrogen in a deuterium D(H) plasma on the high field side (HFS). A large region encompassing
both sides of theinversion radiusis distinguished within which the resonant surface can belocalised
in order to obtain large sawteeth for the case of +90° and vanishingly small sawteeth for the —90°
case. Again these results are understood in terms of a change in the sign and magnitude of oj_/ar.

Unlike co-ECCD with resonant positioninside g = 1, one does not see significant destabilisation
of sawteeth for the +90° case as the resonant surface movesinside the inversion radius. As pointed
out in Ref. [31] there are two competing mechanisms at work, namely the effect of the minority
ions on the current perturbation, and also the stabilising effect of hot ‘h’ trapped minority ions on
the macroscopic potential energy
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Thislatter stabilising effect ismost significant for ions heated with the +90° phasing because these
particles are pinched inwards toward the magnetic axis [32], thus creating larger fast ion pressure
gradientswithinthe q =1 surface. Intuitively, the opposite occursfor the —90° phasing. Nevertheless,
all three phasing conditions give rise to kinetic stabilisation of the sawteeth as the resonant surface
approaches the magnetic axis.

Crucial recent experiments in JET [15] demonstrate that creating current perturbations with
dj_/or < 0 can control (destabilise) sawteeth even where the plasma additionally comprises a fast
ion population in the core yielding a large stabilising macroscopic drive of the form of EQ.6. It is
noted in Ref. [ 15] that despite this stabilising contribution, increasing the magnetic shear can shorten
the sawtooth period via the shear dependence in the macroscopic threshold for instability of the
internal kink modein theion kinetic regime, i.e. Eq.2. Shownin Fig.3(b) arelong sawteeth initially
stabilised by using central hydrogen minority heating and +90° phasing. At 19 seconds the same
speciesisaso heated close to theinversion radius on the HFS with —90° phasing. Asthe discharge
evolves, and the inversion radius converges with the hydrogen resonance position of the —90°
phasing, the sawteeth become very short.

Clearly inITER it may be necessary to usetechniquesto modify s (t) in order to control sawteeth
lengthened by the predicted large energy sink from the kinetic contribution of trapped alphaparticles
inthe core. Indeed, evidence of seeding of NTMsthrough sawteeth |engthened by aHe4 popul ation
heated into the MeV range with third harmonic ICRH [33], confirmsthat thisislikely to be crucial.
The use of ITER relevant second harmonic ICCD [6] has been successful in controlling sawteeth
and avoiding the triggering of NTMswith N closeto the ideal MHD limit.

4. COUNTER NBI AND TOROIDAL ROTATION
In this section the influence of plasma rotation on sawteeth is considered. Figure 4 shows two
otherwise similar recent JET discharges [16] which have opposite NBI orientation (relative to the



direction of thetoroidal plasmacurrent and toroidal magnetic field). Itisseen that the co-NBI discharge
has increasingly large sawteeth for increasing heating power up to a maximum of P, = 3.8MW,
while the cntr-NBI discharge has sawteeth with quiescent periods close to the Ohmic timescale
throughout the ramp up and ramp down in the neutral beam power.

A clear difference between the two discharges shown in Fig.4 isthe changein signin the plasma
rotation relative to the toroidal current and magnetic field. Figure 5(a) and (b) plots the measured
differential toroidal plasma rotation AQ = —rQ’|rl and the ion diamagnetic frequency o pi(rl) with
respect to time for the shots shown in Fig.5. Here Q" = 6Q/dr, and (o*pi =-qgP’/(eZnB ). It isseen
that for co-injection AQ = 2w’ o whilefor the counter-injection discharge AQ =~ -2’ o Thisscaling
of the differential plasma rotation relative to the ion diamagnetic frequency isrequired in order to
assess the stabilising contribution of effectively collisionlesstrapped ions. The response of the NBI
hot ‘ h’ ionsto theinternal kink modeisessentially given by Eq.(6) for such relatively small sheared
flow [34] for which AQ << {<(om dh>, o, }, where <comdh> isthe magnetic drift and ,, the diamagnetic
frequency of the hot ions. In contrast, the collisionlessresponse of thethermal ions*i’ issignificantly
modified by sheared flow [35] because AQ ~{ <(omdi>, o, }. Figure5(c) plotsthekinetic contribution
from thermal ions 8W, as afunction of AQ/w, o for typical core plasma profiles and for differing
n,=dInT/dInn. Variation in AQ was undertaken by changing the centra plasmarotation Q, for a
fixed profile /Q, = 1-(r/2a)* as in Ref. [35]. Indicated in Fig.5(c) are the approximate relevant
normalised differential frequencies for the co and cntr-NBI discharges depicted in Figs.4(a) and (b).
This servesto illustrate the influence of sheared flow on stability for the discharges of concern here.

Figure 4 aso plots the terms involved in the criterion of Eq.2 for the co-NBI Pulse No: 60768
and reverse B Pulse No: 59705. Thisis achieved by computing the time evolution of the quantities
involved by taking datadirectly from the available JET diagnostics and post-processing codes such
as PENCIL [36]. For the co-NBI case the large increase in the sawtooth period coincides with the
approximate time during the ramp when the macroscopic instability criterion of Eq.2 is no longer
satisfied [24]. The sawtooth period essentially returns to an Ohmic timescale T_, ~ 80ms at the
point during the ramp down phase when Eq.2 is satisfied. Both 6W, . and 6W,, are responsible for
the stabilisation during the ramp. In contrast, for the cntr-NBI case, the sawtooth period does not
rise above that of Ohmic sawteeth, and it is found that the thermal ion kinetic contribution 6W, is
negligible, and the hot ion kinetic term 8W, is also smaller than the corresponding term for the
forward B Pulse No: 60768. Since the instability criterion Eq.2 is adways met, the trigger occurs
when the criterion s, > s (B) is satisfied. Since the sawtooth period is similar to that of Ohmic
plasmas, it is reasonable to suppose that the energetic particles do not significantly modify the
current penetration time. Furthermore, the counter current driveis small, and measurements of the
inversion radius cannot discern an effect on the q profile.

Figure 6 demonstrates that it is necessary to have at least 7MW of cntr- NBI power before
kinetically stabilised sawteeth are observed. This contrasts with only requiring 2MW of co-NBI.
For dischargeswhere the deposition of heating is concentrated deeply in the centre (e.g. with normal



injection), the sawtooth period is much smaller than Ohmic sawteeth. For moderate cntr-NBI power
the sawteeth avery regular, whilefor large cntr-NBI power or moderate co-NBI power the sawtooth
period varies sigificantly (see error bars in Fig.6) over the two second stationary interval during
which measurements are made. A clear broad minimum in the sawtooth period is observed with a
timescale lessthan half that of Ohmic sawteeth. The physical reason for thisisasyet uncertain, but
in contrast with the speculation in Ref. [11], it would appear that the relatively small and broadly
deposited current drive isinsignificant in all the discharges assessed here. It is possible however
that the deep penetration of NBI ions could modify the conductivity profile in asimilar way to that
of on-axis ECH (see Sec. 2.2 and Fig.2). The sensitive influence of the conductivity profile on
sawteeth is made possible because, unlike co-NBI where the sawtooth period is determined by the
criterion for macroscopic instability [24] of EQ.2, for cntr-NBI of moderate heating power the
criteriaof Eq.2 isalways met. Hencethetrigger isdetermined by thecritical shear criterion of Eq.3,
which, as we have seen, is particularly sensitive to changes in the local conductivity. Finally, itis
noted that there are other ways in which toroidal plasma rotation can modify stability. A similar
variation of the sawtooth period with heating power and injection orientation has emerged in
TEXTOR[37] and MAST [38]. However, inboth TEXTOR and MAST the minimum in the sawtooth
period corresponds closely to avanishing precursor frequency, whilewith e.g. 4AMW of cntr-NBI in
JET the MHD mode frequency is the same order of magnitude as the toroidal plasma rotation
frequency. Furthermore, in MAST, the toroidal rotation frequency is an order of magnitude larger
than JET discharges with the same NBI power, and henceit is quite possible that centrifugal effects
could be important [39]. In addition, if AQ ~{w__, w, }, thekinetic response of the NBI minority
ions themselves could be modified significantly by sheared flow [34]. Finally, other effects which
have not been considered here include the possibility that changes in the bulk plasma momentum
by NBI could modify the toroidal coupling of perturbations on the 1/1 and 2/1 surfaces [40].

5.NEGATIVE ION BASED NEUTRAL BEAM INJECTION

Experiments in JT-60U using 350keV negative ion based neutral beam injection (NNBI) in the
direction of the plasma current have yielded long sawteeth [17]. The dependence of the sawtooth
period on electron temperature is found to be in excess of the scaling ~T_¥2 due solely to resistive
diffusion. However, these long sawteeth cannot be explained simply in terms of the usual kinetic
stabilisation observed for conventional NBI or RF minority ions because, for the strongly tangential
injection employed, the fraction of trapped ionsis presumably small. Nevertheless, the tangential
injection is unbalanced, and it is found that the parallel velocity asymmetry in the distribution
function gives rise to an important kinetic contribution when finite orbit effects are taken into
account [18]. Itisfound that on-axisco- NNBI and strongly off-axiscntr-NNBI stabilisetheinternal
kink mode, while on-axiscntr-NNBI and strongly off-axisco-NNBI are destabilising. Here strongly
off-axisrefersto the possibility of obtaining positive fast ion pressure gradientsat g = 1. InITER,
tangential IMeV NNBI isbeing planned. It isfound that [41] the stabilising contribution from this



population of NNBI ions in ITER could be as large as the stabilising contribution from trapped
alphaparticlesif:

dP;,

_ 1 5, [ri*dP,
I'W dl’( )

12
€1 0

5]

where P, and P_ respectively refer to the pressure from unbalanced circulating NNBI hot ions and
aphaparticles. Such ascaling could be satisfied for tangential injection of NNBI ionswhere dP /dr
is peaked off-axis, i.e. close to g = 1. For NNBI power of 35MW and alpha heating power of 80
MW [42] it is quite possible that one finds that dP,/dr > dP /dr closeto g = 1.

The effect of the driven current from NNBI isnow briefly addressed. TRANSP simulations[42]
of standard ELMy H-mode scenarios in ITER demonstrate that the NNBI population does
significantly modify (broaden) the g-profile. Depending on the injection geometry employed, co-
current drive with anon-monotonic profile could readily be created [43]. For such anon-monotonic
NNBI current drive profilej,, , (1), the safety factor in the core could increase with respect to time.
This can be understood from Eq.4 for which 6(nj_,)/6r > 0 yields /6t > 0 providing that the effect
of current drive dominates over conventional resistive diffusion in the core. The current drive
efficiency should at the very least be sufficient to significantly delay the first creation of ag =1
surfacefollowing start up. Thisapplication of current drive could in principletherefore be employed
inorder to avoid or delay sawteeth rather than provide sawtooth control by means of destabilisation.

CONCLUSIONS

This article presents an overview of recent advances in the field of sawtooth control. It includes
progress on sawtooth destabilisation using both localised electron and ion based heating and current
drive. Consistent simulationsof TCV and JET discharges demonstrate that sawtooth destabilisation
occurs as aresult of enhancement to the current diffusion close to the g = 1 rational surface [12].
The ability to control sawteeth, initially stabilised by an energetic trapped ion population, is a
particularly important step forward given the expectation that al pha particleswill lengthen sawtooth
periodsin ITER. Recent experiments in JET with counter-NBI highlights the influence of plasma
rotation in present day tokamaks. Whilethe expected small momentum induced flow isnot predicted
to strongly influence sawteeth in ITER, the effect of unbalanced NNBI is predicted to strongly
stabilise sawteeth through kinetic stabilisation of the internal kink mode, and possibly by slowing
down resistive diffusion in the core.
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Figure 1: Plot of (a) the sawtooth period in TCV over large inward pointing to small conventional outward pointing

triangularity for moderate elongation. Thetrend isvery similar to (b) theideal stability given by Eq.1 and with results

from the KINX ideal MHD stability code [22].
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Figure 2: Showing (a) predictions of the sawtooth period using PRETOR-ST and (b) the measured sawtooth periodin
TCV with beams of ECH orientated just outside r; radius to stabilise the sawteeth, and another beam is then swept
through r;,, [12]. Contoursin (b) indicate location of heat deposited relative to minor radiusr.
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Figure 3:(a): Soft x-ray emission, sawtooth period, sawtooth inversion radius R;,, and first harmonic H cyclotron
resonance layer R.(H) for three similar JET discharges [14] for which only the phasing of the ICRF wave was
changed: +90 phasing in Pulse No: 55505, —90° phasing in Pulse No: 55506, and dipole phasing in Pulse No:
55507. (b): Pulse No: 58934 in JET [15], plotting the electron temperature, sawtooth period, sawtooth inversion
radius R,,, and first harmonic H cyclotron resonance layer R .(H) for +90° and —90° phasings, and heating power
for the two antennas.
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Figure 4: Showing two otherwise similar NBI ramping discharges with opposite NBI orientation [ 16]. Also compared
are the expressions 6W = wéW/s, and p = c,p; in the macroscopic threshold instability criterion of Eq.2.

13



http://figures.jet.efda.org/JG05.355-3a.eps
http://figures.jet.efda.org/JG05.355-3b.eps
http://figures.jet.efda.org/JG05.355-4a.eps
http://figures.jet.efda.org/JG05.355-4b.eps

Pulse No: 59705

45-GSE°S00rC

24 0

9G-G5€'509C

(s/pesy) uonelol onaubewelp uo|
pue uone}ol [eploiol [enualayid

====ZTTTI oL N
====z=z-o0 | N
T e
e R R —
H“Iﬂ”””ll”.”ll”""““ """" Inmu\
e I -
~ U T et mmmm e m = —— T
vr SEFSSESSE Tt e m = ———Zzz===.  _|O
R PN A
51 8 | oo TTTTEEES
ol = | TEE—
~ Rl et
m S .
= L S S S
Or===TESSTTTIEEEE Gl
% oo o — S ——— © ©
T T T T e
o mRS ST IEEEEES Tt
© G
a <
= | |
¥ \
(e00 ) LOREIO - SR UBBLIIE O
\Sud L i v/ HOF 52 H _
pue uone)ol [eploiol [enualayid
\-Mm‘mmm.mo@ﬁ
o}
©
S
2 X
5
P
)
i%]
)
[
N
N
—
n
)
©
E
o
«
c
k=]
=
3]
k)
g ©
m @
o
o
<
L

=1/4

T
——;

ni=

cntr—NBI

0.04— =

&
Q
o
(s/pesy) uonelol onaubewelp uo|
pue uonelol [eploio] [enualayid

16W; with respect to A/ w., isshown in (c).

Fi 2gure 5: Showing AQand o.; for (a) the co-NBI and (b) the cntr-NBI discharges shown in Fig.4. The variation of

€

14


http://figures.jet.efda.org/JG05.355-5a.eps
http://figures.jet.efda.org/JG05.355-5b.eps
http://figures.jet.efda.org/JG05.355-5c.eps

400 —
P Counter NBI Co NBI
300 T
[ )
m
é L
k]
il o
g 200~ -
- L
°
E
b
® ([ J
100~ |
[ I )
oo [ J 3
T 0 o0 p
oL__1 \ \ \ | \ 9
-8 -6 -4 -2 0 2 4
Time (s)

Figure 6: Showing the dependence of the sawtooth period on
NBI heating power and direction relative to the plasma current
inaseriesof dedicated JET discharges[ 16] . Error barsindicate
variation of sawtooth period over the measured two second
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