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1-Introduction

In severalThermonucleaiFusion experimentsperformedat JET, the peak performance,n
termsof neutronyield and plasmastoredenergy,was observedto deterioratein coincidence
with the onsetof fast rotating MHD modesappearingaround the time of large sawtooth
crashes. These modes with poloittatoroidal modenumberratio largerthanone,m/n>1,are
observedat moderateto high _ valuesin both EIm-freeand ELMy H-modeplasmasin JET
ELM-free DT dischargesthe growth of n=3 and n=4 modesfollowing a sawtoothcrashare
clearly associatedwith saturationof the fusion yield [1]. In recent JET campaigns,the
triggering of magneticislands at different _ values and their effect on confinementwere
extensivelystudiedin ELMy H-modeplasmasdesignedto study the onsetof Neo-classical
TearingModes(NTM) [2]. The mechanismfor triggering MHD modesarounda sawtooth
crash is still an open problem of tokamak physics. Inspeofidtngh resolutionmagneticdata
in either ELM-free or ELMy regimesshowsclearly that in many dischargesthe onset of
modes often interpreted as sawtooth “post-cursors” actually obetoeethe sawtoothcrash
(see Fig. 1). This excludes the crash itself as the triggering mechanism and on theratiter
suggests that mode coupling may playraportantrole in the destabilisatiorof thesemodes.
Here we consider the effect of toroidal [3] and non-linear [4] coupling omérginalstability
of NTMs observedin the JET ELMy regime [2]. In those dischargeswith high _ the
conditionsare closeto the thresholdfor destabilisatiorof NTMs. Accordingly we formulate
the problem of assessing the conditionsdiaving a seedisland abovethreshold by linear or
non-linear coupling of modes.

2-Experimental observations and theoretical model

We presentfirst the theory of non-linearcoupling of triplets of rotating magneticislands
developed irRef [4] asan extensionof the large R/a Rutherfordtheory of non-lineartearing
modes.This includesthe mutual electrodynami@and viscouscoupling of a triplet of rotating
magnetic islands of different helicities arrangeditaina "resonantwave-numbematching”.
This mechanismof coupling is different from that arising from the multiplicity of poloidal
harmonicsgeneratedby metrics of toroidal geometry and involves modes with different
toroidal numbers  n. Magnetic perturbations  are represented by
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W = (%) where h, =B, r,q’ /16Rq2 . The neo-classicalsland mechanicsor a triplet

of “wave-numbers’ k, k’, k” fulfilling a matchingcondition k” =k —k” is describedby
coupledequationsdor Wmn, (t) andthe rotationfrequency.For the casesconsiderechere the
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mode frequencyis practically constant(Fig.1) and its evolution can be ignored, while the
=T,(W,,W,,W,,A0). Here (p, g, 1)=(1,2,3) label in turn

one modeof the coupledtriplet. In absenceof coupling the p-mode (instantaneousjate of
growth with the neo-classical bootstrap term is:

2 W a"pol
RQTA p
o (W) Tam W2 W§+W3
we concentrate on a study case JET discharge No 47285, performed in a caingiaigpof
NTMs (described in detail in [2]) . The modes observedgeaesentedn Fig.(1). We consider
the onset of the (3,2) mode and conjecthesfollowing sequencef events.nitially, the local
B, for the driven mode (m=3.n=2) and a passive mode (m=4,n=3) is Bid¢BI aboveor

1+ Re(A}, )} Without lossof generality,

marginally above B, = p,,(a,a;°% ™ 2)1/2(LF,L‘qlg)1/2 _A’| which is the critical value for onset
of neo-classicatearinginstability with r A” < 0. However,the seedisland width of the (3,2)

mode at t=22.36 is below the threshold value W_,<W., 6 therefore

Fef‘;’ (W,) < 0preventingthe appearancef the instability. As the main driving mode (1,1)
grows to sufficiently large amplitude driven by its own free energy, the linear (torordabn-
linear coupling produces a perturbation of the rate of growth of the type
3 (W3 0, Wy, Wy, ) = T (W) + Ty (W5, W, W, 5, cOsA), driving  the instability by
makingthe global T ,(W_,W,,,W, ;) >0 for the sameseedisland. Here A¢ is the phase

differencebetweenthe mteractlngmodesthat for the sakeof argumentwe shall assumezero,
for maximuminteraction.The non- Iinearcouplingterm of the triplet combinationconsidered
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is the coupling coefficientcalculatedassuminghat eachnon-linearisland is equivalentto a
driving current sheet located at rational surfaggs,,r,; [4] andthat global torquebalanceis
maintained. The other symbols are defined as:

2
N =R, /B,) 3, =3, VLol . a,(0) = ay(0)(pilols) 9l Vi) W, o< pi'®
Wi, o< pasa,'e ?L Lg(e,v;) . The mode coupling term is increasingin the region of

smaller‘seed” |sland thereforeprowdmg an effective trigger mechanismlf the uncoupled
(3,2) mode were neo-classicallystable (3, < B, ), then after the mode (1,1) disappears

(W, — 0), also the (3,2)vould decay.On the contraryif mode(3,2) whenuncoupledmeets
the condition B, = B, , W < W), and after destabilization due to tineee-modecoupling
it reachesin a short time interval _ a width W,, ~T,,t> W, then even after the (1,1)

disappearsthe (3,2) keepsgrowing at a rate Féoz’ >0 .For a given set of neo-classical
parameters, there is a threshold value for the width of thednging mode(1,1) abovewhich
destabilization is irreversible.

In Fig. (1) the modes(1,1) and (4,3) are saturatedat a relatively large level (at amplitudes~2
Gaussand 0.5 Gaussrespectively)well beforea (3,2) modeis triggered. The neo-classical
nature of the perturbations must be related to the regime of the discharge. Ihdarablethe
main parameters of this shot are reported in the time interval t > 22.s. In Rige ®)ation of
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eIy, I IS Obtained from the EFIT q profilandthe rotation frequencyprofile (mappedonto
the poloidal angle of themagneticpick-up coil measurement)slandsizes(W, ;,, ~0.15mand
W, ,~0.6m) are estimated from magnetic an

grbfile perturbations.
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Fig. 1 — a) Magnetic signal measuredon
the low field side at an angle of 60° above
the mid-plane.b) Spectrogramshowingthe
frequency and amplitude ohodesobserved
around a sawtooth crash: the sawtooth
precursor (1,1) and itharmonics(2,2) and
(3,3), a (4,3) mode unaffected by the
sawtooth crash and the onset of a (3,2)
mode observed above the noise level at
t=22.36 s

Pulse Mo: 47285 1=224s JG001 431
10~ -5
Frequency
f{.1) —
) a 7t
6 —3
f(3.2)

— ]

Fig. 2 — Plasma toroidal rotation (charge
exchange diagnostic) and q profile (EFIT).

From the dataand Fig.(1) it is clearthatthe (1,1) and (4,3) at t~22.36 modeshave grown to
sufficiently large amplitudeto drive the (3,2) unstableIn Fig. (3) the conditionof trigger of
the (3,2) mode is illustrated .

Tablel
l p B q95 Te(o) ne(o) Zeff R0 a K aZ aS
1.37M| 1.37 T| 3.64 | 3.8 keV | 2.954 *10° | 2 3.12m | 0.94 m| 1.7 | 0.816 | .0032
A

Tablell
mn [p* [v° By L. L, B. B R W, [W
11 .035] 0.748 ] 2.825 | 0.666 m| 1.567m 198 13.241m 144 m
3,2 0.134 0.535 m| 0.772m | 0.243 ] 3.2 | 3.523 m | .021 m
4,3 0.139 0.595m | 1.233 m| 0.656 | 5 3.456m | .033 m| .071 m
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The samereasoningappliesin the caseof toroidal coupling of the (3,2) mode with an active

(2,2) harmonic of the (1,1) havirthe amplitudeone half of the (1,1). In this casethe toroidal

coupling term of mode (m,1) with mode (m+1,1) is:

2 (m+2)[ r, ) h, W2
R |r h,., W2

TR,m+1 s(m+1) m+1 m+1

and produces a comparable destabilization as shown in the Fig. (4).
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Fig. 3- Growth rates for mode (3,2) with
and without non-linear coupling (solid
line).) with a seed island W, 0.001 is
stable and maygrow whenthe driving mode
(1,1) reaches W>0.035 m, with mode (4,3)
at W, ;~0.058 m
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Fig. 4- Growth rates for mode (3,2y)ith and
without non-linear coupling (solid line).)
with W, 0.001 is stable and may grow
when the (2,2) harmonic of the sawtooth
pre-cursor, the driving mode, reaches W,
»>0.035m.

3-Conclusions

In conclusion we have shown that toroidal or non-linear coupling are effectigkanismof
comparable order to trigger neoclassical tearing modes.
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