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Abstract Advanced Tokamak Scenarios, wih,;, > 1, often encounter MHD limits due to Kink
or Resistive Wall Modes (RWM), or to Neoclassical Tearing MedNTM) that degrade performances or
evolve to disruption. NTM ory = 2 is of particular concern in this respect, and we have inga&td its
non linear threshold on JET Advanced Scenarios using thdimear MHD code XTOR [1]. We show that
in the experiment considered, the triggering of a (2,1) NEWdnsistent with a critical island width that
decays with time during the discharge, and results from &eriag of curvature stabilization as magnetic
shear increases at the resonance. Plasma rotation, wtadieba evidenced as a stabilizing effect in several
experimental devices, is also investigated. We show tlzenph flow increases only moderately (about 5%)
the critical island width in the experimental range. Cosedy, in the low momentum torque limit (ITER),
the threshold for (2,1) NTM excitation increases signifibatabout 20%) with the magnetic Prandtl number
Prm=uov /n between the perpendicular collisional (Prr2) and the toroidal turbulent (Prn100) values.

1 Introduction

Tokamak research towards long pulse operation (the seec&dvanced Tokamak” sce-
nario), addresses plasma discharges having a safety &wboe unity ¢ > 1) and per-
formances approaching ideal MHD limits. Neoclassical ifepModes (NTM), which are
usually triggered by MHD activity a§ = 1 in inductive scenarios, are however still lim-
iting the reliability of Advanced Tokamak discharges, whérney are triggered by other
MHD modes (Edge Localized Modes, Fast particle driven mpResistive Wall Modes,
...). When triggered, the NTM growth leads to confinement aegtion, and sometimes
disruption. In this respect, the (2,1) NTM is of particulancern for ITER. The physics of
NTM is characterized by its linear stability, due to the caomelol effect of pressure gradient
and magnetic field curvature [2, 3, 4], and by a non linearedpirovided by the bootstrap
current perturbation [5], mediated by heat transport insitmall island limit [6]. Several

*See the Appendix of F. Romanelli et al., paper OV/1-3, thisfence
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issues regarding NTM threat are investigated in presergrexents, in particular the de-
termination of the main operational parameters that infleedTM triggering. In recent
years, attention has been paid to the role of current prafitepdasma flow [7, 8, 9, 10].
In the present work, we study the stability properties andaglyics of the (2,1) NTM in
a typical JET Advanced Tokamak discharge, using a non lifehMHD code (XTOR
[1]). We first show how the inductive current diffusion lowe¢he NTM threshold through
the increase of the magnetic shear, and in a second part, dvesadthe issue of NTM
stabilization by plasma flow.

2 Threshold for (2,1) NTM : role of magnetic shear

In the JET experiment that is considered, a (2,1) NTM is &rgg after an ELM crash
while the plasma performance is stationary but the magesejidibrium is still evolving.
These conditions are ideal for investigating the role ofgpeofile in the NTM threshold.
This is obtained by inserting a finite seedgat= 2 into the system, and evolving the
standard one fluid MHD model equations:

Op+V-Vp+TpV-V = V-px.Vp/p+V-p(x)—x) Vip/p+H (1)
0,B Vx(VxB)=Vxn(J—JInm)
p(OV+V.VV) = IJxB-Vp+vViV

whereJnt = Jeq + Jps IS the non inductive current densitl, is the bootstrap current,
Jca is the imposed current sourck.§ = (J — Jps),_,), andH = —V-x Vp(t = 0) is the
heat source term. The bootstrap current is modelleB,as- J;/(Vp(t)/Vp*9)B/B. The
magnetic equilibrium itself is computed with the CHEASE c¢tit], which also provides
the equilibrium bootstrap current. The system is evolvedgihe fully implicit, non linear
MHD code XTOR [1], starting from a toroidal equilibrium retstruction constrained by
Motional Stark Effect (MSE), polarimetry and core pressmesasurements.

The critical island width ¥...;;) is determined by increasing the size of the seed in
XTOR until a non linear growth is obtained < 0, 1 are evolved). As shown in figure 2
(top), the critical island width is decaying betweder 6s andt = 7s (the NTM is triggered
att = 7.06s), during the current diffusion, thus explaining that foriaem level of MHD
activity the (2,1) NTM is more easily excited at= 7s. In order to better understand
why the threshold decays with time, we formulate the problethe extended Rutherford
equation framework:

aw

0.825‘1% = aA' (W) —6.35

D — W
i +6.35 /L .
VW2 +0.6502 SW?2 + (L8W,)
where the various terms are evaluated at 2, S is the Lundquist numberS(= 75 /74,

with 7r = poa®/n andta = Roy/liop/Bo), Jbs = (p10Ro/Bo)J;d with Ry and By the
major radius and magnetic field at geometric axithe minor radius an@l’ = w/a with

)
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JET Pulse No: 72668
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Figure 1:(2,1) NTM threshold«) and (2,1) Figure 2: Contours of (2,1) NTM
island width @) from XTOR (top); measured  threshold as a function of radial coor-

magnetic fluctuation amplitude (middle); dy-  dinate ofg = 2 and of magnetic shear,
namics of core pressure from diagnostics and  from Rutherford equation with’ = 0.

from simulation &).

w the island full width. We also notd/, = 2+/2 (XL/XH)M /\/zens, with z = /@, @

is the normalized toroidal fluxs = d(log ¢)/d(log x) the magnetic shear ard= a/R,.

The resistive indexDy is defined in [2]. Considering the main dependencies and

s of the simplified problem, i.e.Dp o« —ap'/s*, W, o 1/\/xs, Jps < —p'/+/z, and
assuming a typical pressure profile= po(1 — 2?)?, we can calculate the (2,1) NTM
threshold as a function afands from the above Extended Rutherford equation (assuming
aA’(W) = 0). During the diffusion of the plasma current, the positidritee resonance
increases only moderately, while the magnetic shear isesehy more than 20% (figure
2). This evolution strongly reduces the amplitude of thevature term Dg/W, o< 1/5%/2

with Dy varying from0.47 to 0.27), and results in the decrease of the critical island width.

The reliability of the analytical prediction by the exteddgutherford model is actually
strongly dependent on the importance of the curvature terdeed, this term balances the
bootstrap drive in the absence of a significantontribution. When it becomes too small
(because is large for example), thA’ term can be dominant, and usual simple estimates
for this term do not provide a satisfactory evaluation of¢hgcal island width [12].

The dynamics of the metastable (2,1) island and its impathem®nergy confinement
have been studied in non linear simulations where toroidalemumbers from O to 6 are
considered. In the simulations, magnetic diffusivify,( = 7/u) is larger than in the
experiment, and heat diffusivity and viscosity need to scatd so that characteristic
dimensionless numbers are conserved (Prandtl numkenfx, and magnetic Prandtl
number Prre v/ D,, leading to a conservation ef,/7z ~ x. /D, =Prm/Pr). Compari-
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JET Pulse N°72668: Toroidal rotation
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Figure 3: Velocity profiles from experi-

ment and for S|mu|at|0ns (top)’ and cor- Figure 4. VeIOC|ty as a funCtion Of ﬂOW
responding flow shear (bottom). shear at the resonance for the two rota-

tion sources.

son with experimental dynamics requires accordingly aalesg of the time scale
Aty = (D;"m/Dgﬂf”) TaAL

wheret is the simulation time normalized to the Aéa time. We can then superimpose the
non linear simulation to the experimental measurementsréig), and a fair agreement is
found for the characteristic time scale and amplitude otth&#inement degradation.

3 Influence of plasma rotation on the (2,1) NTM threshold

Several experiments have shown that plasma flow and itsl ittkar influences magnetic
island saturation levels and stability [7, 8, 9, 10]. In pautar, it was found that the per-
formance thresholdg(y) at which an NTM is triggered decays with plasma rotation at
the resonance. The theoretical understanding of the effdtdw shear on tearing modes
does not provide unambiguous answers to experimentaliatyy works based on reduced
MHD models predicted a destabilizing effect of flow shear esistive instabilities in the
sub-Alfvénic range [13, 14], while more recent models including lelraerturbations
predict an effect that varies from destabilizing to stalnly as viscosity increases [15], or
a stabilizing effect in toroidal geometry without viscgsjiL6]. The use of a full MHD
model, in the relevant toroidal geometry, including amspic heat transport and bootstrap
current, allows us to clarify this issue.

The effect of bulk plasma rotation on NTM is addressed in #maesmodel as before,
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Energy oscillations at seed introduction
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Figure 5:Wave emission induced by the seed™igure 6:Frequency of the waves emitted
(from (2,1) magnetic energy). at the introduction of the seed island, as a

function of velocity shear.

but with a modified momentum equation:
p(OV+V-VV) = IxB-Vp+vV’V4+M

with @ momentum sourc®l = —vV?Vg,., andVy,. a prescribed toroidal flow velocity
source. We choose two different rotation profiles coverimegexperimental range of veloc-
ity shear (defined as/L,, = ad(w/wa)/dR, withw = V,,/R andws = V4/Ry = 1/74)
(fig. 3 and 4). If reported in the diagram of (2,1) NTBA; threshold shown in the fig.7
of Ref.[7], the experimental velocity shearg@t= 2 corresponds to a situation where the
critical 5 should be about 40% higher than in the non rotating case.

The seed island is inserted after the plasma flow has reachgitbeum. As the seed
is introduced, the plasma emits waves at characteristiuéecies: Alfien waves (only
observed in a low viscosity case and damped-or)07,4), sound waves (damped in about
100074), and another oscillation whose frequency is related tcathelitude of the flow
shear (rather than the flow) and that needs morelth#i)r, to be damped (fig. 5 and 6).

The NTM threshold has been investigated in different viggasonditions. Low vis-
cosity conditions (Prm=2) correspond to the perpendicuktous force, where viscosity
is expected to be due to collisions

Tiv;

2

Vicon. ~ 0.3

with v; the ion collision frequency and.; the ion cyclotron frequency. High viscosity
conditions (Prm=2100) correspond to the toroidal viscousdpexpected to be dominated
by the effect of turbulent transport. The toroidal Prm iscaddted in TRANSP from the
momentum balance (fig. 7).
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Results of simulations witm = 0,1 are JET Pulse N°72668, t=7 s
shown in figure 8, where the critical island
width for (2,1) NTM destabilization is plot- 190
ted against the toroidal flow shear (left) and
the toroidal flow (right) ay = 2. At a given
Prm, the impact of flow or\V,,;; is found to
be weak (about 5% increase within the experi- r
mental range of flow shear) for the two velocity
profiles. Also, it seems that a better agreemen?'1 _
is found when expressing/..;; as a function
of flow rather than its shear. . .

In contrast with the weak effect of rotationl:Igure /:Magnetic Prandt| numbers from

oo e . ¢ollisional viscosity and from toroidal
the critical island width increases slgnlflcantl}(n :
. : .. momentum balance in TRANSP.
as Prmis increased. This could have a positive
impact on the NTM threshold in ITER, where

Prm might be larger due to lower resistivity.
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Figure 8:Critical island width as a function of flow shear (left) and florght) at ¢ = 2
for the two velocity profiles and different viscosities.

These simulations do not recover expectations from exggriah analysis. The intrin-
sic NTM stabilization that could be fitted (for saturatecigls) by a reduction ak’ with
flow shear, and could qualitatively explain the increasehefy threshold [7, 9, 10], is
clearly absent in the present results. Assuming that theste generic for tearing modes
(and therefore independent on the details of the equilbrivom Advanced Tokamak or
Hybrid scenario discharges), we envisage four possiblEaeagions for this disagreement.
First, the parameter domain could play an important rold,\ae use a higher resistivity,

6
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although conserving other dimensionless quantities. i@kasland deformation could be
a key parameter, and we use so far only one toroidal mode nuimbthe perturbation.
Third, the MHD model could miss important physics: althowgtwo fluid model may
not be the key option because the polarization effect hygsghdoes not seem to match
the observations [7], it is possible that the large potéatigsotropy of the viscous tensor
(two orders of magnitude) affects the result. It is not edeldithat the small perpendicular
viscosity plays a more important role at low rotation and tha large toroidal viscosity
matters as rotation becomes more important, thus yieldingvarall stabilizing effect of
plasma rotation on NTM stability. The last hypothesis, vahig however not favoured by
experimental analyses [7], is that the rotation effect corfinem the impact of the flow
on the primary mode and its coupling to the NTM. This first ste]NTM triggering is
independent from the NTM intrinsic stability.

In the future, we will investigate the first three optionsg frarameter domain, the non
linear mode interaction, and viscous tensor anisotropye Qfrthese developments may
clarify what is behind the favourable effect of flow on NTMélshold, thus allowing for
an extrapolation to ITER.

4  Summary

We have presented numerical investigations on (2,1) NTMsthold in a JET Advanced
Tokamak discharge using a non linear full MHD code in torbgiometry. This study
covers issues like the current profile effect and the ratagitect in this magnetic configu-
ration. The main results can be summarized as follows:

e inductive current diffusion tend to lower NTM threshold dbgh a weakening of
curvature effect as magnetic shear increases at the resgnan

e the amplitude and dynamics of the confinement degradaticorisistent between
the simulation and the experiment (after proper rescalfrigetime scale);

e toroidal rotation tends to increase the NTM threshold, hig éffect is weak for a
given Prm (about 5% in the range of experimental investged, and this tendency
holds for both low and high Prm;

e in the low momentum input situation of ITER, a high value of thagnetic Prandtl
number (which could result from a lower resistivity) is favable (larger critical
width for NTM excitation);

¢ the hypothesis of a reduction df by flow shear, based on experimental results for
NTM saturation, is not recovered by simulations;

e three options are being investigated for explaining thésdieement: the role of re-
sistivity, the non linear mode interaction, and the effdatiscous tensor anisotropy.
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