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I ntroduction

The nonlinear growth of neoclassical tearing modes (NTMsfokamaks is commonly dis-
cussed in the framework of the generalized Rutherford égudGRE) [1, 2]. We perform a
theoretical / numerical validation of the GRE by means of atioal simulations implement-
ing the set of 2D reduced MHD equations for the helical magrikix ¢ and the potential
¢ [3]. The code uses finite differences in the radial direcaod a Fourier decomposition in
the periodic poloidal direction. This choice of numericatthiod allows radial boundary con-
ditions for the flux to be set by the step in the logarithmidwdsives over the simulated radial
domain|[—L : +L| of each Fourier componektin accordance with the tearing stability param-
etershy pc: i-e. Yy (L) /(L) = £0.54 gc. The corresponding boundary condition for the
dominant Fourier harmonic of the potential is obtained iocadance with linear ideal MHD,
which should be valid outside the island region. The codedgses on the nonlinear dynamics
in the narrow layer in the poloidal plane of a tokamak aroureresonant surfaag including
the magnetic island. In this layer the dynamics are expetttdk well approximated by the
2D reduced MHD equations (se Chapter 2.4 of [4]). The equuilih helical flux is represented
by its Taylor series around the resonant surfaggg(x) = znzz(x”/n!)wé’(}), wherex=r —rs.
When only the leading order = 2 term is taken into account, the code reproduces both the
linear and the nonlinear Rutherford phase in close correggace to the theoretical expecta-
tions [3]. In this contribution we analyze the nonlinearusation of a classical tearing mode,
and the growth and suppression by electron cyclotron cudeve (ECCD) of a neoclassical
tearing mode (NTM).

Saturation of a classical tearing mode

When a fourth order term is included in the Taylor expansiothe equilibrium helical flux,
Weg(X) = %lelléé) + 2—14X4L[Jég), the linear tearing stability indeX, is no-longer determined solely
by the boundary condition, but obtains a contribution fréwa fourth order term:
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whereL is the radial half width of the simulation box. As a resulg thode can be unstable even
when the boundary condition specifi&s,- < 0. This allows to study the nonlinear saturation
of a classical tearing mode. Escande and Ottaviani haversti@t in this case the Rutherford

eguation becomes

dw
Qg =1 (8o + aw) (2)

whereg; = 0.82, anda = 0.414&) / Lpéﬁ).

Figure 1 shows the results of a calculation with our 2D redudéiD code for the following
parameters: equilibrium helical flujgég) =-5x10°stand Lpég) =1.2x10° m2s71, resis-
tivity n = 0.01 m?/s, viscosityv = 5 x 10-8 m?/s, poloidal scale lengtky = 1 m~1, and radial
half width of the simulation bok = 0.02 m. The boundary condition for the dominant mode is
given byA_; pc = —6.6 m™ L. With these parameters the Alvén time= 1/|pld| =2x 105
and the resistive timg = 1/k2n = 1(? s, giving a Lundquist number &= 1,/1o = 5x 10'.
The linear growth of the mode in the simulations is measutddi8 s1, which is consistent
with the theoretical value af = 0.55(A4)*/5n3/5(kytd)2/5 = 15.7 s~1. The nonlinear growth
and saturation of the mode are described well by Eq. (2). ttiqodar the saturated island size
of 3.1 cm obtained from the code corresponds well to the ptedisaturated island size of

Wsat= —Ap/a = 3.0 cm.

Growth and suppression of a neoclassical tearing mode [6]

Noninductive current perturbations lead to modificatio®bim’s law and thereby affect the
dynamics of tearing modes. One such current perturbatithreiannihilation of the neoclassical
bootstrap current densiflys inside the magnetic island, which is responsible for deltakion
of neoclassical tearing modes (NTMs). Another contributtmmes from the ECCD that is
applied for the suppression of NTMs. In this case the Rutinéréquation is generalized to [7]

dw

Grgr =" (80 + Dps+ Decep) » (3)

where the last two terms on the right hand side represenffin due to the missing bootstrap
current and the ECCD, respectively.

We performed simulations of NTM growth and suppression b BCwhich were reported
previously in [6]. The plasma parameters were identicahtse given above except thpéﬁ‘;) =
0 andA_; gc = —1 m~1. An NTM is triggered at a finite island size of 0.5 cm. The pertu
bation to the bootstrap current inside the island is takebetd j,s = —6630 s1. Note that
the model assumes that the bootstrap current is annihitatedthe entire island, and conse-
guently does not model the partial annihilation expectedsfoall island sizes [8]. When the
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NTM reaches an island size of 3 cm, ECCD is switched on with &imam driven current
density ofJ.qg = 15000 s 1 and centered exactly at the resonant surfage- 0 with a Gaussian
profile width ofwgeg = 1 cm. Two cases are simulated: one for CW ECCD and the other for
modulated ECCD with a duty cycle of 50% centered around thpoi@t phase of the magnetic
island. WithAy given by the boundary condition, the initial growth phasehef mode allows

us to benchmark the bootstrap tefj). in the GRE, while to second phase with ECCD is then
used to benchmark th~~ term. In figure 2 we compare the results of the simulationh wit
analytical expressions for these terms given by [9, 10].ef&nt agreement is found between
the 2D code simulations and the analytical predictions efRE. In the literature sometimes
an additional termdA’ (Jeccep) is added to the Rutherford equation in order to describeftaete

of the ECCD on the equilibrium current density and therebyh@mode stability. As shown by

[6] this effect is already encompassedNg- . Figure 2 also shows the results of calculations
in which only thek = 0 or k = 1 components of the current density perturbations are taken
into account. Whereas| andA-p are generally believed to represent the effect of only the
helicalk = 1 component of the current perturbation, these results shatti . andAgp also
include the effect of the poloidally averagkd= 0 component of the current perturbation. Ex-
cept for the modulated ECCD case, the 0 component is even seen to be responsible for the

dominant effect.
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Figure 1. Growth and saturation of a classical tearing matie. parameters are given in the
main text. (a) The island width as a function of time. The bline indicates the predicted

saturated island size according to [5]. (b) The normaliséghid growth as a function of island
width. The blue curve indicates the nonlinear growth acowytb equation (2).

20

@) —CW ECCD () code results (all k)
3r e | modulated ECCD | 3 = = =code results (k=0)
O code results (k=1)
_ 15¢ U I theoretical value
E )
£ —
£21 o
=]
S . 2 10
2 “
<
2.1
5t
ECCD
0 : : 0
0 0.5 1 15 0
time [s]
0 0
(©) - (d)
)
— O
g 2
o ‘5 I = 10 k
w 2
= K
e 3
_ 10t g 20t
\—Ii ~
E o
8 £
8 15+ . code results (all k)| | 4 -30F § code results (all k)|
2 g Ja) ;
4 = = =code results (k=0) 8 = = =code results (k=0)
SO [ mem- code results (k=1) - m - code results (k=1)
--------- theoretical value g - theoretical value
20 L L _40 N N |
0 1 2 3 0 1 2 3
w [cm] w [cm]

Figure 2: Growth and suppression by ECCD of an NTM. The patars@re given in the main
text. (@) The island width as a function of time. @) as a function of island width. (c) and
(d) Akccp as a function of island width for CW and modulated ECCD, retipely. The dotted
blue curves in (b,c,d) indicate the theoretical expeatataccording to [9, 10].



