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Non-linear MHD modeling of internal kink mode in tokamaks
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Sawtooth oscillations were first observed in the 1970s inlismlamically-heated experi-
ments [1, 2]. They are characterized by a sudden, periodghoof the plasma central temper-
ature caused by a reconnecting internal kink mode with itelge= m/n = 1. In the present
work, the two-fluid MHD code XTOR-2F [3] is used to investigdahe dynamics of sawtooth
cycling in tokamaks. In particular, following a study on tgnamics of the internal kink in
resistive MHD [4], we concentrate on the effects of ion arettdrn diamagnetic drifts on kink
oscillations. The present work attempts to describe th@nalmase of sawtooth oscillations, and
how the diamagnetic drift terms affect the regimes wherd@atiing can occur.

The physical model implemented in the XTOR-2F code is fudlptdal and non-linear; it in-
clude anisotropic thermal transport, resistivity, visgg@nd diamagnetic drifts. The equations

used the present study are

pav = —p(v-O)v—p(vi-O)v,+IxB—DOp+ D%, (1)

B = Ox(vxB)+alOxDOjpe/p—0xnd, (2)

ap = FpD-v—v-Dp—aFgDpi-DxB/Bz 3)
+0-x.0(p— pi—o) + 0 [B (x;/B*(B-0) p)] ,

&p = —pO-v—v-Op—alp-0xB/B>+0-D,0(p—pr—o)- (4)

In the above equations;, = 5.0 x 106 is the viscosity,7 = 1.0 x 10-%(p/py—o) %2 is the
resistivity, x| = 3.0 x 10-3(p/px_0) ~¥/? is the perpendicular thermal diffusivity; = 100
is the parallel heat diffusivityp, = x, /10 is the particle diffusivity, andl is the ratio of
specific heats. The ion diamagnetic velocity is giveniy= aB x Op;/(pB?); while a =
(wtira)—l is a scaling constant for the diamagnetic dritij(= ZeRB,/m; is the ion cyclotron
frequency,ta = (;JOpX:(,)l/2 a/By is the Alfvén time B, = Bpa/R is the unit magnetic fieldZ
is the charge numbeas, is the minor plasma radius, alis the major radius). Equal ion and
electron pressurge = pj = p/2 is assumed. The diffusive terms in Egs. 3 and 4 restore the
pressure and density profiles within their characterigffasion time.

In internal XTOR units, the Alfén time&,; = 1, while the minor radius = 1. This choice
of units gives the central Lundquist numt®e 1/ny—o; the characteristic resistive tintg =

1/n; and the resistive energy diffusion timg, = 1/, . The relevant timescales of the plasma
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Figure 1: Left panel: Pressure (red) and magnglue) equilibrium profiles used in the study.
Right panel: Oscillation regimes as a functioncofind 3, with both diamagnetic drifts (left)

and with only the ion diamagnetic drift (right)

dynamics are given by the resistivity, which affects the growth rate of the internal kink and
the relaxation of the profile after each crash; angd , which affects the build-up time of the
pressure through the source term in Eq. 3. Simulations aredaut usingr, /Ty, = x./N =

30, while in tokamak experimenjg /n ~ 100. The results shown correspond to the non-linear
guasi-steady state.

Simulations are carried out in plasmas that approximatednelitions found in ohmically
heated low performance tokamak discharges. The startugl@gqum pressure and current pro-
files, shown in Fig. 1, are computed using the CHEASE codeTl[rg equilibrium is circular,
with aspect raticA = R/a = 2.7. Theq profile is almost parabolic, withp = 0.77, Qedge= 5.2,
and magnetic sheay"; = 0.4 at theq = 1 surface $= (r/q)(dg/dr)). Scans in poloidal beta,
Bp = 2o p/B3, are carried out by rescaling the pressure. The threshottiéddeal MHD kink
for this current profile if3, = 0.33. We remark that the final steady-state of the oscillatysg s
tem depends on the current and pressure drives rather ththe omtial equilibrium conditions.

Non-linear simulations are carried out at different valog8,, with and without diamagnetic
rotation effects. The non-linear simulations yield diffet internal kink regimes, as shown on
the right panel of Fig. 1. Note that simulations carried oithwr = 0 yield results equivalent to
previous studies [4]. A regime characterized by periodici-decaying oscillations (blue circles
in Fig. 1) is recovered at loy8y, or higha. First, during the ramp-up phase, the pressure profile
peaks in the center due to the source term. The unstable kaade m@rows, slowly pushing the
core pressure (which spirals outwards due to the diamagdetis) against the) = 1 surface,
and a reconnection layer appears. Then, the pressure issggdoutwards, through the resonant
surface. The core pressure becomes completely flattendd s 1, and the cycle restarts. The
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Figure 2: Presure vs. time is given at different radii for giations in the oscillatory regime,
Bp = 0.22 anda = 0.1, (left panel) and on the saturated regifig= 0.22 anda = 0.05 (right
panel). Simulations include both diamagnetic drifis; 10°.

amplitude of the pressure oscillations is typically abdafl The average period of the cycle is
about 3000-4001), with a crash time of about 4@ An example of the evolution of the central
pressure in the oscillatory regime is shown on the left ppahEig. 2. The small oscillations
observed in the pressure amplitude are due to the diamagatgttion of magnetic island chains
at theq = 1 resonant surface.

At high By, low a (red squares in Fig. 1), the core pressure evolves into angtthree-
dimensional configuration with helicitgn/n = 1/1. In this case, a permanent reconnection
layer forms, coupled with a three-dimensional convectielhwith g~ 1 [6, 7]. The magnetic
g profile is measured with 1% precision. The pressure and muméoduced in the plasma
through the source terms are continually expelled throbghiéconnection layer. Thus, neither
the pressure nor the current accumulate insidgtad surface. An example of the evolution of
the central pressure in the saturated regime is shown ongiepannel of Fig. 2. In addition,
one of the cases results in an unclear pattern of periodicslohirregular periods, amplitudes,
and large island chains (of varying amplitude) atdhe 1 surface rotating around the plasma.

A simulation with B, = 0.22, with both ion and electron diamagnetic rotations, igiedr
out with S= 10, but changing the transport coefficients in order to kegfry, = 30, and
other ratios of characteristic times the same as beforelergth of the cycle compared to the
crash time is increased considerably respect to the cabeSwit10°. The simulation yields a
period of about 25008, and consequently the ramp dynamics can be examined in. dedét
of the ramp is quiescent, as shown in the pressure evolutairop the left panel of Fig. 3.
It is found that, after a ramp similar to the stable oscitlatregimes, the precursor growth
is stabilized. Suddenly, the kinetic energy of the modesywshon the right panel of Fig. 3,
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Figure 3: Left: Presure vs. time in simulation carried ouhv@8= 10/, Bp=0.22, anda =0.1.

Right: kinetic energy oh = 0, 1,2, 3 modes angby during one crash on the left panel.

triples in 50Q@,. This behavior is consistent with previous reports of aa@gion of the growth
rate [8, 9]. We note that the pressure crash takes place istages, that correspond, first, to
the slow spiraling-out of the pressure during the precustage, and then to the fast evacuation
due to the accelerated mode growth. Possibly, the crashecemdvpreted as a transition from a
guasi-saturated mode to a rapidly growing mode driven byas® of the electron diamagnetic

stabilization.
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