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Dynamics of Tearing Modes during Strong Electron Cyclotron Heating on the FTU Tokamak
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The localized electron cyclotron resonance heating power that can suppress sawteeth reconnection
often drives m = 2 tearing modes in a tokamak operating at constant current. The dynamics of mode
onset and coupled mode evolution is described in detail and compared with a nonlinear theoretical model
that identifies the effects of mode coupling, finite inertia of the rotating islands, and wall braking.

PACS numbers. 52.35.Py

The observation of enhanced magnetohydrodynamic
(MHD) fluctuations of the tearing type affecting the
plasma energy transport in additionally heated tokamaks
stimulates great interest in gathering experimental knowl-
edge and understanding of the detailed mechanisms of
these instabilities for finding a possible strategy for their
active control in resistive and neoclassical regimes. In
this Letter, we report the experimental evidence on the
FTU tokamak and interpretation of two significant types
of response of low order resistive MHD perturbations to
the effects of temperature profile changesinduced by local-
ized heating. In one case the sawteeth instability is sup-
pressed and an isolated m = 2 rotating tearing mode is
driven; in another case m = 1 and m = 2 tearing modes
are driven. We identify for the first time the detailed
mechanism governing the rotation of toroidally coupled
and uncoupled magnetic idlands, associated to finite
inertia and wall braking.

High power electron cyclotron resonance heating
(ECRH) is used for controlling the MHD activity by fine
adjustments of the position of the rf power absorbing layer
[1,2]. The fundamental resonance scheme at 140 Ghz
was used. A power PEC =~ 800 kW was injected in plas-
mas with major radius Ry = 0.97 m, minor radius a =
0.27 m, toroidal magnetic field B = (4-6) T, low plasma
current (Ip = 350 kA) and high values of the safety fac-
tor g(a) (= 6). At these g(a) values, sawtooth relaxa
tions are small or absent, while MHD oscillations with
poloidal number m = 2 are observed in many cases. As
a consequence of a moderate reshaping of the current
density profile and of a substantial increase of the plasma
pressure induced by ECRH near ¢ = 1, MHD oscillations
near g = 2 are strongly amplified (Fig. 1). The oscilla
tions are detected by a fast electron cyclotron emission
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(ECE) multichannel polychromator, by an array of detec-
tors for soft-x-ray tomography, and by a set of Mirnov
coils. Cross-correlation analysis shows that the poloidal
and toroidal periodicity of these fluctuations is m = 2,
n = 1 across most of the plasma section. In some cases,
an m =1, n = 1 component is detected in the centra
region. As shown in Fig. 2, the poloidal pattern of soft-
X-ray emissivity has an even m periodicity that is con-
firmed by Mirnov coils signalsto be m = 2. The phasing
between the oscillations in the ECE and soft-x-ray diag-
nostics, placed at different toroidal angles, is consistent
with an n = 1 toroidal order. The fast measurements
of the electron temperature profile (Fig. 3), taken at
different times during the island rotation, show a change
in the slope around r,—, as the measurement happens to
be aternatively on or near the “X” point (¢t = 0.66035
and ¢ = 0.6592) and the “O” point during rotation. A
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FIG. 1. T, from two fast ECE channels (shot # 15469 with

B =5.6T), tuned close to the plasma center (top) and to the
position of maximum temperature oscillations (bottom).
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FIG. 2. Soft x-ray isoemission lines identifying the m = 2,
n = 1 rotating magnetic island in shot # 15469. Dotted nested
lines are equilibrium magnetic flux surfaces ¥ (from ¥ = 0
to¥ = 1, step 0.1) The ¢ = 2 surface is shown as a full line.
The vessel boundary is the outer thick line.

saturated flattening of the T, profile due to the “thermal
shortcircuit” across the island develops when it locks with
the O point in correspondence with the ECE radiometer.
The radia profile of the temperature oscillations, or
equivaently the displacement of flux surfaces outside
the island, can be well reproduced assuming a magnetic
perturbation proportional to the linear tearing mode eigen-
function ,, [3]. The idand width W is then obtained
from the perturbation amplitude that fits the measured
oscillation profile. The oscillation frequency transiently
increases as ECRH is applied, then it slows down to lock-
ing, as shown in Fig. 4 for a pure m = 2, n = 1 mode
(# 15469). In another case (# 14979) an m = 1 mode is
excited asan m — 1 sideband by toroidal coupling to the
m =2, n =1 tearing mode. The frequency evolution
in this case (Fig. 5) is more complex than that of shot
# 15469 because here, as explained below, there is ajoint
evolution of the m = 1 and m = 2 modes terminating
with uncoupling of the m = 1 from the m = 2, while the
latter locks to the wall.
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FIG. 3. Electron temperature profilesfrom fast ECE diagnostic
(shot # 15469). Dotted line: Pulsating profile during rotation.
Thick line: After oscillations have disappeared.

An interpretation of the observations and of the pos-
sible triggers of the modes can be given through a nonlin-
ear dynamic model for the evolution of the island width
and rotation frequency. Contributions that depend on the
thermal energy increase and on the interaction with the re-
sistive wall [4] as well as on the toroidal coupling with
sideband modes of poloidal numbers m,m * 1 are in-
cluded in the model. The model has been developed [5,6]
extending the procedureintroduced by Rutherford for large
R/a, and reduced magnetohydrodynamic (RMHD) order-
ing [3,5,7]. A system of nonlinear coupled equations for
the mode amplitudes and (toroidal) rotation frequencies
is obtained, using the quasineutrality conditionV - J = 0
and Faraday and Ampere's laws suitably averaged over the
island region [3]:
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Here rgn, Wy, o, 7r,,, are, respectively, the mth rational
surface radius, the island width, the istantaneous rotation
frequency, and the effective resistive diffusion time scale,
hwm = Brng'/16Rg*> and ¢ = rB/RBy is the safety fac-
tor, w-,, isthe electron diamagnetic angular frequency, and
Ad = ¢,+1 — ¢, isthe instantaneous phase difference
between toroidal sidebands (m =+ 1) and master mode (im).
The nonlinear function A/ (W, w,,) is appropriately de-
fined for each mode m (see below). The effective toroidal
moment of inertia of the amount of plasma associated with
an idand of separatrix width W,,,, rotating in a plasma of

small viscosity i, iS I((ﬁm) = A", m; r REW,y,, Where
the factor A is geometric. The coupling coefficients
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FIG. 4. Slowing down of the rotation frequency w, /27 and
growth of the amplitude (W) of m = 2 mode in FTU shot
# 15469. Full and dot-dashed lines were calculated by the theo-
retical model.
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FIG. 5. Time evolution of the frequencies of the oscillations
with m = 1 and m = 2 poloida mode numbers in FTU shot
# 14979 with B = 5.6 T. Diamonds correspond to m = 2
oscillations at r =~ r,—, open dots to m = 1 oscillations at
r = r,=;, and full and dashed lines are the result of the theo-
retical model.

Cu+1.m and D+, can be obtained, without loss of gen-
erality, from momentum balance conditions and an inter-
action model based on equivalent sheet currents[5,8]. The
functions fr(w,,), f1(w.,) represent thereal and imaginary
part of the response of the wall (of radius d) to the time
dependent magnetic perturbations:

©)

d 1+ (0nTwm)?

for acircular large R/a geometry [4], where 7,,,, = 2 ms
isthe wall time constant. In atokamak discharge normally
operated at constant plasma current an intense ECRH
localized near the g = 1 may steepen the gradient of the
current density and increase the pressure near other ratio-
na ¢ surfaces, namely the ¢ = 2 surface, thus modifying
the stability of m = 2 tearing modes. The tearing stability
parameter given by Ay = lim._o(dInB,/dr)»*¢ is
evaluated numerically outside the island with a RMHD
tearing eigenfunction code using equilibrium ¢ profiles
obtained from resistive diffusion calculations. The sensi-
tivity of the results to the accuracy of the ¢ profile deter-
mination has been checked by varying the resistivity from
Spitzer to neoclassical [this gives a20% variation in ¢(0)].
The results with ng, for the FTU pulse # 15469 are
(r2Ap)sp = —0.66 and (rApeo = —1.16 & t = 0.58 s
and (rA()s, = —0.98 and (rAQ)neo =~ —1.26 at t =
0.64 s. In the general expression A’ (W, w) = Ay(W) +
Abs(W) = Ager(W) — Apei(W, ) dl the terms but the
first one are proportional to 8, = P/87B%, where P is
the plasma pressure, and describe the competition between
the stabilizing polarization current Agol(W,w) [9], the
term Aggy(W) [10] and the bootstrap neoclassical effect
A}s(W) [9-15]. The localized ECRH increases 3, (r,—2)
definitely above a critical value for which the destabilizing
contribution, due to flattening of the bootstrap current
across the initial “seed” island, dominates the other sta-
bilizing effects [9—15]. The critical value is defined as

rsm
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Bp,crit ~ gle, Vii)€_3/4pip(_A/0,m) (Lp/Lq)l/z; Ly,
are the (slowly varying) pressure and safety factor scale
lengths, p,, theion poloidal gyroradius, and g(e, »;;)e ~>/*
a coefficient O(1) related to the collisionality regime [9]
with »;; the ion-ion collision frequency and € = r/R.
After the turn on of the rf power, B, increases clearly
above the B, i (Fig. 6) and the island width increases
as a consequence. As shown in Fig. 6 the temperature
plateau size, related to the island size initially increases as
B, but the island saturation is not yet reached when g,
levels off. The observed range of 8, = 0.28-0.4 and an
initial B, .ri¢ = 0.28 estimated from the typical values of
A{ is similar to that associated to the onset of neoclassical
tearing modes in the COMPASS-D tokamak [13]. On the
other hand, this behavior suggests that in FTU both
current gradient and neoclassical effects contribute to the
stability conditions of the m = 2, n = 1 mode. On the
basis of the modeling through Egs. (1) and (2), the fol-
lowing interpretation can be given of the evolution of the
rotation frequency of the 2/1 mode in FTU shot # 15469
shown in Fig. 4. Before application of ECW power a
marginally stable m = 2 mode is rotating at a constant
frequency corresponding to the local electron diamagnetic
frequency w.,,/2m = 2.5 kHz. The rf power input in-
creases rapidly the pressure gradient and the diamagnetic
frequency grows to =3.5 kHz while the mode appears
significantly destabilized, starting its growth towards a
large size rotating island. Subsequently (¢ > 0.605 s), the
island slows down in two stages, identified by a change of
concavity of the trace of the frequency vs time, with the
inflection point at ¢ = 0.63. The positive concavity of the
first stage corresponds to the inertial slowing down effects
due a growing moment of inertia (< W). The second
stage (r > 0.63) of the frequency evolution, with negative
concavity, corresponds to the well-known [4] braking
torque =« W2 due to eddy currents, eventually leading to
mode locking. This shows for the first time an inertia
effect on the rotation of a magnetic island. The viscous
drag (w1 7rsm/Wm) (0 — wsy,), decreases as 1/W,, and
is negligible in the incipient stage of deviation from the
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FIG. 6. Evolution of B,, B,cit and 8T./r,|VT,| for shot
# 154609.
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natural frequency w.,. This interpretation is supported
by the results of the simulation shown in Fig. 4.

The second important case is shown in Fig. 5 (shot #
14979) together with the results of the complete theoreti-
cal model of coupled modes evolution. These equations
describe the role and competition of the island inertiawith
the resistive wall braking torque and electrodynamic cou-
pling with the sidebands. Coupling can have a stahilizing
or destabilizing effect depending on the phase difference
which evolves nonlinearly in a pendulumlike fashion. The
stable fixed point of the coupled system in the (Aw, A¢)
phase space corresponds to a phase difference for which
coupling has the largest destabilizing contribution [5].
During the ECRH pulse (Fig. 5) the (m = 1,n = 1) and
the (m = 2,n = 1) modes initially rotate tightly coupled
with a common frequency w(7) = w.(ry=2) controlled by

the larger (2,1) island that is being slowed down by the re-
sistive wall. Uncoupling of the modes occurs at ¢ = 0.62,
when w () has reached the value close to the (1, 1) drift
frequency [w () = w«(ry=1) = w.1]. Since the coupling
torque depends on the phase difference A¢ between the
two modes, it is the severe wall braking of the (2, 1) that
causes the uncoupling as the mutual torque becomes very
ineffective for A¢ very different from zero. The (1, 1) in-
ternal mode of smaller amplitude and far away from the
wall will keep rotating close to its natural frequency ws
dictated by the viscous torque, and eventually decreases
in amplitude. The uncoupled m = 2, n = 1 idand, closer
to the wall, is eventually locked by the interaction with
the wall eddy currents. The condition for unlocking of the
coupled islands is a new important result of the equation
governing the evolution of the phase difference between
| them:

d*A . dInw
dt2¢ + anszsm(Agb) = d1Wf‘f1((1)1) + d2W§f1(w2) + w; ar l
dInW, rs1 I's2
w) dt Muwl (wl W) ,U«uW2 (wz w 2) 4)

where a, di, and d, are constant coefficients. The condi- l

tion for unlocking is reached when the common frequency
(1) is=w.; andtheterm related to thewall braking of the
(2,1) mode competes with the mutual torque d, f;(w,) =
aWiW, 2, as has been verified numerically. In Figs. 4 and
5 the numerical results of the model show that the essential
features of the experimental observations can be identified.
This confirms the role of inertiaand wall interaction in de-
termining the phase relations necessary for coupling. In
conclusion, we have provided anew experimental evidence
and theoretical interpretation of paradigmatic cases, with
relevant new physics clarifying the mechanisms of mag-
netic island rotation and coupling conditions in a regime
of tearing modes driven by an increase of the electron ther-
mal energy and J profile reshaping.

[1] S Cirant et al., in Radio Frequency Power in Plasmas, AIP
Conf. Proc. No. 485 (AIP, New York, 1999), p. 221.

[2] G. Ramponi et al., in Radio Frequency Power in Plasmas
(Ref. [1]), p. 265.

[3] P.H. Rutherford, Phys. Fluids 6, 1903 (1973).

[4] M.FE NaveandJ. A. Wesson, Nucl. Fusion 30, 2575 (1990).

[5] R. Coelho and E. Lazzaro, in Theory of Fusion Plasmas:

Proceedings of the Joint Varenna-Lausanne International

Workshop, Varenna, Italy, 1998 (ISPP-18), edited by J. W.

Connor, E. Sindoni, and J. Vaclavik (Societa Italiana di

Fisica, Bologna, 1999), p. 395.

M.F.F. Nave, R. Coelho, E. Lazzaro, and F. Serra, Eur.

Phys. J. D 8, 287 (2000).

[71 M.N. Rosenbluth, D. A. Monticello, H. Strauss, and R. B.

White, Phys. Fluids 19, 1987 (1977).

[8] R. Coelho, E. Lazzaro, M.F.F. Nave, and F. Serra, Phys.
Plasmas 6, 1194 (1999).

[9] A.I. Smolyakov et al., Phys. Plasmas 2, 1581 (1995).

[10] A. Glasser, J. M. Greene, and J.L. Johnson, Phys. Fluids
18, 875 (1975).

[11] C.C. Hegna and J.D. Callen, Phys. Fluids B 4, 1855
(1992).

[12] R. Fitzpatrick, Phys. Plasmas 2, 825 (1995).

[13] D.A. Gates et al., Nucl. Fusion 37, 1593 (1997).

[14] Z. Chang et al., Phys. Rev. Lett. 74, 4663 (1995).

[15] O. Sauter et al., Phys. Plasmas 4, 1654 (1997).

(6]

6041



