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In the TCV tokamak, the m�n � 2�1 island is observed in low-density discharges with central electron-
cyclotron current drive. The evolution of its width has two distinct growth phases, one of which can
be linked to a “conventional” tearing mode driven unstable by the current profile and the other to a
neoclassical tearing mode driven by a perturbation of the bootstrap current. The TCV results provide the
first clear observation of such a destabilization mechanism and reconcile the theory of conventional and
neoclassical tearing modes, which differ only in the dominant driving term.
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Magnetic islands arise from helical perturbation currents
along the magnetic field lines, which break the magnetic
topology of the nested flux surfaces of a tokamak equilib-
rium. The new topology leads to a thermal short circuit
across the island width, which degrades the energy con-
finement of the plasma. Magnetic islands can have sev-
eral driving terms. They can arise from the free energy
of an unstable current profile. The growth of the island is
then proportional to the tearing parameter D0, given by the
jump in the logarithmic derivative of the radial magnetic
field [1]. In contrast to these “conventional” tearing modes,
neoclassical tearing modes (NTMs) are driven by a helical
perturbation of the bootstrap current, which is generated
by the local flattening of the pressure profile across an ex-
isting island [2]. Since the island growth increases with in-
creasing plasma pressure, neoclassical tearing modes can
have important repercussions on the confinement in high
performance discharges.

The evolution of the full radial island width w is de-
scribed by the generalized Rutherford equation [3],
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where tR is the resistive time at the resonant flux surface
which has a radius rs and bp is the poloidal beta. The first
two terms on the right-hand side (rhs) of Eq. (1) describe
the conventional driving mechanism. The tearing parame-
ter D0 decreases with increasing island width [4],

D0�w� � D0�0� 2 aw . (2)

The Glasser-Green-Johnson term �âGGJ� comprises the
usually stabilizing effect of toroidicity [5]. This curvature
effect is modified by a finite perpendicular diffusion scale
length wd � 5.1rs�R��rsnss��1�2�x��xk�1�4 [6], with R
0031-9007�02�88(10)�105005(4)$20.00
being the major radius, n the toroidal mode number, and
ss the magnetic shear on the resonant flux surface. The
island growth of a dominantly current driven tearing mode
is shown in Fig. 1(a).

The destabilizing effect of the perturbed bootstrap cur-
rent is described in the third term �abs� [2]. An incom-
plete flattening of the pressure profile caused by the finite
perpendicular diffusion scale length wd reduces the pertur-
bation of the bootstrap current for small islands [7]. The
fourth term �âpol� accounts for the polarization current,
which arises from the ion inertial response to the rotation
of the island. Its sign depends on the island rotation fre-
quency with respect to the electron and ion diamagnetic
drift frequencies [8]. The factor h�w� accounts for its be-
havior for w smaller than the ion banana width, which
is the limit of validity of the polarization current model.
The island width evolution of an NTM, characterized by a
large bootstrap current and assuming a stable current pro-
file, D0 , 0, is shown in Fig. 1(b).

Since the neoclassical drive of an island is reduced by
the effects of an incomplete flattening of the pressure pro-
file and, possibly, polarization currents, an NTM requires
a seed island whose width has to exceed a critical is-
land width wcrit for a positive growth [Fig. 1(b)]. It is
therefore possible to exceed the critical beta while staying
metastable with respect to the neoclassical mode as long
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FIG. 1. Island growth of (a) a dominantly current driven and
(b) a neoclassical tearing mode assuming a stable current profile.
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as no sufficiently large seed island is present. Such seed
islands are usually provided by sawteeth, fishbones, or
edge localized modes (ELMs) [9–13].

In the TCV tokamak (R � 0.88 m, a � 0.25 m, B #

1.54 T), neoclassical tearing modes are observed in dis-
charges with additional electron cyclotron heating (ECH).
The NTMs have so far been identified only in discharges in
which a tangential component of the wave vector with re-
spect to the magnetic field leads to electron cyclotron cur-
rent drive (ECCD). Typically 1–1.5 MW of ECH power
is injected for electron cyclotron current drive in the direc-
tion of the Ohmic plasma current (co-ECCD) in the plasma
center. The plasma current is low, corresponding to edge
safety factors qa from 7 to 9. The applied co-ECCD and
the high safety factor lead to particularly peaked tempera-
ture and current profiles. The central electron density at
the onset of the modes ranges from 1.2 to 3.0 3 1019 m23

and is limited only by runaway electrons at low densities
and by refraction of the microwave beam at higher densi-
ties. At the onset of the NTM the electron collisionality
normalized to the banana bounce frequency n�

e � ne�vb
is low, ranging from 0.01 to 0.06. Owing to the ECH
heating scheme, the ion temperature remains low. The ion
collisionality normalized to the electron diamagnetic drift
frequency n� � ni��meve�� has values in the range from
0.1 to 0.5, where the polarization current is typically ex-
pected to become important. The poloidal ion Larmor ra-
dius remains approximately constant, rp � 2.6 cm. The
normalized beta bN ranges from 0.4 to 0.8. These parame-
ters are similar to those observed at the onset of NTMs in
other tokamaks with dominant electron heating, such as
COMPASS-D [12] and T-10 [13]. Under these conditions
the mode can become unstable after a few 10 ms or even
105005-2
after more than 1 s after the start of the additional heating
power.

In discharge #15963, shown in Fig. 2, two gyrotrons
were switched on at t � 0.4 s. About 300 ms later an
MHD mode starts to grow with a growth time of the order
of 10 ms and saturates at a high amplitude. The degra-
dation of the energy confinement is clearly visible on the
central soft x-ray emissivity. At t � 1.95 s one gyrotron
switches off. The amplitude of the mode decreases with
the decreased additional heating power. After the switch
off of the last gyrotron the amplitude decreases to zero.

The mode structure is determined from magnetic
fluctuations and soft x-ray emissivity measurements. A
toroidal array of magnetic pickup probes identifies a
dominant n � 1 mode [Fig. 2(a)]. This mode rotates at
4 to 5 kHz in the direction of electron diamagnetic drift.
Its poloidal structure is measured with an array of 38
magnetic pickup coils in one poloidal plane. Owing to the
highly elongated vacuum vessel and the great flexibility of
the plasma shape, the interpretation of the measurements
requires an inversion. The inversion method used is based
on a model of a force- and divergence-free perturbation
current along the equilibrium field lines on a resonant
surface [14]. A Biot-Savart integration, using the modeled
perturbation current distribution, reveals the eddy currents
in the vacuum vessel and, including the latter, also the
magnetic field at the location of the pickup coils. A
comparison of the phase and amplitude of the modeled
and measured mode structures identifies an m � 2 mode
[Figs. 2(b) and 2(c)]. The fitted amplitude also yields the
assumed total perturbation current, which can be used to
compute the helical flux of the perturbation. A superposi-
tion of the perturbed and equilibrium helical flux results in
FIG. 2 (color). (a) During ECH a drop in the line integrated soft x-ray intensity along a central chord IX is caused by a large
amplitude n � 1 mode seen in the magnetic fluctuation measurements. The mode structure in the initial phase (b) and during
saturation (c) is in good agreement with the modeled 2�1 island. (d) The superposition of the equilibrium and perturbation flux
reveals the island geometry. The m � 2 is also seen in the SVD of the tomographically reconstructed soft x-ray emissivity.
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FIG. 3. The evolution of the island width of a 2�1 NTM ac-
cording to Eq. (1), wtheor, using the experimental bp�t� is in
good agreement with the experimental island width wexpt, de-
rived from magnetic measurements.

an island size of 20% of the minor radius corresponding to
4 cm on the outboard midplane [Fig. 2(d)]. The mode is
also seen in the tomographic reconstruction of soft x-ray
emission measurements along 200 lines of sight. A singu-
lar value decomposition (SVD) of the reconstructed emis-
sivity also reveals an m � 2 mode, which rotates with the
same frequency in the same direction as the magnetic mea-
surements [Fig. 2(d)].

In order to identify the driving term of the m�n � 2�1
island, the evolution of its width is tested against the evo-
lution of a solely neoclassically driven tearing mode ac-
105005-3
cording to the modified Rutherford equation (1) assuming
D0 , 0.

The values of bp�t� are taken from the experiment. The
evolution of the experimental island width wexpt, start-
ing with the rapid growth at t � 0.69 s, which already
corresponds to w � 3 cm, agrees well with the predic-
tion wtheor (Fig. 3). At such an island width the stabi-
lizing effects of perpendicular transport and polarization
currents can be neglected and wd and apol were simply set
to zero. Since the conventional �D0� and the neoclassical
�abs� driving terms differ in their bp and w dependence, the
observed mode clearly shows the characteristics of a neo-
classical mode. The rapid change of the saturated island
width after the switch off of one gyrotron at t � 1.95 s
corresponds to the resulting change of bp, which occurs
on the fast confinement time scale �tE � 5 ms�, whereas
D0 can change only on a longer current diffusion time scale
�tR � 100 ms�. The simplifying assumptions, however,
do not allow a satisfactory description of the island evolu-
tion for small values of w. The evolution at small w, in
particular the seeding process, is analyzed in more detail.

The TCV plasmas, where neoclassical modes are ob-
served, are in L mode and consequently, ELM-free dis-
charges. Owing to the high value of qa and the central
heating, they show no or only small sawteeth and they are
also stable with respect to the fishbone instability. Hence,
none of the common seeding mechanisms apply.

The onset of neoclassical tearing modes in TCV is in-
vestigated in detail by analyzing the evolution of the is-
land width of the 2�1 NTM seen in #18458 [Fig. 4(a)].
The measured growth of the island dw�dt, shown as a
function of w in Fig. 4(c), clearly reveals two distinct
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FIG. 4. (a) A current driven tearing mode grows on a slow time scale and approaches saturation �1 ! 2�. Once w exceeds wcrit,
the mode grows on a faster time scale to its full width �2 ! 3�. (b) After the ECH is switched off (4) the neoclassical driving
term decays on a fast confinement time scale, whereas the conventional tearing mode stability evolves on a slower current diffusion
time scale. The experimental island growth dw�dt (c) is well reproduced by the rhs of Eq. (1) (d). The values used, bp � 0.75,
aGGJ � 0.1, abs � 0.7, apol � 2 cm2, and wd � 3.5 cm, correspond to the values predicted from the measured profiles [3]. The
parameters rsD

0�0� � 1 and a � 33 m22 are fitted.
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growth phases. The faster growth at large w corresponds
to the neoclassical island evolution previously modeled for
#15963 (Fig. 3). The critical island width is approximately
wcrit � 2.8 cm. It is suggested that the island growth up to
wcrit is driven by the current profile. The 2�1 mode struc-
ture of the magnetic perturbation measurements does not
show any significant differences between the two growth
phases [Figs. 2(b) and 2(c)]. The initial growth of 0.4 m�s
decreases as the conventional drive from D0 decreases with
w [Eq. (2)]. The effect of D0 is also visible after the switch
off of ECH, Fig. 4(b), when dw�dt drops with b on an
energy confinement time scale �tE � 5 ms� to the value
determined by D0�w�. At such large values of w, D0 is
strongly stabilizing but slowly increases on a current dif-
fusion time scale �tR � 100 ms�, and, thereby, clearly ex-
hibits the linear dependence of D0 on w [Fig. 4(c)].

In order to demonstrate that the observed growth can be
caused by a conventional tearing mode destabilizing a neo-
classical tearing mode, the right-hand side of the modified
Rutherford equation (1) has been modeled to reproduce the
distinctive features of Fig. 4(c). The used parameters aGGJ,
abs, apol, and wd correspond within their error bars to the
values predicted from the measured profiles of #18458 ac-
cording to the expressions given in [3]. Owing to the low
collisionality, the scale length wd was determined using
the convective form of the parallel heat conductivity xk

[7]. The modeling required a limitation of the polarization
current effect at small island width. This was achieved by
choosing

h�w� � w4��w4 1 w4
0 � (3)

with w0 �
p

e rp, which essentially leads to a suppression
of neoclassical effects at small w. Since the current profile
is not known with a sufficient accuracy the tearing parame-
ters rsD

0�0� � 1 and a � 35 m22 were also fitted. Then
the predicted island growth, Fig. 4(d), indeed reproduces
the features of the observed island growth in Fig. 4(c).

The destabilization of a neoclassical mode by a conven-
tional tearing mode elucidates the occurrence of NTMs in
“triggerless” TCV discharges. It also explains the peculiar
conditions under which NTMs are observed in TCV, since
the initial current profile must also be unstable with respect
to conventional tearing modes.

TCV results provide the first clear observation of the
transition from a mainly conventionally driven island to a
105005-4
neoclassical island evolution as current and pressure pro-
files evolve. Such a destabilization mechanism can explain
the occurrence of apparently triggerless NTMs observed in
other experiments [9,13]. The experiment shows both the
linear dependence of D0 on w, while the island is mainly
current driven, and the dependence of its saturated width
on b, while it is neoclassically driven. The entire growth
of the island is found to be well described by the modi-
fied Rutherford equation (1), where the evolution of D0,
the neoclassical drive at large w, and its assumed suppres-
sion at small w are important and relevant.
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