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Abstract—The behavior of the intrinsic toroidal rotation of the plasma column during the growth and eventual
saturation of m/n = 2/1 magnetic islands, triggered by programmed density rise, has been carefully investi-
gated in disruptive discharges in TCABR. The results show that, as the island starts to grow and rotate at a
speed larger than that of the plasma column, the angular frequency of the intrinsic toroidal rotation increases
and that of the island decreases, following the expectation of synchronization. As the island saturates at a
large size, just before a major disruption, the angular speed of the intrinsic rotation decreases quite rapidly,
even though the island keeps still rotating at a reduced speed. This decrease of the toroidal rotation is quite
reproducible and can be considered as an indicative of disruption.
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1. INTRODUCTION

Magnetic islands play a crucial role in the dynam-
ics of magnetically confined plasmas; they not only
can drastically spoil the confinement of particles and
energy, but, if their saturated size becomes a substan-
tial fraction of the minor radius of the plasma column,
they can lead to a major disruption of the discharge,
with rather deleterious effects for the magnetic con-
finement device [1, 2]. For this reason, the dynamics
of magnetic islands, under different experimental con-
ditions, has been continuously and intensively investi-
gated, since the pioneering works on resistive instabil-
ities [3, 4] and their nonlinear evolution [5—7].

Two associated effects were found to play a crucial
role on the temporal evolution of magnetic islands,
rotation and interaction with the finite resistive walls
of the vacuum chamber or with external error fields [8,
9]. The rotation of the perturbed fields associated with
magnetic islands is basically driven by equilibrium gra-
dients, i.e., drift effects, so that the rotation is
observed, even in a static plasma column, at frequen-
cies close to the electron diamagnetic frequency [4, 7].
However, due to viscosity, interaction with external
error fields, and/or dissipation at the external resistive
wall, the rotation may substantially slow down, lead-
ing to the so-called locked modes that can trigger
major plasma disruptions [2, 9, 10].
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In previous experiments carried out in TCABR, it
was found that the measured values for plasma poloi-
dal rotation velocity agreed, within the error limits,
with the neoclassical predictions, almost everywhere
over the plasma cross section [11]. The values for the
toroidal velocity, on the other hand, although not
quite in agreement with theoretical predictions, agreed
with experimental results obtained in similar toka-
maks. However, at the radial positions corresponding
to the mode rational surfaces ¢ = 2 and ¢ = 3, it was
found that the values of these velocities were some-
what larger and this result was interpreted as the
plasma locally rotating locked to the magnetic islands
[12]. However, in these experiments accurate determi-
nation of the temporal evolution of the plasma rota-
tion was not available, making impossible a close veri-
fication of this result as the islands evolved.

Due to their relevance for disruption scenarios in
large future tokamaks, in which the plasma rotation is
expected to be small, the evolution and the external
control of magnetic islands in rotating plasma col-
umns has been extensively studied, both theoretically
and experimentally, for over two decades [10, 13—15].
In these studies, the main concern was to establish a
threshold for error fields to excite magnetic islands and
to investigate their control with external, static or
dynamic, resonant coils, or with active modification
of the relevant plasma parameters inside the island,
such as temperature and current density.
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In the majority of the experiments carried out so
far, the plasma rotation was driven by external
momentum input, usually through controlled neutral
beam injection (NBI) [15]. It turns out, however, that
the plasma column in tokamaks has a so-called spon-
taneous or intrinsic rotation, which can be driven by
different mechanisms [16—18]. Although the intrinsic
angular velocity is usually smaller than that of the
island, it may play an important role on the island evo-
lution, in situations where NBI is not available, or not
effective, to drive angular momentum.

Since this interaction has not been systematically
investigated yet, we carried out a detailed study of the
evolution of both the island and intrinsic rotation in
disruptive discharges in TCABR, in which the disrup-
tion is triggered by a programmed density rise. This
triggers the tearing instability and the resulting mag-
netic island initially rotates at angular velocity much
higher than that of the plasma. As the island grows, it
slows down, as predicted by theory [9, 10, 19], and the
plasma rotation increases, with the angular velocities
approaching each other. However, when the island
reaches saturation at a large size, and just before a
major disruption, the angular velocity of the sponta-
neous rotation decreases rapidly toward zero, even
though the island keeps still rotating at a reduced fre-
quency.

2. EXPERIMENTAL SETUP

TCABR is a small size tokamak, with the following
main parameters: the major radius R = 0.61 m, minor
radius ¢ = 0.18 m, toroidal magnetic field B, =1.1T,
plasma current 7, <100 kA, line-averaged electron

plasma density n, < 4 X 10" m~3, and central electron

temperature 7,;, < 650 eV [20]. The new version of its
spectroscopic diagnostic system allows measuring the
temporal evolution of the rotation of chosen impuri-
ties inside the plasma. Actually, passive spectroscopy
has long been employed to measure the Doppler shift
of impurity lines, caused by plasma rotation, in other
experiments [21]. However, it is known that this
method is quite susceptible to experimental errors, in
particular regarding the measurement of the poloidal
rotation velocity [22, 23], and does not provide the
spatial resolution of the standard CXRS technique
used in large tokamaks with NBI [24].

The main distinctive feature of the system installed
in TCABR is that it uses an original scheme of splitting
the spectral line at the output of the spectrometer. The
integrated signals from the two halves are measured by
independent detectors and these signals should be
equal in the absence of Doppler shift. When there is a
Doppler shift, the line displacement causes a differ-
ence between them, so that the Doppler velocity can
be determined from their ratio. This scheme can be
absolutely calibrated by measuring the poloidal rota-
tion using a line-of-sight passing through the mag-
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netic axis, where it is supposed to vanish. Details of
this diagnostic system and an error analysis of the
measured signal can be found in [25]. With the present
set up, the toroidal velocity can be measured with time
resolution equivalent to 600 Hz and precision some-
what better than 5 km/s, large but still appropriate for
measuring the intrinsic toroidal velocity without the
uncertainties associated with external moment input,
which is the drawback of the CXRS technique.

The main parameters of the reference discharge
chosen for this experimental campaign are shown in
Fig. 1; the working gas is hydrogen. The values of
the maximum plasma density and current

(Mg =2.8x10” m=3, I,... =80 KA, respectively)
were chosen to avoid disruptions and to have low
MHD activity (Fig. 1e). The central electron tempera-
ture, measured in the current flat top, is around
500 eV. The plasma density profile follows approxi-

mately the standard one for ohmic discharges in

TCABR, n(r) = n,l - (r/a)z]o's. In the presence of
sawtooth oscillations, the soft X-ray array (20 vertical
channels) allows a good determination of the radial
position of the ¢ =1 rational magnetic surface. With
this information, and taking into account that the
plasma column of TCABR is circular (¢(r = a) = 3.5),
we can estimate quite reasonably the position of the
other rational magnetic surfaces. In particular, the
position of the ¢ = 2 singular surface is around r, =
12 cm. Considering the standard electron temperature
profiles in TCABR, determined by electron cyclotron
emission in low-density discharges, we estimate that
the electron temperature in the ¢ = 2 surface to be
between 80 and 100 eV, so that the electrons are in the
transition between the Pfirsch—Schliiter and plateau
regimes.

The poloidal and toroidal rotation velocities, both
measured at » = § cm, somewhere between the g =1
and g = 2 rational magnetic surfaces (Fig. 1h), are
determined from the Doppler shift of the CVI impu-
rity line. Therefore, to support the analysis of the
behavior of the island rotation velocity in the sequel, it
is important to discuss the relation between these
velocities and the corresponding ones for the main
hydrogen ions. Considering the predictions of neo-
classical theory, we expect the poloidal velocity of the
main ions to be quite different from that of the impu-
rities, in particular close to the plasma edge, with the
latter much larger than the former. The toroidal veloc-
ities of main ions and impurities, on the other hand,
must be almost the same, in the collisional regime,
“due to the strong parallel friction forces on parallel flows
and weak viscous forces on poloidal flows” [26]. This is
even more valid around the position of the ¢ = 2 ratio-
nal surface. In fact, previous measurements of the
impurity rotation at the plasma edge of TCBR have
shown that the neoclassical prediction is reasonably
verified experimentally [11, 12].

PLASMA PHYSICS REPORTS  Vol. 42

No.5 2016



INTERPLAY BETWEEN INTRINSIC PLASMA ROTATION

100

Density, 1019 m—3
T

0
20
()

> 10
Ny ok

_10 1 1 1 I | )
£ ) |
5 AR (d) ‘
5 0 erﬂ“'-:"_‘_—— - AZ—_: ————m
o \
[aW \ ,

20 40 60 80 100 120 140
Time, ms

467

7 ()
>
2 of
=
= L
1.0
>
a7 L
5 0.5
%)
0
0.8
” (2)
: / MA
w0 M/ / (V VYLVY
B [ b == i - o A T
= ’ I‘I ’ Toroidal ll’l'
E —10p ‘IM‘\ — — — Poloidal .'r"\-'ll
> ol RO LT h"-'4""-.|.r._l"L“_.u'L"r.L""“ [ (h)
Time , ms

Fig. 1. Main parameters of the reference discharge no. 30 457 of TCABR: (a) plasma current Ip, (b) line density n, at two viewing
chords of the interferometer (» = 0.5 cm and r = 10 cm), (c) loop voltage V), (d) radial (Ar) and vertical (Az) displacements of
the magnetic axis, (¢) MHD signal, (f) central SXR emission, (g) blow-up of SXR emission, and (h) intrinsic toroidal and poloi-
dal rotation velocities measured at » = 8 cm (for the toroidal velocity, positive means rotation in the direction of the plasma cur-

rent and negative, in the direction of the toroidal magnetic field).

The intrinsic toroidal rotation is in the direction of
the toroidal magnetic field and the poloidal one in the
electron diamagnetic sense. TCABR operates with the
plasma current opposite to the toroidal magnetic field,
so that, looking in the current direction, the electron
diamagnetic rotation is levorotatory. The intrinsic
toroidal rotation increases during the current ramp up
phase and keeps an average value around 15 km/s
during flat top, decreasing to zero at the end of the dis-
charge. In standard discharges (with low MHD activ-
ity), the value of the intrinsic toroidal rotation
decreases toward the plasma boundary and may even
change the sense of rotation close to the edge [12, 25].

3. DISRUPTIVE DISCHARGES

In the experiments, a programmed density
increase, starting around ¢ = 62 ms, is employed to
trigger the tearing mode and excite a large magnetic
island, eventually leading to a disruption. The tempo-
ral behavior of the main plasma parameters in a typical
discharge with density increase is shown in Fig. 2. The
SXR signal indicates that, as the density increases, the
plasma temperature drops somewhat and a strong
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|m/n| =2/1 MHD mode is destabilized, with initial

angular velocity ®yyp = 9.4 X 10* s7!, where m and n

are the poloidal and toroidal mode numbers, respec-
tively (the Mirnov coils [24] in TCABR are placed
around and close to the plasma column, inside two
semicircular stainless steel tubes, so that the system
allows quite good mode resolution [27]). The mode
increases its amplitude smoothly and eventually satu-
rates, just before a major plasma disruption occurs,
starting around 7 = 78 ms. The discharge parameters
were chosen such that practically only this mode was
driven unstable, i.e., during its growing phase the
other m components had quite small amplitudes.
However, in the saturation phase, # > 75 ms, the mag-
netic signals show components with values of m > 2
with amplitudes of the order of 12% of m = 2.

The plasma intrinsic toroidal rotation at the mag-
netic island location is around 15 km/s just before the
mode excitation, which corresponds to an angular

velocity @, = 2.4 %1 0* s~! therefore, about four times
smaller than that of the mode. Naturally, since the
viewing chord of the diagnostic system crosses the
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Fig. 2. (a) Plasma current and central SXR signal, (b) central electron density, (c) MHD activity, and (d) toroidal rotation velocity
for typical discharge no. 30 571 with density increase. The insert in panel (b) shows the density oscillations associated with density
variations inside the rotating islands [28]. Their frequency match the one measured with the external Mirnov coils.

plasma column in the equatorial plane, tangent to the
g = 2 surface, the island passes periodically through
it, so that the measured Doppler shift could be influ-
enced by emission from impurities trapped in and
moving with the island (we remark that the impurity
transport across magnetic islands is still an open
issue). However, considering that the time resolution
of the spectroscopic diagnostic is equivalent to
600 Hz, much smaller than the island frequency, this
effect is somewhat averaged out. As the mode ampli-
tude increases, the rotation frequency of the plasma
increases and that of the mode decreases, so that

Q = Oyyp/®7 approaches 2, as will be discussed in
the sequel. Actually, the intrinsic toroidal rotation of
the plasma almost doubles, as shown in Fig. 2d. Fur-
thermore, as the mode saturates and the disruption is
approached, the intrinsic toroidal rotation decreases
rapidly, tending to at least recover its value before the
mode excitation. The rotation measurements after the
disruption, at ¢t = 78 ms, are not reliable because of the
associated strong inward displacement of the plasma
column, as can be inferred from the SXR signal in
Fig. 2a.

To better investigate the behavior of the intrinsic
toroidal rotation during the island growth and slowing
down, we have measured it in similar discharges along

lines-of-sight on both sides of the ¢ = 2 magnetic sur-
face. The results are shown for three discharges,
including 30571, in Fig. 3. In this figure

~1/2
ms By

is the estimated island width [29], where § and 5 are
the shear parameter and the island perturbed magnetic
field, respectively, i.e.,

- (rdq - ~(o.12)~
S=1==1 > b ry) = b irnov*
(qdrjrs ) ={(20)

In all discharges the island saturates at large ampli-
tude, corresponding to about 1/3 of the minor plasma
radius (we note, however, that this is an upper limit
calculated with the rather approximate theoretical
expression given above). As the island grows, its fre-
quency drops, quite fast in the beginning, somewhat
slower when it is approaching saturation, and then fast
again just before disruption (the measurements after
disruption are not reliable). At the same time, the
intrinsic toroidal rotation frequency increases up to
almost half that of the island, at the mode rational sur-
face.
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Fig. 3. (a) Island width; (b) spectrogram of Mirnov frequency; and (c) island, ®y\yp/2, and plasma, ®wy, angular velocities for
three similar discharges, measured along different lines-of-sight in the toroidal direction and on the equatorial plane of the
plasma column. The radius indicated for each discharge corresponds to the radius where the line-of-sight is tangent to the mag-

netic surface.

This behavior seems to be somewhat compatible
with the simple theoretical prediction that, in absence
of external torque, the island rotation should be
damped, eventually locking to the rotation of the bulk
plasma [9, 10] so that

Oppp = MO, + 1O7 + Oyyig,

where o, is the poloidal angular velocity of the plasma

column and ;5 is the “natural” angular frequency of
the island, which is of the order of the electron dia-
magnetic angular velocity, i.e, ., = (m/r)vy;,, where
V4ia 1S the diamagnetic velocity [10]. Unfortunately,
due to practical assembly constraints, we have not
directly measured the CVI poloidal angular rotation
velocity at the position of the ¢ = 2 singular surface.
However, we expect it to be small, in particular, in the
phase when the island becomes large. From Fig. 1 and
standard density and temperature profiles for
TCABR, a maximum value can be estimated for the
electron diamagnetic angular velocity when the island
is still very small, ., = 17 krad/s. As the island width
increases and saturates, this value should decrease and
become equal to the difference between the curves of
w7 and wyyp- The fact these two curves do not con-
verge when the island width saturates can be inter-
preted as an indication the pressure profile inside the
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island is not completely flat. Actually, previous mea-
surements in TCABR have shown that not only the
poloidal rotation varies with radius [11, 12], but also
that the temperature profile is not flat across the
|m/n| = 2/1 islands [30]. Similar results have been
obtained in other experiments; however ours presents
a quite clear example for the case in which one can
assure that there is no driven toroidal rotation, i.e., it is
entirely intrinsic. In particular, we are not aware of
other work reporting the increase of the intrinsic toroi-
dal rotation as the rotation of the island slows down.

Slightly before disruption, the intrinsic toroidal
rotation starts to drop quite rapidly, departing from the
variation of the island frequency. The reason for this
behavior is not yet entirely clear to us. One possibility
is the effect of inversion of the radial electric field, as
observed in TUMAN-3M [31]. As it is well-known,
the radial component of the ambipolar electric field
plays a substantial role on plasma rotation and mag-
netic island evolution [12, 32]. In the experiments car-
ried out in TUMAN-3M, it was found that, as the
amplitude of a peripheral (m/n|=3/1) island
increased, the radial electric field reversed sign from
negative (inward) to positive (outward), while the
direction of island rotation remained unchanged. This
result was explained by a theoretical model based upon
the hypothesis that, as the island reaches a large size,
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the perturbed magnetic field in the peripheral plasma
layer becomes stochastic, substantially increasing
electron losses; then, the ambipolarity condition
requires the radial electric field to reverse [33].

As mentioned before, in TCABR the plasma
rotates toroidally in the direction of the toroidal mag-
netic field, opposite to the plasma current. This is con-
sistent with a torque driven by an inward ion current
crossed with the poloidal magnetic field, i.e., with an
electric field pointing inward. However, as the main
|m/n| = 2/1 island saturates, the m = 3—5 components
of the perturbed magnetic field are observed for ¢ >
75 ms. If we assume that these components give rise to
a stochastic layer, we can expect radial electric field
reversal, according to the model proposed by Kaveeva
et al. [33], reducing the toroidal rotation, as observed
experimentally. Therefore, although we have not mea-
sured the electric field directly in these experiments
(in particular because the |m/n| = 2/1 island is away
from the plasma boundary), the decrease in the toroi-
dal rotation velocity is at least in qualitative agreement
with the theoretical model.

4. CONCLUSIONS

In conclusion, we have carried out a detailed
experimental investigation of the behavior of the
intrinsic toroidal rotation in disruptive discharges with
large |m/ n| =2/1 magnetic islands. The interplay
between the magnetic island and the bulk plasma is
such that the plasma intrinsic toroidal velocity
increases as the island rotation decreases, indicating
an “island—bulk plasma” interaction driven by the
island. Measurements carried out with NBI mask this
effect, as NBI adds significant momentum to both the
plasma and the island, such that both practically
acquire the same velocity. Furthermore, we have also
shown that, somewhat before disruption, the intrinsic
toroidal rotation decreases rapidly. This behavior was
observed in all discharges of this experimental cam-
paign, and we plan to investigate it in more detail. For
this purpose, the rotation diagnostic is being further
improved to reduce its uncertainty and increase its
time resolution. The interplay between island growth
and intrinsic toroidal rotation clearly indicates that the
magnetic field perturbations affect the latter, and this
seems to be an important effect to be taken into
account in theoretical models to explain it.
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