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The local measurement of the island width w, around the resonant surface, allowed a direct test of
the extended Rutherford model [P. H. Rutherford, PPPL Report-2277 (1985)], describing the evolution
of radiation-induced tearing modes prior to disruptions of tokamak plasmas. It is found that this model
accounts very well for the observed exponential growth and supports radiation losses as being the main
driving mechanism. The model implies that the effective perpendicular electron heat conductivity in the
island is smaller than the global one. Comparison of the local measurements of w with the magnetic

perturbed field B showed that w o B'/2 was valid for widths up to 18% of the minor radius.
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The identification of the main driving mechanism of the
observed MHD (magnetohydrodynamics) instabilities in a
tokamak plasma is of considerable interest. Such knowl-
edge of the nature of the instability can be very helpful
in the choice of a stabilization procedure needed to avoid
degradation of confinement or plasma disruption. Dis-
ruptions are the most dangerous instabilities in tokamak
plasmas, and the precursor of density limit disruptions is
often dominated by an m/n = 2/1 MHD instability [1]
(where m and n are the poloidal and toroidal Fourier mode
numbers, respectively). In this Letter, we study the expo-
nential increase of an m/n = 2/1 tearing mode observed
prior to a density limit disruption [see Fig. 1(a)] in RTP
(Rijnhuizen Tokamak Project, circular limiter, minor ra-
dius a = 0.16 m and major radius Ry = 0.72 m). Similar
exponential growth is observed also in other tokamaks [2].
Comparison with the extended Rutherford [3] model sup-
ports radiative energy losses as the main driving mecha-
nism for this tearing mode. To avoid confusion with the
well-known neoclassical tearing modes, we, henceforward
denominate these instabilities as radiative induced tearing
mode or RTM. The study of RTM is also very important
because future large tokamaks such as ITER are expected
to work close to 100% edge radiation to reduce thermal
load on the divertor.

In the plasmas studied here, the plasma current Ip =
100 kA, the safety factor g, = 4, the ratio of the plasma
energy to the magnetic field energy, B, was low, and at
the time the RTM is observed collisionality is high. So
neoclassical effects are disregarded. The filling gas was
He and the density was ramped up using Ne gas injec-
tion. Both noble gases are not absorbed by the vessel wall.
This allowed a better and reproducible control of the elec-
tron density than with hydrogenic plasmas. Moreover, the
density at disruption could be kept below the cutoff den-
sity of the electron cyclotron emission (ECE) heterodyne
radiometer, used to measure the time evolution of the elec-
tron temperature at 20 radial positions along a horizontal
chord. Electron temperature and density were measured at
three time points with a high spatial resolution Thomson
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scattering (TS) system. Sawteeth are always observed in
these discharges [Fig. 1(b)].

One of the difficulties in the analysis of the behavior of
tearing modes is to relate the measured perturbed poloidal
magnetic field By(r.) [Fig. 1(a)], where r. is the radius
of the pickup coils, with the unknown perturbed radial
magnetic field B, (r,) at the mode resonant surface, ry, that
is the quantity whose dynamics is predicted by theory [4].
The usual procedure consists [5,6] of approximating the
toroidal plasma by a cylindrical one and then to use the
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FIG. 1. (a) Amplitude of By. (b) ECE T, in the center (chan-
nel 10) and in the vicinity of the ¢ = 2 surface (channels 6
and 5) [see Fig. 2(a)]. (c) Ar/a calculated with (4). The
solid circles indicate the island width estimated from TS [see
Figs. 2(c)-2(e)]._The gray line is the fit to Eq. (10). (d) Ar/a
plotted against By. The dashed (solid) gray line represents
Eq. (6) [Eq. (5)]. Symbol A (¢) refers to LFS (HFS).
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current profile as found from one of the methods described,
for example, in [7], to solve the equation
MO~

>y 1 dy <m_2 N
r Boo(l — =q)

arr o odr
using By (r.) as a boundary condition, to find B, (r,), where
i is a scalar potential that is related to B by

djz()

)l/f =0, (D
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The z component of the equilibrium plasma current is jo,
and By is the poloidal component of the equilibrium mag-
netic field.

In the case that the plasma current outside the resonant
surface can be neglected and the wall acts as a perfect
conductor, Eq. (1) has an explicit solution. Then, using
(2), the m component of By at r. is related to the m
component of B, at ry by

(m+1) 1 + (%)Zm

~ ~ Iy
Bﬁm(rc) = Brm(”f)(Z) 1 — (%)Zm ’

where r,, is the radius of the vessel wall.
In the methods which use (1) and (3) with measurements
of external pickup coils, the mode evolution is described

3

via the amplitude of the perturbed magnetic field. In what
follows, another method to measure the spatial amplitude
of the perturbations, directly and locally around the reso-
nant surface, will be used. Basically, it relies on the as-
sumption that close to and outside of the separatrix of a
tearing mode the electron temperature is a flux function
[8]. In this case, a change Aw of the island width will
cause a proportional displacement Ar of the flux surfaces
in the neighborhood of the separatrix. The displacement
Ar is given by

AT
% )
dr
where Ty is the temperature profile, measured radially
along the X point and AT is the difference in tempera-
ture between the two points at the two angles that corre-
spond with the X point and the O point [9]. It is also
implicitly assumed that the plasma is incompressible. Fig-
ure 1(c) shows Ar/a, derived both from the low field side
(LFS), channel 6 of the radiometer, and on the high field
side (HFS), channel 16. The position of these channels is
shown in Fig. 2(a) and a pictorial illustration of Ar(LFS)
is shown in Fig. 2(f). It is expected that the smaller val-
ues of Ar have lower accuracy since the island separatrix
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(a) ECE T,(r,t) isotherms. The channels position is indicated at the right. A sketch of the m = 2 mode separatrix is

illustrated by the dotted lines around the gray areas. (b) TS T, profiles at t;, t;, and t3. (¢) Zoom in on (b). For clarity, only one
typical error bar is shown. (d) and (e) are the same as before for n,(r). The dashed line indicates the calculated radial position of the
q = 2 surface. (f) Ilustration of (4). Gray (black) line, ECE T,(r) passing through the O (X) point. (g) j(r) and g(r) calculated

from T,(t;).
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is further away from the ECE channels. On the other ex-
treme, if the separatrix crosses the ECE channel then the
definition (4) is not applicable.

A characteristic of m = 2 islands in tokamaks is visible
in the ECE measurements, as shown in Fig. 2(a), namely
that the deformation of isotherms is symmetric in rela-
tion to the resonant surface on the HFS [see illustration
in Fig. 2(a)]. On the LFS it is more difficult to localize
the X point, since the island grows asymmetrically in re-
spect to the resonant surface, i.e., much more towards the
center of the plasma than to the edge. In this case it is ex-
pected that on the LES the strongly asymmetric island leads
to Ar = w, while on the HFS a symmetric island gives
Ar = w/2. Figure 1(c) confirms this expectation with
Ar(LFS) = 2Ar(HFS). Moreover, the estimated island
width from the TS [10], measured along a vertical chord,
comes very close to the values of Ar measured on the LFS
[see Figs. 1(c) and 2(c)-2(e)].

In Fig. 1(d) Ar is plotted against By (r.), for values up to
18% of the minor radius, which are measured just 100 us
before the onset of the disruption. Without any assumption
on the plasma equilibrium, the best fits to the experimental
data give the following for the LFS and HFS:

Ar(LFS) = (1.04 = 0.08)vVBy(r.), 5)
Ar(HFS) = (0.56 = 0.05)v/By(r.). (6)

We can compare the experimental relation (5) with the
well-known expression for the island width that relates the
spatial and magnetic mode amplitudes:

. rsq s~
W= 4\/ B VB, (r,). (7)

Because of the radiative contraction of the current pro-
file, the current for r > ry can be neglected so we can use
(3) to obtain B, for m = 2. Using the values from Table I
that were calculated from TS T,(#;) [see Figs. 2(b) and
2(g)], the following is obtained:

w = (1.14 = 0.25)VBy(r.). (8)

The agreement between (8) and the experimentally de-
rived (5) is very good. This supports the calculation of w
in the cylindrical approximation used until now.

Experimental evidence indicates that the equilibrium pa-
rameters, By(rs), ry, and ¢'(rs), do not change notice-
ably in time during the island exponential growth. For
ry this can be seen unambiguously at the HES in Fig. 2(a).
Relatively to By (r,) and ¢'(r,), since the current diffusion
time is typically 10—20 ms, it is very unlikely that these

TABLE I. Equilibrium parameters at r = r, calculated from
T,(t,) in Fig. 2(b), assuming j. = T,(;)*>.

I Te J q, B(? n
(m) (V) MAm32 @mhH (T) (107 QO m)
0.113 127 0.211 327 0.165 4.12
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parameters change significantly during the 0.6 ms of the
mode exponential growth. So, assuming that during this
period the equilibrium parameters do not show noticeable
changes, Fig. 1(d) provides a direct demonstration that (7)
is still valid up to island sizes of the order of 18% of the
minor radius. This feature should be emphasized because
the use in the literature (e.g., [5,6]) of (7) for island sizes
of this magnitude is based only on the magnetic measure-
ments performed outside the plasma, which are extrapo-
lated inwards up to ;.

Before the exponential growth starts, it is observed that,
on average, the amplitude of By grows algebraically for
a period of =20 ms. During this period [of which only
the last 4 ms are shown in Fig. 1(a)], the growth of the
mode is not monotonic but shows an irregular modulation
with the amplitude now and then decreasing practically to
zero. This modulation is often correlated with a sawtooth
crash. This complex behavior will not be discussed here.
Instead we will analyze only the exponential phase using
the extended Rutherford model [3],

dw BN Pr

a et Ty Y
where 7 is the plasma resistivity, C; = 1.22, and C, =
0.9mj.q/(Bsq’) with all the quantities taken at the reso-
nant surface. Pr is the total power density per particle in
the island and the mode is destabilized if Pr is negative.
xiiad and (T,) are the effective perpendicular electron
thermal conductivity and the average electron temperature
in the island, respectively.

From 165.8 to 166.2 ms, the evolution of the amplitude
of the mode magnetic field could be well fitted with a
quadratic increase with time implying a linear increase in
island width. During this period, losses by radiation inside
the island are still not important, and so the second term
of (9) is negligible. The value of A’ can then be estimated
from the linear increase of the island width. Using the
value of 1 from Table I, we obtain A’ = 2.

Between 166.2 and 166.8 ms, the increase in the mode
amplitude is very well described by an exponential fit. This
can be explained by a sudden onset of the second term of
(9) with Pr < 0. An abrupt negative value of Py is per-
fectly possible due to the nature of radiative power losses.
This is an effect of the inverse proportionality between ra-
diated power density and the electron temperature. If im-
purities have been accumulating inside the island, once the
temperature on the O point is low enough such that radia-
tive recombination of these impurities can occur, a small
decrease of temperature will lead to an increase in radia-
tion loss. Energy in the island is then dissipated faster,
setting abruptly Pr < 0. The heat flowing into the island
can be enough to keep Py constant, during the exponential
growth, as both ECE and TS indicate.

The high spatial resolution temperature and density pro-
files inside the island are neither flat nor monotonic, but
irregular [Fig. 2(c)]. On both #; and #, profiles, despite the
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maxima and minima, in the island the average value of T,
does not change. This indicates that the heat flow inside
the island is not purely diffusive. The ECE [Fig. 2(a)],
which has lower spatial resolution than TS and so does
not detect the irregularity found by the TS profiles, also
shows the island growing without significant changes in
(T.). Secondary maxima in T, and n, were also observed
in TEXTOR [11,12].

From the data of Fig. 1(c), it is possible to estimate
the ratio of Pr/x 4. Assuming that P7 is constant
during the short time interval in which the mode grows
exponentially, integration of (9) gives

wit) =4+ <w0 - ﬂ)f“za (10)
a)

a
where wg = w(166.2) = 0.02a, a; = clnM—AO/ = 8, and

0979 Pr

- . 11)
Boq'(Te) X 1eft (

az

The fitting of (10) to the data of Fig. 1(c) (dashed line)
gives ap = —2.3 X 10° s™!'. From (11) and Table I it is
found

Pr/xdand = —1.0 X 10° eVm 2. (12)

Both P and x'*%1 are unknown, but it is possible to
estimate its range of values. At the time the TS T,(f)
profile is measured, the energy confinement time is
7. = 3.4 ms which gives a global effective perpendicu-

.. global = 5 _
lar electron thermal conductivity xlerr = a”/(47.) =
19m?s L. If yBland was the same as Xigffal, then
Pr = —1.9 X 10° eVs™! per particle which means that
during the 0.6 ms of exponential growth an average of
1140 eV per particle would have to be dissipated in the
island. Such a value is very large since during the same
period the temperature in channel 6 decreases 215 eV,
while in channel 5 it increases only 65 eV [Fig. 1(b)].
The difference of 150 eV between these two channels is
almost 1 order of magnitude smaller than the previously
found value 1140 eV. Assuming that only 150 eV were
dissipated in the island, then Pr~ —25X%X10°eVs!
per particle (which corresponds to =~—70 kW). This
value is in good agreement with the radiation losses in the
outer plasma layers at comparable temperature values and
is very close to the minimum electron cyclotron power of
90 kW that was found necessary to stabilize the m = 2
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RTM in similar discharges [9,13]). So from (12) it follows
that y'*120d ~ 0.25 m?s7!.

This value of the effective electron heat conductivity
inside the island is almost 1 order of magnitude smaller
than the global effective electron heat conductivity of the
plasma. This reduction in diffusivity inside the island is in
agreement with previous indications [11,12,14]. Moreover,
it is corroborated by the observation in TS T,(¢,, ) of the
secondary maxima in temperature and density inside the
island, relatively to the separatrix. The 7, maxima are
more pronounced in TS T,(#3). Despite this profile was
measured immediately after the exponential growth By(r.)
does not indicate any strong change in the island structure.
Only later at = 167.2 ms, during the disruption By(r.)
shows a sharp spike, indicating the probable destruction of
the island.
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