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ABSTRACT. Simultaneous measurements of oscillations of the electron temperature, the electron
density and the poloidal magnetic field in the Rijnhuizen Tokamak RTP are combined to obtain insight
into the structure of MHD mode perturbations. Diagnostics used are a 20 channel heterodyne ECE
radiometer, a 19 channel FIR interferometer, and a set of magnetic pick-up coils. A m/n = 2/1 island
preceding a disruption is analysed in detail. Whereas the density and temperature are significantly lower in
the O-point than in the X-point, no local minimum or even flattening of the profiles could be
demonstrated. The gradients across the island may be understood in terms of a very long connection length
inside the island, in combination with the relatively short mean free path along the field lines due to the
high collisionality in the outer region of the plasma. The transport inside the island and the poloidal
distribution of the radial heat flux over X- and O-point are discussed.

1. INTRODUCTION

In this paper observations of magnetic islands are
reported. The observations are done on the Rijnhuizen
Tokamak RTP, which is dedicated to the study of
transport, and is equipped with diagnostics for detailed
measurements of the electron temperaturg @hd
density ().

Magnetohydrodynamis (MHD) theory
describes magnetic islands as helical systems of closed
magnetic surfaces. The expectation is that if such
islands occur, the electron temperature and pressyre (p
are constant on the flux surfaces that form the island.
Thus the island would show up as a region where the
Te and g profiles show symmetry around the magnetic
axis of the island. With sufficiently detailed
measurements, it could be possible to determine the
temperature and pressure profiles inside the island.
Detailed experimental observations of large magnetic
islands mainly concern the (m,n)=(1,1) pre- and post
cursors of the sawtooth instability [1], the m/n=1
region of high density observed in JET (the so-called
snake) [2], and the (m,n)=(2,1) mode that occurs as a
precursor of a major disruption [3-6]. In the case of the
(m,n)=(1,1) islands, measurements @fcbnfirmed the
theoretical expectation [1], withgIcontours mapping
out the island structure. In the case of the (m,n)=(2,1)
mode, however, the situation is more ambiguous. Flat
spots in the I profile are consistently observed at high
Te (Te 2500 eV) on JET [3, 5, 7] and TFTR [8]. In
[9] observations of flat spots in the density profile in
TEXT are reported. At low J(T, < 400 eV), however,
incomplete flattening is seen on JET [4], TEXTOR [6]
and Wendelstein VII-A [10]. More specifically, small

shoulders in the Jprofile are reported on TEXTOR [6]
that appear when the m=2 mode locks to the wall and
disappear when the mode unlocks. Although no
magnetic measurements are presented in [6], it is likely
that the island in those conditions is substantially
wider than the observed flat area in thgpfofile. On
Wendelstein VII-A, the island width as deduced from
magnetic measurements exceeds the island width as
found from T, and n, profile measurements
substantially, although the difference decreases with
decreasing mode rotation velocity [10]. In [5] an
analysis is given of the fluxes inside an island, which
resulted in an estimation of the minimal size of an
island that would lead to flat spots in thg @rofile in
typical JET disruption precursors.

The present paper investigates the possibility
of sustained Jand p gradients across m=2 islands in
more detail. Measurements of botgdnd r in a very
large (m,n)=(2,1) island preceding a disruption are
presented and analysed. The location of thard n,
perturbations are compared to the position and width of
the island as deduced from magnetic measurements, and
we investigate whether there are closed isothermal and
isobaric surfaces within the island. Further, the
incremental current in the island O-point is estimated,
and the coupling between the m=1 and m=2 modes is
considered. A model for the heat flow inside a magnetic
island is presented, which accounts for the fluxes along
and across the field lines. This treatment has a
resemblance to the analysis in [5], although both the
method of analysis and - more importantly - the results
are rather different.

In Section 2, the diagnostics and some aspects
of the data analysis methods are described. The
experimental results are presented in Section 3, the



model for the heat flow through the island is presented
in Section 4. The results are discussed in Section 5.

2. DIAGNOSTICS AND DATA ANALYSIS
METHODS

2.1. The RTP tokamak and diagnostics

A schematic top view of RTP is shown in Fig. 1. The
major radius is 0.72 m, the minor radius of the vessel
0.24 m and the plasma horizontal minor radius is
0.165 m. The position of the circular poloidal limiter
and the moveable top-bottom limiters are indicated.
Seen from the top, both the plasma curreftdhd the
toroidal magnetic field (Q) are directed clockwise. In
ohmic discharges, typical plasma parameters re: I
150 KA, By< 2.4 T, i(0) < 110°% m™>, T40) = 0.8
keV, Tg < 6 ms. The pulse length is typically 300 ms.

Diagnostics available at RTP include:
magnetics, neutral particle analyser, soft X-ray pulse
height analysis and tomography, ECE heterodyne
radiometer (20 channels) and grating polychromator (6
channels), 2 mm interferometer, 19-channel FIR
interferometer. RTP is equipped with a multiple pellet
injector and ECRH (2 gyrotrons, 60 GHz, 200 kw
each, 100 ms pulse length, O-mode low-field-side
launch and X-mode high-field-side launch,
respectively).

The magnetic diagnostic consists of a set of
12 poloidal field pick-up coils and 12 saddle or flux
loops. The poloidal field pick-up coils are mounted in a
ring with a minor radius of 0.213 m. The transfer
function of the pick-up coils has its 3 dB point at 10
kHz.

The 20-channel radiometer [11] measur@%i 2
harmonic ECE X-mode, from which,Ts deduced. The
antenna is located at R = 0.955 m. The radial
resolution iss 2 cmat R =0.72m, 1.5 cm at R =
0.62 m, and 2.5 cm at R = 0.82 m. The perpendicular
resolution (full 3 dB beam width) is 5.2in the
poloidal direction and 7in the toroidal direction, the
minimal spot size is % 2 cm. The positions of the
channels, on average 2 cm apart, are computed from the
value of the vacuum toroidal magnetic field. The
paramagnetic and poloidal fields are neglected, which
may lead to systematic errors of a few mm in the
discharges under study. The noise equivalent
temperature is typically 2-3 eV at the video-bandwidth
(20 kHz) used in the discharges under study. The
computation of T includes optical depth effects, using
the Abel-inverted gprofiles from the interferometer.

The 19 channels of the multi-channel
interferometer [12] have variable spacing. For the
discharge under study, the spacing of the 14 available
channels was 2.4 cm on average. The FIR laser
wavelength is\ = 432um, the intermediate frequency
between the plasma and reference beams is 1 MHz,
allowing high time resolution. The accuracy in the
line-integrated density is better than@®m™

2.2. Data analysis methods
Magnetic islands are associated with surfaces where the
safety factor (q) is rational: g = m/n. For simplicity, we
consider an equilibrium with circular concentric nested
flux surfaces in cylindrical approximation. We adopt
the usual polar coordinate system&(rp) (where@ is
the toroidal coordinate) related to the cylindrical
coordinate system (R, ) by R =Ry + r cos@ and Z
=rsin6. Ry is the major radius.

The radial island width (w), i.e. the distance
between the separatrices at either side of the O-point,
can be expressed in terms of the radial field perturbation

at the rational surface [13]:
1

JH 9B [7 O
RRREE Xk
where B, is the amplitude of the radial field
perturbation due to the island, q'adg/dr, and all
quantities are to be evaluated at the radiyg of the
rational g-surface.

.. Since there is no direct measurement of the
local B, (r=ry.p), this has to be deduced from
measurements of eithBf or Bg outside the plasma
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where gy denotes the minor radius of the ring of
pick-up coils. The radiusy:y, of the rational g-surface
can be deduced from the g-profile, which in the outer
part of the plasma is known with sufficient accuracy.
The rotating helical structures give rise to a
signal on the poloidal field pick-up coils given by
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To separate the contributions of different poloidal mode
numbers to the observed oscillations, a Fourier
analysis with respect to the poloidal an@lef the
pick-up coils is applied. We define
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In practice the integrals (4a,b) are replaced by sums
over the pick-up coils. These Fourier coefficients are
combined to give the combined amplitude, {Sf all
modes of poloidal mode number m.
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The §, are used to monitor the evolution of the
different m-modes (see Fig. 3). If we know that the
dominant contribution to § is due to the n=1 mode,

we may use /W1 as the experimental estimator

for B (rcons)

To estimate the amount of current associated with the
MHD-modes, we let the axisymmetric current density
be perturbed by incremental current densities that are
located on the rational q surfaces:

n
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wheredl ., is the incremental current flowing in one
of the m O-point regions of the island chajiy is
the phase of island chains on separate flux surfaces and
can be taken equal to zero if only one mode is
describedwy,. is the rotation velocity of the island.
The &-function O(r = ry:p) is an approximation of the
radial current Iocallzatlon on the flux surface.

The amplltudeB of the poloidal field
oscillation is related to the incremental curréhy-p,
in cylindrical approximation, by

m+1
_ "'m:n dconsm
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form> 1.

If a single mode dominates the magnetic field
oscillation or if simultaneous modes can be
distinguished by means of their frequencies, eq. (7)
allows the evaluation of the incremental curr@it. ,

The direction of the incremental current depends on the
sign of the shear s=rqg'/q. If s > 0 at the surface with g =
m/n, the incremental current flowing in the O-point
regions of an island chain is anti-parallel to the main
current |, for s < 0 the incremental current in the O-
points is parallel top|.

3. EXPERIMENTAL RESULTS

We focus on one particular discharge of which the
general characteristics are discussed in section 3.1.

Detailed analysis of the strong MHD activity that
precedes a disruption is presented in section 3.2.
Observations very similar to these, both in character
and in magnitude, have been made in a number of other
disrupting RTP discharges.

3.1 Discharge R19910423.057

Discharge R19910423.057 is a low-q (g(a)=2.8)
discharge without additional heating. Fig. 2 shows the
plasma current, the central line integrated electron
density, and the central,TA disruption occurs at t =
147 ms. Sawteeth are observed on boghamd r,
preceding the onset of strong MHD mode activity.

3.2. Observations of MHD activity

3.2.1. Characterisation of the activity

Fig. 3 shows the MHD activity sighals computed
according to eq. (6) for m = 1, 2 and 3. It is seen that
the MHD mode activity is dominantly m = 2 preceding
the minor disruption at t=144 ms. From analysis of the
pick-up coils it is found, under the assumption that the
mode structure rotation is dominantly toroidal, that the
mode rotates in the electron drift direction. Fig. 4
shows the evolution of the dominant frequency of the
signal of ECE channel 7 at R = 0.819 m. The mode
slows down linearly in time prior to the disruption, in
agreement with previous observations in JET [4].

3.2.2. Location and width of the m=2 island, deduced
from magnetics
To compute r(g=2) and g' at that radius, we assume a
parabolic g-profile, in agreement with profile-
consistency considerations [14]. The edge value g=2.80
at a=0.165 m, and the sawtooth inversion radius are
used to fix the coefficients. The- Bawteeth preceding
the m=2 mode activity show an inversion at R=0.67
m, corresponding to r=0.055 m. Thus the g-profile is
given by

q(r) = 0.78 + 2.01 (1/4) ®)
Using this estimate of the g-profile yields r(q=2) = 0.13
m.

The amplitude of the m = 2 mode, S 47
Ts! (Fig. 3) and from the frequency of the mgde at t =
0.142 s of:{ 4.7 kHz it follows (eq. (5)) th&gy.1
= 1.6x10° T. Using eq. (8) to compute ' and
l'coils=0.213 m, the island width and the incremental
current can be evaluated using egs. (1) and (7).
Summarizing the results of the magnetic
measurements:

r(g=2)=0.13m
w = 6.40.5 cm
6|2;1 =15 kA




No correction has been made for toroidal effects, which
flatten the island on the low field side. Thus, w on the
low field side is overestimated by20%. Also, no
account has been taken of the influence of presence of
the vessel wall on the poloidal field measurements. A
perfectly conducting wall in our geometry would reduce
Bgp:1 for a stationary mode by about 50%. This means
that w would be underestimated by 30%. For the
rotating mode at f = 4.7 kHz this correction will be
reduced somewhat.

3.2.3. Deformation of theland n, profiles.

The T, measurements at all radii show oscillations at
the same frequency, the different channels are either in
phase or in anti-phase. Fig. 5 showg(R) at the
maximum and minimum of an oscillation. The mode
activity is clearly visible. The oscillations in the
region 0.60 < R < 0.64 m are in phase with the
oscillations at 0.80 < R < 0.88 m and are therefore
associated with an even m-number, the obvious
candidate being the (m,n) = (2,1) mode. The
oscillations in the region 0.64 < R < 0.70 m have
opposite phase from the oscillations at 0.74 < R <
0.80, and are associated with the (m,n) = (1,1) mode.

The same frequency is measured for all modes.
This indicates that the modes are coupled and have the
same toroidal mode number (n=1), assuming the mode
rotation is dominantly toroidal. Analysis of thg, T
profiles shows that the modes are coupled in such a
way that the O-point of the m=1 mode locks to the X-
point of the m=2 mode at the high field side.

The large amplitude of the oscillations
between R = 0.78 and R = 0.82 m is attributed to
deformation of the flux surfaces due to the presence of
the locked m=1 and m=2 islands, rather than that the
island separatrix penetrates so far inwards.

The interferometer data are averaged over one
oscillation period and Abel-inverted to yield thg n
profile in the midplane around t = 142 ms (Fig. 5). To
study the effect of the mode oscillations, the measured
phase (proportional to the line integrated density) of all
channels is plotted versus time and radius while
subtracting the average phase (Fig. 6a). The effect of
the m = 2 mode can be seen clearly. The centralm =1
mode does not show up clearly in the line-integrated
interferometer data. To evaluate the perturbation of the
density profile, the measurements have been simulated
numerically with an m = 2 mode structure (a Gaussian
in the radial and poloidal directions) at a chosen minor
radius, with specified radial and poloidal width, and
rotation frequency. These parameters are varied to make
the simulated measurements match the experimental
data.

The result of this procedure is shown in the
second plot of Fig. 6b. The centre of the perturbation
is found to be located at r = 13.5 cm, in fair agreement
with the r(g=2)=13 cm determined from the g-profile.
The radial 1/e half-width is 3 cm, which is consistent

with the island width w=6.4 cm determined from the
magnetic measurements. Finally, the poloidal 1/e half-
width of =1 rad corresponds to the lowest harmonic of
an m=2 mode.

The amplitude of the simulations is scaled to
reproduce the actual measured oscillation amplitudes,
this yields a Iocalggoscnlatlon amplitude of gimax) -
ne(mln) —119 310 m ~, superimposed on an average

=310 m

3.2.4. The phase relation of thegBn,, and Tg
oscillations, identification of the island O-point.

In Fig. 7 the signals &6 = 0), T, (R = 0.843
m), Te (R = 0.868 m)n, (R = 0.594 m) andh, (R =
0.864 m) are compared. The @and B measurements
are taken at the same toroidal position, while the
interferometer is located at 12@oroidal angle, for
which the phase can be corrected as shown in the
figure. With the mode rotating in the electron drift
direction, pure toroidal rotation will give the,&nd By
measurements a 12@hase lag with respect to thg n
signal.

In all discharges investigated thg @nd B
oscillations are in phase. Since the shear is positive,
the island O-point corresponds to a negative
perturbation of the local current density and hence to a
minimum in By measured outside the plasma. Thus,
the O-point is a relatively cold region for the m=2
island.

There remains a small phase difference
between the J'and r oscillations after correcting for
the 120 of toroidal separation between the diagnostics.
In Fig. 7a the g oscillation leads by some 20In 3
other discharges, with otherwise the same
phenomenology but higher sampling rate of the
diagnostics, the yoscillation lags by 9 20° and 25,
respectively. The measured phase differences may partly
be due to the limited resolution of the phase
measurement. Also, by finite poloidal rotation
preceding the minor disruption some phase difference
may be induced. The general observation is that the B,
Te and r oscillations are all in phase, so that the O-
point is both colder and of lower density than the X-
point.

3.2.5 The gradient of Jacross the island.

In Fig. 5 the T, profile in the island X- and O-points is
shown. While it is clear that the O-point is cooler than
the X-point, no flattening of the profile is observed.
The same is evidenced by the contour-plots for bgth T
and .. The question is, could there be a flat spot that
goes unnoticed? As indicated in Fig. 5, the island (as
computed from the magnetic measurements) covers 3
channels of the ECE diagnostic, at R=0.81, 0.84, and
0.87 m. At all three positions,Tis lower in the O-
point than in the X-point. There is no form of(R)
featuring a flat area of the size of the island which is
compatible with these measurements. Even if the O-



point lies at a smaller minor radius than the X-point,
so that no phase reversal of thedBcillations need be
observed, the ECE channels at R=0.84 and 0.87 should
measure the same, T there is no gradient across the
island. This holds even when the width of the island is
reduced due to the toroidicity.

As it is, the measured gradient across the
island is hardly diminished compared to the X-point.
Perhaps even more illustrative is the contour plot of
Te, in which the typical flux contours of a magnetic
island are sketched. Taking the measurements at face
value, the T-contours follow the flux-surfaces down to
a temperature o£250 eV, while below that the two
become completely disconnected. Below we investigate
the possibility that the divergence of flux angd T
contours is not an artifact of the measurement, but due
to transport inside the island.

Also on the g profile no flattening across the
island is observed, and since thegamd T, oscillations
are in phase, this implies that the electron pressure
(pe), t00, has a gradient across the island. Whereas the
T gradient might be explained on the basis of
transport inside the island, a direct consequencépgf
across the island is thag s not constant on a flux
surface. This probably implies that the total pressure p,
also, is not constant on a flux surface, and thus the
magnetic island structure is not a solution of the
standard MHD equilibrium equatidrip=j xB.

4. MODELLING TRANSPORT ACROSS AN
ISLAND.

We consider the network shown in Fig. 8. This
network models the heat flow across and along flux
surfaces in the island. The ratio of the local parallel and
cross-field heat resistances is given by the pararoeter
which may be a function of the minor radius inside the
island. To arrive at a continuous solution, we let the
number of shells (N) go to infinity. A general
treatment of the network is given in Appendix A. The
model allows the computation of the, Tistribution
and the net heat flow across the island, when,a T
difference AT, is applied to the boundaries. The
spatial coordinate will be used to parametrize the
position in the island, witlp=1 at the high f side of
the island,p=0 at the magnetic axis, apd-1 at the
low T, side. The present network is symmetric with
respect top=0. In the following we will omit the
subscript 'e' for clarity of notation.

We first compute for which value af a flat
spot in T is produced. Analytic results for two
illustrative casesqg = constant and [ p2 are given

by

T(p)-T(0) _Sinh@/ao)
AT sinh(1&]ag)

a(p) =ag

T(p)-T(O
a(p) =age? 1O =Y

y = 5{1 + VI+akg)

The replacement resistance for a flow across the
network is given by

a(p) =ag
Rrepl = Ro v/ g tanh(1#/ap)

where Ry denotes the resistance of the network for
0 - o (infinite parallel resistivity). In Fig. 9a these
results are shown for a few values mf. Ry is
shown as a function afg in Fig. 9b. Clearly a flat
spot in TP) is only produced it is smaller than
some critical valuen ;. Arbitrarily defining the
occurrence of significant flattening by T(0.5) =
0.1xT(1), we finda,; = 0.048 in the case of uniform
a, andag,j; = 0.13 for the parabolia profile. In the
following we will usea,j; = 0.1 as an average value.

Next, we have to link the parameterto
plasma diffusivities along and across the field. In the
simple analog sketched above, we consider a toroidal
shell of the island, with - normalized - radipsand
thickness @. It is clear that the parallel and
perpendicular "resistances" (measured in terms of
transport timescales) relate to the plasma diffusivities
as follows:

1y

R, =——
= nx, Ay
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YT nxg Ag

where | is the path length and A is the area. Assuming
(Xp/Xy) << 1, and that the field lines in the island
make only a small angle with the magnetic axis of the
island, we have

2mr 2
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where g* denotes the local g-value in the island, giving
the helicity of the field lines along the island flux tube.
Fora the following expression is obtained:

Ry 2 _XO fmrRg*\? _ W
a=p @?= - (TR) = @
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where 1), = (man*)zl)(// andt = va/xD are the
parallel and perpendicular transport times within the
island, respectively. In Appendix B a more detailed
derivation of eq. (9) is given.

As was shown above, a flat spot in the T-
profile is produced fon<0.1. From eq. (9) it is clear
that, althoughX/x;/) is usually a very small number
in tokamaks, the numerical factor in eq. (9)
multiplying this term can be very large, so that it
cannot be concluded that<0.1 without careful
consideration. Below we discuss the three critical
parameters in ed. (9), oX, andy;;.

At the separatrix g* becomes infinite, but it is
not clear what the profile of g* in the island is, since
the current distribution in the island is unknown. For
any toroidal current, the cylindrical q is given by

|2
__0 Bo
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where } is the length of a circuit along a flux surface
around the current channel in the poloidal pl@h¢he
current flowing through the surface surrounded by the
circuit, and }, the length of the flux tube in the toroidal
direction. For the islandgl= 4rr/m and }, = 2nmRm,

so an estimate for g* just inside the separatrix is given

by

8mr? B(p

A S— (10)
Mg m~ 8l R
wheredl denotes the incremental current associated
with the island O-point, as before. Inserting the typical
values for the m=2 island under study, g*100 is
found. The profile of g* could be flat if the current
density is uniform in the island, but if the current
profile in the island is peaked, the central g* is
correspondingly lower. The two analytic cases given
above, witha uniform or parabolic, are representative
of a fairly wide range of possible g* profiles.
Further insight is obtained when the estimate

for g* (eq. (10)) is expressed in terms of the width of
the island (using egs. (1), (2) and (7)):

2
r
q*= 32T[qu;I (11)
m~ w” q
which, inserted in eq. (9), yields
2
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Using g=m and assuming a parabolic g-profile, this can
be further reduced to

(13)

oo o (2)” (2)’

Note the extreme sensitivity ad to a/w. For the
parallel conductivity we use the classical expression

5/2
e

2
Ng Zogs In A [m%/s] (14)

Xy = vg Te=12 1d

where T is in eV and gin 10'° m3. For the cross-
field diffusivity we will first assume that inside the
island transport is anomalous like elsewhere. As a
typical value for the outer part of the plasma we take

X (anom) = 10 s

However, it can be argued - following the KAM-
theorem - that inside the island the flux surfaces are
close to perfect, resulting in a strongly reduced
transport. We will come back to this possibility later
in the discussion.

Inserting typical values for the m=2 island under
considerationsyields (R/w=15, T\S\DG}E 200 eV,
ne =310 m3 zo4 = 3, g* = 100):

X =5 10 m?/s

X
a= 9 510 ~10>>01
X/

which implies no flattening of Xr). It is seen that if
the cross-field transport inside the island is anomalous
and comparable to that in the ambient plasma, under no
circumstances can one expect a flat spot in the
temperature profile. In general, the fact that sometimes
no flattening is observed can be simply explained by
the (relative) ineffectiveness of the transport along the
field lines.

The fact that in some experiments [3, 5, 7, 8,
9] flat spots have been observed in
(m,n) = (2,1) islands, whereas in others [4, 6, 10] only
reduced gradients or no flat spots at all have been
observed, may serve as an indication that general
is close to its critical value, so that the occurrence of
flat spots depends rather sensitively on specific
discharge conditions. This could also explain winy
our case, in the higher Tregion the temperature
contours follow the flux contours quite well, while in
the lower T, part of the island the two are completely
uncorrelated. Taking = o, yields an estimate o
inside the magnetic island:

a=ogy O  Xg=0.1%0.06 nfis



This value is somewhat larger than the neoclassical
value, but of the same order of magnitude. The large
error bar is the result of the strong dependence on the
width of the island.

5. DISCUSSION AND CONCLUSIONS

We have presented experimental evidence that there
may exist | and r gradients across magnetic islands,
and we have shown that a simple consideration of
parallel and cross-field transport indicates that such
gradients can be maintained, depending on the width of
the island and the local values qf Ti, and Zu.

A consistent picture is obtained by assuming
that the cross-field transport inside the island is close to
neoclassical. In this case, the total heat resistance
across the island is large, so that only a small fraction
of the total heat flux can be conducted through the
island O-point. Hence, the main heat flux must be
conducted through the X-points.

A further consequence is thatith vanishing
mode rotation with respect to the fluid, the energy and
particle balance in the island is well insulated from the
surrounding plasma. In that case the temperature in the
island is entirely determined by the local source and
sink terms. In the absence of particle sinks, the particle
confinement in the island will be very good. This
conclusion agrees well with the observation of the
snake in JET [2]. It is likely that the density inside the
island is determined at the time of birth of the island.
Whether the O-point is a low or a high density region
then depends on the evolution of the density in the
ambient plasma. This may explain that low density as
well as high density islands have been observed [15].

From eq. (13) it is clear that the valuecofs
a very strong function of the width of the island. Thus,
it is to be expected that a slowly growing m=2 island
will quite suddenly reach the conditian< a; for
which flattening of the I profile occurs. The violent,
sawtoothing, behaviour of j{r) observed in quasi
stationary m=2 modes in JET [3], in which a sudden
flattening of the T, profile around the q=2 radius was
followed by a gradual restoration of thg gradient, and
the sudden flattening of{r) observed in m=2 modes
in TEXTOR [6], followed by a heatpulse, might in
part be due to this transport phenomenon. This sudden
flattening would then be caused by being driven
below the threshold value, which can occur on a short
time scale even when the increase of w is
comparatively slow.

Mode structure rotation with respect to the
fluid is capable of (partially) obliterating flat spots.
This effect commonly occurs when MHD modes in the
outer regions of the plasma are locked to modes located
in the centre, whereas the fluid rotation velocity
decreases towards the plasma edge due to friction. The

importance of this effect can be estimated by
comparing the characteristic relative rotation timeg,

= 1/f,qt, with the characteristic time for transport along
the field_ lines inside the island, tg> =
C(man*)Z/x//, where C is a constant depending on
the shape of the g* profile within the island=®.2,

and <> means averaging over the island region (cf. eq.
(9)). This mechanism, capable of sustaining bogh T
and rp gradients in the O-point region by continually
importing them from the X-point region, has
previously been reported by Jaenicke (Wendelstein VII-
A) [10]. It may also be the explanation for the
observation on TEXTOR [6] of a flat spot in,Th a
wall-locked (m,n) = (2,1) island that disappears when
the island unlocks and starts rotating, and reappears
when the island locks again.

Wesson [4] reports on observations of an
(m,n) = (2,1) island at low J(To = 400 eV, # 11051).
While the mode is rotating (at f = 700 Hz) no clear flat
spot is seen, only a reduction of thgdradient. As the
mode locks, a flat spot becomes visible of W(¥ 8
cm. This width is somewhat less than the width
expected from magnetic measurements. Temperature
profiles within the island as predicted by our model
whena is close to critical (see Fig. 9a) may explain
the latter. During mode rotation the gradients may be
enhanced by the mechanism explained above.

In summary, the observation of flattenings in
the T, profiles at high T with widths as calculated by
magnetic measurements are explainediby< o it
(parallel transport dominates perpendicular transport
within the island). Observations of the absence of flat
spots are explained lwy>> o, reduced gradients or
flat spots with widths smaller than the widths
calculated from magnetics ly = a,j;. The latter is
commonly observed at lowgIwith reduced parallel
transport. Finally, mode rotation with respect to the
plasma may reduce observed island widths in the T
profiles when the characteristic time for transport
parallel to the field lines is smaller than the
characteristic time for penetration of the X-point
profiles into the O-point region.

Not only a T, gradient, but also agrgradient
is maintained across the island, which can be explained
as a transport phenomenon in analogous fashion. One
severe consequence is that pressure is no longer
constant on a flux surface, so that the equilibrium does
not satisfyOp=jxB. This implies that convective
fluxes must be invoked to maintain the equilibrium.
This would in turn change the transport analysis. A
consistent treatment of the island equilibrium including
the transport aspects is outside the scope of this paper.
However, two remarks relevant to this problem can be
made. Firstly, because of the very long connection
length the characteristic time for equilibration of a
pressure gradient along a field line is quite long:
assuming that the plasma flows towards the low
pressure region with ion acoustic velocity this



characteristic time is several milliseconds. This flow

could be further hampered by friction with neutrals, of

which the density may be quite significant in this part

of the plasma. Secondly, the rotation of the fluid with

respect to the magnetic island may help maintain the
flow, and hence the pressure gradient.

A second possibility to explain the
observations not discussed so far is that there is no
magnetic island at all, but a kink deformation located at
the q=2 surface. Such a deformation would also give
the ny and T, contours as observed, with, and Tg
always in phase. The problem is of course that the
internal m=2 kink is stable. However, one might argue
that the cold plasma outside the q=2 surface becomes so
resistive that it starts to act as a limiter, reducing the
effective plasma radius to r(q=2). Whether in such a
situation a kink or a tearing mode becomes unstable
depends critically on how large the resistivity of the
plasma outside the q=2 surface becomes. So far no clear
answer to this problem could be given.

APPENDIX A:

SIMULATION OF HEAT FLOW IN MAGNETIC
ISLAND BY MEANS OF A RESISTANCE
NETWORK

In Fig. A.1 a network of resistors is shown. The
resistors jj and f; have values that may depend on their
position or other quantities. We introduce a poloidal
coordinate systenp(8), wherep is a radial coordinate,
p =0 in the centre and = 1 at the boundary arilis a
poloidal coordinate, & 6 < 2r. An externally imposed
voltage Vp=18), which we take to be the analogue of
the temperature of the plasma surrounding the island,
will result in a voltage distribution \¥,0) in the
network, which is analogous to the temperature
distribution inside the island. The amplitude of V
(imposed externally) will not affect the shape of the
distribution, and neither will the absolute values of the
resistors: only the ratio ofyrand g in each point
(analogous to the inverse ratio of thermal conductivities
parallel and perpendicular to the field lines) influence
the shape of the voltage (or temperature) distribution.
Referring again to Fig. A.l, the grid is
defined byp; =i/ Np (i= 1,...,l\b) andej = 2n(j-1) /
Ng ( = 1,....N\y), where N, and Iy are the number of
radial and poloidal grid points, respectively. The
voltage distribution, given the boundary conditions,
should relax to a situation where each internal point of
the network receives zero net current. This implies, for
each internal nodepf, Gj):

r_Dl[V(pi+1' 6)+V(pi.1, 8)-2V(p;, ej)] ¥

r;}[V(Pi19j+1)+V(Pi,9j-1)-2V(pi,9j)] =0 (A1)

which, in the case of N>>1 and N >>1, can be
written (definingAp =1 Np andAB = 2rt/ Ng):

0%V Dp® 0%V 6%
= ir s =0 (A.2)
op° 'O 0%

We introduce a parametay that defines the ratio ofjr
and fy;

2
N
r 0
:r—” 5 (A3)
0 16 Np

In Appendix B we will show hova relates to the ratio
of thermal conductivities. Substituting in eq. (A.2)
yields:

(A.4)

The equation for the voltage distribution in the
network. Ifa =a(p) and V,0) =f(p)g(b), then eq.
(A.4) reduces to:

0%

4001 0% _1

(A.5)

where m is a constant (not related to the poloidal mode
number). The solution for g s
Om = A cos(nB) + B, sin(mB). We may sef(1) = 1
without loss of generality, sofand By, can be found
from a Fourier transform of the boundary condition
V(p=19).

There are two cases of functional dependence
of a on p for which the equation fof can easily be
solved analytically:

f.(p) = sinr{ JDm—”} sinh‘l{ ﬂ}
2Jag 2\Jag
for a(p) = ag (i.e. constant) and

(mm)®

do
for a(p) =ag p2. Finally, we give the equation for the
one-dimensional network with fN= 2, for which
eg. (A.4) must be replaced by:

1. 1
fm(P) =M, vy =5+ 5[ 1 +

(A.6)

which was deduced from eq. (A.1) using the
antisymmetry V¢p) =-V(p). TheB-coordinate no
longer appears aral = a(p). The solutions to eq. (A.6)
are V) = f(p) with m = 2ft



The replacement resistance of the whole
network can be computed from:

\
Rrepl = Ro Lpy U (A.7)

op Lp=1

where Ry is the resistance of the network in the case
that 1, is infinite everywhere.

APPENDIX B:

DERIVATION OF a AS A FUNCTION OF HEAT
CONDUCTIVITIES

The assumed flux surface geometry inside a magnetic
island is shown in Fig. B.1. We label the flux surfaces
with a parametep that is 0 in the centre of the island
and 1 at the separatrix. We propose to model the heat
flow in the island by means of a one-dimensional
resistance network @\ 2, see Appendix A). There is
no difference in principle with the two-dimensional
network.

We consider a point on the inside of the
island (i.e. ab = m). Heat flowing from this point can
go in three directions:

1) Perpendicular to the flux surfade)(
2) Parallel to the flux surface and parallel to the
field lines (//,//)
3) Parallel to the flux surface but perpendicular to
the field lines (/1J).
We will calculate the "heat resistance" (i.e. the inverse
of the thermal conductivity) in all three directions
separately, and combine them to fimd

The distance p- p,, measured along the
flux surface (Fig. B.1) perpendicular to the field lines at
the separatrix, we call y. The length of the island in
toroidal direction, measured along the field lines, we
call x. Thus, taking into account that the island is
positioned at minor radius r:

X = 2MRom sini 1(€),

y= p%[r SiNE) (B.1)
where m is the poloidal mode number of the island and
¢ is the pitch angle of the field lines at the separatrix:
tan€) = gqRy/r, where g = m/n and n is the toroidal
mode number of the island (usually, €hill be
close to 1 and may be omitted). This expression for y
assumes that the island width w is small compared to
its poloidal extent &ir/m.

The "heat resistance” is given by the inverse
of the thermal conductivity multiplied by the length
of the path over which transport is to take place (I) and
divided by the surface area through which the heat
flows (A). By analogy with the resistance model

(Appendix A) we divide the island into Nlayers, so
that the width of each layer is W/(%N where w is the
island width.

1) Perpendicular transport:

I
0% nexcAD
I :%,

p
Ag=xy

(B.2)

where n is the electron density.
2) Transport parallel to the flux surface and parallel to
the field lines:

(B.3)

where C is the angle of the field lines on the flux
surface with respect to the field lines at the separatrix
(see Fig. B.1): tad) = g*x/(2y). The factor 2”appears
because y refers to a half poloidal transit onjyisithe
path length to go fromqpto p, along the field lines
(Fig. B.1) and g* is the local q within the island.

3) Transport parallel to the flux surface but
perpendicular to the field lines:

I//
I O
r-= )

I
n@)(DAD
In_ 'y
O sin@)’

1

- W
Al] = 2Np x sinQ)

(B.4)

/.
where% is the path length to go fromjpo p,
perpendicular to the field lines (Fig. B.1). The total
transport parallel to the flux surface has to surmount a
resistance equal tg:r

111
BV
W=

r// + rD

(B.5)

Using the definition ofr given by eq. (A.3) with i =
2, the above equations yield:



-1

2 X
u:%%inzhlcoszlg (B.6)
w0 XO O

This formula can be simplified by the assumption
Xy Xg >> tarf ¢ >> 1:

2
_XomReA*[0 1
X/ 0w 0O Sinz(E)

a (B.7)

which can be simplified further when si)(= 1
(implying that the helicity of the island is negligible).
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Fig. 1

FIGURES
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Schematic showing the location of the main diagnostics at RTP. The tokamak is seen from the top. The

plasma current and toroidal magnetic field are both in clockwise direction.

Fig. 2
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MHD activity as computed by the method described in the text. The MHD activity is seen to commence at

about 135 ms and grow to saturation at 142 ms. The mode is dominantly m = 2. At about 144 ms a minor disruption
occurs, followed by a major disruption at 147 ms.

Fig. 3
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a)Plasma current of discharge R19910423.057. A disruption occurs at t =147 ms.

b) Line integrated density from the central channel of the 19-channel interferometer at R = 0.72 m. Sawteeth
can be seen from 80 ms (before the flat-top of the plasma current is reached) to 137 ms, when strong MHD
activity sets in.

c) Central channel of the 20-channel ECE radiometer at R = 0.735 m. The initial pgak ou€ to ECR

heating used to start up the plasma (freétrto 8 ms). The sawteeth are also visible here.
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Fig. 4  Frequency versus time plot for ECE channel 7 at R = 0.819 m. The m = 2 mode is seen to decrease linearly
in frequency from 15 kHz at 135 ms to around 3 kHz at 144 ms, immediately preceding the disruption.
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Fig. 5

a) T profiles as measured with the ECE radiometer. The profiles correspond to two extrema in one
oscillation period. The g = 1 and q = 2 radii are indicated, as well as the location of the m=2 magnetic island

as computed from the magnetic measurements. Therafile at t=142 ms is reconstructed by Abel

inversion.
b) Contour plots of T and n, as a function of time and radius. Thg contours are constructed by

superimposing thedperturbation (see Fig. 6) on the profile in Fig. 5a.
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Fig. 6 a) The measured phase minus the average phase (averaging being done over the time window shown) of the

interferometry data.
b) The reconstructed phase disturbance due to the presence of a rotating m = 2 island at r = 13.5 cm (see text).

The measured oscillations can be reasonably well explained by such an island.
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Fig. 7 Signals of B(6 = 0), To (R = 0.843 m), { (R = 0.868 m)n, (R = 0.594 m) and (R = 0.864 m). The,
signals shown are raw data, they have arbitrary amplitude and offset, but the phase of the oscillations is correct as
shown. The poloidal magnetic field and the temperature are measured at the same toroidal position, whereas the density

is measured at a position separated 1@midally.
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Fig. 8 A simple resistor network used to model the heat flux parallel and perpendicular to the field lines in the
island.
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Fig. 9 a) The temperature profile across the island computed on the basis of the resistor model shown in Fig. 8. T is
normalized such that T(0) = 0 and T(1) = 1, and the T-profiles are antisymmetric with regpedd:td -p) = -T(p).
The full curves are for uniform, the dashed curves for a parabolic profileofrhe curves are computed for various
values ofo as indicated. Clearly, significant flattening opJ{s only produced foap < 0.48 and 0.13 respectively.
b) The replacement resistance of the network/jRas a function oéi,.

16



Fig. A.1 Network of resistors.

Field line on flux
surfaceinisland

0=0 p

¢=0 @=2m
Fig. B.1 Flux surface geometry inside a magnetic island.
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