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INTRODUCTION

Neoclassical tearing modes are thought to posmia din the reachabl (ratio of plasma
pressure over magnetic pressure) in ITER, soithprtant to develop techniques to control or
suppress these instabilities. A set of tearing maggpression experiments on the TEXTOR
tokamak (limiter, circular plasma cross sectiBgr1.75m,a=0.47m) is described, that focuses
on the suppression by heating (ECRH). The uniquabawation of tools on TEXTOR (the
Dynamic Ergodic Divertor (DED) to make islands [EICRH to suppress them [2] and ECE-
Imaging to diagnose them [3]) enables a detailedysbf the suppression process.

The tearing mode suppression by heating is oftgtented. Electron cyclotron current drive
(ECCD) is thought to be a more efficient way to m@ss (neoclassical) islands. The low
electron temperature in TEXTOR makes the heatifegcefilominant for these experiments [2].

The suppression process can be split into two ieegnt parts: the formation of a peaked
temperature profile in the island and the actuppsession of the island. The heating efficiency
is determined by the transport in the island. Thppsession is governed by the modified
Rutherford equation (the higher temperature iniskend lowers the resistivity, which leads to
an increased parallel current). A comparison ofdhserved suppression rates with theory is
given.

In ITER, ECRH might be a significant effect compghte ECCD, depending on the heat
transport properties inside the ITER islands. Iy eese, ECRH facilitates the suppression of the
neoclassical tearing modes.

EXPERIMENTAL SET UP AND DATA REPRESENTATION

The DED is a perturbation field experiment consggtof 16 helical coils on the high field
side of TEXTOR, generating a perturbation fieldhwstrong m/n=2/1 and 3/1 components. The
2/1 component of this field generates a large 2agmetic island that is strongly locked to the
perturbation field. This very predictable and cohl#ble island is heated at the high field side
by ECRH. The moveable launcher of the 140 GHz, B0Ogyrotron is used to position the
power at the resonant surface. The evolution ofgtaad is followed in detail by the 2D ECE-
Imaging diagnostic, which measures the electrorpézature in an 8 by 16 array of sampling
volumes in the poloidal plane with a 1 cm spatesdalution. The ECEI data, taken at the low
field side, only covers a small section of the b circumference of thg=2 surface. To get a
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comprehensive view of the (low field side) modeusture of the 2/1 island, a poloidal
reconstruction is used. The time history of a fatation period of the plasma is mapped onto a
poloidal shell, as shown in figure 1. This reconstion clearly shows the elliptically deformed
plasma core and the peaked temperature profildartbie
island.

The two main properties of the island to be deteeahi
are the island widthkv and the temperature profile inside
the island. To determine the island widthan ellipse is
fitted to a temperature contour of the (deformeshtal
plasma. The difference between the major raditend
minor radiusb of this ellipse gives the displacement o
that contour, which is a measure for the full islamdth
w=15@a-b) [4]. The maximum temperature in the

island occurs at the O-point. The temperature lerofi
inside the island is evaluated on a circle throtlgh O-  Figure 1: Poloidal reconstruction
point, to avoid possible (relative) calibrationas. From of ECRH heated island

this Te profile the temperature differenéd, between O-

point and separatrix is determined.

Figure 2 shows typical time traces of the relateraperature peakinyTo/Teand island width
w. Directly after switch on of ECRH, the temperaturside the island rises to typically 25%
above the separatrix temperature. Then, on a sltivwer scale, the island starts to shrink to
typically half the initial width (which also loweithe temperature peaking again). After switch
off of ECRH the peaking disappears almost instaedasly (within an energy confinement time
of the island, about 1 ms) and the island widthvslaelaxes back to the initial width of about
12 cm.
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Figure 2: Typical time evolution of relative peaking and island width.

The suppression process can be split into two ieégnt parts: the heating and the actual
suppression, treated separately in the followiraptérs.

HEATING: POWER BALANCE INSIDE ISLAND
The effectiveness in which a temperature peakingdoinside an island depends on the
electron heat transport inside the island. Theildet&nowledge of the temperature profile and
the ECRH power input in the island enables a pdvedgince analysis. Inside the island, ECRH
is the only significant heating source. Numericahlaation of the power balance equation
(g, =-nx.0T,) applied on the island geometry reveals that tvedargest part of the island the

electron thermal diffusivityye is about 1 to 1.5 ffs. A power balance analysis of the entire
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plasma reveals that the transport in the ambiexgnpd is comparable to the transport inside the
island. For the ambient plasnyais typically 1 n¥/s inside the deposition radius of ECRH and a
few times higher outside the deposition radius.

SUPPRESSION: THE MODIFIED RUTHERFORD EQUATION

The time evolution of the island width is governleyg equation 1, relating the stability
paramete/\’ to the total helical current inside the islandion [5]. The parameteX’ is the step
in the poloidal flux function over the island regjand is a measure for the ‘willingness’ of the
plasma to create an island. Various contributionthé parallel current are possible. If only the
inductive current due to the growth of the islaadaken into account, equation 1 results in the
classical Rutherford equation [6]. The inclusionatfier contributions to the parallel current
results in modifications of the classical Ruthedfeguation. Equation 2 and 3 give the modified
Rutherford equation with the two modifications imamt for these experiments [7-11].

rstw/2 1 dl// rg+tw/2
87 =2uR [afi,coomrae o= )
rs—w/ 2 ‘// r rs—w/2
w
O82B—r % = rszA' +M ext M heating (2)
2 2 H rgtw/ 2
W, 32u,Rr; Jsep °
M ext = Zmrs( j M heating = ﬁd{O q DT 3/2 J.dy§Te3/2 Cos(mf)df (3)
W BH j RV\/2 e,sep rg—w/2
dr

The Mex: term describes the (generally destabilizing) effgcthe shielding currents in the
island region due to the external DED currents. DD sets up a perturbed magnetic field
resonant with the island. This will cause currettslow inside the island region that try to
compensate this external field. Thgeating term describes the (generally stabilizing) effefct
the modulated Ohmic current due to temperatureigEtions inside the island (so ECRH).

The DED termMey: is fully known. The vacuum island width,,c = 4 cm. The ECRH term
MheatingCan be evaluated numerically. Th@rofile and current densifyep, 0n the separatrix are
estimated from the temperature profile. The leétpyr of figure 3 givedlneaingas a function of
time, showing it is approximately constant at 1.2 The A’ term is in principle unknown.
Before the DED is switched on, there is no 2/1ndlaresent, but after switch off of the DED
the island remains, so in the DED phASes probably close to zero.
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Figure 3: The suppression process: a) The heatnignto) The experimentally observed
growth/suppression rates c) Overview of the vari@uss in the modified Rutherford equation.
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Directly after switch on (or off) of ECRH, comingoin a steady state situation (so all other
terms cancel out), the heating teMpeaingiS the only one contributing ww/dt Equation 2 then
predicts a suppression (or growth) rate of aboo/2 The middle graph of figure 3 shows the
agreement of the experiment with the theoretioakyected suppression and growth rates.

The relaxation to the new saturated island widbdo 6 cm) is determined by the balance of
Mheating With all other terms. The right graph of figureg®es an overview of the suppression
process. Plotted is the right hand side of the fremtiRutherford equation (equals 0.&2dw/d)
against the island width. The upper curve is coragasf theA’” and DED terms. The lower
curve includes the heating term. To reproduce beeved saturated island widthg)'aerm of
the form of the dashed line had to be introduced.

EXTRAPOLATIONTOITER
In ITER a bootstrap current fraction of typicallp® is expected. To replace the lost
bootstrap current inside an NTM by heating, a temaipee peaking of about 20% is needed,
comparable to the peaking observed at TEXTOR. kmua# gives the scaling for the
temperature peaking, assuming narrow islands apoweer deposition width smaller than the
island width (the numerical factofg andA; are assumed machine independent).
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To get the same temperature peaking in ITER a€dTOR, equation 4 requires a lowgr
inside the ITER islands (about a factor of 6) thamy.~1.5 nf/s observed in TEXTOR. So for
xe~0.2 nf/s in the ITER NTMs the heating effect is strongegh to compensate the lost
bootstrap current, and is competitive with the expg ECCD effect. Even if inside the ITER
islandsye~0.5 nf/s, which is equal to the expected equilibriggrat theq=3/2 surface in ITER,
the heating effect is still significant.

CONCLUSIONS

The combination of ECEI, ECRH and DED enabled aitbzt study of the suppression
process of Tearing Modes by ECRH at TEXTOR. Largeperature peakings of typically 25%
have been observed, leading to a suppression @Eieinduced islands to about half the initial
width. A power balance analysis inside the islagnkrled a typicate of 1.5 nf/s, comparable
to the ambient plasma. The measured suppressiea aaé consistent with theory (modified
Rutherford equation).

In ITER, ECRH is likely to be able to compensat&gnificant fraction of the lost bootstrap
current in the NTM. ECRH is competitive with ECCDj isan<= 0.2 nf/s. In any case, the
heating effect is a significant, free side effe€CtECCD experiments which always work in
favor.
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