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Introduction

Heat transport in magnetised plasmas is faster along magnetic field lines than perpendicular

to them by many orders of magnitude [1], which brings about a flattening of the temperature

profile inside magnetic islands [2]. The ratio between the parallel and perpendicular heat dif-

fusivities, χ||/χ⊥, is not easily accessible in experiments despite its important role for the dy-

namics of neoclassical tearing modes. In this article, we systematically compare measurements

of the temperature distribution around a magnetic island to numerical simulations that are per-

formed with the methods developed in Ref. [3] and are capable of treating realistic values of

the heat diffusion anisotropy in toroidal geometries [4]. We present a method to determine the

experimental heat diffusion anisotropy and the magnetic island size from this comparison. The

investigations are described in more detail in Ref. [5].
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Figure 1: Radial profiles of the 2/1 magnetic

perturbation for two different perturbation am-

plitudes are shown.

The method is applied to a 2/1 magnetic island

triggered by the dynamic ergodic divertor (DED)

coil set [6] in TEXTOR. The electron temperature

around the island, measured by electron cyclotron

emission imaging (ECE-Imaging) [7], is compared

to the numerical simulation results.

Experiment

TEXTOR discharge #99175, which is charac-

terised by a magnetic field strength of 2.25T and

a plasma current of about 300kA, is studied. At

t = 1.6s, the plasma is heated by roughly 250kW

of Ohmic heating and about 300kW of neutral

beam injection heating. Perturbation fields can in TEXTOR be produced by the 16 helical DED

coils. The principal component is selected to be the 3/1 mode in our case which has a strong

2/1 sideband. The perturbation rotates around the torus as the coils are fed with a 1kHz AC

current and gives rise to a 2/1 magnetic island as the coil currents are ramped up. This island

will be used for our comparison during its growth phase after the mode has locked. Radial pro-

files of the 2/1 magnetic perturbation are derived from nonlinear cylindrical two-fluid MHD
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simulations that are performed for typical TEXTOR parameters analogous to Ref. [8] and do

not rely on the so-called vacuum assumption but include the full plasma interaction with the

external magnetic perturbation. Profiles for two different island sizes are depicted in Fig. 1.

The electron temperature around the island is measured by TEXTOR’s ECE-Imaging diag-

nostic [7] which consists of an array of 8 radial times 16 vertical channels, which are located

around the outer mid-plane for this shot. Thermal noise is suppressed by singular value decom-

position. Assuming rigid body rotation, each channel provides data corresponding to a toroidal

resp. poloidal temperature profile at a different radial position. About 100 data points are avail-

able per mode transit around the torus. Six channels located at Z = 0 close to the 2/1 resonant

surface are selected. The ECEI signals are first cross-calibrated against the 1D ECE diagnostic

and then calibrated relatively. This calibration is kept fixed for all cases considered.

Physics Model

As the island evolution is slow enough such that the temperature distribution can be as-

sumed to follow changes of the magnetic topology instantaneously, we model the electron

heat transport by the steady-state anisotropic heat diffusion equation, ∇ ·qe = Pe, where qe =

−ne

[

χ||,e∇||Te + χ⊥,e∇⊥Te

]

is the heat flux density, ne denotes the electron particle density, Pe

the energy source term, ∇||Te the temperature gradient parallel to the magnetic field lines, and

∇⊥Te the cross-field temperature gradient. The energy source term, Pe, is set to half of the sum

of Ohmic and NBI heating powers.
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Figure 2: Comparisons of experimental (“×”)

and numerical (solid lines) temperature pro-

files. The island O-point is located at ζ = π .

Our computations are performed with the finite

difference scheme developed in Ref. [3] that can

treat realistic heat diffusion anisotropies without

full alignment of the coordinates to the magnetic

field lines in toroidal geometries [4]. An unsheared

helical coordinate system aligned to the 2/1 is-

land is used to reduce the necessary toroidal res-

olution. For details on the tensorial form of the

heat diffusion equation and the helical coordinate

system, refer to Ref. [4]. The profile of the unper-

turbed cross-field heat diffusion coefficient, χ⊥,e,

can be determined from the heating power deposi-

tion profile and the temperature profile measured

prior to the onset of the magnetic island. At the

2/1 resonant surface, χ⊥,e takes a value of about

0.9m2/s. We assume that the island does not alter

the profile significantly. Inside magnetic islands,

the perpendicular heat diffusion coefficient may,

however, differ from outside the island. Examina-

tions with local heating into the island are planned to be considered for studying this.
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Comparison between simulations and measurements

Our method is now applied to TEXTOR discharge #99175. Calculations are performed for

various values of island width and heat diffusion anisotropy. For each mode-transit around the

torus, the simulation is selected that reproduces the measured temperature profiles best as in-

dicated by the smallest quadratic deviations. The matching algorithm is described in detail in

Ref. [5]. The “numerical temperature signals” that are compared to the experiment are toroidal

profiles determined at the outer mid-plane.
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Figure 3: Discrepancy between numerical and

experimental temperature profiles.

Very good agreement between numerical and

experimental data is obtained in the time-interval

t = 1.584s . . .1.610s which will be used for the

determination of χ||/χ⊥. For three representative

time-points, the experimental and numerical data

sets are compared in Fig. 2. The quadratic dif-

ference, Q, between the measured and calculated

temperature profiles is plotted in Figure 3. The

strongly increased error prior to the considered

time-interval are caused by irregularities in the

ECEI signals. After t = 1.61s, the island has be-

come larger than 20 percent of the minor radius

which cannot be simulated reasonably with the magnetic perturbation model used as stochasti-

sation arises that is absent in the experiment due to shielding currents.

The sensitivity of the simulated temperature signals on variations of the island width and the

heat diffusion anisotropy were studied showing that the detected values of the island width for

every single mode-transit around the torus are reliable to ±0.5cm and these of the heat diffusion

anisotropy to a factor smaller than 5.
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Figure 4: In the considered time-interval, the

island grows from about 5.5 to 9.5cm.

The matching procedure is now applied to the

temperature measurements of many mode transits

around the torus. Thus, time-traces of the island

width and the heat diffusion anisotropy are ob-

tained. From Figure 4, the magnetic island width

can be seen to increase from about 5.5cm to

9.5cm. The heat diffusion anisotropy fluctuates

around 108 which corresponds to a value of w/wc

that increases from 3 to 5.

The distribution of the values obtained for the

heat diffusion anisotropy is analysed in Figure 5.

We get the value χ||/χ⊥ = 108 with an uncertainty

factor of about 3. Due to the large number of “measurements” of the heat diffusion anisotropy,

the uncertainty is somewhat smaller than that estimated for the single mode-transits above.
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Discussion
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Figure 5: Distribution of the obtained values

for the heat diffusion anisotropy.

Outside the island heat conduction layer, the tem-

perature is constant within each flux surface irre-

spective of the exact value of the heat diffusion

anisotropy. We have consequently determined an

effective heat diffusion anisotropy of the heat con-

duction layer. According to Spitzer and Härm [1],

an anisotropy around 4 · 109 would be expected,

which is by a factor of 40 larger than what we

observe. This is an indication for the heat flux

limit that was first derived by Malone, McCrory

and Morse [9]. It predicts the same heat diffusion

anisotropy as Spitzer-Härm in a thin layer (. 1mm)

around resonant surfaces and island separatrices, but values reduced by 1 or 2 orders of mag-

nitude apart from these. In the considered discharge, the width of the heat conduction layer is

roughly between 0.5cm and 2cm according to Ref. [2]. Thus, the anisotropy is predicted to be

much lower than the Spitzer-Härm level over most of the heat conduction layer according to

heat flux limit theory. Qualitatively, this agrees very well with our observation that the effec-

tive heat diffusion anisotropy in the heat conduction layer is much lower than the Spitzer-Härm

level. An indication for the heat flux limit has previously also been found in Ref. [10].

Summary

A method for the determination of the magnetic island size and the heat conduction anisotropy

by comparing results of heat diffusion simulations to temperature measurements has been de-

veloped. An algorithm automatically detects the numerical temperature profiles that reproduce

the measurements best. For the 2/1 island in TEXTOR considered, the island width increases

from w = 5.5cm to 9.5cm at a growth rate of 1.5m/s while the ratio w/wc increases from 3 to

5. A heat diffusion anisotropy of 108 is observed with an uncertainty factor of 3. This is lower

than the Spitzer-Härm prediction by a factor of 40 and supports heat flux limit theories.
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