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Abstract

The ratio between the heat diffusion coefficients paratel perpendicular to the magnetic field
lines, x|/ X, influences the flattening of the temperature profile insidgmetic islands and the
driving term of neoclassical tearing modes [R. Fitzpatriekys. Plasmag, 825 (1995)]. The
value of this anisotropy is, however, not easily accessRfmerimentally. This article presents a
method to determine it from a systematic comparison of teaipee measurements at magnetic
islands to numerical heat diffusion simulations. The aggtion of the method is demonstrated
for a 2/1 magnetic island in the TEXTOR tokamak, where a heat diffusinisotropy of 19is
observed. This is lower by a factor of 40 than predicted byzepiand Harm [L. Spitzer and
R. Harm. Phys. Re\89, 997 (1953)] and a strong indication that the heat flux lingitsdimines
the flattening of the electron temperature across magrstgicds.

PACS numbers: 52.55.Dy, 52.25.Fi, 52.25.Xz



1. Introduction

Heat transport in magnetised plasmas is faster along madiedd lines than perpendicular to
them by many orders of magnitude [1], which brings about orisemperatures within each
of the nested magnetic flux surfaces of tokamak equilibrid @m experimentally observable
flattening of the temperature profile inside magnetic iskafa. A magnetic island consists of
locally nested magnetic flux surfaces that may form by fiaie lieconnection in response to
an internal or external resonant magnetic perturbatiorgatlierium flux surfaces where the
safety factorq is rational. As magnetic field lines wind helically around iatand on these
island flux surfaces, a parallel contribution to the radiethtransport arises. A so-called heat
conduction layer forms around the island separatrix thinoubich the heat is transported across
the magnetic island chain. The width of the heat conductyer and the degree of flattening
depend on the ratio between the island widthand the critical island width for temperature
flattening [2],
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Here,Ry denotes the major plasma radinghe poloidal mode number of the islargthe safety
factor, andy = dg/dr its radial derivative.

The reduced pressure gradient inside magnetic islandseddnysthe temperature flattening per-
turbs the bootstrap current and gives rise to neoclassiaghy modes (NTMs). The amplitude
of the driving term depends om andw; [2, 3]. Despite its important role for the dynamics of
NTMs, which are expected to set tBelimit in the ITER conventional scenarios [4], the heat
diffusion anisotropy cannot be measured directly in experits.

In this article, we are systematically comparing experitaemeasurements of the temperature
distribution around a magnetic island to numerical hedtisiibn simulations that are performed
with the methods developed in Refs. [5, 6] and are capableeafihg realistic values of the
heat diffusion anisotropy in toroidal geometries [7]. Wegent a method to determine the ex-
perimental heat diffusion anisotropy and the magnetimlsize from this comparison. The
application of the method is demonstrated fo¥/amagnetic island triggered by the dynamic
ergodic divertor (DED) coil set [8] in the TEXTOR tokamak [9The experimental electron
temperature around the island, measured by ECE-Imagiegt(eh cyclotron emission imag-
ing) [10], is compared to the numerical simulation results.



2. TEXTOR Experiments

The TEXTOR discharge #99175, which is characterised by anetagfield strength of 25T
and a plasma current of about 300kA, is studied. TEXTOR isnédr tokamak with a circu-
lar plasma cross-section [9]. At the time considered (addus 1.6s), the plasma is heated
by roughly 250kW of Ohmic (OH) heating and about 300kW of n&lubeam injection (NBI)
heating. The volume-averaged value of the normalised @dwta,
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takes a value of about® Here,3, = 2y < p > /B? denotes the volume averaged toroidal
plasma betaa the minor plasma radiud; the toroidal magnetic field strength, the total
plasma currenty the magnetic constant, ardp > the volume averaged pressure. An overview
over the most important plasma parameters is given in Fig. 1.

2.1. Magnetic Perturbation Profiles

TEXTOR is equipped with a set of 16 helical perturbation fietds of the dynamic ergodic
divertor (DED). The principal component of the perturbatfield that can be produced by these
coils may be varied betweedi1, 12/4, and6/2 operation. In our case, tH¥1 configuration is
used with a 1kHz AC current which gives rise to a magneticupbation that rotates around the
torus. The amplitude of the coil currents is ramped up from @ 1.9kA betweent ~ 1.22s
and 174s. The magnetic perturbation has a strghgideband that gives rise to a rotatid/g
magnetic island. As the DED coil currents act just as an aidit driving term in the Ruther-
ford equation that determines the magnetic island dynamiE®-islands are not different from
“usual” magnetic islands.

The considered island starts to grow at alicatl.55s and locks to the external perturbation field
att = 1.58s. Our comparison will be performed during the island ghophase after the mode
has locked. The radial profiles of tRé& magnetic perturbation required for our calculations
are derived from nonlinear cylindrical two-fluid MHD simtilans. These are performed for
typical TEXTOR parameters analogous to Ref. [11] and do elyt on the so-called vacuum
assumption but include the full plasma interaction withek&ernal magnetic perturbation. The
obtained profiles are depicted in Fig. 2 for two differenttpdyation amplitudes that lead to
different island sizes. Only th&1 magnetic perturbation excited by the DED coils is taken into
account in our simulations. By performing vacuum magnegiciftalculations, we have checked
that the full DED spectrum does not lead to a significant sistibation at the island separatrix
in our case such that the assumption can not affect the eta@sults for the heat diffusion
anisotropy.
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Figure 1: The most important plasma parameters of TEXTORhdigie #99175 are shown.
From top to bottom, time-traces of the total plasma currdet heat source and drain
powers (Ohmic, NBI, and radiated), the core electron dgnaitd the core electron
temperature are given. The local electron density is réoacted from the line-
integrated values measured with HCN interferometry aloagymines of sight.
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Figure 2: Radial profiles of th&/1 magnetic perturbation are shown for two different perturba
tion amplitudes that lead to island sizes ofen respectively 4cm.

2.2. Temperature Measurements

The electron temperature around the island is measured ByfOR’s ECE-Imaging diagnos-
tic [10] that consists of an array of 8 radial times 16 vettateannels, which are located around
the outer mid-plane for this shot. Thermal noise intrinsiatty ECE measurement is suppressed
by applying singular value decomposition (SVD) to the meedwdata array and keeping the
10 most significant eigenvector pairs. The incoherent databe removed this way allowing
to resolve temperature fluctuations of small scales andiamdps. SVD still ensures that the
statistics of all 128 channels enter into the noise supjaesdthough only some of the channels
are actually used for the comparison.

The average electron temperature within a volume of rougibiy? is measured by every ECE-
Imaging channel. Assuming rigid body rotation, the timeeer of each channel provides data
corresponding to a toroidal temperature profile at a differadial position in the vicinity of
the 2/1 resonant surface. From the channels that are locat@d=a0, six were selected that
are situated sufficiently close to tRa resonant surface to be relevant for our comparison. The
channels, which will be referred to &s. . .Eg in the following, are located betwedéh= 2.05m
and 210m. The measurements determine the temperature digrikattthe magnetic island on
the low-field side of the plasma. For an island width of 8cre,fibsition of the channels relative
to the island is illustrated in Fig. 3. The spatial resolnsiof the ECE-Imaging measurement
in radial and vertical directions are determined by theadlice of the individual ECE-Imaging
channels and by the size of the volume over which each chdamefages" the temperature.
Both length scales are about one centimetre. The measurevasrcarried out with a sample
frequency of 200kHz and down-sampled to 100kHz. This resalabout 100 data points per
mode transit around the torus which corresponds to a tdraédalution of about 11cm.
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Figure 3: For the reconstructed magnetic field topology -at1.598s with an 8cm widé/1
island, a Poincaré plot that displays the magnetic flux segfas shown together with
the lines along which the temperature is measured by the Gk-Enaging channels
atR=2.05m, 206m,..., 2.10m.

The ECE-Imaging signals are first cross-calibrated ag#iestD ECE diagnostic. Successively,
a careful relative calibration between the channels isoperéd that is determined using the
measurements at a large magnetic island, where the terapeiaside the island is known

(e.g. from the time-traces of the ECE-Imaging signals) tdaogely flattened. The calibration

is kept fixed for all cases considered. The experimental idatait into time-fragments that

correspond to one mode-transit around the torus, each iX-fmoX-point of the island). These

segments will be compared to numerical simulations later on

3. Physics Model

The island evolution is slow enough such that the tempegadistribution can be assumed to
follow changes of the magnetic topology instantaneouslg.thérefore model the electron heat
transport by the steady-state anisotropic heat diffusguraton,

a- Je = P87 (3)
where
Je= —Ne [XH,eDHTe‘f‘ XL,eDLTe] (4)

is the electron heat flux density, denotes the electron particle densikythe electron temper-
ature,Pe the electron energy source (and sink) tefinTe = 6(6- OTe) the temperature gradient
parallel to the magnetic field lines|; To = OTe — [ Te the cross-field temperature gradient, and
b = B/B the magnetic field direction vector.



Figure 4: The profile of the unperturbed cross-field heatsdién coefficienty ¢, is given. Itis
determined by a numerical simulation from the unperturleedperature profile prior
to the mode onset and the heat deposition profile.

The local heating power density at the magnetic island doeglay an important role for our in-
vestigations as the temperature distribution is not pealgrdficantly around the O-point of the
island. We assume that the electrons are effectively hdéstédlf of the sum of Ohmic and NBI
heating powers. Radiative losses that probably originaistiynfrom carbon ions at the plasma
boundary are neglected. Moderate inaccuracies in thengeptiwer density can not affect the
obtained value of the heat diffusion anisotropy but onlyphafile of the cross-field diffusivity
which leads, in turn, only to a marginal error in the caldolatof the analytic anisotropy pre-
dictions that we are comparing to. This error may be negieateit is much smaller than the
uncertainty of the heat diffusion anisotropy obtained fritra comparison between measured
and simulated temperature profiles.

The profile of the unperturbed cross-field heat diffusiorffo@ient, x| ¢, can be determined from
the heating power deposition profile and the temperaturlgorneasured prior to the onset of
the magnetic island. The resulting profile is plotted in Figand is used for the successive
simulations. At the/1 resonant surfacey, ¢ takes a value of about@?/s. We assume that
the island does not alter the profile significantly. Insidegnedic islands, the perpendicular
heat diffusion coefficient may, however, be different framvalue outside the island [12, 13].
The value ofy, ¢ inside the island influences how strongly the temperatuskgaround the
O-point due to local heat sources. In the considered TEXT@Bhdrge, the small amount of
local Ohmic and NBI heating inside the magnetic island leadg to a very moderate peaking.
Comparing it to the simulations indicates a cross-fieldudiffity inside the island that is of
a similar order as outside the island. However, the uncditai due to the low local heating
powers do not allow to investigate this issue in more dellaiaminations with electron cyclotron
resonance heating into the magnetic island are planneddorisdered for this purpose.



Our computations are performed with the 3D finite differeacieeme developed in Ref. [5] that
is capable of treating realistic values of the heat diffasaaisotropy without the requirement of
a full coordinate alignment to the magnetic field lines ang &dlaeady been applied to toroidal
geometries [7]. The coordinate system chosen is an unghbelieal straight field line coordi-
nate system whose helicity is aligned to #fiemagnetic island to reduce the necessary toroidal
resolution. The radial, poloidal and toroidal coordinades denoteg, 6, and@. For details on
the tensorial form of the heat diffusion equation and théchetoordinate system, readers may
refer to Sections I1.B and II.E of Ref. [7].

4. Comparison between simulations and measurements

Our method is now applied to TEXTOR discharge number 991 @bigped with the profiles for
the heating power density, the electron density, the magpetturbation, and the equilibrium
cross-field heat diffusivity, Egs. (3) and (4) are solvedviarious values of island width and heat
diffusion anisotropy:

w=4.0cm 4.5cm, ..., 11.0cm
X|/xL=1-10", 15.10°, 2-10', 3-10°, 5-10, 7-10', 1-1¢®, ..., 1-10°

The simulations were carried out with 91 radial, 129 polbatad 17 toroidal grid points. The
radial range betweerya = 0.35 andr/a = 0.8 was resolved, whenedenotes the local minor
radius andathe minor plasma radius. For each mode-transit, the nuaiaiimulation is selected
that reproduces the experimental temperature measurerbest as indicated by the smallest
guadratic deviations. The matching algorithm is describegktail in Appendix A.

“Numerical temperature signals”, separated¥®/~= 0.25cm, are determined as toroidal profiles
(p=0...2m) at the outer mid-plan&Z(= 0). As the distance between the ECE-Imaging channels
is approximately 1cm, every fourth numerical signal has @éocbmpared to an experimental
channel. An integer numbeélis introduced, such that the numerical signdisN;4,...,Nii20

are matched to the experimental chanrgisE,,...,Es. The most reasonable value fors
selected automatically in every matching procedure to@ucfor a possible slight variation of
the safety factor profile due to the growing magnetic islafor the considered dischargie,
stays virtually constant which corresponds to a fixed mappigtween experimental channels
and numerical signals and indicates that the position offheesonant surface does not vary by
more than Gbcm.
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Figure 5: Comparisons of experimental temperature meammnts (“x”) to numerical simula-
tion results (solid lines) for three different times. Thiaisl X-point is located ap=0
and@ = 2irwhile the O-point is positioned & = 11.

4.1. Matching of measured and calculated temperature profil es

Fort = 1.598s, Fig. 3 shows a Poincaré plot of the reconstructed niadiedd structure together
with the lines along which the temperature is measured bysiheonsidered ECE-Imaging
channels. Very good agreement between numerical simntatnd experimental data is ob-
tained in the considered time-interval betwéden 1.584s and 10s. For three representative
time-points, the experimental and numerical data sets @rgared in Fig. 5. The deviation
seen around the X-point = 1.584s is probably caused by two factors. Firstly, the distdres
tween the ECE-Imaging channels is not exactly 1cm as asstonedr comparison, but varies
between ®cm and 12cm. Secondly, the calculations are performed in stegswef 0.5cm for
the magnetic island size, only, which are quite large at kmagnetic islands.

The time-trace of the matching error, i.e., the quadratifedince between the measured and
calculated temperature profiles, is plotted in Figure 6. tRerdetermination of/x., the
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Figure 6: The quadratic differencd3, between experimental measurements and numerical sim-
ulations are given for each mode-transit. We considerl.584...1.610s for the de-
termination of the heat diffusion anisotropy.

time-interval between = 1.584s and 510s is used where the numerical simulations are able
to reproduce the experimental measurements very acourated strongly increased error prior
to this time-interval originates from distinct irregulées in the ECE-Imaging signals. These
probably arise as the island is not yet locked completelhéoexternal perturbation field and
fluctuates between locking and unlocking. Aftet 1.61s, the island has become larger than 20
percent of the minor radius. Higher harmonic magnetic plations {/1, 3/1, 3/2, 5/2, .. .), that
are excited due to toroidicity, arise in the simulationshié point and start to cause stochastisa-
tion of the island separatrix. It is, however, not clear iststochastisation is also present in the
experiment. The temporal resolution of CXRS (charge exgbarcombination spectroscopy)
measurements is not sufficient to tell if the plasma is stithting differentially at the time of
interest right after the /4 mode locking or if the differential rotation has alreadyighed. In
case of differential rotation, the higher harmonics woudd Ime coupled and the stochastisation
removed by shielding currents.

4.2. Sensitivity of the simulated temperature signals on w and XH/XJ_

In the following, the sensitivity of the simulated tempeirat signals on variations of the island
width and the heat diffusion anisotropy will be demonstiat&his allows to give an estimate

for the accuracy of the values determined by the matchinggohare between experimental and
numerical data. For this purpose, results fer 1.598s will be analysed in detail, where an
island width of 80cm and a heat diffusion anisotropy xf/x. = 1- 108 are detected.

10
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Figure 7: The sensitivity of the temperature signals on skend width is shown for = 1.598s
with ) /xL =1 108. For this purpose, temperature signalsvice 7cm (dotted lines),
8cm (solid lines), and 9cm (dashed lines) are compared. thalyemperature signals
far from the resonant surface are affected significantlyrbglschanges of the island
width. For this case, an island width of about 8cm is requirethe simulation to
reproduce the measured temperature distribution.

As seen from Fig. 7, the numerical temperature signals dogbe resonant surface (num-
bered (4), (5), and (6) in Fig. 7) remain virtually unchangédhe island width changes from
8cm to 7cm respectively 9cm. In contrast, temperature sdiaa from the resonant surface
(e.g., number (1) in Fig. 7) are affected very strongly. Theasured temperature distribution
is not reproduced reasonably by simulations with islandhgi@f 7 respectively 9cm, but very
well by w = 8cm. The detected island widths are therefore reliableGdbcm.

As expected, the heat diffusion anisotropy affects the tatpre signals far from the resonant
surface only slightly except for some offset shift. Howetke signals close to the resonant sur-
face are changed quite significantly in the X-point regigm<{0), as seen from Fig. 8. Clearly,
the computations performed far/x, = 2-10" andy; /x. = 5- 10 reproduce the measured
temperature distribution much worse than the simulatiah ygj/x, = 1- 10%. The detected val-
ues of the heat diffusion anisotropy for each mode-tramsitrad the torus are therefore reliable
to a factor smaller than 5.

4.3. Results

The matching procedure explained in the previous Subseiginow applied to the temperature
measurements of many mode transits around the torus. Timestraces of the island width

11
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Figure 8: The dependence of the temperature signals on #ialifieision anisotropy is shown.
For this purpose, temperature signals foy x, = 2- 10’ (dotted lines), 110° (solid
lines), and 510° (dashed lines) are compared. The valuexof x, mostly affects
the temperature distribution around the X-point (greeange and red curves around
¢@ = 0). For the considered mode-transittat 1.598s, a heat diffusion anisotropy
around 1 1% is required to reproduce the measured temperature sigmalsrically.

and the heat diffusion anisotropy are obtained. From Fi§utee magnetic island width can be
seen to increase from abg@5+0.5)cm to(9.5+0.5)cm within the considered time-interval of
26ms which corresponds to a growth rate of alidui+ 0.3)m/s. The heat diffusion anisotropy
fluctuates around a value of about1This corresponds to a value of the critical island width
for temperature flatteningy;, equal to about 2cm. Thus, the valuevefw,, changes roughly
from 3to 5.

The distribution of the obtained values fgi/x . is analysed in Figure 10. It is seen to agree
quite well with a Gaussian distribution which allows to appmate the statistical uncertainty.
We obtainy; /x. ~ 8- 10" with an uncertainty factor of about 2. Due to the large nundfer
“measurements” of the heat diffusion anisotropy, the uagay is significantly smaller than
that of one single mode-transit which was estimated in 8eecti2. The assumed systematical
error of 30 percent in the value dfj/dp at the2/1 resonant surface results in an additional factor
of 2. Altogether, the observed heat diffusion anisotropthatconsidered/1 magnetic island is

X||/XL — 107.9i0.5‘ (5)

4.4. Discussion

In a typical tokamak plasma, the temperature gets constafitio surfaces irrespective of the
exact value of the heat diffusion anisotropy except for ¢hegrfaces that belong to the heat

12
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Figure 9: The evolution of the island size is shown. The @landth grows from about . 5¢cm
to 9.5cm during the considered time-interval.

conduction layer of a magnetic island which is located atiskend’s separatrix [2]. Only in
this region, the temperature distribution is sensitivehheat diffusion anisotropy. It is conse-
guently the effective heat diffusion anisotropy of the hematduction layer that we determine by
our comparison.

Spitzer and Harm derived the expression

5/2
XM =316-Mne-Ae~ 36- 10297T2[i<[fn\43] m?/s (6)

e
for the parallel heat diffusivity assuming free-streaméigctrons, where, ¢ denotes the elec-
tron thermal velocityA¢ the collisional electron mean free pafh, the electron temperature
given in keV, andhe the electron density given in ™ [1, 14]. According to the Spitzer-Harm
formula, a heat diffusion anisotropy around14”® would be expected at the considerédis-
land in TEXTOR. In the calculation of this prediction, th@ss-field diffusivity of Fig. 4 enters.
This seems to be reasonable as we do not see an indicationdns@erably different cross-field
diffusivity inside the island as discussed in Section 3. ifiddally, the cross-field diffusivity is
relevant only in the heat conduction layer around the iskeyhratrix and not further inside the
island. A deviation of the cross-field diffusivity from thalue of the background plasma can
generally not affect the value obtained for the heat diffnsinisotropy by comparing experi-
ment and simulation, but only the calculation of the Spi#dérm prediction. A reduced cross
field diffusivity would lead to an even higher anisotropy dgliction such that the qualitative
conclusion of this work would not be altered.

The temperature at the magnetic island changes by 8 pertehe iconsidered time-interval
which corresponds to a change of the anisotropy predicti@bout 20 percent which is negli-

13
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Figure 10: The obtained values for the heat diffusion argyt roughly form a Gaussian distri-
bution (dashed line). This allows to estimate the statiktiocertainty of the obtained
values.

gible. Inaccuracies in the perpendicular heat diffusioaffocient caused by uncertainties in the
electron heating power profile may affect the calculated@nbpy prediction only slightly and
can be neglected as well.

The predicted heat diffusion anisotropy is by a factor ofgtdy 40 higher than what we observe
which is an indication for the so-called heat flux limit, fidkrived by Malone, McCrory and

Morse [15]. It predicts the same heat diffusion anisotropySgitzer and Harm in a very thin
layer (< 1mm) around resonant surfaces and the separatrices of titagptends, but values

reduced by 1 or 2 orders of magnitude apart from these. Agdtidin for the heat flux limit has

previously also been found by Tokar and Gupta using an doalgpproach [16].

In the considered discharge, the width of the heat condudtger around thé/1 island is
roughly between Bcm and 2cm according to the analytical estimate given in[RefThus, the
heat diffusion anisotropy is predicted to be much lower tihenSpitzer-Harm level over most of
the heat conduction layer according to heat flux limit the@uwalitatively, this prediction agrees
very well with our observation that the effective heat difan anisotropy in the heat conduction
layer is much lower than the Spitzer-Harm level.

14



5. Summary

A method for the determination of the magnetic island sizkthe heat conduction anisotropy in
the experiment by comparing results of numerical heat sifia computations to experimental
temperature measurements has been developed. An algenittnmatically detects the numer-
ical temperature profiles across a magnetic island thabdejes the measurements for every
mode transit around the torus best. As the heat diffusiosomipy is a key parameter for the
understanding of neoclassical tearing modes but cannoeasumed directly in the experiment,
the demonstrated method might help to improve the undatistgrof island dynamics.

The scheme has been applied &Jiamagnetic island in the TEXTOR tokamak that grows from
aboutw = 5.5cm to 95cm at a growth rate of.8m/s. The ratio between the island widil,
and the scale island width for temperature flattenimg,changes, accordingly, from 3to 5. A
heat diffusion anisotropy of £0s observed with an uncertainty factor of 3. This is lowemtha
the Spitzer-Harm prediction by a factor of roughly 40 andrsgjly supports the heat flux limit
theories. The method is also planned to be applied to nesickddgearing modes in ASDEX
Upgrade.

A. Automatic Matching of Experimental and Numerical Data

For every matching attempt between the measurements of e-tremsit and a numerical com-
putation, the quadratic differences between numericaladgiN;, N;. 4, ... Ni. 20 and experimen-
tal channel€;, By, . . . Eg are pair-wisely integrated over the full transpt£ 0. .. 27) giving the
qguadratic difference®; ... Qg of the channel-pairs. The total quadratic difference betwthe
measured mode-transit and the numerical simulation isdivem byQ = 5_; Q. The small
deviations between the average experimental and numéeicgderatures resulting from fluc-
tuations in the experiment are removed prior to the detetitin of the quadratic differences.
The relative calibration of the channels is naturally né¢rald by this procedure and remains
unchanged during the whole comparison.

The most reasonable value for the indekat determines which numerical signals are matched
to the experimental channels is chosen for any combinafian experimental measurement and
a numerical computation by minimisir@. Then, for every mode-transit, again by minimising
Q, the numerical computation is selected that reproducem#asured temperature distribution
best. This way, an estimate farand x|/ x . is obtained, for each mode-transit independently.
In summary, the algorithm given in pseudo-code is as foliows

15



for every nmeasured node-transit, do
for every nunerical conputation, do
for every value of i, do
Determine the quadratic difference Q
bet ween neasurenent and sinul ati on.
done;
Sel ect the value for i with mniml Q
done;
Sel ect the nunerical sinulation with mnimal Q
done;

Pseudo-code is a compact and informal high-level deseorigf an algorithm. It may use the
structural conventions of some programming language,shiaténded for human reading. The
description is independent of the programming languagdlibe implemented in.
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