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Elucidation of the Heat-Flux Limit from Magnetic-Island Heating
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Recent experiments on heating of magnetic islands in a tokamak are analyzed to assess plasma transport
characteristics. By comparing with the experimental data, both perpendicular and parallel components of
the electron heat conductivity in the island are determined. As a consequence, the so-called heat-flux limit
factor £, the ratio of the parallel heat conduction flux in a collisionless plasma to that transferred by free-
streaming electrons, can be estimated. The found factor & does not contradict that established earlier by

interpreting laser plasma experiments.
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Introduction.—Diverse MHD instabilities such as ideal
ballooning, peeling, tearing modes, break closed magnetic
surfaces and destroy the axis symmetry of magnetic con-
figuration in a tokamak. The resulting powerful transport
along magnetic field lines can contribute substantially to
particle and heat losses from the plasma and significantly
affect confinement as this takes place by the development
of neoclassical tearing modes in the core [1] and edge
localized modes (ELM) at the plasma periphery [2].
Therefore the transport characteristics parallel to the mag-
netic field, in particular the parallel heat conduction k|, are
of paramount importance for comprehension and a quanti-
tative description of such phenomena. In particular, it has
been demonstrated recently that both the intensity and the
collisionality dependence of energy losses by the type I
ELMs are governed essentially by «|| [3]. Itis also relevant
for the mechanisms of ELM mitigation with external mag-
netic field perturbations [4].

In plasmas, the dominant contribution to «; is due to
light electrons. If electrons collide with each other often
enough, the Spitzer-Hirm formula can be adopted [5]:
K = kit = 3.16nVy A, with n, Vi, = /T/m and A being
the density, thermal velocity, and collision mean free path
length of electrons, T and m—their temperature and mass,
respectively. With dwindling collisionality this approxima-
tion becomes inadequate when A exceeds some per mill of
the characteristic dimension for the temperature change,
Ly = 1/| V| InT|, i.e., much earlier than the fluid approxi-
mation breaks down. The reason for this: heat carrying
electrons with velocities by a factor of 3—4 larger than Vy,
get collisionless [6]. The significance of these suprather-
mal particles for the heat conduction process manifests
also in the fact that contradictory to naive expectations,
the free-streaming heat flux, énVy, T with ¢ = 1, fails to
reproduce the conductive heat transfer in a collisionless
case. This was first demonstrated by interpreting laser
fusion experiments. These studies [7] have elucidated
that a significant heat-flux limitation has to be introduced
by assuming 0.03 = ¢ =< 0.1. Fokker-Planck simulations
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of laser produced plasmas [8] and a tokamak scrape-off
layer with strong recycling [6] have assured this limitation
emanating due to nonlocal effects. These effects diminish
the perturbation in the distribution function caused by the
temperature gradient and being responsible for the heat
conduction process [9].

Up to now there has been an absence of experimental
evidence for the existence of the heat-flux limit in tokamak
plasmas. In this Letter we analyze from this point of view
recent experiments on the tokamak TEXTOR where a
tearing mode with the poloidal and toroidal wave numbers
M and N equal to 2 and 1, respectively, was triggered by
the dynamic ergodic divertor (DED) [10]. The arising
magnetic islands were heated by electron cyclotron reso-
nance heating (ECRH) [11] and detailed measurements of
the electron temperature profile in islands have been per-
formed with the 2D electron cyclotron emission imaging
(ECEI) diagnostic [12]. By interpreting these results the
heat conduction components, both perpendicular and par-
allel to the magnetic field, k) and k||, respectively, are
determined. The elucidated heat-flux limit factor £ is at the
low edge of the range established earlier in laser plasma
experiments [7].

Heat transport analysis.—Heretofore heat transport in
configurations with magnetic islands has been analyzed
analytically and numerically by neglecting heat sources
inside islands [13-16]. In this Letter we take these into
account by applying analytical approaches. The most rig-
orous one has been developed in Ref. [14] by considering
two limit cases of “small”” and “large” islands where the
island width w is either much smaller or much larger than
the critical one w,.. The latter is controlled by the ratio of
k| and k), parameters which have to be ascertained in this
study. Thus, one cannot say a priori which limit is relevant.
Therefore the theory proposed in Ref. [14] will be gener-
alized here for both limit cases by including the plasma
heating in the magnetic island. For this purpose we take
into account that the total ECRH power has been launched
into a layer centered on the resonant surface (RS), being
much thinner than the island width. Owing to the island
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rotation the power is distributed nearly homogeneously
over the RS. Therefore it is assumed that the heat deposi-
tion layer is a infinitesimally thin toroidal shell centered on
the RS. The deposited heat flows from the RS towards both
the plasma core and edge with the heat-flux density ¢, =
Prcru/ (87 rR,s), where Pgcry is the heating power, 7,
and R, are the minor and major radii of the RS. Since the
Ohmic power deposited in the plasma core is transported to
the plasma edge mainly through regions close to the X
point of islands [14] it does not change strongly the tem-
perature perturbation produced by the island heating.

By applying the ECRH the temperature in the island O
point rises quickly in roughly 10 ms by a maximal 25% and
remains nearly constant during the heating phase lasting up
to 700 ms [12]. Thus the temperature profile in the island
can be described by a stationary heat transport equation
[14]. By including the heat source this equation can be
conveniently written in the form

Ta T dwgbl
(D

where T is the temperature perturbation due to the presence
of the island and heating; { = M — Ng the phase angle
of the radial magnetic field perturbation, B, = BYsin/,
with ¥ and ¢ being the poloidal and toroidal angles,
respectively. As in Ref. [14] the island O point is located
at { = a; y = 2(r — r,)/w is the distance from the RS
measured in the island half-widths; o = « /(k)b?) with
b, = BY/B and B being the total magnetic field, i.e., nearly
its toroidal component; the metric coefficient g =

/.1 + A% . éV)z accounts for the variation of the distance

between magnetic surfaces with £ and y; Q is the heating
power density. By taking into account the heating source
localization at the RS, the temperature perturbation out of
the RS is described by Eq. (1) with zero right-hand side.
This is similar to Eq. (24) in Ref. [14] where the critical
island width w, = w(o/4)"/* and radial coordinate X =
2wy/w, have been used. The heating at the RS defines the
boundary condition for 7 at y = 0. This can be found by
integrating Eq. (1) over the infinitesimally thin heating
layer or, in a more transparent way, from the heat-flux
continuity at the border of this layer, ¢, = —« 0T /0r +

qlrl' The former contribution on the right-hand side is due to

oT 82T_ w20
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perpendicular heat conduction and the latter one—the
radial component of the heat flux along magnetic field lines

B, - . oT
q|r| = _EKHVHT = —K”b%San{W. (2

As a result one has

aT Wi
o) = - . 3
ay ) 2k b3 (o + sin?{) ©)

Small island limit.—In this approximation, correspond-
ing to w K< w, or 1 < o, the temperature perturbation is
primarily just a function of y. This contradicts to the
experimental observations [12] clearly exhibiting a signifi-
cant {- dependence in 7. Therefore one can reasonably
expect that this limit is not realized. However, for the
completeness of our analysis we consider it. As in
Ref. [14] it is assumed T(y, {) = To(y) + T,(y) cos and
the functions T(y) and 7', (y) are governed by Eqs. (29) of
Ref. [14]. However, their boundary conditions at the RS are

modified. From Eq. (3) one gets 3—5(0) — 34 (1
cos2{)
dT Wqys dT
—°<0>%—2qv Go=0 @
K1

Thus, in the case in question the function f, controlling the
y(X) dependence of T, see Eq. (32) in Ref. [14], satisfies
the boundary condition df/dy(0) = 0. Numerical solution
of Eq. (33) from Ref. [14] with this boundary condition
gives f(0) = 2.5 instead of f(0) = 0 adopted there.

ECEI diagnostics [12] allows apparent identification of
the poloidal cross sections of isothermal surfaces in is-
lands. These surfaces are characterized by the radial and
poloidal half-widths x,. and 3., respectively, corresponding
to the phase coordinates y, = 2x,/w and {, = 7 + M3,
(¢ is constant for poloidal cross sections of isotherms
and is assumed equal to zero). The radial temperature
difference 8,7 =T(0,7) — T(y,, m) = —y,0T,/9y(0) =
Gr¥s/ K | . With 8,T, g,, and x, known from the experiment
one can compute the perpendicular heat conduction

1= Qrsx*/b‘fr‘ %)

Moreover, on isotherms 8,T is equal to T(0,7) —
T(0, £.) = —T,(0)(1 + cosZ,) and this results in

_ [f(O)(lg\v;iic:sg*)WT.

As an example we consider the case of Pgcrg = 300 kW
in Ref. [12] and the isotherm with 8,7 =~ 35 eV. This is
characterized by x, = 2.7 cm and ¢, = 0.83. For ty-
pical g,; = 0.7 W/cm? and w = 6 cm, one obtains k| =~
3.4 %107 cm™!'s™! and o = 0.08. As it was expected,
the latter is in contradiction to the small island approxima-
tion, o > 1.

Large island limit.—This limit corresponds to o <1
and parallel heat conduction dominating over the perpen-
dicular one and heating. In this case the temperature per-
turbation has to be, in the first approximation, constant on
island magnetic surfaces corresponding to a constant {) =
2y? + cos{. Indeed, by assuming 7 = Toy? + T cos{,
where T and T are some constant factors, and substituting
this into Eq. (1) where ) — oo and, thus, o — 0, one
obtains T; = T,/2 and T = QT,/2. By considering the
effect of perpendicular heat conduction and heating as

(6)
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small, we look for the solution of Eq. (1) in the form T =
OT,/2 + T,, where T,(y, {) = O(y)¥({). The require-
ment that 7 has to satisfy the boundary condition (3) at
the RS results in

= TO W{ys ®(y)
T=—Q+ ‘ 7
2 2K||b% o+ sin2§ ™
with the following boundary condition for O (y)
do
—(0) = -—-1. 8
el ®)

The equation, governing 0, is obtained by substituting T
from Eq. (7) into Eq. (1) and averaging over the phase
angle . This provides

d/ dO 27ToK |
) e ©)
dy\" dy W
with
1 (1 — s?)ds
y(y) = , (10)
0a?y? +1—s*(c+1—5?)

where @ = 8r/(Mw). According to [14] all T, subside
fast with the distance from the island and we assume

O()=0 11
as the second boundary condition for ®. The integration
provides

27Ty
5 0,0) (12)

Is

0 = 6,(y)

with 0y(y) = f;%dy and 6,(y) = f;% shown in Fig. 1

for different combinations of the parameters a and o
characteristic for ECRH of different power levels in
TEXTOR [12].

In order to determine the parameters T\, k|, and o we

0 0.2 0.4 0.6 0.8 1

FIG. 1. Functions 6,(y) and 6,(y) calculated for a = 24, o =
0.5 (solid curves), & = 20, o = 0.2 (dashed curves), and a =
17, o = 0.05 (dash-dotted curves), characteristic for the ECRH
experiments in Ref. [12] with heating power of 400, 300, and
200 kW, respectively.

the experimental values AQI_’QJ_ taken from Fig. 4 of
Ref. [12], one gets

TO = _2'5A70.4,044’ (13)

_ A o0 —9/8A 504 + 11/16A 404

calculate according to Eqgs. (7) and (12) the differences in 4/3A o504 — A_gaos — A_oso (14)
the temperature perturbation in four points on the RS, y = ' ’ ’
0: Q;—_4 = —0.8, —0.4, 0, and 0.4. By equating these to  and
|
0.326,(0)wq, (15)

K| =~ )
+ [(A_ps0 — A_pg04)(0 + 1.36 +0.36/0) + 50(1)A_40.4]

With the temperature profiles from Ref. [12] one obtains o
in the ranges 0-0.1, 0.1-0.3, and 0.5-1, for the ECRH
power of 200, 300, and 400 kW, respectively. Thus, the
applicability condition for the large island approximation,
o < 1, is fulfilled. The perpendicular heat conduction « |
is within the range 2.5-3.1 X 107 cm~!'s™!, i.e., close to
the level found in the small island approximation. One can
see, in the case of the temperature perturbation being
exactly constant on magnetic surfaces, 7 ~ (), the o and
transport coefficients given by Eq. (14) and (15) are un-
defined. Thus, namely, the deviation from such a constancy
provides a possibility to determine «; and ;.

{
Heat-flux limit factor.—The formula interpolating ex-

pressions for the heat-flux density in the collision domi-
nated and collisionless limits has been introduced in
Ref. [7]. For the heat conduction this provides

316 A
K| ~ KﬁH/(l +?L_T>' (16)

On a particular flux surface the e-folding length for the
temperature change along field lines, L, can be estimated
as L T/A T with A T and L) being the temperature
variation along the field line section of the length L. As
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FIG. 2. o-dependence of the heat-flux limit ¢ calculated ac-

cording to Eq. (20) for the condition of ECRH in TEXTOR with
different power levels of 400 (solid curve), 300 (dashed curve),
and 200 kW (dash-dotted curve). The vertical lines of the same
pattern indicate the o-ranges determined from the experimental
data of Ref. [12] according to Eq. (14); the vertical arrows—the
corresponding &-intervals.

a typical example we consider the surface with ) = 0 and
the field line part between the RS and y = 0.5. In such a
case an assessement of AT from Eqs. (7) and (12) and
Fig. 1 yields

60(0) B 00(05) Wqrs 03700(0) W{rs

AT = ~
! c+1  2qbE o+ 1 kbl

a7

and for L) one has

re+0.25w B 05 d
Ly = f Zdr = Y~ 0.26w/b,
T'rs Br

=2 /o ‘/—1 — 47
(18)
For collisionless plasmas in question the second term in

the brackets in Eq. (16) is much larger than 1. Therefore for
the heat-flux limit factor £ we obtain

¢ kiF Ly (o + DnVyTh,’

19)

The relative amplitude of the radial magnetic field pertur-
bation, b,, is estimated from the measured island width w
according to the formula [14]: b, = (W/4)?*5 N/ (rR;s).
At the RS with r,; = 30 cm the magnetic shear §,, = 1 and
we obtain ¢ with parameters in practical units, see the

square brackets
__0.146,(0) Pherd 0)

o+l Nyot Cm73]T[11%e5v]W[2cm]

3

Figure 2 demonstrates the o dependences of ¢ computed
according to Eq. (20) for different levels of the ECRH
power and the temperature profiles on the RS from Fig. 4
of Ref. [12]. The corresponding o-intervals and resulting
&-ranges are shown by vertical lines and arrows, respec-
tively. In spite of the broad range of the parameter o, the
found &-factor varies in a relatively narrow interval from
0.02 to 0.045. These values lie at the lower edge of the
¢-range found by interpreting laser fusion experiments [7],
0.03 = ¢ = 0.1, and can be considered as the first experi-
mentally based evidence for the parallel heat-flux limit in
tokamak plasmas.

This study has been partly performed within
No. GRK1203 of the German Research Society.
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