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Enhanced plasma heat conductivity in the presence of kinetic Alfvén waves (KAW) is predicted
theoretically. The enhancement is shown to be strongest when the electron collision frequency exceeds the
particle transit frequency in the wave field. Alfvén waves (both KAW and ideal MHD Alfvén eigenmodes
generating the KAW) are studied in a shot of the Wendelstein 7-AS stellarator. On the basis of these
results, strong thermal crashes observed during bursting Alfvénic activity in the mentioned shot are

explained.
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Alfvén instabilities driven by fast ions were observed in
many experiments on tokamaks and stellarators [1-3]. In
tokamaks, they can strongly affect the fast ion confinement
but not the bulk plasma (only weak local thermal crashes
have been observed [4]). In contrast to this, experiments on
the Wendelstein 7-AS (W7-AS) stellarator have shown that
Alfvénic activity can strongly deteriorate the global energy
confinement time: strong thermal crashes (the temperature
dropped by up to 30%) were reported in Ref. [2]; strong
drops of the plasma energy content during Alfvén insta-
bilities were observed also in a more recent series of
experiments in 2002. This motivated the fulfillment of
the present work, where a theory of the influence of a
monochromatic Alfvén wave on the electron heat flux
across the magnetic field is suggested, and it is shown
that the revealed mechanism of enhancement of heat con-
ductivity by Alfvén waves can be responsible for strong
thermal crashes observed in W7-AS.

The basic idea of this mechanism is that the finite
electric conductivity of the plasma leads to a wave-induced
enlargement of the particle deflections from the magnetic
flux surfaces, whereas the Coulomb collisions provide a
random walk of the particles with enlarged steps. The
waves and the particles interact through the resonance w =
kv (o is the wave frequency, k| and v| are the wave
vector and the particle velocity along the magnetic field,
respectively); because of this, the particle orbits are di-
vided into trapped and untrapped ones. Therefore, by
similarity with the neoclassical theory of the particle trans-
port in tokamaks (see, e.g., the overview in Ref. [5]), we
can introduce three regimes of the anomalous transport:
collisional, plateau, and of weak collisions. The collisional
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the bounce frequency of the particles trapped in the wave
field w;, = kj(6v),s exceeds the effective collision fre-
quency vy = v,v2/(8v)i, where (8v),. is the resonance
width, (6v),.s < v,. The plateau regime occurs for
w,(8v)3. /vl < v, < w,. The mechanism suggested is ef-
fective provided that the wave electric field along equilib-
rium magnetic field, E”, is considerable (thus, it does not
work in the ideal MHD approximation). A possible source
of this field is the transformation of ideal MHD Alfvén
waves destabilized by fast ions into kinetic Alfvén waves
(KAW).

Let us consider first the electron transport in the plateau
regime. We take the perturbed quantities in the form X =
X(r)exp(—iwt + im9 — ing) and proceed from the fol-
lowing equations of the particle drift motion:
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where r, 9, and ¢ are the radial, poloidal, and toroidal flux
coordinates, respectively, ¢ is the rotational transform, m
and n are the wave numbers, () = w — kyvp — kjv|, k) =
(mt — n)/R, kg = m/r, R is the major radius of the torus,
vp = c[Ey X Byly/B?> = —cE,/B, E and B are the elec-
tric field and the magnetic field, respectively, Ey = E,,
the subscript “0” labels unperturbed quantities, and E} =
E - B/B. Equations (1) take into account that B is negli-
gible for the Alfvén waves. Using Egs. (1), we can write
the drift kinetic equation for the distribution function of the
circulating electrons as follows:

regime takes place when the collision frequency v, = d (= B, af, % cky E)

: CF+ 0 ey = -2
Vee + v,; (v,, and v, are the elecron-electron and  dr ikyBy or ky By
electron-ion collision frequencies, respectively) exceeds af, eBy 9,
the transit frequency of the thermal electrons w, = kv, X [a—ro + kv TO 6_6(')}
(v, =+/T,/M,, T, the electron temperature, M, the elec-
tron mass). The regime of weak collisions takes place when )
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where d/dt = d/at + (vjt/R + vg/r)d/od +
(v/R)a/de, C( f) is the linearized collision operator,
and f, is the Maxwellian distribution. Note that, as is
well known, the role of the Coulomb collisions in the
plateau regime is reduced to resolving the singularity aris-
ing in the considered case because of the resonance ) = 0.
Therefore, a simple way to obtain a solution of Eq. (2) is to
assume that w has a small positive imaginary part and omit
C(f) (a similar approach is often used for the calculation of
the Landau damping and the neoclassical transport in the
plateau regime). Then we obtain the following for the
resonance part of f:
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Knowing f,. and taking into account that Re(Eﬁ) =
(1/ 2)|1’3“|||2 (the overline means the phase averaging), we
can calculate the electron flux across the magnetic field,
I, = [dvf,F, with i given by Eq. (la):
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where v, = (v — kyvp)/k is the resonance velocity,
primes mean radial derivatives, y, is the diffusivity co-
efficient given by
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the superscript “plat” labels quantities in the plateau
regime.

The ion flux is described by equations similar to Egs. (4)
and (5). It is negligible when v, > v; (v; = T;/M;, T;
and M, are the ion thermal velocity and mass, respec-
tively). Therefore, the ambipolarity condition is I', =
Ipeam» Where T'ye, is the flux of the beam ions. More-
over, because Ny, <K 1,, Where np.,, is the beam density,
and I'yeym < xonh, we have I', = 0, which gives (for
Vres K V)
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Equation (6) implies that sheared plasma rotation will be
formed as a result of the considered diffusion:
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where w} = w,(r = ry), wa(r) = kyva, wg(r) = vg/ris
the frequency of the poloidal plasma rotation, w9 =
wg(rg), ro is a point where w = w9, i.e., ry is a point
such that in the frame rotating with the frequency ! the
mode frequency is equal to that of the Alfvén continuum
(AC) or close to an extremum of AC. When the character-
istic inhomogeneity lengths are of the order of the plasma

radius, then w4 > w.,, where w,, is the electron diamag-

netic frequency, and the right-hand side of Eq. (7) is
relatively small. Therefore, Eq. (7) requires that the rota-
tion terms compensate approximately for w,, which is
possible away from the point r, for a moderate plasma
rotation frequency provided that k, > k) and the shear of
the plasma rotation is sufficiently large. In the vicinity of
r = ry, the gradients of plasma parameters must increase
as a result of the diffusion.

With Eq. (6) satisfied, we find the following electron
thermal flux:
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Now we consider the collisional regime. Integrating
Eq. (1), we find the particle radial displacement, £,, as
follows:
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The first term in Eq. (9) depends on the velocity of the
individual particle, whereas the second one describes the
oscillations of the particles together with the plasma.
Therefore, only the first term describes the deflection of
the particles from the perturbed flux surfaces. Keep-
ing only this term, taking v = v,, and assuming that
lw — kyvg| < |kjlv,, we obtain the characteristic radial
displacement of a particle during its random walk, A, as
A = ckyEy /(v k{Bo). Then, evaluating the diffusivity co-
efficient in the collisional regime as A%v,/2, we arrive at
the following estimate:
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Comparing Eq. (10) and Eq. (5), we conclude that, as one

could expect, y&°' = y2™ for v, = w, (up to a factor of

J/2), ie., the diffusivity coefficients are equal at the
collision frequency separating the collision region from
plateau region.

Finally, we consider the regime of weak collisions. It
follows from Eq. (9) that the maximum deflection of the
particles trapped in the resonance with the wave is A, =
Av,/(8V),. Because (6v),.s < v,, the effective collision
frequency is v,v2/(8v)%,. The fraction of the resonant
particles is (8v),./v,. Taking these facts into account,
we can estimate the electron diffusivity coefficient in the
weak collisions regime as /¢ = 0.5v,A2v3/(5v)3.

The magnitude of (Sv),, for Alfvén waves is deter-
mined as in the case of a perturbation with E” = —ik”(iD,

where @ the scalar potential: (8v).es = 24/€E) /(M ky).

This expression for (6v),,, Was obtained from the follow-
ing invariant of the particle motion:

%(v” — v,)> + U = const, (1)
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where U = e® + eAjw/(cky), Ay is the longitudinal vec-
tor potential (so that £ | = —V,U/e). This invariant results
from the symmetry of the particle Lagrangian provided
that detuning from the resonance occurs mainly due to
variation of vy.

As the perturbed magnetic field rather than the electric
field is usually measured in experiment, we express E” in
terms of B,. With this purpose, we use the equations E” =
47ijy/(wey), j=(c/4m)V X B, and V- B = 0, where
€| = wp./(kjvg) is the plasma dielectric permeability
along the magnetic field for w < kyjv,, j is the perturbed
current, and . is the plasma frequency. Then we can

write the coefficients of the electron heat conductivity as
follows:

45
col _ plac_Ve plat=l zk”v/\e & 2k4 4
R T 2\/gvew2 B,) “1P¥

(12a)
1 [7v,v,v kg\3/2 |B
w/c __ eVelVAe b r
Xe' = —ulm—ras | —k, p, (12b)
16V2 17243/ (kn) \' Bo

where vy, = B/\Amn,M,, p; = v,/ wg,, v, = ||T,/M,,

wp is the gyrofrequency, the subscripts p label proton
quantities, and k| is the transverse wave number.

Now we proceed to considering an experiment on W7-
AS. The instability in the W7-AS shot No. 34723 (see
Fig. 1) had a bursting character and was characterized by
strong frequency chirping down, from about 70 to 45 kHz.
Thermal crashes occurred at the final stage of the bursts
when the instability was strongest. The duration of the
instability bursts was about 2.5 ms, and the repetition
period of the bursts was 8—10 ms. The dominant poloidal
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FIG. 1 (color online).
shot No. 34723.

Bursts of Alfvén instabilities in W7-AS

mode numbers during the instability were m; = 3 and
my = 5. The plasma density was high, n, ~ 102 m~3,
whereas the temperature was low, T(0) = 290 eV, and
the effective charge number was z.4 ~ 2. Because of
this, the collision frequency was high (v, ~ 2 X 10° s™1)
and exceeded the electron transit frequency (w; ~ 7 X
10°s7! for ky =103 ecm™!, T =260 eV). Therefore,
the heat conductivity was in the collisional regime. The
equilibrium magnetic field was By = 1.2 T, and the minor
radius of the plasma, a = 15 cm.

Although the harmonics mentioned are coupled through
the ellipticity coupling number, w = m, — m; = 2, the
ellipticity-induced Alfvén eigenmode (EAE) instability
was dismissed as an explanation since the cylindrical
branches of AC with m; = 3 and m, = 5 intersect at ¢« =
0.5, whereas ¢(r) was predicted to be less than 0.5 from
equilibrium calculations. An eigenmode analysis carried
out with the code BOA [6] revealed eigenmodes with a
toroidal mode number n = 2. An eigenmode with the
frequency near the maximum of the AC branch m/n =
5/2 is shown in Fig. 2. The mentioned branch, as well as
the whole AC in the region below 120 kHz, was calculated
with the AC code COBRA [6], see Fig. 3. Both Figs. 2 and 3
are obtained for a plasma with a slightly nonmonotonic
rotational transform. It follows from our analysis that the
observed mode is not a gap mode; therefore, it can be
identified as an unusual global Alfvén eigenmode (GAE)
with a frequency lying above the AC.

It is clear that the plasma confinement can be signifi-
cantly affected by the anomalous transport only when the
waves exist in a considerable part of the plasma cross
section. This is not the case for the core localized mode
shown in Fig. 2. Nevertheless, it affects a considerable part
of the plasma due to conversion into a KAW, which, in
addition, has significant E”. The KAW arises because the
frequency of the GAE considered lies above the corre-

0.3
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m=-5,n=-2

Eigenfunction
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FIG. 2. Scalar potential of an Alfvén eigenmode calculated
with the ideal MHD code BOA [6] for W7-AS shot No. 34723.
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FIG. 3 (color). The Alfvén continuum calculated by the code
COBRA for W7-AS shot No. 34723. Black vertical lines, AC at
several radii; thick curves, selected AC branches labeled by the
mode numbers, m/n; thin curves, boundaries of main gaps.

sponding AC branch, w4 (r) (in contrast to the conventional
GAE). Our analysis (which will be published elsewhere)
shows that in this case a KAW is generated due to “tunnel”
interaction with the continuum, like in the case of TAE
(toroidicity-induced Alfvén eigenmodes) [7]. The ratio of
the amplitude of the radiated KAW to the GAE amplitude
can be estimated as exp[—(dw/w)(L/p;)], where dw =
W~ WAmaxs DAmax — mawa(r)v and L = wA/[(w,%)”]l/z-
For the GAE shown in Fig. 2, Sw/w ~ 1072, and L ~
10 cm. As p; = 0.25 cm, we conclude that the KAW am-
plitude is comparable to the GAE amplitude. The absorp-
tion length of the KAW is

2v, w 1 3
I, =2 ]2t 2~ 2\t 13
abs TU, 0, (kip,z 4> r ( )
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wi(r) + %wz'

where

ki pi = (14)
One can show from Eq. (14) that k| = 0 at the point where
the KAW is generated, and k3 p? = 0.3. This leads to
laps ~ 10 cm. Because of this, the destabilization of the
ideal GAE localized in the central region affects a consid-
erable part of the plasma. Analysis of the dispersion rela-
tion of the KAW shows that the coupling of Fourier
harmonics of the wave results in transformations of
KAW branches near rational-¢ points where |ky| of the
branches coincide, in our case from an m/n = 5/2 into
anm/n = 4/2branch at r/a ~ 0.5; the latter propagates to
the point r/a ~ 0.7, where @ = w, (see Fig. 3). At this
point the wave is reflected because the KAW is evanescent

when its frequency is below the corresponding AC branch.
Thus, we conclude that the instability affects about two-
thirds of the plasma radius, which roughly coincides with
the experimentally observed inversion radius of the ther-
mal crashes.

Let us evaluate the amplitude of the wave required to
account for the observed thermal crashes. Taking 75 =
a*/(u3x.) = 3 ms (where wy = 2.4) during the thermal
crash [7p = az/ (ux.) ~ 10 ms before the considered
crash], k3 p? ~1/3, ky ~ 1073 cm™!, we obtain from
Eq. (12a) that B,/B <1073 Th1s magnitude of B,/B is
quite reasonable from the point of view of available ex-
perimental data: the Mirnov-measured amplitude of B,/B
outside the plasma was as large as 10~ #, whereas soft x-ray
measurements indicated that the instability was localized
in the core, which implies that its amplitude inside the
plasma well exceeded the level of 1074,

Although the electron heat flux was strongly enhanced,
the electron confinement time was weakly affected in the
experiment because of both a small number of fast ions and
a very flat electron density profile.

In summary, it is revealed that the presence of Alfvén
waves, especially KAW, can strongly enhance the electron
heat flux. The heat flux is largest in the ‘“anomalous colli-
sional” regime [when kjjv, < v,]. As our analysis shows, it
was this regime that took place during the Alfvénic activity
in the W7-AS shot No. 34723. The instability observed in
W7-AS is identified as an unconventional GAE mode (with
a frequency above the AC) accompanied by the generation
of KAW. The calculated GAE eigenmodes are localized at
the plasma center; the generation of the KAW considerably
extends the region affected by the instability. The mecha-
nism of the anomalous heat transfer considered explains
the oscillations of the plasma energy content without no-
ticeable density variations in W7-AS shot No. 34723. On
the other hand, this mechanism is typically less effective in
tokamak plasmas, where regimes of weak collisions and
plateau take place. This explains why large thermal crashes
were not observed in tokamaks.
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