N

(( M EUROfusion

/
\

WPS2-PR(18) 20369

Y Kolesnichenko et al.

Temperature gradient driven Alfven
instability producing inward energy flux
in stellarators

Preprint of Paper to be submitted for publication in
Physics Letters A

This work has been carried out within the framework of the EUROfusion Con-
sortium and has received funding from the Euratom research and training pro-

gramme 2014-2018 under grant agreement No 633053. The views and opinions

expressed herein do not necessarily reflect those of the European Commission.



This document is intended for publication in the open literature. It is made available on the clear under-
standing that it may not be further circulated and extracts or references may not be published prior to
publication of the original when applicable, or without the consent of the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

The contents of this preprint and all other EUROfusion Preprints, Reports and Conference Papers are
available to view online free at http://www.euro-fusionscipub.org. This site has full search facilities and
e-mail alert options. In the JET specific papers the diagrams contained within the PDFs on this site are
hyperlinked




Temperature gradient driven Alfvén instability
producing inward energy flux in stellarators

Ya.l. Kolesnichenko?®, A.V. Tykhyy?

@ Institute for Nuclear Research, Prospekt Nauky 47 Kyiv 03028, Ukraine

Abstract

Destabilizing influence of plasma inhomogeneity on Alfvén eigenmodes in stellarators is considered. It is found that
the diamagnetic frequency can strongly increase in a plasma with inhomogeneous temperature due to the resonance
interaction of particles and Alfvén eigenmodes. This occurs when the particle resonance velocity exceeds the thermal
velocity, in which case the role of superthermal particles enlarges. Then Alfvén eigenmodes can be destabilized even
in the absence of the energetic ion population. It is shown that in the case of the temperature distribution with large
gradient at the periphery, the destabilized mode can channel the energy from the peripheral plasma region to the inner
region. A stability analysis with using a model temperature profile was carried out for the Wendelstein 7-X stellarator.
It indicates that the considered mechanism could lead to an Alfvén instability accompanied with the inward energy flux

in the first W7-X experiments where long-lasting high-frequency oscillations were observed.
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1. Introduction

The energy and momentum transfer across the mag-
netic field realized by the destabilized Alfvénic Eigenmodes
(the phenomenon named the Spatial Channelling, SC) can
be an important factor affecting the plasma performance
[1]. Presumably, it was responsible for the degradation
of plasma heating by neutral beam injection (NBI) in the
NSTX spherical torus, by delivering a part of the NBI
power from the plasma core to the periphery (an alterna-
tive explanation of the experiment was that the destabi-
lized Alfvén eigenmodes strongly deteriorated the electron
energy confinement [2]). On the other hand, if the SC
were directed inwards, it would have a positive effect on
the plasma energy balance. One can suppose that this
took place in the first experiments on the Wendelstein 7-X
stellarator: First, the ion temperature profile, T;(r), was
rather flat in the plasma core but steep at the periph-
ery [3, 4, 5]; second, a long-lasting high frequency oscilla-
tions were observed, which were identified as an Ellipticity
induced Alfvén Eigenmode (EAE) located in the region
r/a 2 0.5, with a the plasma radius [6]. These facts sug-
gest that the inhomogeneity of the ion temperature at the
periphery drove an Alfvén instability which adjusted the
ion temperature profile in a way that a destabilizing effect
of the peripheral region was compensated by the damping
in the region where T;(r) ~ const.

The purposes of this work are to see whether Alfvén
eigenmodes can indeed be destabilized in a plasma with
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Maxwellian velocity distribution (usually Alfvén instabil-
ities are driven by fast ions produced by NBI or other
sources of plasma heating) and whether instabilities caused
by the temperature gradient can lead to the inward SC. In
addition to a general analysis, a specific example relevant
to the W7-X experiment described in reference [6] will be
considered.

We will employ the fact that the so-called non-
axisymmetric resonances arising because of the lack of ax-
ial symmetry in stellarators can lead to the interaction of
Alfvén modes with the ions having energies £ 2 T; [7].

2. Enhanced destabilization of Alfvén modes by
the temperature gradient

In the absence of the energetic ions, the growth / damp-
ing rate of Alfvén instabilities can be described by

1 “kin 3
v = ﬁRe/d?’xjﬁ V.9, (1)

where v =37 __ 70, ghin = > o—ei jljlf is the transverse
current, W = [ d3zc*(V ®)?/(4nv?) is the mode energy,
® is a scalar potential of the electromagnetic field, tilde
labels perturbed quantities, v4 is Alfvén velocity, the sub-
scripts e and ¢ label electrons and ions, respectively. When
the transverse current is associated with the particle drift
in the equilibrium magnetic field and effects of the trapped
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particles are negligible, calculations lead to [7, 8]
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where ®,,, and €, are Fourier harmonics defined by
P = > mn Pmon(r) exp(imd —inp —iwt) and B = B[l +
053, , € exp(ipd —ivNo)], B is the average magnetic
field at the magnetic axis, the radial coordinate r is de-
fined by 1 = Br?/2, ¢ is the toroidal magnetic flux, ¥
and ¢ are the poloidal and toroidal Boozer angles, re-
spectively, IV is the number of periods of the equilib-
rium magnetic field, e = r/R, n, is the particle density,
Eres = kresR = (m + p)t — (n 4+ vN), ¢ is the rotational
transform of the field lines, R is the major radius of the
torus, prime denotes the radial derivative, dg 2 1 is deter-
mined by the plasma shaping [9], Q(u) is defined by
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where F, is the particle distribution function, v =
[vj®l/vr, v = w/kres, vr = \/2T/MAis the particle
thermal velocity, M is the particle mass, II in the case of
a plasma with isotropic velocity distribution is

ﬁla+<wR+n) L 19 (4)
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Due to (4), we can write Q = @, + Q,, where @, and Q.
are associated with the first term and second term in the
RHS of equation (4), respectively.

It is clear that @, < 0 and, hence, v < 0 for a plasma
with Maxwellian velocity distribution, Fj;. Therefore, an
instability arises when @, > |Q,|. The magnitude of @,
essentially depends on the resonance velocity. Because
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the ratio of the VT, term to the Vn, term grows when u,
increases, at least for u? > 3/2. Therefore, one can expect
that the condition @, > |Q,| is satisfied most easily at
large u. For this reason, we assume that u > 1. Then the
integral over transverse velocities in (3) can be taken in
the limits (0, 00) because the region of trapped particles
lies at £, > T, when u > 1. As a result, we have:

1
= —a(2u4 + 2u? + 1)67“2, (6)
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Figure 1: Functions Q(u), Qr(u), and the enhancement factor K

versus u = |v"|"”|/vT.

Q) = =552 -+ e - vV [ Q22 + Qr ] (1)
where
Qr(u) = %(2u6 +ut + 2u® + 1.5)6_”2. (8)

We assume that @, > 0 (otherwise plasma is stable),
which imposes a restriction on the mode numbers, the
resonance numbers (u, v), and radial derivatives of the
plasma temperature and density. Then the ratio of the
driving term to the stabilizing one is negative and given
by

Qr PoVTo Ny 1
0. = gy (mEme—wNI(ZE KT ) (9)

where K = Qr/|Q.| is the "enhancement factor”,

20 T4 2u2+15
e s e sy (10)
2ut 4+ 2u? +1

For instance, K(2) = 3.44, K(3) = 8.61. On the other
hand, the function Qr(u) is decreasing rather weakly in
the range 1 < u < 3, see figure 1. Therefore, this range of
the resonance velocities may play the main role in insta-
bilities.

Equations (6)-(10) remain valid during the instability
provided that Coulomb collisions are strong enough to sus-
tain Maxwellian velocity distribution.

3. Inward spatial channelling and its consequences

Let us assume that K > 1 and the temperature gra-
dient term in the ratio @,/Q, dominates. Then K =~
u? o 1/T, (for ks ~ const within the mode width
when the magnetic shear is not large), which leads to
Qr/Qy x T./(rT,). Tt follows from here that the in-
stability condition Q,/|Q,| > 1, with @, > 0, is most
easily satisfied at the plasma periphery where the tem-
perature is low. For instance, when T, = Tp(1 — r?)7,
Qr/Qy x (1 —1r%/a?)~1. Tt follows from here that it may
happen that Q,/|Q.,| < 1 in the region r1 < r < 79, but
Q./|Qy] > 1 in the region rg < r < 7o, where r( is defined



by equation Q,/|Q.,| =1, r1 < r < rg is the region where
the mode is located. The instability growth rate then is
v =74 — |v—|, where 4 > 0 and y_ < 0 are the drive and
damping determined by equation (2) with the integral in
nominator taken in the limits (0,7¢) and (rg,a), respec-
tively. If a steady state takes place, vy = |y—|, so that
v=0.

In the considered case, the mode will transfer the energy
from the peripheral region to the central region, i.e., the
inward spatial channelling of the plasma energy will be re-
alized within the mode width, which improves the plasma
energy confinement.

The presence of additional damping mechanisms may
lead to absorption of the mode energy beyond the region
r1 < r < rg, decreasing the energy flux.

The inward SC is significant if the power density re-
ceived by the mode in the region ro < r < 1o (Py)
and the plasma heating power by the mode in the region
r1 < r < rg (P-) are sufficiently large to produce a con-
siderable the inward energy flux. The power density Pi
can be evaluated as follows:

~\ 2
- 'V:I:B2 B
Pe = 2w-=-— <B> . (11)

In the steady state, the inward power flux across the rq
radius is P, Vy, where V, is the volume of the region giv-
ing the energy to the mode. Assuming, for instance, that
ro/a = 0.6 and ro/a = 0.7 and taking the plasma volume
V, = 30 m® we obtain V; = 0.13V,, = 3.9 m®. The mode
amplitude is not determined by our theory. We evaluate it
in the assumption that the inward energy flux equals to the
outward neoclassical ion thermal flux at r/a ~ 0.6 (~ 0.05
MW), calculated for a W7-X plasma with the ECRH power
P =2 MW in reference [4]. Taking v, /w = 1073, B = 2.3
T, f = 200 kHz (this frequency lies in the range of the EAE
gap in the Alfvén continuum), we obtain B/B ~ 1073,
This may be unrealistically large and, therefore, the en-
ergy flux is expected to be smaller than we assumed. The
best way to make a reliable conclusion is to determine the
mode amplitude and its radial structure experimentally.

4. Estimates for a W7-X experiment

The instability we are interested in started at ¢; ~
100 ms when it had the frequency f ~ 220 kHz, see fig-
ure 11 in [6]. The frequency was decreasing (which in-
dicated on Alfvénic nature of the instability, because the
plasma density was growing) whereas the mode amplitude
was growing till 2 ~ 200 ms. After that a quasi-steady-
state wave activity with the frequency around 180 kHz
and the poloidal mode number |m| = 16 lasted for 600 ms
(the plasma density was slowly growing). This suggests
that the mode amplitude grew before the moment t5 due
to v+ > |y—| and, after it became large enough, a steady

state energy transfer from the region of strong tempera-
ture gradient to the region located at smaller radii might
take place, with vy ~ |y_|.

Below we consider the steady state phase of the insta-
bility.

Let us assume that the mode location includes partly the
region with big T/ (around r/a ~ 0.6) and that the mode
interacts with particles through the y = v = +1 resonance
(the €17 harmonic is rather large in W7-X). Then we can
take + = 0.8 —0.82, T; = 1 — 1.5 keV, |m| = 16, n = 12,
f = 180 kHz. The resonance velocity associated with the
helical harmonic is v = w/kycs, where kpcs = [(m + p)t —
(n+vN)]/R, p = v = £1. We obtain that |k.s| =5—15.3
and 3.4 — 3.06, which leads to [v[**| = 1.24 x 10° cm 57"
and 1.82 x 108 cm s~!. Hence, 2.3 < u; < 4.6, and the
enhancement factor for ions well exceeds unity, being in the
range 5 < K < 20 [equation (10) was used]. On the other
hand, u, is much less than vr. and, therefore, Q. (u.) can
hardly exceed |Q,(u.)|. For this reason, and because the
fraction of resonant passing particles is small for u < 1,
the interaction of the mode and electrons can be neglected
(at least, in our formalism).

It can be shown by using equation (9) that due to large
K a necessary condition of the instability, @, > |Q,| in the
region of large T” can be satisfied. However, it does not
mean that the drive exceeds the damping in the region of
the mode location, leading to instability.

In order to see whether v > 0 we have to calculate inte-
grals in equation (2). Therefore, it is necessary to specify
the mode structure and radial profiles of plasma parame-
ters.

Following reference [6], we assume that the mode is
an EAE (located at 0.5 < r/a < 0.7, the mode num-
bers |mi| = 16, |mg| = 14, and |n| = 12 ), n;(r) =
ne(r) and take n.(r) according to figure 10 of [6]. In
addition, because the exact profile of the ion tempera-
ture is not available, we restrict ourselves to the follow-
ing model: T;(r) = const = T;(ry) for 0 < r < ry;
T(r) = T(r1)[L — (r —r1)/(ra —71)] for r1 < 7 < ro;
T(r) =T(r2)[1 — (r —r2)/(a —12)] for ro < r < a. This
profile is in a qualitative agreement with the one in a W7-
X discharge with ECRH power P = 2 MW, shown in fig-
ure 6 of reference [3]; it has a strong gradient of T;(r) at
r/a ~ 0.6, but data near the plasma edge were not avail-
able. A similar profile of T;(r), but with much larger drop
of the ion temperature in the region r/a = 0.6 — 0.8 (by
~ 2.5 keV) was predicted numerically for a discharge with
P = 4 MW, see figure 4 in reference [10]. The experi-
ment described in [6] was carried out at the intermediate
power, P = 2 MW. Therefore, it is reasonable to assume
that T;(r) profile was of the same character as those in the
discharges mentioned above.

Calculations were carried out for two cases: for T;(0) > 2
keV and T;(0) < 2 keV.

The results of calculations with T;(0) > 2 keV of the
“partial” growth / damping rate 7, (defined by ~ =
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Figure 2: Radial dependence of the plasma and wave characteristics
for which the plasma is close to the margin of stability (v4/w =
1.40 x 1073, y_ Jw = —1.27 x 1073), although the instability drive
and the damping are rather strong within the mode width. Lower
panel: the temperature and density of the ions adopted for calcu-
lations; the region of location of the EAE mode with m; = —16,
mo = —14, and n = —12 [6] (shaded area). Upper panel: the r-
dependent growth / damping rate -, is defined by v = a~2 foa drryr
(solid lines), |Qv| and Qr (dashed lines).

a2 [¢ drry), Qr and |Q,| for selected u (for which these
magnitudes are largest) are presented in figure 2. We ob-
serve that, as expected, the region where drive / damping
dominates is located at larger / smaller radii. This means
that the inward SC takes place. The system is close to the
margin of stability, vy ~ |y_|, with (v4+ — |v_|)/7+ = 9%.
Hence, the mode could be in a steady state, which was the
case in experiment. Slightly varying the ion temperature
gradient region we obtain either a quite large growth rate
or damping rate of the mode. It looks that the tempera-
ture gradient was self-regulated under the influence of the
instability in the experiment. The mechanism of this is
simple: because 7, is largest near the border between the
regions with v, > 0 and 7, < 0, it is sufficient to reduce T’
only in this region to make v ~ 0. This could take place
after the initial stage of the instability when the mode
amplitude became sufficiently large.

Calculations with T;(0) < 2 keV were carried out in the
assumption that 7;(0) = 1.8 keV. It was found that the
picture shown in figure 2 persists, but v and v_ decrease.
Note that the shape of T;(r) in the region r/a > 0.65
almost does not affect the results of calculations because
the mode amplitude is negligible in this region.

A question may arise, why other Alfvén modes were
not destabilized in W7-X? The answer for the Helicity in-
duced eigenmodes (HAE) and Mirror induced eigenmodes
(MAE) is clear: because their frequencies well exceed the
EAE frequency, the inequality Q, > |@Q,| cannot be sat-

isfied. On the other hand, frequencies of the Toroidicity
induced Eigenmodes (TAE) are lower then the EAE fre-
quency by a factor of two and, for the first sight, TAEs
should be destabilized. However, u; ~ 1 for TAEs. Hence,
KKTAE ~ 1.3, which is considerably less then the enhance-
ment factor for the EAE mode. As a result, the ratio
Q:/|Qy| is slightly less then unity. This means that the
damping of TAE modes exceeds their drive. Of course,
this does not mean that a TAE instability driven by the
temperature gradient is not possible. In particular, desta-
bilizing effect of the ion temperature inhomogeneity on a
TAE in a high-8 plasma was observed numerically in ref-
erence [11].

5. Summary

In summary, we found that the destabilizing influence
of the spatial inhomogeneity of the bulk plasma with
Maxwellian velocity distribution on Alfvén eigenmodes in
toroidal systems can overcome Landau damping. If this
is the case, Alfvén instabilities arise provided that other
damping mechanisms are weak. A necessary condition
of instabilities [Q,(r) > |Qy|(r)] is obtained. The ratio
Q:/|Qy| grows when u = |v,|/vr increases (in the region
u > 1). The reason is that the superthermal particles
considerably contribute to the diamagnetic frequency (w.)
due to a strong dependence of the coefficient at 77 in w,
on u. We refer to this coefficient given by equation (10)
as the "enhancement factor” in the temperature gradient
driven instability. However, when u > 1, the growth rate
is exponentially small, so the case of practical interest is u
in the range u = 2 — 3 for which 3.4 < K < 8.6. These res-
onance velocities can take place due to non-axisymmetric
resonances in stellarators.

An important feature of the T’-driven instabilities is
that they can lead to the inward SC, i.e., to the inward
energy flux, when there are regions with Q,(r) > |Q,|(r)
and Q,(r) < |Qy|(r) within the mode width, but v > 0.

Note that the inward SC can also provide the transfer
of the energy of fusion produced alpha particles by means
of fast magnetoacoustic waves with frequencies above the
alpha gyrofrequency [12].

It seems that an EAE or another Alfvén mode with
w ~ 200 kHz can be destabilized due to the considered
mechanism, leading to the inward SC of the ion energy, in
Wendelstein 7-X due to the presence of the helical Fourier
harmonic with ¢4 = v = 1 in the equilibrium magnetic field.
This could explain long-lasting high frequency oscillations
observed experimentally, which are described in reference
[6]. The considered instability may affect the plasma per-
formance in W7-X and deserves further experimental and
theoretical studies.

In conclusion, we note that the destabilized mode may
lead to anomalous thermal conductivity, which tends to
decrease the temperature gradient. When studying this
effect one has to take into account that the presence of en-
ergy sources and sinks within the mode width influences



the profile shape of eigenmodes [12]. This effect is signifi-
cant for instabilities with sufficiently large drive (v4) and
damping rate (y-).
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