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Alfvén instabilities driven by the energetic ions were observed in many experiments
on stellarators. Theory predicts that they can arise also in reactor plasmas [1]. The
destabilization of various Alfvén eigenmodes (AE) occur when the drive produced by the
energetic ions exceeds the wave damping. Therefore, it is of importance to investigate not
only the energetic particle drive (which was done in Ref.[1]) but also various damping
mechanisms. To study one of them — the collisional damping on electrons — is the purpose
of this work. The mentioned damping can play an important role in tokamaks, which was
shown for the Toroidicity-induced Alfvén Eigenmodes (TAE). The role of the collisional
damping in stellarators is not clear because it is not studied for stellarator plasmas yet. On
the other hand, various AEs associated with absence of the axial symmetry of the magnetic
configuration do exist in stellarators. Because of this, in many cases even rough estimates
of the collisional damping cannot be done using results obtained for tokamaks.
Furthermore, one can expect that a new physics of the collisional damping is involved in
stellarators. The matter is that the collisional damping is determined mainly by the barely
trapped particles, which are subject to the collisionless orbit transformations.

We begin with the simplest case when the equilibrium magnetic field, By, is
B, =E[l—gt(r)cosﬁ—eh(r)cosn] , (1)
where (r, 0, ¢) are the flux coordinates, B is the average magnetic field at the magnetic

axis, &1s the magnitude of the toroidal modulation, &, is the magnitude of the helical ripple,

n=86— Ng is the ripple phase, and N is the number of field periods. We assume that the
following two conditions are satisfied. First, we assume 71<<|7— N |, with 7 the rotational
transform, which means that 6 remains nearly constant during the motion along the
magnetic field within a ripple. Second, we take £,:/ (¢, |[1—N|)<<1. In this case, the

toroidicity of the magnetic field can be considered as a perturbation to the sinusoidal

symmetry of the helical ripple well, so that only particles localized in this wells satisfy the
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condition 0 < x <1, whereas non-localized particles are locally passing and characterized
by x °>1. Here «is the trapping parameter given by

o E/u,B—-1+¢ cosf+eg,

b

2¢,

where E, u, is the particle energy and magnetic moment, respectively. In contrast to
tokamaks, & is not a constant of the motion, allowing for the collisionless orbit

transformations between the locally trapped states and locally passing states:

2
e\ _ o, - sin0(£—1+l(2] : )
ar [, 2¢, K

where <> denote bounce averaging, Q, =—(c/rB)o®/dr,Q, = (cE/eBr)de, /dr, with

@ the ambipolar potential, and K, E are complete elliptic integrals.

We use the linearized drift kinetic equation for the perturbed electron distribution

function
d B eF,, ~ eF, - =
f+V oVF, aary VE, —— W E —— 1V, e E=C()), 3)
where
B’ _ 2
4_9, v =4V, v dX 82
dt ot B, dt Jx
~ i - vi/2+4v] B
EzcEXBO ,VD:_l—”V(lnBO)x& :

B; @, B,
wy; =eB,/ M c with M the particle mass, Fs is the equilibrium Maxwellian distribution,
C(f) is the collisional term, and spatial derivatives are taken at constant E, K.
In terms of the potentials 4 7% defined by
B’ = E oVr= BO Vg, EH = —(EO /B,)®Vy the perturbed distribution can be split into

the adiabatic part and non-adiabatic part:

ey
=——¢+—F,+f,. 4
/= ry o+ T Joa “4)
Substituting Eq. (4) into Eq. (3), after some manipulations we obtain the following equation

for the non-adiabatic part of the distribution function f,,,:
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. . dc’ of,, . (E de, €, O¢C .
v eVf, =iof,, +C(f,)- 0 a’(z—za)(?—2]FM(?gcosn—z;”§smn , (%)

where m, n are toroidal and poloidal mode numbers, respectively. Due to the conditions

v oV >> o >>max{dk */dt,v, /&, with v, the electron collision frequency, Eq.(5) can

be solved perturbatively. With boundary condition f,,=0 at the locally trapped — locally

passing boundary, a solution can be written as:

imin

E de €, JG . imin
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) 1/2
@ =|| &5 (@, -2 hin? 6, i 2910 _&8 g |G,
v, 2¢e, v, ¢ v, 2¢,

where @) is the poloidal angle of the orbit transition determined by &°(€)=I, and

E=1-x7°. Now we proceed to a more realistic magnetic configuration, relevant to the
Wendelstein-line stellarators. Then B, contains more Fourier harmonics, the mirror

harmonic, &,, being dominant. Assuming that &, weakly depends on r,. we can easily

generalize the electron response given by Eq. (6): the mirror harmonic affects only the

fraction of the localized particles, therefore, we replace /&, — (¢ +&7)"*; in addition,

<d1(2/ dt>0 should be modified to take into account diamagnetic precession of the

localized particles.

The damping rate can be calculated perturbatively by including the dissipative part of
the transverse current caused by the wave-particle interaction to the corresponding vorticity
equation. In general, this requires a numerical calculation. However, simple expressions
can be obtained for the modes localized near the radius where two cylindrical Alfven
branches (m, n) and (m+u, n+vN) intersect, i.e., in the high mode number limit (here &, v
are the coupling numbers).

We revealed two regimes relevant to stellarators: (a) when the collisionless orbit

transformation  plays an  important  role [<dK‘2/ dt>0 >> (v, )%,  where
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<dx2/dt>*0 =(dx’/dt) K(K),V,=v,/e,] (b) when the role of the orbit
transformations is negligible [<dK‘ ’/ dt>*0 << (v o).

In the regime (a) we obtain for the damping rate:

19v2 (R v @’ N 930
7v:1,2 z_KV ﬂe . 82/2 In — 3 3 2 QE e P (7)
16 7, 1Q, -Q, /2¢, | 2¢ ,& 76 €,
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where K, _, =[l, (8/37[)2];K#:L2 =(1,2/3), Qh =Q,(E=T), and all the quantities

dependent on the radial coordinate are taken at the point 7y determined by the equation

kj(m,n,ry) =~k (m+u,n+vN,r,), ie., the point where two cylindrical branches of

Alfven continuum intersect. Note that when collisions are very weak, the damping rates
given by Egs. (7), (8) are almost independent on the collision frequency.
In the regime (b) the damping rates take the form similar to those for the

axisymmetric plasmas
=3/2
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Let us evaluate the damping rates of various AEs in the Helias reactor. In this case,
only the regime (b) is relevant to the thermal electrons and, thus, the effect of the orbit
transformations on the collisional damping is negligible. This implies that we have to use
Egs. (9), (10). We consider the modes localized at /a =0.3-0.5, where T, ~ 10 keV, n, ~
2x10"em™. Calculating damping rates and comparing them with corresponding growth
rates J, obtained in Ref.[1], we obtain:

}/0( 70( HAE,, }/0!
and |y, |/y, >1 for HAE>,, HAE,, and EAE .
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