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1. Summary

e Mechanisms of destabilization of toroidal Alfvéen eigenmodes
(TAE) in tokamaks are analyzed with the aim to reveal those
leading to modes propagating in the direction opposite to
plasma current, i.e. counter-propagating modes (ctr-TAE). Plas-
mas with fast-ions sources [such as neutral beam injection (NBI),
ion cyclotron resonance heating (ICRH), fusion reactions] and
without them (Ohmic discharges) are considered.

e A particular NSTX-U experiment with NBI, where co- and
counter-propagating TAEs were observed simultaneously [1], is
considered.

e Destabilization of m/n =2/1, m/n = 3/1 ctr-TAE modes is sen-
sitive to the position of plateau edge of the radial distribution
of beam ions. The modes can be destabilized as both co- and
ctr-TAEs with only minor changes in the radial distribution.

e Finite width of pitch-angle distribution of beam ions generally
reduces the mode growth rate, and can even completely sup-
press the instability. However, enhancement of instability can
also take place.

e This work is based on the recent publication [2] extended to
take into account finite width of the pitch distribution of the
beam particles.

2. Motivation

In NSTX-U shot #20507/2 with unbalanced NBI, TAE modes propa-
gating along current and against current were observed simultane-
ously while beam ion radial profile was flat.

— NSTX-U 205072

3000 T ' . of t=300 ms
E(a) SR 1 I " 1T s =330 ms -
- SR N - Mol e gt t=360 ms
200k, +v, Gl b ‘ it | co-TAE "'"‘“—: I :
— ”n&i A L Ay \ ‘ " - 2
:'E 100 ‘l&“\ \ § ' ﬂ_ P m < 1_
= — | RN R s AW ot | . ) ]
= : ; - 00 02 04 06 08 10
C . NS & . lypmwz
& OE co-propagation kE
S - ctr-propagation "3
> F n=1, n=2, n=3 . ]
O :_n=4’ ’ Nn=6 o ctr-TAE » 8 i
L‘q_lj -1005 4 " - v LT = "%
E""l' ] " 'I"‘ ". e
-200F -
: s LW
-300E |

ria

1 | 1 " 1 PR 1 I 1 PR L 1
0.28 0.30 0.32 0.34

Left, top: Fig. 3(a,d) from [M. Podesta et al. 2018 Nucl. Fusion 58 082023].
Bottom right: ¢ and n, for NSTX-U shot #205072 at ¢ = 360ms (TRANSP data).

3. Instabilities driven by passing particles

For w < wp, the resonance condition of wave-particle interaction
w—m (V) +n(p) = swp for well passing particles with narrow orbits

simplifies to
1
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W = (k + _qR) v|| — nWpr -

When precession can be neglected, for TAE this condition gives four
resonance velocities: two along the plasma current and two opposite
to the current. In the simplest case (near the intersection point of
cylindrical continuum branches + narrow gap or modes do not lie

near the continuum)
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where o, = sgnk, k) ., + k)| 1 = 0, vg Is the Alfven velocity, and
the subscript x labels values at r.

l. Drive by fast ions with flat profile

When the radial profile of fast ions is sufficiently flat in the region
of mode location, the contribution of velocity anisotropy dominates.
Assumingn > 0, k) ,, > 0and ky ,,, .1 < 0, which corresponds to ctr-
TAE, then for co-TAE we willhave n <0, k) ,, < 0and kj ,,, ;1 > O for
n < 0, I.e. changing the sign of n just switches which mode compo-
nent is in resonance. Unbalanced injection is required for excitation
of TAE in only one direction (beam ions have one sign of v and only
two resonances remain).

ll. TAEs driven by temperature gradient

TAE can be destabilized in the absence of fast ions, drawing energy
from suprathermal ions in the tail of Maxwellian distribution, thanks
to 'kinetic’ enhancement of resonance interaction [3]:
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where x, = vﬁes/vT ~ (. The kinetic’ enhancement factor grows

with ion velocity, but the fraction of such ions exponentially de-
creases, so only moderately suprathermal ions (z, ~ 2—3) are impor-
tant. Suprathermal ions can destabilize co-TAE for moderate values
of B;«. Ctr-TAE could be destabilized by suprathermal electrons, but
this requires impractically small values of Besx ~ (Me/M;)Bix.
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3. Instabilities driven by passing particles (cont.)

lll. Drive by plasma current

TAE instabilities in Ohmic discharges can be driven by plasma current
due to anisotropy in the velocity distribution of resonance electrons
in a shifted Maxwell distribution Fy oc exp{— (v — u)* /v, }:

dlnFH B Z(u — UH)

2
dv Ve

This mechanism requires a flat radial profile of temperature and con-
centration in the mode region. co- and ctr-TAE will be destabilized
simultaneously, because changing the sign of n simply swaps reso-
nances.

> (0 for u>v||

V. Drive in plasmas with runaway electrons

TAE can be destabilized by barely circulating/trapped runaway elec-
trons, because their resonance velocity is much higher than that of
strongly passing particles and may exceed Alfven velocity. Instability
Is caused by pressure gradient of runaway electrons, so TAE direc-
tion depends on its sign: ctr-TAE when dpe/dr < 0, co-TAE when
dpe /dr > 0.

4. Instabilities driven by trapped particles

Trapped fast ions are created during ICRH and perpendicular NBI.
Trapped ions have <19> ~ (), so their resonance condition takes the
form

W= Swp — nwlt;a
where 31 B
o qug /O
Wpr = () . < Ir >

This resonance does not depend on m and exists for both signs of
n. The direction of TAE propagation depends on the relation v =

\”Wpr’/wg

() v <« 1: analogous to case (l) of passing particles (co- and ctr-TAE
together)

(I1) v > 1: ctr-TAE can be destabilized when wy, < 0.

In both cases the influence of velocity anisotropy competes with
plasma Inhomogeneity.

() v ~ 1: for deeply trapped particles resonance interaction is en-

hanced when nw = s°w%/(4wpr. This makes modes easier to
destabilize. For TAEs, this condition reduces to
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5. Modeling the shot: TAE continuum

general analysis and a specific example
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6. Modeling the shot: modes

The initial mode search was performed with a new code, and con-
firmed with the code BOA newly adapted for tokamaks.
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Alfven continuum for |n| =1 and |m| = 2/3

Continuum, numerical spectrum and some of the modes found by
the new code with automatic filtering of continuum modes based on
compressed Fourier transform of radial structure:
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TAE modes localized around r/a = 1/3 with |n| =1,
found.

m| = 2/3 were

AN 1L AN L
N /S /oINS
/) \/ /| / ik \// ]/
/ i Z /
— f —T 7 /
e / B /
&= AN /N

_ 0.2 -
0.15 - _
- 0.18 -
- ©=0.203

- 0.16 -
0.1 -
' 0.14 -

- 0.12 - m=2
0.05 - _

g 0.1 n

0.08

0.06

0.04
I m=3
0.02
-0.1 | 0 T T -

I I I I I I I I [ | [ [ [ ¥
0O 01 02 03 04 05 06 07 08 09 1 0O 0.1 02 03 04 05 06 0.7 08 09 1
r/a r/a

20.05 -

Two-component equations suffice to describe the modes:
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7. Modeling the shot: mode drive

Destabilization of these modes as ctr-TAEs is sensitive to the po-
sition of plateau edge of the radial distribution of beam ions. The
modes can be destabilized as both co- and ctr-TAEs with only minor
changes in the radial distribution. The radial distribution of beam ions was
not measured experimentally in this discharge, but calculated with TRANSP.
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8. Finite-width pitch angle distribution

Above, we took F,, ~ d(x — xo) because the pitch angle distribution
of beam ions was not known. But it is possible that a finite width
distribution may suppress the instability. To test this hypothesis, the
numerical code was extended to account for Ay, with

Fo = na(r/a)(v” +v) ™ exp[—(x — x0)*/(Ax)7]
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Finite width of pitch-angle distribution of beam ions reduces the
mode increment, and can completely suppress the instability (left,
lower frequency mode). However the opposite may be the case:
when the region of 0F,/0x > 0 shifts to lower y due to Ay > 0
(right, higher frequency mode).
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