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Beam-driven fishbones and Alfven modes are routinely observed in
NSTX.
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Introduction: motivation

* Energetic particle (EP)-driven instabilities can
induce significant alpha particle redistribution
and losses to the first wall of fusion reactors;

* Energetic particle can interact with thermal
plasma strongly: affect equilibrium, stability and
transport. EP physics is a key element for
understanding and controlling burning plasmas.

e M3D-K simulations of beam-driven modes in
NSTX are carried out for code validation and
physics understanding



M3D-K is a global nonlinear kinetic/MHD hybrid simulation
code for toroidal plasmas

G.Y. Fu, J. Breslau, L. Sugiyama, H. Strauss, W. Park, F. Wang et al.

p@=-vpm-v-Ph +JxB Ay _pvey
J=VxB %=—VxE E+vxB=nJ
ot

*The energetic particle stress tensor, P, is calculated using drift
kinetic or gyrokinetic equation via PIC.

*Mode structures are evolved self-consistently including
non-perturbative effects of energetic particles;

*Include plasma rotation

G.Y. Fu et al, PHYSICS OF PLASMAS 13, 052517 (2006)
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Linear Stability and Nonlinear Dynamics of Fishbone in NSTX
F. Wang, G.Y. Fu, J. Breslau, J.Y. Liu, Phys. Plasmas 2013,

We consider NSTX plasmas with a weakly reversed q profile
and g_min close but above unity.

For such g profile, fishbone and non-resonant kink mode
(NRK) have been observed in NSTX and MAST.

M3D-K code is used to simulate beam ion effects on n=1
mode: stabilization of NRK, excitation of fishbone and
nonlinear dynamics

New Results:
Effects of toroidal rotation on linear stability;
Nonlinear phase space dynamics =2 frequency chirping.



Beam-driven fishbones are observed in NSTX




Fishbone and NRK (LLM) were observed in
STs and tokamaks

|.T. Chapman et al., Nucl. Fusion 50, 045007 (2010)
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Equilibrium profile and parameters

Gmin = 107

NSTX #124379 at t=0.635s

»NSTX parameters
B,=0.44T, R=0.86m, a=0.60m
n.(0)=9.3x 10'3 cm=
Biot(0)=30%

Analytic fast ion distribution




The fishbone mode structure shows
twisting feature

fishbone

12



0.4

Ke @) @) 00000000000 0 0 O

OO0OO0OO0O0O0O0O0C e

1
OO0OO0O0O0CO0OO0O@eo

< m O 0 O 0000000000000
£ S
o S |0 0 0O 0000000000000 ™M
—~
o
[ - Q
~
e O O OO0 0000000 O® OCO
£ =
NN
“Wb 3 o o o ooooooooQM
1O
._ﬁla- w O 000000 e@e
o
—
nnu _i_b o e o O ocoeeeo
(o) Q.
o]
lm. Lo O O Ooo0oo0ceeee O
&= oY © © < oY -
b h b ™™
% ULW
Z T T
— ce @ o <
‘o S ceeeeeo S
o o
(C ,_m c olcoNeN N N N NolelNe
7 £ w3
Q m-KHh cCoeeeecoeM™mM
T = Mm.w ©
- S w = X X X X X Rl )
o ..hb eI ) o
. A X X X X oK Bk
= : °
1O
o) @)
@] e
S o
(C I
- S
(7))
L)
Q.

S R
¥ b ¥ ¥

13

B/ B

Br/ Bt

O ) O0OO0OO0Ceee e o



Fishbone has ballooning structure at higher q_,.

Amin=1.171 dmin=1.621
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Fishbone nonlinear evolution with plasma rotation:
saturation and strong frequency chirping
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Beam ion distribution (2D) is flattened for
lower energy after mode saturation

time = 0.000000 time = 600.000000

Comparison of beam ion distribution between t=0 and t=600,



Precessional drift resonance (w=w, ) is the
dominating resonance

time = 300, p = [6, §] time = 600, p = [6, 8]
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Evolution of beam ion distribution (2D)
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Evolution of beam distribution (1D)
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Precession drift frequency decreases as

particles move out
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Movie: evolution of beam ion distribution (1D)
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Beam-driven TAEs are routinely observed in NSTX.
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Experimental Plasma Parameters and Profiles are Used for TAE

Simulation

1.0p :
& 0-82'\ M3D-K Input ' _ —
2 06E o N\ Prerma LRDFITOn:us E »NSTX parameters (B,=0.55T, R=0.85m,
0 04F  pe 4 | a=0.67m) and equilibrium profiles at 470
o F 3
o 0% ms of shot 141711

1.0F * ny(0)=4.4x 10" cm3

0.8 —
06l T.(0)=1.4 keV
04 « T,(0)=1.3 keV

0.2f

0.0

14 » Self-consistent equilibrium with plasma
1 rotation and fast ion pressure

g q..=1.09@¥=0.3 *Biot(0)=18.4%, B;(0)=6.5%

0 «analytic or numerical fast ion distribution

0sf fro (0)=36 kHz ; roc 3(V° ‘3V) exp(-ip | Ap)exp[—(A—A, ) / AA*], A = £8
’:é 06;‘ —; Vi +V E
°04F E

02k 3 | Va/! Vapen=2.5, Pyg= 2MW

0.0t . . . : .

0.0 0.2 04 0.6 0.8 1.0



08

06

04

0.2

-0.2

-04

-06

-08

n=3 Simulation Exhibits TAE-like Global Feature
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Mode Structure and Mode Frequency of Simulated n=3,4,5 TAE are
in reasonable agreement with Experimental Measurements

0.30F

D. Liu et al, PoP 2015
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variation near the cut-off layer
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Rotation effect is destabilizing

D. Liu et al, PoP 2015
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Single mode simulations: amplitude evolution
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Mode structures

n=1 - 1t
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Multi-mode simulation show mode mode
interaction via wave particle interaction
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Structure of perturbed beam ion distribution
shows resonance overlap

n=4
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Mode amplitudes increase sharply as
beam beta exceeds a threshold
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Distribution flattening: global transport
when beam beta exceeds a threshold
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Summary

Rotation effect is destabilizing for fishbone (higher gmin)
and TAEs;

Fishbone frequency chirping is possibly due to resonant
particles moving outward radially keeping resonance with
the mode;

Nonlinear simulation shows strong interaction between
multiple TAEs and fishbone due to overlap of resonances;

Signature of TAE avalanche is observed in the multi-mode
simulation:

sharp increase in mode amplitude as beam beta
exceeds a threshold;

global particle transport due to overlap of resonances.



