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Outline

 Introduction
- Alfven frequency gaps and Eigenmodes (TAE, EAE, NAE, RSAE, etc.)

* Theory of Alfven-Sound Frequency Gaps
- MHD continuous spectrum of Alfven wave and slow mode

- Coupling of Alfven wave and slow mode breaks up continuous spectrum to
form Alfven-Sound (AS) gaps; Gap width increases with plasma pressure
* Discovery of Alfven-Sound Eigenmodes (ASE)
- Existence of many types of ASEs: BAAE is one type of ASEs
5 types of ASEs for 3(0)=5% ; 6 types of ASEs for 3(0)=25%

- ASEs can have dominant shear Alfven wave nature, or dominant
compressional slow mode nature, or mixture of shear and compressional

components
« Summary - Application of ASEs 2
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Introduction:
Z00 of Alfven Eigenmodes In Toroidal Plasmas
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Coupling
physics between
Alfven wave
and slow mode
was not well
studied !



Comparison: Full MHD Solution and
Uncoupled Alfven & Slow Mode Continuous Spectrum

N=2, p(0)=5%
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Reverse shear, circular
shape tokamak equilibrium
with R/a=3; q(0) = 1,

Jmin = 0.92; q(1)=2.42

Alfven wave - slow mode coupling
breaks up continuous spectrum
below TAE gap to form Alfven-
Sound (AS) gaps

Several types of Alfven-Sound

Eigenmodes (ASE) exist with
frequency in AS gaps

Red curves: Full MHD results
Green curves: uncoupled slow mode
Blue curves: uncoupled Alfven wave
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Alfven-Slow Mode Coupling:

Alfven-Sound Gaps & Alfven-Sound Eigenmodes

frequency [kHz]
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n=5AS gaps & ASEs for

q(0) =1; g,,, = 0.92; q(1) = 2.42; R/a=3
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e Coupling of Alfven wave and
slow mode breaks up
continuous spectrum below
TAE gap to form Alfven-Sound
(AS) gaps

 Several types of Alfven-Sound
Eigenmodes (ASE) exist with
frequency in AS gaps




MHD Continuous Spectrum
Coupling of Alfven wave and slow mode (Cheng-Chance (1986)):

Alfven wave

L2 21%7 4052
B-?('Wl E-?{#) , IV £ PKA)= 0

132 132
“—————— coupling

Slow mode
g/ B+, P
B-V B-VA AH K.e. =10
(ﬁw'ﬁﬂ": ) t < NG

Magnetic field: B = V(¢ —q¢0) x Vi ; Safety factor: g
Shear displacement: &, =¢&-B x Vip/| Vi)’

Plasma compression: A =V . ¢

Geodesic magnetic curvature: K, =2x-B x Vi/B?



Continuous Spectrum by Lagrangian Functional
Cheng-Chance (1986):
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Coupling of Slow Mode m-1 and m+1 Harmonics
with Alfven Wave m harmonic

w? — mi{nt — nq]2 — mffp
o (m — 1 — ng)’ { (m +1—ng)’
A (w? —wi(m —1—nqg)?  (w? —wi(m + 1 — ng)?)
2 o A0V (T B .2 d0nPBYIT (WP + BY)
L AT |Vl B? ' ’ [ dog pB? |

y 2w > 2 y ) 9 2
e fﬂﬁr d0 TN PB*K?/ (7, P + B?) : mis B (Ju dOy,PB*Ksin0/ (v, P + B ))
T v/ (o™ dogpB?) (Jo" doT oIV y12/B?)

Large aspect ratio limit: | Vi = B*/p i Cs = %PB*/p(r.P + B%)
wi = (ValaR)* 5 wg ~ (Cs/aR)® § W}k, ~2C%/R? 5 wig~ Cl/g*R!




Coupling of Slow Mode m-1 and m+1 Harmonics
with Alfven Wave m harmonic

Dispersion relation:

2 2 2 2

= 2ws[(1+ 7 )w? — wi(1 = n°)?

(w* — win® — wig,) [(W* — w§ — win®)* — AW

2 47

n=m—ngq, and consider m—-1/2 <ng <m+1/2, so that »* < 1/4.

2

2

2

(W — wg)[(W* — wan® — wig,) (W* — wg) — il =0

Three solutions:
Alfven m harmonic:

w

2

~ wi(m — ng)* + wi:p + W

One of slow mode m+1 harmonic: |«? ~ w? — (w + 2wis)/[w

Other slow mode m+1 harmonic: |w? = w?

2
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(m — nq)?* + w?{p + wg]




Coupling of Slow Mode m-1 and m+1 Harmonics
with Alfven Wave m harmonic

Large aspect ratio limit, and for m-1/2 <ng <m+1/2

Alfven m harmonic:

w? =~ (Va/qR)*(m — nq)* + (1 + 2¢*)(Cs/qR)*

One of slow mode m +1 harmonic:

2

[1 N (VA/(;S)E(WL — ﬂg)z o (1 + 2@'2)

Other slow mode m+1 harmonic: w? ~ (Cg/qR)?




Coupling of Alfven Wave m-1 and m+1 Harmonics

with Slow Mode m harmonic

2

w? — wi(m —nq)?

C wh(m— gy Ag(m = ng)?
o 2 2 +

w? —wi(m —1-nq)? —wg, w?—wji(m+1—ng)’

,2, i

Slow mode m-harmonic:

w? ~ wi(m — nq)* [1 — 2wig/ws(wh + ""’%fp)]

Large aspect ratio limit:
w? ~ mﬁ(m — nq)"!/ [1 + QqE'ySF/{BE + TEP}]

Alfven m+1 harmonics:

w? ~ wi(m —ng+1)* + w?{,p
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(M-1)(A)
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n=0
(1+2¢°)(Cs/aR)*  m =0 (A)
—
(Cs/qR)? m==+1(S)

m= 0 (S)
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Circular Tokamak

B .
Reverse shear, ,
Circular shape tokamak ] P
equilibrium with :
R/a=3
q(0) = 1; Omin = 0.92 ; [
q(1)=2.42 1L q
P
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Comparison: Full MHD Solution and
Uncoupled Alfven & Slow Mode Continuous Spectrum
> n 2 B(O) 5% Reverse shear, circular
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‘ Uncoupled slow mode
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"l * Blue curves:
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16



19

normalized frequency
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n = 2 Continuous Spectrum:
Comparison of 3-Harmonic Coupling Theory and Full MHD Solution
BO)=5%  B(0)=10%
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n =0 MHD Continuous Spectrum
Coupling between Alfven Wave & Slow Mode
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Reverse shear, circular

shape equilibrium with
R/a=3; q(0) = 1;
Omin = 0.92; q(1)=2.42

normalized frequency
=214 kHz

n=0 MHD results
Coupling of Alfven m=0
harmonic with slow

mode m=+1 harmonics
creates Alfven-Sound
gaps

Can GAM eigenmodes
exist in the n=0 AS gaps ?
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frequency [kHz]

n =5 Eigenmodes for B(0)=5% Tokamak
n=5,BO=8%  g(0) =L Gy, = 0.92; (1) = 2.42
Bl MHD\ HI | 5 types of ASEs are found:
| « Type 1: Frequency above m=ng-1=4
slow mode continuum in core region;
« Type 2: Frequency above m=nq+1=6
slow mode continuum in core region ;
* Type 3: Frequencies in AS gaps due to
coupling of Alfven m=5 harmonic with

slow mode m-2 =3 and m+2=7
harmonics in core region

* Type 4 (BAAE): Frequency below
m=ng+1= 6 slow mode continuum,;
mode localized around g=m/n

* Type5: Frequency in lowest AS gap,
mode localized in outer radial region
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frequency [kHz]

n =5 Eigenmodes for (0)=5% Circular Tokamak

n=5, [3(0):5% - —5 [3(0) 5%
S00f B La | Slow-mode, 'q A |! » Horizontal bars indicate
approximati n/ ﬁ IINJ- eigenmode frequencies &
ol \'M,_: half-width of radial
: e \M structure
: | normalized frequency
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Five Types of ASEs for B(0)=5% Case

Type 1. Frequency above (m=ng-1) slow mode continuum in core region;
for n=5, g=1, m=4

Type 2: Frequency above (m=ng+1) slow mode continuum in core
region ; for n=5, g=1, m=6

Type 3. Frequencies in AS gaps due to coupling of Alfven m-harmonic
and slow mode (m-2) and (m+2) harmonics In core region

Type 4 (BAAE): Frequency below (m=ng+1) slow mode continuum;
mode localized around g=m/n ; for n=5, q=1, m=6

Type 5. Frequency in lowest AS gap, mode localized in outer radial
region
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n =5 Alfven-Sound Eigenmodes for (0)=5%
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n =5 Eigenmodes for (0)=5%

RSAE-Sound-TAE RSAE-TAE-Sound
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nNn=5 Eigenmodes for B(0)=25% Circular Tokamak
s [3(0) 250/ \= wn.
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Six Types of ASEs for B(0)=25% Case

Type 1. Frequency above (m=ng-1) slow mode continuum in core region;
for n=5, g=1, m=4

Type 2: Frequency above (m=ng+1) slow mode continuum in core
region; for n=5, g=1, m=6

Type 3. Frequencies in AS gaps due to coupling of Alfven m-harmonic
and slow mode (m-2) and (m+2) harmonics in core region

Type 4 (BAAE): Frequency below (m=ng+1) slow mode continuum;
mode localized around g=m/n ; for n=5, q=1, m=6

Type 5: Frequency In lowest AS gap, mode localized in outer radial

region

Type 6: Frequency below (m=ng-2) slow mode continuum In core region;
for n=5, g=1, m=3
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n =5 Alfven-Sound Eigenmodes for B(0)=25%
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n =5 Alfven-Sound Eigenmodes for (0)=25%
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B(0)=5% Triangular Tokamak

Beta(0) = 5% ) .y~ .
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n =5 Eigenmodes for $(0)=5% Triangular Tokamak

frequency [kHz]
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* new types of ASEs

- 5 types of ASEs
- 2 new types of ASEs
- no BAAE
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n =5 Eigenmodes for (0)=5% Triangular Tokamak
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Summary

Theory of coupling between Alfven wave and slow magnetosonic wave
- Formation of Alfven-Sound (AS) gaps

Discovery of Alfven-Sound Eigenmodes (ASE)

- ASEs are ubiquitous in tokamak plasma for different g, P, p profiles, plasma £ and
toroidal mode number n

- More than 5 types of ASEs are found in circular tokamak; BAAE is one type of ASES
Slow-mode approximation does not have slow mode physics and thus
has no AS gaps and ASEs

Application of ASE concept

- Explanation of BAEs observed in high-3 tokamak experiments
- ASEs resonance with lower energy fast particles than TAEs or RSAEs
- Removal of Helium ash (slowing-down a population) from fusion reactor core
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