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Motivation

Why this work?

1. Provide a fast and easily used global eigenvalue solver to
estimate the frequencies and mode structures of Alfvén
eigenmodes (AEs) in experiments or large scale simulations.

2. Related to my work on ballooning mode (to benchmark GTC
code).

AMC! (Alfvén Mode Code) is an eigenvalue code mainly (but not
limited) aimed to study the Alfvén physics (continuum spectrums
and eigenmodes) in tokamak.

1
Named by W. Chen.
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Model equation

Vorticity equation

We solve the vorticity equation (shear Alfvén law)

1
=
J” K- (B X V(5P)
V(D) (vQ xB) 42" XV
k= b-Vb, Q = (b-V6¢)/B, 5P = (bxV354-VP)/B, Jj = b-V xB.
Eq.(1) holds for large aspect ratio (e = r/R < 1) tokamak plasma
to second order, and we have assumed low beta 3 ~ O(€?).

V~(w—2VL5¢)+B-V( V-B*V,Q)-
‘i 1)

=0,

Further simplification: shifted circular geometry.
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Model equation

Assuming 6¢ = > d¢pm(r)exp(inC — imf), expanding Eq.(1) to
O(€?), we obtain a coupled equation

Linm—100m—1+ Linm0@m + Ln my10¢m41 = 0, (2)
Lo = gf [(1 —I—Vé%eA )2 g2 2r P aY- .,
! {[146\(/;+A/)] k2 —f@,a/q}
- {gr (2¢ ;}‘Al)raar (e ;E‘A’) m(mri 1)
q:[ﬁ—i_‘(/%A/)/]mg} - {%m’kmkmﬂg - ”:2(6 + A Ykt
Fmle + (fA')']kmkmﬂ%} - %(? F %)

(4)
w= w/(VA/Ro), VA = <VA(I’,9)>, km = (n — m/q)



Introduction Equations and Numerical Scheme Benchmarks Applications Summary Appendix
o [SIY Yol 0000000 0000000 oo 000

Eigenvalue solver

Eigenvalue solver

Note: Different authors (e.g., Fu06, Breizman05, Berk92, VlIad99,

-) may give different forms of L, m and Ly m+1. And, some of
them may break the self-adjointness of the equation. Egs.(2)-(4)
are self-adjoint (all eigenvalues w? are real). And, a term (k2) is
added in L, m to support low m modes.

The above equation can be solved numerically for both contin-
uum spectrums and eigenmodes. The continuum spectrums are ob-
tained by setting the determinant of the coefficients of the second-
order derivative terms to zero. The eigenmodes are solved as a
matrix eigenvalue problem AX = ABX, with w?> = X and X =

[. .. ,5¢m—176¢m’ (5¢m+1a o ']T
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Eigenvalue solver

Eigenvalue solver (cont.)

Eq.(2) supports a wide range of modes such as Alfvén eigenmodes
(GAE, TAE, RSAE and more) and unstable internal kink mode as
well as ideal ballooning mode (IBM).

. . . foa—fi_

Zero boundary conditions. Central difference discrete: % = =
d?f _ =26+
and dr2 Ar? )

The eigen matrix dimension is (Np, X N,)2, where N, is radial grid
number and N, = Mpax — Mmin+ 1 is number of m mode numbers.
Sparse matrix is used to speed up. Typical run time is seconds or
less [Other codes usually minutes or more].
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GAE

Cylinder global Aflvén eigenmode

p=1.0-0098(r/a)% q=1.001+2.0(r/a)? B=0,n=0 m=2
[PoP, 16, 072505].

®8p_, o, =1.3842
]

(d) spectrum, m=[2, 2]
6 KAEC (Yu2009)
=2
4 05 “
2 \_/ 0
0 -05 FIG. 1. The eigy GAES: E, vs r/a for the previous code (solid
30 7 e
0 05 170 05 1 suhemlinii
s the minor racius and wy(0) i jency in the center of lokamass.

rla rla

Figure 1: GAE in AMC and KAEC codes, w&XY = 1.3842 and
WSAEC = 1.3843.
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TAE

Ful989 TAE

q=1.0+1.0(r/a)? p=1.0, n=1 and Ry/a = 4 [PFB, 1, 1949].

(d) spectrum, m=[0, 3] ) 8¢, ©,=0.30324
1 1

N Tt
e el (g) 8¢, 2D contour
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// . \\ 0
_________________ 0 P}t E TR Y -1 05

-1 0 1
0] -05
0] 05 1 0 05 1
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Figure 2: TAE in Ful989, wii89 = 0.31, w¥P¥A = 0.3127,
wEAEC = 0.302, wANE = 0.303.
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TAE

Even and odd TAEs

q=135+12(r/a)? p=1/[1+2.0(r/a)?], n=1 and Ry/a =4

(a) profiles, n=1 (¢) 8¢, @,-=0.35046 (e) 89, , ®,-=0.40881
0.15
—Aq
3 ——-v, 0.1
2 _/ 0.0
flrmmmmm T Of== ey -0.1
0 -0.05 -0.2
0 0.5 1 0 0.5 1 0 0.5 1
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(b) spectrum, m=[1, 6] (d) 8¢, 2D contour (f) 8¢, 2D contour
1 1 1
05 05
0 0
-05 -05
i 0 1 i 0 1

Figure 3: Odd and even TAEs. w3y = 0.4050, wSAFC = 0.4086,
wANE = 0.4088; wIOVA = 0.3550, wWEAEC = 0.3523, wAMC = 0.3505.

Even Even
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RSAE

Reversed shear Alfvén eigenmodes

Deng2010 [PoP, 17, 112504]

(c) profiles, n=4, h0=0

Summary Appendix
oo 000
Deng2010

nz = 52122 nz = 52118
_ (f) 50 @, =0.14658

(ﬁl) spectrum, mv[i 14] 1 mt AR (g) 50, 2D contour
" 1 ‘

0 0.5 170 0.5 1
rfa rfa

Figure 4: RSAE in Deng2010, wgng = 0.135, wgg/ﬁjc
Wi = 0.147, wiHEm = 0.142.

= 0.160,
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Ballooning mode

Ballooning mode

Test run

3¢, w=0+0.93224i
m 8¢, 2D contour

1 1.2
15 1.5
1 1 o
tisa,
05 0.5 05 2
= 0 z 0 jg; 0.8
- L/ <
0-= 05 |“\\\\\\‘-“ -0.5 g
= -1 -1 0.6
1.5 -1.5
05 0.4
0 05 1 -1 0 1 20 40 60

rfa totoidal mode number n

Figure 5: d¢m(r), 6¢(r,0) for n =20 mode and ~y v.s. n.
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Internal kink

Internal kink

Test run
(a) matA structure (b) matB, Nx=256 5 (c) profiles, n=1
0
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(d) spectrum, m=[1, 1] ® 5¢m’ mAE=O+0'029844i
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High order (m+2,3,---) gap AEs

(a) matA structure

(b) matB, Nx=512, Nd=Nx*20
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(c) profiles, n=4
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For ‘EAE’ and ‘NAE’, the non-circular geometry is not a must!

Appendix
000



Introduction

Equations and Numerical Scheme
o

Benchmarks
0000

Applications Summary
0000000

©000000 oo
HL-2A experiments

Sweeping RSAEs in HL-2A

Characterization of sweeping modes

o (KA}

" g BAE with n=
— »
. —— R . %

y
prg T4 Up s |
0 e |

ne (10%m )

= \:-*
Py (M)
P gy (M) b

{0 I

100 300

'

tims ims)
Typics! dischargss wih the swesping mades on HL-2A. The biue and
red lines sre corresponding o shot i snd shot I respectively.

Specirogram of Mirmow signi for shot | {up) and shet i (down)

»A group of modes characterizes by down-sweeping frequency during NBI+ECRH and

current ramp-up, and another group of modes characterizes by up-sweeping frequency
before sawtooth crash during only NBI and current plateau

»The toroidal mode numbers of two group modes are low, i.e. n=2-5, and poloidal mode
number m=n

»The two group modes propagate poloidally parallel to the ion diamagnetic drift velocity
and toroidally parallel to the plasma current direction in the laboratory frame of reference.

Figure 6: W. Chen et al., 13th IAEA-TM EP, 17-20 September 2013,
Beijing, China.
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HL-2A experiments

Sweeping RSAEs in HL-2A

RSAE simulation (up-sweeping), Case I: qy,=0.9318
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Figure 7: W. Chen et al., 13th IAEA-TM EP, 17-20 September 2013,
Beijing, China.
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HL-2A experiments

More data to be understood in HL-2A

Typical Instabilities Driven by Energetic Particles on HL-2A

Fram oy

Time

Meed more research on experiment and theory, such as FromW. Chen
measurement and calculation of mode structures
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HL-2A experiments

More data to be understood in HL-2A (cont.)

Typical Instabilities Driven by Energetic Particles on HL-2A (cont.)

From W. Chen
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Jjo effects on RSAE

Parallel equilibrium current effects on the existence of

RSAE

RSAEs existence criterion [Berk2001 PRL] Qe = Q¢+ Qtor + Quink +
Qpressure + Qkinetic +...> chitical = 1/4
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Jjo effects on RSAE
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Jjo effects on RSAE

With Jjo (No RSAE)

profiles, n=4 spectrum, m=[3, 14] 5 prye (”AE=0'20607
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Summary

Summary

1. A fast and easily used global eigenvalue code is developed.
2. Good agreements with other codes.

3. Can be used as a tool for understanding the experiments and
large scale simulations.
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Future works

Future works

1. Extending it to more complicated models (e.g., adding kinetic
effects).

2. Applying it for ballooning mode study, especially to
benchmark GTC.
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Tearing mode
Reduced MHD equation for cylinder tearing mode
{ OV = [V, 9] + nVIV + 0,0,

U=[U,¢] + [V, ] + Opjp + vV U.
- vi¢. jgo = Viw

Appendix
®00

1, 0fog 0gof, im,6 Of og
-61= " (526 ~oran) =+ ar o)
(6)
V2 = 1(8 a)+li2_}(ﬁ 2)_22
L=\ ar 2062 r\or or r2’
Equilibrium relations: 7! = —12W,, jo = V2V, = _%%%'

r dq
S=gqdr Uo = ¢o = 0.

Similar treatment will be used to extend AMC for toroidial tearing

mode.
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Tearing mode in cylinder

Tearing mode

(@) g=0.8+0r+1r%, n=1e-006, v=1e-006

Applications Summary
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(b) eigenvalues

15 a
s .
] 5002
E 004
05 ~
-0.06} *
0
0 05 1 0.4

-0.2

0

02 04

Re(w)

(d) ®=-5.56e-017+0.00805i
1

—Re(®)
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Tearing mode in cylinder

Double tearing mode

(a) g=1.1+-1 .8r+4r2, n=1e-006, v=1e-006 (b) eigenvalues
3 — t
a . S

1 04}
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r Re(w)
(c) Nr=128, m=1, n=1 (d) ©=-7.1e-017+0.01i
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