i

|}
=
N
Y
Al
N

ZAR i =3ty

202557H haogz2019@outlook.com




2 s1vsnuannn Relevant Texts

Ideal MHD

e1dbe

R AZ RSP

R SR

2014



& mrusmumman Outline
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 Closure of MHD equations
« Several basic concepts
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Scaling:

Fusion Gain: Challenge #0: Fusion technology - crgoispos,on
/ B « M 019 p197 .0.58,0.78 |
« nTt, < ByHB3a3/qé
Q xnlty N a’/qgs

/N

Challenge#1: MHD instabilities ~ Challenge#2: turbulence & transport ™ "+«

0.8

0.0

-0.8

ITER: Q~10, 518500 MW Toroidal plasmas Tz 16 20 21 12 1.6 2 24 oo



& mTumEBERRE

Di%EEH Southwestern Institute of Physics

ENNE

Scales of MHD activities
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Plasma physics time scales Formulas Values (sec)
Electron gyro period T, = 2@lw,, = 2mmleB 7.1 x 107"
Electron plasma period Tpe = 27/, = 2a(m eo/ne”)? 1.1 x 107!
Ion plasma period Tyi = (mjlmg)”zrl,(, 6.7 x 107'°
lon gyro period Ter = (milm,)te, 2.8 x 1078
MHD time Ty = alVy; 19 x 107°
Electron-electron collision time Toe = 0.7 X 1076 7%/ 3.0 x 107°
Ion-ion collision time T = (2m,~/m(,)” ztﬂ, 26 % 1077
Energy equilibration time Tog = (M2m,)7,, 55 x 1072
Energy confinement time for ignition = 1.7/n 1.7
Resistive diffusion time o = poa’ly = 40 &’ T 2.1 x 107
Plasma physics length scales Formulas Values (m)
Electron gyro radius Fre = V5o, 37 x 107°
Debye length i = Vidope 58 x 107
Electron skin depth 0, = clwy, 53x 10
lon gyro radius rr = (mdmy)\ "y, 22x10°
Ton skin depth 8; = (midmy)'"6, 3.2 x 1072
MHD length a 1

lon-ion mfp Aﬂ.,',' = VT,'T,',' 1.4 x 10K
Electron-electron mfp Aee = Aii 1.4 x 10°

In A = 109.

a=1m,T,=T,=3keV,B=5T, n = 10"m™

Over 14 orders

Over ~10 orders
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Why are MHD activities important?

Fusion power (MW)

v - oo
gz jig 1 Ul 65 & 700 12 it 75 B
Di%EEH Southwestern Institute of Physics
20} Heating power L NI
+ JETELM free (W] s Ay
15" f | 1 mode (1007)
3* 10
H
TFTR H
(1994) ]
10 i { &5
I ]‘ / JET optimized
I j 1 shear mode (1997) £
I ; £
;[ l', H JET steady state N
i ! ELMy H mode (1997)
1 | 4
.
| | -1.0
0 %53 3 R 30 TS 2 R3(’2,) 2 ! é
° _ SXR measurements for NTM 5055 60 _65 70 75 B0
sime (8) Pulse No: 40572
M.L. Watkins, 1999, NF , 39, (1999), 1227 Huysmans, NF, 39, (1999),1965 10
Huysmans, NF, 38, (1998),179
0.5
. . . . . . . ’é‘
» JET DTE1 & TFTR experiments: fusion power limited by MHD activity (edge o
0

kink)
» MHD (e.g. NTM) reduces the plasma confinement (e.g. by ~13% on JET)

30 32 34 36

» MHD (e.g. XK, RWM, NTM) activities induce disruptions
26 28
R (m)

Huysmans, NF, 39,(1999), 1489
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Ideal & resistivity MHD

nj (resistive)
E4+vxB = ({Ohm),
0 (ideal)

B
a—:V><(v><B)+nV><J

ot
lv

B
%—t:Vx(va)JrnVQB

J X B

When V X (V X B) — () resistivity is important!

2) type of the distortion N
(Is the plasma resistivity important?b

ideal instability -0 Y65 resistive instability )
(topology of the flux (topological changes
surfaces is conserved) _ arerequired)
l -~ y, if
l i &
I [ 3) location of the instabilityj
.l P - 7 ~
| internal / fixed boundary mode| external / free boundary mode |
I jff ’ - . - ‘-.‘_\‘-\\
! \
V¥ b SR

©

(a) . ~ a)=0 &(a)z0

Internal kink mode Tearing mode External kink mode
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Basic classification of MHD instabilities

1) drive of the instability
(source of the free energy)

' a

, ressure driven : ;
current driven P . I particle driven

. s instabilities : g

instabilities (neoclassical tearing instabilities
(tearing mode, kink . (fishbones, fast particle

= mode, kink mode at
mode,etc) : modes, TAEsS,
= high pressure, BAEs etc)
balooning modess, etc) ’

Tearing mode Internal kink RWM (external kink) Ballooning mode  Alfven eigenmode

®Tp~0.175
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S8 mrummumwsn  Resistive Wall Mode &Edge Localized Mode

Fusion Gain:
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/N

RWM ELM




&3 B LWEREIRRRR Outline

MiESKE Southw
CNNE

1.

Introduction

 Closure of MHD equations
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Plasma phenomena

fv) |

Single-particle Distribution I Boltzmann
motion function equation

/ / Moments of Boltzmann
equation

C:m.'glrv::nl —
o Single fluid
NIl Smgle Tul Multiple fluids | : — >
~ (MHD) i Jur 0 [
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Derivation of ideal MHD model

df, _of,
dt ot o
‘B
E=—
V x 5
1 dE
B = —
VX #0']+c26°r
V-E=Z
&
V:B=20

J = Zzae] vf, dv
o = Tzae [fadv

My — /_f'af!W'
1

u, — vf dv
1y

o =1,€e

Z, of .,
+V-Vfa+m%€(E+va}-bea: (f

ot

)

df o (4

Sil"ar — \or

dv = 0

i
fori = 1 — 3 with g;(v) given by
g =1 (mass)
g = MgV (momentum )
gy = Mgy /2 (energy)

Multi-fluid equation;

dn
(d:) +n,V-u, =0
[

d
mana( (:'lta) —Zgengs(E+u, xB)+V-P, =R,

o

3 dT
2”“((1;) +P,:Vu, +V-q,=0,
o
VXE:—O,\—B
ot

1 cE
V x B = ‘1\{06(.’151.1,' - ”eué‘) + _"(—‘_

ct ot

V-E = _5(;1,- —n,) How to closure the set of equation?

&0 12
V-B=0
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Closure of MHD equations

> ldeal MHD closure

on |
5, TV (nv)=0 P-—P,+P —pl
dv a(pr)_
[JE:JXB_V’(Pe—FP:) dt \ n?
cB L
= V x (vxB) > MHD-kinetic closure
0
- 2 g,
V x B =yl pi= [ vjfd
V-B=0

pL = [ v? fdiv

Ne = Nj = N > Double adiabatic model

» More unknowns than equations. d
How to closure the set of equation? dar (E) =0

10° - _
, . /1:K; e: F
10" + F_|_K Fusion ]
| plasmas /_i:F; e: F
1 MHD-kinetic .
T(keV) 107} v 1 n,e: F
1072} \ <
3
10721 .
oy _ Ideal-MHD
1074 1072 10° 102 10*

e Ideal MHD: collision dominated fluid
e Kinetic MHD: collisionless kinetic
e Double adiabatic theory: collisionless fluid.

T, = 3.3 X 103('1%/m?2“) < |
wt; = 1.5 % IOZ(Y%/W?Z{}) < 1
l.

T, = 1.8(T7 /any) < 1

oWnap < oWiiny < oWeer

13
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1. Introduction

« Several basic concepts
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separatrix
23 p jlr ‘\‘b

Ly
PRI Shafranov shift

¥
L]

Magnetic axis

7 s_(e+d)/2
!f; - a

x% elongation Geometry center

Tri-angularity

15
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3 BTLERAERAR Curvature of magnetic field

_ Substitute from Ampere’s law and use vector identity —
jxB = VP
2
V-B =0 —> —VP+i(VxB)xB=—V B B-VEB
1 Hy
j — —V x B
o P =thermal pressure
2
="magnetic pressure"
24,
B.VB——b Vb—— "
H, Ho Lo K% k = — = curvature of fieldline n
\\ Z
\\
\\
— 83
\\ -
//1 \\ /d_t; .
/ \\ P
/ \
7/ \
/ 2 s
> > B
i -~ //‘_ﬁ\\

\—;__//41 = »R 10
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Vi Vi
[l —

V| RB,

By By

B B magnetic axis

B B
t—=n x h:fhp——p%
Here, x,, = n - K 1s the normal curvature and x, = t - K 1s the geodesic curvature
(which is perpendicular to B but lies in the flux surface). After a short calculation
these quantities can be rewritten in terms of the equilibrium fields and flux
coordinates as >
vp vp
_ MoRB, O +32 - - { + %119
" B oy 21, : } )
12.39 A
. _F O (B ¢ \
" RBYAIL\ 24, 0
- e e,
favorable unfavorable
|/




s mrummmmmsr Toroidal effect is important in fusion plasme

mf&ﬁ. Southwestern of Physi

» Curvature of magnetic field (not zero after average along the
poloidal direction)

« Significant effect on MHD :TM, RWM, IK
« GAM

« Drive MHD: ballooning mode

« On turbulence

» Variation of magnetic strength along poloidal direction H; — B.o(1 — (r/R) cos 0)
« Low field side (LFS), HFS
« Trapped particles Magnet ine Pressure

Neoclassical effect (FOW replace of FLR)
Discrete (or named gap) modes: AEs
Coupling of different harmonics

On turbulence
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§3 mTumEnERRER Safety Factor

(a) resonant surface

16 17 18 1.9 2 21 2
R(m)

Figure 5. Left: A magnetic field line (blue) on a rational surface with g =2.1=21/10 (magnetic field is from
Closed f|e|d ||ne EAST discharge #59954@3.1s). This field line closes itself after traveling 21 toroidal loops and 10 poloidal
loops. Right: The intersecting points of the magnetic field line with the ¢ = 0 plane when it is traveling
toroidally. The sequence of the intersecting points is indicated by the number labels. The 22nd intersecting
point coincides with the 1st point and then the intersecting points repeat themselves.

open field line

Rotation transform:N S Hu’s note

|
N—=N 1 qlocal (w79) — @
Safety factor:

27
q:zg aW) = o /0 e (4, 0)8 q — <

% 2T

Magnetic shear:
rdi _rdg

Idr_qdr

q determines the stabilities properties v

v
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Revisit of energy principle

UJ2

oW
0K

=—f§*-F(6)dr

w? >0

w2<0

w =0

corresponds to a pure oscillation

with one growing and the other decaying

Marginal point: between pure growing ( or
decaying) mode and popagating modes

1
oWp = Z/Pdr[

Q. | B”

47

+ hW'EL 'l‘2|!"£'t‘-fJ_|2-i-“,-,U|'vw‘,f|-“J

—2(Vp-&,)(k-&))— J”{El xb-Q,)
Perturbed B field ¥ ¥ ]
t &4 . t 4 t Equilibrium
Xt t 4 i Equilibrium y —~—/ B field
t ' ¢ ; B field ¥ i '
4 '
B : 3 4 — 4
z

Perturbed B field

Total

B field

M o o | =

> SAW
> CAW
» sound wave

=

Equilibrium
pressure
contours

|~ Perturbed

pressure

Combined
pressure
contours

=




§ mTumEBERRR

Di%EEH Southwestern Institute of Physics
ENNE

Revisit of perturbed potential energy

« fluid energy

2
Wr 2/ [lall |V €, +26-&, 1> +vp|V - €
P Vs

—2(Vp-&§,)(k-&1)—J(§L xb-Q,)

Individual terms have the following physical interpretation:

- |@Q | |* represents magnetic field bending energy = stabilizing -
— |V - &, + 2k -£&,|? represents magnetic field compression energy = IK/EK
e !
stabilizing RWM

— vp|V - €|? represents plasma compression energy = stabilizing BM

— Vp represents pressure gradient instability drive = can be destabilizin Infernal

— J), represents parallel current instability drive = can be destabilizing

TM/NTM
surface energy Peeling
SWs(&.61) = / & ’n- |[ ( +#0P)]] ds RWM

vacuum energy

£ 1 e 2
oW s = — B,/ dr
v(E, .€1) 2;10[' 1] 22



& smwsmamwsn  Picture of current driven instability
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109 BZ
e straight wire carrying a current Iy = Ipe,

e is placed in a uniform magnetic field parallel to
the direction of the wire, B = Be,

F Bz e is deformed helically:
X(z) = &rcos (kz) ex+ &rsin (kz) ey + ze;

e current I flowing in the twisted wire: ...
I e Lorentz force I x B acting on twisted wire: ...

e equation of motion — growth rate ...

23



& mmumsmmwne B3d& good curvature of field line
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—2(Vp-&,)(k-&7)

Tokamak from above: poloidal direction

At inside VP, is in opposute VP,

direction to —!

At outside VP, is in same

direction as x \VP
K

— ballooning instabilities are
concentrated on the outside /

of the tokamak

Toroidal direction

Averaged is good, to avoid interchange mode. There is a regions, in which
the curvature is bad, allows the occurrence of BM. 24
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& mTumEBERRE Energy principle

Expression of W — Minimization of 8W - resolve E — L equation —
obtain the displacment for minimum of 8W — evaluate the sign of 6W — stability analysis

Energy Principle:
., W
W = = If oW(E™,€) > 0 for all allowable &, then the system is stable
oK If 6W(£7,€) < 0 for any &, then the system is unstable

l

To find the minimum

SW(E".$)r all allowable displacements

How to minimize the perturbed energy: Variation principle!

25
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Variation principle

Boundary condition:

Euler-Lagrange equation:

X2
oS = 6‘[- L(g, g',x)dx = 0.
X

X2
58S = f i —bg )dx—

oS = —bg(x)

O(x1) = d(x2) =0

x d
L]I ( dg jx 3; )5gdx -

JdL d JL _
dg dxdg’

x d
fz(ag ddxa;)de 0

oqgl — —0
) d:::‘g

26
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2. Physics and control of Resistive Wall Mode (RWM)

e External kink

: : : < nT1. < BvHB3a3/a?
RWM dispersion relation Q oty < fyHB a/q5s

RWM control / \

RWM stability with kinetic damping RWM

27



s mrummummaz Perturbed potential energy in whole region
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oW = Wpg + oWg . 2 oWy

fluid energy sur face energy vacuum energy

The fluid energy

* |
Wr(& &) =5 [{IQuF + BV &+ 28, 4|V - T
P

—wol(EL - VP)(E k) + (&, - Vp)(&E, - K)]
— (o) /2)[E xb-Q, +&, xb- Qzl}dr

The surface energy

. 1 B>
oWs(&,.&)) =—/|n-§llzn- |[V(—+ﬂop)]]d5 : .. : ) )
’ 2o 2 SW: can be either positive or negative, vanishes if
there is no surface current.

The vacuum energy

. 1 A
oWy(& &) = Z{)/ |Bl|2dl'
V

28
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Minimization of oW

()‘W[(é é"

/{IQ P4+ BV &+ 28, W+ ol V - &P

214

—/‘()[(SL vI))( S ’K) ( © vp)( (S )]
— (e /2)[E xb-Q, + &, X b-Ql]}dr

Step1: minimizing ¢,

Step2: minimizing &

§=§b+&L=¢b+¢e,+ e

S o [onle s rar 0
5W(€a £ﬂ: &H) — 6W(‘§a &n) V- E — 0
<l = f%“? &
W(éjéﬂ) — (5W(£) /W() K3 ||+ 25EE iyt — i )+—B[f‘ri(r¢*)'—ir/*(ré:)’]\
{‘fkulfﬂ + 2%; +,i,"“(rc)’f] |2520e + ey
*
\[ n = pEye [2kBoS + G(r&)’| ] /




@ umwmmnmns Step3: minimizing &

ENNE

|deal wall case
OW(E". &) = OWp + 6Wg + oWy

Assume no surface current Wy =0
Second order of fluid energy:

2
oW, = /0 (2 l) [r2§'2 + (m*> — 1) 52} rdr

m g

+ n_ L n 4+ l + mA n_ L 32531 External kink mode
m q, m qa m q,

1+ (a/b)2™
1 — (a/b)?m

A :from vacuum region

Minimize ffiﬁ""g — dil
r

Ideal wall

(SRR, AEE)] *



&8 mrummmensr  External kink (ideal wall)

m:ﬁ&ﬁ:m Southwestern fF'h\r
&
q(r)
p(r) 3(r)

a % r

¥ A

b
, _/4\ _
F m—1 ag; o - a b r
&(r) = ¢a(=) g =m

EA

SW 5 — 2q (ng, —m)(ng, —m + 1) ‘ Unstable conditon m — 1 < ng, < m
mdq, (current driven):
P503 ideal MHD




& mrummmemgscternal kink-

Di%EEH Southwestern Institute of Physics

3 (with vacuum contributions)

Vacuum term

ENNE

W, F?r&  FF ,

H - o 5 P e {[JJ
2R [ k{] -

oW, F?r&  FF P

— — + (a)

F' = kB. — mBglr,

F(r)=k-B = kB, +mBy/r

=~ 1

FrEas g
.'AL.-I. = —

ka K,

NN {1 - (K;Jfﬂ};’{f;;,xﬂ)w Lt (a/b)"

B FE CAAVI AL R TP

The approximate formulae are valid when kb ~ ka < 1. Clearly A, > A.. The

interesting physical regime occurs when
oW, < 0 < oW, (11.151)
That is, without a wall the plasma is unstable to an external MHD mode while with
32

a wall the mode 1s stabilized.
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2. Physics and control of Resistive Wall Mode (RWM)

« RWM dispersion relation

33



& mrumsmensr Resistive wall converts EK to RWM

IIIﬁEI

W <0< W,

No wall Perfect wall Resistive wall

External kink ~us ‘ RWM ~ ms
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Resistive wall mode
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& mTumEBERRE

RWM in DIII-D

e Q%bhﬂ&%@y

\

v s)

Re (s -

\;

EAYAY .
%ﬂﬁbﬂ q.#hq.u“\ﬁ\hﬁ:h!#f

g
S

a_l.li.r..f\“‘h A I Wy {J 0}

s e P )

e
WLy
i

YA Resistive

wall mode

MARS-F result

RWM

@ Global MHD

@ Grow time scale ~ ms (allow feedback control )

(® Real frequency < 100Hz

no wall limit (n7 limit)

a N>beta N

—> Induce major disrution as bet



& srusmamszm R\WM induces the major disruption
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114813 114531

4 Ti-Coil Current k&i ‘
] Feedback Control ” I""I H \

=

/I-C oil Turned Off

............

e

-------------------------------------------------------------------------------

500 1000 1500 2000 2500 3000 3500 4000 4500
Time (ms)

[Strait 2004 Phys. Plasmas 11 2505]

36



& srussumwsn  RWM dispersion relation (1)
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T 2] 2
(D ;_r [rs (% _ é) %} — (= 1)r (% — é) & =0| (inside plasma)

B, — VV,

(because no current in vacuum region)

) By =VVn
Vi = (AoK, + A11,)explw;t + i(m6 + kz)]|(in vacuum)

Vir = AxK ,exp|lw;t + i(m6O + kz)] Buy = By (x) explont 4+ i(m0 + k2)].
w; ~ nlugbw Wito /N~ 1/bw Tho
Magnetic diffusion equation for the resistive wall: if‘ — g,
ﬁ'ﬁ Solution of 1st order eq.
(I1) w V2B,, |(@cross the thin wall) \
ot o ,
| Bur =~ B+ B — Bo (1 +@”*‘x2|) +\Bﬂ(iﬂ
Thin wall assumption: O = wlb < | =) " s
B, /B~ 9 (1)
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RWM dispersion relation (l1)

The solutions in all three regions have now been specified in terms of five
anknown constants A, A, As, B,g. B,;. These constants are determined by

ippropriate matching conditions.

AD:« Ala AZ:« Br‘()-) Brl ?

Match of the normal fields at two

wall surfaces (A)
Left: from vacuum eq; right: from wall eq

8‘7] 7 8‘/\/]] 7
or |b = Bur x=0 or |b+ = Buwr

Match of the tangential fields at two V' Bur =0

1

wall surfaces (B)
‘A/I)b - ;:_gag;r =0 Vll)b+ = kl_gal;ﬁ’;r
o — i ()

~ &0

~ 51

Cancel: B,o, B,

=

Resistive wall

AoK) + Al — AzK) = 0O

,unwz-w|k’
AoKp + Al — Az | Ky — ——— K}, | =0
nko

Obtain A, As as function of Ag



& srussmmwse  RWM dispersion relation (l11)
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AA| = —UK;]A[] v = (ﬂo k|w/;1k§) ;
(;b K, — K, fb) Ao with A = I,K}, — KuI}, + vK, I,

!

Vi = (AoK, + A1)

A
p— AAD(E}LT _|_ 41 1’")

g
]

v I
= Ag(K, — LT
D( v A '.-“)
Boundary condition at plasma boundary:
1 continuous of normal field perturbation
v ]2 :
B, =VV; = Aglk|(K’ E’I" er - Qlo =1F(a)f(a
1 oI = 5 == Ao = iF(@)E(@
[
A iF(a)f(a)
A |k:|(ff{’; B ;sz I") Q=Vx(&, xB)
39

[1] : Ideal MHD, J.Freidberg



& srummmmane — R\WM dispersion relation (IV)

W, = qu f|Bl| dr

1 i
AVAENV ) dr = —— %% - VV)dS
2# } (V] 1)dr 2#/5 L (n 1)d
- QWQR.DEI ?*éﬂfl
o 7 Loor .
l = v (34)°

v&  Resistive wall mode
(Fg 2 AK, — vK}21,
k|7 AK! — v KPP (B1)r=b << (B1)r=a
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& szummzmmne R\WM dispersion relation (V)

1 (KL — K21,/ Ka)
N _ I[—,Kg—K—bI;‘ I{_a
oW, = ~
v(KI, — K21,/ K,) v K}
1 =1 I, — K;1,/K,
I, — Kol TR = ikor e T Bela/Ba)
— UKL, — I'K})K) K. — K1, K,
- I, K| — K,I. I'K! — K. K,
L rByI = LK KL K — Kl K,
- IIK, — KT, IIK' —K/I K,
N
=1 —Tp—

o

P mi,

STV Noo — Tw/\b <= " ka|K!,
v 1 — KII,/IK
1 — 7o Ap = A bla/ Tl e
11— K1 /I K]

41



& smummnzazn — R\WM dispersion relation (VI)
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ow - A very useful dispersion
2 _ — y —
W SK Noo = 0Wioo and Ny = oW, relation, valid in toroidal
o geometry, has been derived
oK + oW =0 SW® + + SO by several authors [Haney PF
SK = —w28K 0K + W A v WZTv () |BI1637(1989), Chu PoP 2 2236
1+, (1995)]
W + T, 6 W
OK +0W4a+0Wg +o0Wgprg +0Wp A =0
i 14+ 7
continuum
damping

= 319 (bb—1I)[b-V(V-b) —V-(b-Vb)]

pI'Im & ZJ Mj vllzf},lna ({1- )’)dV
Ji

1
P =5 Mvifina€uy)dv
42
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2. Physics and control of Resistive Wall Mode (RWM)

« RWM control
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2 szussnzmne  How to control RWM

ENNE

1. Passive stabilization

_ plisie), 2. Active control
ﬁﬁ;t l;Lbrfe:gces
- unperturbed T
flux surfaces
reflection NOn-I'eSOﬂant
ciesonant . interaction

interaction trapped

(Landau damping) Conservation of flux

. trough the particle orbit.
Typical resonances:

- precession drift Finite orbit width is

frequency important.
- bounce frequency g7
; Mainly fast particles are
Mainly thermal particles ~ P#°5'"9 & important
are important. n g
p a)RWM<< wpartide

O™ 1 Presonance
integer
WUnderstanding damping physics of the mode
» Continuum damping [Zheng PRL 95 255003(2005), Betti PRL 74 2949(2005)]
» Parallel damping [Chu PoP 2 2236(1995),Bondeson PRL 72 2709(1994)]

> Kinetic damping [Hu PRL 93 105002(2004), Hao PRL ,107,015001,(2011),Bondeson PoP 3
3013(1996), Liu NF 45 1131(2005)]

» Damping from plasma inertial and/or dissipation layers [Finn PoP 2 3782(1995), Gimblett PoP 7 QChoice of sensor signals (pick-up coils) (y) [Liu NF 47 648
258(2000), Fitzpatrick NF 36 11(1996)] (2007),Liu PRL 84, 907, 2000]
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» Continuum damping

d*¢ 1 d¢

ds*  sds

s20,  &(s) = —So(lns +C)

= —&[In(—s) + C + i]

P438,Ideal MHD

+-—-—¢=0 s=kx—kry with xyp =2

§ 2 0- &(s) = =&o(Ins + C) = —&ofIn[—(—s)] + C} = —éJ[ln(—ebTS) +C]

[£(s)]y" = inco

Equilibrium
pressure
¥y contours

- - - - | K
[—— Perturbed
z pressure

Combined
pressure
contours

=

o3 (b)

Imal ' ‘: 3
107} lay | (a) :\i/i i\ ]
P — | ' ‘

1 12 14 18 18 2 22 24 26
q
yu 2 — 2 / £ -
Q= W, = (-'JA(WJ."{; ”JI I;(-F‘]FPJ'"L

O = wj = Vi /(Vi + V3 [Frs)

'hn

NN I
»
. %
H
»

s b

£ g

[Liu POP,19,102507,(2012)]

s &
3
8
3
T
g s ¢ HEE
Ese5.E5888= . ¢ 5 % =
] 5
G 5
B
8
- o
£ u
2|
& .
vl )

» when a perturbation
does not rotate together
with the plasma (i.e. is
rotating in the plasma
frame, the continuum
resonance occurs, such
as for RWM.
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»Parallel damping »Kinetic damping
(v +in@)§ = v+ (- VDRV (¥ + in)E = vy + (E- VQ)R?*Vo
p(y +inQ)v=-Vp+jxB+]xQ+p[20Z X v— (v: VQ)R?*V¢| F’(F’ + iﬂﬂ)"—fl ——V p+ ]1 W% Bﬂ + ]I] W El

7 G602V, ~ ERERE + € TVl _P[Zﬂf X vy +(vy - ?ﬂ)RE?tﬁ] R |
(v +in2)Q =V x (vX B) + (Q - V)RV o
(7 + in0)By = Vx (vy x By —nJy) + (By - VQQ)R*V¢
y+in)p=—-v-VP—-TPV v

hf =7 X0 foly = VX By
stable window in term of wall position for RWM p=pl+p bb + anglf,:I — EE)
6(Rota:rion' and d?m?ing' are enough) e ) o
4 0.2 o ) Zf ar5Miv71] jna
2 | «—1{0.1 p emiwrHing _ ZJJ. dl“%ijif

1
| k s na
Of-- - - - - - {0.0
i p=—1(v, -V)p,
-2 -0.1

N

_4 ~0.2 : ___
. MARS-K: self-consistent A = N Ak [T TOEL
-6 - | treatment of kinetic dampi oo+ o HDeur
b 4= T reatment of kinetic damping _ ot s fr]

Bondeson PRL 72 2709(1994) 46
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176440 172461
10k | [MA] { 1of pueron - 1.5 12
B, 1 ool I.[MA] \ (a) #176440 (b) ——#176440
0.af 1 oaf ] 1 ——#172461 —e T
52 (@ 1 920 = 1 D3D wall 10
4 4
a a ] 0.5 3
-
2 2 — 2 8
1 1 _g_. 0 Sl
0 0 2
N N
.0 20 & 6
5 -0.5 2
.0
-1 4}
-1.5 2
1 2 3 0 0.2 0.4 0.6 0.8 1
12
1.0 2.0 3.0 i 4.0 5.0 3.6 a8 4.0 i 4.2 4.4 R [m] s:wp
Time (s) Time (s)
#176440(2 /), =8.8232 x 10'2)
By, limit(#176440) By limit(#172461) 0 A 230
0.03 0.03 (a) = =
(a) : —&—no-wall 80 f "8
0.025 | 0.025 —F—ideal-wall 220 e
! =
0.02 ! 0.02 60 NG
= ! < _ <« 210 _ 3
= 0.015 ! & 0015 i - =
| < 40 B 3 =
! 200 3
0.01 I 0.01 Z
1 —&—no-wall [
0.005 ! —=—ideal-wall 0.005 20 1 190 <
3 3.5 4 4.5 25 3 35 4 4.5
By By 00 T 03 83 4 180 0 0.5 10 0.5 10 0.5 0 0.5 10 0.5 1
’ ’ ’ ’ a Cgp Y hEP a, Yo

Zhao, et al, Hao*, Wang*, et al, NF, 2024
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2. Physics and control of Resistive Wall Mode (RWM)

« RWM stability with kinetic damping
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Extended energy

» MHD-kinetic closure

P = [i‘.!ﬁfd'q*ﬁ
pL = [TJide'?,'
2,1l 3
) p| = /’“quAd v
fNA —)
pi = [ 02 rhad®o
Ideal MHD

ov ) .
P{rﬁ—;z JoxB, +]),xB,

oW = oWy . 3

surface energy

Wpg + Wy,

fluid energy

vacuum enerqgy

principle

4 T ; 1
(a) p
3 e :

z T %6

= o 200

= i+ FREQUENCY (kHz)

z mmw

- o

-

=

o -1 -1

-

o -2 -
-3 .
-4 1 1 i

501.5 502.0 502.5 503.0
TIME {msec)

~ W. W. Heidbrink et al PRL 7,57 (1986)

) 51V, — !
kT2

[ & [ PL (V&) — (PI- PLIEL -]

Kinetic MHD
ov
l - -
0o = =NV -Pl+j,xB, +j xB,
ot
A —_— / N o - + . A7
oW '5‘VF -+ oWsg + oWy, O K
fluid energy sur face energy vacuum energy o
Kinetic effect
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@ umusmamsne  Drift-kinetic equation

. . , 3fc . 3fo 3fo
D ft'k t t b . L] -
rift-kinetic equation (bounce average) ._;... 4 R- "*"'fb 4P 1 4 P == O

dfH oF AF
L o : i ; s(1) (1)
_ . ——+RW VF ;) —— ——=0
Linearized drift-kinetic equation: dr + -+ i 3 | +Jy ay
Solution: 1 p1 0
J'=JIna—&-V/J
fLo— —fO%, Z X, H. nfwen + (& — 3/2)@‘*1“ +wg] —w it HM <t in <G>t ilwgt

m< x> 4n < ¢> Hwp — iveg —w

m,l

_ 0 —iwtting
_fe €k€E

X,.H, E)‘mw—int}a[t)+im<)‘c>t+ilwbt

b
s
m,l

njwsN + (€ — o/2Z)WsT + WE] — W
m<x>4n <o > +lwy —ives — w
nfwsn + (€x — 3/2)war + wE] —w
nwd + [a(m +ng) + lJwp — ives —w

1

—[Mufr &1+ p(Q) + VB -£1)]

)\mi

Resonance factor:

Un
D

[Porcelli, Phys. Plasmas 1 (3), 1994]
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1. Kinetic effect (non-adiabatic): stabilize or destabilize MHD instabilities through wave-
particle resonance interaction. erturbe

flux surfaces

unpernturbed
flux surfaces

trapped

Precession drift & bounce & transit motions oy >
2. Adiabatic effect: stabilize MHD

in order to conserve the poloidal flux, taking energy from the
mode and so stabilising the MHD perturbation
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Effect of energetic particles on RWM

Dispersion relation for resistive wall mode

OWoo
oWy,

YTw = —

Add the kinetic effect of energetic particles:

Assume

F;

W, =127(1—

D(w)=—i(QQ +iy/ o, )o

ds u

{5 W}m + oW,

b .
SWf + oW,

=0

=nd(a, —ax)E"?

Q’Bh {(4 B)= an(l——)

2 -~ 5.
—Z(4+=B)Q[2
S (d+2B) [(S

1 ] 11 1+J_

Q+392+Q3)_Q3f 1— J_)]}

and global mode structure ;™1

and all EPs are trapped
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Kinetic effect of EP on RWM and FLM

126 49

P b b e et
of, (krads) p-08 " i

2 ,
1000 2000

Time (ms)

Reimerdes,,PRL. 98, 055001 (2007)

» A complete stabilization of RWM
can be achieved by the trapped

EPs

» A FLM with external kink structure
can be driven by trapped EPs

E04938/
4
%)
S~
)
=<,
o) 2
\L
o0
5
0
[Matsunaga,PRL, 103, 045001 (2009)]
.
a 7
s (@) i
J
Fishbone-like mode §
z 4 P4
*
5 1 .;" ;
= | RWM vl J/'
2 3 QII/
: l’
*x  \ 45
0 , . C—.l,
0 005 0.1 B 0.15 0.2

Hao PRL ,107,015001,(201

1)

— L (Ib)IP recession F'rec'); -
N 4 of PERP-NB_
L q, (85keV) |
=,
>N — — — —
-
(ab) 2 ode
g_ Frequencyl:l
8 i [ Plasma RotatloEﬁ i
LW o[__kreg.ahaz2, ,
5.88 5.89
Timel[s]
2.5 7
(b) /
/4
2+ f
II
1.5¢ i
£
* Q ) Il
1} (B* Q \jw'l
0.5/
0 005 0.1 ge0.15 0.2

5.90



S8 mTumREEEAR |(inetic effect of alpha particles on RWM and FLM

ENNI:

8 S
4
- Pa X ‘ll} (Pa) 10 (b) 1

= 6 “~. 1]+ 8 ‘
s 02040608 1/| L 6
E 4" Py =knT. +nT; \/; y “?1:" b 1110
o 7| 3 4 ‘t\

' = |
<4 2 "“1‘* Im(¢') |j-1

% o 4 6 8
0 02 04 06 0.8 1 0 0 2 0. 1{;{0 6 0 8§ 1 R(m)

» ITER 10 MA scenario, RWM can be fully stablized by kinetic
damping from alpha particle

» Meanwhile, alpha particle can drive fishbone-like mode with
global mode structure

He,Liu, Hao, NF, 2024 54
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3. Physics and control of Edge Localized Mode(ELM)

» Background Q x nTt, x ByHB3a3/qés
* E-L equation for Ballooning mode \
* Linear computation of RMP ELM

« Non-linear simulation of ELM control by RMP

55



§3 BIWBRBERRER Edge localized mode

Di%EEH Southwestern Institute of Physics
CNNE

Crash

PIasma pressure © l

«
o hnose ©S 1

ELM

Pedestal

R | Edge
| y\| transport
§ y| barrier

. rla !

(b)

Heat flux profile on target

ELM: peeling mode (high-m kink mode)+ ballooning mode

Peeling (high m kink)

Wy

£

 ballooning (highn)
I
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80 T T T T T T T
 (a) o Unstable
K7
60 Pressure - ® \
- 53]
I o
40 d E Q
- | O
Current O g
20 } > @
O —
Lo 3
0 3 ! ! ) — = 5>
0.80 0.85 0.90 0.95 1.00 Edge Pressure Gradient

Normalized Radius (r/a)

Control of Type | ELM: a challenge for reactor-level device (e.g. ITER/CFETR)
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7 Ballooning mode

® Driven by pressure gradient

|1 (a) -
oora “’ j
| iJl‘l r [
® Perp. wave number much larger than parallel f\ z {
"I.J’ J' | :E[H %
0,505 - ‘ ?} ‘.;,EI g,\ \
one: k I Lk, o . -

® Localized in the position with large pressure

gradient & unfavorable curvature region




3 mrusmmmwsn  Ballooning mode instability

Mercier criterion: for interchange mode

(rj) Sifrp (1—¢*) >0 for stability

| Il i v \"

Trial funciton for type of interchange mode

» k,=0, minize the bending of field line
» competition between unfavorable curvature and line bending

» For tokamak, Mercier criterio is satisfied. Averaged curvature is good.

» Averaged curvature is good.
» Unfavorable curvature induces
occurence of ballooning mode
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3. Physics and control of Edge Localized Mode(ELM)

* E-L equation for Ballooning mode
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o, BT TR E R Quasi-mode

-2)/n

N = o
4573 < +

E £

E(r,0,0) = Z E(r.0 + 2mm,¢ + 2nm)

m.n

E(r,0,4), often called a “quasi-mode,”

-30 -20-10 O 10 20 230

() +2mn

Key point: description of perturbation 2D (r, @)= 1D ( 0) / \

Rapid variation k=VS

B-VS =0
(not bending field line)

Perturbed energy based on quasi-mode concept: VS =Kk > 1/a
(short wavelength -> high-n)

vary slowly on the equilibrium scale

| sk _
Wr =~ [ & F@)dr
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1

SW 5 [@J‘ LBV &, + 28, k]t ugyp|V &)

" 2 $(r) =7(r)e™™

_zﬁf}(El -V p) (gJ_ K) — .uﬂ‘;HEJ_ =< b '61 dr
minimization of W , bringing us from the three dimensional vector equation F(§) = 0 to a one-dimensional equation
along the field for one scalar function.

Q, =V x (i, xB)+iVS x (g, xB)|,
= [V x (77, x B) +i(k,-B)ig, — itk
= PV x (7, x B),

Perp. Magnetic field perturbation induced by the slow variation part..

, V-&=0

Substituting & and Gl into the expression for W, leads to ‘ Mlnlmlze the CompreSSIOH term:

_ 1 B S v
"WF:ﬂ [w < (7, xB), P+ Bik, 7, +V -7, +27, |
(-

—2ut0(77 - V) (7 %) — o]y (77, X b))V x (37 % B)J dr
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Due to kK oa > 1 Is the largest term and is unbalance, should set to be
+ / zero during the minimizing procedure

OWp =

24 / [W < (7, xB) "+ Bilik, 57, +V 57, +257, x|
0 -

—2u00(77 - VP)(?Z K) — 1o | (ﬁi xb) -V x (77, B)Lw dr

n, —n,0t+n 4 +---
70|/l ~1/k.La

o 1 2 — 2 —
awn:%t B |k, -7 ,4|7dr ; _ 7,0— Ybxk,
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l — . T . _ _ _ >
r)Wp—ﬂ [|V X (g, xB), "B ik, +V -5, +25, k|
0-

K) — 1) (7, xb)-V x (7, * B)J dr

R Bk -7, + V17 0+ 20 1o K‘ dr
Ho .

Further minimizing the perturbed energy by choose:
Ky = —V-q,0— 20,5 K

— 1 =
r)WF—/DVx(ﬁJ_xB)ﬂ’ B ik, -7 T KT
211 .

Then (upto 7.1 order) :

—2uy (7L - V) (7, - K) — tod | (7, xb)-V x (77, x B)L—‘ dr
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oW = / [|V < (7, < B), |?HB ik 7

[

244 .

£

—2u0(77 - ) (7 W) — o]

L, xB), |dr

— V x (YBVYS) |

VX = VX + (b - VX)b

Vx(pg, xB), =V x|YBb xK,)xb|,

X(r)y — YB.

|

Kink term no contribution

Vx(m, xB), =(b-VX)b xk,

oW (kink) — —%/ J (7 < b) -V x (7, < B), dr

_;/é[ *(b-VX)|[k. - (b x k,)]dr
—0
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1
21 .

oW -

@ describe a competition between the stabilizing effects of line bending and the destabilizing effects of unfavorable

curvature

& transformation of the toroidal volume element to flux coordinates

dr = RAR dZd$ = Jdy dl de

— Vy Ny
- |Vy| RB,
B, B
b= b+ e

By
t—nx<xb=—>b

B

r

B,

—¢€
R ?

3 ) 2 -
[k1|b-?){|' E’;ﬂ(bka—?p)(b><:k¢—|{)|X|']dr
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By 0S

2AY !
B -VS=0 240 LB, 0 - By
——> R oo Pra - ., ¢+tgﬂR8de

K, = kn+ Lkt —=\VS

oS ’ Lodl
kp =n-VS = (n-Vy)— = nRB, — (F )

@Vf E'y; lo REBP
ki = t-VS = (t- o5 - V1) o _, B
£ o ol ~ ""RB

P

1 2 2 2 2
[k1|b.?X|‘ — ;ﬂ (bxk, -Vp)(b x kl—x)\){\‘]dr

T 2u.

N7

Can be rewritten as the integration in ballooning angle space.
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Minimizing the perturbed energy

Wa

W, — = W (. lo)dy
Ho Jo
_ = o L |B,6X\ 2u,RB,dp  , || dl
W (w.ly) = 2+ kO L= ) — TS (K — ki) X
(y-lo) ,/_.:,0 {( n I)(5 EE) B’ dt;f( ' rhntcr) B,
1oRB, 0O B’
fin =5t — | p+ 5—
B~ dy 24
E-L eq.
uoF 0 [ B°
o R33 Fl 2}10

O [(kﬁ +k7)B, (‘}X} 2uoR dp
ol | B’ ol B> dy

T'he result 1s the 1-D ballooning mode differential equation given by

(ki — kikpic)X = 0 |
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&3 srumsmemss £-L €quation for Ballooning mode in large aspect
E[léﬁ&?:m Southwestern Institute of Physics ra t i O to ka m a k

S-alpha model s=1, a=0.5 T
Line Bending term 14} ] st
;{(lJrAl)g] + a(Asinf + cos@)X =0 < 10| L.
A = 5O — asin O . B Unsieeie
o dg Geodesic curv.  Normal curv. 11 ___,\/\J V\ﬁ__‘ _ B
q dr 40 20 0 20 40 L w

0 (o]

2101 dp 2R dp ; p
— — > = — 0—— . acos
RoBa dr r X =1+ 1+(s60—csinf)?
> Perdition of stability boundary of ballooning Sy — lfm a0 [|ﬁ|z+ ((S—am-@”)g _ “’“”"‘g) |X|2] ~0
2/ df f f
mode
Connor et al., 1979 STV
P603, ideal MHD, 2014 w? = d
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3. Physics and control of Edge Localized Mode(ELM)

« Non-linear simulation of ELM control by RMP
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» Methods of generating resonant magnetic perturbation :
(1) RMP Coils
« (2) target biasing> driven current in SOL - 3D field perturbation
« (3) LHCD~ driven current in SOL - 3D field perturbation......

[Evans,PRL,2004]
I I D midplane l @ -
(PO 15 VP 1y R Voo " |
n D¢, divertor (b) ]
—HJL.MM ll o l o
N Isat divertor l (c) :
B Tsurs divertor I (d)
i U B S W NN e
- Vo (y=0.91) (e) -
Y
CTTRTT

2800

3000

3200
Time (ms)

3400

»

[Liang,PRL,2013]
2~ ('-‘""""‘
5 ; I L_—J‘\‘\———' g
g |
100k ’ ) ' ' 1
qu 90 M
. 5.‘15 5‘,2 5.‘25 5‘,3 5.35
Time (s)

B/
Biased target plates

x(m)

[Hao, NF-1, 2023]

2 5 4 05 o g5 4 hs 72“

n=2 B-RMP, VAC, |b | (G)

Z (m)

14 16 138
R (m)

0
poloidal angle [deg.]
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ELM mitigation & suppression

i n.and W, decrease

A " A o A A A A
b T v v hd T T b v A .
-~ b ~
- 33 .
= <
S
L L

.3 : 0.1
= 10 T T T .
= 5t RMP:10kAt, n =2,180°
= s
_z 0k - . :
1.2 1.4 1.6 1.8 2

t(s) .

Mitigation: freq. of occurence

increases, w

hile amplitude decreases

km/s

G/s

DIII-D
8 |- il
4 D midplane (@)
3 =
- Dg divertor { (b)
1 '—..ll J_lll l l_l‘l .'L_._.‘_L‘.'._. L A D _LL_
100 — Wi
60 L JJ Isat divertor (c)
20 .L ) l ,_ll
250 Tsur divertor (d)
200
30
20 NW:W‘\M\A‘AN”V'WJ\ 2
10 [ Vo (y=0.91) (e) -
100 [~
-100 B
2800 3000 3200 3400
Time (ms)

Suppression: disappear of ELM
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ELM mitigation & suppression

Table 2. Characteristics of Initial RMP ELM Control Observations. Legend: Machine, ELM Suppression (S) or Mitigation (M), VIOW

criterion satisfied (¥, N), toroidal n-number of perturbation, Coil configuration, Internal or External coils, g5 window effect (Y, N), Phasing
dependence (Y, N), Collisionality (High, Moderate, Low), Density dependence (Y, N), Effects on T, and T; in pedestal (Y, N), Effect on edge
rotation (¥, N), Density pump-out (Y, N), Confinement degradation (¥, N).

Device S.M VIOW nye Coils  In/Ext gos Phase ve ne Te, T, Rot Pump-out Conf

DII-D, high v S Y 3 2x6 1 3.6 Y H N N Y N N

DII-D, low vy S Y 3 2x6 1 3.6 Y L Y Y N Y Y

AUG, highv, M Y 2 2x4 1 5.6 N H Y N N N N

AUG, low 1] S Y 2 2x8 1 3.7 Y L Y Y N Y Y

JET M Y 1-2 4 E Y N/A L Y Y Y Y Y

EAST S N 14 2x8 1 3.6 (highn), Y L-M Y Lown(Y) Y Y Low n (Y)
wide (low n) High n (Y) High n

(N/minor)

KSTAR S Y 1,2 3x4 1 3—7 (robust Y (490, M-H Y Y(T; |) Y(Vil) Y Y
neardor5) n=1)

MAST M Y I-6 64+12 1 Y L-H Y N Y Y Y

[Fenstermacher, NF,2025]
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linear plasma response computations guide the optimizing of coil phasing
« Parameters affecting plasma response (in descending order of importance):

RMP configurations (toroidal and poloidal spectra)

dgs (and q,)

Plasma flow

Plasma shape

Plasma pressure (by as well as pedestal pressure) 74



[ T ——— Plasma response is important for optimizing coil
E[Iéﬁ&?:m Southwestern Institute of Physics phaSIng for ELM Control

» screening effect ( rotation)
» amplification (pressure)
> penestration (resistive)
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[Hao, NF-1, 2021]
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Basic RMP physics: linear plasma response: eigenmode view

* Core-kink vs edge-peeling response

1) {(mm)

Surface displacement ¢, (s

A =—180.00_

20

Liu’s lecture 2022

L e N i 1
A
— &l “:\{ 1 . o
\ |
H - - Rel(]g.]) J‘| ' \ h I'n'
’ [N \

== Im(g.D

— m=1-4

—1‘50 —IIUO —5[] 6 5|U 160 150
poloidal angle

(a) n=2
; —PLS| £

-100 (0] 100

0.2

6 0.8 1.0

0.
s=VvV V¥

L
0.4

FLT, with n=2 RMP
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MARS-F computations

[Hao, NF-2, 2023]
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3. Physics and control of Edge Localized Mode(ELM)

« Non-linear simulation of ELM control by RMP

77



mgé rTLIDENERTE A tool for modeling ELM control by RMP : JOREK
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dA
E__E_V(I)

pZ=—pV-W—Vp+]xB+V-T+Sy
2 =-V-(pV) +V-(DVp) +5,

‘;—’:z—V-Vp—ypV-V+‘V-(EVT)+(}'—1)f:W+Sp

/ N {ERTL \ / =HEN R \

It&ERMP
I5E/914
FE

JOREK
v [ =i
L

78




3 mTumEnERRER

Di%EEH Southwestern Institute of Physics

ENNE

ELM control by n=1

RMP

RMP

Time(ms)

1450

ne20_m-3
1.7e-04 0.1

- - -w/o RMP
——w/ RMP
(c)
1.8 1.9 2
R(m)

1.0e-03 05

Te_keV
1 1.5e+00

(d)

1.8

1.9
R(m)
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2 mTunEEnERSR Neutral evolution of ELM without RMP
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5x10 10°°
—N-=1
—N=2
4 —nN=3 107"°
——N=4
5 3l |7N=5 5
® —— N=6 S
Y %107
g g
= 2 =
10
1+
\ _25
00 0.5 1 15 L 0
t(ms)

€ Most unstable toroidal
mode component: n = 4 5

€ Perturbations grow in ¢
unfaborable curvature
region (LFS)
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Predicted RMP coil current threshold consistent with Exp.

x 10 .,
T x 10 ‘
—N=1 —— N=1 Nonlinear '
ol —N=2 —N-z .-'
—N=3 | ——N=4 ;
4.0kAt —N=4| ——N=5 .
6 —N=5 — :
4.3kAt , N=6 = - - =N=1 Linear g
= - - -N=2 :
- - -N=4
= ||esmenics f
49KAL|  ,|oNee ; |
- ]A R e P 1.5 2
7 8 time (ms)

€ The threshold of RMP coil current for ELM mititation ~4.5 kAt, agree with exp. value
~4.9 kAt
€ Mechanism: RMP field (n=1) induces the coupling of toroidal components (1,4,3), which

results 1n the re-distribution of perturbed energy in different n.
81



8 mrusssewss Another control method: biasing
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(a)

Upper coils - (b)

Z(m)
. Z(}n) i

R(m)2 25 Y(m) 2 2 X(m)

G. Z. Hao Nucl. Fusion 2023
L. Wang Nucl. Fusion 2024

> Extensive studies

_ . » Biased targets: occupied smaller area
» Demonstrated in many devices(DIII-D, JET,

KSTAR, AUG, EAST, HL-2A/HL-3,...)

» Available for fusion reactor?

» Control echanism similar with RMP coill
»ELM control is chieved in HL-2A
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Comparison of spectrum of field perturbation for
Biasing & RMP

0.75
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0 2 4 6
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0.4
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n = 2 RMP 5kA
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0.8

0.6

P
0.4
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0 e

» RMP (+m, n): include both resonant

and non-resonant harmonics

» biasing(+m, n): only include the

resonant hamonics,
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m‘g’?m ettt Workflow of studying effect of biasing on ELM
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/ RMP spectrum analysis \ == Biasing system configuration

(e )= [(mr ) | [ ] s )

boundary J L MHD cquaions
2D

equilibrium
p.j, B

3D

quantities

equilibrium L2

perturbation
field

\

Right-hand cylindrical coordinate system
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& mTunmRERRR Modeling of 3D equilibrium for tokamak
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two steps of relaxation iteration; HINT code

Vp = Tx B
Basic eqs B- Vp=0 Step A: pressure force free along the perturbed field lin
VX B — Lin dl
VX(VXB—T]D—O _ fLIFl 1'f07"L > .
pl+1=p_ in F = . C = ™~in
[ Input & initial values ] f_l‘zn % OZfOT LC < Lin
) * . in
Step A:
| relaxation of pressure Step B:resolve the distribution of 3D magnetic fields
( Ste!B: b aVl _ _> 5 - o ~
relaxation of magnetic field Y _(V V)vo —Vp +71 X (BO + Bl) + vAv,
. fixed pressure )
aB — — g g - - =
NO a—; =V x [(Vo + V1) X (Bg + B1) = 101 = Fnet) It Kaiwp VV - By
YES .
J1 =V XB;

| 3D equilibrium |




g;B mTwmmmEmsE MIPS applied to study MHD instabilities based on 3D
u]:mﬁaﬁ: Southwestern Institute of Physics eq u i I i b ri u m

MHD Infrastructure for Plasma _ op _ . (0%
Simulation code (MIPS=E#EY) Mass. 9t (pv)

. ov — - 7 =y
Cylindrical coordinate momentum: Pa = —p(V-V)V+]XB—Vp

+§V[vp(v V)] =V X [vpw]

‘j Input initial 3D equilibrium ‘
‘ 1 ‘ energy: P =V (V) - (y—DpV -V

B —
+x.V3(P — Peq) + 24V * (5B VD)

‘r perturbation ‘

l Ohm’s law: E=-VxB+n(- Teq)
time evolution of Faraday’s law: @ — _VXE
MHD quantities ‘
“, - N 1 —
l Ampere’s law: | = M—V X B
0

‘ Analysis of MHD stability ‘ Where the vorticity: @=V X V
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Hybrid scenario of CFETR 13MA

»poloidal flux
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Modeling of SOL current driven by biased plates

« Assume 2x4 biased targets in low divertor surface
« Assume the SOL current along the magnetic field line

B _Bvu! Bwvu? BV

— o i R dl dul  du? du3

W& E T

zZ(m)

SOL current

Biased plates

start point
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tep3: ELM behaviors with increasing of 1,
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Effect of biasing on ELM structure

o p at Time t=5OTA

N

w/0 biasing

-4

i

ISOL - 1kA

4 p at Time t=707, 105 6 p at Time t=907, 10~ S pat Time t=1107,

. 1
M

<1073
2
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3 mTumEnERRER Summary & outlook
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Fusion Gain:

Q x nTt, x fyHB3a3/q3s

/N

RWM ELM

» RWM:
« dispersion relation
« three damping mechanism

> ELM:
« E-L equation (s-alpha equation)
 unstable boundary in s-alpha space
 Physical picture of ELM control by 3D field —

perturbations o
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S8 nTummERIAR Summary & outlook

plasma:
effect of alpha particles on MHD equilibrium, self-consistent (reactor)
non-linear interaction between alpha particles and MHD instabilities
integration control instabilities (RWM. ELM, NTM)

Avaliable and robust of control method in reactor environment
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dplng, 0.0)= Y. q,(ng)exp{=i(n{ = mo)}.

6@, (nq) = é@p(nq — my

Usmg this mvariance property, the Fourier decomposition in (2.72) can be

expressed as

+ 00

dplng. 0. ()= dpng — m) expi=in{ + mo}.

==

One can further introduce the Laplace transform

+ix

1 ,
dgplng) = =) Sip(n) expiingn  dy.

Using this transform 2.74 can be written as

S99, 0, 9) = s—exp=incy [ spn) Y explim(@ - )},

Noting that

+
B

I. ) +oo -
o7 2 explim®—m)} = 3 800 -0 - j2m),
m=—gn ==

equation (2.76) can be transformed to

400
Spng, 0.0)= Y (0 + j2r) expi=in(C — ¢(6 + j27))}.

j=—co

(2.74)

(2.75)

(2.76)

(2.77)

Advanced Tokamak
Stability Theory

Linjin Zheng

Institwie for Fusion Studies, The University of Texas ar Austin, USA

£ £

CUN—

1

E E
.

m/n
(m+1)/n
- (m+2)/n

Pa
SWo = & / Wi
Ha Jo

o 2
LY f € (w0 +2jm) F (0,6 + 2jm)E (1,6 + 2jm)do
0

W [ e erm e, e)e)

(2.29)

(1, 6 + 2T ) F (4, 6 + 2§m)E (b, 6 + 2jm)d(6 + 2jm)
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To evaluate continuity of the tangential magnetic field observe that the condition
V - B = 0 within the wall implies that ik - B,, = —aB,, /éx with k = (m/b)e, + ke..
Similarly, in the vacuum regions ik - By = —k2V, where ki = k*> + m?/b>. Thus
continuity of the tangential fields requires

o 1 'a.éwr
b kﬁ ox

-~ - 1 'aéhlr i}_
MNy-— kﬁ ax lx=0 i

(11.161)

X=w

vg
K} (1—K/I/TK!
L
K,\1—- K/I,/T'K,

I,-"Kb

L’

K, IIK!' — K.I' IK

I'K! IK,— K.,
IK' K, — I' K2

[ K\ K, — KK},

Kj(I3KL — ILK}) /KL
L

L’

(I — K1)
Ky (1 — 1, K3 /Ky
(I K, — K1)
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