Plasma Instability

* MHD Iinstabilities
— Basic MHD instabilities and stability analysis
— Tokamak instability theory
— Beta limit
» Experimental Tokamak instabilities
— Basic MHD instabilities
— Disruptions
— Other instabilities

« Micro-instabilities : finite Larmor radius and kinetic dissipation
effects, where wavelength comparable to ion gyro radius

— Drift wave instabilities
— Trapped particle instabilities
— Micro-tearing modes



MHD Instability

« Basic destabilizing forces

— Current gradients

— Pressure gradients combined with adverse magnetic field curvature
 Resulting instabilities

— ldeal modes : instabilities even with perfectly conducting plasmas

— Resistive modes : dependent on the finite resistivity of the plasma
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Magnetic Islands (Tearing I\/Iodes)




Stabilizing Effects

« Magnetic field line bending / compression

— stronger stabilizing effect for high-m modes

— high-m modes are localized around a resonance surface

of rational surface on which m=nq
— limited g operation excludes most global low-m modes

» (Good magnetic field curvature

— the center of curvature being in the opposite direction to

the pressure gradient



Fig. 6.‘_!.1 Magnetic field line bending and

magnetic field compression are stabilizing

_for mh.d.nfodcs. The magnetic field curvature Fig. 6.1.2 Showing how exclusion |oafsma
is stabilizing if the negative pressure resonant surfaces from the tokamak p
gradient is in the direction of the centre of reduces the number of potcntial modes of

curvature. ;
instability. These modes are restricted to

\/\—/ go<m/n<Sqe and are indicated by
asterisks. At low B, high m-modes are

\/_\'/ stabilized by line bending and by good
\_/\_/ . average field line curvature.
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Theoretical Stability Analyses

« Normal mode analysis

— calculation of the eigenfunctions and corresponding
eigenvalues for the frequency @ --> sign of Im(w)

« Marginal stability equation
— solution of the marginal stability equation : Im(@)=0

 Energy principle

— potential energy change resulting from a plasma
displacement is examined

Energy W
0 W, Unstable

Force c— c—




Single Fluid Equations : MHD

Mass density  Pm = Z MNg = NM; Charge density £ = Zesns ~0
S S

T T~ nelii —ii uasi neutralit
Current density 1 = Zesnsus ~ ne(u; —U,) Q y
S —
> nmd; ~ ~

_ . = mu, +mu, . m, _

Center of mass velocity V= ~ ~U; +—U,
ynsms mi + me mi
S

Equation of mass/charge conservation Op,,

+V-(p. V)=0 %O+V-J7=O

Equation of motion | p_ (% +V-VV)=-Vp+ j7>< B +p|§/
\

Ideal MHD
b = — — e 1 e = — —
Ohm’s law E+v><B:771+—(J><B—Vpe)\ HE+VxB=0
en
d _ .
Conservation of entropy gt (PP, 7)706//%%"’ pV-v=0
_,/ _ é = -
Maxwell’s equations VXE=Vx(VxB) :—% VxB=y,]
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Linear Stability Theory : perturbation theory

Linearize ideal MHD equations about a static equilibrium
P=Po+ P Pn=0tH V=V I§:|§o"'|§1

oV . L
8§1+V (V) =0 poElZ_Vpl"‘(VXBl)XBo"‘(VXBo)XBl
8B
Py +V,-Vp, + W, V-V, =0 Vx(V, xB )__E
Introduce Lagrangian displacement vector &, v, = 9¢
ot

%) :_v’(poé?) B, = —Vx (& x B,)
P, = _5 ;Vpo _7’pov°g

- 0? - U
F(f):poaTég:_Vpl"‘(VXBl)xBo"‘(VXBo)XBl



Normal Mode Analysis

« Eigenmode analysis
Perturbations in normal modes  £(7 t) = £(F)e '

eigenvvector
-->an eigenvalue problem  F(&) = —p w?¢ —

stable " >0 unstable  ®*<0 elgenvalue
- Marginal stability equatioﬂ“ F(£)=0
B=2uplB? unstable
g, ~1/1, stable
* Full dynamics . Oy

F(&)=p o — L=K—6\N:j1pw2§2dr+j1$-|fdr
° at? 2770 2



Energy Principle
Potential energy change due to an arbitrary displacement &
=—j%§-lfdr unstable AW <0
Linearized force F(&)=—-Vp,+(VxB)xB, +(VxB,)xB,
With B, = -Vx(ExB,) p,=—&-VP,—mw.V-&
E-V(&-VPy+7PV-E)

3l WLE-[(wvx(fxéo>)xéo+(w§o)><vx(5x§o)]

Ko Mo

1 1 - —=_- - forconducting boundary £.A=0
+5 [ (-8, B)E S >

W == j [(5 VPV &40, (V-E) +— ], -G, xé)jdw [ 2

plasma luo

o =3 ][ voav-Em (w27 Lot Lyt @xd) o

vacuum /Llo



Tokamak Instabilities

Ideal modes occur even if the plasma is perfectly conducting
For ideal MHD stable plasmas, resistive modes can be unstable
Ideal and resistive modes are paired usually

Tokamak MHD instabilities

— Kink instabilty : driven at low £ by the current gradient, at high
S by pressure gradient as well

— Tearing mode : the resistive form of the kink instability

— Internal kink : m=1, plasma core where g<1, driven by the
pressure gradient at that region

— Resistive m=1 instability : similar to internal kink affecting the
plasma core, but with a different energy source

— Ballooning modes : localized, driven by the pressure gradient
— Vertical instability : arising from plasma elongation



Large Aspect-Ratio Tokamak

 Analytic calculation for MHD stability using large aspect-ratio
approximation instead of numerical one --> still contains some
toroidal effects

« Tokamak ordering
— large aspect-ratio limit withq~1:B,/B, ~a/R=¢
— low Bapproximation p~B;/2u, B, ~1

qg~1 B, ~&B, ~ &’
BZ
dp,d B/ B d 5 dB¢~&@~ﬂi~gzi
dr dr2u, p,rdr dr B, dr a a



Sausage and Kink Modes

B, Field

Surface
’/Currenl
1 o

Stabilizing Condition :
B,/2ra<B,/L

Kruskal-Shafranov condition



Kink Instabilities

o= | [(E-Vpo)v-§+7po<v-§)2+51—L-(Eixé’)jdﬁ [ e

plasma luO
For a circular, large aspect-ratio tokamak with low beta,
olor~@Ir)olo0>>1IR)dIop V-E=0 & ~&>>&, By ~By>By

vacuum ’Llo

a( B> . b B2
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v-B=0 — = (rzl//)— Sy =0 wy=ar"+p"
boundary conditions rar r

B __imB¢ n_1 __la_‘//__i_m
Ba(r =)=~ (= == g = e
B
wa=a¢(”—1)§a=8%(”q3—1)§a w(r=b)=0
R m q,
ym =2y
—— y=B,(Ce-p2 T g
()" ="
a
2B2  n 1., _1+(alb)™
o= quj m/I(E_q_a) e ’ 1-(a/b)™"
AW = W, + W, == {Ia[« )2 4 (m? —1)g }(Q—E)Zrdr
MR 0 m q

2. .n For conducting wall £, =0
+ a’s}

( )+(1+ m/l)(———)
g, m qa d. W >0 Stable



Growth Rate for Various Modes

For any conducting wall at b>a, stable ow >0 for m/n<gq,

Since q ~ r4, modes with resonance rational surface
outside the plasmahas m/n>qg, — can be unstable !

For growth rate, the eigenmode equation need to be solved

i[(pwz—FZ)rdi(reK)}—[m%pwz—FZ)—rdF }5:0
r dr

i dr
: m=1 1/2
F=(m-nqg)B,/ru;
0.6} BC’s j
Y d m(m-nq,) 2
—A(r = a ﬁ_
Bea/\fuop 0.4} dr ( é:) (1u0100)2a2 / B;)_(rn_nqa)2 ( m_nqa Jg

m-1 \
fOCI' hiss r=a

m=2
0.2 //“\\\ =0
m=3
0.0 G
0 1 2
ng,

3
j=l,(-(r/a)’)




Stability Diagram for External Kink Modes
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Internal Kink Mode

« Resonant surface : g = 1 from m=1/n=1 mode
« Sufficient condition for stability : g,> 1
« Potential energy for large aspect-ratio approximation

7°B; ca n 1 .
R¢ -“0 {(r é:) +(m _1)5 }(E_a)zrdr_l_o(gz)", \/?iif)llzl:emcm

lLlo =& cos (60-¢)

OW =

&, =0 — nosurface term
S(r<r)=const. &(r>r)=0 q(r=r)=1
leading order marginally stable

oW ~ j ()(qx) dx—>0 as &0
then n=1

&NzO(gz)z(l%N +27°RE? 2 By (:;)45\/\7T

_3(1 qo)g(m_ﬂpl) ﬁ =
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FIGURE 5.7, Stubility diagram for ideal Kink and internal modes of a Iurge-ﬁfaspect-ratio cir-
cular cross-scction tokamak. The current distribution is ji(r) = j,(0)[1 — r/a)?])t. Complete sta-
bility against kink mudes may be obtained for any g(a) > 1 by sufficient peaking of the current
profile (farger value of v). The maximum stable current for this model is obtaincd:gwi!h a parabolic
current distribution with ¢(0) = 1 and ¢(a) = 2. (Data from J.A. Wesson [17].)




Rayleigh-Taylor instability { It occurs when a heavy incompressible
fluid Is supported against the force of gravity by a light

incompressible fluid. _._.‘_.'1: S
Plasma analogy : ~ YPLAS MA mg
plasma e > “heavy” fluid R LI S RSP LR
OBin 7 X
magnetic field <----------- > “light” fluid  direction “

Fig. 8D3. The o
. a
suspended againstse of a plasma

general plasma forces <------—---- > gravrty magnetic fierg. = 9 0t by a wniform

Vp T ‘L IfOI’CE : Unstable !

UNSTABLE

Minimum-B configuration STABLE
Fig. 8D4. Plasma supported by magnetic

for stable condition field with magnetic fisld radtus of

curvature Rc outwards (unatable) and
tnwards (stable):



BEFORE ' AFTER

Simple Mirror end. views
AW o
7 flutes
RiRY, B coil
28 2

ioffe bar
Baseball Coil

B, B3\ di
>~ 2

VB

Fig. 8D6. Outward displacement of a
flux tube in a magnetic mirror. In the
central region B decreases with radius.
When fluz tube 1 interchanges with flux
tube 2 containing vacuum, the surface

becomes rippled and the potential energy
decreases (&KW < 0). . -



Localized High-n Modes

Relevant part of the potential energy in a cylindrical plasma
d§r) +——p }rdr

stabilize high-n modes Kk =(m/r)d+k,2

0 at resonant surface (q=m/n) —— localized high-n modes

e Suydam criterion B’ g q’ (BZ/rBQ)' magnetic
(> Ep) B shear
8u, 0 q B,/rB,

« Mercier criterion for Iarge aspect-ratio circular tokamak

¢(q

> (—pY(1-qg? L
811, )" > (=p)L-q 9\Stab|hzmg contribution of the average

curvature of the toroidal magnetic field

» Mercier criterion is only a necessary stability condition

— Complete treatment of the destabilizing bad curvature
on the outer side of the torus — Ballooning modes



Balooning Modes (high-n modes)

Destabilizing energy available from the pressure gradient
—dp/dr %

R, -
Energy required for line bending
W, ~ ki (B 1)6"

oW, ~

RIS
. . Yk g e
o e SRR
S

k,~1/gR  R.~R,

sufficiently large that

2
dp B, / 1, g
dr quO e ,B ~ ? Plasma Pressure Expands Inlo

Lower-Field Region.

* Infernal Mode : low mode number pressure-driven instability at low
magnetic shear region close to rational surface with low mode number



Balooning Modes

Potential energy in the limit of large mode number in an
orthogonal coordinate system (v, y, ¢) : Eq. (6.13.1)

Minimization leads to an Euler equation of (6.13.2) with
Eikonel transform - (Y
X =RB,¢&, I X = Fexp(—lnj JB¢/Rd;5)

For large aspect-ratio circular tokamak with low beta g ~ &
Instability occurs for  —(dp/dr)/(B;/ u,) ~a/R

SW :j{(u&)(g';)z —a(AsinH+MF2}d9

rdq | average 214,Rq" dp
— 1 = — — o = —
A—SH—aS|n677 > g dr | magnetic shear B dr

stabilizing effect of line bending | destabilizing effect of the pressure gradient

shear dependent contribution d_A —S—COSH

q déo

@[(1+ (s@—asin 9)2)3—;}+a[(56?—asin 0)sin@ +cos@|F =0
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Stable
)

N\

N\ N Unstable

i 1 ] 1 i 1 1
| (2'L 0 1.0

S

1 rla
0.5 1.0 \
: s 4

Second stability region

_rdg S-gdiagram oW = joﬂsin2 9[(3;)2 + Fz}de
qdr

, A=SsO—-aSIinf =~—aSIind
Rg” dp

a=—
B?/2u, dr

» Pressure and g profiles control (DI11-D)
 Bean shaped plasma boundary (PBX-M)



Axisymmetric Modes

* Elongated tokamak plasmas are susceptible
to an axisymmetric instability (n=0)
— circular cylindrical plasmas are neutrally

stable to a rigid displacement without
conducting wall

— elongated plasmas are unstable to a motion
along the direction of elongation

— In the presence of conducting wall, there is a
critical elongation for instability

— complicated in reality from toroidal effects
and adjacent structural effects

« Elongation of the plasma due to currents in
external conductors

©



Stability Criteria of Axisymmetric Modes

In terms of the equilibrium magnetic field from external currents

 circular large aspect-ratio plasmas
without stabilizing conductors
R dB

————2>0
B, dR

 cylindrical elliptical plasmas with uniform
current density surrounded by a perfectly
conducting confocal elliptical shell

b-a >( b+a T - Instability in

b+a (b'+a’ Inertial time-scale

Otherwise, instability in resistive time-scale

7/:(D’Z'R)_l D:b+a(b+aj _1

: e . b-alb _+a ;4&15.2 Elliptical plasma and
 Toroidal stabilizing effect confirmed ng shell

IN numerical calculations




Beta Limit

Basic MHD parameter measuring the confined pressure, related
to the MHD stability driven by pressure gradients

« Ballooning modes

B~—~(1aB,)* /s

q

- Correct scaling from optimized
stability calculations for JET B (%)

M’—

6

S~ 1/aB,

- turnover at high beta is due to /—
the instability of low-m modes at

low g included in the calculations ! | L
0 1 2




Approximate Linear Scaling of Beta Limit

For large aspect-ratio circular plasmas,

27Z'J.O prdr 2u, 2 dp ., N B=-03 1 J‘ad 1 r3dr
f=—=5 =22_[——rdr Ra’ o dr| g’
m“(B;/2u,) a°B; < dr .
2 _1 2_ 172
_ 1670 = 16729 0P bn =127 (0" )
dr [Jiiig f
L Radial dependence A
K optimization 7 |
%S
s
S.y.
b // 28/qa
it
)
o
| Vi
0{.} 0‘2 5 14 s




Troyon Beta Limit

%, =28~ of %p =5.6 IIMA]  experiments | %08 =41,

qa aB¢ y
unrealistically optimistic !
1 @ ‘,g)?,‘ e
With = < Al 0 3B<B <4
q (1_r2/2a2) and qa <2 1(_,f-_ o 25<B <35
& IIMA]
%p,=15— or %L =3 [MA] gk o’
0, aB; .
3 (@, ’/o é?c{}u
Computer calculation by Sykes and T’r’éfc})r? ./i{%
® o
|[MA] o088
WO = Troyon factor 4~ iMa) - R° oF
Pn =0 W 4, g,)x,%)o&
& /// o Q
% _ - S Cgé
By = p Normalized (3 e
I[MA]/aB¢ i
‘' i )
Py <9=2.8 Troyon limit ¢ Lova m Y

taB




Tearing Modes

driven by the radial gradient of the equilibrium toroidal current density

« Tearing and rejoining of magnetic field lines due to finite
resistivity --> tearing instability
— slow growth : inertial effects negligible
— vXB negligible at the resonance surface E -~ gl
— matching two solutions of both resistive layer and outer layer

/ \ I Inner reg

y
Al !
! ;/j la
i
L ,f’/ \“ |
| |

Magnetlc Islands (Tearing Modes)

A




Stability of Tearing Modes

« Tearing mode stability criterion % r=lere
A'=1lim — >0 unstable
- g—0 w .
10 (rdw)—mzl//— ol 10 Y = |
rdr dr’ r? B,(1—ng/m)

“~ T ¥ Y T | T

15 No wall !

¢ ’
rs.-:‘

10+

w=1+k(r r—r|+.+A(r—r)+.. r<r

S Wall at r=a

S

y=1+k(r—r)Injr<r|+..+A(r—r)+... N

A = A" —A  numerical solutions with b.c.’s

{ : i s L i
0.5 1.0

: m S
w(r=0)=0 w(r=a)=(—g+7uoa5)w(r=a) rfa




Stability of Tearing Modes

« Stability diagram for the m=2 kink and tearing modes
for current distributions j=j.(1-(r/a)?)"

» The tearing instability '
IS continuous with the
kink instability as the
resonant surfaces pass
through the plasma  %/%
boundary

2 5 >'°:"" 7 /J

// v/’."v/ J/
eSS
L SR e Al
7/ Tearing / /|

4 ,«/ r ///

3
e stability for q,>2 results 4
from the absence of a
g=2 resonant surface




Conducting Wall Boundary Condition

Mode frequency due to either natural frequency or plasma rotation by
NBI affects the influence of conducting shell
— low frequency : penetration with resistive time scale 7 ~ ; obs
— high frequency : no penetration due to eddy current shielding wr >>1
2 2
1 dyy w2 e e
——(—)=—=%¥ rdr dr’ r r ot
rdr dr r shell region (b<r<b+3)

vacuum region (a<r<b) (l//’/l,V) —m/b (Z) _KK] = (m_2_|a)lu 0)5
f= : re °
b+6 b

, 2m
(% | - e Wi Y N
i y (wj b
. i
Vacuum ‘ Vacuum 1+im/ wr,
j' T, = p,0bo/2
ARSI b'? 1?)‘;;5_ S

Vacuum vessel lower the frequency of the instability --> at large amplitude
the mode locks to the vessel (mode locking), bringing the frequency to zero.



Tokamak Macroscopic Instabilities

+ Basic MHD instabilities W< irip s

10 ms L
AT

— Magnetic islands = .

— Tearing modes AAANNAANNNN

— Mirnov oscillations s e

— Sawtooth . 9o 7’
 Disruptions el A

— Causes of disruptions ol e

— Physics of disruptions

— Mode locking, 20f
error field instability, S IOA
vertical instability, ergodicity ol |

 Other instabilities
— Fishbone instability, TAE, MARFES, ELMs



« Formation of magnetic islands

— Resistive MHD instability, particularly tearing modes
— non-linearly developed near the resonant surface in the plasma

——
//

Z ===
//////Q\\*\Fgl, Reconnection of magnetic ield

producing magnetic islands.




Geometry of Magnetic Islands

Equilibrium configuration around a resonant surface g=9g,=m/n

Resonant perturbation e'mZ iy __¢ 5 (B Q') Z
Angular coordinate orthogonal to the hellx m - g s

et
Equilibrium field in this orthogonal direction B~ =B (1——Q(r)) Z=T—I

2
W
Magnetic field line equation integrate 2° = — (COsSMy —cosmy,)

drdz B, B(r)sinmy 8
rst rst B _(Baq /q)sz W=4( rqBr j

mq'B, | Island width
5 S
‘4
Wl ZI:ZU mxi=n
| [EBUE | ‘
!
-\l !
4 g"/ S
.~'/ //\
X-point—"/ f— TR T \ \
O-point : Separatrix



Tearing Modes

 Growth of islands

— destabilizing effects from current gradients in the plasma
— growth rate limited by resistive diffusion
— Island width ~ B, --> growth rate limited by B, diffusion

0B, 7@ 0°B, Integrate over the island width with approx. constant B,

o po ' B, _n B[ B =w
ot p, O | _wp» wdB, =w*dw = B dw
A'(w) ro+w/2 Vs tW/2
dWE n 1 5Br :LK :LA’(W)
dt 2:uo Br ar ry—w/2 Zluo l// ro—w/2 Iuo

More accurately
w
W _ 1 667 (A" (W) — aw)

dt T P
plasma flow effect detailed treatment
" W of |?Iand region

Saturated island size A'(W;) = aw,

A'=(

B e e or approximately  A'(w,) =0

Qw




Internally Driven Tearing Modes

» Tearing modes driven inside the islands

— modified resistivity within the island from enhanced impurity
radiation or the effect of an injected pellet

— modified from the change of bootstrap currents within the island

Faraday’s law and Ohm’slaw

0 : . : :
EW:Eh:(UJ)h:UhJ'H?Jh—’ Ih=-m11n
The associated flux perturbation defines the resulting magnetic island V?y = 1 j,

The resulting reduction of bootstrap current leads to a helical current  Jj,

Ve = 10 j :51/2(_dp ,
W = 1,0, "7 B, | dr _,‘3'72”:”0 i =—u .
If the pressure gradient were completely remove Fp=—1Jp 9
WA’(W) . W, r+w/2 y 6‘1/2 ( dp)W
_ re—w/2 = o B —
B dr A'(W) = —16£Y2 (—dp/dr)g 1

By /24, q'W
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I\/__!irnov Instabilities

100

Plasma

current ]

(kA) 0 | ig. 7.-.1 Development of magnetic
uctuations during the current nise, together
rith their spatial dependence indicating,

B l uccessively, modes m = 6, 5, and 4.

Magnetic Mimov, S.V. and Semenov, 1.B., Soviet

signal a 'tomic Energy 30, 22 (1971), from

JJ (tomnaya Energiya 30, 20 (1971).

25 50  #(ms)

Considered to be
tearing modes with m~q,
near the plasma surface

2
aB¢ _ 27 B¢

RB, Rl




— frequency of 1-10kHz typically
— propagation velocity has the sign of electron drift velocity
— tearing mode theory with finite Larmor radius effects
mode frequency of the electron drift frequency mT. dn,

Oy =

eBrn, dr

Minor
" cross-section
Viewing -
frame

2.6 ms (m=20) 3.6 (18) 4.0 17)

Fig. 7.4.2 Cine photographs of
instability observed during the current
rise in the DITE tokamak. The time
from the start of the pulse is given
together with the poloidal mode
number, m. (Goodall, D.J.H. and
Wesson, J.A. Plasma Physics 26, 789 -+

4.6 (15) 5.0(14) SR(11) (1984).
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Resonant
surfaces

- ==

Current Penetration
(Double Tearing Mode)

(b) -
_— T T T e
/// \\\
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g. 7.6.2 (a) A minimum in g aliows

o resonant surfaces with the same values
m and a. Y* is the corresponding helical
x. (b) The two resonant surfaces lead to

o scts of magnetic islands.

g. 7.5.3 Graphs of ¢(r), ¥*(r), and j(r)
fore the instability (dashed lines) and after
s instability (full lines). The instability
ttens ¢ and enhances the current

netration.



Current Penetration (Double Tearing Mode)

Tearing mode equation 2, _ Hy0l, 1 dr w=0
B,(1—nqg/m)
—— The region between the resonances combines a
destabilizing current gradient and a small value of 1-ng/m

Helical flux of the equilibrium configuration associated with the

resonance surface " n . dy’ .
B =Be(1—EOI(f)) B :d—gt — form islands

—— Instability flatten the profiles

dashed lines : before the instability
- solid lines : aftE"jinstabiIity




Sawtooth Oscillations

ooft X-ray * Density and temperature
change typically a few percent
* Much shorter than the

0‘ i é :'3 L — .- - .. .
BEEe @ ‘s) 4 sharacteristic resistive time

fFig. 7.1.2 Sawtooth oscillations of the soft
X-ray emission (JET).

» Heating raises central temperature
and makes current profile peaked

Z

4, < 1 m=1/n=1 instability

Z

Central temperature collapses
and thermal energy released to

Fig. 7.6.1 X-ray emission from (a) the

central region of the plasma and (b) the outer the outer I’eg |O n
region. (TFR.)



Kadomtsev

model reconstruction
f Convection ¢

Height (m)

FIG 1: Comparison of
simulated soft X—ray
analyses of the two most 1}
common models for the
sawtooth collapse:

full-reconnection B
(Kadomtsev) and ol
‘quasi—interchange’ A
(convection). 2% MeorRedusim
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Collapse Time

Ohm’s law

j~vB /n j~B /6 Ampere’s law

T _n

V, = ——

B 7%

continuity
Vv, ~ ov,

52~ 1 'ui’orpﬁrf
M, B TR

Collapse time

I
T ~ =~ (TrT,)
1

1/2 3/2
r'1

Fig. 7.6.5 Reconnection takes place in
narrow layer of thickness 8, the central core
moves imnto the layer with velocity v; and the
plasma leaves the layer with velocity v,.



Discrepancy between the Model and Experiments

» Collapse time: the observed collapse time too short
JET (~10ms vs. ~100.s) -->quasi-interchange instability? No q,~0.7

« Spontaneous onset: the time for equilibrium change to produce
a configuration having the observed growth rate is very much longer
than the sawtooth collapse time (JET: two orders of magnitude)

* J, remains below zero 2
» Stability during the rampph}‘. |

resistive kink unstable at ramp phase % \\/\\/\\j\\/\

expecting growth rate of lessthan1ms |

based on q” at q=1 surface (y~q’%3)

« Thermal collapse: temperature 'Zo’:'()W
flattening across whole g<1 region S

on incomplete magnetic reconnection 405

TEXTOR
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Disruptions
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~
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I
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lasma current (MA)
[ ]

N

1 1.1 31

| 2 4 6 8
ne L _ Time (s)

Pre-precursor |
" phase '

'Precursor
Iphase

7. /\/\/\/\/\./\,.\l Fig. 7.7.2 Showing typical time
! dependence of the m = 2 magnetic

|l fluctuations, central temperature, and plasma

Fast —olja— current during the period of a disruption. In
phase | this example the disruption is precipitated by
I A a density increase as shown.
AN
J 3
Quench | !



Causes of Disruptions
 Low-q disruptions
* Density limit disruptions

0.5 [~ s

Low g, boundary
0.4

1/q,
0.3

-
0.2}
0.1/
1 1 l I | |
/0 1 2 . 3 4 5 6 7 8

i iR
Murakami B, X107

-~ Extended boundary
with additional heating

Greenwald density limit  n(L0®°m ) < I(MA)/ A’



Physics of Disruptions

 Tearing mode instability

* Non-linear growth of the tearing mode : mode locking
* The fast phase (Thermal quench)

 Current decay (Current quench)

« Runaway electron current

 Vacuum vessel current (Halo currents)

» Mode locking

* Error field instability

* Vertical disruption event(\VDE)
* Ergodicity
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Mode Locking

Bg(arb) (n=1) 2
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0 4‘“"‘%’
2F

e e meseeseerms e e mEesemem s m s o meso - Sssss s =S SSos e

40+ A

B(G) (n=1) | /L

0

2

By(arb) (n=1) o’ANW'

1 R it riaihaladiedi ot dh ittty

) 05 ll
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xking. The bottom trace gives the time
tegrated B, signal, showing the continued

Nesson J.A. et al., Nuclear Fusion, 29, 641

1989).)

istability growth following mode-locking.

ig. 7.9.3 An example of the growth of
(panded traces around the time of mode-

thd instabilities in a disruption, with

0 I ! :
10.74 10.76 10.78
Time (s)



10 ms
———

Time

Fig. 7.90.1 The magnetic signal By shows
the frequency and growth of an n = 1
tearing mode. The reduction in frequency
corresponds to a fall of the propagation
speed, and the removal of the gross
oscillation indicates the final mode locking
(JET).

1k

Island width

Magnetic
signal

Al Ah_

" (i

Frequency

. i 1
0 0.05 0.10 0.15

t(s)

{fg. 7.10.2  Self<onsistently calculated
{powth and mode-locking for an m = 2
Yuring mode (Nave, M.F.F., and Wesson,

{14, Nuclear Fusion 30, 2575 (1990).)



Thermal and Current Quench

Magnetic Temperature - 2L

1sland constant gt Ip(M A)

1=

'
1
3

|

{

H

SRR

0

1001

— e —— G . S S WRL S S S
—— b — N TR LSS el e sl gk e P

Vi(V)

-100

Time

» Fig. 7.9.5 At the time of disruption,

r fndicatcd by the fall in 7, there is an
Fig. 7.9.4 The temperature across the increase in plasma current and an associated
midplane of a magnetic island is flattened D pative voltage spike. (Wesson, L.A., Ward,
through the equalization of the temperature 36 .Iaénld Rosenbluth, M.N_, N_uclear Fusion
around the interior fiux surfaces. » 1011 (1990).)



__— Disruption

Runaway current

21
Ohmic current decay
I
(MA)
- (N
10 ms
—
0

Fig. 7.9.7 Runaway electron current
formed at a disruption together with an
expanded trace showing the decay of the
ohmic current (JET).

Fig. 7.12.1 Showing the intersection of
the plasma with the vacuum vessel in a
vertical instability, resulting in a halo which
carries current to the vessel.



Other Instabilities

 Fishbone instability

» Toroidal Alfven eigenmodes (TAE)

* ELM (edge localized mode)

 MARFE (Radiation instability, not MHD)
 Operational overview



(@) 18- |

N | | Fig. 7.14.1 Fishbone instability: (a) soft
g ! ! X-ray emission; (b) poloidal magnetic field
2 1.6 E E fluctuations; and (c) an expanded trace of
E L | these fluctuations. (McGuire, K. ef al.
> 14 ! Physical Review Letters 50, 891 (1983).)
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Fishbone Instability: Stability Boundary

3

Fig. 7.14.2 Stability diagram in the

: (ws, lane where £, is the poloidal
FIShbones  peyet off the hot pamclesf"buzsidep&c stable
region there is the fishbone instability, with
the real frequencies indicated, and the MHD
m = 1 kink mode which appears at small
Bow- (From Coppi, B. et al., Physical Review
Letters 63, 2733 (1989).)




Toroidal Alfven Eigenmodes (TAE)

MHD wave equation of shear effect (large aspect ratio)

a(lr [(,oco2 - F%)r %ré] — (m* = 1)[pw? — FYJré + w2r2%§<f= 0

F=(m—ng)Be/ullr.  m-ng=:

F——

\

r
Bo/(1op)'*

m,
mj

- Gap mode

-~

N
m, x_ (TAE)
N\ m
continuum

r



oq e — 2 4 -x2)*
Instability growth rate y FOJ=X(Lr2x 25 )exp(-X7);
predominantly associated
9 w.e 1 % with V, around or above V,
~—+4 Bl ——_|F A\ p _
wy 4 (wo 2) (Va) (Damping)

» Without damping, TAE 1s unstable to all m’s.

» Stability depends on magnitude and m dependence of damping.

* Finite orbit effects limit the increase of destabilizing term with m
» Small m’s, typically 2-6 are most unstable.

0! —ee . Four main contributions to damping
: !

lon Landau damping |
|

2 et s —d

1o E— Radative damping (e-llm) e

Damping

: .
Conunun
§ damping (m'3/2)
1072

/ Trapped elecuon collisional damping (m2)
1

1 ¥ Coupling to continuum damping
1 I 1 1 | d I . .
2 4 6 8 io Is predominate at low m.

m

ST



- Fig. 7.17.2 Discharges with and without

. ELMs, showing the increase in electron
density and impurity accumulation
associated with the ELM-free case. Note that
the tron emission line signals are amplified
n the case with ELMs. (ASDEX Team,
Nuclear Fusion 29, 1959 (1989).)

with ELMs | | - without ELMs

. I x 3
Fe XXII | :
(a.u.) 0~ ' . -
Fe XVIII . ; o X9
0 MWW 13 - L T 13 i ™
1.1 1.2 1.3 1.4 I.1 1.2 1.3 1.4

ts) ' T 1(s)



Types of ELMs

Type II ELMs (Grassy ELMs)

ENNNSNNS
181 1.2 k3 1.4 § {6

1(s)
Type I ELMs (Giant ELMs)

(b)




MARFEs
(Multifaceted Asymmetric Radiation from the Edge)

 Plasma locally cooled by radiation in circumstances where the
cooling itself leads to increased radiation and hence further cooling

« Radiation instability of MARFE occurs on the inner side of tokamak
or the X-points of diverted plasmas

Fig. 7.16.1 The MARFE region, shown
shaded, is cooled by radiation and heated by
the stabilizing perpendicular and parallel

heat fluxes.




Mode numbers (":, )

t111 12 1323 1 -2 3 4567
8765 47 3857 2 3 4 5678
1 v=0
Kink
/modes fPROFILES
;3: 2 | = -:'-:._ \|
i :
o
3 Stable t— 5
. v=
4|-"ooon Internal Y
mdes\ )
8765 4 3 2 1 ‘
q(a)

FIGURE §.7. Stability diagram for ideal kink and internal modes of a large-aspect-ratio cir-
cular cross-section tokamak. The current distribution is j,(r) = j,(0)[} — r/a)?}t. Complete sta-
bility against kink modes may be obtained for any g(a) > 1 by sufficient peaking of the current
profile (larger value of v), The maximum stable current for this mode! is obtnincdiwi!h a parabolic

current distribution with ¢(0) = 1 and ¢(a) = 2. (Data from J.A. Wesson [17})



Operational Overview
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Highest beta achieved : 12.5% (DI11-D)



Micro-Instabilities

Finite Larmor radius and Kinetic dissipation effects,
where wavelength comparable to ion gyro radius
--> fine scale plasma turbulence
--> anomalous plasma transport in tokamaks

Different roles due to different mass
. drive or damp instabilities
* Dissipative microinstability : caused by dissipation
either from collisions or from Landau resonance
 Reactive microinstability : 1on temperature gradient mode



Simple Model for

» Toroidal geometry : large as
section, low 3 tokamak equili
» Independent poloidal anc

Micro-Instabilities

nect ratio, circular cross
Orium

toroidal mode numbers

e curvature drifts couple the poloidal harmonics
- Slab model when curvature drifts are not |mportant

(’/’.A’ /B /J::__’:"ZZPHR(J



Microinstabilities

Plasma waves and their associated instabilities
 Electron drift wave : ‘Universal’, trapped electron
 Sound wave : lon temperature gradient
 Alfven wave : Micro-tearing

« Electrostatic instabilities : drift wave instabilities
« Passing particle instabilities
* Trapped particle instabilities
 Electromagnetic instabilities : Micro-tearing modes



Electron Drift Wave ]

— Z
Force balance —neE, -V,p.=0 ! *

linearize n_/n, =eqp/T, 5
—— ExB drift wave
from diamagnetic drift V; = BxVp;/n;B?

on, — dn 104 dn

~

— ==V nivdi la)n =V, —
ot _ dx B ay dx
electron diamagnetic frequency

K, Te dn
_ O =Wy =— —
Electron drift mode eBn dr ! Constant
density
surface

» destabilized by electron disspations
either by collisions or Landau damping Fig- 82.1 Movement of the constant
o ] density surface due to the E X B motion in
L Stabl | |Zed by Shear damp”']g an electron drift wave, represented by the
. full curve at an initial time and the dashed
» destabilized by trapped electrons

urve at a later time.

universal instability



Passing Particle Instabilities

* Electron drift mode
* lon temperature gradient (ITG) mode : n; mode
* 1, Mode

Dispersion relation from gyro-kinetic equation

Negligible trapped particle effects @ >> @y KV, >> @0 >> K, vy,
n./n,=e@/T,  Boltzman relation

Wy = 26,0, << @  Slow ion magnetic curvature drift
e, =L,/R  with the density scale length L,=(dInn/dr)™
Perturbed ion distribution function with finite ion Larmor radius effects

f. = T f +ge><p[ Llslnoc]

gyro-kinetic equation

/
oy o8fuy_g
dK

| a)CI

og . - N, €O
V,,ﬁ—l(a)—k-vd)g ' J o (Z )[



Passing Particle Instabilities
With equilibrium drift velocity of grad B and curvature, G-K eqn

-V, 2? +l(w—m,)9 _|_I_—J (2)(w— a)*,)f Wy =|2°\7d
I 2
7] =nTi ITN ol =w.1+( V2 —§)77i]
, 82 a - , 2VTi 2
{pi a 2 (b1/2 ) (80+|k¢95x)
 2¢, (cos&’+'sm6’ 8)_( Q-1 +5)35 =0
702 k, ox° Q+1+n)

for 7, >>1 «for weak toroidal coupling @ ~ (k,Vz@.m,)""

slab branch of n; mode  evolves from sound wave
o~ (ie.sn. 19)"%w, forasheared slab

» for strong toroidal coupling

o ~ (nw.w,)"? toroidal branch of n; mode
for Q=wl/w., ~1

e slab branch of electron drift mode @ ~ @,



Energy Flow for the Electron Drift Mode

Mode dnven
by free energy
source

B

Wave transfers
energy

o
4P,

\
v,

Resonant
surface

NB
J

v,




Electron Drift Mode TORUS

Potential

Potential hilland ~ .— /| |
strong shear damping | \ |
S Gl

Local well and
less effective shear damping

Eigenfunction
_ _ ‘ﬁ] [ALP VAVA\/’—“\JAVAVAUAJ n W\J///\ /\jvnvhﬁ‘ n
Electron drift wave is generally
more unstable in a toroidal
plasma than in the slab | |




n; Or TG mode  slaband toroidal'branches

Confined mode structure with a potential = Unstable
well --> suppress shear damping | Stable

I

Stability diagram for the toroidal ITG mode

Growth rate depends on the value of n;

(m; mode) \A
m <m. ~1 stable ’ \
g - Stable
1.2 £ <e i
Uic — 4 4 1 2 / | Unstable
\§(1+T )( + £S q)gn gn >gnc Is
0.9
£, = — / i :
(1+77)(1+2s/0) 0.5 o —p
LR

For flat density, ion temperature gradient determine the instability (ITG mode)



Trapped Particle Instabilities

» Collisionless trapped particle mode
» Dissipative trapped particle mode : collision dependent, dangerous

Physical mechanism of collisionless trapped particle mode :
trapped particles are trapped between magnetic mirrors and spend
most time In the bad curvature region --> flute-like modes

» charge polarization due to the curvature drift of the trapped particles

* local electric fields from polarization
drive small scale ExB flows
« enhance the initial perturbations

and lead to instability ExB

From drift kinetic equation, , G » /+\ e
O = (@, +2%w) gl - ‘-&;7\ Os
J2¢R/L, >1: unstable for @, <0 i ot s



Dissipative Trapped Particle Instabilities

« Effective collision frequency be the same order as the relevant drift
frequency : trapped particle may be scattered into passing, etc

« trapped ion mode : dissipative version of collisionless mode,
stabilizing ion collisions and destabilizing electron collisions

« dissipative trapped electron mode : stability only by trapped electrons
I.e. the trapped electron collisions and an electron temperature gradient
» collision frequency not too high, 1.e. V; <é&wy,

Growth rate for the trapped ion mode Stabilizing ion
Im (E)@;) 7
V\ V2¢ Vi ‘92 wfe
0.1} O=——@y, —1—+I >

’[ : 1+7 &  (Q+7) v,

O— ‘\ 1 ! LY,
L 02 ™04 06 0.8 10"

—O.l’~ \\‘*»_

- \ Destabilizing electron
0.2} Tt



Micro Tearing Modes : s

Short wavelength with high poloidal | / i
mode number  A’=~_2m/r<0 Stable? / /A; A

Two effects result in growth of magnetic | /
perturbation to a saturated island '
* nonlinear effect of island structure can f A /
modify equilibrium and particle drifts ;
« kinetic effects : electron temperature AU
gradient in a sufficiently collisional plasma f

2 A — e icpht 7-“1:1//_“\
0 Az\” =1 ] ! We = m(9_¢/qs)———~»
2 B, =(im/1)A, |

E, =—1A,

v, >w/Kk, Electron ‘short out’ 1A, =K,0
Current only flows for w/k,v, >1 Kk, =(m/r)x/L,

E,=—A, —1k,p |



Linear Micro Tearing Modes

T it L v
A ox | ox |
_ — i, J,d _—2m
AT N
aZA - out m
8x2// =—tody P T

In ‘semi-collisional’ regime
2
nv, = D.k,n = (vg, /v )k,n

kV// — klfv'?e /Ve — kjd 2V‘I%e / Live =7

ly=E,In==yA,In

C

Growth rate calculated numerically

0.1 /

2/3. 1/3 —~
V= Vo Ve Vo B

S

Growth rate K VoA [

a)pe

w,,
] Collisionless growth rate



Growth Rate for Micro Tearing Modes

An approximate analytical form for the growth rate in
the ‘semi-collisional’ regime

e

2
N 3 AN L) (v./w,)"”
8v27*T(11/4) | p. | @, | \ L, ) (0+5n,14)"?

y | 2U(17/4) |n,1+57,/4)
w., |N2TAU4d| v, /o,




non-MakQ;1i¥an digfributidn;“

If an electron beam is injected into
a plasma, the beam represents a bump on
the high-energy tail of the electron

velocity distribution function as shown
in Fig. 8E1. The region where (5f/3v)>0

is highly unstable to generation and
amplification of electron plasma waves

with k ~ m/vb, W e W

kf(v)

f(v)

0 v
Fig., 8El1. A one-dimensional Mazwellian
electron velocity distribution (top)
with a bump due to an injected electron
‘beam, and the formation of a plateau
(bottom),

A f(v) , 7

| b 'b
fv)
l f(v)
!“s ;I"‘\
__l / RS —-1'--"'" }
I , 0 v

:Fiq. 8E2. The two-stream inatability.
Initial condition (top), intermediate
stage (bottom, dashed curve), plateau
(bottom, smooth curve). .
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Fig. 8E3. Ion and electron velocity

distribution functions for case in which Fig. 8F4. A "mirror loss cone"
ion acoustic instability may occur. distribution.




