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Lecture one: Tearing Modesin Tokamak Plasma

1. Ydenl MHD Tnsiabilities:

(1) During the early 1950's, the main problem in Fusion
Research was stabhizing the ideal MHD instabilities
(Sausage-like m=o and kink-like m=1 or 2 modes) which firstly

were observed in Dynamic Pinch. At that time, the MHD time

scale of the current devices was T—h' oh*(ﬂ E’} 12, ~ 1077 -

1070 sec _

Fig. 1

such instabilities could be stabhzed by strong longitudinal

magnetic field and coducting wall, as shown in Fig2. This
configuration finally led to the Tokamak concept. But it was
found that, the resistive interdifusion of the equilibrium field
led to the onset of terminal kink instability after a timt
interval about Tp/10~ 1072 sec.

in 1958, it was found that the stabilization of a realistic,
finite edge region would call for a moderate reversal of the By .

It was verified by hard-core pinch experiment in Livermore, and
become known in later yeors as RFP. But at that time it was
found that, yi

supposedly stable case.
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2. Tearing Mode Theory:

For PLT size Tokamak, there are two time scales:



Resistive time T, = 4ma’/{c*~1 - 10 sec

MHD time T, ={(47p)"?a/BM0° - 10 sec.

But the growth time of tearing mode:
7/
VRRVA'S s N 8 = 2/( (k) (& o))
so the ditfusion should be limited in a thin layer!
(1). Current layer model:

The linearized G\m;o law,
2‘} 1
t *“'B"-g 71" @y w, b
ond equation of motion, ' @
p 2 ’ d4 :,
‘E?tvx\&'ﬁ":f'!ﬂ" : ‘
could be solved by boundary ". ‘\ 1. 4 @ AU
layer method as follows: '. l ;
Round the singular surface ! CE)
x=0, there is a thin layer. e

Outer region: l[deal MHD

process and S0 2. G,

34)

Pt
1y L Fig. 2
Vx’f‘cs,gn)-u }=0 !
we have y,(x:t&) a0 .
with . At x=0, ‘lf-tx)should be continuous, but

d _—
qx hos discontinuity:

Y-to) [J—]x:o »

!
A depends on the current profile j,(x), but on nothing else.
Inner region: B, =B, X, Vf‘f— much larger than “Y-dj_/dx,
Y :V
therfore _}gﬁ 1{0 (-4 - B,,X\&) =0
Approximately ¥12)=Ho=const. and v, is odd inx, v
we easily got the width of the layer:  § ~ (Y ‘[f-:/k' l’;:) ’

and [#] --Y.r(V‘l‘(xJ-tB,. k)dx = 4(Y)
Finally, a(y) = A’ mdweqotthegrowthrate Y, 5{5_

a (I A0 3
p oo (BPF (SApE VAT
Therefore lfA >0, Y >Oundthemodem unstuble 1fA<0

Y <0, the mode is stoble. Ihg stability totally depends on
the ides] MHD process in outer regionl

(2) Tearing mode in sylindricel cese.
Resonat surfaces: m=nalr,) , q=rB/RBy .

Take B =~1m’flr kg -(m—nq(r))BOIr J,»m ¥ /%58,

Lu= dg,
Outerregion. % ¥ - c.rhl Fradh S

Wy =- L AR s'= 11!(5)(9& 5
For |dealMHD kmkmode J,must be finite everywhere

within the plasma, ifr, <a % (%)=0, therefore ) vlr =0,

The only possibility is that r, falls in vacum region. But in
resistive case 1}(v;)cen be nonzero.
Solve Eqn(1) numerically for three current profile cases:
j1X)=] 001 4xP) 1 p=1.23
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Fig. 3 Three reprasantative tokamak current profiles and their
tearing-mode stability properties. A mode with a given u-value
(2,3,4,etc.) is unstable LI ics singulsr surface falls within
the region indlcstad by the arrows. In the case PLI L 11
there 13 a conducting wall at 12-2, In the casas 184, 3%* atc.,
the wall is at x, =1.33; otherwise thers fe ne conducting wall.

A mode of m is unstable if its singular surface falls within in
the range of x indicated by the arrows.
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(3) Toroidel geometry:
Simple case: Mode has threem components, m-1,mm+1;
only r_ondr_,, are inside the plesma.
Between resonat surfaces, ideal MHD process

morginel equetion: et
L....."'h.,= Kn-t 1".. r Ka +_rl

iy | Lo b
Lo Yo = K2 Yo 1 K™ Yy

Lo 1"9"! = K:;: 1“:... 1 K‘:l "
The soluble condition for the boundary conditions:

‘4(&)20' ‘y""‘(rm)/'k(rm)=ﬁ':" If“:l(rmlWerﬂ )=A:fl:
8 (M- d)(Awn ) =Y
From the solutions in inner layers(r_andr ), we have
BuzAul®) , Al Duw(9) .

Therefore the dispersion relation is:

( Buwny o) (B8 -6) -‘—"-.Y

Real exampie:m=1, m+|=2, rﬂo resonant surface is out of
{0,a) region. The finite solution shows that, the coupling

{ m+1 component of m mode) is always proportional to

0.
£ =a/R.

R ¥

(4) Non-linear development of the teering mode. The
non-linear tearing mode theory mainly deals with the
behavior of finite size.
The non-linear Ohm's law i3
3 z
Rt +¥FY =L o'y
For imcompreseible low| plaema: 7 =3 7*
. ’
?I-,’; +V-V)v¢ s—g. ( 3{., Vj) ’ j=-v‘74

Define: W4 (1"/11")%.
For small W( W< T), L
— ;f *:: 1Y

v LY
‘ ¥ ] ~ < ¥
Wi linsarly with ti
Forw> §, ‘fvn/ —9-:# == %W = ;{-Tdf(w) .
More detail analysis shows that:
:-’— ’ . J
w2t 1s g Hw
. . ,
Einaily W will saturale when A(W) =0 |,

o Aw) =d (¢ JJ{)W
Generally, Peak j(r) profile -> small island;
flat-topped , square-shaped j(r) -> large W,



Fig.4 shows the formation process of disruption.
Slow-growing 2/1 mode ( fast
linear growth is hardly seen);
m=2 island flatens q(r) around

q=2, and steepens q(r) at 3/2;

372 mode appears and flatens
qlr) around q=3/2;

5/3 mode grows in turmn and so
forth;

Some magnetic surfaces be ,
1 ll- Cumpuiee simubaton of lolsmek esistive kink moden?* shows the

erg‘Od’C and a Catastmpmc fo ot ‘.‘: n;nl‘[.n-;r 1 mirvda destabiliing first 4+ 2om - Vi the
disruption occurs.

{5) Helical winding experiments and modes coupling.
* Experimental results of Pulsator and other devices:
Suppressing 2/1 fluctuation;
Delay the major disruption;
Existing a threshord for disruption;
Stopping the rotaion of the Mirnov's signal.
* Theoretie calculation from simple tearing mode theory.
The RHF is very weak, can only influence the magnetic

structure near q=2 surface, and then suppress 2/1
mode.

2 i

* in1=2/n=1 helical coordinate system .l
RHF-->magnetic istand 02
-~>flaten j{r) round q(r)=2 o

Initial velue numerical method 20 :;n( e 0

-=> growth of perturbstion — :-’5"“““

RHF delay the development of
the mode only but do not change the ssturation level.
* RHF suppress the mirnov's signel can not be totally due to
stopping the toroidal rotation.
NB injection : rotation increases fast, but frequency change
alittle.
Why it can suppresses the disruption /
* HT-6B Experients:
Device: R=45cm, @=125cm, B =0.7-1 0T, I,-SG(A.
L=2/n=1 and 1=3/n=1 helical winding, sidebands are
smaller than 158 of the corresponding main components,
<11
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m=2,3,4,5 cos coils, soft x rey detector array, ECE mes-
surment, visible and YUY multi-chennel spectroscopy,
Langmuir probs and some conventional diagonostics.
1=2 RHF resuilts. Al
1=3 RHF results. Ar
Effect of the combination of 1=2and 1=3RHF. A 3

o~




L]
A,Plification of sawtooth oscillation. A4
All the forementioned phenomena have been checked on
HT-6M and Text Tokamaks.

* Global mode structure;

RHF are very weak, less than 1X of the poloidal field, they
only can influence directly the magnetic configuration
near the eorresponding resonant surfeces( localized
resonsnt disturpances).
1=2 RHF €an suppress all m=2, 3, 4, 5 magnetic flyctuations
which have the same frequency. One possible explanation
is, s}l m=3, 4, S signals are the sideband components of
m=2 mode.

But 1=3 RHF also con suppress ell m=2,3,4,5 fluctuations
and perhaps, more effectively. It means that, in the
strueture of observed mode the m=3 component and q»3
surface heve the seme position as m=2 cemponent and

~ q=2 surfece.

1=3 RHF con mantain the dicharge even after tuming ona

1=2 RHF which is higher then the disruption threshord.

If we insist in the tearing mode scope, we should go back to
to the resistive MHD equations in toroidal geometry, and
consider the coupling terms of different m components as
singular perturbation near resonant surfaces.

It could be proved that, the toroidal term can only introduce
the coupling proportional to ¢ =a/R. But it seems hopeful
that, the non-linear coupling terms can mix different m
components and form some modes with global structure.

Lacturs Twse: Sawtooth Oscillation in Tokamak

1. MHD instability and transport presess

MHD motion of the plasma are lightly connected with trasport

Process. e A

wir)

(1) Profile consistancy:
# Due to the fact that the

qlei

magnetic island ephances '
local trasport, one of the

Therefore, we really observed a giobal mode which hae
different components mainly located around different q
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realize & j(r) profile stablizing all the tearing modes, as Fig. §.
* It has been found that, on some devices, the relative electron
temperature(T (r)/T (0)) has the same profile for different
discharge parameters and different heating power.
low q; discharge: trapezoidal shape. Fig. A Y
high g, discharge: strong central peaking. Fig. /A 6

{2) Sawtooth oscillstion and the influences of the helical

field. A "

2 Dunic phonemena and classiont medet:
* Since 1974, the T |

INTERNAL DISRUPTIONS

first observatien en “SAW TOOTH" OSCILLATIONS
ST, sawleoth cecitiation SOFT X-RAY DI
has been one of the u_
e mperant o g
in Tokamak ptasma and
hes been studied widety.
Central part heating
- J(0) Increases ®
-» q(0) decreases
=» collapse ®
-> central flatening

Fig. -‘ Exparimental setwup for observation of sawtooth owcill

~ layer at tho _g-_l_ suﬂaoeFig g.

Outside q=1 surface temperature suddeniy increase dueto the
the central collapse, then decaying by diffusion.

The collapee is m=0 symetric, just before it there is m=]
precursor.

Soft x ray signal of sawlooth is mainly due to the temperature
osciiatien(TFR's resuits)

(1) 1970 Shafranov analized m=1ideal MHD mode, which is
unstable for q<1 asp’¢<0.

1973 Resenbiuth, et al. analized the non-linear behavior
of ideal =] mode , the saturated displacement turned ot to be
100 smalt compared with experimental values.

(2) 1975 Kedomlsev proposed that, collapse is due to the
raptdrocmmmdthebelmmnmdeq-lsuﬂaooloWL
of outside. The resistive diffusion only take piace in a narrow

ivi)

Fig.® Dev'elopment. olr magnetic field structure during the sawtooth
collepse according to Xadomtsev model. The me1 instability
displaces the q < 1 region (shown shaded) and restores ¢ to a



(3) 1975 Sykes et 4l discovered from numerical
calculation, and Bussac et al. from analytical investigation that,
m=1 ideal MHD mode is stable . ‘below a critical value by toroidal
coupling.

1976 Coppi et a1. found that, resistive m=1 mode should
be unstable if there is g=1 surface in the plasma. It could combine
with Katomtsev's reconnsction modei Lo provide an expianstion
of the sawtooth collapes.

3 Smwtouth amplificl by helical field
(1) Experimental results:

* L=2R}H-‘oouldampluytt\esawtooihosdllatwnbmchmm
period a litlle. This RHF alse could suppress m=1 fluctulstion o
soft x ray signelé.

* L-SRthysuantsL:zR}E'butmd!ocuvdv.
inmcheuoq-aan'lmisvu‘ymrmeplﬂudp.

* Theseptmnmwmuywmmw
m=2,3,4m!andesbyRHF,mddependonmelmpm1wmel.

* In some cases, sawiooth could nol be observed , only m=1
Iluctuauonmadmsoftxraysim.mrmngmwwm
make the sawieeth cecillation appear.

(2) Comparing with amplilying sawtooth by additional
haatlng,uwmuonseemsmbogotum,mﬁcanunmve
the snergy confinement of the central core of the plasma, no

matter which q surface the RHF can directly influence.
Sawtooth osdlilation seems tightly connect with tearing
mode even in heating phase.

4MWMMMM‘“M

ty Xatomisey's reconnection process.

(l)On]ETand,lnsomooases,mTl-'l‘R,mesawwoth
ooliapsewaSppesursoﬂessandveryramd.Ttnoouapsaumewas
near lOOAs,whlcmsteanessrmllerthanmevaluepreduod
by Katomtsev's rodel.

ButmTFl'Rmesawtooumonapsesonalsohave been
observed.

(2)Theum1yslsoITFRexpeﬂmontsmdicaLedtmt,
aithough anmagmumslandwasfocmusg'owm“snnmed
and it did not undergo a complete reconnection.

Theomnpmmdsawt.oothalsohasbeonobsewedmjﬂand
TF[R.whlchshowsuthmagmucmMOmndmturMWa
complete reconnection in single sawtooth collapse.

(3) On TEXTOR Tokamak , the measurement by the
Fﬂ‘adaymlaumofala&eerbeammsﬂngwoughmm
gave the q(0) vatue much less than 1{ 06-0.7 ) . But on Asdex,
uxemeasmwmtsmtheZeemanspmumounuuumbwn
gave q(0}=1.05£0.05.

\\1,



No existing collapse picture can explans Lhese resulits.

(4) Monster Sawtooth:

The Monster sawlooth
has been observed on JET
and atsoon TFTR by high
power heating. Fig. 7

it might be regarded
as an transient stabilisation
of the sawtooth instabliily.

(5) Sawtooth ampiified
by RHF.
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(5) the new poesibilities to stablize the sawtooth (nstability

(1} By LHCD, confirmed on ASDEX.
Broadens the current profile and raises the q vaiue above

unily everwhers.

(2) By sufficlent additional heating, on JET and TFTR.
The sawtooth collapse was delayed for more than a second

(3-5 energy confinement times).
The long wavelength coherent MHD aclivily also was very

low.

The energy confinement time can be 15%-20% higher than

in the normal sawloothing regime Fig. /o
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3. L=2/n=} RHF of suitable value not only can suppress m-2/m~|
fluctuation, but aise can suppress wil wther m (3/1,4/1 and
571 ) modes. The near 20klis posk in FFT cof magnetic
signals disappeared totally after the L=2 RHF turning on.

Obviousely, the m=8, 4 or 3 modss ers tightly coupled
with ¢=2 surfece |

NO.11281.

-2. W

.28 N - 2.0
5.9 . 15.9 s

F1G.%R. GLOBLE MOOE EFFECT OF RHF L+2

A2

4. L=3/n=1 RHF can directly only couple with 0=3 surface.
But not only m=3/n=1 but also m=2/n=1, m=4/n~1 modes all

are suppressed by L=3 RHF, perhaps more effectively than

by L=2 field.

Such phenemena also have been observed on HT-6M . It means

that, the coupling between different m modes do not be

pra g2

W

weakened as minor radiu a increases.

NO. 11176

13 L=

A.U.

M2

IL=3

. 5.9 lll.l lé.l

F16.38. GLOBLE MODE EFFECT OF RHF IL-3.
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5. Larger L=2 RHF(5% Of Bp) coyld destroy the plasma, but

suitable L=3 RHF can protect the plasma from it. The larger

L=2 field excit all other m components of magnetic

fuctuation except m=3, which Is suppressed by L=3 RHF.
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FLGURE CAPTLONS

I‘Ong. l.a  T/T(0} vs x, lew g ohaic digchatges.
Here q = W65, 2.65§ 2.70, 2.79, 3.39, 3.41;
[ ndl = Y8, 6.6, &, 2.1, 2.0x 100072, B
08" 4,66, 4f66, 4,80, 4.7%, 5.81, 3.0 T; R = 2,59,
’ 2.59, 7.56, 2.57, 2.07\.2.79 n; a = 0.80, 0.80,
0.82, .82, 0.41, 0.58 m;Yrespectively.
1.b T/T( ve tfa for fou lov q;, neutral beam
/ o6 heathd discharges. Here ~ 2,65, 2.65, 2.67,
T(©O) 2.6 [ ndl = 6.9, 8.7, 9 ¢.3x10'n ;B =
4.66, 4,83, 4.79 T; R 2.59, .59, 2.49,
O4t- 4% m; a = 0.8, 0.80, 0.83, §.83 n; the injected
ower Pp = 4,20, 4.26, W50,  9.56 MW,
respectively.
02
o 1
-0 00 1O

0.8

0.6
T/T(0)

0.4

0.2

Fig, 1

b o= -

4,92 T; R = 2.

0.42 n: respect

2.bO B’]_{O) vs rfa for six
‘hedted discharges.
D, 472 4.72;
T/T(0) “P F
L1, 4.9 % 10

0%

4

04

08

T/T(0)
0.6

04

A1, 11,0, 10,

% 1, R = 2.56, 2. _
.82, 0.82, 0.83]0.83, 0.83, 0jg3 m; Py = 4.23,
10.42 MW

G) ’ di*harges. ere q
AG | Of1 = 1.0, 1.3, 1.4 x 10

5%, 2.56,

ively.

49

= 7.47,

11.31,

1,90, &.72,

a = 0.82, 0.82,

7.91, 7.88, 4.70,
3.5, 4.8, 4.9,

respectively,

Fig. 2






