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 Why a lecture on Locked Modes in a summer school
about Disruptions?

- ...and what is a Neoclassical Tearing Mode anyway?
- Why/how does it lock? = Eq.of motion, torques

 Why/how does a mode form w/o rotating precursors?
-> Error Field peneiration

- Why/how/when does it cause a disruption? >
Stochastization? When classically unstable?

- How can we avoid/control locking, and avoid the
associated disruption? > Magn. Perturbations &
Localized Current Drive
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Why a lecture on Locked Modes in a summer school
about Disruptions?
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Locked islands cool plasma edge mostly by convection
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Locked islands cool plasma edge mostly by convection
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Nearly all JET disruptions eventually exhibit Mode Locking
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About a quarter of DIlI-D disruptions

is due to LMs with rotating precursors

- Study performed on shots 122000 to 159837 (2005 to 2014)

(a) Survey of 22511 plasma discharges (b) Survey of 16123 discharges of B>1.5
5593 971 307 993 Shots with IRLM Shots with IRLMs
- m excluded IRLM m excluded IRLM
& @ non-disupive IRLNS =romdsipive R
disruptive IRLMs Shots without IRLMs
ShOts, Wlth_OUt IR,L v m disruptions without LMs
15580 = disruptions without L Ms m normal discharges

normal discharge

B 2/1 rotating NTMs m@2/1 rotating NTMs

- 18% of disruptions due to IRLMs  28% of disruptions with B >1.5

* Fraction due to LMs without rotating precursors
(“born locked modes”) unknown, left as future work
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Locked Modes = non-rotating modes

LM with rotating precursor a.k.a. “Locked Mode”

LM w/o rotating precursor a.k.a. “EF penetration mode”
a.k.a. “Born Locked Mode”

Could denote non-rotating

- Resistive Wall Mode (NSTX Spherical Tokamak)
* Interchange Mode (LHD Heliotron)

- Tearing Mode (RFX-mod Reversed Field Pinch)

Typically, non-rotating
* Neoclassical Tearing Mode
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...and what is a Neoclassical Tearing Mode anyway?

DII-D
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Reconnection creates Magnetic Islands

Field lines are helical Field Lines on neighbouring
| surfaces have different helicity

——

Local B is sheared, relative to average

q=4

X

Islands ubiquitous in tokamaks:

« Fast reconnection (sawteeth)

* Nonlinear saturation (tearing modes)
* Forced reconnection (error fields)

* Nonlinear filaments and mass ejection
(edge-localized modes)

Current filamentation deforms,
possibly reconnects field lines -
magnetic island

Dilli-D
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Neoclassical Tearing Modes

form due to a lack of Bootsirap Current

For NTMs, filamented current
= bootstrap current deficit

sSame pressure

N
»

width w

9 , @ I island L

minor radius

Pressure

Island forms = flat P 2 less VP
- less bootstrap current >
reinforces the initial

filamentation

Dilli-D

NATIONAL FUSION FACILITY

Minor radius



Toroidal Effects produce a

Pressure Gradient Driven “Booistrap” Current

Guiding centre moves along field line, but
B changes along field line & magnetic mirror forms

~ VB Drift & Banana width
Magnetic surface -

Guiding
centre orbit

Projection on to
poloidal plane

Drift of guiding centres

Per se doesn’t imply net toroidal current, because it involves trapped particles.

However, these collisionally transfer momentum to passing electrons < current

Dilli-D
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NTMs form at high pressure

...and limit pressure at inner radii

Modified Rutherford Eq.:

dw | SA T BePy TR dw _ A~ 4 destab. BS  correction
dt | e 2 dt curren term ~ for small isl.
) ! R
+— I S .
© ! e Island width t
c Il \\N >
g W Weg “>e W
j 1! ! S~
O ’ll l Be:BX
!
Y c

k marginal s’robili’ryé

C
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Why/how does it lock? = Eq.of motion, torques

Diln-D
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Electrical circuits interact with magnetic fields

(Ampere, 1822)

“Circuit”

Cail

DITE [Morris 1990]

B COMPASS-C [Hender 1992]
HBT-EP [Navratil 1998]
TEXTOR [Koslowski 2006]
DIlI-D [Volpe 2009]

J-TEXT  [Rao 2013]
DiIll-D
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Currents (NTM) also interact with other currents

(induced in wall, applied by coils, or other NTMs)

l-coils

C-colls

2/1 magnetic island

__J
NATIONAL FUSION FACILITY
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Current-field and current-current interactions =

electromagnetic torques on island

current in filament (island)

\

e.m. torques dT = 7 X dF = 7 x (I dl X B)

DII-D
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Current-field and current-current interactions =

electromagnetic torques on island

. Island(s)= non-axisymmetric distribution of j at rational surface(s)

- Wall = non-axisymmetric distribution of j at at the wall,
resistively delayed w.r.t. dB/dt that caused it
(e.g. from rotating j at rational surface(s))

* EF, RMP = non-axisymmetric B current in filament (island)

\

e.m. torques dT = 7 X dF = 7 x (I dl X B)
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Current-field and current-current interactions =

electromagnetic torques on island

. Island(s)= non-axisymmetric distribution of j at rational surface(s)

- Wall = non-axisymmetric distribution of j at at the wall,
resistively delayed w.r.t. dB/dt that caused it
(e.g. from rotating j at rational surface(s))

* EF, RMP = non-axisymmetric B current in filament (island)

em.torquesT = [# X dF = [#x (I dl x B)

A

-

[¢ =Tgr + Tyup + Twau + Tnrm + 7)(31 T %sc

/

Moment of inertia non - e.m. forques
of frozen-in plasma on frozen-in plasma

Low NBI torque,
Low rotation
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All e.m. torques except wall torque are angle-dependent.
Wall forque &> magnetic braking, mimics viscous torque.

b m 1 60_ T T
Ih — :EZ’BR(b)’b ( ) — I <
Tmn m o _ o |
1 — _ [QWR BR(b)T‘mn]Q 'rm.n] am—1 Qr __4aF 7
wall [L()b b 1 _|_ (QT)Q é L o < i
o
Ter = —7° R*m- ¢ IprBr(a)sinno(t)] ]
"'mn 20~ o ° ]
b ‘ '
Tryp = =1 R*m——Ipprp Br(b) sin[nd(t) — noparp(t)] | . .
.. L
/ <
TTﬂf — _WQRQ'T” Z e Sin[n@(t)]fm’n’ BH[TTH’R’] ({]3,1 | IIO | IO|0 10100 IOC;CICI 10000
m’, n' F'mn Frequency (Hz)

-  Wadll torque decelerates rotating island
¢ Twall—)OCISﬂ%O
- EF, RMP and other TMs cause final locking

- Final phase minimizes potential energy of multipole-multipole
system (generalization of compass in terrestrial field)

Dilli-D
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r X Single-fluid momentum equation + eq. for flux evolution

(at island, & coils) have several advantages
@4- p*— ﬂffi'] - — p*@@z +other torques/|
dt |

d@ 21@ I_H]{I_H]d}_jp*=H1—{H?ﬂf}z
d@ Or non-linear
Sy— t(1+ md} V1—(md) z@ 2md¥, generalization
dt

 Inertia of and torques on partly frozen-in plasma
— Note: here Q is plasma rotation, not mode rotation!
— Non-rigidity
- Coupled rotation-stability problem
— Growth/decay affects locking/unlocking
— Rotation = stabilization by rotation shear, effect of rotating wall, ...

- Original model for RWM [Fitzpatrick 02] can be adapted to NTM
Dill-D
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 Why/how does a mode form w/o rotating precursors?
-> Error Field peneiration
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Simplest torque balance only admits finite solution if

B.(b) > threshold EF (or plasma rotation < threshold)

 ...but when it does, born locked mode can form

M = Tgr + Mp + Twall + T%\/} + X1 T Tvisc

Ot
X
1 +(Q1)?

X (o — Q)

* Tgr moves line down

0

* (1o moves line up

—> Bifurcation in B; at mode location
(“error field penetration”)

IS
I

L
|L||__|_|__|_|||| L1

" Normalized Force = (Force® (1, /B) )
|
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Bifurcation, forbidden bands, slipping, skipping...

Forbidden Band (Slow Down)

Xg> Xcrit(1, 2, or 3 real solutions)
1 1 L I L L i '

Forbidden Band (Spin-Up)
Xo> Xerit(1, 2, or 3 real solutions)

10 L I 1 | 1 | 1 P

Fl i 1 lo

L

Normalized Force = (Force* (%, /B) )

PR BTV WY

Increasing Mode Amplitude

“““““
ek LT = F

Normalized Force = (Force® (1, /B) )
L i F L i

0 0
10 0
X =Ty
Forbidden Frequency Band Forbidden Frequency Band
10 PR D T NNV TR TR R TR TR T R SN TR SN R SR T 10 [T T DT TN TR T N T T T R
~ (d) Slipping [ (e) Skipping I
Q‘ n o
e i ﬁ § [‘
. i 6 | [
¢ 1.
5 L] -
2 f §_ M N
L 2 -
5 3 .
. 0 —
[1]
D. Gates 96 °
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Why/how
Stochastization?

Diln-D
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does it cause a disruption? -
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Locked overlapping islands cause edge thermal

collapse. Sometimes plasma recovers (minor disr.)...

154576
9=1.5 2 345

-2.9

+24.1

Time (ms)

970 180

190

200
R (cm)

TS and ECE at different toroidal locations allow simultaneous
profile measurements at O-point and close to X-point

« Collapse is axisymmeirc
Dill-D
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...and sometimes it does not

(thermal quench, current quench, major disruption)

S —— L ST -
1) sl I 105 A R

: 1.5

2 f— 2 | ] 2
E Time (ms) 3 4
- |-467 4=

N ] 3 ]
QF TP [eaz
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Dilli-D
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Nonlinear MHD simulations show that initial 3/2, 2/1,

3/1 and 4/1 islands grow, overlap and stochasticize B

=3210 ms

L}
NATIONAL FUSION FACILITY
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Energy loss is a combination of conduction,

convection and radiation
158137

—/ LM
— ELM

1
(=

1. Total loss of ~32 kJ
estimated using kinetic

EFITs
" = to0ma) ) 2. ~10 kJ of energy measured
- [— tesesmsm | by divertor infrared camera
1658.5 ms stationary |

3. 25 * 5 kJ of energy
measured by bolometers,
localized in divertor

81
— 1490.2 ms ELM
- | — 1489.0 ms inter ELM

wall —_‘corper " flgor
0.8 0.9 1.0 11 1.2 13 1.4
s (m)
nﬁ!&!ng DiVE‘I’fOI‘ infrﬂl‘ed (IR) camera d? COLUMBIA I_INIVERSITY
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when does it cause a disruption? -
Perhaps when close to edge?

When classically unstable?

30



Example of an initially rotating locked mode (IRLM)

(@)

159428

1. m/n=2/1rotating mode 0 ' ' e
E 20 Disruption 20
g 5
2. Mode locks 5 =
2 20 20 %
B C)
. o
3. Exists as locked mode G 10 10
orpe Survival
—  Few to thousands of milliseconds Time |
[ [ I 0
— Referred to as survival time for Pa0o 2000 2200 2400
disruptive IRLMs ®) 6 - | -
[ |
- 5 I Locking T 50
4. Disrupts or... z’ : T2
> 3 T 30 F
...ceases to be a locked mode S 5 :(_Slow Down a2 8
> Ti g
— decays g " 1o g
— orspins up 04?.“%@_“0
71500 2o|oo 22|oo 2400 ©
Time (ms)
DilI-BD Q_b COLUMBIA UNIVERSITY
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66% of 2/1 NTMs rotating at 2 kHz will lock in 45 &= 10 ms

« Slow down time = time between (a)
. . 250 T T T T I T I T[T T T[T T T 71T
2 kHz rotation and locking caoBl S
[}] g
(&) ]
s T T T T § 150 =
3 =
o g 100 —
' 2 50 —
. 4Q - h =
£ | o . 0
z & 0 50 100 150 200 250 300
o 1 Slow Down Time (ms)
| (b)
20 o ° i 300 SRRNRRRNRRRNRRRRRRRERERNRRRNR=
¢ 250
< <
o
a T R TTT B R AR RIT EEERETI R 200
0,1 1,0 100 1000 1000.0 10000

Frequency (Hz) 150

 Indication of time available to

prevent locking 100

Slow Down Time (ms)
($)]
o
TS T T T

4%ﬁiﬁiu”u”u;

0 11
- Larger T, results in shorter slow- S N
down time
ng!.v:usmn:cmrv @ COLUMBIA UN IVE RSITY
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LMs “survive” 270 = 60ms before causing a disruption.

Survival correlates inversely with proximity to edge.

- Survival time = fime between locking and disruption
« 66% of disruptive modes terminate between 150 to 1010 ms

Distribution of 1011 LM/QSM Events

120:I_IlllIIII|IIII|IIII|IIII|III_I: 30 LS |
= o ..
@ 100 _: S A
(8] —
S 80 = E "1
g 60 4 ® 15 I e -
S 1 2 e
— o+
g 40 — 2 ., ET
LT+ +
Z : 3 i '--": :':'i_" -|
20 — 0p) I'r" N i
0 = 0.0 ﬁ+++ *
0 500 1000 1500 2000 2500 3000 .
Survival Time (ms) 0O 2 2_ 14
degge (CM) at saturation
DN""DW m_ COLUMBIA UNIVERSITY
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Long survival gives time to safely ramp discharge down

40 T T T T
_ 101 155423 n=1 rotating |
O ] —— n=1 locked |

I, (MA)
e ==
o ;o

e
o

i Y

Core T, (keV)

Bn
SO 2NN
oo UNogn O =N W

-
o

Power (MW)
W

o o
w = o

l/qes

o
(X}

NATIONAL FUSION FACILITY 0.5000 30‘00 40‘00 50‘00

6000
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From 100 to a few milliseconds before the thermal

quench, the n=1 field typically grows

26 No. of Disruptive IRLMs Bg (G) of median
 (a) 124865 L
20 137232 1 450 |
g5} e :
;;10 131089 | ~eXponeanCI| )
. { 100 ] 0107 !
0 e I | O |
15} a
— r 1 /
. =—— i 4 O
1.0 | . 50
=1 Timeframe for - 1 9
—05F (b-c)
0. 1 1 1 1 1 Ssstemmmbeens] 1] = IS - 5. .. .
%00 80 60 40 20 0 20 -40 0 5 10 15 20 25 200 150 100 50 0
Time before disruption (ms) Bg (G) at At before disruption Time before disruption (ms)

* (a) Most IRLMs show increasing n=1 field within 100 ms of disruption
(5 random IRLMs)

* (b) Distributions of n=1 field shift higher as disruption approached
* (c) Median of (b) grows exponentially in last 50 ms
« Preliminary results suggest m is often even during growth

Dilli-D
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IRLM disruptivity scales sirongly with normalized g=2

radius p,, (fixing qy5), and weakly with g (fixing p,,)

IRLM disruptivity IRLM disruptivity
1.2 1 1 1 1 1 1
0.9 SF3
1.0 — - - - - - = - —
_F... . Lt - SFL—f—
5 08 fae 08}t ] X,
: Ko e, r2 & —H—
o 0.7 % %}'qq 0.6} . * —— {1 T 6\ ,0’. 1
-é @ J & o »”
% 06 04f Flat 1 @ 'é ]
& ,, e EIEI SF3
- % SF2
. 02r . . ry »
05 ._E]gﬁ't.:ﬁir r3 —E. 4
i P r4 * Y 3 » b
- - Disruptivk 00 — — — — J B I - _
0.4 « «Non-disruptive :
. L 02 L L L (b) L L L L (C)
00 05 10 ) 4 5 6 704 0.5 0.6 0.7 0.8 0.9
4 IRLM dis. Cos Fg2
2
>
-
x

Jgs at mode end

(a) In 1D projections (blue histograms), IRLM disruptivity appears to
depend on both p,, and gy;

(b) Fixing p4, shows that IRLM disruptivity scales weakly with gy
(c) Fixing gy5 shows IRLM disrupfivity depends strongly on pq,

D”’ -D Sweeney/EPS/July 2016
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Bhattacharyya Coefficient informs on best and worst

separators

Best performing . -
Distribution (%) —c—a Dis. modes —— Non-dis. modes For dlscreTe prObOblllTy

R T e 5C 064 0 distributions p and g
A g C Ty 3o 1] ¢ parameterized by x, the BC
value is given by,

: l ] 20 F
‘ \ E 10 £
S 0 0

10 15 2 5 0.2 0.3 0.4 0.5 04 05 06 0.7 0.8 09 1.0
e M) 1t o BC = p(x)q(x)

30 F
20 £ 20 ¢

10 F 10 b

40 40 T T T 40

30 F 30 F 30 XEX
20 F 20 F 20 F
oh ok b « BC=0: p and g do not
overla
02 3 4 5q 6 7 8 9 00.5 1.0 1..5 20 25 0 p
) « BC=1 means p and g are
Poor separation . . identical (completely
(solid 190 ms prior fo disruption,  overlapping)
dotted is 20 ms prior)
Din-p G_b COLUMBIA UNIVERSITY
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IRLM disruptions might be explained by A’ becoming

marginal, or unstable, as a result of the increasing [,

MHD stable regime of the Tokamak

04

0.3

02

ol

T T T T
q{c)=1.01

I 1]
Mnx(t,fel-{uz in (qm)} /4

Unstable

| | IR | |

q(a)

l; at mode end

2.0

1.5

1.0

0.5

F1G. 4—The range of permissible internal inductance /2 as a function of g{u) for g(0) =
1.01 is contained by a jig-saw boundary, The maximum /;/2, which corresponds to a uniform
current profile up to ria = [¢(0)/g(ea)]'?, is also shown. Steady-state data from TFTR

operations are found to fall inside the permissible domain.

Theoretical stability limit for tearing

mode onset [Cheng, Furth, Boozer PPCF 1987]
Limit for IRLM disruptions in DIII-D

IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIO|IIIIIIIII

° ° °Disruptive

¢ ¢ <Non-disruptive °

B o] —~
[}

- — JET density limit & .
()]

i |, ggs =0.28 threshold o¥ |

B ogoo'o b o R ° e |

| o o ]
o o o Q?eg;g%

2 3 4 5 6 7
d¢s at mode end

Limit for high-density disruptions in JET
[Wesson, NF 1989]
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li/q4s and d 4. can be used for disruption prediction

Condition Missed disruptions | False alarms
with IRLM (%) at 100 [20] ms (%)

o > 0.28 6 [6] 13
dedge << 9 cm 6 [4] 14
Mone (i.e. all LMs 0 [0] 20
assumed disruptive)

133553 154564

157 . : .
< s
s 10r
G 5]
o «—— Spins up (B, shielded)
0 " " " 1 " " " 1 " " " " "
0.35 | ' ' ' T ' ' ' . : : : . : . : .
[ Threshold crossed
0.30 | N W
Ql'é; 0.25 -/_/ 630 ms warning |
0.20 |
DII-D 015200 a0 600 800
- Time after locking (ms) Gb
NATIONAL FUSION FACILITY 9 COLUMBIA UN IVE RSITY
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Some LMs self-stabilize through minor disruptions.

Typically q,,,>1.2 and q,>2 (Double 2/1 LM)

Locking Minor dis.
OrmEe Classically stable.

ESLD Change in pressure profile makes it
neoclassically stable too?

_15F =
1.0 F n . no-
%M » "Hiccup” in I,
- 00
et o
e T S » go drops at minor disruption
0.5 : : : : : :
2.5 - - : : : - .
20— | ]
= iﬁE; Hﬂ\/ » Significant drop in [y
0.0 : : : : : :
= 15 T T
= 10} ﬂ‘ﬂrm
§ s malumaly —— ECH - » Beams appear in feedback
Soob L L
030 ———— T
e 0.25F Emp. disrupt. Iijl_it*_ N L
= 020 poeeme— - » ;/qos below empirical disruption limit
013800 1900 2000 5100

Time (ms)



How can we avoid/control locking, and avoid the
associated disruption? - Static Magn. Perturbations &
cw Localized Current Drive

NATIONAL FUSION FACILITY
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Control-coils, magnetic diagnostics and ~3MW of

steerable Gyrotron power were used at DIlI-D

l-coils

2nd EC harmonic

ECCD

C-colls

2/1 magnetic island

__J
NATIONAL FUSION FACILITY
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Magnetic steering aligns
locked mode O-point to stabilizing ECCD

Dilli-D
NATIONAL FUSION FACILITY
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Static applied RMP make Locked Mode O-point

accessible to stabilizing ECCD

141492 141500

= 2fa) . .
T [ . Magnetic island ; §
x 10 3 '/decelerates and locks : E
“ of 5 : )
— 0w J ‘_,No stabilization (no ECCD)
& - .“/J.,. F L ,
E:E 15| ! /H.f/,Stablllzatmn ; ’l , .
u [ AJM l.. ; -
50k 5 ]
s oF “N . NS
= : Locking to controlled phase ]
6113(} - | Magn. perturbations applied .
g T
= 2F j | .
& of ' «—ECCD deployed in 141492—> ]
190 ~
0.80 (e) <
= (.65 9% g
=3
0.50 0 —
z @ |
En 0.6 - Disruption E
~ oot - Y -
n-D 1000 2000 3000 4000 5000
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Locked-mode-controlled discharges

do not lose H-mode, or rapidly recover it
141055 141060

Prompt suppression
Suppression

-mode preserved H-mode restored
||||\|

‘ ."arI!lIIINMMMMWMMM | ﬁ_:

2000 3000 4000 5000
time (ms)

ELM Intens.(a.u.)

Diln-D
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Incomplete recovery of pre-locking confinement is

probably due to ECCD and RMPs still on

141492 141500

. ECCD -

30— Magn. perturbations ~

) - | ,‘.‘ Locked mode (a) -
< 15F ', W\ /| _suppressed B
a [ A//nnt suppressed ]
i :I | . —

increase
2000 3000 4000
Time (ms)

Best Disruption Avoidance should maintain high fusion gain Q

Dilli-D
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Py is recovered after locked mode suppression

20 — 141060 141500 141492 141502 141503
-(a) < Magn. perturbations — 3 |
G, | < ECCD > ] (€) -
= 10 - Locksd mode 7 stabilized HH
i r’*\,\ . suppressed §
0 L. . M sttt o | .
2.8 - - - —] 2t _
:[b] R s s ] _ Access to higher By
f\ ' J'me\%; =t
ok A Stabilization
] L
] not stabilized,
l 7 disrupts
N I 4 8 12
'|!I||,||ll,l |‘|i|!||' * I || "i||!| '. Pa(MW)
it i, I. |h '
oW |'i|. I:-'::.,I';:;.';I -!I i -
1000 2000 3000 4000 500
Time (ms) Locked mode stabilized:

’ « High B and no disruption
ECCD at g=2 prevents

reappearance of 2/1, Locked mode not stabilized:
DI-pD whether locked or rotating . Disruption at p~1.7
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How can we avoid/control locking, and avoid the
associated disruption? - Rotating Magn. Perturbations
& Modulated Localized Current Drive

NATIONAL FUSION FACILITY

48



Modeling effect of rotating RMPs on

locked or nearly-locked mode

26
I/ o Lwatt + 1Er +1rypp + Loy +|Lvise + I NBI

E.M. Torques on Island Other Torques

Simplified equation of motion

d? o
IW = Lwan +1pr +1ryup

Smooth entrainment
0 — Twall + TRMP

- (19 COLUMBIA UNIVERSITY
nﬂ!!s!u muq IN THE CITY OF NEW YORK
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Enfrainment can be lost due to failure of applied torque to

counteract braking torque from the wall at high frequency

I-coils: critical entrainment freq. [Hz] W = dem SPEED
° =4 k?o‘ — LIMIT
i I-coils 187
i 300+
3.5

< 260 |

X, of

)

c

2 2 _220f

- N

: 2 HE: Limit for

8 180 stable entrgflnment

i
3
T

-
!

140+

o
o
T

20 100 . . . . . . . ‘
1 2 3 4 5 6 7 8 9 10
NTM width [ecm] 800 1000 1%{?28 (::SO)O 1600 1800
Max frequency increases with coil current K E.J. Olofsson PPCFE 2014

and decreases with island width.

Dilli-D
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Loss of enirainment is more complicated than

loss of torque balance

Entrainment lost

B

1 53968 , 153967

* Enirainment lost at different 400
times and frequencies in '
similar discharges.

I-coil freq [Hz]

200

— Possibly due to MHD events. g_ :
- While it lasts, it avoids [ : -
disruptions w/o using ECCD oL_Lf| oot amp [kA

i Bp Magnetlc probe [G]

!
0 500 1000 1500 2000
Diln-D Time after locking [ms]
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Magnetics array analysis and ECE diagnostic

confirm entrainment and spin-up of 2/1 mode

Entrainment lost

(mode unidentified)
0.4r -,

e n=-1
n=-2
n=0
e n=+1
e no label

0.2r

Freq. [kHz]

« m/n=-2/-1 mode tracks I-coil — = |

fr n ° —
eque Cy 40 Bp Magnetic probes [G] ! ,

/ |

;f

-40

. . 2200 /2600 - 3000 3400 3800
« Entrainment frequency is >~ Time [ms]
modulated by EF on e
sub-period timescale (not shown) / | | T
ECES
1.2¢ ]
1.0W
2440 | 2460 | 2480
Dill-D fime {mel
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Improved confinement:

edge pedestal forms during enirainment

* 153967

Electron density (10'7 m™3)

Dilli-D

NATIONAL FUSION FACILITY

A~ O

q=2

‘ 153967

| 3260 ms

Electron density (10'7 m™3)

3340 ms

Electron 'temberatL'Jre (keV)

At loss of
enfrainment
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5 tokamaks, 2 spherical tokamaks, 2 RFPs and a helical

device are involved in WG-11

MAST  NSTX

Poloidal Field
Sensor

Different Machines
Sizes

Aspect ratios
elongations
wall times

JET

Different Coil sets

Internal or external

narrow or broad in angular
spread

dense or sparse arrays
partial/full foroidal/poloidal
coverage
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ITER 2/1 mode entrained by

external coils

« coils:
— External coils: 3 setfs of 6
— Internal coils: 3 sets of 9

 major radius: 6.2 m
« wall fime: 188 ms

« density: 7.2x10"? m-3
« B 53T

ITER Steady State Wall Torque [Nm] ITER Critical entrainment frequency [Hz]
50 T T T T T T T T 10 T T T T
3 3 3 J ; ; ; e\ /L :
sl b g IERANCS
B [n By I Y R s 1S 0 A S (AN VA S

Entrainment Frequency [Hz]
Coil current [kA]

1 2 3 4 s 6 7 5 . 10 ‘ ol i i i i i
NTM width [ecm 5 10 15 20 25 30 35 40
feml NTM width [cm]

larger island results in stronger torque

Ag!pusmmum @ COLUMBIA UNIVERSITY
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ITER model — NTM slows and locks in about 7 seconds

Separatrix
First Wall
Divertor
------ Inner VV
= = =Quter VV

-+ Mag Axis

ITER treated with 2
walls:

1) vacuum vessels
2) tiled Be first wall

__J
NATIONAL FUSION FACILITY

450

[—Mode |
— Applied RMP

;

20

5 cmiisland slows
from 420 Hz and
locks in 7 seconds

Agrees with
La Haye NF2009

5 Hz enfrainment
with 10 kA in
external coils

(19 COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK
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Decelerating island can be “preemptively entrained”

by rotating fields applied in feed-forward

(b)

(a) 162991
40 e —
E 8l
< 30 =
£ = %,
3 T - ]
2 o o Locking
- 20 %5 §
N ~y 4
5 S g
e (1] L
g) 10
= 2+
400 2450 2500 2550 260 400 2450 2500 2550 2600
(c)
300 F
D
Q
Q 200
Q
(7]
©
=
o
100 |
|

400 2450 2500 25501 | 2600
Time (ms)

|
ng!!.;!uﬁqu == wurumbia UNIVERSITY
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Proportional-integral controller controls LM phase in

feedback with LM phase measurements

{p"F:FI'HHTE' : |

requested

D ode from —

®

error

=0 — ¢mc:de

cDrnr're--rTicn = Pl CDntrDI {(DP-'r'm':I

magnetic signals

i (Drnrr

reference

®

Srror
mode

RMP

EDRMP = ¢mnde + O

LOrT.

limit to @, 4e *90° for max torque

'1, [
ll ¢'-r_f;'r I
mode

1

Dilli-D
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applied to coils

A e N
J's e S iy F ¥
\:'\- L

- O
P f— f*’}‘;."!

]
]

max torque
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Phase controller locked mode where desired and

entrained it at 20 Hz as desired
Shot Number = 166560

200 u T T T | I T T T
- — LM phase
. — ref phase !
100 |
| \ \ |
O N
A
® OF
w -
© 5
c
o
-100 \
o b 1 1 ]
08600 2800 3000 3200 3400
Time (ms)
2-5 I I I l I I I l I I I l I I I
2.0 — —
: L
ws 15— —
o))
a 1.0 — _
0.5 |
0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
'3600 2800 3000 3200 3400
Time (ms) I
D”’_D AL/ COLUMBIA UNIVERSITY
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Different phasing gives different behavior.

Deposition slightly outside g=2 location.

a) Nominal O-point deposition 166566 b) Nominal X-point deposition 166567
10— | T | 5 10— | T | | 5
8 — 4 8 — 4
s 3
o = o =
oy 3T 2 3T
[ [
g 3 g 3
s 4 —2a = 20
3 T 3 T
o o
w w
2 1 1
0 L | | | | 0 o L | | | | 0
3060 3090 3120 3150 3180 3060 3090 3120 3150 3180
Time (ms) Time (ms)
c) Nominal X- to O-points transition 16569 |
10 5
I I I I I e
8 — 4
s \
S 3 % >
o o N
£ = RN
[ 2 E_ AR
SO W
E 5 [STENNETEN
w o
1 w \\ \\\QJ\ \\
NN [
e BN \' L
0 | | | | | 0 R 'U\}\ i
4770 4800 4830 4860 4890 RS
Time (ms) o by
SRy
[ A
=D m_ COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK
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Amplitude feedback can prevent locking and

sustain NTM rotation at 15-60 Hz

< feedback on - 197035
1.2 = = = Disruption
I,(MA) 0.6§ /
0
50
4)( fs) %SE 3\ I] Ch.7, both near g=2 A’/, 1
10 59— = e ——————— == Locking
5B,(G) 40E =
0 _; \
-40 - Feedback
II—coiI (kA) 2 l ‘ /
0 / / V I
-2
2500 /3000 3500 4000 4500 time (ms)
Mode rotates at
~15 Hz Feedback settings:
* Low-pass filter, t,=40ms
* Gain G,=60

Diln-D
NATIONAL FUSION FACILITY
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Controlling the toroidal phase of locking, in

f/fwd or f/back, has numerous applications

Locked Mode (LM) and NTM Control, Disruption Avoidance:

* In combination with Electron Cyclotron Current Drive (ECCD):
— Re- or “pre”-position LM to assist its cw ECCD stabilization.
— Controlled rotation, in synch with modulated ECCD.

*  Without ECCD:
— Unlock island and spin it by NBl or magnetically.
— Rotational stabilization by conducting wall, flow and flow-shear.

* Avoid locking by entrainment.

Other:

- Spread heat during disruptions.

« Assist diagnosis of islands.

- Study radiation asymmetries in massive gas injection.

Diln-D
NATIONAL FUSION FACILITY
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Locked modes can also be controlled non-magnetically,

or w/o ECCD

* Increase NBI torque - Stabilization by rot.shear or rot.wall

- Drop in power (NBl and ECH) = Reduce B = Neoclassical stability
* Fulll, ramp down - Safe shutdown

* Partial I, ramp down - Reduce qy;. Increase d 44, /995
 Change in shape > Affect stability & rotation

« Some/all of the above . < - 165727
I (MA) t —
-
Beam - =
TO rque smooth(Pl‘nJ‘,SO)HaA 165727 1
(10 MW) smooth(Pin,50)/1e4 165730 ]

RALLEALARRD,

S 70%+eduetion

ECH u ECHPwr 165727
Power w—  ECHPwr 165730
af— -ﬂ I
oazs \Gapln 165727 (EFIT02, Iim“‘ed
Inner gap oorsf—  \Gapin 16W

1 ESLD079"1e4 165727'
Br (G) 5 ESLD079*1e4 165730 A EM " H Kﬂl A‘A m LN
L vV
1000 3000

\

#3

I
Y

T 'IUV'

| I“I |

__J
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Summary & Conclusions on Locked Modes

- Locked modes are non-rotating (growing or saturated) plasma
instabilities, typically NTMs.

-  Without the benefits of rotation, they grow to the point of
significantly degrading confinement.

« One of the main causes of disruptions.
- Ubiquitous, also in disruptions initiated by other phenomena.

- Simple model: helical current-filaments at rational surface,
subject to e.m. and non-e.m. torques.

- Advanced model: coupled single-fluid momentum eq. + flux
evolution at island location and wall.

* Rotating precursor decelerates due to wall torque, and locks
to resultant of EF + applied MP + other TMs.

- Even w/o precursor, above-threshold EF or below-threshold
rotation leads to a bifurcation in B, > EF penetration, born LM.

NATIONAL FUSION FACILITY
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Summary & Conclusions on LM Disruptions

- Overlap of several islands locked to each other and to EF+MP
-> Stochastization - Enhanced convection, conduction (and
radiation) = Partial thermal quench (TQ) = Full TQ = CQ

- Database analysis suggests that proximity to edge & classical
stability determines LM “disruptivity”.

- Real-tfime monitoring of these parameters could help
predicting locking.

- If locking occurs, applied MPs control LM phase, applied
ECCD controls LM amplitude.
— Stafic/rotating, cw/modulated, in f/fwd, two types of f/back.

— LM stabilized in DIII-D and entrained in several devices, in
agreement with modeling. 5 Hz entrainment possible in ITER.

— Changes in NBI, I, and plasma shape also affect locking and
disruptivity.
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