Prediction, Avoidance and Control of

Disruptive Locked Modes in DIlI-D and ITER

by
Francesco Volpe
Columbia University

with “
W. Choi, R. Sweeney, R.J. La Haye .

Presented at the
IEA Theory and Simulation of

Disruptions Workshop

Princeton Plasma Physics Laboratory
Princeton, New lJersey s s R
July 20-22, 2016

DIlI-D &2 COLUMBIA UNIVERSITY

NATIONAL FUSION FACILITY IN T H E C ITY O F N EW YO RK |



Locked islands cool plasma edge mostly by convection
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Nearly all JET disruptions eventually exhibit Mode Locking
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| ITE  wemip- PRPm KNK
P. De Vries et al., NF 2011 3




More than a quarter of high B, disruptions are due to

IRLMs (fraction due to BLMs unknown)

(a) Survey of 22511 plasma discharges (b) Survey of 16123 discharges of B,>1.5
5593 _ 971 307 993 Shots with IRLM 5724 948 302 078 Shots with IRLMs
(- m excluded IRLM N m excluded IRLM
ATN e
4 = non-disruptive IRLMs m non-disruptive IRLMs

disruptive IRLMs
Shots without IRLMs

m disruptions without LMs
m normal discharges

disruptive IRLMs
Shots without IRLM

m disruptions without LMs
normal discharge

15580

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

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

« 28% of all disruptions in shots with peak B >1.5 are due to
IRLMs, compared with 18% for all peak

« Born locked modes not considered in this work
Dill-D
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* Prediction

— Database of Locked Modes at DIlI-D
« Typical evolution, including deceleration, saturation, final growth
«  When do they cause disruptionse
«  How do they cause Thermal Quench?

— When do they locke
« Solve Eqg. of Motion
« Future work: couple with Modified Rutherford Eq.

- Avoidance & Control
— Static or rotating RMPs + ECCD - disruption avoidance
— Preemptive entrainment - locking avoidance
— Feedback controller of locked mode phase
— Magnetic control in present devices (ITPA, WG-11)
— Modeling for ITER

Dii-D
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 Prediction

— Database of Locked Modes at DIlI-D

« Typical evolution, including deceleration, saturation, final growth
When do they cause disruptions?
How do they cause Thermal Quenche
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Example of an initially rotating locked mode (IRLM)
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66% of 2/1 NTMs rotating at 2 kHz will lock in 45 +

10 ms

 Slow down time = time between
2 kHz rotation and locking
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prevent locking

- Larger T, results in shorter slow-
down time
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Disruptive IRLMs most frequently survive 270 & 60ms

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

Distribution of 1011 LM/QSM Events
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Disruptive IRLMs with small d 4, do not survive long

dedge
Parameter | Correlation with ¢,
dedqe 0.47]
Pq2 -0.42
li/ qos -0.39
dos 0.36
Bp 0.34
dq/dr(rq) -0.15
L; -0.11
w 0.10
ol -0.01 ¥
Dili-D

NATIONAL FUSION FACILITY

AN|DA ‘s Buispalda(

o
o

Survival time (s)
|_\
)

0.0

might pertain to physics of the thermal quench onset
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Number of disruptive IRLMs

IRLM Disruptivity =
P Y Number of IRLMs
Q"IN'DW @ COLUMBIA UNIVERSITY
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Disruptive 2/1 widths at 2 20 ms prior to the disruption are

similar fo non-disruptive at 100 ms before decay/spin-up

24 Disruptive IRLMs 23 Non-disruptive IRLMs

T

« T, from Electron
Cyclotron Emission
(ECE) diagnostic

* Island O-point
aligned with ECE in
all profiles

Te - Te,rq2 (keV)

* Flattening at g=2
shows similar widths

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

radius p,, (fixing q,;), and weakly with qy; (fixing p,,)

IRLM dlsruptlwty IRLM disruptivity
1.2 1 1 L
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(a) In 1D projections (blue histograms), IRLM disrupfivity appears to
depend on both p,, and ggs

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

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

separators

Best performing . ..
Distribution (%) =—s—a Dis. modes — Non-dis. modes For dlscreTe prObOblllTy
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I/g,5 at mode end

P42 is highly correlated with [;/q,;, but the latter

separates disruptive from non-disruptive IRLMs better
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*Mode end here is 100 ms prior to
mode termination

Dii-D
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Li
— = APy + c
(o5
where a=0.67 = 0.01 and c = -
0.23 = 0.01

< Separation is predominantly
vertical

- Correlation of r. = 0.87

* L/qqsis likely a proxy for
classical stability (A’)
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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 Theoretical stability limit for fearing
13 — T mode onset [Cheng, Furth, Boozer PPCF 1987]
, e e Limit for IRLM disruptions in DIII-D
' MAX(4/2): [I +24n (m)]m
1l _IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIO|IIIIIIIII_
; 20 ° °D|srupt|ve _ . |
' | ¢ * *Non-disruptive - 9 i
09 - — JET density limit . & -
= I s dos =0.28 threshold o ]
08 8,4 o R e
v 15 %, “op "wo
li/2 g o888 &
or o) e
£
06 "(-U'
05 B
04
0’3 UﬂSTGb'E T IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|IIIIIIIII
05 2 3 4 5 6 7
02 . Jes at mode end
ot « Limit for high-density disruptions in JET
g(a) [Wesson, NF 1989]

F1G. 4—The range of permissible internal inductance //2 as a function of g{u) for g(0) =

101 is contained by a jig-saw boundary, The maximum /;;2, which corresponds to a uniform

current profile up to ria = [¢(0)/q(«)]'?, is also shown. Steady-state data from TFTR
operations are found to fall inside the permissible domain.
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A parameter measuring how near the island is to the 2D

last closed flux surface also appears disruption relevant

w/2 at mode end (cm)

EI T T |°I [ CI’ [ 1} T %b(glgl‘ua?l [ | T lE [ _

C é’o ng%o ° g dedge — a - (rqz + W/Z)
2 . 38 ] |

: g%’e’,,fo ; « a plasma minor radius
- BB o = . .
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HLCFS 1 dugge=9 cm i 100 ms for non-disruptive

I .
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a- rq (cm)at mode end IRLM dis.

d.qqe st separates during the exponential growth; note this
assumes the n=1 growth is 2/1

Even assuming 2/1 growth, IRLM disruptivity up to 20 ms before
the disruption scales weakly with island width (blue histogram)
D”’ -D Sweeney/EPS/July 2016

NATIONAL FUSION FACILITY @ C O LUMB IA UN IVE RS ITY
IN THE CITY OF NEW YORK



li/qes and d 44 can be used for disruption prediction

Condition Missed disruptions | False alarms
with IRLM (%) at 100 [20] ms (%)
1
o > 0.28 6 [6] 13
Jedge <= 9 Cm 6 [4] 14
Mone (i.e. all LMs 0 [0] 24
assumed disruptive)
133553 154564 — Disruptive —— Non-Dis.
15 [ T T T T T T T T T T
T b - e
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— ———— 4
0.20 | :
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From 100 to a few milliseconds before the thermal

quench, the n=1 field typically grows

Y R No. of Disruptive IRLMs B (G) of median
(a) 124865 15 o
20 ¢ 187232 1 150 [
S 15 1200 | ’
=10 131089 ] ~exponential ,
5t 1 100 | ] 0107 !
0 AN E B R BN R BN N BN ——————+—— [ | o I
15 a
—_ r 1 /
N — i | O
1.0F 50
= Timeframe for - 19
—05F (b-c)
0. 1 1 1 1 1 SNPSSpSTes— | 1] = i == = 4 - 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

Dii-D
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Some LMs self-stabilize through minor disruptions.

Typically high q,;,, (>2? Double LMs?)

Locking Minor dis.
40 EsEn . '

nirms Probably classically stable,
ESLD .
neoclassical unstable.

» "Hiccup” in I,

e
N ] » qo drops at minor disruption
: : » Significant drop in Gy

s U —— ECH : » Beams appear in feedback

Emp. disrupt. ljmit
w 0.25 | p pL.fmn | .

2 0.20 et o » [i/qos below empirical disruption limit

013800 1900 2000 5100
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So far, multidimensional scaling confirms I./q,.

as best predictor of LM disruption

Power law Technique | Opt. power law BC Value
: .y 2
[current profile] q'EEpng;qiqu.l'f (%)g discrete ( ﬂ?LE (;gﬁ'—) Pg2lp | 0.62 +0.04
' min
- .|l 2 ."J E'rj
same as above discrete ( ! } 7= 0.62 + 0.04
905 S 9min
. 1.00+[0.16,0.11]
I7 / qos amoeba I / quos 0.61 + 0.04
[pressure profile] rq“‘!abp;mj-n qif-ﬂ_ﬂﬁrﬂp FlBr|&8 | discrete rgla_zq;r.: 0.66 £+ 0.04
(a2 — fr-fqglg,]b :E.ge amoeba (4.5 — J'J-.fqgg.]ll'gdeﬂﬁ'é,g 0.57 + 0.04

__
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Main Conclusions from Locked Mode Database, so far

1. Two parameters separate disruptive from non-disruptive IRLMs
well:
. l/qes (Mmight be a proxy for classical stability)
2. dggge (@ small value also implies a short survival time)

2. The n=1 field grows ~exponentially within 50 ms of the disruption
. Preliminary study suggests m is often even

3. The thermal quench might be triggered by a sudden widening of
the T, flattening at g=2
. Qualitative result of tens of inspected discharges

4. IRLMs change the plasma equilibrium by
. Peaking the current profile
2. Degrading By

DN"’N'DW @ COLUMBIA UNIVERSITY
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 Prediction

— When do they locke
« Solve Eqg. of Motion
« Future work: couple with Modified Rutherford EQ.

« Avoidance & Control

— Modeling for ITER

__
NATIONAL FUSION FACILITY
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Modeling effect of rotating RMPs on locked or nearly-

locked mode

d? o
o Lwen + 1Er +1ryp + Ly +1oise + I nBr
E.M. Torques on Island Other Torques
l-coils
2/1 magnetic island S
[ [ 5 G_b COLUMBIA UNIVERSITY

NATIONAL FUSION FACILITY IN THE CITY OF NEW YORK
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Modeling effect of rotating RMPs on locked or nearly-

locked mode

426
o Lwait + TEr +TrMp + L7y +1vise +INBI
E.M. Torques on Island Other Torques
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- Gb_ COLUMBIA UNIVERSITY
D”’ D IN THE CITY OF NEW YORK

NATIONAL FUSION FACILITY

25



Modeling effect of rotating RMPs on locked or nearly-
locked mode

26
I/ o Lwati + 1Er +1ryvp + Loy +Lvise + I NBI

E.M. Torques on Island Other Torques

Simplified equation of motion (next slides)

d? ¢
IW = Lwan +1pr +1ryp

Condition for smooth entrainment (next slides)
0= Twall T TRMP

- G_b COLUMBIA UNIVERSITY
r\g!!sl\r FAMQ 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
5 | =:|_ Y J— LIMIT
it I-coils 187
il 300+
3.5
< 260 |
X, of
et
c
qt’ 25 _ 200!
= N
: 2r § Limit for
3 180} stable entrgfnment

—_
(8]
T

-
T

140+

o
&)

. 100
8 9 10 800

1000 1200 1400 1600 1800

4 5 6 7
NTM width [cm]

time (ms)
Max frequency increases with coll K E.J. Olofsson PPCF
current and decreases with island 2016

wididi=D
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Entfrainment with C-coils have lower critical frequency

due to being external to the vessel

I-coils: critical entrainment freq. [Hz] C-coils: critical entrainment freq. [Hz]

° ~ L /L T\ ¢ 200 T T2/
\ N & s X 8 SYe
| 7/ N B R N R A AN

»
2]

Coil current [kA]

o
&)

1 1
8 9 10

NTM width [<7:m]

Max frequency increases with coil

current and decreases with island width. K.E.J. Olofsson PPCF
Din-p 2016
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Loss of entrainment is more complicated than a simple

loss of torque balance

Entrainment lost at different
times and frequencies in
similar discharges.

— Possibly due to MHD events.

Entrainment depends not just
on coil currents/frequency

Dii-D
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Enfrainment lost

§ 11

153968, ,153967

4001 | coil freq [Hz]

200

I-coil amp [kA]

- Bp Magnetic probe [G]

0 50 1000 1500 2000
Time after locking [ms]
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RWM poloidal

Sﬁguzser oy L L JIJIe DO - (L - D & (J
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N . wall time: 5 ms

« density: 3x10'? m3

RWM radial sensors (B,)

RWM active stabilization coils ° Bf: 0.‘| 8 'I'
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ITER model - 3 sets of 6 external correction coils, 3 sets

of 9 internal ELM coils

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

+ Mag Axis

ITER treated with 2
walls:

1) vacuum vessels

2) tiled Be first wall GiD
D= X2/ COLUMBIA UNIVERSITY

NATIONAL FUSION FACILITY IN THE CITY OF NEW YORK

Image by Guido Huijsmans, ITER Org.
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ITER model — NTM slows and locks in about 7 seconds

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

+ Mag Axis

5 cm island slows
from 420 Hz and
locks in 7 seconds

matches well with
previous predictions
La Haye NF2009

——Mode
— Applied RMP

5 Hz entrainment
with 10 kA in
correction
(external) coils

ITER treated with 2

walls:

1) vacuum vessels \ \‘

2) tiled Be first wall it L oo
Dilnn-pD 2Lt/ COLUMBIA UNIVERSITY

NATIONAL FUSION FACILITY IN THE CITY OF NEW YORK
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ITER 2/1 mode entrained by

external coils

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

 majorradius: 6.2 m
« wall time: 188 ms

« density: 7.2x10"" m-3
« Bi:53T

ITER Steady State Wall Torque [Nm] ITER Critical entrainment frequency [Hz]

1 : 1 1 1 : 1 1 ! TN ! A
R A Y ) IERA 1 ,/ ,,,,,, S

Entrainment Frequency [Hz]
Coil current [kA]

i i i i i
15 20 25 30 35 40

NTM width [cm]

larger island results in stronger torque

ng!pusmmmm @ COLUMBIA UNIVERSITY
IN THE CITY OF NEW YORK



« Avoidance & Control
— Static or rotating RMPs + ECCD - disruption avoidance
— Preemptive entrainment - locking avoidance
— Feedback conftroller of locked mode phase

Dii-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]
Dii-D
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Control-coils, magnetic diagnostics and ~3MW of

steerable Gyrotron power were used at DIll-D

2nd EC harmonic

__
NATIONAL FUSION FACILITY

|-coils
D
TR
.\I ".‘ \".. \‘A‘\?‘\\:\\\
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| ‘ it,-
/(I
TN
/¥
3 .“ 4 : ) '\ \ ‘,“ ’.“‘
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C-coills

2/1 magnetic island
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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

~ 20f@@) . .
T [ + Magnetic island ; )
= 10 3 '_/decelerates and locks : -
“ ol 5 : )
— Ofp) J ‘_,No stabilization (no ECCD)
S - .ﬁ/J.,. F o ,
E 15| ! /V/,Stablllzatmn ; ’l , .
ﬂ [ .L'U.\ﬂ l.. ; b
Eae 5 ]
s ok :l(liuw . :W h
= °t : Locking to controlled phase ]
%.13{} - | Magn. perturbations applied .
g ARay
= 2F j | .
s of ! «—ECCD deployed in 141492— ]
190 ~
0.80 (€) <
= 0.65 9%
—
0.50 —
z @ |
Eﬂ 0.6 Disruption g
~ 0.0t - 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

|l||||

Y T

2000 3000 4000 5000
time (ms)

ELM Intens.(a.u.)

Dilnn-D
NATIONAL FUSION FACILITY
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Incomplete recovery of pre-locking confinement is

probably due to ECCD and RMPs still on

141492 141500

< ECCD >
< Magn. perfurbations >

30— i
~ b .J ,‘.‘ Locked mode ()
% 15 M,/Jw"k/ suppressed _‘
0 o/ ‘/‘/nnt suppressed .

A | §
0
o I ]
= {b}:
> 4f — _ —
- Tinurease
= 1 [ ,

160 _
v [c]:
£ oof .
SR increase

20 - . . . .

2000 3000 4000
Time (ms)

Best Disruption Avoidance should maintain high fusion gain Q

Dii-D
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By is recovered after locked mode suppression

) 141060
0 (a) < Magn. perturbations —
10 L < ECCD > e
[ Locked mode
i r-a—\\ . suppressed §
0L . il A v | .
2.8 [ - - - -
[ (b) \ . ]
14 f\ J'me\%;
0.0 . ]
1.6
" (c) ]
08 -
0.0 E= e . N
32% [d} o, ”] f I! l:' T ] | T 1 |
B0 I L MR
15—; at 1 m/n=2/1 l|"|. m '.| | Ll :
3, | L AL 1 I PR o
u; IIIIIIIIIIIIIIIIII !H]C'E:T:ﬁE'fI *:1 rf":li' IIIII -
1000 2000 3000 4000 500
Time (ms)

ECCD at g=2 prevents
reappearance of 2/1,
whether locked or rotating

__
NATIONAL FUSION FACILITY

141500 141492 141502 141503

(e)

stabilized i

Access to higher By

IStahilizatinn
1 W
not stabilized,
disrupts
4 8 12
PNEI(MW)

Locked mode stabilized:
« High B and no disruption

Locked mode not stabilized:
« Disruption at p~1.7
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Rotating field sustains mode rotation up to 300 Hz (Qt,, = 6)

-  Without conirol: 2/1 NTM grows
and locks = S, collapse and
major disruption

« Rotating n=1 I-coil field “entrains”
slowing island

— Avoids disruption without using
ECCD

* Entrainment up to 300 Hz
(Qt,, = 6)

Dii-D

NATIONAL FUSION FACILITY

Mode locking
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400

200
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v
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3000
Time [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 w,

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

*  Magnetics arrays analyzed for
modal shapes (eigspec code)

 m/n=-2/-1 mode tracks I-coil —

0.2r

Freq. [kHz]

frequency 0 S—
40 Bp Magnetic probes [G] : ; :
. . 0 ;‘I | | | ' iy ‘
- Entrainment frequency is il [T T, oo
modulated by Error Field on 2200/ Q. 3000 3400 3800
. . / ~~Jdime [ms]
sub-period timescale (not shown) / S~
/// \\\\\\\
/ \\\\
» Electron Cyclotron Emission (ECE) ECE3

phase inversion across =2

surface, synchronous with I-caoil *'/\/\-N“\w’\,/\w"‘
.07 ECE1 i

2440 | 2460 | 2480

D”’- D Time [ms]
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Improved confinement:

edge pedestal forms during entrainment

- ‘ 153967
Electron density (10" m3)

Dii-D

NATIONAL FUSION FACILITY

~ O

q=2

‘ 153967

| 3260 ms

Electron density (10" m3)

3340 ms

Electron 'temberattljre (keV)

At loss of
enfrainment
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Pre-emptive entrainment

(b)

@ 162991
H—————————T T 40 '
= |
= i
z 30r i — 30 =
£ | E < .
'g i E g Locking
: 5
3 s g |
g i) I
e
o |
2550 2600
(c)
300 |

o

[]

Q 200 |

@
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£

o

100 |
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9400 " 2450 2500  2550' | 2600
Time (ms)
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Features of phase contiroller

- A proportional-integral controller was implemented to control
the phase of n=1 locked modes

Coil compensation, mode
ESLD > background amp stored
signals subtraction, and and data
n=1 fitting phase
I
mode phose‘l’ ‘1’
error angle = ref phase - mode phase RMP phase = mode phase +
ref. . ) COIT. o correction angle
phaseg correction angle = angle
Pl control (error angle) limit fo mode phase +/- 90°

RMP phase l

applied to coils

Dii-D

NATIONAL FUSION FACILITY
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Phase controller behaved well during half-day

When RMP was applied, successful demonstration of
controller’s ability to prescribe phase and entrain at 20 Hz

Shot Number = 166560

200 — ——
g — LM phase
C — ref phase
100 | s \
S C
(]
E r
© 0F
b7 C
© C
_C -
o :
-100 |- \ \ \ \
_2 E I | 1 | I L 1 | 1 L 1 | I 1 1
O8600 2800 3000 3200 3400
Time (ms)
2-5 T T T T T T | T T T | T T T
2.0 — L]
c
s 1.5 I
o)
a 1.0 ——‘— —
0.5 |
0 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
'2600 2800 3000 3200 3400
Time (ms)

GLD COLUMBIA UNIVERSITY

Dill-D
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Different phasing gives different behavior.

Deposition slightly outside g=2 location.

a) Nominal O-point deposition 166566

10 — T | l >

sl — 4

S 6 3
o
£
©

s 4 72
-l

2 1

oLl | | I ' 0

3060 3090 3120 3150 3180
Time (ms)
C) Nominal X- to O—points transition 166569

10 T T [ [ | 5

s — 4
S
o
£
©
=
=

0 | | I | L _Ig

4770

__
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b)

LM amp [G]

Nominal X-point deposition

166567

T T T 5
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Long survival gives time to safely ramp discharge down

40 . . . ..
30 ¢ 155423 n=1 rotating |
=1 locked

Core T, (keV)

oMo ow O = MW

Bn

SO 2NN

-
o

Power (MW)
(%]

o o
w = o

l/qes

o
(X}

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

6000
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« Avoidance & Control

— Magnetic control in present devices (ITPA, WG-11)

Dii-D

NATIONAL FUSION FACILITY
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5 tokamaks, 2 spherical fokamaks, 2 RFPs and a helical

device are involved in WG-11

Different Machines
Sizes

Aspect ratios
elongations
wall fimes

MAST  NSTX

JET

Poloidal Field
Sensor

J-TEXT KSTAR

Different Coil sets

Intfernal or external

narrow or broad in angular
spread

dense or sparse arrays
partial/full toroidal/poloidal
coverage
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Static applied RMPs control phase of locked modes

- Born-locked n=1 modes (EF-penetration modes) in:
— AUG, DIII-D, JET, KSTAR, MAST, NSTX

 m/n =2/1 LMs with rotating precursors in:
— DIII-D, J-TEXT, KSTAR

« m/n=1/-15 LMs with rotating precursors in
— EXTRAP-T2R

Dilnn-D
NATIONAL FUSION FACILITY
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Flipping n=1 RMP by 180°
changes n=1 LM phase by A¢=180°.

| AR B |
ﬁ
=
N
co
oo
O
O
I | IIIIIIIIl
= =2 ] ] =

b £ | #28900
,:: BT(HFS) MJ\[W\/\? aEE Br(HFS) m

h(HFS) .

IIIIIIIII]]]H]]]H[[Hl[[”

! M b(HFS

=D M. Maraschek
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J-TEXT (3x4 internal +1x2+1x3 ext.

ggggggg

coils)

TM to

100 | TDFOiaal Phalse of b;_ max @ e:ool
B o —
'c -

degree

Dl ;
time (s)

I 0.2 0.3 0.4

0.5

n=1 RMPs applied with different
phases cause pre-existing rotating

lock with different

@ = +110°]
I . #1032491
coil

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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Initially locked islands were entrained by applied rotating

RMPs at AUG, DIII-D, J-TEXT

- Plasma response saddlelcop array
. T i, = =

= ] ~ B(HFS) E . n= 1BR amplltude G)

o __ - %_

° T v, BE N iNgi /

1 X-point

| § LN |

! II 2t Applied amplitude . © e 2
:: 1l phase oL Y ] g
s ) 3 s 32 12530, 1723532 Buanzs: 2 91 32532 BI040 2532101 2325 3000 e 2ma as 43252: BIEANISAZ BI7 2252 DR _ 400 = . . . . = g-
- : E n=1phase (deg) ()] i
E ] &-colls i 300) NI Applied E .
k“" Eriri . 200} =

‘@WL % : dB,(LFS)/dt M 0F

= [ - - ok R\ eI ] =_

2000 2500 3000 3500 4000 4500 5000 ® o. .25 3 035 04
Time (ms) )
AUG, Maraschek et al., this DIlI-D, Volpe et al., PoOP 2009-TEXT, Jin et al., PPCF 201
meeting
Paccagnella et al., EPS

2016

Earlier entrainment studies (of initially rotating or initially locked islands):
Dﬁiﬁorrbﬂ?%], COMPASS-C [Hender 1992], HBT-EP [Navratil 1998], TEXTOR [Koslowski

NATIONAL FUSION FACILITY ChOi/lTPA MHD/MOrCh 20] 6
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Conclusions

* I/q45 (probably a proxy for A’) predicts 94% of Locked
Mode Disruptions at DIlI-D, with warning time > 100 ms

* Island proximity to plasma edge correlates with
Thermal Quench onset

- Applied magnetic perturbations (static or rotating)
and driven currents suppress Locked Modes and
avoid disruptions

* Pre-emptive entrainment avoids locking
* f/back phase controller recently deployed at DIil-D

 Evidence of Locked Mode control in several other
devices.

 ITER coil-currents will easily entrain islands which just
locked. Only 0.5 Hz entrainment if fully grown.
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Back-up Slides 1

on LM Database
and its Interpretation

Dilnn-D
NATIONAL FUSION FACILITY
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Decay-time used to differentiate disruptive from non-

disruptive discharges

Decay time = duration of current quench

time of 80% I, — time of 20% [,
fa = 056

Three groupings

. ty<40ms Disruptive
ii. 40ms<t,;<200 ms
ii.  t4>200 ms Non-disruptive

50 shots manually analyzed in
populations i and iii, confirmed that:

— No false positives in major disrupftions (i.e.
calling non-disruptive shot disruptive)

— No false negatives in non-disruptions (i.e.
calling disruptive shot non-disruptive)

__
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= | - 22511 Events
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Saturated width scales with B8 /(dg/dr), indicating at

least partial drive from bootstrap deficit

° o ° Disruptive * * * Non-disruptive

0.3 o
c :
-%. - Expected from steady-state
5 02 . 1 Modified Rutherford Equation
T 0.1 3 + .
§ 5 <4
0.0 | e Bs=R ] o IRLM occurring at low qg;
0.3 ————————————— (top) correlate better than
s | + i those at high g,5 (bottom)
© ° +
L 02 °% ++47 44 ]
S : Ly SR R T
» o, £ " +
w 0.1 ] ’ o ¥ . E
E Oos >4

%800 004 008 0.2
B,/ (dg/dr) at saturation (m)
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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.
— Conftrolled 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 enfrainment.

Other:

- Spread heat during disruptions.

« Assist diagnosis of islands.

- Study radiation asymmetries in massive gas injection.

Dilnn-D
NATIONAL FUSION FACILITY
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Controlling toroidal phase of magnetic islands has

numerous applications

Locked Mode and NTM Control, Disruption Avoidance:

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

*  Without ECCD:
— Unlock island and spin it by NBI or magnetically.

— Rotational stabilization?
Stabilizing effect of conducting wall on rotating mode [Fitzpatrick].
Stabilizing effect of flow and flow-shear [Buttery, La Haye, Sen et al.].

* Avoid locking altogether by entraining island while still slowing down.
All of the above can be done in f/back or f/fwd.

« f/back can also directly reduce island width, not just its phase [Hender,
Lazzaro, Morris et al.]. Not our scope.

Other:
- Spatially spreading heat loads during disruptions.
- Assisting diagnosis of islands [Liang, Shaffer et al.].

- Disruption control (by massive gas injection) and disruption studies with
controlled phase relative to mode [Pautasso, 1zzo, Shiraki et al.].

__
NATIONAL FUSION FACILITY
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EC current drive is more stabilizing than heating.

Key is (over-)compensating for missing Bootsirap.

141492 141501

) ~ ! _

2 2- U .

2 0t 1 ]
< 200 ) ; o ECCD

= - ; BS ECCD! :
— OcC M ]

1000 2000 3000 4000 5000
time (ms)
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IRLMs change the 2D equilibrium shape by reducing

the Shafranov shift

* Disruptive * * *Non-disruptive @® @ @ Disruptive avg.

q) T | T T T | T T T | T +I T | T T _‘I_
o I . *+ 4+ o+ T
g 2 Pt X * AR /AB,=4cm
5 | ' .yt |
wn aa a
E L ‘-
g Of : : _
5 . : o - Decrease of m/n=1/0
[ A ] shaping might affect toroidal
5 [ Y EA e : coupling of m/n=2/1 with
E L et e . other n=1 perturbations
DED ‘4 __ + ++ . + __
o 1 r T 1 1 | L + |‘ | +, 1 1 | 1 1 1
-0.6 -0.4 -0.2 0.0 0.2
Db, over first 200 ms of mode
ng!mmm:m’w Sweeney/General Atomics/Oct. 2015 @ COLUMBIA UN IVE RSITY
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In a 1D study, IRLMs appear most often in intermediatef

plasmas

0.30_lllllllllllllllllllllllll llllllllllllllll :

I | Fraction of shots w. IRLM ]
0.25 F T No. shots w. IRLM -
[ @ No. shots ]

0.20
0.15 |
0.10

0.05 |

10
100
1000

Peak £3
- Low occurrence at 8> 4.5 might be explained by observed

conditions of g, > 7 and Ty, > 6 NM in most of these shots

- 3D study of IRLM rate of occurrence vs. B, Ty, and p,, might
be more informative

D’ ” -D Sweeney/General Atomics/Oct. 2015
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P2 Increases through lifetime of IRLM

evolution of p,, from locking to
100 ms before mode end

Pq2 at mode end

* majority of disruptive IRLM
move outwards

0.9 | .
t° ° ° Non-dis. ramp
'g t ° © ° Dis.ramp
o 08¢}
P r
= 5
o i
€ 07}
© 5
S s .
< 06 oS
‘ 458
4
4
0.5

03 04 05 06 07 08 0.9
P42 at Locking

-
Sweeney/General Atomics/Oct. 2015
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Decreasing IRLM disruptivity at high B, observed in 1D,

partially atiributed to coincident high q,.

Dis. modes - - - Non-dis. modes IRLM disruptivity Distribution (%)
5 : 1.2 - . 50 40 . . —
* + H I EEE bl _ — bl
4} i 10 +2+ b2 —— b2
. b4 0.8 } «xx b3l 307 == b3} 1
.. b3 «xx b4 —— b4
z 3} .
i + bz 06 B ﬁ b 20
® . |
& 2 i bl 04 B { b
5 . bO { QE
: 02t = ]
+ 10 L
Ly P 00 — — - i T %_
0,24 5 6 7 8 00 05 023 4 5 %0 35 40 45 50 55

(os IRLM dis. (os (os

* (Left) 1D projection of IRLM disruptivity vs. B, shows decreasing
disruptivity with increasing

« (Middie) IRLM disruptivity decreases with increasing q;

 (Right) Percent distributions in g, show high betaN bins (purple
and green) have less low q,; discharges
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On average, IRLMs continually decrease B

(Z) | ﬁN at Igcking | (b) Perceln# ch?nge ?n B (ldisrulptive) (c) Percgnt changg in [SNl(nonl—dis.)
.. °°°D!S.m0des ] | o-9-0 Locki qt))) | e-e-o | ocki g
°e :\)l's' av_g. e >0 ) ngu::tgi’on 8 >0 ) ngu::tsi’on 8
3t ® ¢ e Non-dis. avg. < » % End b Kr..End b
Ky - c
0} —4 0 \ -
2 2
O O
o o
-50 = | |91 50 O
%5 10 15 20 25 30 35 %05 1.0 15 20 25 30 35 %95 1.0 15 20 25 30 35
By at rotating onset By at rotating onset By at rotating onset
- (a) By tends to decrease between rotating onset and locking
« Purple — preceded by former locked mode
« (b) Disruptive IRLMs decrease B by up to 80%
* (c) Non-disruptive IRLMs decrease B less
QIN-W Sweeney/EPS/July 2016 @ COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK



IRLMs cause the current profile o become more peaked

I, at mode end

2.0

C T LI T T 1 LI 4 LI LI | LI T T I_
1.8 [ o .
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l; at locking
*Mode end here is 100 ms prior to
mode termination
- Sweeney/EPS/July 2016
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On average, disruptive
IRLMs increase | more

g, fixed via feedback,
therefore I./q,s increases

Classical stability (A’) is a
sensitive function of current
profile
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l./q.s; might be related to the potential energy to drive

nonlinear tearing growth

Assuming dj/dr monotonically decreasing, and g monotonically
increasing, potential energy can be expressed as follows [Sykes
PRL 80],

B dj/dr »
oW = — J ‘(2_ )BQB

* Recadlll/q4~ ap,, + ¢, and therefore I,/q,; determine limits of
integration

* As |, determines profile peaking, and qys~1/1,, dj/dr is
expected to depend on I./q,;

ng!!’sl\’:mg Sweeney/General Atomics/Oct. 2015 @ C O LUMB IA UN IVE RS ITY
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d.qge Might be related to the physics of the thermal

quench; other works that have also observed this...

- Experimental results from Compass-C find locked mode
disruptions occur when inequality that is similar to d 4 is
satisfied [Hender NF 92]

w/(a — Tq2) > 0.7

* Massive gas injection simulations using NIMROD find the
thermal quench is triggered when m/n=2/1 island intersects
the radiating edge [Izzo NF 06]

- Stochastic layer exists inside the unperturbed LCFS [Evans PoP
02, Izzo NF 08], which could stochastize the m/n=2/1 island
when d 4, sufficiently small

ng!!’sl\’:mg Sweeney/General Atomics/Oct. 2015 @ C O LUMB IA UN IVE RS ITY
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For a given field helicity, IRLMs tend to rest at certain

phases, suggesting the existence of residual error fields (EF)

0.7 F———rT——T— T Ty e
c
() (b) (c) B, (d) B,
o 0.6
o = Disruptive
2 0.5} — Non-Disruptive X
% 04 ¢ Correction/\Residual '»,,}\L‘Residuals
8 03 / | B B
5 0.2 |
Q 01} i t :
Left-hand heI|C|ty nght—hand heI|C|ty
0(1180 120 —60 0 60 120 180 -180- 120 —60 0 60 120 180
Angle (deg) Angle (deg) (e) fiy (f) B,

(a) Strong n=1 distribution
Average Residual, Average Residual,

(b) BO‘I‘h n=1 ) Qnd Oppgren‘l‘ n:2 reproducible;Bx notreproducibé::
components. Might be due to
over/under correction of intrinsic EF

(c) Residual EFs result from imperfect

correction
(d) Residual varies as intrinsic and correction vary

(e.f) Narrow or broad distributions result from variance in residual
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From rotation at 2 kHz to 50 ms post locking, the island

width usually does not change within error

Locked island width (cm)
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Rotating island width (cm)

Island widths not validated to
better than = 2 cm
(conservative error bar)

~30 small rotating islands
grow significantly
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Other effects of disruplive locked modes

* Py INncreases
- [ increases more than for non-disruptive modes
- [y decreases more than for non-disruptive modes

Dii-D
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Back-up Slides 2

on Magnetic Contirol of LMs
+ECCD at DIII-D

Dilnn-D
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Slowly accelerated LM always in torque balance.

inferred from others, if known.

Unknown
60 T LR T LR | TorrTTT
. ¢ i Calculated wall torque
o | t,=3ms
__40F
§ <
=z <
E 20 o <
R *u Balanced injection,
- No other NTM  Low rotation

C.2D)

o ST o 1000 10000 10000 \ / \
Frequency"(""")"'-\

X: I'gr + Tup + Tfan +TXM +%1 T Ifisc

0 — TEF + TMP
Rotating RMP and static EFC
from |-coils and C-coils

Dii-D
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Island dynamics (including entrainment stability)

modeled by 3 differential equations in 3 unknowns

Im, sin

Radial field @ wall

C-coils
Je

Island width Island
(thus, J,) Jg
assumed fixed

W[/ Re, cos
By = =Bu+ UsJsCOS(2 = ¢1) + e COS(@1)
Bu®r = -TByuk+ aede SN(Qp = 1) - Oode s
Synchronous frame TEw® ) TBwlk ™ ds .ssm(cpz ¢1) = Ocdesin(9s)
(co-moving with J.) ®2 = —nBry1BwJssin(pz = 1)
(i) Find fixed points (torque balance)

DIlI-D (if) Evaluate stability of points (i)
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Other, non-magnetic locked mode conirol?

* Drop in power (NBI and ECH), Ip ramp down, and smooth change
in shape

165727

3

ECHPwr 165727 / —
ECHPwr 165730 |

- \Gapin 165727 (EFIT02 Ii m i‘l'e d
Inner gap oonsl—  \Gapln 16: fo2) /

.l m

o0z

1373 — o A3
1oel—  Ipi-1e6 185727 \1 \ 165730 _
Ip (MA) oes|—  Ip-1e6 16! L _
oarz— usTripped/40 165727 |
-0, TIUSTTppea/a0 TR6730 M\j
Beam B |
o— smooth(Pinj,50)/1e4 165727 —
Torque h(Pinj,50)/1e4 165730
s— smooth(Pinj, 1e4 1657 —
(10 MW) ol— sanssssssss [ T1TTTITTIR
s 7097 n
= T I790
ECH |
Power L

\I(‘IIHIIIJ

| ESLD079"1e4 165727'
Br (G) sf—  ESLDO79"ed 165730 A¥ r# " }f \[’[} Aﬂ Mo N
I~ T L Ve rw""’ Ay
= 3000 00

__
NATIONAL FUSION FACILITY
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Real time calculations of mode phase from magnetic

sensors matches well with post-experiment analysis

Shot Number = 166560

2':":' T T T | T T T I T T T T T
— | LMcontrol g
= |5LD

—— ESLD
— Mirmov+ 90 [§

B i
@ n
= C
® 0
] [
m =
L
o
-100
_EDU : | 1 L [ | 1 L [ I 1 1 L I 1 1 |
2600 2800 3000 3200 3400
Time (ms)

- &P, defined as max B, at outboard mid-plane

- Greatest angular difference ~25°
Post analysis done with SLContour: toroidal Fourier analysis
— compensated for I-coils, early baseline 100 ms, no smoothing
Q_b COLUMBIA UNIVERSITY

Dill-D
IN THE CITY OF NEW YORK
79
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Mode phase calculated from magnetics also matches

well with ECE contour

shot 166560

200 ' ' ‘ 2.36

« at 3122 = 2 ms, O-point
at ®=81° , 6=180°
- which expect max B; at

outboard mid-plane to
be at -9°

* Imphase at this time is
2,56 +8 i ‘Ioo

- * Alagin measured
phase of 22° is
expected for mode

3000 5100 3200 2300 . 54000'00 roidﬁng at 20 Hz

III‘\II'\\I‘\I\
—

”-D (12 COLUMBIA UNIVERSITY
NATIONAL FUSION FAGILITY IN THE CITY OF NEW YORK
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Verifying ECCD deposition timing and location

LEIA
LUKE
SCARECROW

CE\"BACGA
M.
o

=l

|IIIIIIII|I
ar]
i

:Imlpﬁuéel 186567
wrﬂl]r.. BOBY e

300

200 |

" N 3
' ~
N A A RN

100 |-

o)
IIIIIIII|IIIIIII

L N
MDSplus, shot = 188567, run ¥ EHT02, time = 2805.00

- at2810 ms, ®,,, = 285° (peak B at outboard mid-piane)
- at same time, at poloidal angle of 135° , X-point is also at ~285°
- Toroidal deposition of ECH power is between 251° to 299°

* D= Dep implies X-point deposition oo
”_D AL/ COLUMBIA UNIVERSITY
NATIONAL FUSION FACILITY IN THE CITY OF NEW YORK
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Improvements to controller

- Better control needs more accurate phase measurement
— Real-time AC compensation
* Low-pass filter output to give realistic commands to power
supplies
— only affects when shot first duds into control phase
-  Want to entrain at higher frequencies (~100 Hz) to better
stabilize mode

— extend conftroller to be able to account for phase shift due to
wall shielding

— requires real-time frequency calculation

*  Want smoother entrainment
— Feed-back on frequency, instead of phase
— easier control

- (12 COLUMBIA UNIVERSITY
r\g!!usl\r FAMQ IN THE CITY OF NEW YORK
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Back-up Slides 3

on Magnetic Conirol of
LMs in various Devices

Dilnn-D
NATIONAL FUSION FACILITY
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WG-11 tests robustness of magnetic control of LMs in different

devices, for different coil geometries > Extrapolation to ITER

Table 1. Geometry of devices considered and their control coils.

AUG DIII-D  EXTRAP-T2R JET J-TEXT KSTAR LHD MAST NSTX
Coil geometry:
No.internal coils (pol.xtor.) | 3x8 2x%6 none none x4 3x4 none  2x6 none
No.turns per internal coil 1 - - 1 2 - -
No.external coils (pol.xtor.) | none  1x6 4x32 1x4 1x2+41x3  none  2x10 1x4 1x6
No.turns per external coil - 4 40 16 1 - 2
Device:
Major radius R(m) 1.65 1.66 1.24 2.96 1.05 1.8 3.9 0.85 0.86
Aspect ratio A 3.3 2.5 6.7 2.96 3.96 3.6 8.3 1.3 1.3
Elongation & 1 1

« Internal/external coils

« Angularly narrow/broad coils
 Dense/sparse arrays of coils

- Partial/full toroidal/poloidal coverage

« Different sizes, aspect ratios, elongations

__
NATIONAL FUSION FACILITY
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Electrical engineering and physics are also different and will

improve our understanding and predictive capabilities

AUG  DIII-D  EXTRAP-T2R JET J-TEXT KSTAR LHD MAST NSTX

Power supply limaits:

Max coil current I(kA) 1.2 4.5 (SPA) 0.02 § 6 (int.) 5 1.92 3.3
1.5 (AA) 8 (ext.)

Max B, (G) at plasma edge 30 22 61

Max frequency f(kHz) 1 6 (int.) 0.01 7

de (ext.)

Other frequency limits

Coil inductance limit (kHz) 10

Wall shielding limit (kHz) 0.25-0.5

Typical n=1 EFC settings:

Amplitude (kA) 0 0.02-0.04 0 0.1

Tor. phase ¢ (deg) - - -126 300

Estimated intrinsic EF (G) 1-5 G <6

Max Br(T) on axis 3.1 ‘ 0.2 3.4 2.2 3) 3 0.55 0.45

o
ot
I
Lo
—_
=
(%]
—
o
4
[ —
ot
[ g

Tw (1ms)

« Rapidly/slowly varying or rotating MPs

« Sirong/weak Magnetic Perturbations (MPs). Requirement: MP > EF
- Different 1,

« KSTAR has very small EF

mgﬁﬂ LHD is interchange mode, not NTM
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Vessel

RMPs in DIlI-D can entrain >100 Hz

e « coils: using 1x6 external coils (C-coils)
LomsLy/ + major radius: 1.72 m
= «  walltime: 3 ms
e . T 19 m-3
Poloidal Field density: 2.2x10'" m

« B:1.86T

Critical entrainment frequency [Hz]

DI,I—D St‘eady State V\(all Torque [Nm] | 5 3 \ 3 ——=700 3 8 Q( kS S
| l | T 7 A | | | | >SS
| ‘ | R : : : : : S
Ny §
= |
> e [ — |
< .
s | | Ny g 2, |
S = 5
4 : :
w et ‘g 25 :
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr = 5 !
£ 8 3
_g """"""""""""""""""""""""""""""""""""""""""" 15
c 3
w :
05—
H 1 l — 3 5 6 7 8 9 10
NTM width [cm] NTM width Tem1
=D WAL/ COLUMBIA UNIVERSITY
NATIONAL FUSION FACILITY IN THE CITY OF NEW YORK
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Vessel

DIlI-D (2x6 internal + 1x6 ext. coils)

T

Locked mode phase is controlled at
DIlI-D for ECCD stabilization & EFC
Feol Poloidal Field SII.U d ie s °

: Y‘L
LN ‘l/‘ /

— = IF:

Sensor

* On LM with/without rot. precursor
* Int./Ext. coils

Ot 141060, 141062, 141055, 141063] »  Static /rotating MPs (up to 300 Hz)
f Gyp(deg) 3 - Preprogrammed/feedback
° T ow ] With/w8 (c (n=1) (De )
of by, (n=
0= —— 180 Z
Siethindtindiad nteht: Y SIS
-180¢ , , . , . ] F SN ]
400 4100 4200 4300 ug [ e
Time (ms) 90¢ . . ]
10 2000 3000 4000 5000
o Tt Time (MS) spiraki, NF 2014
(b) “x%ﬂg____j;,/" l Strait, NF 2014
41“3[} 90 90 180 Volpe, PoP 2009

0
by (deg) 87



EXTRAP-T2R (4x32 external coils)

= -15 TM locks with different phases
if n=-15 RMP is applied, with ¢ ,,=0°
(left) or only intrinsic

shot 24776 = .15 EFis prncansho{mﬂhl-\

1z
< n=-1 <— disruption < n=-15 j'_ disruption
o ] ot
—I_j_ Coil current /\Z —'_i: Coil current ]

2 2 ]
B e e —: b
=25 =5k i ]
S0 RMP wE S0 EF ]
21.5% / L sk *
=t / =1 E
&of ; : =y QD? ‘ =
io TMvelocity 1] AR velocity:
Ay N 2 i
>, /\ m ] >, i

ol ’,A’I\’{"*A o M o

0 5 0 _.-15 20 5 5 ™ S~ygs

“t\msfms) AN ’,f’li’me (ms) \‘\\

S e T4
5 T™ phas ] ! T™M phase
O 27 ﬁ I 1
Ey MU 3
o OJ s U _ = P ]

=S b -

_2 E —z VA . .
VAV L. Frassinetti
NATIONAL FUSI -4 ; ; : : 4L . . ! :

17.80 17.82 17.84 17.86 17.88 1218 12,20 12.22 12.24 12.286 88
time (ms) time [ms)



T. Hender
Dil-D

NATIONAL FUSION FACILITY

Error-field penetration Locked
Modes form at phase of sirong

Annnliad MP 4541

 |EFCC
< ¢ Current|

Tows

b | B, (n=odd)
- no vacuum picktup

65 86
time (s)
D LM phase = -1.7rad

i
SEC

ke 7T

62864

66
time (s)

LM phase = +1.4¢

66
SECS

5rad



J-TEXT internal coils expected to

ggggggggg

entrain 2/1 modes at >600 Hz

3 sets of 4 internal coils freated as one set
- external coils ignored: DC only

* maijor radius: 1.05 m

«  wall time: 3.1 ms

« density: 1x1020 m-3

« Bu:3.5T

J-TEXT Steady State Wall Torque [Nm]

T

current [kA]

Entrainment Frequency [Hz]
Coil

NTM width [cm] NTM width [cm]

slightly smaller wall torque, higher enfrainment frequency

D”’-D Choi/Thesis Proposal/June 2014

NATIONAL FUSION FACILITY

90



KSTAR (3x4 internal coils)

Rotating NTMs rarely observed to
lock.

RTINS Tamlioes Ascribed to very small EF and wall
Error Field Compass Scan

with MID-RMP coils only
(density normalized)
Excluded in 3 point

___teircle fitting 8973
1000 g _ - ) 2889

pplied

1500

Lt
i @ o"
(= S00 - ¢ 4 —
= = 1
=z !
—
=l fheccfemcca=a  + - ——
=
ﬁ_—'a
S ! !
-:Ja. s i % /
—  =D00F % ’ -
L o
= 1000 =

Armp [.i'-.rv*}]: 35.1, phose [r]-r.'.::]: TO.7

—13.&.'_:”:}: 4.I....l....l....l....l....:
DD

P
e - Y [ aTa
- 1 .JL.‘IO - D‘\..IC _«..-'jl..'
NATIONAL FUSION FACILITY

0 5L
L/ [t fam

Y.In
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KSTAR 2/1 mode - still needs

AA® [\
« coils: internal 3 sets (upper, mid-plane, lower) of
4 coils

* majorradius: 1.8 m
« wall time: 20 ms

ment Frequency [Hz]

rain

Ent

« density: 1x1020 m-3
« B:35T

K-STAR Steady State Wall Torque [Nm]

K—STAR Critical entrainment frequency [Hz]

t

Coil current [kA]

NTM width [cm] NTM width [cm]
Wall torque peaks at lower frequency

”-D G_b COLUMBIA UNIVERSITY

NATIONAL FUSION FACILITY Choi/Thesis Proposal/June 2016 IN THE CITY OF NEW YORK

92



A locked mode in KSTAR is not frequently observed,
Ilkelx thanks to a verx low intrinsic error f'eldnﬁmn

-’ccc Amplitt J“‘i and Hj e on "5"* 8
Ip[h-"\] 8818

400} ] C .
— |6B,,1| [G] A 3
200— ___f—ff”'"f_ | E = Jj ]
/ g °F 4 E
: ' = £ Foo

I — a 10 \
2 x ne_interp1 [xE19/m"2) < .'r \ ]
= | l'llh ]
4‘\ \Wﬂﬁvllmw b nmﬁ.ﬁhmmmm\ o , E
|| \-1‘ el Y '.E
LW BLLALG T e
Phase[deg] E
. 0.8 )

Tlr e []

Rotating mode Jeads to a
locked mode near t=0.8 sec,
which is one of the rare
events in KSTAR

= . -

: g Time [s] =« AC power supply to be
NER|Eusuens installed from 2015
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LHD detected n=1 EF by

eleciron-beam mapping of vacuum flux surfaces

4
b_.IB, (10%)
80 -

R,=3.6m, B=100%, y=1.254, B=2.75T 60 -

| ! | | ! | 1 150

05 —(——
i 40 -

20 -

0180

270

[ [ & ? T. Morisaki, FST 2010

NATIONAL FUSION FACILITY
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Rotating 1/1 interchange
island locks
to EF, or to different positions
if different EF corrections are
used. 90

1.5 T . ——

10} <4,> (%) (a) 129 50 G o (dQ)
0.5F

- P \

= 150

R;\educe

0
o : . :ch!ldt:(a.:x.): (I?)-
10} -

o hacs _LalBU0) (0)

Error Field

180

fopamt (989) (d)1 150

O " " 1

lSX-center (a'u')l (e) ]

4.35 4.40
Time (sec)

NATNUNAL FUSIUN FAUILILY

4.45
Y. Takemura, NF 2012
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MAST (2x46 internal,

1x4 ext. coils)

Locked mode phase observed
to change when EFC phase is
changed

26271

EFCC,

. — : \k
EFCCgq EFcC;  EFCCg
-_3 s
— Empitical. - Vacuum === Plasma ----- jxB
c 26051 d 26247
EFCC, EFCCq E EFCCy
>
s 3 -3 3
X (m)
EFCC EFCC:  EFCCg EFCCs :
Dill-D . 15 5 ) A. Kirk

NATIONAL FUSION FACILITY
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phaseﬁh[r'ad]
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*~S. Munaretto
See poster PP8.022




RWM poloidal

Stabilizer
plates

sensors (B,

RWM radial sensors (B,)

RWM active stabilization coils

)

phases.

Shot 117193

‘-Z- : 117193 o
= F . ]
§ 0.5 ,\ » |
= o[-Nn31applied field curent,
— _osf ¢RMP =~ 3300 : s
-1.0- 5 : _
-1.5 N
200 A :
H oy 117183 |
.. LM amplitude n

117193 |

i
LM phase]

fian = 3007

[EﬁBR-LMC) (deg)dBr imc | (G)

0.24

NATIONAL FNSION F

Q.30 0.32

]
Q
L]

o
Q

O

Shot 134072

When n = 1 fields are applied with different
phases, n = 1 modes lock with different

!

/¢LM ~ 180°

e ] T 134472
< tern = 1 applied field current,
3 OZ—_¢R§MP ~ 2100 5 B

O : : ]
— e T ]
—-1.5 T R I Ild
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7o) 1
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2
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S. Sabbag
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