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@ Problem of Edge MHD Instabilities = JuLicH

Fusion ... ... on Earth

2 ;,; N - L’d“|-'=;‘il I ,,[;/@0'& > \.: . s
s Nl Ul SR

= Asolar flareis alarge explosion in the Sun's atmosphere that can release

as much as 6 x 10%° joules of energy (~ 17% of the total energy output of the

Sun each second)
= A ‘natural’ Edge Localized Mode (ELM) size in ITER:
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@ Edge Locallzed MOdes In H-mOde J JORSCHUNGSZENTRUM

Edge
transport
barrier

>

r/la

Large ELM > AW,/ W up to 20%

ELM control is important for both tokamak and stellarator
H-mode plasmas
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@ ITER need ELM control <) JULICH

o 1

& W3,R3, 20 exposures W3 R3, 50 exposures W3,R3, 100 exposures
~ s

=

=

<

—i

I r

o
o W4 L3, 10 exposures

&
~~
=) E
= :
© :
o |

I F
o

Zhitlukhin JINM 2007

e 0.4-1.0 MJ/m? (JET<1.0 MJ/m?) > Edge melting and surface cracking
e 1.0-1.6 MJ/m? -> Surface melting, bridge formation and droplet ejection

e High frequency ELMs may be required to avoid W accumulation
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@ ELM trlgger= Ideal MHD J FJORSCHUNGSZET‘JTRUl\ﬂ

It is widely believed that ideal MHD instabilities provide the
trigger for the ELM

] Theoretically, the instability properties can be understood from
oW for radial displacement, X, at large toroidal mode number, n:

W B , R?B2|1 2 2 Field-line bending:
SW :njdy/§d6? 2 KX+ (JBk”q strongly stabilising unless
0 By JB® |ndy k, is smalll

—2J dp sz 0 ( +sz i f oB® X~ 8X} Pressure gradient/curvature

B® dy oy 2 ] 2382060 n oy | drive: destabilising if average
curvature is “bad”
_X JBK, 8_0)( +i[g XJBk”*X*} Current d_ensity-gradien_t/edge
n oy ow|n current drives kink/peeling
modes

c=normalised current density
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@ Pedestal Stability Boundaries

Pulse No: 52994

#) J0OLICH
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Tokamak 151 Pygi (MW) [
A 10k J — i
= 5L
@ Unstable Type-| )
|
D
0
P o
C Q
z 3
5 0 |<
O g S
D © c:';
S =R n (edge)(10"%m-<)
Lu 3. 1 I I Il IIII 1]
— . — 1.5 L-H Transition Type-1 ELMs
: < 1.0 | Type-lll .
Edge Pressure Gradient iﬁ%_ L-Mode | ELMS  ELw.free J 5
. S P * :-—-;IIJ-‘lJ IH_M_‘;?E’_EH_F—-'* |'- %
17.0 17.5 18.0 18.5 19.0
Stellarator Time (s)

Edge region in magnetic hill

- Resistive Interchange mode (RIC) are unstable.

Bhatnagar V P et al 1999 Nucl. Fusion 39 35:

Bad Honnef, 05.01.2013
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@ variation of Pedestal Stability = JULICH

Boundaries with Plasma Shaping

(b)

Sirong Shaping

Peeling
— Unstable

Ballooning
Unstable

P.B. Snyder et al, Nucl.
Fusion 44 (2004) 320
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@ mixed Type-1 and Il ELM H-mode "/ JULICH
Plasmas

——————————————————— 1.0
6.7 S| SN, §~0.46
—~ 6.6 - n? SN
= 65 PR
w
= 6.4 2 L6l
63 —5:7: 97 SN T p:(—3-=| : :S|f:)|::)e= ::: 7 MW— g .
6-7357889 SN [Type I-II i & o4l
= 6.6 n = |
= 6'54 % M DLl
= 64 . wry g %2
6.3 C . u Slope = 3.2 MW‘ ] = 0.0 | | | | | |
0.0 0.05 0.1 0.15 0.2 0.6 0.8 1.0
A time (s) Nped / NGwW

J. Stober, et al., Nuclear Fusion, 45,1213 (2005)

Mixed Type | and Il ELM H-mode has been observed in high 6 and high
density plasmas in JET

Bad Honnef, 05.01.2013 Y. Liang | IEK-4 — Plasma Physics | Association EURATOM — FZJ No 10
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Theoretical Prediction

Pedestal pressure Plasma configurations
Edge current density Plasma shaping

ELM control

Bad Honnef, 05.01.2013 Y. Liang | IEK-4 — Plasma Physics | Association EURATOM — FZJ No 11




#) JOLICH

FORSCHUNGSZENTRUM

e Introduction to ELMs and 3D fields on tokamak
e Summary of ELM control with 3D fields
e ELM suppression
e ELM mitigation
e What are the possible physical mechanisms of ELM control with 3D fields?
e Resistive Plasma Responses
o
e Edge Ergodisation
e |deal Plasma Responses

e Rotation Screening Effect

e ELM control through the magnetic topology control by another methods

e Summary

Bad Honnef, 05.01.2013 Y. Liang | IEK-4 — Plasma Physics | Association EURATOM — FZJ



: #) J0OLICH
@ ELM control using RMPs < JuLicH

Toroidal mode number

I v 10«!:?6:‘:]3:0—!)\
ELM KSTAR(2)" | g
0-01

suppression .
LB

>
§ lowes I-coil
(inside vessel)

ELM
Mitigation

External
coils

RVUM active stabilizatien cells

MAST(6)

In-vessel COMPASS-D @
coils (1)
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@ Experiments of Active Control of !) JULICH
ELMs with a RMP on DIII-D Tokamak

n=3 I-coil configuration
(strong RMP - even parity)

|
W -I_-—; ‘ /Segment
. +|I-coi| _i j even
| Internal coill o+ ] parity
(|-C0i|) Lower _I ]
/WV’ i

cryopump

A

= KN M W W & = mmE

m

122342:3000

122342 4 obe(11:3)/BT = 2,6 X 104 -
3.0 I-coil on (3 kA, even) -
2.0F 17 = T.E.Evans,etal., PRL, 92, 235003 (2004)

E =17 3
1.00 - E 1 T. E. Evans,et al., Nature physics, Vol. 2, p419,
0.0 P : : . N June 2006

1.0 2.0 3.0 4.0 9.0 T E Evans, etal, Phys. Plasmas 13, 056121

t(s) (2006).
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@ ELM Suppression Window on DIII-D #) JOLICH
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1.5 ' - - :
(a) Plasma current (MA) 125253

5= 0.53 (ISS)

1.0

05 RMP (4 kA)

IIII_IF1III1 ll

0.0 e — —

(b) Ll

3.0
2.0
1.0

II1I1III|I'III1I

0.0
4.2 B (c)

3.8

Qas

|

34

|.l.I|IIIIE.I.J.IIIIIILLJ'III' I_II 1 I 1 III.II.I.II.lI I.T.I 1 | -] I L1l I.|

resonant window T.E. Evans, et al.,

- - — s 7~ NF 48 (2008) 024002

Time (s)
v" ELM suppression achieved in a narrow qq; window on DIII-D with an n=3
field induced by the I-coils.

v" Ogs ELM suppression window can be enlarged slightly with a mixed n=1 and
n=3 fileds.

3.0

ST T T 1
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@ What is the role of the magnetic  #),(LicH
perturbathn speCtrum 4 FORSCHUNGSZENTRUM

DIII-D v :E li-coil or C-coit (N=3) r = {a):
Looaf
: T 5 3
Upper In- = = .
£ =3 L
vessel s 5,
coils only 2 -
o
ol.
= 101
E 5
Both Upper P 0
and lower 3 5 12— D O5P | Upper Icoil 4.5 KAt (d)]
In-vessel E 5 o[raum —— ]
coils = Lo tofoe Upper ool 4.5 kAl o
pe ol 1315
10L.DOSP | Lower I-coil 4.8 kAt {TL
!F g 131513,
< u  10.DOSP 'Eathl-colsEEkAt
External & = 5L
C coils z = OL=E
£ S 10 i
2 5 :L g_
= 0 1000 2000 3000 4000 5000
Y% 20 0 0 10 2 3 Time (ms)
Poloidal Mode Number M.E. Fenstermacher, NF (2008)
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& Error Field Correct Coils (EFCC) on 4 JULICH
JET

FORSCHUNGSZENTRUM
lecce = 1 AL, B=1.84 T
JET, n=1, RMP , I=1kAt x10°

0.95

0.9

0.85

1/2

0.8

0.75

N

0.7

-

0.65

» Depending on the relative phasing of the currents in individual coils,
either n=1 or n=2 fields can be generated

» leoi =3 (6) kKAXx 16 turns (n =1 and 2)
> R~6m; Size~6m*6m Y.Liang et al., PPCF 2007
» B, at wall ~ 0.25 mT/kAt
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Active ELM Control with Low n IJ JULICH

Magnetic Perturbation fields on JET FORSCHUNGSZENTRUM
l,=1.8 MA; B;=2.1T,; qgs ~4.0; 6, ~0.45

JET#69557

i ' Heat flux onto the outer divertor
0.0 .
- 'EFCC .
osp HO 1 800, ... JETHesSSS
_10E Field off off 3 - (0) n=1field Peak Inter |
. : 700 | Without[—=— —=-] -
-1.5 E_ E 600 B With | —@— -1
-2.0F - - .
1.5¢ - N’E"‘ 500 ]
oy Centre = 400/ 1
5 =
0.5 : o 300 L 3
QB = 200 - ]
5.0 100 | ]
4.0F S = na®
2.0F m B.01 0.02
0.0 - Radius mapped to the midplane (m)

14 16 18 20
Times (S) _ . .

¥ Liang, et al, PRL, 98, 265004 (2007) Active ELM control (frequency/size) observed in a

Y Liang, et al, PPCF , 49, B581 (2007) wide ggs Window, but no ELM suppression

Y Liang et al, INM, 390-391, 733-739 (2009)
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@ Multi-resonance Effect withlow n 4 iLicH
Fields on JET

JET Pulse No’s: Y. Liang et al., PRL 105, 065001 (2010)
76951-65; 72524 72528
100 - 0.050
A With n = 1 field ]
0.048— °
L
0.046 [ °
2 0.044-
>
z .
0.042— o
D o
g‘ 0.040— o
. : . i
0 | . w/c|> n=1 flleld 3 0038__@ | | | | C
42 44 46 48 50 40 42 44 qg:-6 48 50

Qos

> Multiple resonances in fg, VS gg5 have been observed with n = 1 and 2 fields

» Possible explanation in terms of ideal peeling mode model [C G Gimblett et al., PRL, 96, 035006-
1-4(2006), J Pearson, Y Liang et al, Nucl. Fusion 52 (2012) 074011].
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@ ELM control coils on AUG #) 0LICH
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ASDEX-U, n=2, RMP (PEST), I=1kA, odd

4

x 10

|
| ¥ , \ N
\ ! ! B\
i | 4
ISMEY §
I i1
/
(Y 9
| I/ H
| f g
A\ . &,
4 Iy rdl
’ /
L 7/ /
/]
/ .
.
s
7
>
-
e
~

R
»-_\Kb \H_...o—j(;
—

Fig. 1. 3D view of active in-vessel coils. _:.5
W Suttrop, Fusion Engineering |,
and Design 84 (2009) 290

In 2011: Two rows x4 toroidally
distributed coils (n = 2).

Single DC supply (all coils in series /
anti-series).
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& ELM mitigation on AUG
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Identical coil current threshold for odd and even parity

Hysteresis:

KW

100 A

109 m2

Ioi =350 Atoand =

Neutral beam power

[\

Neutral beam pﬁwer

£ 1F
! | {
B-coil '; - B-coil
current . current
1 f. sl e | | / 1 ] 1
Peripheral Peripheral
- line density 1 fline density Wﬂm
i even ' |
parity l’f parity \,
j; ASDEX Upgrade #25196 i ASDEX Upgrade #26201

Outer divertor

Duter dweﬁor
D-alpha intensity

D-alpha intensity
P I U S g S [ S [ U W RN S N S AU Y [N S (S B N M QA (Y A A
1 2 3 4 5 B
Time (s)

7

Time (s)

Y. Liang | IEK-4 — Plasma Physics | Association EURATOM — FZJ

W Suttrop, SFP workshop (2011)
150 A from ELM-mitigated state
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@ Dominant mechanism of ELM O JOLICH
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suppression
T. E. Evans,et al., Nature physics, Vol. 2, p419, June 2006

£
1.0 - @ I-coil on =
& ELNiing I-coil off )
”E_; %.85 0.90 0.95 1.00
'g 08— i 5
= =
= e
8 Q
E 06- N
B sl s T 'F
= o o
= B3 o1
= T 2 2 1 \ i ) Fiad.
0.4 = %.85 0.80 0.95 1.00
Norinal instability Normalized flux (i)
threshold boundary
‘8 lon temperature
T T T I T T T T T T
2 4 6 0 b
Normalized pedestal pressure gradient (<) =3 5
<
Reduction of edge pressure below 0 , ,
. .- 0.85 0.90 0.95 1.00
|nStab|I|ty thrEShOId Normalized flux (y,)
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@ Dynamic of Edge Profiles with n= 1 g JOLICH

Field on JET FORSCHUNGSZENTRUM
JET#77329  peq T, (keV) _ Pedn, (10°m?)  Pedp, (kPa)
1.5 3.5 = 4
o " . ‘:- . " ., "‘.‘ H
1 1-1-..‘1- :: "'..: - . ’ * : | ’ :" ‘:"‘:
gL e 250 "t ., 1L P
:‘" . - X "1. -
08im*®  wion=1field | | " st f e
with n=1 field |
0 - - 15 - - 0 - - time (s)
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0 0.02 0.04 0.06
10+ : - - : :
0.15
pe(kpa) Vp,
0.1-
5
¢ 0.05
70% ELM cycle
N Edinithids " v | | | Y
0.8 0.85 0.9 0.95 1 1.0 0.9 0.95 1 1.05

Y. Liang et al., Plasma and Fusion Research: 5, S2018 (2010)
» Pedestal pressure with n = 1 field applied recovers at same rate, but the ELM crash occurs

earlier at lower pg ,oq-
» Pedestal n, is reduced by ~20% while the edge T, Is increased. Vp, is ~20% smaller.
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@ Experimental Observations

3D Fields

NS A4

Pedestal pressuré

#) J0OLICH
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Plasma configurations
Edge current density Plasma shaping

ELM control
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S 4 )0LIcH

3D Fields
RMPs Non-RMPs
Strong q dependence Less or no g dependence
A narrow ¢ A wide g operational
operational window ? window
-
ELM suppression ELM mitigation
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& Experimental Observations 4) J0LICH
3D Fields
RMPs 2 Non-RMPs

S AV

Pedestal pi'essure Plasma configurations
Edge current density Plasma shaping

- . <

ELM control
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& Magnetic Field 'Frozen in' to the 4) J0LICH
Fluid

In a perfectly conducting fluid
(Ideal MHD) E+vx B =0.

e The magnetic flux through each

surface moving with the fluid is
constant and consequently that
the magnetic flux can be thought
of as "frozen-in" to the fluid and

mOVing W|Th |1' Figure 1.1: sketch to ilustrate a fluxtube
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& Magnetic Reconnection 4) J0LICH

Non-ideal (Resistive) modes: E +v x B =

e \When the field lines are reconnected, the topology of
magnetic configuration changes and | x B forces result in the
conversion of magnetic energy to kinetic energy.

Bad Honnef, 05.01.2013 Y. Liang | IEK-4 — Plasma Physics | Association EURATOM — FZJ No 29




. . #) 0LICH
@ Resonant Magnetic Perturbation < JOLICH

(RMP)

Magnetic field perturbation: ?qj 4 ?’(ﬁ

5 -
P@0.r) =P (r)e (0o

g(r)= " _inside the plasma g(r)= ™ _ outside the plasma
n n

‘ Resistive Responses ‘ ‘ Ideal Responses

or

Unperturbed Magnetic Internal (Tearing) Modes External Kink Modes
Surfaces
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Equilibrium Magnetic
Field at Plasma Edge

-80 Chirikov parameter

2.5
VVHJn'+_VVth+1
o —

m,m+1 228;

m,m+1

-90

N

-110

120 | larger than 1

z[cm]

-130

%00 0 -

—

w0 B

60L

o
o
[w o1] yybus] uonosauuod

170

230 240 250 ;sfcm]z'zo 280 290 300

 Spin-up plasma rotation

Edge Ergodisation with to co-current direction
a magnetic perturbation
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@ strike point splitting on DIII-D #4) J0LICH

/

|. Joseph JNM, 2007

O. Schmitz, PPCF (2008)

Splitting of the inner strike-point has been observed during ELM suppression with
an n = 3 field on DIII-D.
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@ Observation of Lobes near the X o JULICH

Point in RMP Experiments on MAST

2o,

160,

1138,

=
o

g9
(swan) peprcuc)) yibiue) seu)) pley

b

) P A. Kirk, et al., PRL 108, 255003 (2012)

00 05 10 15 20
A (m)
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@ Splitting of Strike Point during Mitigation !) JOLICH
of Large Type-l ELMs on JET with the ILW ~— “ve

4
@ux10
10 High collisionality

With n = 2 field, splitting of

the outer strike point and

200

= : 0 reduction of the erosion of
5 3 o .
2 s : =) the outer tungsten divertor
L0 L)

o ©5 I 3 o
e ! - have been observed
- = . L

WWWISD during the mitigation of
< g- ' ' } ' : : ' 7 the large type-lI ELMSs.
§ /
. L 0 1

13;.5 1l4 14.5 1IE> 15.5 1I6 16.5 17
Time (s) Y. Liang, et al., IAEA, 2012
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@ Influence of Edge Ergodisation
on the Plasma Rotation

TEXTOR

Ohmic plasmas

EDD

6/2 DED

Increase lggp

<

T Zhang, Y Liang

et al., SEP 2011 IDD

4
Q (10" rad/s)

o
0
T

04F

Q) profile evolution with DED current

#) J0OLICH
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—o— 1 =0KA

—— |DED=D.5 KA

—a— IDED=1 KA

—a— ., =1.5KA
—y— | =21kA

—v— lpep=2-6 KA

—— |DED=3.5 KA
—— IDED=4.1 kA

024 0.28 0.32
minor radius r (m)

1
0.36

v' Spin up plasma rotation in IDD direction with m/n=6/2 DED
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@ Influence of DED on Fast lon Losses #) JULICH
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Properties of FMDP: 20 | _TEXTOR pulse 117089/104

- + -5kHzDED @ 1 kA
- + +5kHzDED @ 1 kA

- Negative biasing to measure

ion saturation currents
- Measurement of radial profile 60
« Measure 6 dependence of ion

saturation currents and fast ion

losses by rotating the probe 50

Probe position: 48.2 cm
Plasma current: 200 kA
Toroidal field: 1.9 T 1
Density: 1.5 x 101® m-3

I CcO

lcounter EI4O
£
=e 30
20
10%
% 50 100 150 200 250 300 350
6 [deg]
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@ what is the Rotational #) JULICH
Screening Effect?

The rotational screening of RMPs results from the motion of the electron fluid across
the field lines at the resonant surfaces.
Vie= Veg t V7

-\JT" 1

= .
£
m . -

- Field penetration

8, ﬂ

0
g = m;’n 0
tadial diraction EMPFP amplitude

D. Reiser and M. Z. Tokar, Phys. Plasmas 16, 122303 2009
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Edge safety factor (q,) dependence of JJ JULICH
plasma response to m/n=3/1 DED field

foep=5kHz Co-current direction
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@ Field rotation direction dependence of plasma !) JUL|CH
response to m/n=3/1 DED field (IT)

ctr-current direction co-current direction 1,=250KA; B=1.6T;

: - : 19 _3.
TEXTOR #113869/70/90/91 Ga=4.; Ne=1.0x10"m;
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Y. Liang et al., EFPW, 2010
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Measurement of surface currents g JOLICH
during field penetration process
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Y. Liang, et al., to be submitted to PRL, 2013
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FORSCHUNGSZENTRUM

, oo
@Modelling of Field Penetration Process” \"-'C"
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Y. Liang, et al., to be submitted to PRL, 2013
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3/1 DED #) )0LICH

@ Modelling of pick-up from m/n
field
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@ Modelling of the Surface Current <) JULICH

n=1

n=1, | =32A
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ke . #) 0LICH
Screening Current vs lyep
H#TEXTOR 115800/01/03-06
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Y. Liang, et al., to be submitted to PRL, 2012
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@ Effect of Plasma Shielding of the 4 ULICH
RMP

frun = Brimn [ Bronn

FORSCHUNGSZENTRUM
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@ EFCC and Saddle Loops on JET = JuLicH

On JET, 14 saddle loops are fitted to the external wall of the each octant of the
vacuum vessel and cover basically the whole surface area of the vessel
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@ELM mitigation with n = 2 Field in Low? /0L/CH

Collisionality Plasmas on JET with the ILW
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: Mon-linear response
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feom VS plasma response to n=2 field

FORSCHUNGSZENTRUM

fe q does not change once the plasma response saturated.
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Y. Liang, et al., IAEA, 2012
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FORSCHUNGSZENTRUM

e Why ELM control is needed?
e Summary of ELM control with 3D fields
e ELM suppression
e ELM mitigation
e What are the possible physical mechanisms of ELM control with 3D fields?
e Resistive Plasma Responses
e Field Penetration / Mode Excitation
e Edge Ergodisation
e |deal Plasma Responses

e Rotation Screening Effect

e ELM control through the magnetic topology control by another methods

e Summary
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@ Heat flux and ELM control with LHwW " /0LICH
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.

Y. Liang, et al., IAEA, 2012
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@ Helical Current Filaments
(HCFg) Induced by LHCD on EAST
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#) J0OLICH

FORSCHUNGSZENTRUM

Modulation of P, ,,p; f =100 Hz; P, ,cp = 0-1.2 MW
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@ Helical Current Filaments < oo
(HCF;) Induced by LHCD on EAST

DI T 6
0'256WWWWW““WH”WMHWMWle il 1 M
! LHW-in
N oazell | M‘"HH#. 2 -
T o 01 n =1 Magnetic
¢ H | y
— 0.064f o | J b.
o r | B> perturbation
0.082 | ulp Ty -4
! o .!k . .0 !
II 1
0.016 J. )

31 32 33 34 35 36
time[s]

Bad Honnef, 05.01.2013 Y. Liang | IEK-4 — Plasma Physics | Association EURATOM — FZJ No 54




#) J0LICH
LHW induced Footprint Structures:
olitting of Strike Points ... .....
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& Footprint Structures: “)ULICH
Edge Safety Factor Dependence
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@ Influence of LHCD on ELMs *¥/ULICH

EAST #41985
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@ Influence of LHCD on ELMs ¥/0LIcH
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@ #) JOLICH
Over 30s H-mode 0pe|'at|on
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#) JOLICH

Su m m ary FORSCHUNGSZENTRUM

e 3D magnetic perturbation has been widely applied for active control
of edge transport and MHD instabilities.

e The plasma response may modify the applied RMP field
substantially, possibly leading to elimination of magnetic islands and
the edge stochastic region that the vacuum models predict.

e [Further investigation of plasma responses to the RMP is needed for
a reliable application of the RMP for plasma transport and stability
control on future fusion devices, I.e. ITER.

e On EAST, LHW appears to induce a profound change in the edge
magnetic topology and ELMs. It is important information for the on-
going discussion of ITER LHW system.
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@ Rotation Dependence of Field #) JOLICH
Penetration in Core Plasma

Field penetration (formation of islands) in the core plasma is a well studied problem

(Fitzpatrick theory) Vie=Vgp t V5 f — ¢
MHD — '"DED

Numerical nonlinear two fluids MHD Modeling
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