26t IAEA-FEC, October 17-22, 2016, Kyoto, Japan

] | i O

e —

Enhanced understanding of non-axisymmetric
intrinsic and controlled field impacts in tokamaks

Yongkyoon In, J.-K. Park*, Y.M. Jeon, J. Kim, G.Y. Park,
J-W. Ahn**, A. Loarte***, W.H. Ko, H.H. Lee, J.W. Yoo, J.W. Juhn,
S.W. Yoon, H. Park**** and the 3D Physics Task Force in KSTAR

D éY/  Uisan National Institute of
— and Tech

o National Fusion Research Institute, Daejeon, Korea
DSTEEH *PPPL, *ORNL, ***|ITER, and **UNIST
KAIST

& COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

0:0 GENERAL ATOMICS

by Ministry of Sci ICT, and Fut
In acknowledgement of the supports by Ministry of Science, , and Future %QPPR

Planning under KSTAR project
| ormnli
NEREszena

National Fusion Research In<titute

KSTAR



http://www.nifs.ac.jp/
http://www.kaist.ac.kr/html/en/

An order of magnitude lower level of intrinsic non-axisymmetry enables

us to address 3D field physics and its uncertainties more rigorously

* In a typical tokamak (with intrinsic EF : 6B/B, ~ 10)
— Resonant Magnetic Perturbation (RMP): 6B/B, ~ up to 103

[e.g. 6x10“ for n=4 suppression in ITER design]

o Requires actively controlled (removed) non-axisymmetry

o No matter what we do, the presence of “non-axisymmetric fields” cannot
be completely eliminated => multiple “uncorrected EFs”

In an extremely low EF tokamak (6B/B, ~ 10°), the application
of 0B can be controlled in an unprecedented level of precision!
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KSTAR 3D physics research aims to resolve 3D field impacts on stability

and transport, along with the state-of-the-art imaging diagnostics

* Recent KSTAR experiments show that both intrinsic non-
axisymmetric error field (<6B,,,._,/,>/B,~107) and field ripple
(07£=0.05%) would be among the lowest in the world

o Stability
v No or little need of separate EFC V. in et al, submitted to NF (2016)
v" Access to low qq; < 2 without EFC J. kim et al, FEC (2014)

oTransport
v" higher plasma rotation (Mach,~ 0.8) and edge rotation shear
(momentum transport barrier) H.H. Lee et al, Phys. Plasmas (2016)
v Nonlinear interaction of ELM and turbulent eddies

in Nn=1 RMP ). Leeetal, PRL (2016)
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Exciting 3D Physics experimental themes are being pursued to reach the

fusion goals, along with a scientifically enhanced understanding

RMP ELM Physics
- Shape dependence Y.M. Jeon, J. Kim et al, FEC (2016)
- Kink-influence J.K. Park, Y. In, J.W. Ahn et al
- Urgent ITER request (Divertor heat-flux measurement) A. Loarte, Y. Inetal -
. f"\
- Mechanism : w, ,~ 0 G.Y. Park, Y. In et al tty) POSTECH

KAIST
3D Transport & COLUMBIA UNIVERSITY
- Lower power threshold for L-H transition (P,,) W.H. Ko, Y. In et al, FEC (2016) Ny
- Confinement times (vs 6B, rotation, rotation shear etc) H.S. Kim et al

- Torque dependence (quantification) S.J. Wang et al

NTV physics
- Code verification and validation (in quiescent plasmas) J.K. Park, K. Kim et al, FEC (2016)
- Clarification of nu vs 1/nu regime with reversed-lIO H.H. Lee, J. Seol et al
- NTV Offset (exploration of electron-NTV-dominated regime) S. Sabbagh et al

3D Structure
-long-lived mode: S.G. Lee et al, PoP (2016), disruption: J. Kim et al
- ECEI G.S. Yun et al, FEC (2016), MIR W.C. Lee et al, FEC (2016)

Quantification of plasma response (incl. EF measurement)

- MHD Spectroscopy: Global MHD (n=1) warning system prep H.S. Han, J.G. Bak et al
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The intrinsic EF in KSTAR is projected to be low enough for us to easily

reach the no-wall stability limit without dedicated EF correction

5B/B, vs By in KSTAR
0B/B (x10°) (measured/linearly projected)

10 <« —  Typical Intrinsic EF level in Ohmic . —p
plasmas in other tokamaks

-

5 |« — — ITER target*: 5x10° — >
N
e @ BN, no-wall =~ 2-6(nominal)
e -
0 | | | |
0 1 2 3 By 4

Despite no independent measurement yet, similarly low level
of n > 1 harmonics is expected

*T. Hender et al, NF (2007
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The 3-row in-vessel coils in KSTAR can be configured to address

ITER 3-D physics issues, including the assessment of mid-RMP coils

KSTAR In-vessel Control Coils ITER RMP coils configuration
(lVCC) To p/Mld/BOt Up to n=4 with 9 coils in each row

H.K. Kim et al, FED (2009) Courtesy of G.T.A. Huijsmans

Uniquely equipped with in-vessel mid-RMP coils
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The presence of in-vessel midplane coils enables us to

Investigate much more sophisticated 3-D configurations

Phasing (= phase difference between rows)
[€.9. dym = oy — ¢y =0°—=(-90°)=90°]

+90
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The presence of in-vessel midplane coils enables us to

Investigate much more sophisticated 3-D configurations

Phasing (= phase difference between rows)
[e.9. éym = ¢ —$y=0°—(-180°) =180°]

=E

H * Non-equal phasing (¢ u# o )
3-D configurations (related to
misalignment) that requires
the presence of 3" row

= ITER task (in this talk)

* Equal phasing (¢ym = dm.)
= IPEC modeling (in this talk)

180°
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Onsets of n=1 RMP-driven ELM-crash suppression, as well as locking

threshold, are in excellent agreement with model-based predictions

== + Relaxed ggs constraint: ggs = 5+0.25
- n=1 (+90 phasing) - Importance of shape dependence
T T T T s [rather than 6, =0.74+0.04]
16.0 . . .
(> 10 sec ~ 90t;) ..> Prediction of phasing dependence based
lyp (KA) M .. onideal plasmaresponse, consistent
. . . . o WIth expts
<n > {‘1019m-3l} | ! ! ! w | {M” | . p POIar pIOt Of (IMlD’ ¢)
. ) {oa hasi % with 1=l =5kA and ¢=¢ =y,
L . 2 =phasing ' o
20 ﬁ, o = =y ¢=p g
Pl 1 : : : : : 1 : / ’_,J 4= Suppression window
000 Lo biesetetsebeyseren core (R=1.82m) | 15 L.
200.0 - v (km/s) .'"\ __________ / T e et | . Prediction
T A IO od uriocuu M RS O C KN g | vs
0.0 ; : : : : : ; ; g 345Empirical threshold
o Qgs -/ (Locking “+”,
M Lﬁﬂ* sttt s an 3% ELM suppression “+”)
10 NM ;MWM%H“WWW 5.0 31
0.0 .‘l 'FT::\ | | | | | I 4.0 270
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
time (sec)

Minimize EF impacts in core, while
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Another optimal window, under X-point constraint, has been

found in the vicinity of the performance-oriented configuration

4 Optimal for divertor heat-flux
3 study at the expense of
2 Qgs = 4.95+0.05
; (strict constraint)
1 R, (lower X-pt) = 139+1cm
4 (equivalent to §,~0.85+0.02)
3
2 :] * Operationally much more
; BNM (dl challenging
1L | ' '
6
5
4| ;
2.10'

f)

Do fa Suppressed for (> 5.5 sec ~ 501)

I
110" |
|l i ol

(Rx, Zx) dependence

g == = Performance-oriented
;|| Ruep /turn[/ 11,490 degree phasing g (15433): (1.44,-0.89) [m]
0 Divertor-camera constrained
1 3 5 7 9 (16661): (1.39, -0.87) [m]
Time [s]

KSTAR Y. IN/FEC2016/Kyoto @



During ELM-crash suppression, both peaks of axisymmetric and non-

axisymmetric fields are measured below ~1.2 MW/m? at P, = 3.4 MW

Heat flux on divertor on 16661

Divertor heat flux on 16661

- = No RMP
—3.5sec
——>5.5sec
—7.5sec ||

Time [s]

2105 Tan.
1.10"9

0 o
2] [kA/t
RMP urn fenamsmnsnrv”
: r =1 +90 degree phasing 142 1‘|44 46 148 15 152
1 3 5 7 9 Radial Posmon [m]
Time [s]

« Peak of axisymmetric lobe remains higher than that of non-axisymme
tric lobe even during ELM-crash suppressed stage

NOTE: Huge ELM spikes (e.g. up to 50 MW/m?measured in fast IR camera) are
not out of the camera view for “No RMP case” here H.H. Lee et al, FEC (2016)
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Intentionally misalighed RMP configurations would spread

the divertor heat fluxes in a wider area ( )
16822
4 bel MMWI [x10‘9;m'3] (a’? 28 IVCC configurations of n=1 Amplitudes and Phases on 16822
3 ; H E _ 2.0 S I yemey L u-mlu. ......... ;T
2 a % " [ I TOP 3
3 ‘g 1.0 Rotating MID —
RMP 3
2 0.5 BOT
8E— «— x N
JL T 100
3 g °
2 i E =100
3 _ -1
214 g 100 + {
: E o Phasing between Top/Mid (black) and Mid/Bottom (blue)
6 : = ;' -100
5 o g -200
4 6 8 10 12
4 Time [s)
2'10: D, [a.u] Mitigated with intentionally misaligned RMPs (" (¢u, ¢)=(-95,85);(-100,80);(-105,75);(-110,70)
1410 w.r.t. ¢,, =0 deg [e.g. +90deg phasing (-90,90)]
3 5 7 9 11 13
Time [s]
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Strongly mitigated ELM-crashes have been measured in misaligned

configurations with both static and rotating RMPs

Heat flux on divertor on 16822 x10°
2 [W/m?
15 Divertor heat fluxes in various RMP phasings
1.44 ‘ ' ‘ ‘ '
- — ‘NoRMP
= 1.3 —— (-90,90) [deg]
= 146 A —— (-100,80) [deg]
o ——— (-105,75) [deg]
= —— (-110,70) [deg]
o 1
o 148 _r
—_ I J o
e 1 E
' | 2
]
e 15 ‘ t ‘ 0.5 E
i || c
hoz ”'{'-‘ l| |" I \ | AT ‘ | I ”I BT ‘ i il 1 T | | ‘ oo
1 —— : : 0
2'101 Dcc [au.] M|t|gated with |ntent|onally m|sal|gned RMPs
1.10
0 0 e s i . . . _-_‘\
3 5 7 9 11 13 142 144 146 148 15 152
Time [S] Radial position [m]

* Despite no suppression of ELMs, the striation patterns of ELM-
mitigation appear similar, except the peak of non-axisymmetric lobe

« Among misaligned RMP configurations, dephasing was found to be
effective in lowering the peaks, as well as in broadening “wet” areas

J.W. Ahn et al, FEC (2016)
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Preliminary analysis results suggest that misalignhed RMP configurations

in ITER could be a way to reduce localized heat flux loading

Divertor Heat flux Shape

J

Toroidally-averaged divertor heat flux

— = :NoRMP
(-90,90) [deg]
(-95,85) [deg] | |
———— (-100,80) [deg]

(-105,75) [deg]
(-110,70) [deg]

— = NoRMP
(-90,90) [deg]
(-95,85) [deg]
e (-100,80) [deg]
—— (-105,75) [deg]
(-110,70) [deg]

o
oo

o e
£ )]
T

<
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Normalized shape of divertor heat flux

“ A A7) Dr.i i ii!

1.42 1.44 1.46 1.48 1.5 1.52 -0.06 -0.04 -0.02 0 0.02 0.04 0.06
Radial position [m] Radial position [m] centered at the peaked radii

* Rotating RMP allows toroidally asymmetric heat flux distribution to be
diagnosed, corroborating the analysis results based on static RMPs

-

» Desirable to confirm whether similar trend is observed during
ELM-crash-suppression
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IPEC modeling allows us to not only predict an optimal RMP

amplitude, but also chart a new route even to an unlikely phasing

 Overwhelming importance of plasma response calculation over vacuum

calculation () $16587 (3300)
Polar plot of (lyp, ®) 5 f -:
with 1,=1, =5kA and ¢=b =, %z'jll :
. . <0 :
o haSI,Dired|cted90threshold VS. Empirical threshold (b) #16588 (+75p)
p g s 7 75 o4 Fixed I,=1, 7
— —~Ramp-up lyg
(c) #16589 (+60p)
(c) #17087 (+45p)
j :_ | | |I : | — _:
P _ Il ]
: i i ]
270 270 * 0
... _ ¢ (e) #17090 (+45p:+315p)
(a) Vacuum superposition (b) With ideal response « [T T Phasing change from 4510 315
2,
(Locking “+”, ELM suppression “+”) i,
4 6 8 10 12 14
Time [s]

J.K. Park et al, to be published (2016)
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The merit of low non-axisymmetry has been quantified in

L-H power threshold (P,,) dependence on 6B

P,, dependence on 6B does not

KSTAR, 0.6MA, 18T, g,,~4.1, n,= 2x107m” necessarily appear flat even at
| B n=1 @ n=2 M n=l(nominalEF)+ n=2 |
1.8 — Projected based on DIII-D* 4 IOW SB
=>» KSTAR has ~30 % lower P,, than
1 5'_ n projected, based on DIII-D* [Gohil
g | °o et al, NF (2011)], where P,~1.6MW
S | WH.Koetal, FEC (2016) ) (w/ “Standard” n=1 EFC)
12
al - B ® -
o ® @ o . ®*u | Mixed 6B/B, scan shows higher P, at
2 B | high 8B/B,
3B/B, (107 *nominal intrinsic EF

(leftmost pink square), 2.7x10*
=2>lower P, In KSTAR, attributable to low non-axisymmetry
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Accurately controlled non-axisymmetric fields in KSTAR enabled us to extensively

address the RMP-driven ELM control physics, and power threshold (P,,)

* Robust RMP-driven ELM-crash-suppression sustained for more
than 10 sec (~90 t;)

 Remarkably successful modeling to predict ELM-crash-
suppression and locking threshold, in excellent agreement with
experiments

 Demonstrated divertor heat flux spreading using ITER-like 3-row
RMP configurations (confirming the merit of misaligned RMPs)

* Quantified the merit of low non-axisymmetry in L-H power
threshold (P)

=» Aiming to resolve the uncertainties of non-axisymmetric field
physics, as well as to establish an optimal 3-D configuration for ITER
and future reactors
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Strong international collaborations, along with domestic partners

in Korea, enabled KSTAR to have made noticeable progress in 3D physics

US:PPPL/ORNL/Columbia U./GA, Japan:NIFS, ITER, Korea:UNIST, POSTECH, KAIST

EX/P4-4 W. H. Ko, Influences of
EX/10-3 G.S. Yun, Edge-Localized Modes on Nonaxisymmetric Field on H-Mode Power
KSTAR: Global Structure and Distinct Evolution  Threshold and Pedestal Rotation in KSTAR
Stages Involving Quasi-Steady State and Phase EX/P4-5 J. Kim, Direct Destabilizations of

Trar;i:t;%njs e PRy Macro/Micro Edge Instabilities by Magnetic
EX/P4-30 J.-W. Ahn, Shielding and Amplification Perturbations

of Nonaxisymmetric Divertor Heat Flux by Plasma ]
EX/P4-6 M. J. Choi, Study of the Locked

Response to Applied 3D Fields in NSTX and KSTAR de Di . e A -
EX/P4-33 S. A. Sabbagh, Isolation of Neoclassical ! OKSETZ /;r V12 gt S e e (B
in .

Toroidal Viscosity Profile under Varied Plasma and ' :
3D Field Conditions in Low and Medium Aspect ~ EX/P4-9 K. Kim, Characteristics of Magnetic

Ratio Tokamaks Braking Depending on 3D Field Configuration
TH/P1-6 J.-K. Park, Self-Consistent Optimization of in KSTAR

Neoclassical Toroidal Torque with Anisotropic EX/P4-15 J. Lee, ELM, Edge Turbulence and
Perturbed Equilibrium in Tokamaks their Interaction in the ELMcrash

TH/P3-11 J. Seol, Effects of Localized Neoclassical Suppression Phase under the n=1 RMP
Toroidal Viscosity Effects on the Toroidal Rotation gy /pa-24 H. Lee, H-Mode Divertor Target
Profile in KSTAR Heat Load Measurements on KSTAR
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Back-up
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Time-resolved ELMy burst has been measured to be
peaked up to 50 MW/m? near divertor baffle area

.........................

0 1A, 5
4.277 4.2775 4.278 4.2785 4.279 4.2795 4.28 4.2805 4.281

Time [sec]
H.H. Lee et al, FEC (2016)

60 T []

ol (b) separatrix

NN

1.42 1.44 1.46 1.48 1.5 1.52 1.54 1.56 1.58 1.6
Major radius [m]

* The first measurement of the ELM heat load has been measured with fast IR
camera acquisition frequency of ~ 9 kHz (integration time: 0.1 ms) on KSTAR

* Note that ELM rise time is two times longer than the parallel connection time (7))
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In comparison to Martin scaling projections, the power threshold (P,,)

of KSTAR is ~10% lower, while that of DIlI-D is ~ 20 % higher

KSTAR, 0.6MA, 1.8T, q_~4.1, n = 2x10°m” 4
1.6 H n=1 @ n=2 M n=1(fixed)+ n=2 L @ q=34 @ q=4.0DII-Dn=3( 1.1-1.3MA, 1.7T, ne=2.I.1x1o“’m'3).
.U - f —— P
PTH, scal08 * I TH, scal08 A

] tl.l 4

= 3 |
= o s 2 %- ]
S =—- . i + 3
O.8|- 4 1. :
ey bt
8B/B,, (10) 5B/B, (10™)
KSTAR DII-D
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Standard “compass” scan in various plasma conditions using mid-

Low-f3 Intermediate- Relatively high-f3
~ -5 ~ _ ~ -5
<0B,,/n-2/1>/Bo ~ 10 5B/B,~ 3x10> oB/B,~ 4x10
Error Field Compass scan: Mid—RMP (density normalized) i 13622 13623 13624
1500 L T : T T ;T . 450 (10746) 600 I ] I I I
. 600 7! ; _ -
! SS?g jlwﬁ' + +45° (10666) L0V =T
1000F JesTTns o 8889 ] fﬁﬁﬁ + +135° (10783) 402 = L LA
| RN K IR +435° (10711 ST o L.
= 500 f‘p | o"-:\ i d%,} No RM(P (107)84) 3F | ngdR[x | .
§ R ; i =
§ 0 i é b e 4 g ) '—TW - 1
o demeeees AR i B L oof -y 1
— 3 . i 8—;0 T - 0 ) ] m B
E_ sool- B ! i ] 38 ! ‘50 [P [kA/turn] | Lt
) ‘5”’* ; dl’ =’m 200 : ' 13 2-5 B a=l U P‘ e — l i i 7
P 1™ 0.0 L1 “ [
—1000F T ] M@ 12 IE—
Amp [AmT]: 35.1, pho#e [deg]: 70.7: 3 point f ‘%M1 2r ﬁN L -
1500 Amp [Am’]: 14.4, phose [deg]: -167.0: 4pt legst—squore-Iil i 1 I —
~1500 -1000 500, O 500 1000 1500 # 25 3 35 ' 19 20 21 292
1/ | nedl [Am) Time [sec] . . 2 ; .
Time [sec]
Mode-locking in Ohmic plasmas Angular Momentum variations Rotation collapse due to field penet
[Y. In et al, NF (2015)] in RMP ELM-suppressible H-mode ration
’ plasmas

Y. In et al, submitted to NF (2016)
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Even during n=1 RMP ELM-crash suppression, lively edge

activities are undoubtedly present in both HFS and LFS

ELM-ing Phase  Peeling-ballooning ELM-crash suppressed
transition from unstable Phase
HES LFS to stable boundary in HFS LFS

theory may need to be '
revisited to understand
lively edge activities, as
observed on ECEIl during .||
RMP ELM-crash-
suppression

0.05 _

z [em]

z [em]
z [em]
z [em]

Similar/Dissimilar to °
what DIII-D magnetics
showed with n=2 RMP

Q ELM-crash-suppression . R
130 135 20 215 220 ' 130 135 210 215 220
R [cm] R [em] R [cm] R [cm]

# 14058
o) POSTECH e

/]

-10

-15

-0.05
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Mid-RMP strongly influences the ELMs, while two

off-midplane RMPs appear insignificant on ELMs

- . Shot 0841 D, change, accompa
)3l | neofixior nied by density pum
1.8 pout, and rotation dr
:::g: D, (po] ] ops (like ELM-suppr
1o DL AL ©5s10)
170 V, [km/s] ot g~ 4
‘ZOMMM’V‘MWW 7 dos ~ 6.5 (N0t 6);
o weaker resonant effe
7M‘v’\rw~f\-/\mv~.\ | ct at n=1 odd parity
6 M| Detween TOP/BOT
: SN 1]
] ey [KA/turn] e smmm | What makes _such va
2 4 5 8 10 12 Stly contrasting ELM
Time [sec] y behaviors?
n=1 MID only TOP/BOT: n=1 Odd Parity!
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In n=1 off-midplane RMPs, even parity is accompanied by stronger plasma

response than odd parity, consistent even with vacuum calculations

The effectiveness of 3-D configuratio

ns, not just field strengths, needs to

be understood possibly in terms of ki
nk-response, and NTV physics

n=1 even parity

P

=
o

S =

u ig

Normalized Flux

Normalized Flux

=
anjep xel L

Chirikov Parameters and Island Widths for n=1, +90 phasing with 2 kA
f ¥ T

T

OYEL=INRAXCN L=U 18

—o—Fuli—RMP ' E |
| —>—Off-Midonly (=1 odd parity) !

0TES

—=— Mid-RMP only

When off-midplane
RMPs are configured
to n=1 even parity,
strongly mitigated D,
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Mid-RMP only [Y. In et al, NF (2015)]
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Mid-IVCCs is more influential than off-midplane IVCCs, possibly

determining the characteristics of the 3-D configurations;

) Shot 10841 Shol 13574

28 Jnedk[xw"m'z 8 10*n]
2.3 2.3
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200410"
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lhey [KA/turn i
0 L EEEE EEEN il
2 4 6 8 10 12 5 6 7 8§ 9
Time [sec) Time [sec]
n=1 MID only TOP/BOT: n=1 Odd Parity! TOP/BOT: n=1 Even Parity!
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Preliminary analysis results suggest that misaligned RMP configurations

in ITER could be a way to reduce localized heat flux loading

1Average divertor heat flux on 16822 with misaligned rotating RMPs ) 1=[5,61 5 With (6, )=(-95.85) [deg]
—(-95,85) [deg] £
—(-100,80) [deg] £
& 075+ —(-105,75)[deg] 1 =
£ ——(-110,70) [deg] =
=
= 05F
’“(E t=[7.8] S With (¢ Py, )=(-100.80) [deg]
Z 0251 =
: . % 18 == 4
0 = =
142 144 146 148 15 152 (-100,80) deg
ll |I 1 || [ |

Radius [m]

« Misaligned RMP redistributes the h
eat flux in a wider area, while loweri
ng the peak of axisymmetric lobe

t=[9,10] s With (. Py )=(-105.75) [deg]

1.44
15! il|||lll|||| .ii “ ||||||| | ||||

i i1
" (-105,75) deg

Radial Position [m]
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