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DIlI-D demonsirates Edge-Localized Mode (ELM) Control

with 3-D Fields in ITER 15 MA Q=10 Conditions

Match ITER shape, I/aB, B,
100 | Rotation (km/s) " 161438

- ELMs suppressed if 3-D field
magnitude meets ITER 50+

design criteria 5
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D”’-D M. Wade et al., Nucl. Fusion 2015
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DIlI-D demonsirates Edge-Localized Mode (ELM) Control

with 3-D Fields in ITER 15 MA Q=10 Conditions

Match ITER shape, I/aB, By
100 | Rotation (km/s) 161438 160020

- ELMs suppressed if 3-D field
magnitude meets ITER 50+
design criteria

0 | | | |
100 -----lIEth:)_e§ign_' , :
- Reducing toroidal rotation riteria

causes ELM return 3D Fleld Magnltude (% of ITER deS|gn)

* Plasma response must be i [h QMMWWW

understood to explain
effect and optimize ELM
control with 3D fields
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Control of Plasma Rotation and MHD Mode Spectrum
Required to Optimize the Plasma Response for ELM Control

Actuators:
* NBI torque (@ fixed power)
« 3D coils (n=2 or n=3)

S

Torque
Control
w/ NBI
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Control of Plasma Rotation and MHD Mode Spectrum
Required to Optimize the Plasma Response for ELM Control

/ Magnetic
Sensors

Actuators: "~ ‘635/

* NBI torque (@ fixed power)
« 3D coils (n=2 or n=3)

Diagnostics:
- High-field side (HFS) magnetics - <

* Plasma rotation & E, | /
“/_ Rotation
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N

ELMing \!
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w (krad/s)
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Control of Plasma Rotation and MHD Mode Spectrum

Required to Optimize the Plasma Response for ELM Control

- Hypothesis: 3D fields drive Low rotation
resonant field peneh‘qﬁon at O — ]
pedestal top to restrict its width w e

> Prevents ELM instability Potential
...... for field
°| Resonant Penetration 143
. . Surfaces
* Requires co-alignment of: q 4
— 3-D field (Resonant Drive) 3 - S
- c
— Low w |, . rotation region , ‘ 'qEJ
— Resonant surface 4 - B
B %)
...at the pedestal top P Penetration at
pedestal top

0.8 \IIN 1
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Control of Plasma Rotation and MHD Mode Spectrum
Required to Optimize the Plasma Response for ELM Control

« QObservations validate resonant

field peneiration as optimization
criterion

» Penetration requires optimized
electiron rotation profile

- Resonant drive can be
optimized by 2D equilibrium
conditions and 3D spectrum

-
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Control of Plasma Rotation and MHD Mode Spectrum
Required to Optimize the Plasma Response for ELM Control

« Observations validate resonant

field penetration as optimization
criterion

» Penetration requires optimized
electiron rotation profile

Y
‘i
e
g -

- Resonant drive can be
optimized by 2D equilibrium
conditions and 3D specirum

-
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Fast Changes in Rotation Profiles and HFS Magnetics are

Found at Eniry to the ELM Suppressed State

« Use n=2 field to scan applied
spectrum and ease diagnosis

Scan applied >

n=2 spectrum
« Bifurcation into ELM suppression
impacts high-field side magnetic
response and toroidal rotation

- Changes occur together on a fast 80
(10 ms) time scale

D ' ' 158115

C. Paz-Soldan et al., PRL 2015
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MHD Modeling Shows Magnetic Response Changes

Expected Purely from Field Penetration at Pedestal Top

60 ' '00 '©

« Model with resistive single- we (krad/s) NN N
fluid MHD (M3D-C1) 30
- Substitute ELMing and ELM - L
suppressed rotation profiles ' :
-30| ELMing
Suppressed : ,

8,80 0.90 | T1.00
Wy

IDIII=E) 5 Lyonsetal., PPCF (in review)
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MHD Modeling Shows Magnetic Response Changes

Expected Purely from Field Penetration at Pedestal Top

60 ' ' '©
« Model with resistive single- we (krad/s) '3 183 'R
fluid MHD (M3D-C1) 30
« Substitute ELMing and ELM - l E
suppressed rotation profiles ' :
-30| ELMing
* Model predicts significant8/2 | Suppressed i ™
penetration @ suppression 0.80 O\'ﬁo 1.00
N

— Pedestal expansion stopped
before ELM stability limit

Pedestal
@)«

6B (G/KA)Y
~| M3D-C1 | |

0.6

0.4
ELMing

02 Suppressed

0.0
DIII=D & \vorsetol. Peck (inreview) 0.80 0.90 1.00

11  NATIONAL FUSION FACILITY Paz-Soldan/IAEA/10-2016 \IJN



MHD Modeling Shows Magnetic Response Changes

Expected Purely from Field Penetration at Pedestal Top

0.4

-+ Model with resistive single- HFS Response (G/kA) ELMing
fluid MHD (M3D-C1) 0.0l M3D-C1 Suppressed
« Substitute ELMing and ELM |
suppressed rotation profiles 0.0

-0.2

Model predicts significant 8/2 :
. . Helical pattern
penetration @ suppression _0.4. 9t one toroidal phase

— Pedestal expansion stopped -1.0 -0.5 0.0 0.5 1.0
before ELM stability limit o Distance Along HFS Wall (m)

687 (G/KA)
0.8

- Model predicts shift in HFS M3D-C1 i
response from penetration 0.6

— No effect predicted for LFS 0.4

0.0 ELMing

Suppressed

What about experiment? 0o
D”’-D B. Lyons et al., PPCF (in review) 0.80 0.90 1.00
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Back-transition from ELM Suppression Reveals Rotation

and HFS Magnetic Changes on Millisecond Timescale

t(s
- Consider back-transition 1% 200 2535) 210 215
from ELM suppressed state
— Before any ELMs appear
— Zoom in on ms timescale

1.5 R
< > €
ELMing Suppressed

D”’-D R. Nazikian et al, NF (in preparation)
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Back-transition from ELM Suppression Reveals Rotation

and HFS Magnetic Changes on Millisecond Timescale

t(s)
- Consider back-transition 195 200 Ak 210 215

from ELM suppressed state
— Before any ELMs appear

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

. ] 1.0y
— Zoom in on ms timescale
T 0.0 ;
= "
« Prompt change in turbulent - , Al 55
° ° ° 1.5 i i A il g;
Doppler shift in ms timescale £ N e Zoom . S35
— Indicates rotation change =SS0 ) pOuter Edge (6.8 e
38 j
5§05 Pedestal - i
=3 Top (0.92) :
52 00} . . ,
= TR 1 > 3 4 5
At (ms)

D”’-D R. Nazikian et al., NF (in preparation)
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Back-transition from ELM Suppression Reveals Rotation

and HFS Magnetic Changes on Millisecond Timescale

t(s
Consider back-transition 1895 200 25)52 210 215
from ELM suppressed state
— Before any ELMs appear
— Zoom in on ms timescale

- Prompt change in turbulent

crr o . 1 5 gl g "%'4:
Doppler shift in ms timescale £ N __________zoom o2
~ Indicates rotation change SZ-10fF ) \Outer Edge (0.62) e

33 j
550 P al

ogy * 2= [ op ]

« HFS structures shiftin Z, ¢ 28 00! e
immediately (1 ms) after =06 9. T
0.

losing ELM suppression

Qualitative match to model

D”’-D R. Nazikian et al., NF (in preparation)
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Control of Plasma Rotation and MHD Mode Spectrum

Required to Optimize the Plasma Response for ELM Control

« QObservations validate resonant

field peneiration as optimization
criterion

& Penetration requires opﬁmized\
eleciron rotation profile
— Torque dependence
— Performance recovery
- /
* Resonant drive can be
optimized by 2D equilibrium
conditions and 3D specirum

y
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A
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Rotation Zero-crossing Model Can Explain Why Eims

Only Suppressed Above Critical Value of Rotation

n=3 fields ITER shape, I/aB, & By
- ELMs are suppressed at a go/Ped.Rotation (km/s) ' ‘
critical rotation (NBI torque) 60!
40 counter-lp NBI 160921
Do I-coil (6 kip)
1 2 3 4 5 6 7

DIII-D
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Rotation Zero-crossing Model Can Explain Why Eims

Only Suppressed Above Critical Value of Rotation

n=3 fields ITER shape, I/aB, & B
- ELMs are suppressed at a go/Ped.Rotation (km/s) ' ‘
critical rotation (NBI torque) Bl
. . . 40 counter-Ip NBI
+ In ELMing conditions, rotation ep—— 160921
zero-crossing is at low ¥ Da I-coil (6 ki)
1 2 3
ELMing 7

100}
D¢
200l (krad/s) T T
0.8 0.9 1.0
5
Dil-D R. Moyer et al., APS-DPP 2016
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Rotation Zero-crossing Model Can Explain Why Eims

Only Suppressed Above Critical Value of Rotation

n=3 fields ITER shape, I/aB, & By
- ELMs are suppressed at a go/Ped.Rotation (km/s) ' ‘
critical rotation (NBI torque) Bl
. - . 40 counter-lp NBI
+ In ELMing conditions, rotation e ——— 160921
zero-crossing is at low ¥ Da I-coil (6 ki)

* W, .zero crossing moves
out as NBI torque increased ELI1V\ing

2 3 4 5 :
Suppressedt(s) gy

edgs’rol

0
- Field penetration moves out,

constricting pedestal width  -100¢
e

ogolkrad’s)

0809 "0 g WY
¥ W
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Imposed NBI Torque Affects Inner Boundary Condition

. but @0, . Depends on Local Resonant Torques

- 3D field torque at rational
surface key in balance

* NBI torque can be insufficient
to unlock rational surface

Dilli-D

llllllllllllllllll

160921 160918
40 Yl o

e 4 Nm (M|t|gated)
= 5 Nm (Mitigated)

~1.00
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Imposed NBI Torque Effects Inner Boundary Condition

. but @0, . Depends on Local Resonant Torques

- 3D field torque at rational
surface key in balance

* NBI torque can be insufficient

to unlock rational surface

« ZLero-crossing point jumps
next rational surface

— Does not linger in between

Dilli-D

NATIONAL FUSION FACILITY
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e

| = 4 Nm (Mitigated)
| | e 5 Nm (Mitigated)

| | == 5 Nm (Suppressed)
| -

1.00



Resonant Torques Can Maintain Locked ®, . as 3D Coil
Current Reduced - Enabling Confinement Recovery

S| T
2/ (kA)
- Once 3D field penetrates can , 8: ! 157443 f
reduce coil current: hysteresis! ' M
15 PN | |

- Confinement recovered before Do‘ﬂ

ELMs return @ back-transition L B JN“
2.0 25 3.0 35

DIlI-D
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Resonant Torques Can Maintain Locked ®, . as 3D Coil

Current Reduced - Enabling Confinement Recovery

Once 3D field peneirates can

reduce coil current: hysteresis!

Confinement recovered before

ELMs return @ back-transition

Wide variety of pedestal
conditions compatible with
static w, . zero-crossing

Gradient driven flows balance

toroidal rotation spin up

DIII-D
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Control of Plasma Rotation and MHD Mode Spectrum

Required to Optimize the Plasma Response for ELM Control

« QObservations validate resonant

field peneiration as optimization
cCriteria

» Penetration requires optimized
electiron rotation profile

y

= W'
A
g -

7 Resonant drive can be )
optimized by 2D equilibrium
conditions and 3D specirum

— Role of betaq, collisionality

.~ 3D spectrum optimization .

DIII-D
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Varying Applied Specirum Demonsirates Correlation of

ELM Suppression with HFS (+ Top/Bottom) Response
Scan applied >

n=2 spectrum

« Plasma response during ELM
suppression largest on high-field
side (HFS) + top / bottom

Bifurcation
Bifurcation

- Low-field side (LFS) uncorrelated
with ELM suppression 0]

158115

D”’-D C. Paz-Soldan et al., PRL 2015
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Measurements Find LFS Plasma Response Sensitive to 3

 LFS measurements swamped 1o, A= data == IPEC model
by pressure driven modes G) By B N Scan
(%] H
(e H
S .
o
n
)
(a'ss
n
LL
J A
0 90 180 270 360
AduL

applied n=2 spectrum (A, )

DIII-D
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Measurements Find LFS Plasma Response Sensitive to [3,

HFS Totally Invariant; Collisionality Has Opposite Effect

* LFS measurements swamped 1o A% data == IPEC model
by pressure driven modes G) Pn B pySscan
g g 8424
- Striking invariance of the HFS §_ O '
response to plasma pressure 3 4 I
— MHD modeling agrees & o8 ‘ /‘_ _
LL )
— 0 a ) .
* HFS sensitive to pedestal 5 °° By=1.3,21,2.8
effects like field penetration o 204
o
£ 1.0]
oc
L 0.5/
I
0.0

0 90 180 270 360
applied n=2 spectrum (A, )

DIII-D
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Measurements Find LFS Plasma Response Sensitive to [3,

HFS Totally Invariant; Collisionality Has Opposite Effect

* LFS measurements swamped g Awee data = IPEC model
by pressure driven modes Ve scan = 0. 3,4

Striking invariance of the HFS
response to plasma pressure
— MHD modeling agrees

LFS Response (G)
AN

« HFS sensitive to pedestal
effects like field penetration

—
6)]

« Collisionality reduces HFS only

o
ol

HFS Response (G)
o

« ITER-relevant collisionality |
needed for right MHD modes °9, 90 180 270 360
applied n=2 spectrum (Ad,)

D”’-D C. Paz-Soldan et al., NF 2016
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Increasing Core Pressure Works Against Edge

Resonant Coupling

200

P (kPa)
« Resonant drive @ core surfaces

increased by core pressure
— Opposite for edge surfaces

100

DIII-D
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Increasing Core Pressure Works Against Edge

Resonant Coupling ... Low Collisionality Bootstrap Helps

P (kPa)
« Resonant drive @ core surfaces

3
increased by core pressure E 100
— Opposite for edge surfaces L
- % 05 1
- Resonant drive @ edge ‘ Pn
increases with bootstrap current j ‘ 25
— Path for low collisionality to | | | |
assist ELM suppression IPEC 100 _
mOdel <J”>(A/cm )

50

Jes (SCaled)
r
15 s
o
!

Ap=0 | _ |
05 075 1  1.25

D”’ -D J boot M boot,exp
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Increasing Core Pressure Works Against Edge

Resonant Coupling ... Low Collisionality Bootstrap Helps

200

P (kPa)
« Resonant drive @ core surfaces

increased by core pressure
— Opposite for edge surfaces

100

os
- Resonant drive @ edge "

increases with bootsirap current | j ‘ 2.5

— Path for low collisionality to
assist ELM suppression

J e (SCaled)

- Consistent with magnetic LFS &
HFS measurement trends

Jes (SCaled)
r
15 s
o
!

@ 0.8 %9 1.0
o A0=0

05 075 1 -1.25

D”’ -D J boot M boot,exp
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New Reluctance Basis for Categorizing MHD Modes

Demonstrates How to Drive Resonant Field Most Stably

* Reluctance basis sorts MHD
modes by magnitude and sign
of the plasma response

0.0y

yo) ; -1.0
(ON%e]
2

é, 9—2 0
o O

c -3.0
o LLJ

-4.0

-1.0 0.0 1.0 2.0

Normalized Reluctance

N. Logan et al., PoP 2016

DIII-D
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New Reluctance Basis for Categorizing MHD Modes

Demonstrates How to Drive Resonant Field Most Stably

* Reluctance basis sorts MHD
modes by magnitude and sign
of the plasma response

-  Amplifying modes least stable,
beta driven, LFS localized

N o) ; -1.0
O ©
€ > 20
S o>
E g - stable

c -3.0
a5 .

4.0
—1.0 0.0 1.0 2.0

Normalized Reluctance

N. Logan et al., PoP 2016

DIlI-D
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New Reluctance Basis for Categorizing MHD Modes

Demonstrates How to Drive Resonant Field Most Stably

 Reluctance basis sorts MHD , ’

modes by magnitude and sign
of the plasma response

- Amplifying modes least stable, Shield Amplifying
beta driven, LFS localized 0.0
- Shielding modes most stable, 9 &%-1-0 f
beta insensitive, on HFS+LFS S =00 - Least
5 = = stable
-3.0
O LICJ " Most
-4.0 stable
-1.0 0.0 1.0 2.0

Normalized Reluctance

N. Logan et al., PoP 2016

DIlI-D
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New Reluctance Basis for Categorizing MHD Modes

Demonstrates How to Drive Resonant Field Most Stably

 Reluctance basis sorts MHD g

modes by magnitude and sign
-  Amplifying modes least stable, \ Shield Amplifyin
¢ plitying

of the plasma response
—)

beta driven, LFS localized 0.0
- Shielding modes most stable, J =-1.0 f
beta insensitive, on HFS+LFS € > 00 - Least
. L 5 g = stable
- Both can drive significant o S-30 Most
resonant field and control ELMs 40 <« stable
1
- 3D specirum that couples to 10 i
only shielding modes shows 25 o Ml
path to more stable ELM control & & '° O
L )
O E 10
T A
N. Logan et al., PoP 2016 _

-2
Dili-D 247 0.0 1.0 2.0
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Control of Plasma Rotation and MHD Mode Spectrum

Required to Optimize the Plasma Response for ELM Control

« Consistency of field penetration with access to ELM suppression
validates optimization criteria presented

- Penetration requires optimized electron rotation profile
— Good: Wide optimization space enabling performance recovery
— Bad: Potential torque thresholds require careful extrapolation to ITER

* Resonant drive optimized by 2D equilibrium and 3D spectrum

— Bootstrap current increases edge resonant drive, core beta does not
— Shielding modes can drive resonant fields without increasing o W

DIII-D
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Bonus Slides
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Comparison to SS Hybrid Case Reveals Different Radial

Structure Likely Due to Large Bootsirap Current

200¢

° ss hybrid qus-l-_si-qble n=3 Fo<di> ,L\I/Cm2 | ITEIL-{-SimiIar(1158103.03796)E

SS Hybrid (161409.05300)

mode is more edge-localized '
100}
- Speculate: broad J-profile and 5o}

bootstrap causes edge- ;

localization of resonant drive 8o 02 04 g 06 08 10
— Despite positive reluctance / e Towa, 155 case B
|Orge LFS S|gn0| 400} —— High g, hybrid case
< 300
()]
. & 200
« ldeal MHD modeling over- ool ‘
predicts core/LFS drive by 5x oL T =42
due 1_0 be‘l‘q ~ no wq" Iimii 02 03 04 0.5lp 06 07 08 09 10

55555

— Kinetic modeling underway

— HFS sensors blind due to small
spatial size of m ~ 20 structures

s
HFS

IPEC 5x larger

Plasma Response (T/kA)

DIII-D
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Modeling Disagrees on Ability of Pedestal Pressure at

Fixed Stored Energy to Increase Resonant Drive

« MARS-F shows significant
effect at pedestal-top

« IPEC shows weak or counter-
effect as B\ ,.q increases

S
- IPEC and MARS-F agreed for %50 05 10 15 20
J and core B frends 3.0— . [ .
b°°t150 | N g2 | MARS-F
Stored Energy Constant =y 25 [*10/2
)
T o0l
’8100 | S 2.0
o ~
= 81.5
O 50 | m
\ 1.0}
0 , A¢=0

0 0.5 1 0500 05 10 15 20
pDHi-p B pec/ BN pectexy
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Disclaimer

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, frademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States
Government or any agency thereof.
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