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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops

* BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010

Dili-D

NATIONAL FUSION FACILITY

60 ¢

40

20 F

0
-20

0.8
0.6

0.4 |
0.2 |

0.4
0.3
0.2

0.1

ELMing RMP ELM suppressed

=

- E(kV/m)

: | | | re 3
3 ‘ (DEXB‘ lwg,g| decrease §
(106/sec) ;
- Niypg(au) ~ o0 ]
» ELMing N INCrease LI
[| * ELM suppressed o o |
i YT . ®0° el »
ol 1 ‘:"'l'.“‘":.:' -l"'l“'
0) G2 0.4 0.6 0.8 1.0
WN
RA Moyer/APS/November 2010 312-10/RAM/jy



But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to
the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance

Toroidal
rotation in
the edge
decreases on
the same
fimescale

as the I-coil
current

Vertical
velocity near
separatrix
changes in
less than

10 ms

Consistent
with 4 ms

fimescale
in XGCO0
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential
— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)
* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
E 20 - 126006 = ELMing 1800 ms oo | before RMP
> } w e RMP 2200 ms < after RMP (60 1, ~ 4 ms) x
W\ 10 * - - 7 "..x.x,,..if# o . +;.;\f&
e * M5 o X .
: I {14 o | T
S S T | E
3 ¢ < -20 M i
2 .10 F . 4 S  * j
M.v * m é#. * ®
© o X
T -20 [ + + ] 40 r e % 1
-30 NEPEPEI EPEPES B PP BraPir Sl S [ PR _
200 [T s _— .
” RMP 3500 ms /V\ “ -+ before RMP O
0 [ \l o } “ after RMP \..\ 4.!.‘.1.;..«.?3
S (60 1, ~4ms) x ¥
S-200F £ Ming 1900 ms ! @ -200 | x F
= , . = x F
m-boom V -400 &. PV e X s.q. <
s | | . ol
& 00T [ -600 |
a [ separatrix | o +.-.+.t..
| —— it
075 08 085 09 095 1 105 1.1 -800
N 0.88 0.92 0.96 1 1.04
!
D=0 XGCO results: G. Park et al, PoP 2010 ¥N

NATIONAL FUSION FACILITY RA Moyer/APS/November 2010 312-10/RAM/jy



I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Impact of Resonant Magnetic Perturbations (RMPs)

on Turbulence Drives, Damping, and Transport

by
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Impact of Resonant Magnetic Perturbations (RMPs)

on Turbulence Drives, Damping, and Transport
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients

Shols 12643x-12644x Pedeslol electron grad(p) I-coil scon
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance

Toroidal
rotation in
the edge
decreases on
the same
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects

o] 40
40 | ] S
N 7] ....... -\lrJl.].. . ..ll..ln- ¥
L mw‘ ] . -\.\-f/\\-.-\l!‘\ ..- . P
20 |- - 0 % . . ..
I 1 T w
£ 0 I E o
2 20 = 40 ’
<" 2KAELM-free H-mode | =
40 L 2551 ms 4l
- 4 KA ELM suppressed
60 * 25385ms 1 -80
lmOI, L L L 1 s L s L 1 s L 1 s 1 s L L L | s 1 L " ]
080 0.85 090 095 1.00 1.05
RN WY
XGCO results: C.S. Chang et al, IAEA 2010
Dili-D

NATIONAL FUSION FACILITY RA Moyer/APS/November 2010 312-10/RAM/jy



Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Impact of Resonant Magnetic Perturbations (RMPs)

on Turbulence Drives, Damping, and Transport

by
R.A.Moyer
University of California, San Diego
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?

Dili-D

NATIONAL FUSION FACILITY

4.40

4.23

a

07

3.90

3.73

3.57

3.40
2000

0

[ I

iu30_ 132741

-2000

-4000

-6000

I

5.00310'

3.75510"

250310

1.25510"

0

fs03 132741 (PPECTROSCOPY)

6.003 10

525510

4.50510"

3.75510"

3.00310"

74

5.0310

4.1310'

3.3310'

24510

1.5510"

2000

2500

RA Moyer/APS/November 2010

3000 3500 4000

Fri Oct 29 09:40:34 2010

312-10/RAM/jy



lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients

Shols 12643x-12644x Pedeslol electron grad(p) I-coil scon
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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suppressed
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Impact of Resonant Magnetic Perturbations (RMPs)

on Turbulence Drives, Damping, and Transport

by
R.A.Moyer
University of California, San Diego

In collaboration with
S. Mordijck, (UCSD), C.S. Chang (NYU),
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients
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200 [ T 3
Gowm_moﬁ_.os—u_.mmmc_‘mo_.mamm:ﬁ 1 O.mlla________;,_,;:_;_i_i_:_I.
100 E i ]
: 1 07: ~ P=0.88
oF : 0 T —n/n == 1
0 - H o.m i éuo.om |.|
0 £ . o 1 056 m,_,. ,
go [ ion pressure gradient AN 3 o= 1
60 - > AN 1 04F )
40 B o : e | |
2.0 . - ~
5 L 1022 7 ~ -
T 15F[— 126443 OKA _Smx_w_ = - C 1
2 b |" 126439 47KA 1018 & H
o OF | 126440 5.3 kA ; F E i
&o.mw ..... 126438 5.8 kA E O;___;__:_f_7;:_;_;_;,_:?_
3 E
07 ..-w,mu-u( 0.9 10 0 A - 3 4 g 6
Wy l-coil current (kA)
DINn-D S. Mordijck et al. PSI 2010

NATIONAL FUSION FACILITY RA Moyer/APS/November 2010

312-10/RAM/jy



Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance

Toroidal
rotation in
the edge
decreases on
the same

|-coil
current (kA)

142250

|-coil
current (kA)

timescale
as the I-coil
current I

Vertical

GZ = 0.965 -

velocity near

V5 (km/s)

..... L N J

separatrix
changes in
less than
10 ms

Consistent
with 4 ms

fimescale
in XGCO0

Vo (km/s)

Wy = 1.006

1-10
i 20

Dili-D

NATIONAL FUSION FACILITY

2540
time

2550
(ms)

RA Moyer/APS/November 2010

2560 2530

2540

2550 2560

time (ms)

312-10/RAM/jy



Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Impact of Resonant Magnetic Perturbations (RMPs)

on Turbulence Drives, Damping, and Transport

by
R.A.Moyer
University of California, San Diego

In collaboration with
S. Mordijck, (UCSD), C.S. Chang (NYU),
E.J. Doyle (UCLA), T.E. Evans (GA),

G. Park (NYU), T.L. Rhodes (UCLA), C. Rost (MIT),
L. Schmitz (UCLA), M.R. Wade (GA),
and L. Zeng (UCLA)

Presented at the

52nd Annual Meeting of the
APS Division of Plasma Physics
Chicago, lllinois

November 8-12, 2010

Dili-D

NATIONAL FUSION FACILITY RA Moyer/APS/November 2010




Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients

Shols 12643x-12644x Pedeslol electron grad(p) I-coil scon
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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suppressed
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
E 20 - 126006 = ELMing 1800 ms oo | before RMP
> } w e RMP 2200 ms < after RMP (60 1, ~ 4 ms) x
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance
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the same
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear

Dili-D ~

NATIONAL FUSION FACILITY RA Moyer/APS/November 2010 C m.—u




Impact of Resonant Magnetic Perturbations (RMPs)

on Turbulence Drives, Damping, and Transport
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients

Shols 12643x-12644x Pedeslol electron grad(p) I-coil scon
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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suppressed
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects
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Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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Understanding Transport Changes During RMPs is

Important for Optimizing ELM Suppression in ITER

 Decrease in pedestal density (pump-out) plays a critical role in stabilizing
peeling-ballooning modes and ELMs

e Enhanced particle
fransport occurs
over a broad
range in qo;

e ELM suppression
OCcCuUrs in narrow
q95 ranges

e Is it possible to
minimize core
density pump-out
(lost fusion power)
while maintaining
ELM suppression?
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lon-scale Turbulence Levels in the Core Increase

Where the ExB Shearing Rate Drops
ELMing RMP ELM suppressed

BES measurements of
ion-scale density
fluctuations which
drive electrostatic
particle transport
show increase in
turbulence level as
far in as measured

L. Yan, G.R. McKee,
UW-Madison
L. Yan, IAEA 2010
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But lon-scale Turbulence Isn’t Correlated with ExB Shear

in the Pedestal Where Turbulence Drives are Large

« AtW, =0.88, nearthe top of the pedestal, the largest change is to

the ExB shearing rate

« AtW, =0.95, the largest change is to the pressure gradients
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Intermediate k, Fluctuations in the Pedestal often

Increase in RMP ELM-suppressed H-mode

* Doppler backscatter reflectometry: k,= 2.5-4.5 cm-!

At these intermediate scales, the reduced radial extent of the
modes makes them less sensitive to ExB shearing.

* In the outer edge of the pedestal, turbulence drives increase
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lon-scale Turbulence is Correlated with RMP

Amplitude, Particularly in the Pedestal

 AtW, = 0.85, normalized fluctuation level drops as fast as the RMP
amplitude when I-coil is modulated

 Deeperin the core, the fluctuation change occurs on a transport

timescale
Density gradient in pedestal
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The ExB Shearing Rate is Modified by Ambipolar

Potential Changes in the Presence of the RMP

Experimental results XGCO simulation results
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I-coil Modulation Shows Rapid Change in Edge

Rotation Terms in Single lon Radial Force Balance
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Fast E, Change is Qualitatively Reproduced with a

Self-consistent Plasma Response Model in XGC0-M3D

« Modulated I-coil current in RMP ELM-suppressed H-mode triggered
transition to ELM-free H-mode at lower RMP amplitude

Measured E, change for 4 kA to 2 kA

I-coil modulation takes <11.5 ms Self-consistent plasma response

model including kinetic effects

o] 40
40 | ] S
N 7] ....... -\lrJl.].. . ..ll..ln- ¥
L mw‘ ] . -\.\-f/\\-.-\l!‘\ ..- . P
20 |- - 0 % . . ..
I 1 T w
£ 0 I E o
2 20 = 40 ’
<" 2KAELM-free H-mode | =
40 L 2551 ms 4l
- 4 KA ELM suppressed
60 * 25385ms 1 -80
lmOI, L L L 1 s L s L 1 s L 1 s 1 s L L L | s 1 L " ]
080 0.85 090 095 1.00 1.05
RN WY
XGCO results: C.S. Chang et al, IAEA 2010
Dili-D

NATIONAL FUSION FACILITY RA Moyer/APS/November 2010 312-10/RAM/jy



Gas Puff Modulation Allows us to Measure the Effect

of the RMP on Particle Diffusivity and Pinch Velocity

e Particle diffusivity increases over outer half of the core where ion
scale turbulence has increased

e Particle pinch in RMP ELM-suppressed H-mode is weaker than in
ELMing H-mode but remains negative out to the edge

g Diffusion coefficients in L and H modes : Pinch velocity in L and H modes
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Measurements and Modeling Provide a Picture for

RMP-induced Transport Changes

* RMP induces electron loss on open field liens, modifying the
ambipolar potential

— Good agreement with self-consistent XGCO simulations requires some
plasma modification of vacuum RMP field (ad hoc or first principles)

* Neoclassical changes in E, reduce the ExB shear and the saturated
level of ion-scale turbulence over the outer half of the core plasma
— Suggests that an increase in anomalous fransport due to ion-scale
turbulence, which is sensitive to the ExB shearing rate, is important.

e In the pedestal, the transport response depends on the details of the
turbulence drives in addition to the ExB shearing rate

— lon and electron pressure gradients increase in the outer half of the
pedestal but decrease further in

— ExB shear in the pedestal increases or stays the same

— Shorter radial scale modes often increase in pedestal, but are expected
to be less sensitive to ExB shear
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