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The Wendelstein 7-X Stellarator @ W

Wendelstein 7-X:

- 5 period helixcal axis stellarator

- Optimised to reduce neoclassical transport

- Designed to demonstrate steady-state operation
with continuous ECRH heating.

- Operation at high density: n, ~ 1.8 x 10°° m
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Gas-fuelled ECRH discharges ﬁ W

Typical discharges from last campaign (2018):

- On-axis X2 ECRH heating 2 - 6MW; <n,>~ 1 to 10 x 10"°. Gas/recycling fuelled.

- Flat or slightly peaked density profiles despite outward neoclassical thermo-diffusion:
An anomalous pinch required to counteract [C D Beidler et al 2018 PPCF 60 105008
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Gas-fuelled ECRH discharges ﬁ W

Typical discharges from last campaign (2018):

- On-axis X2 ECRH heating 2 - 6MW; <n,>~ 1 to 10 x 10"°. Gas/recycling fuelled.

- Flat or slightly peaked density profiles despite outward neoclassical thermo-diffusion:
An anomalous pinch required to counteract [C D Beidler et al 2018 PPCF 60 105008

- Flat impurity profiles despite neoclassical pinch:

High turbulent impurity diffusion shown by LBO injection experiments 8- Geiger et al 2019 Nucl. Fus. 59 046009
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Gas-fuelled ECRH discharges @W

Typical discharges:
- High T, scales with ECRH power
- T; limited to ~1.6 keV in almost all plasmas

Ti, Te [keV]
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Wendelstein
%

Gas-fuelled ECRH discharges
Typical discharges:
- High T, scales with ECRH power : 5.00
- T; limited to ~1.6 keV in almost all plasmas so o fe=t ]
- At low density, low collisional coupling of species and T; drops. L 1.75
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Gas-fuelled ECRH discharges ﬁ W

Typical discharges:

- High T, scales with ECRH power 5.00
- T, limited to ~1.6 keV in almost all plasmas L e T_ra”ISpF’”
- At low density, low collisional coupling of species and T; drops. simulations| | , ;5
- Simulations with neoclassical and moderate turbulent transport
predict T; ~ 3keV for Pgory = 6MW. - 1.50
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lon temperature clamping

Wendelstein

lon temperature clamping explained by combination of effect

- Collisional coupling gives broad ion heating profile

Ti, Te, Pecruy Pei

Power deposition and transfer

[ R L

— T [keV]
= T;lkev]

| #20180920.013

Pecry [MWmM ™3]

S [Beurskens et al. Nucl Fus 2021 (submitted), IAEA 2021]
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lon temperature clamping

Wendelstein

lon temperature clamping explained by combination of effect

S [Beurskens et al. Nucl Fus 2021 (submitted), IAEA 2021]

- Collisional coupling gives broad ion heating profile
- Strong profiles stiffness observed in turbulence

Ti, Te, Pecruy Pei

Power deposition and transfer
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lon temperature clamping

Wendelstein

lon temperature clamping explained by combination of effect

S [Beurskens et al. Nucl Fus 2021 (submitted), IAEA 2021]

- Collisional coupling gives broad ion heating profile
- Strong profiles stiffness observed in turbulence
- Increasing ITG turbulence with T,/ T; exacerbates stiffness with increasing Prcgp.

Ti, Te, Pecruy Pei

Power deposition and transfer
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lon temperature clamping

Wendelstein

lon temperature clamping explained by combination of effect

- Collisional coupling gives broad ion heating profile
- Strong profiles stiffness observed in turbulence

- Increasing ITG turbulence with T,/ T; exacerbates stiffness with increasing Prcgp.

supported by linear growth rate from ITG simulations 4 Zccco. /. Plasma Phys 2017]
---> Typical gas fuelled ECRH W7-X plasmas ITG turbulence dominated

Power deposition and transfer

Power flux vs temperature gradient

S [Beurskens et al. Nucl Fus 2021 (submitted), IAEA 2021]

Linear growth rates. ITG simulations.
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Post-pellet turbulence suppression A W

Steep density profiles after rapid series of hydrogen ice pellets.

Pellets
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Post-pellet turbulence suppression A W

Steep density profiles after rapid series of hydrogen ice pellets.
- High confinement T, = T, phase builds slowly ~5 T after end of pellets.

- Stable for ~1.5T: before density gradient and T, collapse. .
High performance
- Pellets phase
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Post-pellet turbulence suppression A W

Steep density profiles after rapid series of hydrogen ice pellets.
- High confinement T, = T, phase builds slowly ~5 T after end of pellets.

- Stable for ~1.5T: before density gradient and T, collapse. .
High performance
- Pellets phase
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Post-pellet turbulence suppression A W

Steep density profiles after rapid series of hydrogen ice pellets.
- High confinement T, = T, phase builds slowly ~5 T after end of pellets.

- Stable for ~1.5T: before density gradient and T, collapse. RN
- Peaking of impurities observed consistent with reduced , Pellets  phase
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Post-pellet turbulence suppression AR W

- lon heat transport reduced to order of neoclassical level.
- Electron heat transport significantly reduced.

Typical gas-fuelled plasma Post-pellets plasma
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Wendelstein
%

Post-pellet turbulence suppression
- lon heat transport reduced to order of neoclassical level.
- Electron heat transport significantly reduced.
- Central T, raised significantly above clamping limit.
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Post-pellet turbulence suppression AR W

- lon heat transport reduced to order of neoclassical level.
- Electron heat transport significantly reduced.

- Central T, raised significantly above clamping limit.

- Sufficient to demonstrate NC optimisation of W7-X [Beideer etal. Nature, 2021} e 200
- Record stellarator n T TE [Pedersen et al. PPCF 61 (2019)] 3.0 Normal ECRH
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Post-pellet turbulence suppression A W

- Theoretical undestanding:
- Density gradient strongly stabilises ITG. W7-X resilient to TEM due to optimisation [Froll et al PRL2012]
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Post-pellet turbulence suppression

Wendelstein

s

- Theoretical undestanding:

- Density gradient strongly stabilises ITG. W7-X resilient to TEM due to optimisation [Proll et. al. PRL 2012]

- 'Stability valley' around a/Ln, ~ a/L T, - A Alcuson etal. PPCF 21 (2020)
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Post-pellet turbulence suppression AR W

- Theoretical undestanding:

- Density gradient strongly stabilises ITG. W7-X resilient to TEM due to optimisation [Proll et. al. PRL 2012]

- 'Stability valley' around a/Ln,

~ g/L.T, - A Alcuson et al. PPCF 21 (2020)]
I

- Non-linear simulations show transistion of from ITG to iTEM during post-pellet phase. [+ Xanthopoulos et al. PRL 2021]

- Reduction in fluctuation levels seen by PC| [# Huang. this conferencel. iygnnjer reflectometer [T Estrada etal. Nucl. Fus. 2021]
and even in SOL Beam Emission Spectroscopy - Fdes: this conference]
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Post-pellet turbulence suppression AR W

- Steady-state pellet injector next campaign to investigate ability to maintain high performance phase during pellets.

High performance
Pellets phase
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Post-pellet turbulence suppression A W

- Steady-state pellet injector next campaign to investigate ability to maintain high performance phase during pellets.
- So far, density gradient only observed after injection of last pellet.

High performance
Pellets phase
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Density gradient turbulence suppression A W

- Several other cases show density gradient turbulence supression:
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Density gradient turbulence suppression A W

- Several other cases show density gradient turbulence supression:
- TESPEL Pellet / LBO impurity injection [P-2hang. A von Stechow EPS2019]
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Density gradient turbulence suppression A W

- Several other cases show density gradient turbulence supression:
- TESPEL Pellet / LBO impurity injection [P-2hang. A von Stechow EPS2019]
- Boron power dropper reducing edge gradients [ Lunsford, this conference]
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Density gradient turbulence suppression @ W

- Several other cases show density gradient turbulence supression:
- TESPEL Pellet / LBO impurity injection [P-2hang. A von Stechow EPS2019]
- Boron power dropper reducing edge gradients [ Lunsford, this conference]
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Density gradient turbulence suppression

Wendelstein

- Several other cases show density gradient turbulence supression:

- TESPEL Pellet / LBO impurity injection [P-2hang. Aven Stechow EPS2079]
- Boron power dropper reducing edge gradients [ Lunsford, this conference]
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Density gradient turbulence suppression

Wendelstein

- Several other cases show density gradient turbulence supression:
- TESPEL Pellet / LBO impurity injection [P-2hang. A von Stechow EPS2019]
- Boron power dropper reducing edge gradients [ Lunsford, this conference]
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Wendelstein

NBI : ECRH ratio A

- NBI mostly supplementary to moderate-high ECRH power.
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Wendelstein

NBI : ECRH ratio P

- NBI mostly supplementary to moderate-high ECRH power.
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NBI : ECRH ratio L

- NBI mostly supplementary to moderate-high ECRH power.
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NBI : ECRH ratio

Wendelstein

- NBI mostly supplementary to moderate-high ECRH power.

- Highest T plasmas at zero or low ECRH power. Te”rzfoo
- Scaling changes around Pgcgry ~ TMW ‘o - Te=T,
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Mixed heating experiments

Wendelstein

1. ECRH startup, switch to NBI only. Initial NBl phase shows moderate density peaking.
2: Density rise in p < 0.5 accelerates.
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Mixed heating experiments

Wendelstein

1. ECRH startup, switch to NBI only. Initial NBl phase shows moderate density peaking.
2: Density rise in p < 0.5 accelerates.
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Mixed heating experiments

Wendelstein

1. ECRH startup, switch to NBI only. Initial NBl phase shows moderate density peaking.
2: Density rise in p < 0.5 accelerates. Strong impurity pinch consistent with turbulence supression
to order neoclassical level - Vano et al. EPS2019]
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Mixed heating experiments A W

1. ECRH startup, switch to NBI only. Initial NBl phase shows moderate density peaking.

2: Density rise in p < 0.5 accelerates. Strong impurity pinch consistent with turbulence supression
to order neoclassical level L Vano et al. EPS2019]
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Mixed heating experiments

Wendelstein

1. ECRH startup, switch to NBI only. Initial NBl phase shows moderate density peaking.
2: Density rise in p < 0.5 accelerates. Strong impurity pinch consistent with turbulence supression
to order neoclassical level - Vano et al. EPS2019]
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Mixed heating experiments

Wendelstein

1. ECRH startup, switch to NBI only. Initial NBl phase shows moderate density peaking.

2: Density rise in p < 0.5 accelerates. Strong impurity pinch consistent with turbulence supression

to order neoclassical leve

| [L. Vano et. al. EPS2019]

3: Add 1MW O2-mode ECRH raises temperature, slightly reduces density peaking and flattens impurity

profile in deposition region.
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Electron/ion particle transport ﬁw

- Particle flux reduces to neoclassical level inside mid-radius at onset of peaking.
--> indicates strong suppression of turbulent flux in plasma core.

. . : . . . - NBI heat and particle source from
- Anomalous particle flux increases again as density gradient builds. Beams3D code IS Lazerson, tis conference]
- Both neoclassical and anomalous increase with addition of 10 . . . ,
. . . P :
ECRH, which stops density rise. ol — P
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Electron/ion particle transport ﬁw

- Particle flux reduces to neoclassical level inside mid-radius at onset of peaking.
--> indicates strong suppression of turbulent flux in plasma core.

. . : . . . - NBI heat and particle source from
- Anomalous particle flux increases again as density gradient builds. Beams3D co deF[)S- Lazerson, this conference]
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Electron/ion particle transport

Wendelstein

- Particle flux reduces to neoclassical level inside mid-radius at onset of peaking.

--> indicates strong suppression of turbulent flux in plasma core.
- Anomalous particle flux increases again as density gradient builds.
- Both neoclassical and anomalous increase with addition of

- NBI heat and particle source from
Beams3D code [S. Lazerson, this conference]
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Energy transport: Total fluxes ﬁ W

- High collisionality leads to large P, with small O(~10eV) differences in T,, T, profiles.
- Data shows Q, >> Q" but could support Q; ~ QV°. However, Q.~Q; >> Q"¢ also possible within uncertainty.
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Energy transport: Total fluxes ﬁ W

- High collisionality leads to large P, with small O(~10eV) differences in T,, T, profiles.
- Data shows Q, >> Q" but could support Q; ~ QV°. However, Q.~Q; >> Q"¢ also possible within uncertainty.
- Total energy fluxes are anomalous dominated at all times but (neo)classical fluxes + radiation loss not insignificant.
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Energy transport: Total fluxes

Wendelstein

- High collisionality leads to large P, with small O(~10eV) differences in T,, T, profiles.
- Data shows Q, >> Q" but could support Q; ~ QV°. However, Q.~Q; >> Q"¢ also possible within uncertainty.
- Total energy fluxes are anomalous dominated at all times but (neo)classical fluxes + radiation loss not insignificant.
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Energy transport: Total fluxes

Wendelstein

- High collisionality leads to large P, with small O(~10eV) differences in T,, T, profiles.
- Data shows Q, >> Q" but could support Q; ~ QV°. However, Q.~Q; >> Q"¢ also possible within uncertainty.
- Total energy fluxes are anomalous dominated at all times but (neo)classical fluxes + radiation loss not insignificant.
- Anomalous fluxes increase with ECRH addition.
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Routes to high confinement

Wendelstein

- Density gradient builds during pure NBI phase. T,; gradients limited by 2.6MW input power.
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Routes to high confinement ﬁw

- Density gradient builds during pure NBI phase. T,; gradients limited by 2.6MW input power.
- Radiation limited due to impurity accumulation after ~4s.
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Routes to high confinement

Wendelstein

- Density gradient builds during pure NBI phase. T,; gradients limited by 2.6MW input power.
- Radiation limited due to impurity accumulation after ~4s.

- Additional ECRH increases T, at
similar thermal diffusivity
while expelling impurities.
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Routes to high confinement

Wendelstein

="

- Density gradient builds during pure NBI phase. T,; gradients limited by 2.6MW input power.
- Radiation limited due to impurity accumulation after ~4s.

- Additional ECRH increases T, at

similar thermal diffusivity
while expelling impurities.

- High electron heating leads to
lower a/Ln, and higher T,/ T;
which limits T; gradient.
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Routes to high confinement
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Routes to high confinement /?*W

- Density gradient builds during pure NBI phase. T,; gradients limited by 2.6MW input power.
- Radiation limited due to impurity accumulation after ~4s.
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Routes to high confinement

Wendelstein

- Density gradient builds during pure NBI phase. T,; gradients limited by 2.6MW input power.
- Radiation limited due to impurity accumulation after ~4s.

- Additional ECRH increases T, at

similar thermal diffusivity
while expelling impurities.

- High electron heating leads to
lower a/Ln, and higher T,/ T;
which limits T; gradient.

- Anomalous flux shows
gyroBohm like scaling
Q ~ nT? at most radii.

- If density gradient can be
maintained, additional NBI
power may lead to high n,,
high T; plasmas.
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Routes to high confinement

Wendelstein

- Turbulence supression supported by reduced
fluctuations in high a/Ln, plasmas.

Doppler Reflectometer [D. Carralero et. al. this conference]
Phase contrast imaging [Z. Huang et. al. this conference]
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Routes to high confinement A

Wendelstein

- Turbulence supression supported by reduced
fluctuations in high a/Ln, plasmas.
Doppler Reﬂectometer [D. Carralero et. al. this conference]
Phase contrast imaging [Z. Huang et. al. this conference]

- Need to find balance of NBl and ECRH:

Too little ECRH:
- Low total power
- Impurity accumulation

Too much ECRH:
- Density peaking reduced
- Return to ITG dominated plasmas
with clamped T,.
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Routes to high confinement

Wendelstein

- Turbulence supression supported by reduced
fluctuations in high a/Ln, plasmas.
Doppler Reﬂectometer [D. Carralero et. al. this conference]
Phase contrast imaging [Z. Huang et. al. this conference]

- Need to find balance of NBl and ECRH:

Too little ECRH:
- Low total power
- Impurity accumulation

Too much ECRH:
- Density peaking reduced
- Return to ITG dominated plasmas
with clamped T,.

Open questions for 2022/3 campaign:
- Increase NBI power. What happens to a/Ln,?
- Why does a/Ln, decrease with ECRH?
- Can sufficient a/Ln, be maintained while
flushing out impurities?
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Summary and outlook i §W

- Limited T; and performance in standard ECRH heated gas fuelled plasmas understood as combination of:
limited electron-ion coupling, strong ITG turbulence exacerbated by T,/ T, ratio.

- Turbulence supression observed in many cases of density gradients:
- Pellets - now well studied and understood, but might be difficult to achieve in steady-state.
- Spontaneous peaking. Very stable but only in low power ECRH.
- Edge ne reduction by boron powder injection.
- NBI core fuelling and reduced particle flux.
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Summary and outlook i §W

- Limited T; and performance in standard ECRH heated gas fuelled plasmas understood as combination of:
limited electron-ion coupling, strong ITG turbulence exacerbated by T,/ T, ratio.

- Turbulence supression observed in many cases of density gradients:
- Pellets - now well studied and understood, but might be difficult to achieve in steady-state.
- Spontaneous peaking. Very stable but only in low power ECRH.
- Edge ne reduction by boron powder injection.
- NBI core fuelling and reduced particle flux.
- NBI with low-ECRH plasmas show stable density gradients and favorable gyroBohm like scaling Q ~ nT%?
providing possible steady state scenario with high T;in W7-X plasmas.
- Strong ECRH reduces gradient and returns to normal performance.
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Summary and outlook i §W

- Limited T; and performance in standard ECRH heated gas fuelled plasmas understood as combination of:
limited electron-ion coupling, strong ITG turbulence exacerbated by T,/ T, ratio.

- Turbulence supression observed in many cases of density gradients:
- Pellets - now well studied and understood, but might be difficult to achieve in steady-state.
- Spontaneous peaking. Very stable but only in low power ECRH.
- Edge ne reduction by boron powder injection.
- NBI core fuelling and reduced particle flux.

- NBI with low-ECRH plasmas show stable density gradients and favorable gyroBohm like scaling Q ~ nT%?
providing possible steady state scenario with high T;in W7-X plasmas.
- Strong ECRH reduces gradient and returns to normal performance.

Upgrades for the 2023 campaign:
- Steady state pellet injection - Explore pellets scenarios more.
- 2x NBI power - Determine fuelling vs heating scaling.
- Divertor cryo-pumps - Possibly 3x pumping speed. May help reduce edge ne and increase gradients.
- Additional ECRH+NBI power - expand range to search for L-H transition.
- ICRH (Commisioning)[K' Crombeé, this conference] _ explore ITG stabilisation by fast ions [N. Bonanomi et al, Nucl. Fusion 58 (2018) 056025]
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Radial Electric Field

Wendelstein

- E, affects NC transport and can play a strong role in global transport changes, especially at low collisionality.

T, >> T, --> 'Electron root'
- NBI discharges all ion root with no significant E, changes at onset time (measured or NC)
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Density gradient turbulence suppression

Wendelstein
%

- 180808.005: Drop from 1MW to 0.5MW ECRH. T, Drops to ~T,,
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Density gradient turbulence suppression

Wendelstein

- 180808.005: Drop from 1MW to 0.5MW ECRH. T, Drops to ~T,,
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Density gradient turbulence suppression @ W

- 180808.005: Drop from 1MW to 0.5MW ECRH. T, Drops to ~T,,
- Electron densities peak over ~seconds.

- T;increases over ~10s seconds as n, decreases slightly. S IR e 005 =
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Density gradient turbulence suppression @ W

- 180808.005: Drop from 1MW to 0.5MW ECRH. T, Drops to ~T,,
- Electron densities peak over ~seconds.
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Density gradient turbulence suppression ﬁ W

- 180808.005: Drop from 1MW to 0.5MW ECRH. T, Drops to ~T,,
- Electron densities peak over ~seconds.
- T, increases over ~10s seconds as n, decreases slightly. > T#20180808.005

[Langenberg]
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Neutral Beam Injection i §W

- In the last campaign, the W7-X NBI system was comissioned
- 2x 2.5MW radial sources of H injection at ~55kV
(2x 1.3MW thermalised power)
- Core fuelling even in high density plasmas.
- Similar level of ion and electron heating.
- Can fuelling provide steady-state density
peaking with T; above clamping limit?

Injector Box
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Neutral Beam Injection: Confinement A W

- NBI startup not possible on W7-X. Most beam injection is supplmentary to moderate-high ECRH power.
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NBI only impurity pinch

Wendelstein

- STRAHL simulations assuming neoclassical transport coefficients inside p = 0.5 during NBI only phase give
similar qualitative beahviour and profiles. Quantitatively too rapid rise rate and too early.
- Behaviour consistent with strong reduction of turbulence in density peaking region after given onset time.
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Electron/ion particle transport

Wendelstein

- The onset time of the reduced particle and impurity anomalous fluxes varies between shots.
- No external events, no changes observed at plasma edge.
- Onset appears to occurs when a/Ln, reaches ~0.85 (tentative)
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Energy transport: Species separation

Wendelstein

- Separation of ion and electron energy fluxes requires determination of power exchange term.
- At high collisionality (n, ~ 10%°), this requires O(10eV) accruacy of (T, - T;) profile, which has not yet been achieved.
- Best effort analysis for highest T; gives range from: A) large Q, with Q~QN° to B) Q, ~ Q, >> QN°.
- Q. >> Q; ~ Q)¢ would be consistent with with post-pellets experiments.

- However, neoclassical electron energy fluxes not supported by measurements.
--> Next campaign: Improvements in Ti profiles + heat wave measurements.
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Routes to high confinment /F*W

- Dependence on density gradient and ECRH power clear in global picture.
- Need to find balance of NBl and ECRH:
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