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Optimized Stellarator Wendelstein 7-X

Successfully optimized for reduced neoclassical transport

l

Heat transport now dominated by turbulence

Limits core ion
temperature to ~1.5 keV
in typical ECRH
discharges

Pedersen

To maximize plasma performance in W7-X need to
reduce turbulent heat transport!
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Turbulent heat transport suppression at W7-X

Core density gradients: ITG suppression + TEM stabilty

Determined by:

* Particle transport regime (diffusion/pinch)

* Core particle source actuators (NBI,
pellets)

Reduced turbulent heat transport
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Turbulent heat transport suppression at W7-X

v [es/a] W?7-X high iota config.

generic Tokamak
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* Particle transport regime (diffusion/pinch) YRR ;L 567 8 01 2 3 ;Lé 6 7 8
. a/L, a/Ly,
* Core particle source actuators (NBI, Alousén

pellets)

lon turbulent heat transport coefficient

3
a/Ly; > 1.5 O gtandard
3 & 4 high mirror
’ ¥ low mirror
P highiota
2 4 Jowiota
- © lowshear
Reduced turbulent heat transport =< 1.5
= Reduced ¥ in presence of
= 1 density gradients
Experimentally seen across magnetic configurations 0-5 Wappl, PPCF 2025
and discharge scenarios 0
0 1 2 3 4 5
a/L,
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Triple product W7-X

W7-X vs. Tokamak H mode performance
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Triple product W7-X

W7-X vs. Tokamak H mode performance
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New record triple product
achieved at W7-X

nioliome | 1.10 £0.07 10*°m>keVs
nioTiome™| 1.18 £0.12 10*°m keVs




Triple product W7-X

W7-X vs. Tokamak H mode performance
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More stored magnetic
energy than W7-X

—_
EB/EB wrx

1/2

1/4

Less stored magnetic
energy than W7-X

Eg = VB2/2u

New record triple product achieved at W7-X

n'l‘_,{)TiiOTE 1.10 +0.07 1020m_3keVs
nioTiome|™™ | 1.18 £0.12 10*°m *keVs

W7-X achieved competitive triple
product given its stored magnetic
energy



Gyro-Bohm scaling of high confinement discharges

Definition from kinetic profiles and

Gyro-Bohm scaling heating power
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Achieved energy confinement
time and ion temperature in
line with Tokamak gyro-Bohm
H mode scaling
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Gyro-Bohm scaling of high confinement discharges

Gyro-Bohm scaling
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Achieved energy
confinement time and
ion temperature in line
with Tokamak gyro-
Bohm H mode scaling

W7-AS to W7-X (similar
plasma regime): Follows
the Tokamak fitted gyro-
Bohm scaling



Accessing and stabilizing high performance plasmas

3 NBI I. Pure NBI heating:
D e \ a) core density gradient develops
a

Y b) low ion temperature due to low power

Central ion temperature

Norm. density gradient (averaged r/a = [0.45,0.55])

a Vne
MNe

|

time [s]
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Accessing and stabilizing high performance plasmas

ECRH reintroduction power

Central ion temperature
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Pure NBI heating:

a) core density gradient develops

b) low ion temperature due to low power
Add ECRH:

a) Core ion temperature increases

b) Core density pump-out: stabilizes gradient



Accessing and stabilizing high performance plasmas

ECRH reintroduction power

—_ " NBI |. Pure NBI heating:
§ Sy Sy g - = a) core density gradient develops
2t \ b) low ion temperature due to low power
0 ' — ' Il. Add ECRH:
Central ion temperature a) Core ion temperature increases

b) Core density pump-out: stabilizes gradient

__ 3 [ === Back transition o
i
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Norm. density gradient (averaged r/a = [0.45,0.55])
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Magnetic field configuration space Wendelstein 7-X

Mirror ratio
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Accessing and stabilizing high performance plasmas —
different magnetic configurations

ECRH power for steady-state density FMM: limiter type FMM* has
. configuration with reduced internal
internal islands island size
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Time evolution of plasma performance in FMM*
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Conclusion

* In W7-X unprecedented Stellarator performance in terms of W7-X vs. Tokamak H mode performance
the triple product and was achieved F @ ASDEX-U v JT-60U % W7-X23
[ X DII-D ® KSTAR % wrx22
* Performance on par with Tokamak H-mode regimes given the | @ EAST » TFTR ®  WT-AS
stored magnetic energy of W7-X = oL 'b JETP- WX 4
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= 10° 3 ﬁ_ﬂ"* E
« Stability of the core gradient achieved with combined f x X x‘% V'** 5
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Time evolution of plasma performance in FMM
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Time evolution of plasma profiles in different magnetic

configurations
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Gyro-Bohm scaling

Gyro-Bohm scaling
Combining with the definition of 7¢ via the kinetic pro-

Assuming dominant heat transport gyro-Bohm scaling files and heating power
in p* (ITG) and weak dependence on § and v* as in W 3 T
Tokamak H mode [37]: == p ?;3 (8)
H H
wTEgs < (p7) (3) gyro-Bohm scalings for T" and 7g can be written in terms
w — qB (4) of geometric quantities, density n and heating power Py:
2mm
. oy 1 JERNCE
o pL _ mvyg (2kTm)z (5) Top = cre % 4m=02 (_H) B8 (9)
a a-qB a-qB n
9 o —0.6
v = g?-’th (6) TE g = c2a°€¢"%m~02 (E) BY# (10)
N n
1 (2k Tm,) 3 Y 22 - if ov i i -
TEgh X —(——=—) " ocm 2T~ 24 ¢*B (7) Consequently, if gyro-Bohm scaling holds the triple prod
’ w' a-qB uct F' scales as:
F o a3¢%2m~04pl-2p02 g16 (11)
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Discharge IDs — magnetic configurations

TABLE II. Experimentally determined ECRH pump-out balance for two NBI sources (3.5MW) in several magnetic configura-
tions and the best achieved core plasma parameters. Note that a final optimisation of T}, Wy, and 7z was completed only for
Standard (EIM) and iota scan (FMM) configurations.

Configuration La/3 |€emr1y2 |2 (m]| Pecrn steady [MW]|T; [keV]| Waia [MJ]|7p [ms]| Program ID
Low mirror (AIM) 0.97] 0.018 | 0.53 1.5 1.6 0.8 180 120230316.069
High mirror (KKM) 0.97) 0.022 | 0.51 1.5 1.6 0.8 180 |20250227.082
Standard (EEIM) 0.9710.0065| 0.52 2.0 2.6 1.2 180 |20241205.066
High iota (FTM) 1.20) 0.013 | 0.48 3.0 2.1 1.2 150 20241022.039
lota scan, limiter with 1.08| 0.008 | 0.55 3.5 2.3 1.2 170 |120241204.063
internal islands (FMM)
lota scan, limiter with 1.08| 0.008 | 0.55 3.5 2.9 1.8 260 (20241204.072
suppressed islands (FMM* )
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Zeff record iota scan shot (#20241204.072)
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tls] Preliminary data, courtesy of S. Sereda
and T. Romba)
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Plasma profiles in HP phase

420241204.072 (FMM*), t=6.5s
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Plasma profiles in different magnetic configurations
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fren record shot

TABLE I. Energy confinement time and triple product in high
performance phase of discharge #20241204.072.

Parameter |Value Error Unit fren

Zao) 260 +15 ms 1.14

TR o 286 £19 ms 1.25

TE, 1SS04 227  +£12 ms 1.0
nioliome | 1.10 £0.07 10*°m °keVs
ni oliome|™™| 1.18 +£0.12 10%2°m3keVs

r/a
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Neoclassical limit W7-X

| | |
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