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• Stellarators 

• Towards a HELIAS  

   Fusion Power Plant 

• Wendelstein 7-X  

• First Operation Phases (OP) 

• Programmatic priorities 

• Summary  HELIAS-type stellarator  

• Nf=5, R/a = 5.5m/0.53m  

        → 30 m3 plasma volume 

• 50+20  superconducting coils (2.5T) 

• ~8+7MW (ECRH, NBI) + ICRH (later upgrades)  

Wendelstein 7-X 
Greifswald (Germany)  - being commissioned 
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+ steady-state, intrinsically 

+ no current disruptions 

+ no current driven instabilities 

+ no significant current drive 

+ no runaway electrons 

+ operation above Greenwald-limit feasible 

+ lower alpha-particle pressure (given Pfusion) 

- 3D engineering  

- 3D core impurity transport 

- 3D plasma/fast ion confinement  

         high neoclassical losses 

- 3D MCF: one generation behind 

- divertor concept to be verified 

- operation scenarios to be developed 

external coils generate rotational transform: 3D-confinement w/o plasma current 

[1]Helander, Rep. Prog. Phys. 77, 0877001 (2014), [2]Nührenberg, Zille, Phys. Lett. A 144, 129 (1986) 

 

Stellarator Optimization[2]: mitigate 3D losses  

to pave the way to a Fusion Power Plant 

Stellarators:  

the main alternative magnetic confinement concept to the tokamak.  
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HELIcal Axis Advanced Stellarator (Neoclassical Optimization) 

taming locally trapped particles  

 3D impurity transport 

 3D turbulence 

 improved confinement modes 

 fast particles & Alfvénic inst. 

 high-b operation at low ni~ne 

 new divertor & SOL physics 

3D plasma physics 

W7-X 

75keV D+ 

75keV D+ W7-AS 
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Step-Ladder Plots to Fusion Power Plants 

simultaneous view: operation ranges and b, r*, n* 

 

The Way to a HELIAS Reactor 

ITER-like shaped tokamaks Wendelstein-line 
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Wendelstein 7-X – still a large gap to HELIAS 5-B 

but  W7-X is large enough to assess reactor physics aspects. 
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Lackner, Fusion Sci Technol. 54, 989 (2008) 

W7-X 

1st phase 

Schauer et al., Fusion Eng. Design 88, 1619 (2013)  

 Engineering Study HELIAS 5-B 

 

electro-mechanical feasibility of HELIAS fusion-power plants 
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© Glen Wurden (2014) 

Wendelstein 7-X Torus Hall (Greifswald, Germany, Aug. 2014) 

• main-device assembly finished (May 2014)  

• device commissioning on track  

• first plasma planned for summer 2015 
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OP 1.1 
2015 

13 wks 

 

OP 1.2(a) 
2016 

29 wks 

OP 2 
>2019 

uncooled carbon limiter 

He, (H) 

pulse limit: Emax < 2MJ 

tPulse < 1 s  

 

 
uncooled test-divertor (C) 

H, (D) 

pulse limit: Emax < 80 MJ 

tPulse < 10s … min 

actively cooled divertor (CFC) 

steady-state capable 

D, H 

technical limit: 30 min/10MW 

Ptarget/A < 10 MW/m2 

PECRH ~ 2 MW (…5MW) 

gas puff 

surveillance diag. 

magnetics 

basic n, T, imp. Diagnostics 

OP 1.2(b) 
2017 

29 wks 

PECRH ~ 8 MW 

PNBI
H   ~ 7 MW 

+profiles MHD (n,T, Er,…) 

+impurity diagnostics 
  

+ PICRH  ~ 1.6 MW 

Ptot < 10 MW 

+ blower gun 

+ diagn. upgrades 

PECRH ~ 10 MW 

PNBI
H   ~ 7 MW or  

PNBI
D   ~ 10 MW 

PICRH
   ~ 4 MW 

Ptot    <  20 MW 

+ quasi cw pellet injection 

+ steady-state upgrades 
  

 

 

Te
NC  < 3.5 keV 

Ti 
NC < 0.9 keV 

n  < 2 x 1019 m-3 

bISS04  < 0.6% 

bNC     < 1.6% 

 

Te
NC  <  3.5 keV 

Ti 
NC < 3 keV 

n  < 1.6 x 1020 m-3 

bISS04  < 1.2% 

bNC     < 3% 

 

Te
NC  <  4.5 keV 

Ti 
NC < 4 keV 

n  < 2.4 x 1020 m-3 

bISS04  < 2 % 

bNC     < 5 % 

test scraper element 

~ 

~ 

~ 

~ 
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Sunn Pedersen et al., EPS Berlin ( 2014) 

flux-surfaces/error-fields,  first X2-heated plasma, limiter SOL 

Vaccum flux-surface  

measurements 

uncooled carbon limiter, He, (H), Emax < 2MJ 

OP1.1 priorities: integral commissioning and first plasma operation 
 

 
X2-heated 

plasmas 

 

transport simulations 

predict high-Te 

e-root feature 
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SOL physics 
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OP1.1  

OP2 

1) Prepare high-density, high-power steady-state operation 

2) Prove and assess elements of stellarator optimization 

water cooled target 

Uncooled but robust TDU: 

unique possibility to explore aggressively the configuration space 

flexibility to react on  

new insights and technical changes 

Guiding principles: 

1. increase density 
target: beyond X2-ECRH cut-off (~1.5…2 x 1020 m-3) 

divertor operation, towards high-nTt/high-b@low-n* … 

2. employ configurational flexibility 
optimization 

→ arrange physics topics along these lines 
 



80% 90% 

Guiding Principle 1: increase the density 

A. Dinklage for the W7-X Team 

 

25th IAEA Fusion Energy Conference,  

St. Petersburg, Russia (2014) 
FIP/3-1 

10/14 

towards safe divertor operation 
towards high-nTtE ,  

high n & high T → high-b 

80% 
90% EMC3/EIRENE simulations 

detachment in stellarator divertor plasmas 

6 5 4 

separatrix density (1019 m-3) 
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plasma scenario development 

Geiger et al., PPCF (accepted, 2014) 

X2 → O2 

EC heating 

transition 

… with stable 

configuration 

3 2 

Y. Feng 

with high radiation fractions 

(control: Lc, x-point location, nus) 
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Lore et al., Lumsdaine et al., IEEE Trans. Plasma Science (2014) 

 

W7-X coils & protection components: systematic explorations & adjustments 

Configurational flexibility: qualify scenarios & address physics topics 

Guiding Principle 2: exploit configuration space 

Geiger et al., EPS 2014 

mod B 

red: high 

blue: low 

scraper element 

planar coils 

modular coils 

W7-X coil set (1 of 5 modules) 

trim coil 
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Safety Diagnostics & Control 
freedom in OP1.2 to prepare high-power divertor operation …  

… prepare safe steady-state operation  

Heating 
at moderate densities: small ECCD (some 10kA) for configuration adjustments 

at high-densities: transition from X2- to O2- heating 

… provide means for high-density operation / configuration control 

Fuelling and Density Control 
avoid core depletion by 3D transport (thermodiffusion) 

… qualify fuelling schemes 

… control core and separatrix density 

→ mitigation of operation risks with water-cooled PFCs (OP2) 

 

Divertor operation schemes  
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Impurity Transport 
avoidance of impurity accumulation 

understanding 3D transport (edge/core) and control of sources 

 Regana et al, Alonso et al. Turbulence & Improved Confinement Modes 
study the interplay of turbulence, magnetic geometry and Er 

beyond neoclassical transport & improved confinement modes  

3D Fast-Ion Physics  
generation, detection and configuration dependencies 

qualify and prepare fast-ion physics studies 

Helander et al. TH/1-2  

 Ongena et al. TH P6/60  

High-beta, MHD 
prepare the assessment of collisionless particle confinement 

towards high-beta operation in OP2 and MHD effects 

begin the physics exploitation of optimized stellarators 

 



Preparation for the actively cooled divertor is the  primary target of the first phase. 

Long term goal: Basis for a HELIAS FPP 

W7-X: bring the HELIAS line to maturity 

PFC-technology structures the way to reliable, steady-state, high –nTtE  operation 
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* from: Fusion Electricity: A roadmap to the realisation of fusion energy (F. Romanelli et al., EFDA, 2012) 
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Wendelstein 7-X 

en-route to a HELIAS Fusion Power Plant 

• achieve steady-state, high-nTitE  plasmas 

• gain predictive capabilities 

 

First Phases (pulsed, lower power):  

• qualify divertor & develop scenarios 

• start to address the physics of optimization 



Impurities 
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avoidance of impurity accumulation:  

employ the interplay of transport, sources (SOL),  

and improved operation modes 

Improved Confinement Modes: 

High-Density H-mode transition in W7-AS 

 McCormick et al., PRL (2002) 
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avoidance of impurity accumulation 

understanding 3D transport (edge/core) and control of sources 
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study the interplay of turbulence, magnetic geometry and Er 

beyond neoclassical transport & improved confinement modes  
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generation, detection and configuration dependencies 

qualify and prepare fast-ion physics studies 
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towards high-beta operation in OP2 and MHD effects 
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Wendelstein 7-X 

en-route to a HELIAS Fusion Power Plant 

• achieve steady-state, high-nTitE  plasmas 

• gain predictive capabilites 

First Operation Phases (pulsed, lower power):  

• qualify safe divertor & develop steady-state 

scenarios 

• start to address the physics of optimization 



Preparation for the actively cooled divertor is the  primary target of the first phase. 

Long term goal: Basis for a HELIAS FPP 

W7-X: bring the HELIAS line to maturity 

PFC-technology structures the way to reliable, steady-state, high –nTtE  operation 
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Step-Ladder Plots to Fusion Power Plants 

simultaneous view: operation ranges and b, r*, n* 
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The Way to a HELIAS Reactor 

ITER-like shaped tokamaks HELIAS-line 
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Wendelstein 7-X – still a large gap 

but  large enough to assess reactor physics aspects. 

r* 2r* r*/2 

b 

2b 

b/2 

n* 

10n* 

100n* W7-X 

W7-AS 

HELIAS 5-B 

b 

2b 

b/2 2r* r* r*/2 

100n* 

10n* 

n* 
DEMO 

ITER 

JET 

AUG 

Lackner, Fusion Sci Technol. 54, 989 (2008) 

C.D. Beidler 


