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Physics of and Achievements with the H-mode 
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Goal of fusion: energy source from fusion reaction 

 

Conditions to be met: Lawson-conditions;  

triple product: niTitE > 5 1021 m-3keVs 

Steady-state: 

Power switch-off: 

0-dim energy balance: 
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Confinement and transport 

Thermal plasma energy content: 

Power flux across edge 

in steady-state: 

Confinement and diffusivity: 

Importance of tE:  

 

 Triple product:  nTtE ~ tE
2 

 

 Fusion power:  Pfus ~ b2B4 ~ tE
2
 

1 

c ~ 1m2/s;  

a ~ 1m;  

tE ~ 1s 
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Transport in toroidal systems 

Random walk conception: D ~ Dx2/Dt 

 

Parallel to magnetic field: Dx ~ l; Dt ~ tcoulomb 

 

Perpendicular to magnetic field: Dx ~ rL; Dt ~ tcoulomb 

 

In toroidal geometry: Dx ~ banana width; Dt ~ ttrapped-free;  

 fraction of trapped particles enters 

 

In helical systems (3D): helical ripple enters; collisionless losses 

=> Stellarator optimisation by quasi-symmerty 

2D 

3D 
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Turbulent transport 

<n v> ~ ~ 

microinstabilities drive turbulent eddies:   

   radial extent (radial correlation lenght rc) ~ 1 - 2 cm 

 

typical lifetime of turbulent eddies (correlation time tc): 0.5 - 1 ms 

 

    Ý - convective transport 

         - heat flux  q = n <Tv>  & particle flux G = <n v> 

         - effective transport coefficients  

  D ~ rc
2/ tc = g k^

-2
 ~1 m2/s 

~~ ~ ~ 

Potential Density 

radial 

B Ðp 
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Scaling Laws 

Å Regression analysis with the ansatz 

 

 

 

 

 

 

 

 

Å ISS95 for stellarators (and tokamaks) 

ïminor radius aa = +2.21 

ïmajor radius aR = +0.65 

ïheating power aP = -0.59 

ïdensity  an = +0.51 

ïmagnetic field aB = +0.84 

ï Iota  ai  = +0.40 

Tokamak scaling 

L-mode scaling (1989) 

H-mode scaling (H(y,2)) 

 

Stellarator scaling 

ISS95, ISS04 

 

Similar confinement times in  

tokamaks and stellarators 
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Importance of improved confinement 

Q = Pfus/Pext 

H 
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Characteristics of the H-mode transition 

(ASDEX,1982) 

dwelltime 

sawteeth sawtooth-free 
ELMs 

The main features of the H-mode 

 the marker for the transition is the drop in the Ha-radiation 

 a spontaneous and distinct transition out of state in transport equilibrium 

 both energy- and particle confinement time increase simultaneously 

 new instabilities appear in the H-phase: ELMs, edge-localised modes 
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The plasma edge becomes quiescent and sharp 

NSTX 
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Turbulent edge filaments in L-mode and in H-mode between ELMs 

Different edge activities in L- and H-modes 

N. Ben Ayed, MAST 
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(1) L- and H-modes differ in energy confinement time by about a factor of two: 

 two operational branches exist; the space in between in not accessible. 

 energy, particle, impurity, and momentum confinement improve simultaneously 

    

(2) The H-mode transition has a power threshold Pth:  

 Obviously, a critical condition has to be met via heating.  

 

(3) There is a dwell time after the heating power has been increased  

 A formation process has been initiated by stepping up the heating power with a 

 time scale depending also on external settings (power, configuration (SN+, DN, SN-)).  

 

(4) When the heating power has been switched off, the plasma remains in the  

 H-phase again for a dwell time in the order of the confinement time:  

 The plasma does not hover at the transition condition but goes deeper into the  

 H-mode domain. The dwell-time points to the existence of an hysteresis. 

 The back-transition is of specific interest because the plasma is not driven but  

 evolves in equilibria according to its internal time scales. Also the back transition  

 occurs in a distinct step ï the gap between H- and L-mode branches.  

 

(5) There is also a low density threshold:  

 the critical transition condition cannot be met  

 (local circumstances: radiation, locked modes).  

Initial observations 2 
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( 6) Large sawteeth can trigger the H-mode: 

 The critical parameter seems to be a local condition at the plasma edge,  

 which can be met by a thermal wave  

Initial observations 

(7) ELMs appeared in the H-mode as a new type of edge instability. 
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Overview over transition characteristics 

Major results from W7-AS 

Implication of the stellarator H-mode: 

-H-mode is a ubiquitous characteristics  

 of toroidal confinement 

- iota at the separatrix is finite: the  

 magnetic shear anomaly of the  

 divertor configuration is not essential 

-the ambipolarity is determined by Ge = Gi 

 (enforced ambipolarity) 

-toroidal rotation is highly damped 

-Pth like tE do not show an isotopic effect 

 

Relevant differences to tokamaks 

-Pth
stell < Pth

tok (by ~ factor 2) 

-H-mode in selected iota-windows only 

cut 

off 
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Pth is lower 

 
(1)  with separatrix instead of limiter operation 

 

(2)  in deuterium instead of hydrogen plasmas 

 

(3)  in clean instead of dirty plasmas 

 

(4)  with gas fuelling from the divertor or the high-field side instead of the low-field 

 side 

 

(5)  in single null plasmas with the ion-grad B-drift to the X-point (SN+) instead of 

 away from it (SN-) ;  

  in double null plasmas (DN), Pth is in between:  

 

  Obviously, a supporting / prohibiting aspect nullifies in the symmetric case. 

 

 

  

Dependencies of the power threshold 
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Two variants of the H-mode: with and without ELMs 

 with ELMs:  moderate increase in confinement time 

   suitable for steady-state operation 

 without ELMs:  transiently better confinement; impurity accumulation 

Specific observations 
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Change in the prominent mode activity 

Relaxations in the plasma core during ohmic heating: Sawteeth 

 

Relaxations at the plasma edge in the H-phase: ELMs 

Post-beam-pulse (PBP) Te-rise 
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Initial and final dwell times 

NBI 
H-mode 

L-H 

dwell time PBP H-L 

dwell time 

Change  

in slope 
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Short H-phases in the PBP Te-rise 

Importance of Te; theory now: Te/ÕLn 

ELMs 


