
New Trends in Fusion Research
Ambrogio Fasoli

Centre de Recherches en Physique des Plasmas
Ecole Polytechnique Fédérale de Lausanne

and MIT –USA
CERN Academic Training Programme

11-13 October 2004
Credits and acknowledgments  

EFDA, CRPP, MIT-PSFC, PPPL, LLNL, SNL, IFE Forum, US-DoE, 
ILE Osaka, ESA, NASA, LLE, UCB, UKAEA, ….. with

apologies to the many authors from whom I have ‘stolen’ viewgraphs



Lay-out of Lecture 4

• Magnetic fusion physics challenges (cont.)
– Plasma wall interaction (cont.)

• Main issues and the divertor concept
• Ex. of ongoing research: controlling edge instabilities
• Choice of materials

– Transport and turbulence
• Non-collisional transport
• How to limit the turbulence and its effect on transport?

– Advanced tokamak operation: a promising route?
• High gain, quasi steady-state



Fusion plasma physics challenges
– Large power density and gradients 

(10MW/m3 ≈ 30’000×sun’s core), 
anisotropy, no thermal equilibrium

• Macro-instabilities and relaxation processes

solar flares, substorms

– Dual fluid/particle nature
• Wave-particle interaction (resonant, nonlinear)

coronal heating

– Turbulent medium
• Non-collisional transport and losses 

accretion disks

– Plasma-neutral transition, wall interaction
plasma manufacturing

Huge range in temporal (10-10 105 s) and spatial scales (10-6 104 m)



Plasma wall interaction issues
• Withstand power fluxes

– Limit erosion, melting 
• Steady-state
• During transient edge 

instabilities

• Keep the plasma pure
• Minimise T retention
• Exhaust power and 

particles 
the divertor concept
– Separates plasma surface 

interactions from confined 
plasma



Main elements of divertor principle are 
included in 2-D codes (steady-state)











The problem of transient edge instabilities

Transient transport

Slides from G.Counsell, IKAEA
Eich, 2003

• Collapses intermittently, 
releasing power and 
particles beyond separatrix

• Edge Localised Modes, 
ELMs

pedestal

• PFUS ∝ pped
2 - high

pedestal very desirable
Kinsey 2003

• Pedestal maintained close to 
marginal stability to MHD   
instabilities (peeling-
ballooning modes)



Transient transport
• Materials physics sets limit 

on allowable ∆WELM

Federici, 2003

ITER



Transient transport
• Some ELMs (Type I)

also deposit energy & 
particles on first wall

• 10-50% ELM energy 
arrives at wall

Counsell, 2000
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Transient transport
• Type I ELMs (at least) now 

also deposit energy & 
particles on first wall

• 10-50% ELM energy arrives 
at wall

• Localised deposition due to 
ELM structure

Kirk, 2003
Could lead to melting of first 
wall (e.g. Be)



Methods to control ELMs?
An open field of research

Ways ahead:
• Reduce the pedestal height 

and gradient
• Move from coupled peeling-

ballooning to peeling modes
⇒ Different type of ELMs 
(Small Type III)
• Gas puffing is a simple way 
to achieve this
Problem - reducing pedestal 
height also reduces core 
performance



Transient transport
Ways ahead:
• Add impurity species to 

edge plasma
• Increased radiation reduces 

conducted edge losses
⇒Impurity seeded regimes

Potential problem -
• In some experiments (e.g. 

JET), confinement usually 
is reduced by impurity 
seeding
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Ways ahead:
• ‘Alternative’ small ELM 

regimes with high 
confinement

•Obtained at high triangularity, 
relatively low current, high density

JET
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Transient transport

Problem -
• Very narrow operating space
• ‘Formula’ different on each 

device



Transient transport
Ways ahead:
• ‘Ergodise’ edge plasma 

using perturbations from 
external coils

⇒ Stochastic boundary 
controlIcoil

DIII-D

Moyer, 2003

II-coil

H98

Vφ

Hα,div

Ptot, PNBI, Prads

DIII-D/CEA

Thomas, 2003



Ways ahead:
• ‘Ergodise’ edge plasma 

using perturbations from 
external coils

⇒ Stochastic boundary 
control

Icoil

Ways ahead:
Stochastic boundary control
• Resonant perturbation 

demonstrated
• Small ELMs
Problem:
• Very early days, none 

identified as yet
• Some large ELMs

I-coil

Without I-coil

Small ELMs

Occasional large 
ELMs (q=4/3 
related?)

DIII-D/CEA
Thomas, 2003

q95=4.8 - 3.8

I-coil on
q95

q95=3.8 - 3

q95=3.8

DIII-D
/CEA

Thomas, 2003

Transient transport



Ways ahead:
• Control the ELM 

frequency by multiple 
shallow pellet injection

• Actively increasing ELM 
frequency reduces ∆WELM

• No apparent impact on 
confinement

• Can small pellets penetrate 
deep enough in a reactor?

Transient transport

Lang, 2003



What material for first wall and divertor?
• Experience with C from present day experiments

Long term fuel (T) retention 
JET 10% 
TFTR 13%
Equivalent ITER T limit (350g) would be reached in less than 50 shots

• Present understanding: Tritium is retained by co-
deposition with carbon, on the plasma facing sides or on 
remote areas

• Full C walls would give unacceptable retention of T
– Unless new techniques to remove co-deposited T are found



ITER

700m2 Be first wall 
Low Z 
Oxygen getter

100m2 Tungsten 
low erosion

50 m2 Graphite CFC 
no melting

Present ITER wall material 
choice 

What material for first wall and divertor?

EPS 2003, Petersburg
EU-PWI-Task Force



Details of ITER divertor geometry



Fusion plasma physics challenges
– Large power density and gradients 

(10MW/m3 ≈ 30’000×sun’s core), 
anisotropy, no thermal equilibrium

• Macro-instabilities and relaxation processes

solar flares, substorms

– Dual fluid/particle nature
• Wave-particle interaction (resonant, nonlinear)

coronal heating

– Turbulent medium
• Non-collisional transport and losses 

accretion disks

– Plasma-neutral transition, wall interaction
plasma manufacturing

Huge range in temporal (10-10 105 s) and spatial scales (10-6 104 m)



Turbulence and non-collisional transport
• Confinement time τE~(size)2/χ;  χ~(step size)2×ν
• Collisional (classical) theory:

– ν = Coulomb collision frequency
– (step size) = particle orbit size: what is it in a tokamak

Size~ρLq(2a/R)



Turbulence and non-collisional transport

• But τE
meas << τE

coll anomalous transport
• Anomalous transport is caused by drift wave

micro-turbulence, generated by pressure gradients
– Drift waves: universal instabilities associated with 

pressure gradients 



Effect of drift waves on transport
• Waves give ‘kicks’ (E×B) to particles transport 
• Step size ~ λ,   ν ~ (correlation time)-1

• But small λ weak transport: cannot explain 
observation!

• Theory: Nonlinear evolution of turbulence leads to 
radially extended structures which are responsible
for large transport

• Possible cure: Shear flows driven by radial electric 
fields break these structures, reducing radial 
correlations, diffusivity, turbulence amplitude

Courtesy of B.Nevins, DoE 
SciDac initiative



Sheared flows cause enhanced confinement?



Transport barriers



Observed enhanced confinement
– Several tokamaks see indications of reduction of 

turbulence in the presence of strong shear flows 
(compared to growth rate of most unstable mode)

• Reduction of turbulence can 
lead to ‘internal transport 
barriers’
– Ex. electron ITB on TCV 

with strong (~3MW) ECRH

Y.Martin et al., EPS ‘03



R.Goldston, PPPL 
Director,
Review of Plasma 
Science and Fusion 
program by US National 
Academy of Sciences, ‘02

Motivation for a specialised device



10-4-10-5mbarNeutral gas pressure

Ar, H, N, …Gas

Te~10eVElectron temperature

n~1017m-3Plasma density

PRF<50kWInjected 
power@2.45GHz

50-200msPulse duration 

B<0.1TMagnetic field

0.2mMinor radius

1mMajor radius

• Plasma produced by RF power 
f=2.45GHz ~ fce=eB/me

• Field configuration:
Btoroidal + Bvertical

The TORPEX device at CRPP

EC layer



Relation between profiles and wave spectra



Reconstruction of ‘structure’ dynamics in 
drift wave turbulence

Conditional average sampling of density fluctuations

Density fluctuation structures        
f > 1kHz

Density



Open questions on turbulence and transport
• Development of drift waves from linear to 

turbulence
– Control of gradients

• Self-generated macro-structures
– Mechanisms for creation and growth

• Related transport
– Diffusive, ‘large’ events, statistics, universality

• Ways to reduce turbulent transport
– Shear flows imposed from outside (waves, external E-

field,…)



Advanced tokamak concept

• Can fusion power / cost be improved ?
– Improve β-value (Pfus ∝ β2 B4) and confinement

• Tailor discharge to increase β
• Reduce transport by strong rotation and shear

• Can a tokamak be turned into a steady-state 
(or very long pulse) device?
– Need ways to generate ‘non-inductive’ current



Localised current drive by Electron 
Cyclotron waves



Fully ECCD driven discharge in TCV



Lower hybrid current drive (Ωi<ω<Ωe)



Lower hybrid current drive: results



The self-generated bootstrap current
Needs a strong pressure gradient



Reminder: the safety factor q



Magnetic shear = r/q(dq/dr)

• Role of negative shear region 
– Helps creating transport barrier in the core by 

producing strong (sheared) rotation







Advanced tokamak regime



Advanced tokamak regime in JET

Ti



Real-Time Control of ITBs in JET

•ITB is controlled during 7.
at Vs~0 with 100% of non
inductive current

•PLHCD to slow down q(r,t)

•PNBI controlled by Neutron

•PICRH controlled by at 
the ITB location

•More stable regime and mild 
impurity accumulation with 
RT control

Active control
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Advanced tokamak regime



Optimisation of fusion power plant based 
on advanced tokamak concept
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The plasma transport matrix
• Similar transport mechanisms occur for heat and 

particles, and other plasma quantities, although 
some off-diagonal terms may play role
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