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#62218: plasma visible light emission

Limited

t = 3.0 
s

Diverted

t = 12.0 s
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Edge-Transport-modelling...
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see eg. Nucl. Fusion 52 
(2012) 013009, R. Goldston
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Modelling − computational grids

 Standard grid topology is restricted to
plasma-wall contact at target plates

 Missing processes at "white spots":
• || and ⊥  transport to wall
• ionisation & transport of eroded atoms

 Extend grid and tailor to 1st wall
 Fill with plasma using extrapolation

from original grid

atoms/ions are teleported
between wall and grid

more realistic transport
and ionisation processes

mainly important in
lower half of vessel
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 Assumption: only Be sources at wall segments exposed to || flux
 Standard grid

 deposition || B restricted to target plates

 Assumption: only Be sources at wall segments exposed to || flux
 Extended grid

 deposition || B also to parts of main chamber wall

Calculated Be density

Betot Betot
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Distribution of Be deposition flux

With standard grid

With extended grid

At present still lack of adequate plasma codes for wall fluxes
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Spatially very 
inhomogeneous:

3-D modelling is 
necessary also in 
tokamaks
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• Physical Sputtering

• Chemical Erosion

• Chemical Sputtering

• Radiation Enhanced Sublimation

• Photon Induced Desorption

• Evaporation & Sublimation

• Brittle destruction

• Melting & Splashing

• Arcing

• Neutron Induced Damage
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• Physical sputtering is the kinetic ejection of surface atoms by 
incident energetic ions or atoms due to collision processes   
(playing billiards with surface atoms)
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• Physical sputtering is the kinetic ejection of surface atoms by 
incident energetic ions or atoms due to collision processes   
(playing billiards with surface atoms):   

Momentum reversal is required
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Monte Carlo Simulations based on the binary collision approximation (bca) 
(by codes like TRIM.SP, TRIDYN, ...)

 calculating asymptotic trajectories of consecutive collisions between projectile 
and target atoms

continuous drag by electronic stopping

 randomly choosing the distance to the next collision partner,
the collision parameter, and
the azimuth.

 following the projectile and all colliding 
   target atoms that received a certain 
   minimum energy

 bca breaks down for -low energies (<50 eV)
-molecules

Molecular dynamics (MD) simulations

  Quantitative Evaluation:
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Comparison  MD vs TRIM simulation  (K. Tichmann)
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• Physical sputtering is the kinetic ejection of surface atoms by 
incident energetic ions or atoms due to collision processes.   
(playing billiards with surface atoms).

• Chemical erosion is a selective removal of surface atoms by 
chemical reactions, forming volatile reactants that can desorb.

Chemical Erosion
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• Physical sputtering is the kinetic ejection of surface atoms by 
incident energetic ions or atoms due to collision processes.   
(playing billiards with surface atoms).

• Chemical erosion is a selective removal of surface atoms by 
chemical reactions, forming volatile reactants that can desorb.

• Chemical Sputtering is a process whereby ion bombardment 
causes or allows a chemical reaction to occur which produces 
a particle that is weakly bound to the surface and hence easily 
desorbs in the gas phase:

Synergistic effect may increase erosion by orders of magnitude!

Chemical Sputtering
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Basic mechanistic picture of chemical sputtering 

Ions break C–C bonds.

H binds to these bonds and prevents 
their recombination.

Repeated bond breaking and H 
attachment incrementally “unhinges” a 
hydrocarbon molecule from the film.

As soon as a last bond of a 
hydrocarbon molecule to the carbon 
network is broken, the molecule leaves 
the film surface.

x

volatile species

a-C:H film:       carbon       hydrogen

ions

H°
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Bulk 
material

Bulk 
material

    Temperature   

Dynamic system

Initial surface 
composition

Initial surface 
composition

Plasma impurity
concentration

Plasma impurity
concentration

  Erosion by hydrogen

      Re-deposition

Erosion by impurities
and self sputtering

        Deposition

Plasma transport

     Sublimation          Diffusion

  Phase formations

    Layer growth

Dynamic surface 
composition

Dynamic surface 
composition
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Physical sputtering

Surface concentration C

Lab: OPEN system

Particle
source

ΓOUT=CΓ INY Sputter

Fast particles  Sputtering 

ΓOUT
ΓIN
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Physical sputtering

Tokamak: CLOSED system

BGP

Γ Sputtered=C (Γ BGP+Γ IN )Y Sputter

ΓINΓBGP

ΓReflection

BGP  Sputtering 
Deposition
Reflection
Re-erosion

Γ IN= ∑
sources

(ΓSputtered+Γ Reflection)R

ΓReflection=Γ IN Y Reflection

Surface concentration C
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Physical sputtering

Tokamak: CLOSED system

ΓIN

…
BGP

ΓBGP

Γ IN= ∑
sources

(ΓSputtered+Γ Reflection)R

Γ Sputtered=C (Γ BGP+Γ IN )Y Sputter

ΓReflection=Γ IN Y Reflection
ΓReflection

Large algebraic equation system …Large algebraic equation system …

Γ ( time,space, species, chargestate )

Y (species,kinetic energy )

BGP  Sputtering 
Deposition
Reflection closed system
Re-erosion no material loss

Surface concentration C
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Physical sputtering

Tokamak: CLOSED system

ΓIN

…
BGP

ΓBGP

BGP  Sputtering 
Deposition
Reflection closed system
Re-erosion no material loss

Γ IN= ∑
sources

(ΓSputtered+Γ Reflection)R

Γ Sputtered=C (Γ BGP+Γ IN )Y Sputter

ΓReflection=Γ IN Y Reflection
ΓReflection

Large algebraic equation system …Large algebraic equation system …

∂C
∂ t

=Γ IN
−Γ Sputtering

+. ..

Γ ( time,space, species, chargestate )

Y (species,kinetic energy )

… coupled to a large differential 
equation system  challenging even without
feedback to plasma (trace impurities??)
- Memory kernels (due to temperature)

… coupled to a large differential 
equation system  challenging even without
feedback to plasma (trace impurities??)
- Memory kernels (due to temperature)

Surface concentration C



        U. von Toussaint, Summer University,IPP

 Concentration limit for 
sustained ignited plasma:

 Beryllium, Carbon≈ 10-2

 Tungsten≈ 10-5

Radiated power density per atom

However: Radiative divertor cooling in all metal devices 
requires impurity seeding...

fW÷1000

T. Pütterich, 2006

W
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Sputtering by seeded/intrinsic impurities

 Impurity ions → sputtering threshold energy for W lower by factor ≈10

 Under divertor conditions W sputtering only by impurities

  Issue for developing radiatively cooled plasma scenarios
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Plasma temperature (eV)

 D+ → Be

 D+ → W

 0.4% Ne4+ → W

 0.2% Ar5+ → W

 2% C3+ → W

Sputtering yields for 
incident ions with 
Maxwellian energy 
distribution + sheath 
energy gain 3 Z k Te
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JET #62218

t = 19.05 s, ELM-free t = 19.06 s, Type I ELM

Dα

Time (s)
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By MHD instabilities (disruptions, edge localised modes - ELMs) a 
fraction of the plasma stored energy is deposited in short pulses on 
plasma facing components

Size scaling! ⇒ No problem for present fusion experiments BUT:

Example - ELMs in ITER

Wthermal 350 MJ

energy drop 2-6 %

per ELM  ≈ 15 MJ

deposition time 0.1 - 0.5 ms

deposition area 6 m2

power density ≈ 10 GW/m2
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In transient events the energy must be absorbed by the target material. Heat 
capacity is essential (inertial cooling)

T ( t) = P * ( 2 / π   λ   ρ   c ) 0.5 * t 0.5 

         temperature   power conductivity  density    heat capacity   time 

 t = 0.00025 s  Tmax = 6000 oC     Penetration depth: 0.15 mm

Graphitesubl. thresh.=  2200 oC 

Tungsten: Tm = 3410 oC, Tb = 5660 oC

Graphite target will sublimate quickly and undergo brittle destruction

Metals will melt   ⇒  loss of melt layer by forces on induced           
currents

No material solution ⇒ Plasma physics must solve this problem!
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Neutron damage investigations are difficult (100dpa(!))
• heavy ion bombardment as substitute for n-fluence
• licensing 
• IFMIF as test facility 
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Neutron damage 
simulation: Extreme 
multiscale problem

- 20 orders of 
magnitude in time,

- 10 orders in space
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Formation of T inventories

Inventory in full metal devices determined by

• Diffusion and

• Trapping in defects

• Interfaces

in addition: Thermal Desorption Spectroscopy (TDS) data 
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Alimov (2003)
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Formation of T inventories

Inventory in full metal devices determined by

• Diffusion and

• Trapping in defects

• Interfaces

• Analysis typically involves inversion of noisy ill-conditioned 

nonlinear integral equations   

Key factors:  

•Temperature T(t) 

•Impinging fluxes (interacting) 

•surface properties (recombination)

•Material structure

Y (E;E0)=∫dx c ( x ) s (E (c ( x ) ,x ) )+b
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Diffusion: Experiments are challenging → strong support from 
simulations needed

Various levels of 
approximations:

•TSTs

•Fokker-Planck-Eq

• Diffusion-Trapping

   models

MD-Approaches:

•TAD

•Parallel Replica

•Hyperdynamics

MC-Approaches:

•KMC

Formation of T inventories
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• Blister formation (gas filled bubbles caused by D implantation):

 Relatively strong blistering of non-recrystallized tungsten

Non-recrystallized

100 μm

before 
implantation

Tritium inventory: Blisters

optical micrograph (DIC)

initial 
sample surface
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100 μm

6·1024 D/m2

Tsample = 370 K

• Blister formation (gas filled bubbles caused by D implantation):

 Relatively strong blistering of non-recrystallized tungsten

 Blister size and density depends strongly on implantation temperature

Non-recrystallized

Tritium inventory: Blisters

optical micrograph (DIC)

many large 
blisters
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Erosion by sputtering, chemical reactions 
(and power transients)

Wall materials

TransportErosion Deposition

Re-erosion

Wall materials

Fuel ions + atoms (charge exchange) + 
impurity ions bombard 1st wall

Plasma
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after ≈ 1 
hour
plasma 
operation

Layer deposition and
material mixing!

Freshly installed tungsten
divertor in ASDEX Upgrade

Carbon at
main wall

Deposited layers may form ever growing inventory of buried fuel! 

What are the consequences of material migration?



        U. von Toussaint, Summer University,IPP



        U. von Toussaint, Summer University,IPP



        U. von Toussaint, Summer University,IPP

Layers delaminate and flake off, forming

radioactive and chemically reactive dust

Potential radiation + explosion hazard!

What happens if deposited layers become too thick?
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YES! Example: beryllium and tungsten can form alloys

Negative consequences of material mixing?
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Summary: the initial ITER 1st wall configuration

First wall design of DEMO: u.i.
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Summary: the final ITER 1st wall configuration

Replaced
by tungsten

First wall design of DEMO: u.i.
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Thank you 
for your attention

Questions?
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Hydrogen transport in tungsten

Example: Grain boundary diffusion of H
Well known in other materials (SS,Ni1))

• May dramatically alter diffusion properties:
• Transport in large asymmetric random networks
• Percolation theory on sparse 107 x 107 matrices

GB may enhance or suppress diffusion 
1) A.M. Brass, Acta mater. 44 (1996), 3823
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Hydrogen Transport in Tungsten

20 µm 20 µm

20 µm

1200 K / vacuum
60 min

1700 K / Argon
30 min

2000 K / Helium
30 min

1500 K / Argon
30 min

20 µm

Tungsten...
Description requires structural and material parameters

courtesy A. Manhard
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Hydrogen transport in tungsten

Computation of transport 
network:

• Challenge: Locate all Sps
(NEB, DIMER methods fail)

• MD relaxation of GB sample

c
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Molecular dynamics: High flux simulations 

Blister formation: Supersaturation at C-rich site
Gas pressure: 2GPa
Depth: 2 nm
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Results: influence of surface temperature on erosion (1)
high fluence 1·1025 He/m² 

Low temperature: no bubble formation was observed
Tsurf ≥ 1000°C: strong bubble formation dominates erosion pattern

Further investigation: confirmation of results, determination of “bubble start 
temperature”

Tsurf=1450°C

1 µm

Tsurf=1000°C

1 µm

Tsurf=200°C

1 µm

calculated erosion: 5 µmnote: 70 nm penetration depth FIB: M.Balden
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AUG with W wall: Radiation profiles (bolometry)

Motivation for N2-seeding

[A. Kallenbach et al., Nucl. Fusion 49 (2009) 045007]

Total radiated power:
4.5 MW 3.4 MW 4.5 MW
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Ions: energy gain 3ZkT
e
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Plasma parameters:

Sound velocity: ~10 000 m/s:

C_s= 9.79*10**5*sqrt( ((1+2/n)*Z*T_e[eV]/(m_i/m_p))) [cm/s] 
(NRL Plasma formulary, p. 29)

D_perp ~1m/s
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