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FOM Institute for Plasma Physics FOM Institute for Plasma Physics 
RijnhuizenRijnhuizen

• National homebase for Fusion in The Netherlands
•Joint research program in fusion with FZ Jülich and RMA 
Brussels: TEC
•Focus on: PSI (new), Mesoscopic structures, Plasma 
diagnostics, ECRH
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Rijnhuizen in winter:Rijnhuizen in winter:
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Oil price skyrocketing and confined, 

politically controlled supply

CO2 emission and climate change

Fusion Energy: 

let’s build a sun on earth



Arches  5 / 38

As s oc ia tion E ura tom-FOM                Trila tera l E ureg io 
C lus ter

Nuclear fusion: Nuclear fusion: 22D + D + 33T T →→ n +  n + 44HeHe

No chain reaction: no runaway danger
Total reaction: 2D + 6Li → 2 4He +  22.4 MeV.  
Compare: 2 CO + O2 →2 CO2 + 10 eV
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Coulomb barrier and nuclear attractionCoulomb barrier and nuclear attraction

Overcoming the barrier requires 20.000 eV (> 200 000 000 oK)
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The reactor geometry: the Tokamak
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China opens one of 
those every week!!
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Plasma Wall Interaction in tokamaks

Divertor in ASDEX upgrade
and ITER
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Detached regime, divertor radiationDetached regime, divertor radiation

•Field and plasma lines hit divertor surface at a few degrees: 200 rotations 
before hitting it
•Carbon radiation cooling plasma before the surface (detached), not at the 
surface (attached)
•Low energy plasma, at or below threshold for physical sputtering 
•Self regulating, self protection
•Gas puffing helps
• from: Kallenbach, et al. Plasma Physics and Controlled Fusion 41 (1999) B177.
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Why does the plasma hit 
the wall:
44HeHe++++ ash and power disposal, gas  ash and power disposal, gas 
cleaning.cleaning.
Where does the plasma hit the 
wall?
LimitersLimiters
confinementconfinement
DivertorsDivertors
1) power exhaust: the detached 1) power exhaust: the detached 
plasma is radiatively cooled by gas plasma is radiatively cooled by gas 
collisions collisions 
2) control impurity level of the core2) control impurity level of the core
3) ‘ash tray’, He ion removal and D-T 3) ‘ash tray’, He ion removal and D-T 
recyclingrecycling
All plasma facing surfaces:All plasma facing surfaces:
elm’s,elm’s,  disruptions, accidentsdisruptions, accidents

Walls in ITER

Federici, et al. Nuclear Fusion 41 (2001) 1967
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Power and pulse Power and pulse 
duration:duration:

most experiments went for most experiments went for 
peak triple product in ‘short’ peak triple product in ‘short’ 
pulses, limits wall erosionpulses, limits wall erosion
Future devices have both Future devices have both 
power and long pulsespower and long pulses

From: www.nifs.ac.jp

Much research on Much research on 
hydrogen surface hydrogen surface 
interaction is needed interaction is needed 
for the long pulse for the long pulse 
regimeregime
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A simple (?) system at low flux:A simple (?) system at low flux:
Comparing theory and experiment in Comparing theory and experiment in 

dissociative adsorption of Hdissociative adsorption of H22 on Ru(0001) on Ru(0001)

Are experiments still required in 
theoretically well-developed fields

e.g. gas-surface dynamics?
Irene Groot, Hirokazu Ueta, Janneke van der Niet
Geert-Jan Kroes, Roar Olsen, Marc T.M. Koper, 

Aart W. Kleyn, Ludo Juurlink
Leiden University

Einsteinweg 55, 2333 CC Leiden, the Netherlands
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Ruthenium
Catalyst support

1. Modeling of reaction kinetics
2. Understanding of heterogeneous catalysis 

Dissociation Probability, S0 

impinging

ngdissociatiS
Φ

Φ
=0
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 Cleaning Ru(0001)
 Sputtering
 Oxygen treatment at 

1200 K
 Sputtering 
 Annealing at 1500 K
 Verify cleanliness and 

surface order

 King and Wells 
measurement of S0

 Time-of-Flight

H2/seed gas

Single King & Wells experiment

ΔP Pdrop

effusive

direct

P
P

S drop

impinging

ngdissociati

∆
=

Φ
Φ

=0
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• How does S0 vary with kinetic energy?

1. Mostly activated adsorption on a distribution of barriers
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1. No tunneling; ‘over-the-barrier’ reaction

• How does S0 vary with angle? 
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1. Barriers are oriented orthogonal to the surface
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• Ru(0001) has similar reactivity toward H2 

Pt(111)
Luntz, Brown, and 
Williams, J. Chem. 
Phys. 93, 5240 (1990)

Ni(111)
Rendulic, Anger, and 
Winkler, Surf. Sci. 208, 
404 (1989)

Rh(111)
Beult, Lesnik, and K.D. 
Rendulic, S urf. S ci. 429, 
71 (1999)

Pd(111)
Resch, Berger, Rendulic, 
and Bertel, Surf. Sci. 316, 
L1105 (1994)
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PW91

Vincent et al.,
J. Chem. Phys. 123 (6), 
044701, 2005
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• S0,max = 1• S0,max = 0.8

• narrower activation barrier 
distribution

• broader activation barrier 
distribution

• minimum activation barrier• low/non-activated pathways
TheoryExperiment

• 6D quantum-dynamics 
calculations

• two different PESs 
based on PW91 and 
RPBE functionals
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Ru(0001) The dependency of the dissociation probability Ru(0001) The dependency of the dissociation probability 
on Don D22 kinetic energy and CO coverage kinetic energy and CO coverage

• Surface temperature; 180 K

• D2 kinetic energy are controlled 
by nozzle temp. & gas mixing ratio 
with H2

• CO  were dosed by backfilling at 
TS < 200 K and quantified using 
integrals from TPD.

• D2 dissociation on CO/Ru (0001) is mainly 
an activated process.

• There is non barrier site for D2 dissociation 
which implies a-top of Ru surface.
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The dependence of the cross section for site blocking The dependence of the cross section for site blocking 
on Don D22 velocity velocity

• For 2000 ≤ vD2 ≤ 4000 m/s, size of cross section are almost constant.

• Cross section are slightly smaller than area of Ru-Ru nearest distance.

• For D2 high velocity, CO’s site-blocking capability decreases rapidly.
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Low flux regionLow flux region
• The sticking probability of H2 on surfaces like 

Ru(0001) and stepped Pt is not fully 
understood. 

• Simplest omissions in theory like e-h pair 
excitation of phonon excitation are unlikely to 
decrease the sticking probability

• Does DFT fail to give the right barriers?
• Site blocking by CO at high velocities is not 

simple geometric and not understood
• Is required for understanding of issues like 

catalysis and hydrogen storage
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Plasma and radical surface interaction Plasma and radical surface interaction 
two extreme cases:two extreme cases:

 weakly coupled  weakly coupled λλ>D >D  strongly coupled  strongly coupled λλ  ≤ ≤ DD

Particles produced disappear         Particles produced are 
returned

In both cases the effective temperatures and radical densities can be 
tuned, leading to strong synergistic effects, creating unique chemistry

Kleyn, Koppers, Lopes Cardozo, Vacuum 80 (2006) 1098
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Chemical erosion yields of carbon by hydrogen is Chemical erosion yields of carbon by hydrogen is 
non-linear in the fluxnon-linear in the flux

Erosion seems 
small but wall load 
in ITER per shot is 
104 times higher 
than in current 
machines!

Roth et al. J. Nucl. 
Materials 337-39 
(2005) 970.
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Diagnostic access is difficult; ITER is Diagnostic access is difficult; ITER is 
expensive.expensive.

Divertor region cools plasma from 10 keV to 1 Divertor region cools plasma from 10 keV to 1 
eV, issues:eV, issues:
  Surface stability in steady state  Surface stability in steady state
  Surface stability during disruption  Surface stability during disruption
  Tritium retention  Tritium retention
  10 MW m  10 MW m-2-2 power load power load

Needed for PSI studies:Needed for PSI studies:
  High flux: 10  High flux: 102424 m m-2-2ss-1-1

  High magnetic field: 3 T  High magnetic field: 3 T
  Continuous operation  Continuous operation
  Diffusion and migration measurements  Diffusion and migration measurements
  Surface dynamics and analysis  Surface dynamics and analysis

How: same target, different plasma generator.How: same target, different plasma generator.
But: plasma generators with T > 100 eV, high But: plasma generators with T > 100 eV, high 
density and degree of ionization do not existdensity and degree of ionization do not exist
B Field lines almost parallel to divertor, but B Field lines almost parallel to divertor, but 
perpendicular to sourceperpendicular to source

Experiment on walls in ITER

Federici, et al. Nuclear Fusion 41 (2001) 1967

Hot fully ionizing source
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E ros ion and depos ition of CE ros ion and depos ition of C
in P ilot-PS Iin P ilot-PS I

The Pilot-PSI and Magnum-PSI team:The Pilot-PSI and Magnum-PSI team:
Gerard van Rooij,Gerard van Rooij, J. Westerhout, G. Wright, W.A.J. Vijvers,  J. Westerhout, G. Wright, W.A.J. Vijvers, A.E. Shumack, H.J. van der A.E. Shumack, H.J. van der 
Meiden, R.S. Al, H.J.N. van Eck, B. de Groot, W.R. Koppers, M.J. van de Pol, Meiden, R.S. Al, H.J.N. van Eck, B. de Groot, W.R. Koppers, M.J. van de Pol, 
P.R. Prins, L.W. Veldhuizen, A.W. Kleyn, W.J. Goedheer, N.J. Lopes CardozoP.R. Prins, L.W. Veldhuizen, A.W. Kleyn, W.J. Goedheer, N.J. Lopes Cardozo

: D.G. Whyte : D.G. Whyte 

                   : R. Engeln, D.C. Schram                   : R. Engeln, D.C. Schram

                   : Forschungszentrum J                   : Forschungszentrum Jülich (TEC)ülich (TEC): S. Brezinsek: S. Brezinsek

T E CAs s oc ia tion E uratom-FOM

http://mit.edu/
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E xperimenta l: P ilot-PS I

Source TargetB

Coils

pumps



Arches  27 / 38

Association Euratom-FOM                Trilateral Euregio Cluster

E xperimenta l: D iag nos tic s

CH spectroscopy

Target

Calorimetry on cooling water

Thomson Scattering at 17 
mm in front of target
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E xperimenta l: ta rg et expos ure
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R es ults : Thoms on S c attering  and 
E mis s ion S pec tros c opy
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R es ults : c onditions  a t ta rg et

van Rooij, Veremiyenko, Goedheer, de Groot, Kleyn, Smeets, Versloot, Whyte, 
Engeln, Schram,,  Lopes Cardozo, Appl. Phys. Lett., 2007, 90, 121501
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Erosion  0.94 mm≈ 3

Deposition  0.47 mm≈ 3

       50% redeposition 
(Vol.% !)
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R es ults : eros ion/depos ition profile
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R es ults : c omparing  Γ, T s urf and P ta rg et
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C onc lus ions
• Exposures at flux densities of 1-5·1 024 m-2s-1 
demonstrated

• Calculated sheath flux agrees with power to target
• Flux sets surface temperature up to ~1400 K
• Up to 50 vol.%  redeposition observed
• (Preliminary) chemical erosion yield drops by factor 
50 by elevating surface temperature from 600 to 1400 
K

BUT:
• Pressure at target high with respect to ITER
• Only normal incidence, small target
• Magnetic field (<1 .6 T pulsed)
• Need to design new machine: MAGNUM-PSI
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S1=33.000 m3/h
S2=34.000 m3/h

S3=36.000 m3/h3 Pa
1.5 Pa28 Pa

Does differential pumping work beyond the molecular flow Does differential pumping work beyond the molecular flow 
regime:regime:

75 slm Argon and 7.5 slm source in 375 slm Argon and 7.5 slm source in 3rdrd stage, to simulate  stage, to simulate 
recombinationrecombination

Calculations by Hans van Eck
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Design Magnum-PSIDesign Magnum-PSI

Plasma source
Heating chamber

Source chamber

Target chamber

3 T SC Magnet

Target

RF heating

To target chamber 
for analysis

3T, s teady s ta te
10 c m diameter beam
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Pumps in Hal B
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Conclusions:Conclusions:
•  Hydrogen surface interactions still not fully understood at 

low flux
•  Plasma-surface interaction in ITER can be modeled outside 

ITER; items to be studied:
•  Detached divertor region cooling plasma from 10 keV to 1 eV
•  Surface stability in steady state
•  Surface stability during excessive plasma load
•  Hydrogen retention and removal 
•  Behaviour of multicomponent ITER wall (C, W, Be)
•  10 MW m-2 power load, like the surface of the Sun!

Lots of opportunities for novel research in a number of fields
See: Kleyn, Lopes Cardozo, Samm, Physical Chemistry Chemical Physics 8 

(2006) 1761.


