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particle balance:   
 φgas = (1 - R) N / 

τp  
number of plasma  
particles: N = n Vp 

   

φgas 

N 

(1-R) N/τp 

N/τp 

R N/τp 

removed 
by  

pumping 

Fuelling and Heating: Criteria for Stationary Controlled Fusion 

PHeat 

W W/τE 

removed by 
cooling 

Prad 

energy balance:   
PHeat = Prad + W / tE 
plasma energy: 
W = 3/2 n k (Te + Ti) Vp 

   
ohmic heating is not sufficient 
(only up to 2.5 keV) 
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Ignition and Burn Criteria (I) 

charge neutrality and equal densities of deuterium and tritium 

dilution of the DT fusion fuel by helium and impurity ions 
is characterized by this additional factor 

under steady state conditions, the fusion rate (equalizing the 
production rate of α-particles) must balance the exhaust rate of helium 

the He exhaust itself can be parameterized by introducing the effective 
confinement time 

is the exhaust efficiency 
determined by the scrape-off layer (SOL) physics 
and pumping capabilities 
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Ignition and Burn Criteria (II) 

The recycling process: The energy is almost fully absorbed by the material, 
whereas particles such as He can leave the central plasma region and return many times. 

combining the equations                               gives the so-called exhaust criterion 
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Ignition and Burn Criteria (III) 

the part of helium fusion power Pα (Eα = 3.52 MeV) which is not lost through radiation must be 
confined in the central plasma long enough to replace convective and diffusive heat losses in 
order to maintain the plasma temperature 

helium fusion power 

energy balance 

radiation losses 

bremsstrahlung 
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Ignition and Burn Criteria (IV) 

we obtain the burn criterion 

the exhaust criterion and the burn criterion can be combined in order to eliminate the 
electron density by defining the ratio 

which results in a cubic equation for a certain impurity concentration fi for 
given γ, T, and fHe 
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Ignition and Burn Criteria (V) 

In the case of fi = 0 (only helium, no other impurities), this reduces to 

Usually, this equation has two real solutions, fHe,1 and fHe,2, for a given γ value and a certain 
temperature in the available range of 0 ≤ fHe ≤ 1/2. Varying the temperature T, the obtained 
solutions of can be substituted into the burn criterion. The resulting values of neτE build the 
workspace of a fusion reactor as a function of T for a certain value of γ. 
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Ignition and Burn Criteria (VI) 

solving 

operation space of a fusion reactor considering only helium  
as an impurity 

For γ ≥ 16, there is no solution at all. 

assuming linked transport  
mechanisms for particle and  
energy transport, i.e., τHe=τE,  
the exhaust efficiency should  
be larger than  > 1/16=0.06 

this is the helium „ash“ problem 
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Path to Ignition 

magnetic confinement
density    ≈ 1020 m-3 
pressure ≈ 2-3 bar
low energy density ⇔  secure operation

      but large volume!

p·
τ E

 ∼


thermonuclear burning



D. Naujoks                     24.6.2009 ITER Summer School 2009, Aix en Provence 

Confinement by  
gravitation: stars 

magnetic confinement inertial confinement 

Fusion Conditions - Confinement 

scattering between two nucleons is significantly more probable than 
fusion fusion for economic energy fusion must be realised in a 
thermalized plasma T = 10 ... 100 keV (108 ... 109 K)  

fuel density, ion temperature, energy confinement time 
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The Tokamak Way 

geometry similar to ITER, linear dimensions scale 1:2:4 

ASDEX Upgrade JET ITER           
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Towards  a Reactor 

ASDEX-Upgrade  JET 

ITER 

increase in nTτ achievable by  
- size
- optimization of stability and confinement
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Fusion Triple Product 

strong limitation due to β-limit 

allows for a presentation in terms of the density using 
p = 2nekBTe (ne = ni, Te = Ti) 

multiplying with the energy confinement time  
τE =a2/4χ⊥, we obtain 

and 

results in restriction of operation space for a χ⊥ 
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Problem of Plasma Density Control 

efficient control of the plasma density is only possible by establishing a strong sink using a 
pump system and having a source of fuel gas (gas puff, injection of pellets of frozen hydrogen) 
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Problem of Plasma Density Control 

besides the plasma density control, the control of plasma composition according 
to the burning requirements in the main plasma is an additional problem 
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Limiter and Divertor Configuration 

plasma decay length 

cross-field flux into the SOL 

particle flux at the wall 
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Power Handling 
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Radiation in the SOL 
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Radiation in the SOL 
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Power Removal and Thermal Stress 

change of surface temperature 

heat conduction equation 

10 MW/m2 is a challenge 

thermal stress criterion 

the heat removal capacity is limited by the thermal conductivity of the 
material 
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Impurity Problem 

radiation losses by recombination, bremsstrahlung, cyclotron radiation, and line radiation 

critical impurity concentration as a  
function of atomic number Zimp for 
kT = 12 keV and different γ as  
indicated 

maximum allowable impurity concentration (for 12 keV) 

For given 

and temperature 

approximation 
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Erosion Flux into the Plasma 

For particle balance, the radial outflux of plasma ions should be equal to 
the influx of neutrals from the surfaces of the wall, including limiter and 
divertor plates 

The flux density of particles sputtered from the wall can be estimated as 

Molecules H2 emitted with thermal energies (< 0.05 eV) from surfaces or 
injected through gas valves undergo predominantly Franck–Condon 
dissociation processes producing atoms with energies of  3 eV. 

Less than half of the produced atoms become ionized by electron impact 
ionization, while the majority transfers their electrons to the plasma ions in 
charge-exchange processes. 
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Impurity Density in the Plasma Core 

The influx of neutral impurities at a velocity v penetrating into the plasma 
is reduced by ionization, and enhanced by recombination 

diffusion equation for a certain ionization stage 

The sum for all ionization stages gives the steady state condition that the influx of 
neutrals should be balanced by diffusion losses 

Integration yields 

with the central impurity density becomes simply 
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Impurity Criterion 

The impurity concentration is related to the influx of impurities emitted from the wall 

and substituting gives 

For a burning fusion plasma, the ratio 

should be kept well below unity 
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Impurity Criterion – Edge Radiation 
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Impurity Release and Transport  

•  impurity release and plasma contamination 
•  distribution of particle emission 
•  ionization  
•  prompt redeposition 
•  transport and collision in the edge plasma 
•  deposition and redeposition 
•  sticking  

cycle of erosion, transport and deposition  

energy 
source 

external  
heating 

external  
particle 
source 

energy 
outflux 

particle 
outflux 

impurity 
influx 

material 

erosion deposition 

transport plasma 
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Impurity Cycle in Fusion Experiments 

the net effects are orders of magnitude smaller than the gross ones 
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Impurity Transport 

force on an impurity ion along the magnetic field (in the SOL) 

prompt redeposition 

probability of prompt redeposition 
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Modelling – ERO code 

1. simulation region and background plasma 
2. calculation of yields and emission of neutrals 
3. transport of neutrals – reaction control 
4. transport of impurity ions 
5. deposition of ions 
6. change of surface composition choice of reaction 
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The Lifetime of Wall Elements 
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The Lifetime of Wall Elements 

the redeposited material impurities stick to the surface with the probability s 
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Criterion for Zero - Net – Erosion (I) 

for zero erosion 
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Criterion for Zero - Net – Erosion (II) 

sample erosion/deposition profile across the divertor plate 
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Criterion for Zero - Net – Erosion (III) 

for zero erosion 
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Thickness Change 

at the wall erosion due to cx-neutrals 

at the divertor plates due to plasma erosion 
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Choice of Material (Solid Plates) 

Where are the ‚candidates‘?  

•  high heat conductivity and capacity 
•  high melting point 
•  large thermal shock resistance 
•  good handling with respect to machining 
•  little degradation of the thermonphysical properties 
•  and low activation and transmutations due to the 14 MeV neutron flux 
•  low permanent tritium retention 
•  low erosion due to bombardment with plasma ions and neutrals 
•  low self-sputtering  
•  low erosion due to ‚local‘ effects (electric arcs, hot spots) 
•  low energy loss by radiation if the impurity atoms enter the central plasma 
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Choice of Material 

C 

W 
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Choice of Material in ITER 

cross-section of ITER with plasma-facing components including the first wall,  
the V-shaped divertor slots with the divertor targets, baffles, and the divertor dome 

Be: 700 m2, low Z, large getter capability of oxygen 
       and strong hydrogenic pumping 
      (easy density control), but low melting  
       temperature and high sputtering yields 

C:  50 m2, low Z, excellent thermophysical  
     properties, shows no melting, has high thermal  
     shock resistance, but large chemical erosion,  
     codeposition with tritium, flakes and dust 

W: 100 m2, high Z, negligible erosion at low  
     plasma temperatures, but reduced heat load 
     capability (melting), poor thermal shock  
     behavior, blistering, accumulation? 

Problem: Material Mixing 

Beryllium 

Tungsten 

Carbon 

W 

CFC 
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Innovative PMI Concepts (I) 

moving-belt PFC concept  
(Hirooka et al. 1997) 

liquid metal wall/curtain  
(Badger et al. 1974, T-3M tokamak,  
Troitsk, 1984-1988) 
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Innovative PMI Concepts (II) 
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porous capillary divertor plates (Schorn et al. 1989, Mirnov et al. 2001) 

Innovative PMI Concepts 

scheme of “Radiative Li Divertor”  
with porous capillary divertor plates 
for ITER-like  tokamaks 

Gallium droplet limiter (experiments were done on T-3M tokamak in Shatura, in1984-85. 
Gallium film (gravity driven) limiter (experiments were done on T-3M in Shatura, in 1986-88) 
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Innovative PMI Concepts: CFC/Li 

development of new material systems, for example:  

Lithium is continuously pressed through a CFC material with a rather 
loose composite of fibers (i.e., with reduced matrix material) 

Large thermal loads caused by disruptions or ELMs have to be absorbed by 
the Li vapor cloud formed immediately after impact of the plasma particles 
from the disrupted plasma. 

The CFC material should efficiently conduct the heat along the fibers toward the 
heat sink of the cooling system installed beneath the targets. The chemical 
erosion of graphite would be significantly reduced. 

Lithium would assist in effective wall pumping (means low recycling !!!). 

Both materials, as low-Z elements, radiate almost completely in the plasma edge. 

it may be possible to use the outstanding properties of 
both materials, while compensating for their handicaps 
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Outlook 

There are still major gaps in our present understanding.  
Among them are:  

(1)  the lack of material data and rate coefficients,  
(2)  the carbon–tritium cycle, T retention due to damage induced by neutrons, gaps 
(3)  the tritium/carbon layer removal (by oxygen, lasers, scavenger techniques),  
(4)  the dust problem (radioactive content (T, W), reactivity, explosion hazard),  
(5)  the behavior of mixed materials (chemical composition, change of properties), 
(6)  contribution of arcing to the erosion processes, 
(7)  melting of tile edges (hot spot mitigation), crack formation (macrobrush) 
(8)  ELM mitigation, disruption suppression, 
(9)  the effects of neutron irradiation. 

In general, a reliable solution of the material problem can only be found 
in the joint development of new materials and suitable plasma scenarios. 

Despite all experience in plasma control that will be gathered during the 
next few years, one concern remains — the high flux of neutrons. 
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Plasma-Material Interaction in Controlled Fusion 
Series: Springer Series on Atomic, Optical and Plasma Physics 
            Vol. 39  
Dirk Naujoks  

2006, XII, 280 p., 54 illus., Hardcover 
ISBN: 978-3-540-32148-4 

About this book  

Plasma-Material Interaction in Controlled Fusion deals with the specific contact between the fourth state  
of matter, i.e. plasma, and the first state of matter, i.e. a solid wall, in controlled fusion experiments.  
A comprehensive analysis of the main processes of plasma-surface interaction is given together with an  
assessment of the most critical questions within the context of general criteria and operation limits. It is  
shown that the choice of plasma-facing materials is reduced to a very limited list of possible candidates.  
Plasma-Material Interaction in Controlled Fusion emphasizes that a reliable solution of the material problem  
can only be found by adjusting the materials to suitable plasma scenarios and vice versa. 

for more details … 
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advanced erosion model for multi-component targets 

Material Mixing: Structure and Surface Changes During Exposure 

W 

C3+ 

plasma (Te, fC )  

D+ 

C 

D 

W 
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thick deposits (´flakes´) found in remote areas of JET 

C+, H+ 

production at main chamber walls 
via sputtering by CX-neutrals 

re-deposition  
species with  
large sticking coeff. 

C2H, C2H3 
re-deposition  
species with  
low sticking coeff. 

CH3 

pumping  
stable species 

CH4, H2 CH4, CH3, C2H, C2H3, C3H7 
transformation 

low ion energy high ion energy 

H+ 

H2 

CH4, CH3 

Graphit 

Dust Problem: Chemical Erosion of Carbon 
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Additional Erosion Phenomena 

in addition to the elementary erosion processes, phenomena 
observed in present fusion experiments such as plasma disruptions, ELMs, hot 
spots, dust production, and erosion due to runaway electrons, alpha particle, 
and charge-exchange neutrals can generate large influxes of impurities into 
the plasma 

different interaction zones during large heat loads onto the material, for 
example, during plasma disruptions or ELMs 
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Material Modifications 

schematic of different retention  
and diffusion channels of tritium 

The main processes are defect production and agglomeration, 
compositional changes of alloys by preferential sputtering, Gibbsian 
segregation, displacement mixing, bombardment-induced decomposition, 
radiation-enhanced diffusion, and phase transformation. 
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The End 
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Electric Coupling: The Electric Sheath 

ion flux density 

electron flux density 

ambipolarity condition 

wall potential 

Bohm criterion with the = sign !     according to a energy minimum argument  
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Sheath with Magnetic Field 

schematic of the different plasma zones in the near-surface region 


