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Abstract—In a future D/T fusion reactor the walls of the vessel containing the magnetically confined hot
plasma have to stand simultaneously very high power, particle and neutron loads. In today’s high temperature
plasma experiments at the areas of the highest load, i.e. the divertor and the limiters, W, Mo and Carbon
(CFC) are used and Be, W, Mo, Inconel and stainless steel are at the other wall areas. These materials are also
envisaged for future bigger fusion experiments, such as ITER [1—3]. The resistance of these materials to the
different expected higher loads in a fusion reactor is only partly known and more investigations are needed
with respect to find better materials and/or a modification of the divertor.
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1. INTRODUCTION, BACKGROUND

Our sun and the stars get the energy, which they
radiate into the universe, by nuclear fusion of Hydro-
gen atoms to Helium atoms [4]. Since about 60 years
there is a big international research effort in exploring
the possibilities for also using this energy by controlled
fusion of hydrogen atoms to He on our planet [5].
There are several possible fusion reactions [6] but the
reaction with the largest cross section at the lowest
energy is the reaction:

D + T — *He (3.5 MeV) + n (14.1 MeV).

In order to initiate the fusion reactions the D, T gas
has to be heated to a temperature of about 100 Million
K or about 12 keV, at a density of about #n = 10" cm™3
[7]. At this temperature the gas is in the plasma state.
In the stars the hot plasma is confined by gravity but
this is negligible for the small amounts of plasma on
our planet. Here it is successfully tried to magnetically
confine the hot plasma. The major emphasis in fusion
research has been up to now on confining and heating
a hydrogen plasma within closed nested magnetic sur-
faces in a toroidal vessel, such as in a tokamak (Fig. 1)
[8—12] or a stellarator (Fig. 2) [13—25]. The vessel
walls have to protect the hot plasma from the atmo-
spheric environment and the magnetic field reduces
the plasma load to the inside of the vessel walls, while
the neutrons leave the plasma and impinge nearly uni-
formly distributed onto the vessel walls.

In the tokamak the magnetic surfaces for plasma
confinement are created firstly by external coils which
produce a high toroidal magnetic field. For creating
the closed nested magnetic surfaces a poloidal mag-
netic field is superimposed being created by a toroidal
electric current /; in the plasma column. This current
also heats the plasma. It is driven and controlled by a
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toroidal electric field, which is induced by a magnetic
flux variation in the torus centre [8, 12]. Due to the
natural time limit for the magnetic flux variation and
thus the current induced in the plasma, tokamaks
operate generally only for short times, i.e. in pulses.
The current may, however, be driven further by addi-
tional means, such as a “Bootstrap current”, which is
initiated by the pressure gradient between the plasma
centre and the outer plasma [20, 22, 26] or by tangen-
tial injection of intense neutral hydrogen beams
and/or by inducing fast electromagnetic waves in the
plasma [21, 27—29]. In present experiments the main
toroidal magnetic field B, is in the range between 5 and
10 T and the plasma current /, is of the order of 0.1 to
10 MA.

Due to instabilities of the distribution of the cur-
rent in the plasma [30—31], such as by changes in the
plasma position or of the electric resistance of the
plasma, caused by an uncontrolled density increase
[25, 32], such as the influx of impurity atoms released

Magnetic
coils

Vessel wall

Fig. 1. Tokamak.
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Fig. 2. Stellarator: the magnetic coils produce the nested
closed magnetic surfaces; the vessel wall between plasma
and magnetic coils is not shown.

from the vessel walls, tokamaks have the problem of
plasma confinement instabilities and plasma disrup-
tions in times of |is to ms. During the disruption the
hot plasma and the major part of the magnetic energy
ofthe plasma are deposited onto the vessel walls result-
ing in intense pulses of particle fluxes and high power
deposition densities and the plasma is extinguished
[33—35]. During normal operation of tokamaks, it has
also been found that the loads to the vessel walls may
oscillate, due to instabilities in the central plasma,
such as “saw teeth” and “fishbone” oscillations [36] or
instabilities in the boundary plasma, such as MARFES
(multifaceted asymmetric radiation from the plasma edge)
[37, 38], and different ELMs (edge localized modes),
giving a very large power deposition [39].

In an advanced stellarator the closed nested mag-
netic surfaces for plasma confinement are produced
only by specially shaped external magnets, generally
supra conducting coils [40, 41] and thus the plasma
life time is, in principle, not limited by decay of plasma
currents which causes a loss of magnetic confinement.

A plasma current is not needed for the magnetic
confinement and the lifetime of the plasma can in
principle be very long. It depends on the power sup-
plies for plasma heating, where the same techniques
are used as for additional heating in tokamaks, and on
the possibilities for sufficiently cooling of the highly
loaded vessel wall areas.

In stellarators also oscillations of the energy con-
tent in the plasma and the wall loads with times in the
range of seconds have been found and have been
named “breathing” [42—45]. They originate from the
influx of higher Z atoms, such as metal atoms, which
are released, mostly by sputtering at the vessel walls
and result in radiation cooling of the plasma. In con-
trast to tokamaks, in stellarators the radiation cooling
does not trigger a plasma disruption, the plasma near
the vessel walls just cools down, thus power deposition
at the vessel walls and sputtering gets reduced. The
introduction of impurities gets lower and at continu-
ous heating the plasma can heat up again. Breathing
could be suppressed by using carbon plates at the

divertors, because of the lower power loss by radiation
of carbon atoms in the plasma.

2. PLASMA CONFINEMENT

Generally the magnetic plasma confinement must
be sufficient but also limited. For fusion plasma at
plasma density # the energy confinement, given by an
energy confinement time 1, and the particle confine-
ment, given by a particle confinement time t, must
fulfill the conditions:

—nt;>4 x 10 (cm—3 s) (Lawson criterion [46, 47] and

—nT,, 1o <2 x 1015 (cm™3s)
(ash removal criterion [48—53],

ie:t,/tp=3to5.

The first condition means that the energy produced
in ignited fusion plasmas and deposited in the plasma
by the 3.5 MeV “He particles has to be confined long
enough to keep the plasma hot, however, the equal sign
means that for steady state operation this energy has to
leave the plasma at the rate it is introduced.

The second condition means that the *“He atoms,
i.e. the ash, deposited in the plasma has to leave the
plasma at the rate it is produced and introduced
[46, 51, 52]. Actually, some of the ions and energetic
He and D/T neutrals escaping from the plasma and
impinging onto the vessel walls will be backscattered
(i.e. recycled into the plasma) the others will be
implanted and lost from the plasma. In order to keep
the plasma density constant the D/T atoms which are
not recycled at the vessel walls have to be refuelled into
the plasma. Recycling and trapping of the He ions is
not of advantage, they have to be removed in the
diverter. The numbers on the right hand side of the
equations are proportional to the nuclear fusion
power. In today’s fusion experiments the energy con-
finement times are generally still too short, compared
to what is needed for a fusion reactor, while the parti-
cle confinement times are mostly sufficient. Because
the “He ash cannot be removed separately it will leave
the plasma together with D- and T-ions, i.e. T

Tp’ D= Tp,T: Tp.

p, He =

3. LOADS TO THE VESSEL WALLS,
PLASMA WALL INTERACTIONS

The energy and the plasma particles which have to
leave the plasma will impinge onto the vessel walls
together with the neutrons, and this is the basic cause
for the unavoidable plasma-solid interactions. These
interactions at the vessel walls represent the transition
between the hot plasma and the cold vessel walls. They
are the most critical problems, both for the plasma, i.e.
the control of the plasma density and composition,
and especially for the plasma facing materials.

When the hot plasma, i.e. the particles and the
energy impinge onto a solid wall there will be no local
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Fig. 3. Schematic of the ignition, movement and burn at
the cathode of an electrical arc and the erosion by evapo-
ration and droplet emission [62].

thermal equilibrium. Because of the extreme temper-
ature and density step, the plasma wall interactions
can only be understood on the basis of the different
atomic processes which take place between the plasma
and the materials surface [53]. The major processes at
the plasma solid transition are: the electric coupling,
the power deposition and the particle and neutron
bombardment.

3.1. The Electric Coupling between Plasma and Solid,
Langmuir Sheath Potential, Arcing

The electric coupling between the plasma and the
solid means the built up of an electric field (Langmuir
sheath potential [54]) and a magnetic pre-sheath [55]
between the plasma and the vessel wall. The electric
field is caused by the higher velocity of the electrons
because of their lower mass, so that more electrons hit
the surface than ions. The plasma charges up positively
and the vessel walls negative, with a voltage of about
3kT,, with T, being the electron temperature of the
plasma near the vessel wall. This electric field causes a
deceleration for the electrons and reflection for low
energy electrons, acceleration for the ions, and a
reduction of the power deposition. However, it may
also cause the ignition and burn of electrical arcs
between the solid, acting as the cathode and the
plasma representing the anode. Traces of the cathode
spots of these electrical arcs are seen at several vessel
wall areas [56—63]. On the vessel wall, which acts as
the cathode, material is eroded by the electrical arcs
due to evaporation and emission of droplets (Fig. 3).
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Fig. 4. Erosion yields by electric arcs (in atoms/electron,
i.e. charge) and the estimated total number of atoms
removed for an arc current of 5 to 10 A and a burn time of
about 10 to 100 ms [62, 67].

In the magnetic field, for plasma confinement, the
electrical arc moves in the retro-gate direction, i.e.
against the direction of the Lorentz force j X B [64].
The total erosion yields depend on the length of the
arc track and have been measured at several places, as
summarized in Fig. 4 [65]. The erosion of the high
Z material W is about a factor 3 lower that the erosion
of the lower Z materials Be and C. In fusion experi-
ments the total erosion by electrical arcs at the divertor
plates was found to be comparable with the erosion by
sputtering [66]. In order to reduce the erosion, it is
necessary to try to avoid the ignition of arcs. Arcs
mostly ignite on pointed tips on the surface which give
a high field emission current of electrons (Fig. 3) and
at surface areas having a thin insulating oxide or car-
bide layer, which may polarize the Langmuir sheath
potential, resulting in a larger electron emission.
Cleaning of the surfaces by discharge reduces the igni-
tion of electric arcs. Arcing may also be reduced by
operating the boundary plasma at a low temperature
and very stable. Arcing has the additional problem of
the emission of small droplets of metals and dust
pieces of carbon. These are found to be deposited on
the vessel walls of several tokamaks [62, 67, 68]. The
vessel wall, especially the divertor plates get very
rough, which will increase the erosion by sputtering.

3.2. The Power Deposition

The power and the particle loads to the different
areas of the vessel walls have been investigated at sev-
eral of today’s running plasma experiments with mag-
netic plasma confinement. Generally during normal
operation about 50 to 70% of the power is emitted to
the vessel walls by electromagnetic radiation and about
30% is diffusing into the boundary plasma. Here a par-
allel power flux in the 100 MW/m? is expected.
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Fig. 5. Expected power loads to the different areas of the
vessel walls in fusion devices such as ITER [70].

The energy leaving the plasma is deposited mostly
onto the divertor plates and limiters, but a fraction is
also deposited onto all vessel wall areas by electromag-
netic radiation and energetic neutrals. In today’s
fusion experiments the plasma lifetime and thus the
power and plasma particle deposition onto the vessel
walls is for times in the 5 to few 10 seconds range while
in a future fusion reactor quasi steady state operation
in the few 1000 s range or continuous operation are
envisioned. In addition, for a magnetically confined
plasma a fraction of the plasma energy and particles
are lost during plasma instabilities and are deposited
predominantly onto special components of the vessel
walls, especially onto protection limiters and divertor
plates, in times of the order of |is to ms. The power may
be deposited in pulses of hot plasma, i.e. energetic
electrons, ions and neutrals. The power deposition at
the vessel walls causes heating which may finally lead
to local melting, emission of micro-particles and
droplets and large sublimation, including “blooming”
at carbon surfaces, such as at divertor plates and pro-
tection limiters and finally cracking at surface layers
[69].The expected power loads for a first ignited fusion
plasma [70] are summarized in Fig. 5.

3.2.1. Power removal, tolerable power deposition
onto different materials. For an extended uniform dep-
osition of a power density ¢ onto a wall tile being
cooled at the rear side to a temperature 7; and reach-
ing a temperature 7, on the heated front side, the
power density ¢, which is removed by thermal con-
duction in one dimension through wall tiles having a

thermal conductivity K(7) and a thickness d, is given
by [71-73]

T,
1 g

=2 |K(T"dT 1
qdrj()d, (1)

or g = (1/d) (T;— Tp) (K(T)). (1a)

The temperature dependence of the thermal conduc-
tivity is generally given by [72]

K(T) = 1/(aT + b). )

The constants @ and b can be determined by fitting to
measured values, see Fig. 6.

The thermal conductivity of the relevant materials
has been measured at several places and published in
review articles [74].

Inserting Eq. (2) in Eq. (1) and integration gives for
the removable power:

.1, aT, +b
g=—In—"——.
ad aTy+b

The calculated power which is removed by thermal
conduction through 0.01 m thick well annealed mate-
rials, i.e. without damage, according to (1) or (1a) or
(3) and a rear temperature of about 7, = 500 K and the
maximum temperature at the heated side is plotted for
different materials in Fig. 7.

At neutron irradiation the thermal conductivity of
Cdrops by up to a factor of 2, and for Be by about 30%,
and the removable power is reduced by these factors.
This may likely be also the case for the doped graphite,
where the carbon is mostly graphitised [75]. For
hydrogen or He implantation into materials including
W the trapped gas atoms reduce the thermal conduc-
tivity and the removable power is also reduced [76].

For 0.01m thick wall tiles about 35 MW/m? is the
largest power density which can be continuously
removed by thermal conduction is with Cu. With well
annealed W about from 12 to 20 MW/m? can be per-
manently removed while with carbon fibre enforced
carbon, CFC, (not yet damaged by neutron irradia-
tion) up to 22 MW/m? can be continuously removed.
With Mo up to about 20 MW/m?, with Al up to
12 MW/m?2, with Be up to about 7 MW/m?, with doped
graphite between 5 and 15 MW/m? while for fine grain
graphite (Poco and EK98) only up to 5 MW/m? can be
continuously removed. For C the maximum tempera-
ture is assumed to be limited by sublimation of about
1 mm/y. Generally, the final limit for power removal is
surface melting and sublimation, but in the surface
layers also very large stresses above tolerable yield
stress may built up [73].

Equation (3) allows also to calculate the surface
temperature 7,= 7{(d) and the temperature distribu-
tion 7(§) in the wall tiles for deposition of a power
density ¢ at the surface and a temperature 7; at the
rear side, giving

(3)

T(©)=(Ty+ et - 2. (4)
a a

The temperature increases exponentially toward he

heated side. Some distributions calculated for different

deposited powers for W, C and Be are shown in Fig. 8.

The temperature at the cooled side will be about
100 to 800°C (400 to 1100 K), depending on the
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mounting, the power to be continuously removed and For the large deposited powers the temperature
the cooling conditions. For 1 cm thick plates of Be, W,  gradients become very steep, i.e. for W up to about
and CX2002U fibre enforced carbon, and fine grain 1000 K/cm, causing a high stress gradient, with com-
graphite (Poco graphite, EK 98) deposited powersof 1  pression in the surface layers and tension deeper in the
to 40 MW/m? can be continuously removed. material. Gas atoms implanted into the hot com-
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pressed surface layers may be pushed into deeper layers
which are under tension, i.e. much deeper than the
implantation range. This has indeed been found in
experiments [76—78]. According to Fig. 7, it is again
confirmed that for 0.01 m thick W and for Be the max-
imum power which is removed by thermal conduction
is about 20 MW/m? and 5—6 MW/m? respectively. For
higher deposited powers the surface melts.

3.2.2. Deposition of power pulses, energy pulses,
power removal. If the surface of a material at tempera-
ture T, (K) receives a power density ¢ (W/m?) for a
short time ¢, the surface temperature 7(0, 7) increase is
approximately given by [79]

The penetration depths for 1s power deposition as well
as the times 7* it takes for the power to penetrate 0.01m
thick wall tiles have been calculated for several wall
materials and are shown in Figs. 9 and 10.

If the material is thinner than d*, and the rear side
is sufficiently cooled the formulae developed for con-
tinuous power deposition apply. The times for pene-
trating 0.01 m thick wall tiles is mostly of the order of
up to 2 to 5 s, except for fine grain graphite (POCO
and EK98), where the thermal conductivity is rela-
tively low. Again, for a power deposition longer than #*
the formulae for continuous power removal apply.

The temperature gradient near the surface during
heating can be also calculated. With the depth and
time dependent detailed formula 7(x, #) [97], this

T(x=0, 1) = Ty+vt 2 . () gives:
" e (D) (KD) o .
With p[kg/m?] being the density, {c¢(7)) [J/(kg K)] the a_xs - % 7

average specific heat and (K(7)) [W/mK] the average
thermal conductivity of the material. In deriving this
Eq. (5) it was assumed that the specific heat and the
thermal conductivity do not depend largely on the
temperature of the material. This means that Eq. (1)
holds only approximately and average values have to
be used for ¢(7) and K(7) for the temperature range of
interest. Further an infinitely thick target was
assumed, i.e. a thickness d of the target larger than the
penetration depth, d*, of the power into the material
during the heating time 7 [79], i.e. d > d* with

(K(T) ’ 6)

p(c(D))

or a heating time shorter than a time #*, which for a
given thickness d is given by

d’ple(D)
9 (K(T))

d* =3t

P < t¥= (6a)

For a deposited power of 1 to 10 MW/m? the tem-
perature gradient near the surface is of the order of 103
to 10* K/m. The increase of the surface temperature
with heating time is given approximately by Eq. (4).

The material erosion by short power pulses has
been investigated by J. Linke et al. [70] with intense
electron beams. For metals a surface layer melts and
part of the molten layer is finally lost. For fine grain
carbon small carbon particles and grains are emitted,
as shown in the Figs. 11 and 12.

3.3. The Particle Bombardment

In fusion devices the plasma density and particle
balance as well as the introduction of wall atoms into
the hot plasma and the lifetime of the highly loaded
wall tiles are determined by the particles which are lost
from the plasma and impinge onto the vessel walls, by
their backscattering at the wall material and by
implantation, trapping and release as well as erosion
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by sputtering, arcing [53, 80] evaporation and destruc-
tion by power pulses [70].

The particle fluxes leaving the plasma, their distribu-
tion along the vessel walls and their energies for the
planned fusion device ITER (International Tokamak
Experimental Reactor), which will likely finally operate
with an ignited D/T plasma, have been calculated by

D. Reiter et al. with the computer code B2 EIRENE
[81—83]. The geometry of the vessel wall is shown in
Fig. 13, while the results for the fluxes are shown in
Fig. 14.

The plasma ions and neutrals impinging onto the
vessel walls are partly backscattered and partly
implanted and may be trapped in the wall material.
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Particle backscattering has been measured and calcu-
lated [84] and depends on the particle energy and the
angle of incidence. For the low eV to keV energies
backscattering yields at high Z materials, such as W,
are in the 10% to 50% range, the rest is generally
implanted and finally trapped and may be released
after some time. Implantation depends on the energy
of the implanted ions and subsequent trapping yields
depend largely on the temperature of the solid. For a
D/T fusion plasma trapping in the vessel wall material
should be low in order to avoid too large T built up and
activation of the wall material by the T collection.

3.3.1. Implantation, diffusion and trapping. Trap-
ping of H and He atoms implanted into a solid at room
temperature increases initially with the implantation
fluence, up to a saturation concentration of about 50
to 70 at % within the implantation range (Fig. 15a).
With NRA (Neutron Reaction Analysis), only the D
in the surface layers is measured and this gives a lower
total amount of trapped D then for measurements by
TDS [85]. For D implantation into W the situation is
similar (Figs. 15a, 15b).

At higher fluences and temperatures, when the
implanted gas atoms start to diffuse, they diffuse along
damage sites or grain boundaries toward the surface
where they are emitted but they also diffuse or into the
bulk, where they may accumulate into bubbles at dam-
age sites and finally cause blistering [86]. The amount
of trapped gas does not saturate but increases with
implanted fluence. Diffusion may be increased due to
the temperature gradient into the solid and compres-
sion stress in the surface layers due to surface heating.
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The gas atoms may accumulate at depth where the
compression stress changes into tensile stress, at much
larger depth than the implantation range. This has
been found for He implantation at the W divertor in
the LHD stellararor [87, 88].

3.3.2. Erosion at the vessel. Several processes con-
tribute to erosion at the vessel walls, such as evapora-
tion, arcing and sputtering [89—94]. They cause a
thinning of the vessel walls. The eroded wall atoms
may partly enter the central plasma where they repre-
sent impurities which increase the electrical resistance
and cool the plasma by radiation. Finally they will be
re-deposited onto other wall areas [67]. The erosion
will also limit the lifetime of the wall tiles at the higher
loaded wall areas, such as the divertors. In order to
reduce the erosion of the vessel walls and to reduce the
peak power at the divertor plates and limiters it is tried
to operate the boundary plasma at a low temperature.

Sputtering has been widely investigated with ion
beams [89—94], some yields for relevant single atom
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materials are shown in Fig. 16. With these data the ero-
sion by sputtering at the vessel walls of ITER for the
wall fluxes of Fig. 14 have been calculated [82], the
results are shown in Fig. 17. If erosion by arcing is
included the erosion may be up to a factor 2 higher.
Fig. 18 shows calculated erosion rates of several single
atom solids per second for the wall fluxes of ITER. The
largest erosion will take place for all materials at the
reference distances around 8 and 11 at the divertor. For
C the erosion is very large due to the chemical erosion
of C at hydrogen bombardment [95]. The lowest ero-
sion is found for W. For all materials this turns out to
be of the order of one kg/cm? in one FPY. The erosion
will also limit the lifetime of the wall tiles at the higher
loaded wall areas. The time to erode 5 mm was calcu-
lated and is shown in Fig. 19.

In order to reduce physical sputtering at the vessel
walls, and to reduce the peak power at the divertor
plates and limiters intersected by the LCFS (Last
Closed magnetic Flux Surface), it is tried to operate
the boundary plasma at sufficiently low temperatures
(high recycling divertor). A first D/T fusion plasma is
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planned to burn with a nuclear power of 0.5 GW for a
time of > 400 up to 3000 seconds in the ITER. A sche-
matic cut in a poloidal plane through the toroidal ves-
sel walls is shown in Fig. 13. The distribution of the
loads to the different areas of the vessel walls depends
on the structure of the magnetic field and the geometry
of the vessel walls. Tons and electrons move nearly
freely along the magnetic field lines, while they only
slowly diffuse and drift perpendicular to the magnetic
surfaces. Magnetic field lines outside the LCFS inter-
sect at the vessel walls with a limiter or in a partly sep-
arate volume at divertor tiles. A divertor is also planned
for ITER, see Fig. 13 (here the divertor plates are
identified by a, b, f, g). At these areas the most inten-
sive plasma solid interactions and large power and par-
ticle loads are observed, with maxima at areas where
magnetic surfaces just outside the LCFS intersect. All
other first wall areas at larger distances from the LCFS
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Fig. 17. Calculated erosion rates of several single atom sol-
ids per second for the wall fluxes of ITER (reference dis-
tance corresponds to Fig. 14).
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receive only smaller plasma, i.e. smaller particle and
power fluxes. Besides ions and electrons a major parti-
cle load especially at the more remote first wall are
energetic neutral hydrogen atoms. They are mostly
produced by charge exchange processes between neu-
tral hydrogen atoms entering the plasma and ions in
the plasma boundary and by recombination in the
plasma. The energetic neutrals may also originate
from “shine through” of intense neutral beams, which
are injected for plasma heating. Further, power is
deposited on all vessel walls by electromagnetic radia-
tion. At the more remote first wall vessel areas the par-
ticle and power flux densities are lower than at the lim-
iters and diver-tor plates; however, due to the first wall
representing a much larger area, their total contribu-
tion to the plasma wall interaction phenomena, such
as sputtering, is comparable or even larger than the
interactions at divertors and limiters.
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3.3.3. Neutron bombardment of the vessel walls. For
an ignited D/T plasma, such as ITER, a total primary
flux of about 10%°, 14.1 MeV n/m? is expected. Due to
scattering and nuclear reactions in the vessel wall
material and the blanket surrounding the vessel wall
the total neutron flux is expected to be about a factor
100 higher, a distribution calculated for ITER is shown
in Fig. 20 [96].

Induced activity for different elements and isotopes
are shown in Fig. 21. The neutron flux causes trans-
mutations and radiation damage in the wall material,
resulting in modification of the thermo-physical prop-
erties. For the lower Z materials a considerable
amount of 7 is produced. Actually the '°B is trans-

different elements and isotopes.

muted to a large extend to He and T (Fig. 22). This
means that only !'B can be used at the vessel walls. For
the same reason Be cannot be used at the plasma-fac-
ing vessel walls of a longer burning D/T plasma.

For a fusion reactor for all plasma facing wall areas
materials have to be found and tested which can stand
the power, the particles and the neutron loads from the
plasma and where the interaction processes with the
plasma, result in the smallest plasma degradation, or
rather in an improvement of the plasma performance.
The importance of using appropriate materials at the
plasma facing areas of the vessel walls has been dem-
onstrated in today’s plasma experiments by vessel wall
cleaning and coating of the vessel walls with C (car-
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bonization), Be, Si (siliconisation) or B,C (boronisa-
tion) [97], which also getter O very well or materials
with low erosion and low hydrogen isotope trapping
such as W and Mo.

4. SUMMARY, CONCLUSION

For an ignited D/T fusion plasma which is con-
fined by nested closed magnetic surfaces the necessary
power, particle and neutron loads to the surrounding
vessel walls, especially to limiters and divertor plates,
where magnetic field lines directly intersect, are very
high, i.e:

—a power of several MW/m?, which may be depos-
ited in pulses or continuously;

—a flux of D, T and He atoms with energies in the
100 eV to MeV range, of order of 102 /s m~2;

—a flux of 14.1 MeV neutrons having for ITER a
predicted total power of about 400 MW.

At the highly loaded areas the W, C and Be which
are used in today’s fusion experiments, may stand the
loads from an ignited D/T fusion plasma only for rel-
atively short discharge times, such as in today’s toka-
maks. For longer discharge times the materials proper-
ties are largely modified by the high power deposition
with simultaneous gas implantation and trapping in
the damage sites produced by the neutron bombard-
ment. In addition, the plasma-facing surface layers are
continuously modified by the erosion at the erosion
dominated wall areas and re-deposition of the eroded
atoms also onto other deposition dominated vessel
wall areas. After some discharge time all materials ever
mounted at some vessel wall area are found on all ves-
sel wall areas, resulting in a modified mixed wall mate-
rial [67, 98]. The properties of these mixes materials
are mostly different to the properties of the materials
initially installed [99].

For building in the future a longer operating fusion
devices and a D/T fusion reactor an extended material
program and/or a redesign of divertor geometries may
be necessary, such as a “Li divertor” on the basis of
capillaries of V W or C, through which liquid Li is
pressed from behind [100—102], in order to form con-
tinuously a Li film on the plasma-exposed surface.
The ideas of liquids at the first wall have been already
discussed theoretically [103] and have been investi-
gated in some tokamaks, such as the T-11M tokamak
(TRINITI, RF), the FTU (Italy) and the CDX-U
(USA). The main feature of CDX-U toroidal limiter
was a free liquid Li surface.

For the vessel wall areas, which are not hit directly
by magnetic field lines and thus receive lower loads
from the plasma, Be, carbon, doped carbon, and even
stainless steel or Inconel have been and may be used
for future machines. However for fusion reactors oper-
ating for longer times additional problems may come
into play. These are the formation of the “mixed mate-
rial” with different compositions and still mostly
unknown properties. Further, the transmutations, dis-
location damage and radioactive activation of all wall
materials due to neutron bombardment will become
very critical.

It is a great pleasure to thank the colleagues from
the Surface Physics and the Materials Physics Divi-
sions at IPP for many kind comments and support in
summarising these very complex materials problems,
Hans—Peter Zehrfeld often helped in getting the com-
puter operating, as necessary.
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