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BOUNDARY CONDITIONS FOR A FUSION PLASMA

R. BEHRISCH

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
D-8046 Garching/Miinchen, Germany

Résumé. — Les conditions aux limites des plasmas actuels et des futurs plasmas de fusion sont
déterminées par les interactions entre le plasma et la premiére paroi solide. La désorption provoquée
par le contact entre plasma et paroi, domine actuellement, mais les phénoménes de rétrodiffusion
d’ions, de trapping et réémission aussi bien que de pulvérisation sont dominants en présence de
parois propres. Les flux vers la paroi sont indiqués pour plusieurs machines a plasma et les données
concernant les processus élémentaires au niveau de la paroi sont passés bridvement en revue.

Abstract. — The boundary conditions in today’s plasma experiments and in later fusion plasmas
are determined by the interactions of the plasma with the first solid wall. In today’s experiments
desorption by the plasma hitting the wall dominates, but ion backscattering, trapping and release,
as well as sputtering of wall material, will dominate in machines with cleaner walls. The fluxes to
the first wall for some of today’s plasma experiments are reported and the data about the elementary

processes at the first wall are shortly reviewed.

1. Introduction. — An understanding and control
of the plasma-wall interaction processes is, besides the
question of MHD stability, transport properties and
heating of plasmas, an important condition for
achieving better plasma parameters in todays experi-
ments aiming at a fusion reactor, especially of the
tokamak type. Plasma wall interaction influences the
plasma predominantly in two ways :

1) The magnetic confinement of the plasma is
only poor and all plasma particles are lost to the first
wall and recycled to the plasma several times during
one discharge [1]. This means that the plasma para-
meters are determined by reflection, trapping and
reemission, and by desorption of the plasma particles
at the first wall.

2) The bombardment of the first wall by the plasma
particles as well as the electromagnetic radiation
causes a release of wall atoms, i.e. atoms with z = 2,
which contaminate the plasma and considerably
influence the properties of the plasma and by this the
achievable plasma parameters [1] to [5]. In a future
fusion reactor the release of wall atoms as well as the
changes at the first wall due to the implantation of
gas atoms pose the additional problems of wall
erosion and degredation [6] to [14].

The recycling flux (point 1) is about 100 times larger
than the impurity-, i.e. wall atom flux (point 2),
but both are equally important. In computer simula-
tions of a plasma they represent the boundary condi-
tions for the solution of the differential equations
describing the plasma behaviour [15].

In today’s plasma experiments the details of the

plasma wall interaction processes are not yet clear.
Investigations have just been started [2] to [5]. On the
other hand also the knowledge of the atomic data of
the different interaction processes at the first wall is
only poor [16] to [18]. In the following it is tried to
summarise what is known in these areas and to
outline some conclusions from the results.

2. The plasma boundary and the fluxes to the first
wall. — In today’s plasma experiments the plasma
boundary is defined by a material limiter, mostly of Mo
or W, in some cases by the separatrix of a magnetic
divertor. This is shown schematically in figure 1.
In the magnetic field for confining the plasma the
particles move predominantly along the magnetic
field lines on the magnetic surfaces. The diffusion
perpendicular to the magnetic surfaces is much
smaller, but still considerable, so that plasma particles
continuously leak out at the plasma boundary. In
further moving along the field lines these particles hit
the sides of the limiter or are guided into the divertor
chamber. Thus the sides of the limiter play a similar
role as the divertor plates in catching those charged
particles which have left the plasma boundary. Some
results of measured plasma fluxes in the shadow of
a limiter from recent experimental investiga-
tions [19, 20] are shown in figure 2a-c. The energy
flux, the hydrogen flux, and the flux of impurities (Mo)
were measured with a probe and show a decrease with
increasing distance of the probe from the plasma
boundary defined by a limiter. In each case some flux
still reaches the first wall. We may assume that the
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F1G. 1. — Schematic of the space between the plasma boundary
and the first wall for the case of a limiter and no divertor and the
case of a poloidal divertor.
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flux close to the plasma boundary consists of charged
particles which hit the probe. The hydrogen flux at the
first wall consists predominantly of neutrals [19]
created by charge exchange. The charge state of the
impurities hitting the first wall is not yet known, but
they may partly be neutrals as well.

An interpretation of the measured fluxes is difficult.
The higher flux measured more close to the plasma
may be just caused by the better confinement on a
magnetic surface and thus a better collection efficiency
on the probe. The total flux at the first wall, i.e. the
measured flux density multiplied by the first wall area
may be of the same order of magnitude or larger than
the flux density measured closer to the plasma mul-
tiplied by the corresponding area of the sides of the
limiter.

The energies of the particle fluxes have been deter-
mined only for the neutral hydrogen flux at the first
wall using neutral particle detectors, which are sensi-
tive only for energies above 200 eV. The measured
energy distribution corresponds to the plasma tem-
perature [21] with an increased flux at energies of the
order of 100 eV [22]. As impurities thermalise very
fast in the plasma, one may assume that they hit the
limiter and first wall with the same energy as the
hydrogen, but no measurements have been performed.
At the beginning and the end of the discharge an
increased flux has been observed in some cases [19, 23].

The intensities of the currents to the first wall have
been measured, with large uncertainties in sqme cases,
to be of the order of 10*° to 10!® hydrogen atoms/cm? s
(~ 1 mA)[19] and 10! to 10'3 impurity atoms/cm? s
(~ 1uA) [24] in todays largest tokamaks. These
intensities, the energies and the distributions of the
fluxes depend largely on the discharge conditions,
but this has not yet been investigated.
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FiG. 2. — The energy flux, the hydrogen flux, and the impurity flux measured on a probe inserted into the space between the plasma
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3. Interactions at the first wall and fluxes to the
plasma. — The first question is how do the hydrogen
atoms come back into the plasma in order to keep
the plasma density constant. This has not been inves-
tigated experimentally in detail up to now. In dis-
charges with relatively clean walls the plasma density
generally drops during the discharge [25-27]. This is
mostly compensated by feeding in cold gas from the
outside. By feeding in a surplus of gas it is also pos-
sible to increase the plasma density during the dis-
charge.

From discharges where the filling gas has been
changed from one hydrogen isotope to another the
new isotope is replaced at the beginning of the dis-
charge and predominantly the previous isotope is
found in the plasma [28, 29, 30]. This shows that the
walls had been implanted in the previous discharges
with an amount of gas larger than the amount of
gas in the discharge. Due to the exchange between
the gas in the plasma and in the first wall this gas
comes into the plasma.

The impurity concentration found in today’s plas-
mas is much higher than the concentration in the
initial filling gas. In order to obtain ignition, the
concentration must be much lower than found
today [31]. :

It is not clear which are the dominant processes
causing the release of wall atoms, however, the
following picture is generally assumed. At the begin-
ing of the discharge mostly oxygen and sometimes
carbon enter the plasma by desorption of H,O, CO,
CO,, oxygen or hydrocarbons (CH,). The walls in
today’s plasma machines are not atomically clean.
It has also been found recently that hydrocarbons are
formed between the discharges by a reaction of the
hydrogen atoms implanted at the end of a discharge
with the carbon contained on the first wall [16].

During the discharge the oxygen and hydrogen
hitting the first wall will cause desorption and sputter-
ing of adsorbed layers, as well as metal of the wall
material, thus reproducing and/or increasing the
impurity concentration in the plasma.

In today’s tokamak discharges it further been
observed that the metal impurity concentration in the
plasma increases when the oxygen concentration
decreases, i.e. the more clean the first walls are getting
[32, 33]. This phenomenon is not understood and
may have several causes.

a) The plasma temperature near the wall, i.e. the’

mean energy of the particles bombarding the first wall
may be slightly increased for the more clean dis-
charges, but measured temperature distributions show
that this is not sufficient to understand the effect [32].

b) The sputtering yields of oxides are generally
lower than those for pure metals. However, for
stainless steel (mostly Cr,0,) this effect is small, i.e.
below a factor of 3 [34].

¢) The particles released from the first wall by
sputtering are generally mostly neutrals. However,
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at oxyde layers and contaminated surfaces the
released wall atoms and molecules can be predomi-
nantly ions [35, 36]. These will be bent back to the first
wall and may not enter the plasma. Thus the increased
impurity concentration of metals in the plasma
would mean that finally most of the released wall
atoms are neutral and can now penetrate into the
plasma. Thus the impurity problem may become more
severe when the walls become cleaner.

4. Atomic data needed for plasma surface interac-
tions. — In order to better understand and control
the plasma wall interaction, and to be able to make
predictions for larger machines the elementary pro-
cesses at the first wall have to be known in some
detail. The main processes of interest which have been
reviewed recently [16] to [18] are :

1) Desorption of surface layers by ions, electrons
and electromagnetic radiation.

2) Ion backscattering.

3) Ion trapping and reemission.

4) Sputtering (physical and chemical).

5) Surface changes due to prolonged ion bombard-
ment.

6) Evaporation and disintegration due to over-
heating, which is nonuniform in space and time.

5. Desorption. — The surface of a solid is generally
covered with several layers of foreign atoms and mole-
cules which are chemically bound (O, C) or physically
adsorbed (H,0, CO, CO,, CH,, H,). The desorption
yields of these layers due to the impact of atoms,
electrons and radiation must be known for under-
standing the impurity introduction during the plasma
discharges and in order to optimise the cleaning pro-
cedures of the inner surfaces of today’s plasma vessels.
The data available deal mostly with electron and
photon desorption from well prepared smooth sur-
faces {37] and only few investigations have been made
for ion desorption [38, 39]. The desorption yields
reported are generally in the range of 10™* to 10~*
atoms per ion or electron {12, 37-39)], but these may
not necessarily apply for the contaminated surfaces
of today’s discharge chambers.

Oxygen and carbon which are well bound at a
surface in the form of oxide or carbide additionally
undergo chemical reactions with atomic hydrogen
forming H,O and CH, [16, 40]. These molecules are
only weakly bound at the surface and can easily be
desorbed in a discharge [16, 17]. This process, on the
other hand, indicates the most promising way to
remove effectively the oxide, carbon and carbide
layers from the inner surfaces of the plasma chambers.
During discharge cleaning, the plasma parameters and
the first wall temperature have to be adjusted in order
to maximise the H,O and CH, production. This has
been applied at Dite [19] and with some success at
Alcator and Microtor [27, 42].
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6. Ion backscattering. — Energetic light ions and
neutrals impinging on a solid mostly penetrate the
surface and are slowed down in collision with the
electrons and atomic nuclei in the solid (Fig. 3).
Depending on the type of ions and their energy, as well
as the target material, some trajectories will be bent
back, and thus part of the ions will leave the surface,
i.e. become backscattered. Fast neutrals and ions will
behave in the same way, as they all penetrate the solid
as ions.

lon (neutral)
bombardment

Sputterlngi u
LN

Backscattering

FiG. 3. — Trajectories of energetic ions impinging on a solid.

Total backscattering yields and backscattered
energy, as well as the energy- and angular distributions
of the backscattered atoms, have been calculated
analytically [43, 44] and by computer simulation
programs which follow the individual ion trajec-
tories [45] to [48]. Experimental determination of
backscattering yields and distributions are difficult,
as in the energy range of interest most of the back-
scattered particles are neutral. The most successful
way of ionising the neutrals is a gas-filled stripping
cell, as used also in neutral particle measurements in
plasma experiments [49]. Such a cell could be cali-
brated to energies as low as 130 eV [50].

The results for total backscattering yields and
backscattered energy of hydrogen ions on different
materials are shown in figure 4, [43] to [46], [51] to [53].
The values are plotted as a function of a dimensionless
universal energy given by [54].

M, a
&= E
M +M, Z,Z,¢

where M, Z, and M,, Z, are the masses and charge
numbers of the incident ions and the target atoms,
e, is the elementary charge (e2 = 14.39 eV A); a is the
Thomas Fermi screening length given by :

a = 0.486(Z2% + Z23)-12

and E is the incident energy in eV. In the two lower
scales of figure 4 also absolute energies for stainless
steel (Fe) and Mo are introduced. Especially for stain-
less steel the agreement between calculated and
measured values is very good, which gives some
confidence in the calculated values at low energies.
where no measurements are available, but which
are of special interest in fusion research.
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W H - Ta,4-H — Au (ref. [51]), + H - Zr, x H — Ti (ref. [52]),
ref. [43], - 2 - ref. [44, 45], <o - ref. [42].

The energy distribution of the backscattered atoms
for normal incidence of hydrogen on stainless steel
has only been measured for energies above 2 keV [50]
while for 5 keV and 100 eV computed spectra for a
copper target have been published [45] to [47]. For
plasma simulation codes the energy range between
10 eV to 10 keV is of interest, but only histogramms
with relatively broad energy ranges for the backscat-
tered particles are needed. Such curves obtained by a
smooth interpolation between the known spectra are
plotted in figure 5, together with the exact spectra.
The energy ranges are chosen according to those
used in the Diichs code [15]. The intensities give
absolute values, as backscattering coefficients are
taken into account. For incident energies above 2 keV
there is a maximum in the backscattered intensity
at 1 to 1.5 keV, while at lower incident energies the
maximum is close to the incident energy.

As mentioned already, most of the backscattered
atoms are neutrals and only less than 59 have a
positive or negative charge [51].

The angular distribution of the backscattered
atoms measured for 10 keV hydrogen atoms at
normal incidence on Nb is nearly a cosine distribu-
tion [55]. For lower energies the calculations show
also a cosine distribution [46], but no measured data
are available.

7. Ton trapping and reemission. — Those ions and
fast neutrals not directly backscattered come to rest
in the solid. After slowing down they generally
occupy interstitial positions and may diffuse further.
Depending on the solubility, the diffusivity, and the
barrier at the surface, they may either diffuse into the
bulk of the solid, they may partly leave the surface,
or they may be trapped in the implanted layer [56].
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In the case of high solubility, as for hydrogen in
titanium and zirconium, all ions coming to rest in the
solid reside at interstitial sites, if the temperature
is high enough for good diffusion, but low enough
so that thermal desorption is negligible [16, 53, 56].

If the solubility of the incident gas ions in the solids
is low, as for He bombardment of most metals and for
hydrogen bombardment of several metals, for example
stainless steel or molybdenum, the ions come to rest
at interstitial positions in the solid, and they will
diffuse until they become relatively stably trapped
at damage sites, predominantly vacancies {57]. This
is shown in figure 6 for *He implanted at different doses
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F16. 6. — Implantation profiles of *He in Nb for different bombard-

ment doses. At a dose of 5 x 107/cm? blistering had occured while

at a dose of 7 x 10'8/cm? the spongy like surface structure has
started to develop (ref. [58)).
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into polycrystalline Nb [58]. The profiles have been
obtained using the *He(d, p)*He nuclear reaction.
At the lowest dose the implantation profile mostly
follows within the statistics of the measurements,
the calculated distributions. At higher doses a satu-
ration concentration of ~ 50 atomic 9 is reached,
after which the distribution tends to a rectangular
profile within the range of the incident ions.

As the range of the ions increases with the incident
energy, the total amount of trapped gas also increases
with energy. The maximum concentration reached
within the range of the ions is independent of the
implanted energy, but decreases with the target
temperature [59, 60]. The gas emitted after saturation
is presumably released with an energy corresponding
to the temperature of the first wall.

8. Sputtering. — Physical sputtering is the removal
of surface atoms from a solid via a collision cascade
initiated in the near surface region by incident ener-
getic particles such as ions, neutrals, neutrons or
electrons. Thus sputtering can be regarded as radia-
tion damage in the surface. During the spread of
the cascade the surface stays cold, contrary to surface
removal by evaporation.

The sputtering yields, i.e. the number of atoms
removed per incident particle, have been investigated
for more than 100 years. However, the data avai-
lable for the parameters of interest in fusion research
are still poor, as has been shown in a recent review [17].
In figure 7 and in figure 8 the sputtering yields for
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normal incidence of different ions on stainless steel,
nickel or iron and for cast molybdenum are summa-
rized [17, 18]. They have been obtained with mass
analysed ion beams partly by weight loss, partly
by measuring the decrease of a thin film by Rutherford
backscattering and partly by activation analysis of
the target [61] to [69].

Below a threshold energy, E,, of 20 to 200 eV no
sputtering occurs. Yields then increase with energy
to a maximum, which occurs for hydrogen at an
energy around 2 keV. The decrease at a further increase
of bombarding energy is due to the decrease of the
deposited energy in the surface region. The difference
between 20 °C and 500 °C for SS is due to different
surface compositions at the different temperatures [65].
The dependence of the sputtering yield on the mass of
the incident ion is much larger at low energies than at
high energies. This could be expected, since the pre-
dicted threshold energy for sputtering by D is 1/2,
and by “He is 1/4, of the threshold energy for proton
sputtering. Thus at energies where the sputtering
yield for protons is zero, the heavier ions, such as
D, T and He, still show considerable sputtering.

Around a few 100 €V the sputtering yields of heavy
noble gas ions, which would include also the yields for
O and C, are about 10° times higher than the hydrogen
sputtering yields. This means that a few percent O
or C in the particle current hitting the first wall causes
much more sputtering than the hydrogen.

The dependence of the sputtering yields on the
angle of incidence has hardly been investigated.
The few measurements have confirmed the theore-
tically expected increase of the yields with (cos )~/
where 1 < f < 2 and 6 is the angle of incidence
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with respect to the normal [8]. This should hold for
# < 800 ; for larger 0 the sputtering yields are expected
to decrease to zero.

The atoms removed from clean surfaces are pre-
dominantly neutral, while from contaminated sur-
faces a large amount of atoms and molecules are
emitted as ions [35, 36]. Their energy and angular
distribution have not yet been measured for the para-
meters of interest. It is expected that the mean energy
will be low (1 eV to 10 eV) and that the atoms will
be emitted in a nearly cosine distribution [8, 17].

Results on neutron sputtering yields have achieved
great attention due to extremely high yields of
0.3 atoms/neutron found in some experiments {71].
However, the latest, more careful investigation at
several places have led to the conclusion that neutron
sputtering yields are below 10* atoms/neutron,
in agreement with theoretical predictions [6, 8, 72, 73].

If the bombarding ions can form a volatile
compound with the target material, such as for hydro-
gen bombardment of carbon, an increased erosion
yield due to the formation of CH, is expected. This has
been found at target temperatures of 400° to 800 °C, as
shown in figure 9 for different bombarding energies at

104x10° .
*BkeV Hy
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83KeV Hj
E 8- *2keV H3
>
2
<
£ 8
a
)
4
2
s
0 T T T s
200 400 600 800 1000
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F1G. 9. — Temperature dependence of the sputtering yield of
pyrolytic graphite for hydrogen bombardment at different energies
(ref. [70)).

normal incidence [70]. The steep increase in the yields
has been explained by increased mobility of H on the
surface, so that CH, can be formed. The decrease of
the yields at temperatures above 700 °C is not yet
fully understood ; it may be explained by an increased
release of hydrogen from the surface, so that the
probability for the formation of CH, decreases.

Similar effects have been found for silicon carbide
and boron carbide. However, in these cases the sur-
faces seem to become depleted of carbon after some
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dose, and chemical sputtering disappears, except when
the target temperature is high enough so that carbon
diffuses from the bulk into the depleted layer [17, 74].

Finally, in all compounds and alloys a composition
change due to preferential sputtering by ion bombard-
ment is expected and has partly been observed [17].
However, systematic investigations for the parameters
of interest in respect to CTR have not yet been
performed.

9. Surface changes due to prolonged ion bombard-
ment. — If the incident gas ions are not soluble in
the material, transmission electron microscope obser-
vations have shown that at bombarding doses of
2 10*%/cm?, corresponding to several atomic percent
gas injected into the solid, the gas starts to coalesce to
small bubbles of 10 to 30 A diameter inside the
implanted layer [9, 75].

If the ion bombardment is increased further,
blisters, i.e. bending up of a surface layer, can be
observed [3, 4, 17, 75]. The critical dose for the appea-
rance of blisters lies between 1017 and 108 ions/cm?.
It depends on the bombarding energy, the current
density and the angular and energy spread of the
bombarding ions, as well as the material and its
temperature [75] to [80].

If the bombardment is continued, several successive
blister layers may be formed. At an ion dose corres-
ponding to sputtering away a layer of about one
deckeldicke, i.e. the thickness of the blister covers,
blistering disappears and a spongy structure deve-
lops [10, 11, 17, 81], as seen in figure 10a, b for 5keV H
bombardment of stainless steel and in figure 11a, b
for 100 keV He bombardment of niobium.

1.97 x 10?° cm~2

9.7 x 10'8 cm~2

F1G. 10. — Surface topography of 304 stainless steel bombarded

with different doses of 7.5 keV hydrogen ions at room temperature

and normal incidence. Blistering is observed only at low bombarding

doses (a). At higher doses (&) the surface becomes rough and the

differently oriented grains are eroded at different rates (ref. [10]
and [68]).

Further, blistering is considerably reduced if the
bombardment is performed at a broad energy dis-
tribution and/or a broad angular distribution of the
incident ions [80, 81] and the spongy structure occurs
already at lower doses.

The temperature also can modify the blister appea-
rance [3, 4, 58, 76] to [78], [82]. At medium tempera-

C3-49

1.2 % 1022 cm~? *He

1 x 10'° cm™2 “He

Fi1Gg. 11. — Surface topography of polycrystalline Nb at room

temperature bombarded with different doses of 100 keV He ions

at normal incidence. Blisters disappear after about one deckeldicke
has been removed by sputtering (ref. [81]).

tures (500 to 800 °C) blistering generally is increased
and exfoliation of the blister covers is observed. At a
further increase in temperature blistering is decreased
again.

10. Evaporation. — The steady state evaporation
rate 71 (atoms/cm? s) of atoms from a surface heated
in equilibrium to a temperature 7 is given by

pltorr] [atomsil
M .T[K] Lem? s

where p is the vapour pressure of the material, M its
atomic number and a the sticking probability of atoms
of the material with a temperature T at the surface.
Generally, « < 1, but for simplicity « = 1 is taken.
Vapour pressures and evaporation rates for different
materials of interestare given in figure 12 [10, 83, 84].
If the impurity introduction in the plasma by evapora-
tion from the limiter or the first wall should be smaller
than by sputtering, we find for stainless steel a maxi-
mum temperature of about 850 °C, while for the
refractory metals the maximum operation tempera-
ture ranges up to 2 000 °C. However, small contents
of impurities, such as oxygen in the material, can
largely increase the evaporation yields.

In a fusion reactor also pulse evaporation will occur
as the energy deposition on the first wall may not be
uniform in space and time. A local increased energy
deposition will cause an increased surface temperature
and thus increased evaporation. If an amount of
energy E is coming to a first wall area A in the form
of a heat pulse of duration 7, the increase in wall
temperature AT will depend on the density p, the
thermal conductivity k& and specific heat ¢, of the
solid and is given by [8] :

WT) = a 3.5 x 10%°

~EL I &
A \/; ncy.kp

As the temperature increases with the reciprocal
square root of the deposition time, small values of T,
as may occur in a disruptive instability, can lead

AT
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F1G. 12. — Vapour pressure and evaporation rates for different first wall materials calculated for « = 1 (ref. [10], [83, 84]).

locally to extremely high wall temperatures [8]. These
temperature pulses firstly cause a pulse evaporation,
but may also very efficiently crack brittle materials
[33, 85].

Pulse evaporation yields have been estimated for
niobium [8] to be about

n~ 02T, .

The yields are generally small if T,,,, = T + ATisnot
too high. No measured values seem to be available.

11. Summary and conclusions for plasma experi-
ments and later fusion reactors. — In today’s plasma
experiments, especially of the tokamak type, the impu-
rities introduced during the start of the discharge
by desorption (as O, and C) dominate the achievable
plasma parameters and also the further release of
impurities from the first wall by sputtering.

Due to chemical reactions between the hydrogen
and O or C at the wall i.e. the formation of H,O and
CH,, clean hydrogen discharges may be obtained
only if O and C are nearly quantitatively removed
from the first wall. This may be achieved by glow
discharge cleaning where H,0O and CH, production
is maximised.

In order to reduce the impurity introduction into
the plasma by sputtering, the wall bombardment has
to take place at very low energies, this means at very
low plasma temperatures near the first wall. For D, T
discharges these have to be lower than for hydrogen
discharges. This corresponds to a cold gas or a cold
plasma blanket ; however, it is not yet clear whether
this shift of the temperature gradient from the plasma
wall transition into the plasma or gas near the wall
can be achieved [86].

The reduction of the impurity concentration in the
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plasma by introducing a divertor has to be studied,
and much more quantitative information about plasma
wall interaction processes has to be collected.
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