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Abstract

At the ELMy H-mode of ITER repetitive transient processes may cause wall material vaporization and subsequent
contamination of the confinement region. The magnetic configuration relaxing to the stationary confinement may signi-
ficantly change the load distribution over the vessel surface. The plasma flux to the wall causes back fluxes of atoms into
the confined plasma. The work is concerned with recent progress in the implementation of plasma wall interactions for the
new tokamak equilibrium code TOKES that aims at the transient regime, taking ITER as most challenging target for
future applications of the code. The modelling for a carbon surface and coupling of wall emitted fluxes with the confine-
ment plasma are explained. The surface obeys the toroidal symmetry, being of arbitrary poloidal cross-section shape. Heat
transport in the wall, surface evaporation, propagation of vaporized atoms in the vessel volume and ionization of wall
atoms are implemented. Preliminary results are obtained.
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1. Introduction

In the tokamak ITER, high heat depositions up to
3 MJ/m?[1]on the time scale ~0.3 ms may cause wall
material vaporization and subsequent contamination
of plasma. The magnetic field varies, changing the
separatrix strike position on the divertor surface.
The most damaging wall scenarios have been simu-
lated with the code FOREV [2]. However, FOREV
allows only the simulation of rather short processes
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(a few ms) in a fixed magnetic field configuration. It
cannot handle the propagation in the vessel of neutral
atoms. Therefore for elaborated modelling a new
code TOKES (Tokamak Equilibrium and Surface
processes code) is being developed. Earlier activities
concerned the implementation of the confined
plasma [3]. In this work wall-relevant issues are
reported.

The vessel’s wall obeys toroidal symmetry. The
wall material graphite is implemented so far. In
the poloidal cross-section, the surface is approxi-
mated with cone segments. Due to the same algo-
rithm for each wall segment, uniform calculations
for the whole surface are achieved including the
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divertor, the dome and the main wall. For model-
ling the neutral particles (atoms, photons and
neutrons) the Monte-Carlo method is applied. They
are spread over the volume as random beams local-
ized in specified solid angles, for instance the wall
emitted atoms in 2= steradians (half-isotropic).

Section 2 explains the implementation of sputter-
ing, scattering and sticking of plasma particles
and wall heat transport including surface evapora-
tion. Sections 3 and 4 are dealing with the propaga-
tion of neutrals through the vessel by means of
special triangle meshes over the poloidal plane. The
magnetic surfaces are constructed as chains of line
segments situated in the triangles, which provides
optimal coordination of the neutrals and the plasma.
Section 5 presents first simulation results.

2. Implementation of wall processes
2.1. Particle fluxes between the plasma and the wall

All ions arriving at the wall during one time step
are assumed to recombine at the surface. They and
other arriving atoms are collected as computer data
with regard to their numbers and the energy they
brought with, separately for each kind of atom
and wall segment. The recombination energy is
added to some data item Q,, that accumulates the
heat absorbed in a wall segment; the incoming elec-
tromagnetic radiation is also added to Q.

The neutrons released in the fusion reaction are
assumed to penetrate through the surface. They
are counted as a separate data item for each wall
segment. Originally intended for future estimations
of material damage and heating, the neutron statis-
tics already became useful in particle conservation
checks to ensure correct calculations, for which
the code sums the counted neutrons with the
nucleus neutrons of collected atoms and plasma
ions, and subtracts the ones of fuelling beam atoms
and the atoms emitted by the wall.

The atoms of some kind accumulated during a
time step t either stick in the wall or elastically scat-
ter from it. However, at first their energy collector
value is divided by the collected number in order
to obtain the averaged impact energy E,, which is
used for the calculation of the sputtering yield Y
taken from Ref. [4, p. 166]. The sticking atoms
remain in their classes, to allow for re-deposition.
Their summed-up impact energy is added to the wall
heat Q, along with the sublimation energy.

2.2. Heat transport in the wall

The striking particles may produce significant
wall heating up to the vaporization threshold thus
also producing atoms emission. The temperature
T(t,x) is described with one-dimensional heat
conduction equation as a function of time ¢ and
the local depth x:

or o ([, oT

The boundary conditions are k(37/0x)|x—o = —qo
and T(x.) =T, A temperature 7, of a cooling
equipment in the bulk at some depth x = x, is as-
sumed. The heat capacity ¢ and the thermal conduc-
tivity k& are some given functions of 7 taken from
the heat conduction code MEMOS [5]. W is a volu-
metric heating term due to eddy currents and
stopping of the neutrons, and the surface heat flux
90 = (Ow — NyapEsup1)/tS, Where N, is the number
of wall material atoms vaporized during the time
step and S the area of the surface segment. Eq. (1)
is numerically solved by approximation with an
implicit conservative finite-difference scheme.

The vaporized number N,,, of carbon atoms is
calculated using MEMOS data on saturated vapour
pressure pg,(7s) as a function of surface tempera-
ture 7,. The vapour amount is obtained by
Nyap = (1/4)nyapv7St, with the surface vapour
density ny,p = psar/Ts, and the averaged velocity
of vaporized atoms UT:(8T/1rm)l/2. The energy
NyapEsub taken off at a time moment #, cools pre-
surface meshes, which can cause a significant drop
of ¢o and thus T, at a large 7. As pg, depends
strongly on T, at the moment ¢y + 7 the drop of
Ts would drastically decrease Ny,,, which at 7, +
27 can cause Ny, getting much larger than that at
to. To overcome this numerical instability, a simpli-
fied energy balance equation for only the first few
meshes is solved before each time step in order to
adjust T and N,,, to each other, assuming the same
temperature 7T of these meshes, and only afterwards
Eq. (1) is processed. The vaporized atoms are emit-
ted with the energy (5/2)T.

3. Neutral beams and magnetic surfaces modelling

The toroidal symmetry of the distribution of
atoms emitted from the wall surface allows the
reduction of calculations to one starting toroidal
angle (. Simulation for one straight trajectory
that starts at { =0 and stretches into the vessel
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(representative ray) describes the whole symmetric
set of the trajectories parameterized by (. A ray
either stretches until full absorption in the plasma
or penetrates the vessel striking the opposite wall.
TOKES simulates a real fuelling beam injected
through a window in the surface also as if the beam
would be symmetrically spread over (. For the
plasma absorption this assumption is adequate,
because due to the high thermal velocity of plasma
particles the real beam produces negligible non-
homogeneity of plasma along each magnetic sur-
face, thus interacting with the plasma like the spread
beam (the typical electron temperature non-homo-
geneity is estimated as AT,/T. ~ 10~°). However,
the damage the real beam may cause to the opposite

Fig. 1. ITER poloidal plane with typical rays (solid curves)
representing neutrals (atoms and neutrons) or photons on the
triangle mesh (dashed lines). The mesh sizes follow the local
density of given wall segments.

wall is localized on the toroidal angle thus destroy-
ing the symmetry, but in ITER full absorption of
the beam in the plasma will be achieved.

The numbers N, and energies E, of the atoms to
be emitted from each wall segment are in advance
accumulated as data pairs (N,, N,E,), separately
for the scattered, sputtered and vaporized atoms.
When N, exceeds some given minimum value, or
the accumulation period exceeds some given maxi-
mum time, the next ray of N, atoms in the ground
state of their bound electrons and with kinetic
energy E, per atom is produced. The corresponding
data pair is then zeroed, and a new accumulation
cycle starts. After many emissions the half-isotropic
ray’s distribution is achieved at each wall segment.
The values of N, and N,E, should be as small as

magnetic layers
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Fig. 2. The poloidal cross-section of magnetic layers. The solid
closed curves indicate the layers filled with confined plasma. The
thin unclosed curves indicate the layers containing SOL plasma
of a small density. The lost plasma strikes the surface mainly at
the separatrix strike points (SSP). The numbers around the
boundary mark (in metres) the wall coordinates.
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available computer speed allows (presently N, =
10" and N,E, =117 are chosen).

For an appropriate description of the rays and
their crossing with the confined plasma, TOKES
produces two overlapping meshes in the vessel,
one for the rays, and the other for the plasma.
For the rays, adjoining toroidal cells with triangular
poloidal plane cross-sections are generated covering
the whole vessel volume (see Fig. 1, dashed lines).
The straight rays seen in the figure as the solid
curves approximated with the chains of lines cross
those cells.

The plasma in TOKES is assumed to be distrib-
uted over another set of line chains (‘magnetic
layers’) that follow the magnetic surfaces. An exam-
ple configuration obtained with TOKES is shown in
Fig. 2. Like the ray lines, the lines of magnetic
chains are also ending at the triangle sides. Thus
the magnetic layers are also constructed of cone seg-
ments. This structure provides optimal coordination
of the rays and the plasma. The poloidal magnetic
flux w is calculated only at the triangle nodes, and
linear interpolation is employed for getting w(r,z)
at either r and z, providing a unique set {k} of mag-
netic layers with different constant magnetic flux
values wy.

4. Realization of interaction of neutrals
with plasma

The interaction of atoms of mass m, with the
plasma is calculated sequentially along the ray, tri-
angle by triangle. The interaction algorithm is as
follows. The lines of the contours k crossing the tri-
angle are prescribed with the fractions s; of trian-
gle’s area s proportionally to the line length, so
that the triangle is distributed over the contours:
s = »_,s. Initially the path / across the torus of this
triangular cross-section is calculated, then the tra-
versing time ¢=I/v,, with v, = (2Ea/ma)1/ 2 the
atom’s velocity, and also the poloidal fluxes w,
and w, at the ray’s enter and the exit of the triangle.
The ray is assumed to penetrate the whole triangle’s
torus, interacting with the whole contours k that
contain plasma, in the sequence of w; on the inter-
val (wy,wy) (if this sequence is empty, the triangle
gets skipped). The layer-ray interaction time 7 is
obtained distributing the time interval ¢ over the rel-
evant contours: t = tsi/s. Thus the ray interacts
with all its plasma, however proportionally to the
area involved.

The atoms entering the plasma layer are assumed
to occupy for the period 7 the whole layer’s volume
¥ homogeneously. This approximation is adequate
because the ray represents the mentioned trajecto-
ries of toroidal symmetry. The ionization and
charge-exchange are implemented in TOKES,
including the impact of energetic beams on plasma
ions, but to the date only preliminary simulations
are achieved. The current state we describe exempli-
fying the neutral ionization by electrons.

The TOKES code allows incomplete sets of ions
charge states in the plasma, for instance C°" ions
may be present but C* to C°* species not. However,
this means a deterioration of the modelling, because
the ionization energy E; and the ionization cross-
section g, for C®" are very different from those for
C". As yet, TOKES is not able to calculate the real
multi-stage ionization, which would demand the
complete ions sets. Instead, a compromise solution
is implemented. For instance, the C neutral is
ionized in the simulation as if the C* species would
be available, thus using the cross-section of the pro-
cess e + C — 2¢ + C', but C®" is immediately pro-
duced (not C") together with 6 ionized electrons
(not 1) implying that the following ionization stages
up to C®" occur with a very fast rate, which is not
justified so far.

In the model the ionization rate k; = (gve) (ve is
electron thermal velocity) means simultaneous
ionization of Z > 1 electrons after the impact of a
single electron onto one neutral atom. Due to the
ionizations the number N of entering atoms in the
volume V' decreases and the number N, of plasma
electrons increases: N = Ny — (N, — Neo)/Z, with
given initial numbers Ny and Ngy. The electrons
spend certain energy E; per ionization of Z new elec-
trons and cool down. The equations describing the
electrons read:

dN. k;

5 = Zp NN )
d /3 E; dN,
@ (?”e) =7 a 3)

The k; is approximated as a linear function of T,
defined in terms of initial temperature 7,y and some
final temperature To; (7o < Tep). At a large 7 the
cooling can be significant therefore several comput-
ing steps with dropping 7, from T, to T, are fore-
seen, and after each step T.o acquires the value of
T.; and T, gets a new lower value. Eventually some
final state with N(t7) atoms at the exit from the
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Fig. 3. The distribution of neutron flux through the vessel
surface; the wall coordinates are shown in previous figure.

magnetic layer is obtained, and then the interactions
with next layers simulated. The ionized atoms are
supplied with additional kinetic energy taken from
the other ions of the same species, reaching common
species temperature.

5. Preliminary benchmark results

This work concerns mainly the implementation
technique, and only a few benchmark results on
the plasma wall interaction are given. An ITER-like
stationary configuration (as is shown by Fig. 2)
establishes within about 6 s after starting the dis-
charge simulation for 130s. By now TOKES is
unable to reach the magnetic configuration with
the separatrix strike point (SSP) at the side walls
of the divertor legs therefore the lost plasma hits
the divertor bottom surfaces. In the simulation
N.=11%x10°m? and 7T.=12keV are main-
tained at the magnetic axis, and at the last closed
layer N, drops down to 3.6x 10 m—3 and T, to
7 keV. The fuelling D- and T-beams are absorbed
in the fusion plasma which diffuses to the SOL.

The SSP heat fluxes are obtained to be 3 x 107
(inner divertor) and 4 X 10> MW/m? (outer diver-
tor), the large values due to the inappropriate and
motionless position of SSP fixed at one wall seg-

ment. However, even in this case the surface temper-
ature of the wall of assumed cooling depth
x.=5cm reaches 1200 K at 130 s, which is much
below the vaporization threshold 4100 K. The sput-
tered atoms propagate until being absorbed either
by the walls or ionized at the plasma periphery.
Within 60 s the diffusion of C®" establishes rather
homogeneous density of 0.8x 10" m™ in the
plasma volume. The fusion power of a-particles is
equal to 80 MW. The calculated distribution of
neutron flux over the vessel surface is shown in
Fig. 3. The obtained results need validations.

6. Conclusions

Despite the fact that the 2D code TOKES is still
in a preliminary state, the implementation of ITER
surface shape and the main wall processes including
heat transport, surface evaporation, and sputtering,
seems a significant step of development. The ran-
dom neutral fluxes propagating through the vessel
are simulated with representative rays that are nat-
urally coupled with the confined plasma. The cou-
pling is achieved by special meshes built of three-
dimensional cells with triangular cross-sections
which overlap the magnetic surfaces. By this,
TOKES acquired new major features necessary for
integrated tokamak modelling.

The next urgent steps for elaborating the plasma
wall interactions include accounting for each ioniza-
tion stage at plasma simulations, implementation of
other wall materials (beryllium and tungsten) and
improvements of data for different wall processes.
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