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Abstract

Plasma-facing divertors and limiters are armoured with castellated tiles to withstand intense heat fluxes. Recent expe-
rimental studies show that a non-negligible amount of deuterium is deposited in the gaps between tiles. We present here a
numerical study of plasma deposition in this critical region. For this purpose we have developed a particle-in-cell code with
realistic boundary conditions determined from kinetic calculations. We find a strong asymmetry of plasma deposition into
the gaps. A significant fraction of the plasma influx is expelled from the gap to be deposited on the leading edge of the

downstream tile.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In order to help the future vertical target of the
ITER divertor to withstand strong thermomechani-
cal stresses [1] due to intense, inhomogeneous parti-
cle and heat fluxes [1], its armour will be castellated,
i.e., split into cells [2]. This will increase the exposed
surface of the limiter. Plasma and charge exchanged
neutrals will flow into the gaps where tritium can be
trapped in deposited hydrocarbon layers. A recent
experimental study in TEXTOR [3] has shown sig-
nificant deposited layers in the gaps of an ITER-like
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castellated test-limiter. A minimum of 30% of the
deuterium retained on the top surface of the tiles
is found in the gaps. We present here a two-dimen-
sional numerical study of plasma deposition inside
the tile gaps. Our investigation is performed using
a standard particle-in-cell (PIC) technique (Section
2). The novelty consists of the realistic boundary
conditions that satisfy the kinetic Bohm criterion.
The particle deposition with respect to the depth
and the width of the gap for different inclinations
of the magnetic field lines are performed and pre-
sented in Section 3. Two orientations of the incident
toroidal magnetic field, parallel and perpendicular
to the gap are investigated. Particle flow asymme-
tries occurring inside the gap are of particular inter-
est. The physics of plasma flow through a small
orifice or a hollow conductor is known [4] and
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governs the plasma deposition inside the tile gaps. A
summary of the results is presented and the conclu-
sions drawn in Section 4.

2. Tile gap modeling
2.1. The two-dimensional kinetic model

The numerical tool we have developed for this
study is a three velocity — two-dimensional kinetic
code. The solution scheme is similar to the ones
usually used in PIC code modeling and based on
[5]. The case considered in this paper is a fully
ionized magnetized plasma with one species of sin-
gly charged ions incident on a completely absorb-
ing, conducting wall. The code is based on the
resolution of the equations of motion and the inte-
gration of Poisson’s equation [6] to obtain the self-
consistent electric field that accelerates the particles.
We solve the equations of motion for both species
(electrons and ions) with an implicit leapfrog [7]
integration method. The novelty of the code is its
ability to inject arbitrary velocity distribution func-
tions. For the ions, we use a non-Maxwellian distri-
bution given by a one-dimensional quasineutral
kinetic calculation of the scrape-off layer [8,9] that
satisfies the kinetic Bohm criterion at the electro-
static sheath entrance. The injected electrons are
assumed to be Maxwellian. At equilibrium the elec-
tric field decays to zero far from the tile surface with
no formation of a numerical sheath near the particle
injection plane.

2.2. Simulation description
The Cartesian coordinate system used for the

PIC simulation is illustrated in Fig. 1. All gradients
are zero in the ignorable x-direction and the system
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Fig. 1. Scheme of the simulation domain in Cartesian
coordinates.

is periodic in y. The absorbing wall corresponding
to the tiles #1 and #2 is set at the floating potential
Vo ~ —3kT,. while the plasma side of the simulation
is set at the potential V' = 0. The uniform magnetic
field can have an arbitrary orientation and is defined
by two angles, «,. and «,., corresponding to the pro-
jection of B into the planes (x—z) and (y—z), respec-
tively. We inject ions (electrons) from the plasma
side with the kinetic (Maxwellian) distribution in
the parallel direction along B. In the two other per-
pendicular directions, a Maxwellian distribution is
assumed for both species. In the 1D case, when
the B angle is oblique with an infinite surface, a
magnetic sheath [10,11] develops in the range of
4r;, where rp is the Larmor radius at the cold ion
sound speed. This has been taken into consideration
by enforcing a minimum distance of 10r in between
the tiles surface and the plasma boundary in order
to have no perturbation of the bulk plasma. The
magnetic sheath can be parameterized by the factor
{=ri/Ap [11]. In our simulations, we set n. = 2 X
10¥m=3, 7.=10eV, and B=5T, yielding { =5
to model a moderate flux zone with a partially
magnetized sheath. These conditions are favourable
for the growth of thick carbon deposits inside tile
gaps in the Tore Supra tokamak. The length of
the surface of the tiles in the y-direction is also taken
large enough to avoid perturbations generated by
the gap itself due to the periodicity of the system.
We verify that the solution at the boundaries
y=0, y=L,, is identical to the semi-infinite 1D
solution.

We simulate two types of gaps according to their
orientations with the magnetic field lines. Gaps
parallel to the poloidal direction, i.e., B in the
(y—z) plane (a,. = 90°), and parallel to the toroidal
direction, i.e., B in the (x—z) plane (o, = 90°), are
called poloidal and toroidal gaps, respectively. In
the following, we will only use the terms o and the
gap orientation to describe the incident angle. In
ITER, the vertical target will consist of castellated
10 x 10 mm tiles with a gap width of 0.5 mm. The
incidence of the field lines should be at most 5°.
We have investigated two angles, o« =5° and a =
20° (like in [3]) for both poloidal and toroidal gaps,
as well as two different gap widths, /y,, = 0.5 mm
and /y,, = 1 mm.

3. Results and discussion

We limit the present discussion to the particle
fluxes only. Power fluxes follow the trend shown
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by the particle fluxes, and will be analyzed in detail
in another publication. For better understanding,
we use the terms vertical and horizontal relative to
the y- and z-directions, respectively. With the same
convention, the two sides of the gap are named
upper side and lower side. Finally, unless specified,
we present here figures for the so-called reference
case, i.e., ] mm gap and a 20° angle.

3.1. Poloidal gaps

The electric potential distribution in the simula-
tion region shows a strong positive peak inside the
gap (Fig. 2(a)). This structure is due to the different
degree of magnetization of ions and electrons. Elec-
trons remained tied to the B lines, but ions can move
freely in the horizontal direction due to their Larmor
gyration and the polarization drift [11]. This leads to
strong positive charge separation. Fig. 3(a) shows
the vertical ion flux falling onto the two sides of
the gap along the horizontal axis. This flux is nor-
malized to the theoretical unperturbed flux that
impinges on the tile far from the gap. Around 70%

a lons streamlines (poloidal gap) |y lon streamlines (toroidal gap)

20 40 60
z‘,?"n Zl'lD

Fig. 2. Ton streamlines in the case of poloidal (a) and toroidal (b)
gaps plotted over the electric potential normalized to kT,/e for
the reference case, i.e., an angle of 20° and a gap width of 1 mm.
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Fig. 3. Vertical ion flux falling on the sides of the gap for poloidal
(a) and toroidal (b) cases normalized to the non-perturbed influx
flowing onto tile surface far away from the gap for the reference
case (20°, 1 mm). The ITER case (5°, 0.5 mm) is overplotted. The
percentages correspond to the incident current normalized by the
theoretical unperturbed current density at the gap entrance.

of the incident ion flux flows downwards on the wet-
ted side of the gap. Some flux (only <1%) is collected
on the magnetically shadowed upper side due to par-
allel flow reversal of the ions that just graze the edge
of the upper tile and get reflected by the positive
potential inside the gap. The missing incident flux
is expelled from the gap by the charge separation
field; they continue along field lines to be collected
on the leading edge of the lower tile (Fig. 2(a)). If
we reduce the gap width to 0.5 mm the trajectories
are similar and only the flux on the lower side is
decreased by a factor of two. Defining a decay length
of the deposited flux as 1% of the maximum flux
inside the gap, we find that the plasma is deposited
within 0.40 mm and 0.52 mm for the upper and the
lower side, respectively. It has to be noted that the
geometric projection on the lower side of a 20° line
passing by the upper corner is 0.36 mm. If we add
one Larmor radius it covers the maximum range of
0.44 mm. The geometric effect of Larmor gyration
is thus the main action that explains the wetted area
on the lower side for poloidal gaps. Fig. 4(a) shows
the ion flux perpendicular to the tile faces normal-
ized by the theoretical 1D influx. The flux at the
upper part of tile #1 and at the lower part of tile
#2 is constant and corresponds to the influx injected
from the plasma side. We observe in the gap interval
a decrease of the horizontal flux which is compen-
sated by an increase of the vertical flux in this area.
Indeed, we observe a significant increase of the
horizontal particle flux deposited on the leading edge
of tile #2. This confirms that a non-negligible frac-
tion of the ions flowing into the gap in the parallel
direction is expelled by the charge separation poten-
tial to be deposited on the top surface of tile #2
within 1 mm.

In the ITER case (/yop = 0.5 mm, o = 5°), due to
such a small incident angle, only few particles enter
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Fig. 4. Horizontal ion flux normalized to the non-perturbed
influx flowing onto tile surface far away from the gap along the
vertical coordinate at the gap entrance for a poloidal gap in the
case of (a) reference (20°, 1 mm) and (b) ITER (5°, 0.5 mm).
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the gap, therefore the particle flux deposited on the
two sides on the gap is strongly reduced (Fig. 3(a)).
No particles are collected by the upper side while
30% of the incident influx is found on the lower side.
Decreasing the angle of incidence leads to an
increase of the flux expulsion onto the lower tile
#2 (Fig. 4(b)).

3.2. Toroidal gaps

In the case of toroidal gaps (Fig. 2(b)), there is a
strong asymmetry in particle trajectories caused by
the E x B drift in the magnetized sheath; at the tile
surfaces this drift is directed upwards along the
y-axis. Inside the gap, the E x B drift tends to sweep
ions preferentially onto the upper surface. There,
the drift can even cancel the incoming parallel flow,
leading to a purely vertical flow onto the upper side
of the gap. Fig. 3(b) shows that 40% of the influx is
collected on the upper side of the gap and 7% on the
lower side. The gap was not deep enough for the ref-
erence case of 20°, so a significant amount was also
collected on the bottom of the gap (45%). Presum-
ably this flux would go to the upper side if we had
simulated a deeper gap. The missing flux (8%) is
not expelled as in the case of poloidal gaps, but is
lost before entry due to strong focusing of the elec-
tric field on the corner of the lower tile #2
(Fig. 5(a)). If we reduce the gap width to 0.5 mm,
the trajectories are similar and again, only the val-
ues on the lower side are decreased by a factor of
two.

In the ITER case (lyyp,=0.5mm, o=5°), we
observe the same strong asymmetric deposition with
no particles collected on the lower side (see
Fig. 3(b)). Roughly, the same amount of influx is
collected inside the gap (90% in this case compared
to 92% in the reference case), but it is more concen-
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Fig. 5. Horizontal ion flux normalized to the non-perturbed
influx flowing onto tile surface far away from the gap along the
vertical coordinate at the gap entrance for a toroidal gap in the
case of (a) reference (20°, 1 mm) and (b) ITER (5°, 0.5 mm).

trated near the gap entrance. In fact, practically no
ions penetrate to the floor of the gap. This is due to
the fact that the E x B drift dominates the horizon-
tal projection of the parallel inflow for nearly graz-
ing B angles.

4. Summary and conclusions

Plasma deposition is asymmetric in both poloidal
and toroidal castellated tile gaps. Particle collection
is a function of the dimension of the gap and the
incidence of magnetic field lines. Strong electric
fields developed along the sides of the gap govern
the trajectories with the orientation of the magnetic
field due to E x B drifts. In case of small poloidal
gaps with grazing magnetic field lines, most of the
incident ion flux is diverted over the entrance of
the gap by the charge separation field and collected
on the first millimeter of the leading edge of the
downstream tile. This will lead to significantly
enhanced local power loading (perhaps up to a fac-
tor of two), so these findings should be taken into
account in thermomechanical modeling of the tiles.
In the case of perfectly aligned toroidal gaps, prac-
tically all the flux that enters will impinge on the side
favoured by the E x B drift. This finding is consis-
tent with the observation that carbon layers form
preferentially on the high field side of toroidal gaps
on the bottom toroidal limiter in Tore Supra [12] (B
is oriented in the negative toroidal direction). A
small amount (10%) of the influx will be focused
onto the leading corner of the tile face. This result
might be different in the case of bevelled corners,
and for slight misalignments of the gap with respect
to the magnetic field; we will investigate these issues
in the future.
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