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Abstract

For ITER, the potential material damage of plasma facing tungsten-, CFC-, or beryllium components during tran-
sient processes such as ELMs or mitigated disruptions are simulated numerically using the MHD code FOREV-2D and
the melt motion code MEMOS-1.5D for a heat deposition in the range of 0.5-3 MJ/m? on the time scale of 0.1-1 ms.
Such loads can cause significant evaporation at the target surface and a contamination of the SOL by the ions of evap-
orated material. Results are presented on carbon plasma dynamics in toroidal geometry and on radiation fluxes from
the SOL carbon ions obtained with FOREV-2D. The validation of MEMOS-1.5D against the plasma gun tokamak
simulators MK-200UG and QSPA-Kh50, based on the tungsten melting threshold, is described. Simulations with
MEMOS-1.5D for a beryllium first wall that provide important details about the melt motion dynamics and typical
features of the damage are reported.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the future tokamak ITER, high heat load transient
processes, such as bursts of Edge Localized Modes
(ELMs) accompanying normal tokamak operation with
a frequency of 1-10%> Hz, and events of plasma disrup-
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tions, are anticipated to present a much more serious
problem than in the present-day tokamaks. This is due
to ITER’s high magnetic field and large plasma volume
[1]. The plasma facing components (PFC) of the main
chamber wall are to be made of beryllium, and that of
the divertor to be carbon fibre composites (CFC) and
tungsten (W-brushe). At the divertor, the dome (covered
by W-brushe), the limiters, and the top of the vessel, the
expected transient heat deposition Q is in the range of
0.5-3 MJ/m? on the time scale t of 0.1-0.5 ms for ELMs
and Q ~ 5-30 MJ/m? at © ~ 1-10 ms for disruptions [2].
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Such wall load pulses can cause evaporation of a thin
layer from the armour surface that after ionization in
the impacting plasma stream acts as a plasma shield
which expands into the scrape-off layer (SOL).

As the expected fluxes are not achievable in present
tokamaks, available non-tokamak facilities must be en-
gaged to simulate such transient loads, for example, with
plasma guns that produce streams of hydrogen plasma
with O up to 25 MJ/m? and t up to 0.25 ms [3,4]. This
work describes the current state of our theoretical inves-
tigations on possible PFC damage, and their correlation
with experiments carried out to validate the numerical
tools.

So far, the particular loads to different parts of vessel
walls are predicted using a scaling which is typical of
existing tokamaks [5]. During ELMs the physical carrier
of the first wall load is the unstable plasma with electron
and ion temperatures 7, ~ 10-10% eV and T; ~ 3-5 keV,
respectively. The hot plasma effectively diffuses across
the magnetic surfaces and reaches the target within 0.1
ms after the start of a type I ELM [2]. Assuming that
20-40% of the released energy can arrive at the wall,
the load will be in the range of Q = 0.05-0.2 MJ/m? at
7 of 0.2 ms. During a disruption mitigated by impurity
puffing (Ne or Ar), the radiation due to the impurity
mainly contributes to the first wall load with 0 = 0.5-1
MJ/m? at t ~ 1 ms [5].

The computational tool applied for a direct calcula-
tion of different kinds of transient wall loads is the
two-dimensional (2D) multi-fluid MHD code FOREV-
2D [6,7] (referred to below as FOREV). It models the
irradiation fluxes of the hot plasma lost across the separ-
atrix during an off-normal event and self-consistently
calculates the consequent evaporation and ionization
of target material, the dynamics of the plasma shield
including the radiation transport and its backward prop-
agation. Simulation of plasma dynamics in the ITER
geometry with FOREV is described in Section 2.

In the case of metallic targets, the surface damage is
substantially caused by melt motion. To model the melt-
ing process the incompressible fluid dynamics code
MEMOS-1.5D (referred to below as MEMOS) is ap-
plied [8]. The tokamak simulators used for validating
MEMOS are the plasma guns MK-200UG [3] and
QSPA-Kh50 [4]. The validation of MEMOS by these
facilities and the surface melting calculations with
MEMOS for beryllium armour in ITER are presented
(Sections 3 and 4, respectively).

2. Plasma modelling in ITER geometry

The code FOREV was originally developed to de-
scribe radiation transport in the dense material plasma
near the surface. Therefore it had used a slab geometry
and a one-fluid approximation which was sufficient for

calculations at plasma densities above 10*' m™>. Re-
cently simulations with FOREV also were focused on
the ITER ELMy H-mode regime where the vapour
shield does not develop or is rather weak compared to
the disruption regime. The numerical scheme of FOREV
was changed to model the whole SOL, the x-point and
inner and outer divertor plates. To distinguish the
dynamics of various plasma components, the ion fluids
of D, T, He, and C are included. The radiation losses
are now taken into account in the approximation of
optically thin plasma with the data [9] being the most
reliable in this case. However, for the rather dense plas-
mas of this study this approximation is not correct
because the main radiation flux transports in the emis-
sion lines where the reabsorption is quite important.
Parametric studies for ELMs were performed so far
for the following scenario. It is assumed that the hot
DT plasma of the pedestal region is lost during the time
t:0 <t <7 through the separatrix with a loss rate deter-
mined by a specified Q and 7. The plasma then appears
in the SOL which has equal constant initial temperatures
Tpr=T.=T; and an exponential density profile,
npt x exp(—x/d), with x the coordinate across SOL
and d~ 1 cm the profile thickness. The generated DT
plasma heats the carbon-based divertor armour (for
the details on the plasma dynamics see Ref. [7]). The val-
ues of npt were varied over the range 2-7 X 10" m~3,
with Tpt in the range 1-3 keV, and 7 in the range 0.1-
0.5 ms. Some results are shown in Fig. 1 for which
different points correspond to the regimes with- and
without vaporization during the target irradiation. At
a regime below the vaporization threshold the surface
does not evaporate, because due to a low surface tem-
perature Ty, the vapour saturation pressure is smaller
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Fig. 1. Evaporation threshold at ITER conditions calculated
for carbon-based PFC. The numbers at the points are the
maximum carbon density (in m~3) in the SOL obtained for
those calculations.



LS. Landman et al. | Journal of Nuclear Materials 337-339 (2005) 761-765 763

than the impacting plasma pressure. The values of the
maximum carbon density () in the SOL are given for
all points above the threshold.

The curve in Fig. 1 presents an analytical solution to
the vaporization threshold problem inside the material
for a constant impacting heat flux ¢ = Q/t which follows
from a formula [10] for T(¢). For T = Ty,p and £ = 12 we
have Ty.p = Ty + 2q/(cp)(t/my)'?, with T, =4100 K
the vaporization temperature, 7,, = 1000 K the initial
temperature, ¢ the specific heat capacity, p the mass den-
sity and y the heat conductivity of carbon.

To estimate the line radiation transport, the algo-
rithm for plane geometry scenarios available in FOREV
with the opacity database TOPATOM [11] is used,
assuming that the wall radiation flux is equal to one
from the plasma in front of particular wall fragment
with the temperature 7 and the density n of carbon
impurity calculated as described above. For the case
with npr=3x10" m >, T=3 keV, 1=0.1 ms and
maximum Q = 0.8 MJ/m? the radiation flux at the vessel
walls is shown in Fig. 2 at # = 15 ms. The dome and the
adjoining divertor parts receive the maximum radiation
heat loads. A moderate peak of radiation flux is ob-
tained at the top of the ITER main chamber, due to a
decrease of the local poloidal magnetic field and corre-
sponding increase of the SOL thickness. The main con-
tribution comes from a few lines of C!V with photon
energies close to 10 eV. However, the line shape is in fact
reproduced only by one opacity group, which indicates a
poor quality of TOPATOM at the small densities typical
for ELMs. These optical data incorporated in FOREV
have previously been used at much larger densities typ-
ical of the disruption vapour shield. At such large densi-
ties the line shape becomes wide enough to describe the
powerful lines with several opacity groups.
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Fig. 2. Radiation load onto ITER vessel walls calculated with
FOREV.

3. Melting threshold validation of MEMOS with the
plasma guns

Recently the facility MK-200UG was updated for the
simulation of heat loads expected at ITER divertor ar-
mour for Type I ELMs, and first experiments were per-
formed aimed at the quantification of the tungsten
melting threshold. In the experiments, the effective dura-
tion of the plasma pulse was of 0.05 ms. The surface
temperature 7., was measured with a pyrometer. Fig. 3
demonstrates the time dependence of T\, at the exposed
tungsten surface for Q = 0.28 MJ/m?. The dashed curve
indicates the tungsten melting temperature 7p,e; = 3560
K; Ty is smaller than Ty, At Q=04 MJ/m?, T, in-
creases rapidly up to Ty, but then it remains at this
value: evidently the absorbed energy flux is consumed
in the melting process. It was concluded that the tung-
sten melting threshold is ~0.30 MJ/m?.

A new regime relevant to the ITER ELMs has been
found at the facility QSPA-Kh50 also. Calorimetric
measurements of Q for multiple (up to 300) pulse irradi-
ations of 7=0.25 ms are performed, together with
observations of melting of micro-hardness markers at
the tungsten target, which provided the determination
of the melting threshold. After initial exposures the melt-
ing threshold was determined as 0.56 MJ/m?. However,
after 150 exposures the melting threshold decreased to
0.45 MJ/m?, which seems due to material modification
and the development of bulk cracks parallel to the target
surface that cause decrease of thermal conductivity in a
pre-surface layer.

Fig. 3 enables us to assume that the heat pulse at
MK-200UG has a sharp front and a long decline, with
the shape being somewhere in between that of rectangu-
lar- and triangular forms. A similar pulse shape was
measured at QSPA-Kh50 with piezoelectric detectors.

For checking these experimental results and guiding
MEMOS validation, the tungsten melting threshold
was also calculated. In the calculations the triangle
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Fig. 3. Surface temperature of a tungsten target obtained at
MK-200UG for Q = 0.28 MJ/m>.
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Fig. 4. Comparison of experimental and numerical tungsten
melting threshold.

and rectangular shapes of the impinging plasma load in
time are assumed, with the pulse durations covering the
range 0.05-0.25 ms. Fig. 4 illustrates the experimental
results mentioned and the numerical results obtained,
with an uncertainty of 15-20% that is caused by the lack
of accurate data for tungsten at the temperatures near
the melting point. For MK-200UG there is a reasonable
agreement, from which it is concluded that the
measurements have been carried properly and the vali-
dation is successful. The substantial difference of about
30% between QSPA-KhS0 and MEMOS is not yet
explained.

4. Surface melting of beryllium armour

Beryllium is foreseen as armour material for the main
chamber in ITER. It has been noted that the heat loads
during transient events correlate with an electric current
of 1-2 MA/m? through the armour immersed in strong
magnetic field [12]. Here the simulations of beryllium ar-
mour damage using the code MEMOS are described.
The gradient of surface tension, the Lorentz force of
the currents and the gradient of reactive force of evapo-
rated material produce melt acceleration. A two-dimen-
sional heat transport equation describes the temperature
inside the target. The Gaussian profile of the heat flux
along the surface and the rectangular pulse in time are
assumed.

The scenarios relevant to single transient processes
are modelled while different heat load parameters are
varied: the half-width of the Gaussian profile D from
1 to 50 cm, 7 from 0.2 to 1 ms, and the current up to
4 MA/m>. Vapour shielding was ignored. For the cases
with melting, Q was varied from 0.5 MJ/m? up to
1 MJ/m?. The initial target temperature is 700 K.
Fig. 5 demonstrates the magnitude of surface roughness
obtained in the scenario with obvious evaporation of the
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Fig. 5. Beryllium crater profile calculated with MEMOS. The
evaporation profile is obtained by stopping the melt motion in
the code.

melted target at 0 =1 MJ/m? t=0.2ms and D =5 cm.
The maximum elevation of 2 um and a crater depth of
5.5 um are obtained. To determine the roles of evapora-
tion and melt motion effects, in one simulation the melt
motion was switched off. In this case the crater depth of
4.5 ym was obtained (see Fig. 5); thus the evaporation
dominates over the melt motion. In total, the numerical
simulations showed that for all scenarios the depth of
melt pool ranges between 30 and 55 pum. The melt layer
resolidifies after the end of the pulse within 1.5-2.5 ms.
A convenient parameter that characterizes the energy
pulse is the impact energy E = Q//t as introduced in
[13]: At E <22 MJ/(m? s'?) a negligible evaporation of
the target is obtained. At E > 25 MJ/(m? s?) the evap-
oration becomes dominant. Due to the gradient of the
reactive force, the velocity of melt motion at 7=10.2
ms varies from 0.2 to 0.9 m/s depending on the other
parameters, and it exceeds 1 m/s for = 1 ms. The sur-
face roughness due to the melt motion reaches 0.5 um.
The Lorenz force intensifies the melt motion. At the cur-
rent of 2 MA/m? the surface roughness reaches 1 pm and
the melt velocity increases up to 2-4 m/s.

5. Conclusions

A good correlation between the analytical model and
the FOREV comprehensive simulation allows assurance
that the vaporization threshold at the target can be esti-
mated using simplified approaches. In the radiation
transport calculations for carbon impurities, the line
radiation dominates but the data for line shapes need
improvements, which demands significant effort for pro-
ducing new opacities.

Validation of MEMOS against plasma gun experi-
ments at the tungsten melting threshold was successful.
The tungsten melting threshold obtained in experiments
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on MK-200UG and QSPA-Kh50 is in a reasonable
agreement with the calculations of MEMOS, which jus-
tifies the application of the code for investigation of melt
motion damage at tokamak conditions.

Typical scenarios for transient loads to the beryllium
first wall modelled with MEMOS lead to the conclusion
that the contribution of evaporation to the damage
dominates at the energy impact larger than 25 MJ/
(m?s!?), with a crater depth of several microns. A rather
high melt velocity is obtained when the halo current
plays an important role. This can lead to melt splashing
and droplet formation.
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