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Abstract

An integral approach to plasma-wall interaction (PWI) modelling for DEMO is presented,
which is part of the EUROfusion Theory and Advanced Simulation Coordination activities that
were established to advance the understanding and predictive capabilities for the modelling of
existing and future fusion devices using a modern advanced computing approach. In view of the
DEMO design, the aim of PWI modelling activities is to assess safety-relevant information
regarding the erosion of plasma-facing components (PFCs), including its impact on plasma
contamination, dust production, fuel inventory, and material response to transient events. This is
achieved using a set of powerful and validated computer codes that deal with particular PWI
aspects and interact with each other by means of relevant data exchange. Steady state erosion of
tungsten PFC and subsequent transport and re-deposition of eroded material are simulated with
the ERO2.0 code using a DEMO plasma background produced by dedicated SOLPS-ITER
simulations. Dust transport simulations in steady state plasma also rely on the respective
SOLPS-ITER solutions and are performed with the MIGRAINe code. In order to improve
simulations of tungsten erosion in the divertor of DEMO, relevant high density sheath models
are being developed based on particle-in-cell (PIC) simulations with the state-of-the-art BIT
code family. PIC codes of the SPICE code family, in turn, provide relevant information on
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multi-emissive sheath physics, such as semi-empirical scaling laws for field-assisted thermionic
emission. These scaling laws are essential for simulations of material melting under transient
heat loads that are performed with the recently developed MEMENTO code, the successor of
MEMOS-U. Fuel retention simulations assess tritium retention in tungsten and structural
materials, as well as fuel permeation to the coolant, accounting for neutron damage. Simulations
for divertor monoblocks of different sizes are performed using the FESTIM code, while for the
first wall the TESSIM code is applied. Respective code-code dependencies and interactions, as
well as modelling results achieved to date are discussed in this contribution.

Keywords: DEMO, EU-DEMO, plasma-wall interaction, erosion-deposition, transient melting,
dust evolution, fuel retention

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma-wall interaction (PWI) in DEMO will have a strong
impact on the lifetime of plasma-facing components (PFCs),
reactor safety, and availability of the plant. The critical issues
of material erosion and damage, impurity generation, form-
ation and destabilization of deposited layers, and tritium (T)
retention are identified. A separate task dedicated to the
development of PWI modelling capabilities for DEMO has
been established within EUROfusion Theory and Advanced
Simulation Coordination [1] activities. This task aims at the
critical assessment of safety-relevant information regarding
PFC erosion, dust production, fuel inventory, and material
response to transient events, such as vertical displacement
events (VDEs), thus providing vital input for the DEMO
conceptual design evaluation. To achieve this goal, a set of
powerful and validated computer codes that deal with par-
ticular aspects of PWI is applied and further developed to
account for DEMO specific requirements. Different aspects
of PWI modelling addressed by the integral approach
and corresponding code-code interactions are sketched in
figure 1.

The paper is structured as follows. In section 2 the mod-
elling tools and their interactions in view of DEMO PWI
studies are described, followed by subsequent sections where
preliminary results of respective modelling are presented.
Section 3 describes the modelling of steady-state tungsten
(W) erosion and re-deposition in DEMO. Limitations of cur-
rently applied plasma sheath models and PWI data are dis-
cussed in section 4, which introduces auxiliary activities
towards improved descriptions of respective PWI aspects.
Section 5 covers the topic of fuel retention and permeation
in view of safety and tritium self-sufficiency. The poten-
tial for transient melting and melt splashing during VDE is
addressed in section 6. In the following section 7, the evol-
ution of repetitive plasma discharges in dust inventory, ori-
ginating either from melt splashing events or from the flak-
ing of deposited layers is presented. Finally, section 8 gives
a brief summary of the paper with prospects for improved
modelling.

2. Modelling tools

The analysis of steady-state PWI in DEMO is performed with
the 3D Monte-Carlo impurity transport code ERO2.0 [2] that
represents one of the main building blocks (‘Global PWI in
steady-state’) of the interaction diagram in figure 1. ERO2.0
allows modelling of PWI and self-consistent global impurity
transport in the entire volume of a reactor-scale device, using
a realistic 3D description of all relevant PFCs and compre-
hensive models for trace particle interactions with plasma and
material surfaces. The code has been successfully validated in
contemporary devices, such as JET [3], WEST [4], W7-X [5],
and applied as a predictive tool for ITER [5, 6].

Material erosion, transport and deposition simulations rely
on input data regarding the steady-state plasma, typically con-
sidered as a stationary background and provided by special-
ized simulation tools such as SOLPS-ITER [7]. Further input
is local PWI data, such as particle reflection and erosion
yields, which are provided by molecular dynamics (MD) sim-
ulations and binary collision codes. Among the latter, the
SDTrimSP code [8] provides an established reference. While
the DEMO plasma background for ERO2.0 is considered to be
an external input from other EUROfusion research and model-
ling activitiesin particular, from the DEMO Central Team [9],
the improvement of the local PWI data is part of the integ-
ral approach as shown by the respective block in figure 1 and
will be discussed in section 4. The way local PWI data affect
material erosion is a direct function of plasma sheath charac-
teristics. Self-consistent calculations of the electric field and
plasma parameters in the sheath are possible with particle-in-
cell (PIC) codes, among which the BIT [10] and SPICE [11]
code families represent the state-of-the-art simulations tools. It
is expected that in the case of high density plasma in the diver-
tor of DEMO the classical sheath models used in ERO2.0 will
be not appropriate due to plasma collisionality, and BIT1 sim-
ulations with the recently implemented dressed cross-section
model [12] are performed within the integral approach to
evaluate the implications of high density sheath physics on
PWI. Another application of the BIT1 code is the develop-
ment of models for dynamic parallel (blob-filament) transport
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plasma background, wall gecometry, material choice, steady-state and transient heat loads, etc

Post-processing of input data, e.g. extrapolation, charge-exchange fluxes, etc

Local PWI

erosion, morphology

Global PWI

in steady-state
erosion, impurity
transport, deposition

Fuel retention
retention, co-deposition,
n-damage, permeation

Kinetic plasma sheath
sheath collisionality, ion fluxes & distributions, heat loads, thermionic current

U

U

Transients
melting,
melt motion,
droplet splashing

Dust

mobilization, transport,
deposition mapping

Advanced computing activities: standardization, optimization for high-performance computing

Figure 1. A diagram of different aspects of PWI modelling and their interaction within the integral approach to PWI in DEMO. The
‘Kinetic plasma sheath block’ implies particle-in-cell (PIC) simulations. The ‘Local PWI’ block means local scale processes, such as
sputtering, while the ‘Global PWI’ block is the integration of local processes into the global erosion and impurity transport framework.
Arrows indicate input/output data exchange between blocks. Not shown in the figure is the link between simulations of transients and the
local and global PWI, namely that morphology of re-solidified melt layers can be used in local and global PWI simulations to assess

changes in effective erosion and re-deposition rates.

in the scrape-off layer (SOL) [13]. SPICE simulations, in turn,
provide crucial information on the multi-emissive sheath char-
acteristics relevant for material melting simulations, describ-
ing the field-assisted thermionic emission as a function of
magnetic field angle and surface temperature [14, 15], taking
also secondary electron emission and electron backscattering
into account [16]. These aspects provide the links between the
‘Kinetic plasma sheath’ and other blocks of the interaction dia-
gram in figure 1.

In-vessel tritium inventory is driven by two essentially
different processes, namely implantation and co-deposition.
Based on JET experience [17] and predictions for ITER [18],
the dominant retention mechanism in the absence of neutron
damage of PFC materials is co-deposition. For full-W DEMO,
tritium co-deposition with W can be assessed by means of
ERO2.0 simulations, following the transport and re-deposition
of eroded W and applying available empirical formulae [19]
and models [20] for T uptake in deposited layers. Location
maps of preferential deposition also serve as input for dust
mobilization and transport simulations with the MIGRAINe
code [21], thus providing the corresponding links between
‘Global PWTI’, ‘Fuel retention’ and ‘Dust’ blocks in the dia-
gram of figure 1. The second pathway for T inventory is reten-
tion in the bulk of PFC materials, driven by implantation of
energetic T ions and charge-exchange neutrals, diffusion and
trapping at ion- and neutron-induced defects. It is expected
that n-induced damage distributed throughout the entire bulk
of the PFC will be a strong contributor to in-vessel T reten-
tion in DEMO. Within this integral approach, bulk retention
is addressed by establishing and validating macroscopic rate
equation codes TESSIM-X [22] and FESTIM [23]. In addi-
tion, the HPC-optimized code RAVETIME is being developed

for uncertainty quantification studies in application to T uptake
in W and permeation through W armour and across material
interfaces.

The expected main plasma transients in DEMO are the
regular ramp-up phases, upward and downward VDE and
the loss of confinement (H-L transition) [24]. As the DEMO
baseline focuses on naturally ELM-free regimes [25], ELMS
are not considered within the scope of the presented frame-
work. At the current stage, we also exclude runaway elec-
tron beams from consideration, as these represent major off-
normal events, while we concentrate on ‘regular’ transients.
In order to protect the first wall during ramp-up phases and
VDEzs, several so-called sacrificial limiters are proposed to be
installed at different specific locations in the plasma chamber
[24, 26]. The melting of these limiters in such off-normal
events is addressed by the recently developed successor of
the MEMOS-U code [27] that is called MEMENTO [28, 29].
The crucial role of thermionic emission in the description of
the escaping current and W melting has been already men-
tioned above—MEMENTO relies on semi-empirical scaling
models deduced from SPICE code simulations [16]. Smaller-
scale flow features such as strong free-surface deformations
and melt ejection are simulated with customized set-ups in
ANSYS that solve the coupled multi-phase Navier-Stokes
and heat equations using the volume-of-fluid method, with
plasma heat and momentum drive as boundary conditions [30].
Such modelling allows the establishment of a catalogue of
representative scenarios corresponding to various models of
dust/droplet production. Droplet ejection, in turn, provides
the second source for in-vessel dust inventory that can be
addressed by the MIGRAINe code [21] that incorporates state-
of-the-art models for numerous physical processes governing
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the heating and lifetime of metallic dust and droplets in full
3D environments. MIGRAINe simulations of in-vessel dust
migration for varying initial conditions can be combined to
extract quantities of practical interest, such as the overall dust
survival rates, dust vaporization maps, the size distribution,
and spatial deposition patterns of mobilizable dust.

3. W erosion and re-deposition in steady-state
plasma conditions

As a first step, ERO2.0 was successfully applied to full-W
ITER as a proxy for DEMO [31]. Parameter studies were per-
formed considering different fractions of seeding impurities in
the background plasma. Significant W sputtering by charge-
exchange (CX) deuterium (D) atoms in the main chamber
was demonstrated, as expected, but depending on conditions,
seeded impurities were shown to dominate the erosion, both in
the divertor and at the blanket. This modelling, however, had
to rely on multiple assumptions and limitations, for example,
a pure D plasma background was used without self-consistent
feedback of seeding species on the plasma; seeding species
were considered to be single-charged and constituted a given
constant percentage value of the plasma flux at all wall loca-
tions; thermal forces were not included.

As anext step, the 3D CAD geometry of the DEMO design
(figure 2(a)) and magnetic equilibrium for the DEMO Physics
Baseline 2017 [25] were implemented in ERO2.0 with code-
internal magnetic shadowing calculations for shaped first wall
panels (B field connection length mapping) and successfully
validated against PFCFlux [32]. The reason for using the
Baseline 2017 data instead of the more recent developments
is that only for that equilibrium there exists a self-consistent
SOLPS-ITER plasma solution [33] for single null divertor
scenario including all charge states of plasma (D) and impur-
ity (He, Ar) species, as well as kinetic analysis of the neut-
ral gas. Though not precisely relevant for full power DEMO
operation, this Baseline solution is well suited for testing the
relevant functionality and physics of the ERO2.0 code in yet
unexplored regimes in preparation for future design-relevant
modelling.

The fact that the SOLPS-ITER plasma boundary is limited
by the intersection of magnetic field lines in the SOL with
divertor target surfaces requires extrapolation of plasma para-
meters towards the main chamber walls in ERO2.0 simula-
tions. The way this extrapolation is introduced becomes espe-
cially critical for DEMO due to the need to bridge large dis-
tances, which vary from 10 cm at the inner mid-plane up to
about 80 cm above the outer divertor (figure 2(b)). In particu-
lar in ITER [6], and also for the full-W case simulations [31],
a very conservative assumption of constant plasma paramet-
ers up to the wall was used. This typically results in the over-
estimation of wall erosion by ions and reduces the transport
of eroded wall materials towards the divertor due to early ion-
ization and prompt local re-deposition. Such an assumption
would result in unacceptable W erosion in the main chamber

of DEMO due to the overestimation of plasma temperature and
inconsistently high ion fluxes to the wall. Therefore, a more
benign assumption was adopted, in which the decay of plasma
parameters in the SOL was extrapolated exponentially towards
the wall with a uniform decay constant of 5 cm. The electron
temperature was capped at the lowest value of 2 eV. There
are two reasons for this assumption. First, it follows the gen-
eral conservative approach adopted in ITER simulations [6],
as the actual far-SOL plasma characteristics are not reliably
known. Second, the Coulomb collision model implementation
used within ERO2.0 becomes not accurate for thin and cold
plasmas due to vanishing Debye screening and the need to
account for longer-range interactions. The parallel Mach num-
ber, used for the calculation of the ion flow velocity, was kept
constant at the value corresponding to the nearest outer plasma
grid node. It has to be noted that the large extrapolation volume
introduces significant uncertainties into the modelling so that
all presented ERO2.0 results should be considered as prelimin-
ary and handled with caution. In particular, no design-relevant
conclusions can or should be drawn at this stage.

An important improvement was introduced in the ERO2.0
code to account for charge-state resolved and spatially non-
uniform impurity fluxes to the wall, which become highly rel-
evant for DEMO due to the presence of multiple charged Ar
and He impurity ions as provided by the SOLPS-ITER solu-
tion (figure 3). In particular, compared to initial ERO2.0 sim-
ulations for DEMO where the total flux of impurity ions with
just an average charge-state was considered, the charge-state
resolved data significantly reduces W erosion. This applies
mainly to the divertor, where erosion by impurities domin-
ates. In the main chamber, in turn, large distances to the wall
and shaping of wall elements lead to reduction of ion fluxes
and impact energies so that erosion becomes mostly domin-
ated by CX neutral atoms of fuel isotopes, except for the most
plasma-facing apexes of wall elements, mainly inboard, where
erosion by impurity ions may still contribute. Accounting for
the realistic energy distribution of CX atoms is crucial for
proper estimation of wall erosion rates. The standard out-
put of SOLPS-ITER, however, contains only total fluxes and
mean energies of neutral atoms to wall segments. The recor-
ded fluxes of neutral atoms contain in fact, both high energy
CX atoms and low energy atoms resulting from recycling and
dissociation of fuel molecules. Since the sputtering yield has
a strongly non-linear energy dependence [34], it would be
not correct to apply the total neutral flux with mean energy
as reported by SOLPS-ITER data as an erosion source—
most of these neutrals have very low energies below the sput-
tering threshold for W. In general, this is solved by dedic-
ated post-processing of SOLPS-ITER simulations, in which
the Monte-Carlo code EIRENE [35] (a module responsible
for the neutral transport and atomic and molecular reactions
within SOLPS-ITER) is run standalone on top of the station-
ary plasma solution. In this way one can accumulate suffi-
cient neutral particle statistics for neutral-surface collisions
and thus provide the corresponding energy, and preferably also
angular distributions of neutral atoms upon wall impact. Up
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Figure 2. (a) DEMO 3D wall geometry in ERO2.0 based on the CAD model, one toroidal sector out of 16 is shown. (b) 2D poloidal
projection of the wall geometry as used in SOLPS-ITER simulations, the SOLPS-ITER plasma grid is shown, the star symbol indicates the
inner mid-plane position that has the smallest gap between the plasma grid and the wall, while the largest gap is shown at the outer wall

above the divertor.

to now, this approach has been applied only to a few selec-
ted locations on the wall in ITER simulations, for example,
for diagnostic mirror studies [36], but is now being also adap-
ted for the DEMO case. Corresponding results will be dis-
cussed in future work elsewhere. In the present contribution,
an intermediate solution based on the mean energy approach
with a constant impact angle of 60° is used for preliminary W
erosion-deposition mapping simulations. Corresponding res-
ults of ERO2.0 simulations are shown as erosion-deposition
maps in figure 4. In the ongoing work, the energy distribu-
tions of neutral atoms obtained at multiple locations along the
poloidal cross-section of DEMO are incorporated in ERO2.0
simulations to achieve further improvement of the description
of erosion by CX neutrals.

The main outcomes from preliminary ERO2.0 simulations
can be summarized as follows:

e The main chamber erosion is dominated by neutrals and con-
centrated mainly around the outer mid-plane.

e Divertor erosion is dominated by Ar ions and self-sputtering
is also pronounced.

o There is strong transport of eroded W into the divertor, trans-
port from the divertor to the main chamber is negligible.

e The main W deposition locations are the inner and outer
divertor above strike lines, remote areas above the outer
divertor (wall gap), and the top of the machine. Despite sig-
nificant gross erosion in the divertor, the net balance there
is positive due to local re-deposition and W source from the
main chamber.

4. Plasma sheath and PWI data

BIT1 simulations are performed to address the collisional high
density plasma sheath characteristics accounting for atomic
and molecular processes. From currently accomplished sim-
ulation cases for plasma densities at the sheath entrance up
to 5 x 10*' m~3 several aspects that can be important for
PWI in DEMO are noted. First of all, the ion speed at the
sheath entrance turns out to be smaller than the ion sound
speed, contrary to the typical assumption used as a bound-
ary condition in SOLPS-ITER simulations, including the
DEMO case [33]. Therefore, a consistent simulation of the
DEMO plasma background may require a revision of standard
Bohm—Chodura conditions [37]. Furthermore, high collision-
ality leads to energy redistribution between ions and neutrals
in the sheath so that not only do the target heat fluxes become
dominated by neutrals, but the ion and neutral impact energies
and angles are also affected, as well as the ionization prob-
ability of sputtered particles within the sheath. For example,
the ion angular distribution becomes more isotropic, reflect-
ing that of neutrals (figure 5). Further simulations that take
into account seeded Ar impurity and the intrinsic W compon-
ent due to the sputtering of the divertor target are ongoing, to
evaluate their influence on divertor erosion in the high dens-
ity sheath. The respective energy and angular distributions of
impinging ions and neutrals will be incorporated into ERO2.0
simulations at a later stage.

In terms of PWI data, auxiliary activities include investiga-
tion by means of MD simulations of W sputtering in the case of
supersaturation of the surface layer with hydrogen isotopes. It
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Figure 3. Charge-state and spatially resolved profiles of ion densities for main plasma and impurity species at the wall based on the output
of SOLPS-ITER simulations (extrapolated to the wall). Positions of inner/outer strike-points (ISP and OSP) and outer mid-plane (OMP) are

marked by respective symbols on the upper plot frame boundary.
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Figure 4. ERO2.0 simulation results for W gross erosion map (@) and W net erosion-deposition map (b) shown for one (out of 16) toroidal
DEMO sector (simulations assume toroidal symmetry of the plasma, and sacrificial limiters are not accounted for in this simulation case).

has been observed experimentally that upon high flux D irradi-
ation a very thin surface layer of W can be saturated with D up
to about 10% [38]. While MD simulations of W sputtering by
D ions and neutrals under this condition are not yet conclusive,
simulations of W bombardment by 200 eV Ar™ ions, in turn,
show an increased W sputtering for the case of supersaturation
with D (figure 6), which is explained by the reduction of the
W binding energy to the surface when a D atom is present in
the vicinity. Detailed studies of these effects as a function of
surface orientation will be published in [39].

Further work is ongoing on the implementation of addi-
tional options in the 3D version of the SDTrimSP code [40],
namely (a) gyromotion for the proper description of ion impact
under the influence of electric and magnetic fields, and (b)
structured atomic targets for the description of sputtering of
crystalline materials. Currently, both options are in the valid-
ation phase showing promising results that will be reported in
the future. As an example, figure 7 shows validation efforts
for the crystal version of SDTrimSP against experimental data
[41].
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5. Fuel retention

Fuel retention studies for DEMO comprise the assessment of
tritium permeation and retention at the first wall, in particu-
lar in view of tritium self-sufficiency, by means of 1D mod-
elling with the TESSIM-X code and the 3D modelling of
tritium retention and permeation to the coolant for divertor

monoblocks by FESTIM. For the former, initial estimates have
been made in [42]. Recently, this work was revisited using
the improved and most recent data on the displacement dam-
age in both W and EUROFER, including the effect of dam-
age stabilization by the presence of hydrogen isotopes [43—
46] and available damage annealing data [47]. Refined sim-
ulations show a slight increase in the maximum trapped fuel
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operation for two different breeding blanket concepts: helium cooled pebble bed (HCPB) and water cooled lithium lead (WCLL). The lower
limit, median value and upper limit among 48 different cases considered in details in [48] are shown.

concentration in W and a significant reduction of trapped con-
centration in EUROFER due to damage annealing at DEMO
operating temperatures. However, since retention is domin-
ated by the radiation damage in W, the general conclusions of
the initial work [42] remain valid. It is shown that, depend-
ing on the model parameters, tritium retention can vary by
about two orders of magnitude (figure 8). A full analysis
with a description of 48 different cases with variation of the
coolant concept, particle flux and different boundary condi-
tions towards the coolant is presented in [48]. It has to be noted
that the T self-sufficiency analysis presented in [48] relied
on a strongly underestimated requirement on the maximum
T-wall-loss probability. The corresponding results are being
re-evaluated and the corrected implications of T trapping in
neutron-induced defects on T self-sufficiency will be the sub-
ject of a future paper.

The 1D modelling approach considers the large area of the
main chamber to be dominant in view of tritium retention so
does not take into account the divertor with its W monoblock
design. Fuel retention and permeation in the divertor is, in turn,
addressed by the finite elements code FESTIM [49] that is
intrinsically capable of working with complex 3D geometries
and thus can be applied to monoblock geometry incorporat-
ing a cooling pipe channel. The capabilities of the code were
demonstrated in application to ITER divertor monoblocks,
where simulations were performed in 1D and 2D [50]. A sim-
ilar approach was adapted to the DEMO monoblock geometry
[51]. In this case, not only 2D but also 3D simulations were
performed indicating increased D outgassing from the poloidal
sides of the monoblock that leads to a reduction of the retained
tritium amount by about an order of magnitude compared to
the 2D case [52]. Recently, a neutron damage model has been
implemented in FESTIM [53] and the simulations were per-
formed, first in 2D, showing very similar trends as TESSIM-
X simulations for the first wall, namely that neutron damage

significantly increases trapping in W and drastically reduces
the permeation to the coolant [54]. Figure 9 shows the con-
sidered 2D geometry of the monoblock and how the integral
retention per monoblock increases with the damage level. For
the highest simulated damage rate of n = 100 displacements
per atom (dpa) over one effective full power year (EFPY), a
17-fold increase in retention compared to the no-damage case
(n = 0) is observed. Practically speaking, neutron-induced
defects slow down the outgassing and create a strong per-
meation barrier due to dominant trapping.

6. Transient melting

Analysis by the DEMO Central Team revealed that the thermal
quench (TQ) phase of VDE in DEMO can result in surface heat
loads relevant for melting. In particular, for the upper VDE
(and the contact with the upper sacrificial limiter, respect-
ively) a maximal perpendicular heat load of 65 GW m~2 is
predicted, though for a very short duration of only 4 ms.
MEMENTO code simulations for this unmitigated heat flux
result in unphysical limiter surface temperatures indicating
that strong material evaporation will take place. Using a mock-
up of vapour shielding relaxes the surface temperature to reas-
onable values with low sensitivity of the resulting melt thick-
ness on the actual ‘restricted’ surface temperature being in
the range of 4000-6000 K. It is concluded that from heat
loads above 5 GW m~?2 the melt thickness reaches a steady
state value of less than 200 pm within the 4 ms TQ duration.
Modest melt thickness leads to appreciable viscous damping
of the melt pool, which, together with its short lifetime due
to re-solidification shortly after heat flux termination, serves
for a negligible melt displacement. However, the situation
may change if the subsequent current quench (CQ) phase
leads to overlapping wetted areas. Unfortunately, a detailed
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analysis of CQ heat loads in DEMO is not available at the
moment. In the worst case scenario, an ITER-like CQ with
a perpendicular heat load of 300 MW m~2 and a duration
of 200 ms is considered. This moderate but prolonged heat
load onto the TQ pre-heated/molten area leads to a sustained
melt pool with a longer lifetime and thickness (~1 mm) as
shown in figure 10, thus opening the possibility for a signi-
ficant melt displacement. The stability analysis for the calcu-
lated melt pools includes the Rayleigh-Taylor instability dur-
ing TQ, the Kelvin-Helmholtz instability due to the near-wall
plasma flow during CQ, as well as potential melt splashing
when flowing across a sharp PFC edge—a highly likely scen-
ario for a CQ-relevant melt with a characteristic thickness of
about 1 mm and speed of 3 m s~!, if a PFC edge can be
reached. In this latter case, the estimated Weber number, We,
a dimensionless number corresponding roughly to the ratio of
the kinetic to surface tension energy of a liquid, is equal to

about 60. As an example, in studies of beryllium melt sta-
bility in ITER-relevant CQ, significant droplet injection was
demonstrated at We = 20 [30]. Further studies will require
DEMO-relevant CQ specifications with temporally and spa-
tially varying heat loads and information on the halo current
density. With better defined DEMO-specific input, melt stabil-
ity analysis can be revisited to provide an estimate of charac-
teristic droplet sizes and velocities, which in turn will feed the
dust inventory evolution modelling with the MIGRAINe code.

7. Dust inventory evolution

Figure 11 shows the general workflow of, and processes
involved [55] in, dust transport simulations with the
MIGRAINe code, including the possible connection to the
ERO2.0 code simulation results. Three sources of dust are
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Figure 11. Workflow and processes of dust transport simulations with the MIGRAINe code.

considered: flaking of deposited layers, in particular, based
on ERO2.0 deposition maps, dust from previous off-normal
events that survived transport through plasma and can be
remobilized during plasma ramp-up, for example, and dust
produced from melt splashing events (re-solidified droplets).
Dust particles that are remobilized according to prescribed
conditions and models can undergo interaction with plasma
and vessel walls, e.g. vaporization, wall collisions, sticking,
etc. It can be noted that the PFC sheath has no effect when
modelling dust-wall collisions in MIGRAINe, for three main
reasons: the particles of interest are much larger than the
sheath thickness; their charge-to-mass ratio is too small to
be significantly affected by ambient electric fields; and the
mechanical impact forces act on timescales much smaller
than plasma forces [55-58]. This explains why there is no
link between the ‘Kinetic plasma sheath’ and ‘Dust’ blocks
in the scheme of figure 1. The final output of dust transport
simulations includes the volumetric impurity source maps
due to vaporization, overall dust inventory evolution and dust
accumulation sites, in particular.

The dynamics of the remobilized dust and the respective
dust inventory evolution were first simulated for low-power
ITER discharges emulating the reactor start-up environment
[59]. Various dust mobilization scenarios varying plasma para-
meters, dust size distribution, and initial velocity (imposing
inverse scaling between initial dust particle radius and injec-
tion speed) were studied. It was shown that the dust penet-
ration depth into the plasma, which is governed by the ini-
tial dust mobilization speed, has the strongest influence on the
results. The dust inventory dynamics were approximated with
very high accuracy by a Markov chain model [59], which can
be integrated into more global PWI models. As a next step,
preliminary simulations for DEMO were performed using the
same wall geometry and steady state plasma solution as for
ERO2.0 simulations [33]. W dust was injected from the middle
of the divertor floor. Three initial dust size distributions were
considered (figure 12(a)). The main conclusions from the
scoping studies for ITER-like discharges [59] are so far con-
firmed:

e Evaporation material losses are significant (evaporated mass
fraction ~10%) only for small particles with a radius
below ~25 pm (figure 12(a)), localized along the separatrix
(figure 13(a)). For larger dust particles, evaporation shifts
outwards (figure 13(b)) due to the centrifugal effect and the
evaporated mass fraction accounts only for about 0.05%.

e The preferred dust accumulation site is the outer divertor
corner, although dust particles are essentially redistributed
along the entire divertor floor and also close to strike points
(figure 12(b)).

To account for possible dust production from W layers
according to preferred deposition locations from ERO2.0 sim-
ulations, further dust injection locations are currently being
simulated that include divertor target plates, outer divertor
baffle regions and the top of the main chamber.

8. Summary

An integral approach to PWI modelling for the European
DEMO design is presented. We combine erosion-deposition
and impurity transport modelling for the evaluation of the
wall lifetime in steady-state plasma with the 3D Monte-Carlo
code ERO2.0, which is supported by PIC and PWI mod-
elling activities aimed at improving DEMO specific sheath
physics and PWI data, and modelling of PWI response to
transient melting with the MEMENTO code. ERO2.0 and
MEMENTO simulations help to identify the likely dust pro-
duction sites via W re-deposition in steady-state plasma and
melt droplet injection during off-normal events, so that the
in-vessel dust inventory evolution can be modelled with the
MIGRAINe code. Last but not least, the critical questions of
in-vessel fuel retention, permeation to coolant and overall tri-
tium self-sufficiency are addressed by dedicated macroscopic
rate equation codes TESSIM-X and FESTIM, which aim at
accounting for neutron-damage of PFC in the burning fusion
plasma environment as well as for specific geometry, material
and interface structure of PFC components.
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In terms of wall lifetime simulations for steady state plasma
operation in DEMO, the identified critical aspects are as fol-
lows (a) the large wall gap, i.e. the distance between the plasma
solution domain and the actual wall profile, which calls for
improved SOLPS-ITER simulations with the so-called exten-
ded grid option that became publicly available only recently;
and (b) the energy and angular resolved CX neutrals data that
can be obtained by post-processing the plasma solution using
high statistics standalone simulations with the EIRENE code.
Parallel to that, the description of the sheath physics in the case
of high density divertor plasma with non-negligible collision-
ality effects is being thoroughly revisited by means of high
fidelity PIC simulations. In particular, possible deviation of
the parallel flow velocity at the sheath entrance from the ion
sound speed velocity calls for further investigations, as this
represents a challenge for the standard boundary conditions
in edge plasma codes such as SOLPS-ITER. In addition, pos-
sible reduction of prompt re-deposition of eroded tungsten can
become an issue due to deeper penetration of W impurity into

plasma. The data on PWI processes such as sputtering and the
capabilities of relevant codes are being improved, an example
for which is the sputtering of W with a D-supersaturated sur-
face layer. Fuel retention simulations suggest an extremely
strong role of neutron damage of W PFC on fuel inventory with
implications on permeation and, potentially, tritium extraction
that may impact the fuel cycle. Simulations of transient melt-
ing during VDE identify overlapping TQ and CQ heat loaded
areas as a possibly critical scenario, leading to significant melt-
ing of sacrificial limiters and a potential for melt splashing,
especially in the case of melt flow across PFC edges, thus
serving as a source for dust production via droplet ejection.
Preliminary MIGRAINe simulations confirm the conclusions
from previous studies with ITER-like plasmas and will even-
tually allow us to determine the dust accumulation sites by
tracing the dust remobilized from preferred initial dust accu-
mulation locations as identified by means of ERO2.0 sim-
ulations and the melt droplets originating from off-normal
events.
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