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A B S T R A C T

To mitigate the impact of technical delays, provide a more rationalized approach to the safety demonstration and
move forward as rapidly as possible to a reactor relevant materials choice, the ITER Organization embarked in
2023 on a significant re-baselining exercise. Central to this strategy is the elimination of beryllium (Be) first wall
(FW) armour in favour of tungsten (W), placing plasma-wall interaction (PWI) centre stage of this new proposal.
The switch to W comes with a modified Research Plan in which a first “Start of Research Operation” (SRO)
campaign will use an inertially cooled, temporary FW, allowing experience to be gained with disruption miti-
gation without risking damage to the complex water-cooled panels to be installed for later DT operation. Con-
servative assessments of the W wall source, coupled with integrated modelling of W pedestal and core transport,
demonstrate that the elimination of Be presents only a low risk to the achievement of the principal ITER Q = 10
DT burning plasma target. Primarily to reduce oxygen contamination in the limiter start-up phase, known to be a
potential issue for current ramp-up on W surfaces, a conventional diborane-based glow discharge boronization
system is included in the re-baseline. First-of-a-kind modelling of the boronization glow is used to provide the
physics specification for this system. Erosion simulations accounting for the 3D wall geometry provide estimates
both of the lifetime of boron (B) wall coatings and the subsequent B migration to remote areas, providing support
to a simple evaluation which concludes that boronization, if it were to be used frequently, would dominate fuel
retention in an all-W ITER. Boundary plasma (SOLPS-ITER) and integrated core–edge (JINTRAC) simulations,
including W erosion and transport, clearly indicate the tendency for a self-regulating W sputter source in limiter
configurations and highlight the importance of on-axis electron cyclotron power deposition to prevent W core
accumulation in the early current ramp phase. These predicted trends are found experimentally in dedicated W
limiter start-up experiments on the EAST tokamak. The SOLPS-ITER runs are used to formulate W source
boundary conditions for 1.5D DINA code scenario design simulations which demonstrate that flattop durations
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of ~100 s should be possible in hydrogen L-modes at nominal field and current (Ip = 15 MA, BT = 5.3 T) which
are one of the principal SRO targets. Runaway electrons (RE) are considered to be a key threat to the integrity of
the final, actively cooled FW panels. New simulations of RE deposition and subsequent thermal transport in W
under conservative assumptions for the impact energy and spatial distribution, conclude that there is a strong
argument to increase the W armour thickness in key FW areas to improve margins against cooling channel
interface damage in the early DT operation phases when new RE seeds will be experienced for the first time.

1. Introduction

The ITER Organization (IO) began in early 2023 an exercise of re-
baselining in which a key element is the change of first wall (FW) ma-
terial from beryllium (Be) to tungsten (W). Given the much higher en-
ergy threshold (> factor 10 for deuterium (D) on W cf. D on Be) and
lower yield (<103 for D onW cf. D on Be for low energies) for W physical
sputtering, together with a much higher melting point (Tmelt,W= 3422◦C
cf. Tmelt,Be = 1287◦C), switching from Be to W FW armour has clear
positive benefits in terms of wall armour erosion lifetime, the associated
tritium (T) fuel retention by co-deposition, dust production and resil-
ience to disruption thermal loads during unmitigated or partially miti-
gated disruptions. Substituting Be with W also avoids the well-known
issues of Be handling during assembly/disassembly and eliminates the
need for the extremely complex and costly replacement of an actively
cooled FW that would be required later in the project lifecycle if ITER is
to be a true testbed for fusion reactor relevant main chamber armour
material. This said, the re-baseline does, in fact, include a FW replace-
ment, but not the exchange of one actively cooled system for another.
Operation will instead begin with a temporary, inertially cooled FW,
allowing experience to be gained with disruptions and their mitigation
(particularly the difficult issue of runaway electrons (RE)) without
risking damage to the final panels to be installed for DT operation.

Despite the advantages of W over Be, increasing the W plasma-facing
surface by an additional ~600 m2 (compared with the existing ~140 m2

of W armour in the divertor) comes with the obvious risk of higher levels
of core plasma W content, leading in turn to radiative losses which may
prevent sustainment of H-mode and hence directly impact the achieve-
ment of the principal ITER high Q objective. Plasma current ramp-up,
which on ITER will be performed in limiter configuration on the high
field side (HFS) blanket FW [1], is also likely to be more challenging
than with Be plasma-facing components (PFC) due to the much stronger
line radiation from W. This start-up problem is exacerbated by the
removal of Be which has excellent impurity gettering properties,
particularly for oxygen (O), which may act as a seed for W sputtering
during the limiter phase. Present full-W devices thus often find that
depositing a thin boron (B) coating on PFCs through the technique of
glow discharge plasma-assisted chemical vapour deposition (boroniza-
tion) provides for easier plasma initiation and start-up, though in ITER
this comes with the caveat of increased fuel (T) retention by co-
deposition with the eroded B. As a risk mitigation measure, the re-
baseline includes the design and installation of a conventional boroni-
zation system on ITER.

Compared to the situation when the ITER machine was first being
designed, and even at the formal establishment of the IO in October
2007, far more is known today regarding tokamak operation with W
PFCs. Several research devices (e.g. ASDEX Upgrade [2], WEST [3],
EAST [4], C-Mod [5] (before it was definitively shutdown in 2016)) have
routine experience of operating with high Z (W and molybdenum (Mo))
main wall armour. Others (e.g. KSTAR [6], which has recently installed
an actively cooled, ITER-like divertor) will soon make the transition to
full W, or are under construction with full W armour planned from the
start (e.g. COMPASS-U [7], DTT [8], SPARC [9]). The result is that a
move to a full-W ITER today is associated with far lower risk to the key
mission goals than would have been the case had the decision been taken
many years earlier. Careful assessment is nevertheless required of the
physics and operational issues an all-W ITER will face and many

naturally fall squarely within the domain of plasma-wall interaction
(PWI). Any such assessments are of course associated with (often
considerable) uncertainty, particularly with regard to the question of
how an additional W wall source may affect the achievement of the
principal Q = 10 objective. As always in making ITER performance
projections, a conservative approach is adopted, taking worst case as-
sumptions. For example, it will be demonstrated that Q = 10 operation
should be achievable even if the integral wall W source exceeds what is
presently considered to be plausible worst case far scrape-off layer (SOL)
conditions.

It is the intention of this paper to summarize the significant PWI
physics analysis in support of the re-baseline which has been undertaken
by the ITER Organization, together with collaborators from the plasma
boundary community within the ITER member institutions, including
the ITER Scientist Fellow Network and the International Tokamak
Physics Activity. In each of the key PWI areas highlighted, it also en-
deavours to identify important elements of further R&D which are
required to consolidate the re-baseline in the remaining years before the
start of commissioning and operation. The following sections will thus
discuss, in order, the issues of W main wall erosion impact on high Q
performance, boronization, B layer lifetime, associated fuel retention
and recovery, limiter start-up onW and unmitigated disruption transient
impact on W, particularly current quench (CQ) thermal plasma loads
and RE impact.

2. Revised ITER research plan

As illustrated in very brief schematic form in Fig. 1, the switch to W
comes with a modified ITER Research Plan (IRP) [10,11] in which the
first phase of machine exploitation, the “Start of Research Operation”
(SRO), combines the previous 2016 “Staged Approach” First Plasma and
non-active (hydrogen (H) and helium (He)) campaigns (referred to as
Pre-Fusion Power Operation, PFPO-1 and 2) [12]. Unlike in the 2016
plan, plasma operation in the re-baseline begins with the final W
divertor [13] fully installed and actively cooled. Meanwhile, the Blanket
shield blocks, armoured with provisional W FW panels, are also in place,
but will not be actively cooled. The principal rationale for this tempo-
rary FW (TFW) is to allow all control and protection systems to be fully
commissioned up to the nominal plasma current and toroidal field,
including demonstration of reliable disruption mitigation, before the
very costly (and final) actively cooled FW panels are installed. In
particular, due to the high plasma current, unmitigated RE impact on
ITER can be potentially extremely damaging to PFCs (Section 6). Having
a FWmuch more forgiving to transient impact in the early phase of ITER
operation when the experience of avoidance and mitigation must be
developed is a major advantage.

With doubled electron cyclotron (EC) heating power (40 MW up
from the original 20 MW) and up to 10 MW of ion cyclotron (IC) heating
available from the start of operation, SRO introduces two new and
extremely advantageous features in comparison to the 2016 baseline.
First, it allows ion cyclotron wall conditioning (ICWC) for fuel recovery
by isotopic exchange to be demonstrated and the compatibility of RF
heating with a W wall to be studied earlier, permitting decisions to be
made regarding an upgrade of IC power (from a single antenna) to the
original 20 MW baseline in time for DT operation. Second, it includes a
short H-mode campaign in D at half nominal BT and low Ip (2.65 T, 5–7.5
MA), enabled by the increased EC heating which provides power
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sufficient to be well above the H-mode threshold in this range of current
and field. This eliminates the need for the pure He plasmas planned in
the original PFPO campaigns as a way to achieve first H-modes at low
power (benefitting from the expected lower L-H power transition
threshold in He in comparison with hydrogen (H) fuel). Although this
mini-H-mode campaign will feature extremely low neutron fluence (1.5
x 1020, 5x10-8 of the total ITER lifetime fluence) and negligible T pro-
duction, it will still mark the beginning of nuclear operation on ITER. It
will permit a first look at D H-modes in ITER under conditions in which
uncontrolled edge localized mode (ELM) transients are not expected to
damage the W divertor, and hopefully make initial tests of ELM control
using the in-vessel ELM control coils. A third key deliverable of SRO is
the achievement of L-mode operation in H up to the nominal field and
current (5.3 T, 15 MA) – see Section 5.1 – requiring that disruption heat
and electromagnetic load validation has been completed at lower Ip and
that the Disruption Mitigation System (DMS) is fully operational.

To mitigate the risks posed by a W main wall for reliable plasma
start-up (see Section 5), the re-baseline includes the installation of a
conventional diborane (B2H6 or B2D6) boronization system (Section
4.1). The SRO phase will be the first opportunity to assess the efficacy of
this system in terms of impact on plasma operation, fuel retention and B
layer lifetime.

During the post-SRO Assembly phase, prior to DT operation, the TFW
panels will be replaced by the final, actively cooled units and 33 MW of
Neutral Beam Injection (NBI) heating will be installed along with an
additional 20–27 MW of EC power (providing sufficient central and off-
axis injection for heating and neoclassical tearing mode control in the
DT phases). If SRO tests are successful, the IC power may also be
increased by an additional 10 MW.

Operation in DT, constituting the vast majority of ITER exploitation,
is split into two distinct blocks, DT-1 and 2, of which the first, limited to
a neutron fluence of ~3 x 1025n (1 % of the lifetime fluence) and broken
down into 5 Fusion Power Operation (FPO) campaigns, has as principal
objective to achieve the first Project goal of 500 MW of fusion power
production with Q ≥ 10 for tburn > 300 s. A successful DT-1 phase will
thus demonstrate that ITER can achieve DT plasmas with dominant
alpha heating and that all the required scenario integration and plasma
control can be maintained over timescales of hundreds of seconds. It also
marks the first phase of the nuclear safety demonstration for ITER
operation. In DT-2, an additional heating beam may be installed for a
total PNBI = 50 MW and the principal objectives are routine, high duty
operation at Pfus = 500 MW, Q ≥ 10 for tburn > 500 s, routine operation
at Q ≥ 5 for tburn = 1000 s in long pulse scenarios, and Q ≥ 5 for tburn >
3000 s in steady-state, non-inductive discharges.

3. Tungsten wall impact on Q ¼ 10

As already highlighted in Section 1, the fundamental physics and
operational question to be addressed when considering a move to a full
W ITER is that of core plasma W contamination. This is actually a rather
complex issue, made more difficult by the fact that, due to the pecu-
liarities of W transport, direct empirical extrapolation of the observa-
tions in current devices operating with majority W PFCs is not
straightforward. Only a brief summary of the key points is provided
here. More details may be found in [10,11] and references therein.
Regarding first guidance from present experiments, the following points
are of note:

• Stationary H-mode conditions can be maintained if the edge power
flow is above some margin: Psep ≳ 1.5PLH, where Psep and PLH are
respectively the powers crossing the separatrix and the H-mode
transition threshold power [2 14 15]. These conditions are typically
associated with core radiated power fractions of frad,core = Prad,core/
Pin ≲ (0.4 – 0.5), with Pin the heating power.

• Central (wave) heating (ECH, ICH) can be used to suppress uncon-
trolled W core accumulation [16 17], which in present machines,
usually with a strong core particle source (provided by NBI), tends to
be dominated by neoclassical (inwards) transport.

• ELMs play a critical role in determining the edge W source:
depending on separatrix-wall gaps, they can dominate the W wall
source and their frequency must be maintained at a sufficient level to
ensure adequate W exhaust (“ELM flushing”) [18].

• Even though the W wall source is typically only 10–20 % of the
divertor source (and generally larger on the low field side (LFS) than
the HFS for similar separatrix-wall gaps [19]), screening of the
source is much less effective due to the much lower level of prompt
re-deposition in the main SOL compared with that at the divertor
targets. It can thus provide a core W source of similar strength to that
originating from the divertor (for Type I ELMing discharges) [20].

Turning to the situation on ITER, the lack of any significant core
particle source and the low toroidal rotation Mach number leads to the
expectation from modelling that, in contrast to present devices, anom-
alous W transport should dominate over neoclassical inward convection
in the burning plasma core [21]. In the pedestal, although uncertainties
remain, gradients of temperature (strong) and density (moderate),
should lead to strong neoclassical edge temperature screening such that
W transport in between ELMs is outward, opposite to the behaviour
found in the majority of current tokamaks [22]. Moreover, simulations
predict that the ELM flushing W exhaust mechanism cited earlier is
expected to invert under conditions of strong W screening in which W
density profiles in the pedestal are hollow [18,23]. In this case, ELMs

Fig. 1. Diagrammatic summary of the revised IRP accompanying the proposed re-baseline. Some of the key systems and milestones are listed explicitly for the pre-
and post-assembly phases and for SRO operation itself.
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would actually drive higher core W concentrations instead of flushing
the W out. Thus, W density control through ELM frequency control
seems unlikely to be option on ITER under burning plasma conditions
and ELM control must in fact be ELM suppression [10]. This is perfectly
consistent with the fact that ELMs must on ITER be kept to very low
amplitudes from the point of view of W divertor monoblock lifetime
(cracking, edge and front surface melting) [13]. Regarding ELM control,
ITER will be equipped with an extensive set of 27 magnetic perturbation
coils for the application of 3D fields [24]. Recent JOREK code modelling
including a Monte Carlo particle tracker to follow W ions has demon-
strated that the formation of 3D structures in the edge magnetic and
electric fields promotes outward W transport in plasma conditions in
which neoclassical transport in 2D would be inwards [25]. The impli-
cation is that a balance will need to be sought between the needs for ELM
control and the preservation of W pedestal screening in order to mini-
mize ITER H-mode core plasma contamination.

With all the above in mind, the impact of a W wall source on ITER
high Q operation has been quantified using JINTRAC [26] core–edge-
SOL integrated simulations which include core turbulent transport
determined by the EDWMmodel [27], NEO code [28] calculations of the
neoclassical W transport and the EDGE2D-EIRENE boundary plasma
code. ELMs are assumed suppressed by employing the so-called
continuous ELM model in which the pedestal transport coefficients are
adjusted to obtain the values of pressure expected from ideal MHD
modelling. In this case, the (stationary) W wall source can be generated
only by the impact of plasma ion flux (fuel and impurity ions) and
charge-exchange neutral (CXN) fluxes (dominated by fuel neutrals).
However, since the JINTRAC computational grid does not extend
beyond the first field line which intercepts the wall starting from the
divertor region, it cannot self-consistently include a proper description
of the plasma-main chamber wall interactions which are key to the
overall Q = 10 impact assessment. These are instead modelled using the
2D WallDYN approach [29] to compute the wall W erosion flux
(assuming pure W surfaces) and the W density, nW distribution at the
location of the JINTRAC outer simulation boundary (WallDYN3D cal-
culations have been separately performed to explore B-layer lifetimes in
a boronized ITER – see Section 4.2).

An effective “gas puff W wall source” is then introduced in JINTRAC
and varied so as to obtain the similar values of theWallDYNW density at
the computational grid edge for a range of assumptions regarding the
far-SOL plasma background. For conservatism, prompt redeposition of
W at the divertor targets (both for wall injected W, or W produced at the
divertor) is assumed to be zero in the EDGE2D-EIRENE simulations.

As described in detail in [30], the WallDYN wall erosion calculations
are very sensitive to the assumed far-SOL plasma background (pre-
dictions of which are still extremely uncertain for ITER – see below). A
range of these backgrounds has been generated using the SOLPS/OSM
(Onion Skin Model) approach for Q = 10 plasma conditions (used to
establish the SOLPS main SOL and divertor plasma simulations which
originate from [31], namely PSOL = 100 MW, neon (Ne) seeding for
divertor target load control, with varying assumptions for the magnitude
of far-SOL radial transport and parallel flow Mach Number (M)). They
determine the ion and electron temperatures, Ti, Te, D fuel ion and CXN
fluxes, charge state resolved Ne ion fluxes and averaged CXN energies at
the walls, from which DIVIMP trace impurity transport simulations are
used to determine the WallDYN migration matrix.

Two examples of the outer midplane (OMP) Te and ne radial profiles
from the plasma background scan are shown in Fig. 2a (corresponding to
cases 00 g and 00m in [30], representing the extremes of high ne,wall and
low Te,wall (10 eV) and low ne,wall, high Te,wall (20 eV)). Both have M =

0 (stagnant SOL flow) and Ti = 2 × Te fixed in the OSM part of the so-
lution. A zero flow SOL is the most conservative assumption in terms of
W erosion since, in this case, the erodedW accumulates at the stagnation
point (near the OMP) where radial transport in the hotter regions near
the separatrix allows W to charge to comparatively high states (e.g.
~W10+) and be much more effective for self-sputtering at the wall. Of

the two examples in Fig. 2a, the high Te,wall, Ti,wall condition yields a
total W source of ~1.4 x 1021 atoms s− 1, the worst case in the entire
database. Fig. 2b shows the corresponding 2D distribution of W con-
centration (expressed as nW/(ne + nW) which is essentially a plasma
density fraction since nW ≪ ne, except in the very far SOL where ne is
very low and nW ~0.1ne).

Analysis of the WallDYN results demonstrates unequivocally that the
W erosion source is dominated by Ne and W self-sputtering, with
negligible W release by D CXN impact. Thus, the use of impurity for
divertor power flux control is ultimately the strongest driver for the W
wall source since it is the Ne seed which produces the primary erosion,
thereafter augmented by W self-sputtering. This an interesting contrast
to the situation with Be, where D CXN sputtering contributes a much
larger fraction of the wall impurity release due to the lower sputtering
threshold and higher yield of D → Be [32]. Of note also is that in the
WallDYN workflow, DIVIMP account for prompt re-deposition of eroded
W and finds very low re-deposition fractions (~10 %) at the main
chamber walls, consistent with the experimental findings mentioned
earlier and confirming the very poor screening (due to the lower plasma
densities) compared with the divertor source.

Fig. 2c summarises the outcome of the JINTRAC simulations using
the WallDYN effective W sources in terms of the dependence of the
fusion power gain (Q) on nW,far-SOL, the W density at the JINTRAC outer
computational boundary (normalized to the volume averaged electron
density, <ne> ). It demonstrates that Q = 10 performance (Pin = 50 MW
at Ip = 15 MA, BT = 5.3 T) can be maintained up to the worst case

Fig. 2. Compilation describing the impact assessment of a W main chamber
wall on ITER burning plasma performance: (a) examples of two extremes of
OMP far-SOL ne and Te radial profiles resulting from OSM simulations on a grid
extended to the main chamber wall; (b) WallDYN2D poloidal distribution of the
W concentration for the low ne,wall, high Te,wall stagnant SOL flow plasma
background case (OSM run “00 g”) – this yields the highest W influx of all
available plasma backgrounds in the OSM database; (c) JINTRAC predictions
for the dependence of Q and the ratio of power crossing the separatrix to the H-
mode threshold power on the normalized W density from WallDYN.
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WallDYN W influxes in ITER baseline H-modes with standard H-mode
confinement (noting again the very conservative assumption in JIN-
TRAC of zero prompt re-deposition for W evolved at the divertor). For
even higher nW,far-SOL, corresponding to W influxes ~3x above those
corresponding to the most conservative WallDYN source, higher Pin (90
MW) is required to compensate the increased core radiation (~70 MW,
of which ~50 MW due to W) and maintain the edge power flow above
the L-H transition threshold. In this case Q falls to lower values (~6 in
Fig. 2c). On the basis of these JINTRAC integrated modelling estimates,
it may thus be concluded that the risk to Q = 10 performance of
switching to a full-W main wall on ITER is rather low.

This important conclusion notwithstanding, it is worth emphasizing
once more the significance of the far-SOL plasma in this analysis. Despite
decades of tokamak research, and an accepted understanding that the
far-SOL plasma parameters are driven mostly by turbulent filaments,
predictive capability for this tenuous region at the ITER scale under
burning conditions remains elusive. Although there is some experi-
mental justification from present, smaller devices for the worst case far-
SOL plasma parameter assumptions in the WallDYN W source calcula-
tions for ITER, there is still no theoretical basis on which to decide the
radial structure of the far-SOL profiles of temperature and density. Will
the profiles have broad shoulders as usually seen in present experiments
under H-mode conditions at high density (see e.g. [33], though H-mode
data are sparse)? Will Te,wall, Ti,wall at the main chamber walls be as high
as the worst case ITER assumptions? Is there a clear link to the upstream
profile structure and the divertor detachment state at the ITER scale?
Until these questions are answered, there will always be large un-
certainties in the types of assessment described above in the context of a
W main wall source. The same applies to the wide range of studies that
have been previously performed for ITER regarding erosion, material
migration and fuel retention by co-deposition with Be main chamber
armour (see e.g. [32,34,35,36].

In the meantime, whilst this does not resolve the underlying prob-
lem, IO has been pushing over recent years a concerted effort to improve
at the least the consistency of plasma boundary modelling in the sense of
providing simulations with numerical grids right up to all main chamber
wall surfaces. This avoids the need for the SOLPS/OSM patch used in the
WallDYN approach and instead the far-SOL is self-consistently treated in
the boundary codes, although the magnitude and radial variation of the
cross-field anomalous transport must still be specified across the simu-
lation domain. Fig. 3 illustrates how three of the Fusion Community’s
main plasma boundary simulation codes, SOLPS-ITER, SOLEDGE3X-
EIRENE and EMC3-EIRENE are now at the stage at which extended
numerical grids are established for exactly the same ITER magnetic

equilibrium, taken from a DINA code simulation stored in ITER’s Inte-
grated Modelling Analysis Suite (IMAS), corresponding to a point
roughly in the middle of the flattop of a standard 15 MA burning plasma
(Q = 10) scenario. All three codes use the EIRENE kinetic neutral Monte
Carlo code [37].

In the case of SOLPS-ITER [38,39], considerable enhancements,
conducted over a multi-year development programme, have been
necessary to make this possible [40] and first simulations at the ITER
scale are only just beginning at the time of writing. For SOLEDGE3X, a
more modern code in which wide grids are a built-in feature [41], many
code runs are already available (in IMAS) for low power ITER cases [42]
and the first burning plasma runs have started to appear [43]. Regarding
EMC3-EIRENE, wide grids have previously been used assuming toroidal
symmetry for the main wall [44], but the new grid example shown in
Fig. 3 includes, the full 3D wall shaping and is particularly important for
the assessments of B layer lifetime discussed in Section 4.2, where, un-
like the case of pure W, erosion of the coating in plasma recessed areas
by CXN fluxes is a key factor as a result of the lower B sputter threshold
and higher yield (similar to the case of Be walls). For more realistic
coating lifetime and B migration estimates, it is thus important to
include the 3D wall shape to properly account for the different erosion
rates of plasma wetted and recessed zones.

One final point to make concerning these plasma backgrounds is that
the more modern extended grids in Fig. 3 properly account both for the
most recent ITER first wall contour and the most up-to-date magnetic
equilibrium foreseen for burning plasma operation. Compared with the
older grids, using which the W main wall fusion performance impact
study summarized in Fig. 2c was performed, the new equilibrium has
lower OMP primary to secondary separatrix separation, drsep ~6.5 cm
(cf. ~9 cm in the older equilibrium) and greater clearance to the inner
wall. The net result is a considerably lower plasma-wall interaction,
particularly in the upper HFS wall regions. As a consequence, the W
erosion simulations described above, as well as the many previous
erosion-migration studies which have been performed in past years for
ITER [32,34,35,36], are conservative with respect to total erosion.
Going forward beyond the initial simulation studies in support of the re-
baseline physics case described here, all future erosion/migration as-
sessments should by default use the new plasma backgrounds which are
being generated on the updated wide grids.

4. Boronization, fuel retention and recovery

Apart from the obvious benefit of offering a low Z material facing the
plasma in the main chamber, Be has the very useful property of being an
excellent O getter, forming a stable oxide. As demonstrated very clearly
by the JET experience with the ITER-Like Wall, plasma breakdown/
start-up with large scale Be coverage, particularly after long mainte-
nance periods with vacuum vessel venting, is much easier in comparison
even with carbon PFCs [45]. Replacing Be with W means not only that
the O gettering action is lost, but that limiter start-up on W PFCs can be
potentially more difficult if there are too high levels of low-medium Z
impurities in the early current ramp-up phase. They may act both as
contributors to plasma radiation losses and as seeds for W sputtering,
which in turn further increases the radiation loss.

As a risk mitigation measure, particularly for potential plasma start-
up issues, the ITER re-baseline includes a standard diborane glow
discharge boronization system, of the type installed on many of the
world’s research tokamaks. The thin (typically 50–100 nm thick),
amorphous B layers which cover PFC surfaces following boronization
are ephemeral on strongly plasma wetted areas, but have much longer
lifetime in recessed zones and are demonstrably routinely effective in
current full-W devices at removing intrinsic O contamination for hun-
dreds of plasma discharges following a coating process [2,3].

As described in Section 4.1, one difference between the ITER boro-
nization system in comparison with those in smaller devices is that some
design aspects have been guided by physics simulations of the glow

Fig. 3. Numerical grids extending to all main chamber walls are now available
and in use for three leading plasma boundary simulation tools. All three ITER
grids in this example are generated from the same magnetic equilibrium
extracted at timeslice 399 of the DINA IMAS database shot 135011, run 7.
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discharge. Although the B coating replaces the O gettering role of Be, it is
relatively short-lived. Too frequent deployment would eventually lead
to a problem of fuel retention/dust (as was the case for the solid Be wall,
which constituted an effectively infinite Be source) and it is actually on
this basis that maximum allowable boronization frequency is established
in the revised IRP. Section 4.2 addresses the issues of B layer lifetime
(thus erosion/migration), with Sections 4.3 and 4.4 respectively dis-
cussing the associated fuel retention due to co-deposition and the
possible fuel recovery mechanisms.

4.1. Boronization physics basis

Even though the first boronization process in a magnetic confine-
ment device, using more-or-less the same approach adopted widely
today, was developed on TEXTOR in 1989 [46], systems are usually
based on empirical considerations and community experience. A
plasma-assisted chemical vapour deposition process in which a thin a-B/
C:H film is put down on plasma-facing surfaces, boronization is typically
performed by fuelling a normal He glow discharge conditioning (GDC)
plasma with diborane (B2H6 or B2D6) at a concentration in the range
10–15 % [47,48,49,50,51]. Numbers and locations of GDC anodes and
diborane gas injection locations are often of order 2–4, with turbo
pumping usually appropriately placed relative to gas feed points. Since
standard GDC requires zero or very low residual magnetic fields, boro-
nization will only be possible on ITER in short or long term maintenance
periods (STM, LTM) when the current in the toroidal field coils can be
ramped down to zero (but with the coils mostly still cooled to super-
conducting temperature). This fixes the maximum possible boronization
frequency (once per 2 weeks) since ITER operation will be based on a
cycle of 2-week blocks with 12 days of 2 shifts dedicated to experiments
followed by a 2-day STM period.

Tokamak GDC plasmas behave as hollow cathode discharges with
the cathode corresponding to the grounded wall surfaces and with the
discharge sustained by fast electrons emitted by ion secondary electron
emission at the walls. Commonly used wall ion currents in present de-
vices are in the range 20 μA cm− 2 (see [52] and references therein)
which for ITER, including parts of the divertor (e.g. baffle and dome
umbrella regions) and main chamber wall surfaces, requires total cur-
rents of ~200 A to be distributed between groups of anodes located in
the port plug front end units (the Diagnostic First Wall (DFW)) at
outboard upper and equatorial levels – see Fig. 4. Although the DFW is
recessed (by 10 cm) with respect to the innermost FW panel radial po-
sition (and therefore sees no direct charged particle fluxes during
tokamak plasma discharges), these anodes will nevertheless be rather
close to the plasma at all times and are tightly enclosed in the sur-
rounding DFW steel surfaces. There is much competition for space in
these port plugs and so anode numbers must be kept to a minimum –
currently 8 foreseen for SRO (fixed by the port plug configuration to be
installed for this phase), increased to 11 for the DT phases. A conse-
quence of the limited number is that each anode will source a large
current (up to ~30 A), at least a factor 10 higher than commonly used in
today’s tokamaks. To this should be added the rather innovative anode
design (Fig. 4), which is in the prototype stage, but which has never been
tested on a working tokamak. Such tests are planned in advance of the
SRO phase.

Given the restricted anode numbers, an important question is to
which extent a uniform B coating will be possible in a device at the ITER
scale. In addition, to assist the boronization system design (which has
just passed the conceptual phase at the time of writing), physics guid-
ance has been required concerning the optimum glow pressure and
number and location of gas injection points. A first-of-kind modelling
capability has been developed at IO to provide such an assessment. The
details may be found in [52]. It is based on Monte Carlo tracing of
diborane molecules in the GDC plasma, from the point of ionization or
dissociation, taking into account elastic collisions with neutrals. The
reaction products − B-carrying radicals and ions – are then assumed to

subsequently coat the plasma-facing surfaces in the regions near their
birth. The background plasma itself is generated with the 2D fluid model
first applied to simulate ITER GDC plasmas in [53], but with modifica-
tions allowing the impact of the H (or D) from the diborane molecules on
the He glow plasma parameters to be taken into account. As shown in
[52], this can be a very important refinement. For example, for an H2
content of 12 % in a majority He glow (corresponding to ~5 % diborane
in the injected He/B2H6 gas mixture), the bulk plasma Te reduces by a
factor 2 in comparison with a pure He glow. This has a noticeable impact
on the B deposition uniformity. Regarding the latter, the simulations
show that He is preferred over a hydrogenic carrier; at fixed glow
pressure, majority He glow plasmas have much higher bulk plasma Te,
leading to higher probability of diborane decomposition away from the
anodes. Glow pressures around 0.3 Pa (found appropriate for reasonable
glow plasma uniformity in [53]) are also important to maintain high
bulk plasma Te.

Fig. 5 provides an example of the boronization simulation model in
action, addressing the particular case of the 2D toroidal-radial distri-
butions of normalized diborane decomposition counts in the equatorial
midplane for an 88 % He, 12 % H2 mixture at 0.3 Pa neutral pressure for
the two glow anode configurations currently expected for the SRO and
DT-1 phases in the re-baseline. The 2D fluid model which is used to
generate the glow plasma backgrounds cannot represent the real GDC
geometry and instead approximates the vacuum vessel by a volume
contained between two concentric spherical walls and works in cylin-
drical coordinates [53]. It is thus at present only possible to simulate a
given radial-toroidal plane, chosen in the case of Fig. 5 to be at the centre
of the glow anodes located in the outer midplane port plugs.

Although anode placements are enforced by the requirement to be
housed in port plugs, the gas injection locations can be chosen more
freely and are an input to the boronization system design. In the

Fig. 4. Illustrating how the ITER GDC anodes will be embedded directly in the
DFW at midplane and upper port locations. A CAD image of the current anode
design is included for reference.
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examples of Fig. 5, the diborane is injected from both the low and high
field sides at specific point-like toroidal locations (in practice in ITER,
the gas will be injected through pipes recessed in the gaps between
blanket modules and will not behave as point sources). This turns out to
be very important in order to ensure reasonable coating thickness on the
HFS. A separation of several metres between anodes and diborane in-
jection points is also recommended by the simulations to improve
coating uniformity, as is the injection of gas in places where anodes
cannot be located. Such findings are essentially a consequence of the
length scales for diborane decomposition, determined by the mean-free-
path for disassociation and ionization (of order 3–4 m in these majority
He glow plasmas) shortened to 1–2 m by elastic collisions of the
diborane molecules with He neutrals [52].

Fig. 5 clearly demonstrates that the B layer in the midplane vicinity
may be rather toroidally non-uniform for the SRO phase when the
planned port plug configuration will mean that only one of the 3 anodes
planned on the east side of torus at the equatorial midplane can be
installed. This is compounded by the impossibility of locating anodes in
the areas occupied by ports dedicated to NBI and EC/IC heating systems,
leaving comparatively wide regions to the north and south sides with
lower decomposition counts. A key question is therefore to which extent
this matters: since the primary function seen for boronization on ITER is
O gettering, rather than coating surfaces to reduce the W wall source, a

significantly reduced B layer thickness in some areas may not be a major
issue. Experiments on current full-W devices in which such coating
uniformities are reproduced (e.g. by energizing only certain anodes) and
the impact on subsequent operation is monitored, would thus be of great
value and are being executed at the time of writing. Similarly, quanti-
tative studies of B layer uniformity in current toroidal devices or well-
defined laboratory experiments, along with some measurements of the
glow plasma parameters, are required to validate the boronization
modelling performed for ITER.

4.2. Boron layer lifetime

Closely related to the issue of B coating uniformity and its influence
on reducing low-medium Z impurities is the question of layer lifetime
following a boronization procedure. With regard to O gettering, based
on [54], a 50 nm coating can bind ~1–5 x 1020 O atoms m− 2. For the
expected ITER maximum impurity outgassing rates and a conservatively
low estimate of the total in-vessel surface area (~10 % = 65 m2) acting
as an effective O gettering surface, a single boronization could corre-
spond to a possible O storage capacity of 2.5 – 12.5 weeks of ITER
operation [52]. The question is then how this compares with the ex-
pected erosion lifetime of the B coating.

Boron layer lifetime estimates have been made using the same
WallDYN approach as described in Section 3 for the wall W source
evaluation, but now performed with WallDYN3D [55], taking into ac-
count the 3D geometry of the ITER FW [30]. As mentioned earlier, un-
like in the case of a pure W wall, where erosion is primarily on plasma
wetted areas and is dominated by ion sputtering (Ne and W for the case
of Ne seeded plasmas), for a B coating, erosion by fuel CXN in
magnetically shadowed regions (which constitute the vast majority of
the main chamber surfaces) is a significant contributor. In fact, once the
B in wetted areas has been eroded, it is essentially the only contributor.

Fig. 6, extracted from [30], provides a visual representation of the
qualitative time evolution of the erosion and migration of an initial 100
nm uniform B coating on a pure W bulk main chamber wall (coating
assumed to be completely absent on divertor surfaces at t = 0) under
plasma exposure to the same “worst case boundary plasma parameters”
used in the WallDYN2D assessment for the burning plasma W wall
source (Fig. 2). The simulation is only qualitative in the sense that the
simplicity of the WallDYN surface model cannot quantitatively model
the depletion of thick (~100 nm) B layers on the main chamber wall and
at the same time correctly describe the re-distribution of the eroded B on
divertor surfaces where it must ultimately all accumulate [30]. It does,
however, demonstrate clearly how the main chamber initially remains
coated up to the first ~1000 s of plasma exposure, with the eroded B
depositing at the inner divertor target and the outer target baffle area.
Thereafter, the main chamber coating begins to deplete (the B on plasma
wetted areas is thus very quickly removed), the divertor deposition is re-
eroded and the entire B source finally collects below the inner target
where it can no longer be accessed by plasma fluxes. The entire evolu-
tion requires ~5 x 105 s.

Defining “lifetime” as corresponding to 10 % of the main chamber
surface coating remaining, these dynamic WallDYN3D simulations yield
that a single boronization depositing a uniform 100 nm layer on the
ITER main chamber would last for ~105 s under exposure to worst case
burning plasma conditions [30]. Since the ITER GDC boronization sys-
tem design currently assumes ~50 nm coatings deposited in a single
process (requiring ~11 h of glow plasma), this lifetime may be reduced
to ~5 x 104 s. For the average rate of 13 successful pulses per day and 12
operational days per two week block assumed in the re-baselined IRP
(see above and [10,11]), this corresponds to an average high power
duration of ~320 s per pulse. This performance is not expected until the
FPO-4,5 campaigns in the DT-1 phase (Fig. 1), but assuming the
achievement of such operational conditions (which requires routine
burning plasma operation, unhindered by issues of plasma start-up onW
surfaces – see Section 5), then the B lifetime analysis, together with the

Fig. 5. Contour plots of normalized diborane reaction counts (log scale) in the
equatorial midplane for an 88 % He / 12 % H2 carrier gas mixture at 0.3 Pa
glow pressure for the anticipated (a) SRO and (b) DT-1 GDC anode configura-
tions (number and location of diborane gas injection locations are fixed for both
cases). The reaction counts are normalized such that the surface integral is
unity. Figure
adapted from [52].
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worst case assumption for O uptake capacity, imply a maximum
required boronization frequency (approximately every 2 weeks) which
is entirely consistent with the planned ITER operation cycle.

This WallDYN lifetime analysis highlights another important differ-
ence when switching from Be to W in the re-baseline. Whereas with Be,
the main chamber constitutes an effectively infinite erosion source, the
maximum total quantity of B which can eventually migrate to remote
areas (in the case of Fig. 6 to a location under the inner divertor) for a
boronized full-W ITER is fixed by the quantity of injected boron. For a
uniform 50 nm thick coating, this amounts to ~86 g per boronization.
Adopting the maximum frequency of one boronization per two weeks
and depending on precisely how the re-baselined IRP will actually be
implemented, the maximum total dust quantity which could be gener-
ated in the DT-1 phase (FPO-1 to FPO-5 (Fig. 1)) is 13–15 kg, assuming
(conservatively) 100 % of all B injected into the torus is eventually
converted into dust. Whilst not negligible, this is at least an order of
magnitude lower than previous estimates made on the basis of Be
erosion and subsequent migration/re-deposition for the 2016 Baseline
[56] and is far below the authorized regulatory limits for mobilizable
dust [57]. An important related issue, discussed in Section 4.3, is how
much T may eventually end up trapped in co-deposited layers and in this
poorly accessible dust reservoir. This is in turn determined by the fuel
recovery strategies which need to be deployed during the experimental
campaigns themselves.

Finally, one further aspect of boronization not discussed here is the
issue of potential coating of diagnostic first mirrors – the first elements
of all ITER optical diagnostics located just behind apertures in the DFW.
Although these systems are almost all equipped with shutters and mirror
cleaning systems [58], so that the mirrors will be hidden during the
boronization process itself, the B coating will be deposited over all DFW
surfaces. Subsequent CXN sputtering of the coating in these recessed
areas may push some B to migrate onto the mirror surfaces. If this oc-
curs, it is thereafter a question of the balance between subsequent
erosion and deposition on the mirror surfaces as to whether or not layers
may grow and at what rate. This process has been analysed with the
Monte Carlo impurity transport code ERO2 for the case of the W-Be
material mix on ITER and realistic DFW geometries and found not to be
an issue, for a plasma exposure period equivalent to the first 3 FPO
campaigns of the 2016 Baseline [36]. A similar exercise is now required
for B-coated DFW surfaces for the exposures planned in the re-baselined
IRP. Of course, the same caveats regarding the uncertainty in the far SOL
plasma background which apply to the W source and B lifetime calcu-
lations also apply to estimates of first mirror deposition.

4.3. Fuel retention

With Be eliminated, the main sources of T retention in a full-W ITER
will be co-deposition with eroded and re-deposited B and W and im-
plantation in W. Regarding B co-deposits, the migration simulations
described in Section 4.2 provide the co-deposition source, but an esti-
mate is required for the fuel uptake efficiency – the ratio of T/B in the co-
deposits. Given the long intended use of Be on ITER, quite some effort
has been dedicated to the fuel uptake of Be co-deposits, including the
development of scalings for T/Be (using D as a proxy for the T) as a
function of the main parameters observed empirically to determine the
ratio. Namely substrate temperature, Be deposition rate and the fuel ion
energy [59] and, more recently, including also the fuel background
neutral pressure [60]. In contrast, despite its frequent use in today’s
devices in the form of boronization coatings, there is relatively sparse
data for {H,D,T}/B.

A literature review conducted as part of the re-baseline activities is
summarized in Fig. 7, which compiles data for the dependence on sub-
strate temperature of the H content in B co-deposits found in laboratory
experiments performed by the fusion and semiconductor communities.

Fig. 6. Time evolution of B coating erosion and redeposition from a Wall-
DYN3D simulation assuming the same worst case far-SOL plasma background
used in the evaluation of the W wall source with WallDYN2D (see Fig. 2) and for
an initial 100 nm thick, uniform B coating on a W main chamber wall (corre-
sponding to a value of 1.0 in the colorbar). Figure reproduced from [30] with
slight modification to graphical format.

Fig. 7. Literature review of hydrogenic fuel retention by co-deposition as a
function of co-deposit temperature for B layers and comparison with W, Be and
C co-deposits. Data are extracted from the following published sources: H-B: [61
62 63 64 65]; D-W: [66 67 68 69] (NB: open squares: in-vacuo measured
content, filled squares: post-mortem analyzed content); D-Be: [66 70 59 71]; D-
C: [66].
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There is little or no such laboratory data for D-B layers. Some points for
W, Be and C co-deposits are also included for comparison. References to
all data sources may be found in the figure caption. The B co-deposition
in these studies is achieved via thermal or plasma decomposition of
volatile B-C–H compounds (B2H6, B10H14, B2C10H12) and most were
concerned more by the mechanical, optical and electrical properties of
films and not the H content.

In general, the H content in B layers is higher than that in Be and
lower than in C. Boron layers from the very few available studies in
tokamaks (not included in Fig. 7) indicate overall lower hydrogen
content: ~0.1H/B in Alcator C-Mod in B layers at the inboard and outer
divertors in a campaign with GDC boronization [72], whilst ASDEX
Upgrade reports a content below 0.1H/B in B layers at the outer divertor
and up to 0.2H/B at midplane limiters in B powder dropper experiments
[73].

To ensure conservatism in T retention estimates for ITER, the
tokamak data are ignored and a fixed value of {H/D/T}/B = 0.5 is
assumed, consistent with Fig. 7. Boron co-deposits can thus retain a
maximum of 4, 8 and 12 g of H, D and T per 50 nm boronization on ITER
depositing 86 g of B (see Section 4.2). The maximum quantity of T
retained per boronization is therefore 12 g × [%T/(%H+%D+%T)]
where %X refers to the percentage of the respective isotope in the fuel
mix. Applying these zero order scalings leads to an estimated total T
retention in B co-deposits of 320 – 380 g by the end of the DT-1 phase,
with the variance due to the different choices which might be made in
the execution of the FPO-4 and 5 campaigns.

Fuel trapping by co-deposition with W will be dominated by the net
erosion and local redeposition at the wall since, under burning plasma
conditions (when T will be used), the divertor must be operated in
partial detachment for target power fluxes to be manageable [13]. In
this case, the low target plate electron temperatures and high densities
will mean that W sputtering will be low and prompt redeposition high.
Similarly, for divertor target integrity, ELMs must be strongly mitigated
or suppressed during burning plasmas and so their contribution to a
divertor W source should be low. To compute the total T retention in W
co-deposits, fuelling rates and throughput are first estimated in a very
simplified manner by scaling the various discharges and discharge
numbers in the revised IRP [10] with Ip and < ne>/nGW (nGW is the
Greenwald density) from reference values for the Q = 10 baseline, for
which the peak stationary fuel throughput is 200 Pam3s− 1. The worst
case WallDYN2D integral gross erosion wall source from Section 2
(Fig. 2b) is ~1.4 x 1021 W atoms s− 1 (~0.42 gs− 1 W) which, according to
the simulations, yields a net source an order of magnitude lower (~0.04
gs− 1). Taking a retention ratio of T/W ~0.05 (Fig. 7), gives a total T
retention in W co-deposits of ~6.5 g at the end of the DT-1 phase (an
additional small factor might also be added to account for a possible
divertor W erosion source). Whilst there are obviously uncertainties in
this estimate, it is at worst around a factor ~60 lower than the maximum
retention due B co-deposition.

The final main fuel retention mechanism is through implantation and
diffusion/trapping into the bulk plasma-facing material, for which the
net retention scales with the square root of the particle fluence. Based on
2D simulations [74], for an integrated exposure to typical Q= 10 plasma
conditions of 107 s, a total of 14 g H (i.e. 28 g D and 42 g pure T) would
be retained in the W divertor. To convert this into the net retention
expected through implantation during the different phases of the new
IRP with a main chamber Wwall, the divertor ion flux is scaled as for the
co-deposition estimates (by Ip and ne/nGW) and the particle flux to the
wall is conservatively taken as 20 % of the total to the divertor. This
gives a total T retention by implantation of between ~18 – 24 g by the
end of the DT-1 phase.

4.4. Fuel recovery

The issue of fuel removal is evidently a key aspect of ITER exploi-
tation and developing a quantitative strategy for removal is a long term,

ongoing activity at IO. Although the situation changes somewhat with
the elimination of Be in the re-baseline, the key fuel recovery techniques
that can be applied during and in-between campaigns remain un-
changed: isotope exchange and heating of deposits/surfaces. For the
former, the main tool currently envisaged is by plasma operation and
ICWC (and combinations of both), whilst for the latter, static baking and
the use of special plasma configurations to raise surface (and co-deposit)
temperatures are the principal options.

The updated IRP includes an allocation of 15 % of operational time
dedicated to T removal within each series of DT experiments [10,11].
Importantly, since the STM periods at the end of each 2-week experi-
mental block within a given campaign in the DT phases are far too short
for baking to be an option, it is only the “active” techniques, i.e. ICWC,
GDC and specific plasma operation scenarios (for example the Raised
Inner Strike Point (RISP) configurations pioneered at JET to heat up
inner divertor baffle Be co-deposits [75,76] and considered an option for
ITER [77]) which can be deployed. Furthermore, since fuel implanted in
surfaces and diffusing beyond the reach (≳ 1 μm) of isotope exchange by
plasma exposure or ICWC, can really only be accessed (at least partly) by
baking, and because retention will be dominated by co-deposition with
B if ITER is routinely boronized (Section 4.3), it is really the inventory in
co-deposits which is the main objective of these active recovery
methods.

On the basis of physics analysis and empirical observations, the
detailed discussion of which is beyond the scope of the present paper, a
removal efficiency of 70–80% from deposits and implanted T is set as a
target within the DT-1 FPO campaigns. The specific case of recovery by
baking, which can only be performed prior to LTM periods, will be
considered in more detail below given that it was also the focus of R&D
in the previous baseline when considering slow outgassing of thick Be
co-deposits. It will be found that the same issues faced by Be of only
partial recovery will be encountered if B deposits are allowed to accu-
mulate without routine application of active techniques within experi-
mental blocks.

At a 70–80 % active recovery efficiency (thus excluding baking at the
ends of operational campaigns), taking into account the estimates in
Section 4.3 for the magnitude of retention through co-deposition and
implantation (therefore assuming the maximum number of boroniza-
tions), the total expected in-vessel T-inventory is conservatively ex-
pected to be in the range ~95 – 114 g at the end of the DT-1 phase. The
corresponding range of total injected T is ~226 – 335 kg, giving target
long term retention rates of just ~0.03 – 0.04%.

At present, JET (with Be/W PFCs) is the only device on which
extensive, ITER-relevant fuel removal strategies have been tested,
benefiting in particular from the recent DT campaigns [75,76]. The well-
known early results from the first ITER-LikeWall experiments found that
2% of injected fuel is retained based on gas balance analysis [78], while
post-mortem analysis finds 0.2% retention [79]. In the recent JET DTE2
experiments, a total quantity of 252 g-T was injected which, if the
findings in [78,79] apply, implies 0.5 – 5 g of T being permanently
retained. The detailed T-removal sequence which followed the
campaign, consisting of baking, ICWC, GDC and tokamak plasma,
removed about 0.7 g [76], which translates to a fuel removal efficiency
of 14–140%. That the target estimated long term retention rates for
ITER’s DT-1 phase are somewhat lower (~factor 5) than the measured
values from JET can be attributed to the fact that in ITER, the dominant
mechanism of fuel co-deposition with B is fixed by the number of
boronizations, whilst in JET (and in the previous ITER baseline), there is
a continuous main chamber erosion source of Be. Furthermore, since W
erosion in a full W ITER is expected to be low and T co-deposition in W is
much lower than in B, the overall long term retention should be
considerably reduced.

Returning to the issue of thermal outgassing of co-deposits, it has
only been realised comparatively recently that the efficiency of baking
for T removal from Be co-deposits could be considerably more difficult
than initially thought if thick co-deposit layers would accumulate in
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certain areas (as is predicted for ITER and found experimentally to occur
readily on JET with Be main walls [80]). The thermal efficiency for T-
removal from Be co-deposits was analysed using the TMAP7 code,
setting model parameters by reproducing thermal desorption spectra
obtained from JET co-deposits [81]. It was concluded that the efficiency
of the planned 350◦C divertor bake in ITER would be limited for thick (>
50 μm) co-deposits, and that significant baking durations (~1 month)
would be required to remove meaningful fractions of retained T. This
350◦C ITER divertor baking temperature (to be achieved using high
temperature nitrogen gas circulating in the divertor cooling circuits) was
originally chosen on the basis of laboratory Be-D co-deposition studies
for rather thin layers (see e.g. [70]).

To examine the impact of layer thickness on thermal outgassing in
the case of B co-deposits, the same approach as in [81] has been adopted
but now using the CRDS [82] and MHIMS [83] trapping-diffusion codes.
The configurations and parameters of the standard trapping-diffusion
models within these codes that can reproduce selected literature data
on thermal desorption of B:D layers are first established and the codes
then applied to evaluate the fuel removal efficiency from layers with
different thicknesses and at different temperatures. As discussed in
Section 4.3 (Fig. 7), whilst comparatively good datasets are available for
thermal outgassing of Be co-deposits, the literature is rather sparse for
the case of B layers. Experimental thermal desorption spectra for D
outgassing from B layers in [84,85,86] are used for the simulations (note
that the data from these studies could not be included in Fig. 7, since
they are only in the form of thermal desorption curves and not {H,D}/B
ratios).

To reproduce the experimental data, the trapping parameters (trap
energy and relative trap density) are obtained assuming fast diffusion,
release dominated by de-trapping and re-trapping, instantaneous sur-
face desorption and a no flux condition at the substrate side. While CRDS
assumes saturated traps to reproduce the desorption curves in [84], an
initial depth profile from SIMS is used to match the data in [85]. In the
case of the data reported in [86], MHIMS simulates the implantation
phase of D ions.

With CRDS using a 2-trap model, de-trapping energies of 1.1 eV and
1.5 eV are required to match the data in [84], whilst energies up to 2.15
eV are required to reproduce the curves in [85]. Using MHIMS, de-
trapping energies between 1.05 eV and 1.59 eV for a 4-trap model are
obtained for the data in [86]. The derived trap concentrations lead to D/
B ratios in the 0.5 – 1.6 range.

To investigate the efficiency of thermal fuel removal, the two codes
have been run using the trap energies and densities obtained from this
fitting of the TDS spectra and assuming an initial uniform depth profile
with D/B = 0.5 to compute the release fractions for a 2 week bake at
temperatures between 210–––350◦C with B layer thicknesses from 0.1 −

50 µm. Results are compiled in Fig. 8.
Evidently, the released fractions increase with increasing bake tem-

perature and decrease strongly with layer thickness. It is also clear that
the removal fraction varies significantly depending on the laboratory
data used to derive the trap parameters. In general, it may nevertheless
be concluded that divertor baking within the range of temperatures that
could potentially be achieved on ITER (240◦C by water baking 350◦C by
gas baking) will have limited efficiency for the removal of the thick B
layers expected to form during ITER experimental campaigns if boro-
nization is used frequently. In particular, it is difficult to remove fuel
from a trap with the de-trapping energy of 2.15 eV required to fit the
data from [85]. On the basis of this preliminary analysis, the efficiency
for thermal desorption appears limited for anything but very thin layers
(hundreds of nm). Moreover, long bake durations (> 1 month) might be
required to remove significant fractions of retained T from thicker
layers. This is a very similar conclusion to that reached for Be co-
deposits [81]. In view of these findings and the significant technical
complexities associated with the 350◦C divertor hot gas bake, it is pro-
posed to remove this capability in the re-baseline. In this case, the water
cooling circuits will be used to provide a maximum main chamber and

Fig. 8. Simulations of thermal release from B co-deposit layers during 2 weeks
of baking as a function of layer thickness and baking temperature using two
different diffusion-trapping codes: CRDS code using model set-up and param-
eters based on (a) data in [84] and (b) data in [85]; (c) MHIMS code based on
data extracted from [86].
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divertor baking temperature of 240◦C.
According to the B migration simulations described in Section 4.2,

deposits are expected to accumulate in the divertor (as also observed in
current devices, e.g. [79]). They will also be the main reservoir for fuel
retention in the full-W ITER. The thickness of these deposits will depend
on their poloidal extent, itself dependent on the details of the far SOL
plasma background, but could reach several microns after each boro-
nization cycle. Since baking can be used only in LTM periods, very thick
co-deposits may easily grow through a given experimental campaign. It
will thus be important to perform routine fuel recovery strategies
throughout the operational cycle to avoid the accumulation of T in these
layers. This will also ensure that if the eroded B coating does finally
migrate to the bottom of the machine (Fig. 7) in regions inaccessible to
plasma conditioning, it does so without any significant T inventory.

The RISP approach mentioned above is one promising option for
detritiation of B co-deposits accumulating in the inner divertor baffle
regions, particularly given that the contact resistance of these layers
with the substrate may be rather high, as found for Be co-deposits on the
JET inner divertor [75]. This should allow relatively low power RISP
plasmas to raise the layer temperature to rather high values (for
example, a maximum temperature of 1280◦C for a duration ~10 s was
achieved for Be deposits on the W-coated CFC tiles in the JET inner
divertor baffle region using this method [76]). Application of the CRDS
and MHIMS trapping-diffusion codes in the same way as performed for
the baking efficiency analysis in Fig. 8 finds that, depending on the
model parameters, 10 s of plasma exposure at 1000◦C is sufficient to
fully deplete a 5 μm thick B layer. The higher the temperature, the more
effective the fuel removal process becomes. These same simulations also
indicate that extending the time of heating at high temperature brings
minimal gain in removal efficiency.

Since some fuel co-deposition with B would also occur during RISP
plasmas themselves, potentially away from the divertor, the T content in
the new deposits must also be removed. This could be achieved by
depleting the accessible T prior to and after a RISP pulse using, for
example, isotope exchange with ICWC. For main chamber deposits, it
may also be possible to deploy something similar to the “limiter cycling”
pulses which have been routinely used at JET in recent years [76],
though these can only really access deposits in plasma wetted areas.

To improve estimates of the fuel retention and release from B co-
deposits, dedicated laboratory studies are required to generate a data-
base for fuel uptake in the same way that has been performed for Be (see
[59,60]). This will then allow scalings for the {D,T}/B ratio to be
developed for use within the migration and diffusion trapping codes. In
addition, better experimental characterization of real tokamak B co-
deposits would be of great value to the quantitative development of
the ITER fuel recovery strategy.

5. Limiter plasma start-up on tungsten

On ITER, as in many tokamaks, plasma start-up will be performed in
limiter configuration on the inboard equatorial FW panels. Whereas for
the Be FW, the concern was more for long wave misalignments leading
to power loads locally exceeding power handling capabilities [1], in the
case of W it is the potential for very strong radiative losses in these early
phase plasmas which poses the highest risk to successful start-up.

In the very early phases of the current ramp-up, temperatures in the
plasma edge can be easily sufficient for W to be released by physical
sputtering due to fuel and impurity ion impact. As a consequence of the
limiter configuration, the sputtered W neutrals may reach the confined
plasma much more readily than in the diverted phases and can be
ionized up to high charge states. On their return to the limiter surface,
these W ions are accelerated to high energies (Ei ∝ 3ZiTe) across the
plasma sheath. Since W self-sputtering yields can easily exceed unity for
such impact energies, the W core concentration can rise very rapidly in
the initial phase of the limiter start-up. The situation is aggravated by
the presence of light impurities due to their higher W sputtering yields in

comparison with hydrogen isotopes. Oxygen is a particularly common
example and is often present in small concentrations in the vacuum of
most tokamaks, even following the usual wall conditioning steps (e.g.
baking, glow discharge). Reducing such residual O levels is the principal
driver behind the addition of a boronization system in the ITER re-
baseline (Section 4).

As will be seen in the sections below, the plasma-W system is ex-
pected to a large extent to be self-regulating, since the initial high W
release once closed flux surfaces are formed and wall contact occurs
leads to strong radiative losses, which in turn reduces the edge tem-
perature and hence the sputtered flux. In a stationary (time indepen-
dent) system, the SOL plasma solution will tend to an equilibrium with
an average W self-sputtering yield of unity. The issue, in the real situ-
ation, is whether or not the plasma will pass through this difficult early
phase in terms of the overall power balance. Experience from current
devices is rather limited in the sense that only very few tokamaks have
performed plasma current ramp-up on W surfaces. It was already
routinely demonstrated on ASDEX Upgrade in 2008, even immediately
after long term vacuum vessel venting and without boronization
[87,88]. This is obtained by careful tailoring of the density and early EC
heating, with the earliest possible divertor transition (note that on ITER,
limiter plasmas of up to ~10 s are expected to be required before X-point
formation [1], cf. ~0.4 s on ASDEX Upgrade). From 2013 onwards, the
progressive installation [88] of steel (Eurofer) tiles on the inner mid-
plane [89]means that ASDEX Upgrade no longer starts plasma on HFSW
surfaces, though a return to W inner wall tiles is currently planned for
2025.

On WEST, when operations with the full-W wall began, start-up was
found to be rather problematic on the W inner bumper limiters, with
early nitrogen (N) injection used as a mitigation strategy [90]. The tiles
were ultimately exchanged for boron nitride (BN) units at the end of
WEST Phase 1 (Campaign C5), but have since been observed to coat with
W eroded from elsewhere in the device. Meanwhile, start-up recipes
have been improved so that limiter ramp-up on these quasi-W surfaces is
now possible without resorting, for example, to N seeding. At the time of
writing, WEST has completed the installation of new bulk W tiles in the
start-up areas and is presently conducting limiter ramp-up experiments
following the maintenance shutdown during which the tiles were
introduced. Section 5.3 will describe some of the key findings from new
W limiter start-up experiments on the EAST tokamak, performed spe-
cifically in support of the ITER re-baseline.

The limiter phase in modern research tokamaks is usually rather
short (hundreds of ms), dynamic and of little interest, particularly in the
case of low Z PFCs. It is almost never modelled. With W, and given the
comparatively long limiter phase on ITER, simulations are required
which not only account properly for the plasma boundary interactions
(including W impurities), but which are also capable of modelling the
scenario development through the ramp-up in terms of magnetic con-
trol. In addition, neoclassical transport is extremely important for high Z
impurities and realistic simulations must at least include a reasonable
core transport description. Ideally, all three components would be
combined in a single integrated model capable of time-dependent sim-
ulations from edge to core throughout the limiter phase. This is not yet
possible with high fidelity, so a combined approach using the SOLPS-
ITER, DINA and JINTRAC codes has been used to make some first as-
sessments for ITER. These modelling efforts are described below in
Sections 5.1 and 5.2.

5.1. SOLPS-ITER and DINA tungsten limiter plasma modelling

The 1.5D DINA code [91] has been the main workhorse for scenario
simulations on ITER and is a particularly important tool for all aspects of
magnetic control. It comprises a 2D free boundary plasma equilibrium
solver and 1D model describing transport of the poloidal magnetic flux
and the plasma temperatures (electrons and ions). The code simulations
take into account eddy currents in the vacuum vessel, models of the
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power supplies, engineering limits imposed on the central solenoid (CS)
and poloidal field (PF) coils, plasma-wall gaps and divertor strike points,
as well as feedback and feedforward control of plasma current, position
and shape. As described in more detail below, it also contains a
simplified description of the plasma-wall interaction in the limiter
phases of current ramp-up, using zero dimensional power balance to
determine heat fluxes and plasma temperatures, Te,LCFS at the last closed
flux surface (LCFS). A sputtering model based on standard Behrisch/
Eckstein yields [92] is included, with a correction of the normal inci-
dence yields to account for surface roughness and sheath straightening
of ion orbits. Both fuel and impurity ion sputtering is included. The
radial density profiles of all impurities with given ionization state are
calculated on each magnetic surface assuming coronal equilibrium and
cross-field transport driven by diffusion and a pinch velocity.

To improve the fidelity of the simple 0D DINA boundary model for
the limiter phase, a database of SOLPS-ITER (B2.5-Eirene) simulations
has been generated from which scalings can be derived to refine the
DINA boundary conditions, in particular Te,LCFS. These same simulations
also allow the prescription of a “screening factor” to be applied to the

DINA 0D impurity influx to account for the (at least) 2D nature of the
real situation. They are first-of-a-kind code runs in the sense that the
ITER limiter phase has never previously been modelled with SOLPS-
ITER, but also because they include W sputtering and transport.

The time-dependent evolution of the ramp-up phase cannot be
captured in SOLPS-ITER so the focus is instead on stationary simulations
performed on a single, moderately elongated magnetic equilibrium
roughly halfway through the limiter phase of a full DINA end-to-end
hydrogen L-mode scenario (see below and Fig. 11) to Ip = 15 MA (BT
= 5.3 T) – a discharge representing one of the principal milestones of the
SRO phase (Section 2). Shown in Fig. 9a, the numerical grid is extended
deep into the core plasma to provide meaningful data for the average W
core concentration. At this point in the DINA scenario, Ip = 2 MA with a
core heating power (ECH + ohmic) of ~3.3 MW. Cross-field anomalous
core transport profiles are fixed in accordance with the scalings used in
DINA, whilst in the SOL, they are designed to approximately match the
expected double exponential parallel heat flux profiles for inner wall
limiter plasmas based on the scalings derived for ITER [93]. The ECH
power is distributed evenly from the inner boundary of the grid to a

Fig. 9. Summary of output for a single SOLPS-ITER W limiter hydrogen plasma simulation from the main database with Pin = 3 MW, <ne,LCFS> = 2 x 1018 m− 3, Ip =
2 MA, BT = 5.3 T: (a) numerical grid with gas puffing and pumping surfaces; poloidal distributions of (b) cW = nw /ne and (c) radiated power due to W; (d) charge
state distribution and fraction of the associated radiated power up to the maximum charge state (W30+) followed in the simulation. Magnetic equilibrium extracted at
t = 4.9 s from DINA IMAS database shot 135011, run 7.
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normalized radius of ρ = 0.6, though the final equilibrium solutions are
not very sensitive to this distribution. More central heating (typically
between ρ = 0 – 0.2) is generally applied in DINA simulations, assumed
on the basis of experience on tokamaks working with W PFCs to be
necessary to prevent core W accumulation (see e.g. [87] and Section 5.3
for new results from EAST demonstrating this directly in W limiter
plasmas). This is also found to be required in JINTRAC integrated
modelling (Section 5.2).

The SOLPS-ITER simulation database includes variations in heating
power (Pin = 2.2 – 5.5 MW) and scans of the SOL cross-field transport
coefficient magnitude (varying up and down by a factor of 2 from the
“standard” profiles which are tuned to generate a q|| profile consistent
with the chosen Ip = 2 MA reference case). For each set of Pin and SOL
transport choices, the plasma density is varied by changing the
(hydrogen) gas puff rate, with each scan containing around 4–6 sta-
tionary solutions. Prompt redeposition of W is set to zero (the most
conservative assumption) and is not expected to be very significant
under these limiter SOL conditions, though this is an assumption which
should be checked by dedicated simulations with appropriate impurity
transport codes (e.g. ERO).

As shown in Fig. 9b,c for the example simulation at Pin = 3 MW and
<ne,LCFS>= 2 x 1018 m− 3, theW content is sustained in these runs by FW
erosion, dominated by self-sputtering and leading to high radiative
fractions, frad = Prad/Pin ~0.8 and peak W concentrations, cW = nW/ne
up to 10-2 in the plasma-limiter interaction area. Here, <ne,LCFS> de-
notes a poloidal average of the density around the first SOL ring of the
numerical grid. Contributions to W release from H ions and CXN are
found to be negligible in all simulated conditions. Based on some early
test runs, the core temperatures achieved were such that the database
simulations could be restricted to following W charge-states up to W30+

(no bundling assumed, unlike in the JINTRAC simulations described in
Section 5.2). Fig. 9d shows the fractions of radiated power and W con-
tent for charge states up to W30+ demonstrating that this is a sufficient
assumption.

The single simulation data point of Fig. 9 is identified in the database
plots of Fig. 10a,b, which illustrate respectively the range of equilibrium
PSOL and frad obtained in the scans. Both depend weakly on the magni-
tude of Pin and its distribution. The most obvious dependence for PSOL is
found on the SOL transport coefficients, and even then the impression is
only of a shift with respect to <ne,LCFS>.

The robust behaviour of the radiated fraction (frad ~0.7–0.9)
throughout the database is a manifestation of the strong self-regulation
of the plasma-limiter system. The equilibrium PSOL values correspond to
a system with an average W self-sputtering yield of < YW-W> = 1, to
which the system is naturally attracted if W is the only impurity. For a
given input (including importantly the fuelling rate, which controls the
plasma density), there is always one equilibrium SOL solution which
constrains the resulting PSOL and which in turn (along with the core
transport profile and the W cooling function), determines the core W
content required to dissipate the remaining power (Pin – PSOL). The
resulting average core W concentration, (not shown) is in the range
0.5 – 8 × 10-4 and decreases with increasing density since
Prad (= Pin – PSOL) ~nenW.

The average core W concentration, (not shown) is in the range
0.5 – 8 × 10-4 and is self-regulated to provide Prad = Pin – PSOL. It
therefore decreases with increasing density since Prad ~nenW. The
average W charge state at the LCFS,<ZW,LCFS>~13 → 9 from the lowest
to the highest <ne,LCFS> in the database (also not shown in Fig. 10), is
found to be ~1.5 – 2 times higher than at the limiter itself (<ZW,limiter>

~8 → 5). This is not due to the recombination of W ions leaving the main
plasma, but because, even at the lowest densities, more than 50% of the
eroded W is ionized within the SOL, driving the average charge there
downwards.

The key output from the SOLPS-ITER limiter database is the rela-
tionship between the poloidally averaged equilibrium <Te,LCFS> and
<ne,LFCS> shown in Fig. 10c. Least squares regression finds the fit line:

〈
Te,LCFS

〉
[eV] = 104.2 ×

〈
ne,LCFS

〉− 0.35 [
1018m− 3] (5.1)

with the shaded region giving the 95% confidence interval on the fit.
Note that there are no values of <Te,LCFS> < 40 eV in the database,
which is restricted to the lower fuelling (or density) region for which
<ZW,limiter> > 5 so that the W self-sputtering is dominated by sheath
acceleration. At higher densities, both <Te,LCFS> and <ZW,limiter> are
too low to achieve <YW-W> = 1, so that this regime is attained in the
code as a result of the frictional coupling between the H and W flows to
the target plate, driving supersonic W flow to the plate. The very exis-
tence of this high density behaviour is thus dependent on the SOLPS-
ITER boundary condition for the impurity ion flow speed at the sheath
entrance and is questionable. Moreover, this regime corresponds to nGW
> 50 %, even at the highest values of Ip (~3.5 MA) expected during the
limiter ramp-up phase. This is unlikely to be routinely used during ITER
start-up which should minimize the density in this phase to avoid too
high radiation losses.

The <Te,LCFS>(<ne,LCFS> ) relationship in Eq. (5.1) has been used to
refine the 0D DINA boundary model for the limiter phase which pre-
scribes ne,LCFS and relates Te,LCFS to PSOL through simple 0D power bal-
ance (note that DINA does not distinguish ion and electron temperatures
at the LCFS, so by default Ti = Te, but Te.LCFS will continue to be used

Fig. 10. Dependence on <ne,LCFS> of (a) PSOL, (b) frad and (c) <Te,LCFS> for
the SOLPS-ITER W limiter database. Each point represents a single converged
SOLPS-ITER simulation. Colours and symbols represent respectively the
magnitude of SOL radial transport and Pin. The small arrow in each plot iden-
tifies the single simulation case described in Fig. 9. In (c), the shaded region
represents the 95% confidence interval of the fit line (Eq. (5.1)). All data are for
H fuel with W as the only impurity, Ip = 2 MA, BT = 5.3 T and the same nu-
merical grid as in Fig. 9a.
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below for consistency with SOLPS-ITER and the averaging notation (<
>) is henceforth dropped):

T3/2
e,LCFS = PSOL

/(
ne,LCFSγ(kB/(2mi) )

1/24πROMPλq,eff
(
Bp

/
B
)

OMP

)
(5.2)

where λq,eff is an effective power decay length (which corresponds to the
“conventional” λq in the case of single-exponential and, for a double-
exponential SOL heat flux structure, to (λq,main + Rqλq,near)/(1 + Rq),
with Rq a measure of the power carried in the narrow (near-SOL) power
channel (of radial width λq,near) [93], ROMP is the outer midplane major
radius, B, Bp are respectively the total and poloidal magnetic fields at the
same location, γ is the sheath transmission factor, λq,main is the charac-
teristic radial width of the main SOL parallel heat flux, kB the Boltzmann
constant andmi the fuel ion mass. In the DINAmodel, the value of Te,LCFS
obtained from Eq. (5.2) is used to estimate the average impact of energy
of ions arriving at the limiter, E0 = (2 + 3 <Zi>)Te,LCFS which is then
used to obtain the respective sputtering yields, e.g. <YH-W>, <YO-W>,
<YW-W> etc., for all species included in a given simulation. The neutral
W influx and ion outfluxes to and from the core plasma are linked
through ΓW0 =

∑
Γi <Yi-W> .

This simplified approach has two main drawbacks. First, it uses a Te,
LCFS corresponding to the plasma temperature at the tangency point to
estimate erosion, whilst in reality, in 2D the erosion area is shifted
outwards to a location where Te< Te,LCFS. Second, it does not account for
the SOL screening of the eroded material. To bring the DINA erosion
model in line with the SOLPS-ITER results, a further correction coeffi-
cient α is therefore introduced in the calculation of the mean ion energy:
E0 = α (ne,LCFS,Te,LCFS)(2 + 3 <Zi> )Te,LCFS. Its role is to ensure <YW-

W> = 1 at the equilibrium combinations of (ne,LCFS,Te,LCFS) found in the
SOLPS-ITER stationary solutions (Eq. (5.1) and Fig. 10c). It bundles the
effect of the plasma-wall interaction occurring mostly away from the
tangency point and the SOL screening of the sputtered impurity into a
single coefficient which can be used to renormalize the DINA Te,LCFS.
Coefficient α can be expressed as α = T0/Te,LCFS(ne,LCFS), where T0 is the
temperature corresponding to the equilibration of the W self-sputtering:
<YW-W>((2 + 3 <Zw>(T0))T0) = 1. With this modification the DINA
boundary conditions drive the steady-solution to the same equilibrium
SOL parameters as found in SOLPS-ITER via an increase/decrease in the
W source and associated radiation losses as Te,LCFS deviates from the
equilibrium value. This model can also be used in the presence of the
other impurities (such as O) if the particle flux profile of these impurities
at the limiter is similar to that of the W.

A sanity check for the updated boundary conditions has been per-
formed by running a time-dependent DINA simulation (up to t = 20 s),
keeping the plasma shape and magnetic configuration as close as
possible to the one used as a reference case for building the SOLPS-ITER
database until stationary conditions are reached at Ip = 2 MA (Pin = 2.2
MW). Parameter λq,eff was also tuned to the SOLPS-ITER value. With the
new boundary condition, the DINA frad = 0.71 is in reasonable agree-
ment with the SOLPS-ITER value (0.77) for a Te,LCFS = 55 eV (by defi-
nition the same value for both DINA and SOLPS-ITER). The differences
in frad originate essentially from the density profile shape which is pre-
scribed in DINA, but controlled by the ionization profile in SOLPS-ITER.
This profile difference drives a discrepancy in <cW>, since at the lower
<ne> obtained with DINA, more W is required to provide enough
dissipation for Te,LCFS to be brought to the equilibrium temperature
enforced by the new boundary condition scaling.

Equipped with the modified boundary condition, DINA has been
used to study in detail one of the principal deliverables of the SRO phase
in the re-baseline (Fig. 1): a hydrogen L-mode to 15 MA at BT = 5.3 T.
Fig. 11a summarizes various key power waveforms for the full end-to-
end time dependence of key discharge parameters for one example
scenario, with the first 20 s expanded in Fig. 11b to focus on the limiter
ramp-up phase and including additional information on impurity con-
centrations and the plasma density evolution. The scenario passes
through the reference equilibrium used for the SOLPS-ITER modelling

described above (Fig. 9a) at t ~4 s and reaches full bore at t= 10 s at the
transition to X-point configuration. More detail may be found in [94].

To account for possible O impurity during start-up (readily providing
an initial source of W impurity), a constant volume averaged O density
(<nO> = 1.2 x 1016 m− 3) is assumed throughout the period in limiter
configuration. For the specified prefill gas pressure of 0.5 mPa, this
corresponds to ~5% of the H ions at full gas ionization. Since the pre-
scribed DINA density is set to a target value <ne>/nGW ~0.5 during the
limiter phase, this constant<nO> provides a decreasing O concentration
(<cO> = <nO>/<ne> ) up to X-point formation at t ~10 s (when Ip =

3.1 MA) – see Fig. 11b. Sensitivity studies show that the chosen value of
<nO> in this particular example is ~85 % of the maximum allowed
before radiation losses (from the O and sputtered W impurities) over-
come Pin. The latter is given by the ohmic power and the specified ECH
waveform starting at t ~4 s and rising linearly to ~2 MW by the end of
the limiter phase. This ramp of central EC power is applied in an ad-hoc
fashion under the assumption that some central EC will be required to
inhibit core W accumulation (see Section 5.2) and to provide an

Fig. 11. End-to-end DINA scenario (DINA IMAS database shot 105069, run 2)
for a hydrogen L-mode to 15 MA at 5.3 T computed using the new boundary
condition on Te,LFCS, derived from the SOLPS-ITER limiter simulation database
(Fig. 10c, Eq. (5.1)) and with an assumed constant volume averaged O density,
<nO> = 1.2 x 1016 m− 3 during the limiter phase: (a) main components of the
power balance with the Ip waveform – the oscillations on PSOL from t ~164 s are
due to sawteeth. Note that the first large spike corresponds to the first sawtooth
which, in the simulation, produces strong variation of the plasma current
profile during a single time step of the simulation (10 ms) and in turn provokes
a high, and unphysical spike in Pohm ; (b) expanded region covering start-up,
early current rise in limiter configuration with X-point transition at t = 10 s,
including W and O impurity concentrations and plasma density waveforms.
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approximately constant rate dPin/dt once the initial density rise has
occurred, the rapid early peaks in <cW> and <cO> are passed and Pohm
saturates. This avoids further waves of W sputtering and edge radiative
collapse which can lead to a contraction of the current channel and a rise
in plasma self-inductance (and hence to MHD instabilities).

The O plays an important role in the W sputtering during the initial
phase immediately after breakdown, with peak values of <cW> reached
at t ~1.5 s. If <nO> is high enough, it even dominates over the W self-
sputtering in the later stages, driving Te,LCFS down below the optimum
for W sputtering since the system is now attracted to <YW-

W> = 1 – <YO-W>ΓO/ΓW rather than <YW-W> = 1. During the limiter
phase in this example scenario, the inductive and resistive contributions
to the poloidal magnetic flux consumption are respectively 38 Wb and 7
Wb (cf. 165 Wb and 26 Wb for the entire 65 s of current ramp-up) so
that, in common with previous scenarios with a Be wall, resistive losses
during this period, even with W, are not an important player in deter-
mining the available flattop duration.

Following the X-point transition, DINA has no W source model and,
like <ne>,<cW> is prescribed, usually assumed to vary linearly over 2 s
from the end of the limiter phase to a fixed value during the divertor
phase of the scenario (Ip ramp-up until t ~65 s, flattop and ramp-down
to 1.6 MA); in the example of Fig. 11, <cW> = 3 x 10-5 and <ne>/nGW
~0.3. Such flattop values of <cW> are found to be reasonable from full
integrated modelling (JINTRAC) of stationary 15 MA hydrogen L-mode
plasmas at similar <ne> including realistic W source calculations from
divertor and main wall interactions. During the current rise in divertor
configuration, PECH is ramped linearly to ~14 MW in DINA and there-
after increased to the maximum available 40 MW during the flattop. The
duration of the latter is ~170 s, limited by the maximum allowable
current in the CS1 modules of the CS. Controlled current ramp-down
requires a further 63 s. At the chosen value of flattop <cW>, this sce-
nario produces PSOL ~35 MW, with Prad ~7 MW, of which ~70% is due
to W radiation. These kinds of values are a key input to the engineering
design of the TFW to be installed for SRO (see Section 2) which is at the
conceptual stage at the time of writing. Although DINA indicates the
possibility of rather long plateau phases, the inertial wall will certainly
limit the maximum flattop duration. At present the wall design target is
set to ~30 s at full available heating power.

Whilst these initial DINA scoping studies with an improved limiter
phase W source model do indicate that there will be a limit in allowable
O concentration, the model simplicity is such, for example, that the
absolute value of “dangerous” O concentration cannot be considered
quantitatively predictable. Moreover, the DINA model lacks a realistic
impurity core transport description, an issue which is being explored by
the higher fidelity integrated modelling described in the following sec-
tion. The DINA simulations do, however, capture the essential character
of experimental experience – that it will always be a balance between
increasing additional heating to increase core temperatures and over-
come radiative losses, whilst at the same time avoiding too high an in-
crease in Te,LCFS which leads to a higher W source.

Regarding the SOLPS-ITER limiter simulations, the initial database
discussed here requires further improvement and wider parametric
scans. In particular, exploration of the impact not just of the magnitude
of the cross-field transport, but of radial transport profiles is required, as
is the effect of prompt re-deposition and the presence of residual or
deliberately seeded impurities. This work is underway and will be the
subject of a forthcoming separate publication.

A final important point which can be made in the light of these
SOLPS-ITER limiter configuration stationary modelling findings is that if
the self-regulating mechanism identified by the simulations will really
be operational during the early current ramp in ITER with a W FW, then
the accompanying relatively high values of frad imply reduced PSOL
compared with the baseline assumptions which were previously
employed to estimate heat flux densities on the Be FW panels during the
inner wall limiter phase [1]. This will provide some welcome margin
against the high heat loads which might otherwise have arisen with Be

armour due longwave misalignments on the inner column and which
imposed rather strict requirements on the FW panel alignment [1] in
addition to the specific double logarithmic toroidal shaping designed to
accommodate the presence on ITER of a possible narrow SOL parallel
heat flux channel found in multi-machine studies of inner wall limited
plasmas [93]. At present, the experiments recently performed on the
EAST tokamak described below in Section 5.3 do tend to support the
modelling SOLPS-ITER modelling conclusions. Further confirmation is
awaited from other tokamaks operating with W main chamber PFCs.

5.2. JINTRAC limiter phase integrated modelling

As a complement to the SOLPS-ITER and DINA code simulations in
Section 5.1, some first attempts have been made to perform integrated
modelling of hydrogen HFS limiter plasmas with the JINTRAC code suite
(used in COCONUT mode coupling the core and edge transport codes
JETTO-SANCO and EDGE2D-EIRENE [95]). The specific aim is to
include a realistic plasma and impurity transport model, but the JIN-
TRAC simulations also have the advantage that time dependence can be
included, though not yet for an evolving magnetic equilibrium. In fact,
the possibility to perform limiter simulations with JINTRAC has been re-
enabled for this ITER assessment on the basis of a new scheme in support
of generalized grid geometries in EDGE2D-EIRENE. For the simulations
described here, the JINTRAC edge grid has been converted from the
SOLPS-ITER grid in Fig. 9a at Ip = 2 MA, BT = 5.3 T.

In common with the SOLPS-ITER runs, the JINTRAC simulations
include W (assuming no prompt re-deposition) but use a bundling
scheme with 6 superstates. Both codes compute theW ionisation balance
and radiation with ADAS [96] using the most recently made available
data for W and assume a Mach = 1 sheath boundary condition at the
limiter target (for each species individually).

Core turbulent transport is determined by TGLF-SAT2 [97], while
neoclassical W transport is calculated with the NEO code [28]. Radial
transport in the SOL is described with an assumption of a continuous
exponential transition from heat and particle diffusivities and convec-
tion at the LCFS to fixed prescribed far-SOL diffusivities χe,far SOL = χi,far
SOL = 1.0 m2/s, Dfar SOL = 0.3 m2/s and zero far-SOL convection [98].
Simulations are initialised at high density and then continued until
stationary conditions are achieved. The time evolution of edge condi-
tions in some of the scans is artificially slowed down in COCONUT due to
the application of a core–edge partial coupling scheme in which
EDGE2D-EIRENE is only advanced every 12th time step. This does not
affect the stationary solution, which is typically achieved over time-
scales of ~25 s.

Two sets of simulations have been performed in this preliminary
limiter phase integrated modelling effort. The first is a single scan in H
puff rate in the range 1 – 4 x 1019 s− 1 at fixed PECH = 3.3 MW (the same
value of Pin used for the reference SOLPS-ITER case in Fig. 9) with a
prescribed Gaussian shaped EC deposition profile located at ρ ~0.2 in
the core. This differs somewhat to the SOLPS-ITER runs, which use a
simple uniform and much broader EC deposition profile. The results are
in very reasonable quantitative agreement with the SOLPS-ITER simu-
lations bearing in mind that the values of Pin (JINTRAC also includes an
ohmic power contribution), gas puff strength etc. are not exactly
matched. The same self-regulation of the edge heat flux is readily found
in the integrated simulations with similar <cW> ~10-4, frad ~0.85 (cf.
Fig. 9b,c), Te,LCFS ~67 eV (cf. Fig. 10c) and <ZW,LCFS> ~12 to the
reference SOLPS-ITER case. Despite the high radiation level, a consistent
core–edge stationary solution can be achieved and is an indication that
the risk of a continuously increasing core W accumulation and associ-
ated core plasma collapse is low, providing the heating and fuelling
schemes are not abruptly changed.

Exploring the impact of EC power deposition location (from central
to progressively off-axis heating) was the main objective of the second
set of simulations in which the H gas puff rate is now fixed at 1.5 x 1019

s− 1, near the low end of the gas puff scan in the first set, giving ne,LCFS
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~1 x 1018 m− 3. The same PECH= 3.3 MW is applied but now with the EC
heating and current drive calculated using the GRAY code [99], inject-
ing O-mode beams at a power of 3.0 MW through an equatorial launcher
with varying poloidal angle of 5.0–21.5◦. The principal outcome of this
simulation scan is that it is important to maintain centrally located EC
heat deposition. If the deposition location is shifted outwards, beyond ρ
~0.3, the first-pass EC heat absorption fraction decreases significantly
due to the lower Te in the plasma periphery. Moreover, the change in
core temperature profile gradients inside the EC deposition location
drives an increase in inwards-directed neoclassical W transport, a situ-
ation which is further aggravated by a reduction in the predicted central
turbulent W transport. Although stationary conditions can still be ob-
tained if the EC beam is positioned at ρ ≲ 0.4, the absorbed power is
reduced to only about ~1–1.5 MW in the simulation with EC deposition
near ρ = 0.45. In this case, W starts to accumulate in the very core in a
self-accelerating manner until the radiation becomes too large to pre-
vent the formation of a hollow core temperature profile and finally the
appearance of a current hole and radiative collapse in the centre. This
behaviour may be enhanced by the reduced EC first-pass absorption
efficiency, since the core temperature can be more easily affected by the
strong core W radiation with reduced heat input, and the reflected
power that has not been absorbed will be deposited mainly in the edge
regions of the plasma and thus cannot contribute to the prevention of a
core radiative collapse.

Fig. 12 illustrates some of the above features and shows how this core
accumulation may be further accelerated in the case of an instantaneous
change of the EC heat deposition. It compiles the results from just two of
the time-dependent deposition scan simulations in which the EC power
(Fig. 12a) is deposited initially centrally at ρEC,dep. ~0.15 in both cases,
but is then, in the second simulation, instantaneously switched to very
peripheral deposition at ρEC,dep. ~0.55 at t = 0 s (the deposition profile
in this more off-axis extreme case is a prescribed Gaussian shape and not
generated with GRAY). At this time, the heat from the new, more pe-
ripheral EC deposition, adds up in the edge to that already present from
the stationary solution obtained previously with central EC heating. This
produces a strong perturbation in SOL heat flux which in turn provokes a
large increase in the W source (leading to accelerated W self-sputtering)
and associated W flow into the core. The plasma temperature inside the
deposition radius collapses (Fig. 12b), there is a very strong increase in
the inward neoclassical W convection velocity (Fig. 12c) and radiative
collapse at t ~9 s (Fig. 12d). As discussed in the following section, this
result, and those described earlier concerning self-regulation of the
radiative fraction, closely resemble the behaviour seen in recent dedi-
cated W limiter start-up experiments performed on EAST in support of
the ITER re-baseline.

An interesting point to note in concluding this section is that the
conditions of these ITER limiter plasmas are closer to those achievable in
current devices, where neoclassical transport can dominate in the core
regions because of higher collisionality and normalized toroidal rota-
tion. In contrast, for ITER Q = 10 plasmas with strong alpha heating,
anomalous rather than neoclassical transport dominates the W impurity
dynamics in the central region (Section 3). This anomalous transport
dominance at high Q means that increasing the W source would be ex-
pected to lead to a higher W edge/core density, but not to uncontrolled
profile peaking. For the same reason, the core W peaking should not
depend strongly on the level of EC power, which, if the core W radiation
levels are too high in high Q plasmas, can simply be increased to offset
the radiative loss and maintain fusion performance (but at the cost of
decreasing Q see Fig. 2c and [10 11]). In contrast, for the limiter start-up
plasmas, where neoclassical transport dominates over turbulent trans-
port and W is driven into the core, central EC heating will almost
certainly be required to control peaking of the W density profile.

5.3. Tungsten limiter start-up experiments on EAST

The two essential conclusions derived from the ITERmodelling in the

two previous sections: self-regulation of the W core concentration and
the need for central EC power deposition when running plasmas on W
limiters have both been demonstrated in dedicated experiments per-
formed in the early part of 2024 on the EAST tokamak. These discharges
were part of a special mini-campaign executed in support of the ITER re-
baseline and concerned not just limiter start-up, but also boronization,
ICWC and the impact of ELMs on main chamber W sources (see [11] for
details of the ELM experiments).

Plasma start-up on EAST is predominantly on the Mo tiled inner
column, so W limiter ramp-up tests cannot be performed in the same
configuration ITER plans to use. However, EAST has recently installed a
single, actively cooled, bulk W outer limiter centred on the OMP and
consisting of 7 individual plasma-facing units (PFU) comprising chains
of W monoblocks resembling closely the PFU arrangement of the ITER
divertor targets (Fig. 13a).

The EAST outboard limiter blade is toroidally and poloidally shaped
and the individual monoblocks are toroidally bevelled to hide leading
edges as in the ITER divertor target design [13 100]. Start-up on this
limiter in EAST had never been routinely attempted before the dedicated
ITER re-baseline campaign, which aimed to try first to establish evi-
dence for stationary self-regulation of W sputtering and second to
investigate quantitively the impact of early W release on the subsequent
development of the discharge current ramp-up, including the divertor
phase. In fact, plasma position control issues for outboard start-upmeant
that only the first part of the programme could be executed, in addition
to some important tests of the ECH deposition location. Fig. 13b, illus-
trates the typical outboard limited magnetic equilibrium finally used,
together with the approximate EC deposition locations for the two
beams deployed for core and off-axis heating.

Although the original experimental plan was to study a range of
plasma current and density, the position control issues meant that the
majority of useful discharges were executed at Ip = 200 kA (BT = 2.5 T)
and for a pair of densities such that ne/nGW ~0.15 and 0.35 (where here
ne is the line averaged density). All pulses were run some days after a
previous boronization (using carborane as opposed to the more common
diborane process), but even a handful of the typical plasmas run on the
outboard limiter were sufficient to essentially completely remove any B
deposits in the main plasma interaction areas. The principal findings
may be summarized by considering a small subset of just three dis-
charges, for which the time traces of key plasma signals are compiled
Fig. 14. A typical pulse has a flattop duration on the W outer limiter of
~4 s, far longer than the rather short HFS limiter ramp-up phases which
are typically used in normal diverted discharges (~0.5 s), and easily
long enough to establish stationary conditions with respect to all rele-
vant timescales.

All pulses used a single 140 GHz gyrotron (PECH ~0.65 MW) heating
centrally in 2nd harmonic X-mode from the discharge onset (EC2 in
Fig. 14e). This EC assist was used to ensure success of the plasmas
starting on W, but no significant effort was invested to try and establish
plasma without it in view of priority given to studying stationary dis-
charges. (In fact High Frequency GDC (HF-GDC) [101] was also used for
breakdown assist in the discharges, but separate tests conducted after
the limiter start-up experiments showed no differences if the HF-GDC is
removed.) It should not therefore be concluded from these experiments
that EC breakdown and burn-through assist is mandatory for plasma
start-up on W in EAST, although current ramp-up attempts on the HFS
Mo limiter were systematically unsuccessful when ECH was not applied
at start-up. Indeed, ASDEX Upgrade has in the past run several experi-
mental campaigns with non-boronized W coated main chamber walls
and routinely achieved ohmic current ramp-up onW [88,102]. From the
start of operations ITER will be equipped with a 170 GHz EC system
permitting pre-ionization and heating during burn-through (2nd har-
monic X-mode for BT = 2.65 T or 1st harmonic O-mode at BT = 2.65 T)
[103].

In the three example pulses of Fig. 14, two (#132749 and #132773)
are at the lowest density (ne/nGW ~0.15), with the third (#132759) at
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roughly twice this lowest value (Fig. 14b). As might be expected with
central ECH power, core Te profiles (not shown) are rather peaked and
can reach ~6 keV and ~1.5 keV for the low and high density plasma
targets respectively (the range of values is very consistent with those
reported more than a decade ago from ASDEX Upgrade for HFS limiter
plasmas onW with similar plasma parameters and EC heating [102]). At
the plasma boundary, fast reciprocating Langmuir probe data indicates
Te,LCFS ~30 eV and ~10 eV for the low and high density pulses.

An important observation is that the total radiated power (Fig. 14g)
eventually saturates at both densities to the same value of ~0.4 MW,
corresponding to frad ~0.6. This is strongly indicative of the self-
regulating sputtering mechanism seen in the SOLPS-ITER boundary
modelling for ITER described in Section 5.1, though the fact that Prad
tends to the same value independent of density is not at all obvious given
that the available core (EUV) spectroscopy (not shown) reveals that
there is a very large variety of impurity species in these EAST limiter
plasmas. Emission is found from the lighter impurities (B, C, O, N) and
from high charge states of heavier species (Fe, Cu, Mo, W). The former
originate mostly as residues from the carborane boronization processes
applied prior to these experiments, from small leaks and possibly from
previous experiments using N-seeding. The heavier species come from
the Mo central column tiles, the W outer limiter and from various in-
vessel components (steel structures, RF/LH antenna Faraday screens
etc.). Unfortunately, it is not yet possible to transform these core line
emission signals into absolute concentrations.

It is clear, however, that even the lower measured values of Te,LCFS
would be easily sufficient to provide for W self-sputtering, or sputtering
by other impurities, particularly due to the higher ionization states
formed deep in the core, returning to the limiter as highly charged ions
and being accelerated through the sheath potential. Comparing any
given species, there is a trend in the spectroscopy data for the heavier
impurity emission to decrease with increasing density, consistent with a
reduced edge source, as would be expected for lower Te,LCFS. Unfortu-
nately, since the source strength cannot yet be quantified with the
existing data, boundary modelling of these discharges will be chal-
lenging. Concerning the observation of constant frad independent of
density (Fig. 14g), this would indeed be one of the expected conse-
quences of the strong self-regulation mechanism discussed in Section 5.1
in the context of the SOLPS-ITER modelling. Nevertheless, further ex-
periments and analysis are required to provide a wider range of plasma
conditions and some quantitative estimates of the impurity source rates
and core concentrations.

A second key result for future ITER operation is evident from pulse
#132749 in which, just before t = 3 s, the standard central heating
gyrotron is switched off and replaced by a second beam (EC4) heating
far off-axis at ρ ~0.6 (Fig. 14f). The plasma disrupts almost immediately
(this is a reproducible observation). The signals are not shown here, but
this is accompanied by very strong off-axis peaking of the Te profile, a
strong rise in edge density and an increase in peak surface temperature
at theW limiter (measured by IR thermography). This latter temperature
rise may be a consequence of a sharp increase in EC heat deposition in
the periphery as seen in the JINTRAC modelling for ITER described in
Section 5.2.

(caption on next column)

Fig. 12. Selected output from time-dependent JINTRAC COCONUT code runs
for ITER limiter phase plasmas for two examples in which EC deposition is
either maintained on-axis (red curves) or instantaneously switched from central
to far off-axis (blue curves) at t = 0. The numerical grid is generated from the
same Ip = 2 MA, BT = 5.3 T DINA equilibrium as for the SOLPS-ITER stationary
simulations (Fig. 9a). For the two cases of on (red) and off-axis (blue) EC power
deposition, profiles of (a) EC heat deposition to electrons; (b) Te, Ti, (c) neo-
classical W convection velocities. In (d) the time traces of total radiation for the
two EC deposition cases showing how the off-axis heated discharge terminates
early due to strong core W accumulation and core temperature collapse inside
the deposition radius. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Data analysis and modelling is still required to confirm the relative
contribution of W accumulation and MHD as causes of the disruption,
but this EAST experiment makes clear at least that if EC heating is
required during W limiter phases, then it should be deposited centrally.
As mentioned earlier, that central heating is required to prevent core W
accumulation in the divertor phases of tokamak plasmas with W PFCs
has long been known (see e.g. [87]). However, the result from EAST is a
direct (and probably the first) demonstration that the same very likely
applies in the limiter phase and, moreover, that EC power may well be
required in ITER, not only for breakdown assist but also during the early
limiter ramp-up phase on W surfaces. These observations are generally
in very good qualitative agreement with the JINTRAC results of Section
5.2.

At the time of writing, the plasma position and shape control issues
which impacted these first EAST experiments have now been resolved,
so the full originally intended programme can be revisited. At the same
time, very similar experiments are planned on the ASDEX Upgrade and
WEST tokamaks (including start-up without prior boronization) to
provide a healthy new database of W limiter start-up observations in
support of the ITER studies. It should also be noted that studies of
outboard W limiter plasmas were conducted on ASDEX Upgrade long
before these new EAST experiments [104]. There, however, the focus
was on the transient current ramp down phase on W coated graphite
limiters with emphasis on modelling the migration of W eroded from the
limiters in this phase (using DIVIMP impurity transport simulations on a
fixed plasma background provided by SOLPS modelling). There is
insufficient experimental data provided in [104] to assess the radiative
fractions etc., but it is certainly clear that these transient limiter phases
dominate the gross influx of neutral W.

6. Tungsten FW damage under disruption transients

Disruptions and vertical displacement event (VDE) induced heat
loads have a major impact on the PFC lifetime and are one of the prin-
cipal drivers of the need for an effective DMS. It is therefore essential to
avoid, as far as possible, unmitigated disruptions and to commission the

DMS as soon as possible in the IRP to ensure effective mitigation before
operation with high plasma current and energy is attempted. A sub-
stantial fraction of the operational time in the new SRO phase of the re-
baseline is dedicated to disruption load characterisation and mitigation.

Effective disruption mitigation needs to simultaneously meet the
requirements for mitigation of the thermal quench (TQ), CQ and RE
loads, where the TQ and CQ are considered as “thermal plasma loads” in
the sense of being deposited on the material surface only (and not in the
bulk). However, the specific choice for material injection which maxi-
mizes the mitigation of one load can lead to an increase in the other,
especially RE production [105]. Runaways are of particular concern
since they can potentially cause single event failure of PFCs through
damage to the cooling interface, leading possibly to water leaks. Such
eventualities present potential accident scenarios on ITER and come at
an extremely high price in terms of cost and time to repair. The specific
questions of CQ thermal loading and RE impact are considered in more
detail in the following sections.

6.1. Current quench thermal loads

Regarding the TQ and CQ heat loads, the high melting point of W
opens up a wider operational space than Be in terms of the range of Ip
and plasma stored energy, Wplasma within which melting is avoided. The
switch to W essentially eliminates unmitigated TQ-induced FW melting
for Major Disruptions (MD), even at the highest stored energies (though
this is still an issue for the divertor [106]). There remain issues, how-
ever, for the unmitigated VDE-induced TQ, where the plasma is in
limiter configuration at the quench and can lead to W melting even for
comparatively low stored energies (~20 MJ). Such events are, though,
much more unlikely since they are expected to occur 100–200 ms after
VDE detection [107] and there should thus be ample time for mitigation.

In the case of Be, a detailed analysis (using the DINA [91]-SMITER
[108]-MEMOS-U [109] code workflow) of the CQ-induced loads for the
worst case VDEs and MDs (at Ip= 15 MA) found severe melting and melt
motion on upper FW panels during upwards going events, and to a lesser
extent on the lower, outer rows for downward quenches [110]. The same

Fig. 13. (a) Photograph at pre-installation of the EAST actively cooled poloidally and toroidally shaped outer poloidal W limiter, comprising 7 PFUs with toroidally
bevelled monoblocks very similar to the design of the ITER divertor vertical targets [13,100]; (b) Poloidal cross-section showing the magnetic equilibrium of the
typical outer limiter circular plasma used in the EAST start-up experiments with locations of central and off-axis EC deposition.
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workflow applied to W armour predicts that surface melting will still
occur on the upper panels under worst case conditions for upward going
quenches at 15 MA, but is absent on the lower panels for downward
events. Scaling the poloidal field magnetic energy and CQ time with
plasma current (τCQ ∝ Ip1/2, Wmag ∝ Ip2) [106], melting on W upper FW
panels is predicted to begin for Ip ~11–12 MA. In [110], fairly sub-
stantial melting occurs on Be already at Ip = 7.5 MA.

The MEMOS-U calculations for the worst case CQ on W find
maximum erosion depths of ~0.4 mm, a factor of ~7 lower than for Be
under the same loads, which is a major gain with regard to the ability of
FW panels to tolerate a limited number of events. Whilst the principal
reason for the reduced erosion depth is the much higher melt temper-
ature of W, it is also in part due to the modified melt motion, where, in
the case of W, Lorentz forces on the melt layer are driven by thermionic
electron current emission from the heated surface (typically domi-
nating) and the halo current carrying the heat flux. For Be, thermionic
emission is essentially absent, and the melt motion is determined only by
the halo current.

For both materials, once melting and melt motion occurs, the melt
displacement will easily be sufficient for the melt layer to bridge over
some of the toroidal gaps (typical gap width ~1mm) between poloidally
adjacent fingers making up any given FW panel. Such behaviour has
already clearly been observed on the JET Be upper dump tiles under

upward going CQ loads [111] and has been well reproduced in MEMOS-
U modelling [112]. If this bridging also leads to gap filling such that
fingers are electrically connected, and depending on where this takes
place, significant eddy currents can circulate in the panels even for
follow-up disruptions whose CQ has been mitigated. The associated
electromagnetic forces can be very large and could potentially lead to
mechanical failure of the panels in single events.

An outstanding question is thus whether this gap filling will occur on
ITER with W PFCs. Gap wetting is a complex process and is sensitive to
melt speed, pool depth, lifetime and the liquid metal and wall temper-
atures. Experiments designed specifically to address gap bridging and
infiltration for W material have been performed quite recently on
ASDEX Upgrade [113]. Under the conditions of this experiment
(repeated ELM-induced transient melting on specially engineered sam-
ples exposed in the outer divertor), re-solidification limited wetting and
weak attachment of resolidified melt were observed (and confirmed by
melt modelling), including the wetting of inner gap walls (thus no gap
infiltration). This is a consequence of re-solidification, which prevents
the melt from revolving around the corners by modification of the sharp
edge topology. A second dedicated experiment on bridging vs. infiltra-
tion has just been executed on WEST, revealing a similar picture to that
found in ASDEX Upgrade despite the different scenario (sustained melt
pool due to steady state loads).

Fig. 14. Summary of key time traces for a set of three EAST outboard deuterium W limiter plasmas at (a) Ip = 200 kA and two densities (b) with ne/nGW ~0.15 and
~0.35. The ECH powers (d) PEC2 and (e) PEC4 refer to the deposition locations in Fig. 13b. Note the low electric field (~0.12 Vm− 1, (c)) in the early start-up phase
(EAST major radius, R = 1.85 m) and the tendency in (g) for Prad to saturate at a fixed value independent of density.
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Returning to the modelling of macroscopic CQ-induced melting on
the ITER FW panels [110], the MEMOS-U code enables unique calcu-
lations accounting for melt motion. This allows an assessment of the
damage in terms of permanent deformations of the surface topology
[110,112] and of material losses due to splashing [114], in contrast to
the melt thickness which by itself carries limited information given that
the melt eventually resolidifies. Since the MEMOS-U physics model
addresses heat transfer in PFCs and the macroscopic motion of the
formed melt pools, heat flux loading constitutes an external input to the
code. Thus, MEMOS-U can simulate CQ-induced melting with heat flux
input accounting both for the 3D nature of the plasma wetted area and
the time varying magnetic equilibrium of the quenching plasma (based
for the simulations discussed here on DINA DS code simulations of the
CQ phase), but the process of vapour shielding (VS) can only be intro-
duced externally. Such an attempt was made in the Be melt modelling of
[110], within an approximation based on shielding coefficients derived
from 1D3V Particle-in-Cell simulations with the PIXI code [115]. These
coefficients are not yet available for W.

For the worst case 15 MA upward going VDE CQ studied in [110]
(τCQ = 400 ms, nBe = 1x1019 m− 3), the reduction in eroded depth due to
Be vapour shielding varied over the wetted area by a factor of 1.5–2,
with reduction of the maximum erosion value from ~3 mm to ~2 mm.
The melt thickness variations between shielded and unshielded cases
were 10–30 %, with the values in the shielded case within the range of

200–500 μm over most of the wetted area [114].
To explore the 2D nature of the shield dynamics, new simulations

have been performed with the TOKES code [116], which includes a VS
model reasonably well benchmarked against very short duration tran-
sients [117] and which operates in 2D. Unlike the MEMOS-U simula-
tions, which adopt the spatio-temporal varying heat flux as an input,
TOKES cannot yet follow the CQ equilibrium evolution and, given the
2D nature, is unable to account for the reduced wetted areas for heat
loads introduced by the 3D FW panel shaping. For the same upward
going DINA DS CQ simulations adopted by the MEMOS-U studies, it thus
assumes that the equilibrium is fixed in time from the first point at which
significant heat flux is deposited in limiter configuration on the upper
FW panels. Thereafter, the TOKES model assumes (extremely conser-
vatively) that the total magnetic energy which should be dissipated
during the CQ is stored as ion thermal energy in the core and is then
transferred to the electrons via equipartition, at a rate which is adjusted
to provide appropriate low electron temperatures in the halo region and
which fits the DINA value of τCQ.

The OMP λq of the halo is approximately matched to the values used
in [110] by adjusting radial plasma transport coefficients. Simulations
have been performed with and without VS, for varying λq, ECQ and τCQ
(corresponding to Ip = 7.5, 10.0, 12.5 and 15 MA) with the latter two
quantities varied using the same scalings mentioned above. Details may
be found in [106]. Fig. 15 summarizes a selection of results for a 15 MA

Fig. 15. Compilation of results from TOKES simulations for W armour with and without vapour shielding for one of the upward going 15 MA worst case VDE current
quenches studied with the MEMOS-U melt code for the case of a Be FW in [110]: (a) and (c) time variation of the wall heat flux (qwall) and magnetic (Emag) and
radiated (Erad) energies without (a) and with (c) vapour shielding; (b) and (d) peak W melt and vaporization depths respectively without and with shielding. ECQ =

670 MJ, τCQ = 250 ms, λq = 3.5 cm. The simulations are carried through to complete re-solidification. Note the timescale differences between the cases with and
without VS. Curves are extracted from [106].
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upward going VDE or MD CQ with Emag = 670 MJ, τCQ = 250 ms, λq =
3.5 cm.

Vapour shielding reduces the peakmelt depth, dmelt by ~factor 2, the
vaporization depth, dvap by more than 2 orders of magnitude, the melt
duration by nearly a factor 3 (this also significantly decreases the time
over which melt motion can occur) and ~50% of the magnetic energy is
radiated by the vapour shield near the FW panels. An important
contributor to the reduction in heat loads to the FW panel surface with
shielding on is the rapid filling, shortly after intense vaporization begins,
of the entire halo region with W plasma, radiating the magnetic field
energy over a large FW area at comparatively low power density.

As Ip is decreased in the simulations, the shield strength is drastically
reduced because the vaporization flux decreases significantly. Vapor-
ization becomes important only for the 12.5 MA simulation, and in this
case only ~14 % of Emag is radiated. Tungsten melting still occurs at Ip=
10 MA, with a peak dmelt ~0.4 mm and a melt duration of ~160 ms,
comparable to the 15 MA worst case with shielding. No melting is found
at 7.5 MA. An important conclusion is therefore that, given the current
limitations of the TOKES model (i.e. that 3D effects and the proper time
dependence cannot be included) unmitigated CQs at lower Ip on W can
generate similar melting and melt durations to events at the highest
current, where shielding is effective.

Concerning the relative performance of Be and W under these heavy
unmitigated CQ transients, the TOKES study in [106] (from which the
curves in Fig. 15 are extracted) found relatively small overall differences
between the two armour choices for the same input heat flux waveform.
This may at first seem surprising given that W is a much stronger radi-
ator than Be. However, the much higher quantity of vapour in the case of
Be compared to W, and the point at which vaporization begins, are key
factors. For Be, vaporization starts early (due to the much lower
vaporization temperature compared with W) when the majority of Emag
has yet to be dissipated. For W, vaporization starts much later, when a
substantial fraction of Emag has been exhausted in the halo and an order
of magnitude fewer atoms are vaporized. This large difference in
vaporized quantity and the later vaporization onset lead to similar
overall peak dmelt and melt duration between the two materials.

It is important to point out that all of the unmitigated disruption melt
calculations performed to date (thus using MEMOS-U and TOKES) must
be considered only approximate given their reliance on the 2D DINA DS
disruption simulations. In reality, the CQ phase is expected to be an
extremely variable spatio-temporal event, with significant MHD activity
and a complex 3D heat deposition pattern with strong filamentary na-
ture [107]. The assumption of a 2D equilibrium with an essentially
smooth envelope of energy deposition, leading to global surface melting
with well-defined wetted area, will thus likely be a rather conservative
picture. More realistic time and spatial heat deposition patterns are
starting to become available through new 3D JOREK simulations and
will eventually be used as input to more refined melt estimates.

6.2. Runaway electron impact

Of all transient loads, REs are the most serious concern for PFC
damage on ITER. This is a consequence of the distinct nature of the
runaway impact: potentially small impact areas, very fast timescales and
deeper penetration into the material bulk than for normal thermal
plasma transient loads which are deposited on the surfaces of compo-
nents (e.g. due to ELMs or the disruption TQ and CQ). Runaway currents
of up to IRE = 10 MA could form in ITER carrying a kinetic energy of
~20 MJ, but the high fraction of magnetic energy stored in the poloidal
field of this current means that a significant portion can be converted
into kinetic energy depending on the timescale of the runaway loss
[118].

The modelling strategy has been long established [119] and consti-
tutes a two-step approach in which simulations of volumetric energy
deposition of impacting REs by aMonte Carlo transport code provide the
loading profile input for simulations of the PFC response e.g. by finite

element modelling [120,121,122,123,124]. All such modelling has thus
far been limited to the PFC thermal response, whilst the mechanical
response in the solid phase and the hydrodynamic motion in the liquid
phase have not yet been considered. The development of more realistic
physics models has been hindered by the absence of dedicated, specially
designed experiments since uncontrolled damage observations, e.g.
[125,126,127,128] cannot provide sufficiently detailed input concern-
ing loading in terms of wetted area, RE impact characteristics and,
crucially, energy absorbed.

Deliberate RE generation experiments on JET (using massive gas
injection to form a RE beam) have already demonstrated the appreciable
damage which can be caused on Be PFCs by short duration RE impact
[125 128]. These experiments concerned RE interaction with bulk Be
inner wall guard limiters with similar apex-like design to the ITER FW
panel geometry. They have been modelled at IO using a workflow
comprising the SMITER field line tracer [108], the GEANT4 [129]
(opensource Monte Carlo toolkit for simulating the passage of particles
through matter) and the MEMOS-U [109] codes, with reasonable
agreement found for the final damage profile, albeit subject to un-
certainties due to ambiguities in the input assumptions concerning the
RE beam parameters [130]. In fact, the incident transient which is
qualitatively consistent with this post-mortem damage, with the (sparse)
available JET plasma measurements during the RE event, and with the
predicted 3D interaction zone (from field line tracing using the recon-
structed CQ magnetic equilibrium), is that of a radially outward drifting
beam with a very narrow energy deposition channel width (ΔRE = 1 – 2
mm), depositing ≲ 100 kJ over a time ΔtRE ~6 ms and composed of
electrons with mean energy ~13 MeV impacting the Be tile surface at
roughly the field line incidence (pitch) angle deduced from the field line
trace.

Encouraged by the reasonable agreement found in the JET bench-
marking exercise, the same workflow was applied in [130] to a proxy
case on ITER (pre-dating the re-baseline and thus considering Be FW
panels) in which the RE impact was assumed to occur according to
similar dynamics during the worst case upward going VDE CQ discussed
in Section 6.1. Unsurprisingly, given the real experimental damage
already seen on JET at comparatively low deposited RE energies
compared to what could occur on ITER, the study concluded that bulk
melting, with possible temperature excursions at the cooling channel
interface above recommended thresholds, could occur already at very
low Ip (~fewMA), depending on howmany FW panels are impacted in a
single event. This potential threat to cooling channel integrity when RE
mitigation/avoidance strategies using the DMS are being first tested, is
the principal driver in the re-baseline for experiments to begin on a
temporary, uncooled FW.

In support of the re-baseline, the in-house SMITER-GEANT4-
MEMOS-U assessment for RE impact on Be has been repeated for W, but
now with much higher fidelity in the GEANT4 simulations and with
MEMOS-U replaced by a new melt code, MEMENTO (MEtallic Melt
Evolution in Next-step TOkamaks) which incorporates all of the physics
included in MEMOS-U, but within a modern computational framework,
including non-uniform and adaptive meshing and parallelization [131
132]. Although the input configuration and main results from these new
simulations are summarised below, there are many more details than
can be included here. They will be the subject of a forthcoming
publication.

Fig. 16 summarizes pictorially the assumed worst case and very
simplified scenario, in which a runaway beam is supposed to destabilize
during the upward going CQ at the point at which q95= 2 is reached in a
DINA DS simulation with RE generation and full conversion of the
magnetic energy in the runaway plasma into RE energy (starting from a
pre-disruptive plasma at Ip = 15 MA). At this point, IRE ~9 MA and the
RE beam intersects FW panel #8 at the top of the main chamber. In the
2016 Baseline, this is an Enhanced Heat Flux Be panel with hyper-
vapotron cooling channels [133], a design which will be largely pre-
served for the new DT-1 W FW but which is not currently finalised.
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The runaways are assumed to deposit energy in a well-defined beam
with width ΔRE = 4 mm, fixed essentially by the Larmor radius of
electrons described by an energy distribution of the form f(E) ~exp(E/
E0), with E0= 15MeV and E in the range 1 – 50MeV. The RE impact area
is obtained from 3D field line tracing (SMITER code) using the q95 = 2
equilibrium and accounting for the FW panel geometry. Energy depo-
sition times are fixed in this extremely simplified description at 1 ms and
100 ms, representing respectively a case in which RE deposition is only
kinetic, without conversion of magnetic energy, and the situation in
which the beam is preserved for a much longer duration, allowing for
some magnetic energy to be converted to RE kinetic energy. The amount
of energy scales approximately with Ip in the first case and with Ip2 in the
second. All electrons are assumed to impact with the same grazing
incidence angle of 5◦ (thus zero pitch angle) obtained from the field line
trace, representing a further strong simplification.

The more refined GEANT4-MEMENTO simulations improve on the
initial estimates made for RE loading on Be in [130] in several ways.
Concerning first the use of GEANT4, a number of improvements have
been made: (i) the most accurate electromagnetic libraries and scat-
tering implementations are included (benchmarked for W); (ii) the
magnetic field is taken into account for all charged products of the
electromagnetic shower in the interior (primary electrons and secondary
electrons/positrons) and the exterior of the material (scattered elec-
trons/positrons); (iii) the spatial resolution is optimized, taking a small
fraction of the W depth range of the least energetic REs (1 MeV) to
ensure that the profile of the volumetric deposition is adequately
resolved and (iv) the trade-off between the computational cost and the
statistical Monte Carlo error bars is carefully controlled through a two-
step approach combining uniformly distributed particle source loading
of the entire wetted area (low statistics) with moving single-point par-
ticle source loading of the most affected region within the RE wetted
area (high statistics).

Regarding the MEMENTO simulations, an improved model is used
for the real panel geometry which includes the CuCrZr layer at the
cooling interface, the hypervapotron shape, the convective cooling flux
at the interface and the moving free surface due to vaporization. The

field is set at 7 T, consistent with the location of FW panel #8 for the
nominal BT = 5.3 T. All cases discussed here assume an 8 mmW armour
thickness (as it was for the previously modelled Be case).

Following exploration tests including the MEMENTO thermal
transfer, a resolution of 20 μm has been chosen within the first 1 mm of
material for the GEANT4 energy deposition simulations. Thereafter, the
numerical grid resolution is relaxed. Even though the RE impacts in this
very simple loading case are uniformly distributed (within the localised
wetted region shown in Fig. 16), the 3D panel and magnetic field ge-
ometry, together with the fact that electrons scattered out of the mate-
rial return to the surface under the action of the B-field, mean that the
energy deposition is not uniform. From the ratio of the energy deposited
over the apex to that over the most loaded region, the normalization for
the single ‘worst case’ tile may be deduced (recalling that the panel
design in the high flux areas occupied by FW panel #8 is a castellated
structure made up of many small flat tiles (see Fig. 16c and [133])). This
single “tile” (of surface area ~15 x 15 mm2) is modelled thermally as 8
mm of W, 7 mm of CuCrZr heat sink and with boundary conditions as
follows: thermally insulated sides facing the castellation gaps, vapor-
ization and thermal radiation cooling from the free surface, and con-
vection cooling flux at the CuCrZr-coolant interface.

A selection of the thermal transfer results obtained so far from the
point of view of input to the FW design and the consequences for severe
RE impact is compiled in Fig. 17 (three energy loads at 1 ms duration
(ERE= 50, 75 and 150 kJ) and two at 100ms (ERE= 50 and 200 kJ)). The
key issues are the distribution of temperature through the armour
thickness (Fig. 17a) and the values reached at the cooling interface for
given total energy deposition (Fig. 17b). Table 1 provides more nu-
merical information on the peak surface temperature, peak melt depth
and erosion (due to vaporization) and temperature at the cooling
interface for the different energy loads and loading durations.

As shown in Fig. 17a, enormous temperatures, exceeding 10,000 K,
can easily be reached just below the surface if the total energy injected is
incident over a short time. This is because most of the energy is
deposited in a very shallow layer for this grazing incidence approxi-
mation. Although the MEMENTO code employs state-of-the-art values

Fig. 16. Composite describing the key input parameters for the new RE impact simulations performed with the DINA-SMITER-GEANT4-MEMENTO code workflow:
(a) DINA DS simulation (IMAS database shot 100097, run 1) including RE conversion during an upward going CQ at 15 MA, 5.3 T showing the runaway current and
magnetic energy conversion with q95 = 2 reached at t = 59.5 ms; (b) magnetic equilibrium at q95 = 2 assumed as the instant at which the RE beam is destabilized
with impact on FW panel #8; (c) Blanket Module CAD model illustrating the double winged apex structure of the FW panel; (d) SMITER field line tracing calculation
of the RE beam wetted area for ΔRE = 4 mm; (e) schematic representation of the FW panel apex modelled as a simple rooftop with given fixed RE beam impact angle.
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and fits for the high temperature range (i.e. above the melting point
[134]), beyond~6000 K the fits must be extrapolated. All results at such
high temperatures should be viewed with caution and serve the purpose

only of being indicative of potentially dramatic levels of erosion by
vaporization at the top surface (owing to the exponential scaling, the
vaporization rate is 0.5 mm/ms at 8000 K and 22 mm/ms at 11000 K).
Temperatures of this magnitude reached within the bulk could lead to
explosion of material [127]. In fact, for ERE ≥ 75 kJ these very extreme
temperatures are reached rather promptly at and just under the surface
in the cases with fast loading (1 ms), and the runs crash.

Note further that the GEANT4 simulations are based on the original
(unaltered) geometry and provide the energy density to be loaded as
function of space. This energy density is then translated to a power
density under the assumption of uniformity in time and is passed to
MEMENTO. However, since the upper few tens of microns are promptly
eroded, loading the GEANT4 map without any translation to compen-
sate for the vaporization would lead to loss of energy deposited at the
vaporized cells. The power density map is thus shifted along the radial
direction to account for the fact that the free-surface position is moving
in time.

The non-monotonic profiles near the top surface in Fig. 17a are a
consequence of the exponential scaling of the vaporization flux: a very
small increase in Tsurf produces a substantial rise of the vaporization
cooling flux so that cells on the free surface effectively receive less en-
ergy than those just below. Regarding the coolant interface temperature,
comparing loading the same 50 kJ over 1 ms or 100 ms, the rapid
deposition leads to much stronger vaporization due to the higher power
densities, so that ~20 % of the incoming energy is lost due to vapor-
ization cooling, versus only 0.01 % for the longer duration. Over the
longer timescale loading, the active cooling contributes to reducing the
interface temperature rise and both cases give roughly similar interface
temperatures (Fig. 17b). For 100 ms loading at 50 and 200 kJ, in the
latter case 34% of the incoming energy is dissipated by vaporization loss
due to the higher peak surface temperature so that, whilst the interface
temperature is higher than for the 50 kJ load, it is lower than would be
expected given the relative magnitudes (factor 4) in the energy
deposition.

On the basis of these initial results, the peak cooling interface tem-
perature (< 1000 K) is not a concern (note that a W/Cu bond is much
more resilient than that of Be/Cu and will tolerate higher temperature
excursions, though the actual threshold under the high pressure coolant
conditions is not known quantitatively). It is, however, important to
point out that the deposited energies simulated so far are still rather low
in comparison to what could be experienced on ITER. An energy of 200
kJ deposited on a single apex corresponds to a RE current of only IRE
~100 kA. If 200 kJ were to be deposited on each of the 36 apexes of the
toroidal row of FW panels #8, the total of 7.2 MJ corresponds to IRE
~3.6 MA and is thus equivalent to Ip ~5 MA assuming a maximum IRE
~2/3 Ip (assuming no conversion of magnetic energy).

Further simulations with the higher fidelity workflow will explore
higher ERE and varying W thickness, but it is clear that beyond a given
deposited energy, the simulations will fail once extreme values of Tsurf
are attained, even for the longer deposition times. Moreover, increased
energy deposition will lead to higher melt depths, so that erosion due to
single events can be severe, especially bearing in mind that a deep melt
may not remain in place in the presence of strong thermionic emission
currents and surface tension forces. At present, unlike the case of W
melting due to thermal plasma impact, for which melt dynamics is now
well understood [112], the stability and behaviour of RE induced W
melts is still unknown. It is also clear that the highly idealised picture,
modelled here, of a GEANT4 load map which remains constant through
the transient, even in the presence of phase transitions and topological
changes in the material, cannot be a true description of reality.
Furthermore, intense vaporization into the RE plasma may drive some
degree of vapour shielding and will impact the RE beam itself. None of
this can be modelled at present and further physics development is
required.

The situation is thus that if the RE transient is very rapid (~ms
timescale) and sufficiently energetic, vaporization will be so intense that

Fig. 17. Selected results from MEMENTO code modelling of a small (~15 mm
x 15 mm), most loaded region near the apex on an ITER W FW panel under
impact of a RE beam with the characteristics described in Fig. 16: (a) depth
profiles of temperature for different RE energy deposition and loading times; (b)
temperature evolution at the W-CuCrZr bond interface for three selected
loading scenarios.

Table 1
Summary of MEMENTO code thermal calculations for different total RE energy
loads at fixed energy deposition times of 1 ms and 100ms (see also Fig. 17). Note
that the values of maximum Tsurf are given right at the surfaces and are lower
than the peak temperatures in the material bulk, just below the surface.

Energy loaded Over 1 ms Over 100 ms

50 kJ 75 kJ
*

150 kJ
*

50 kJ 200 kJ

Max. Tsurf (K) 7146 7361 7600 3995 5972
Max. dmelt (mm) 0.46 @

1.8 ms
0.40 0.31 0.25 @

100 ms
1.5 @ 114
ms

Erosion (μm) 93 67 31 0 540
Max. T at W –
CuCrZr (K)

636 @
0.52 s

N/A N/A 704 @
0.54 s

922 @
0.57 s

* Results are for partial loading only since simulations crash due to extreme
temperatures at 0.70 ms (75 kJ) and 0.27 ms (150 kJ). The total energy loaded is
thus 52.5 kJ and 40.5 kJ respectively.
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erosion could be extremely dramatic in the absence of any vapour shield
assist, or other mitigating impact on the RE beam. The number of events
of this nature which could be tolerated is low, but can be increased by
making the material thicker. They do not directly threaten the cooling
interface, since an appreciable proportion of the incoming energy is
dissipated through vaporization cooling and the only issue is whether or
not repeated events can locally erode sufficient material to increase
proximity to the interface. Whether or not such events could lead to
mechanical damage (for example cracking or delamination of the W
armour) is not known and is difficult to assess. It could conceivably be
addressed by dedicated RE deposition experiments on current devices
using actively cooled PFCs.

If the deposition time is longer (giving time for magnetic energy to be
converted into RE energy), then melt depths can be significant even if
surface temperatures are insufficient for strong vaporization. These
longer deposition times are of course more penalising for the interface
temperature unless the deposited energy is so high that vaporization
once again dominates. There is, therefore, a strong argument for the W
armour to be thickened in regions of the FW expected to be most sus-
ceptible to RE impact (e.g. the top of main chamber – see Fig. 16 – which
also happens to be the region in which the unmitigated CQ thermal loads
will be experienced (Section 6.1)) in order to improve resilience in the
case of repeated events. This argument applies to both the provisional
inertially cooled wall for SRO (when REs will be experienced for the first
time on ITER) and for the final, actively cooled DT-1 wall, where,
although runaway mitigation/avoidance will have been fully explored
in the SRO campaigns, new RE seeds (due to Compton scattering of
gamma rays from activated wall material and from tritium beta decay
[105]) will be experienced for the first time. At the time of writing, the
option of thickening the W armour option in critical locations on the
poloidal contour is being adopted as part of the design activities for the
new DT-1 full W wall.

Meanwhile, the higher fidelity RE deposition workflow is being
directed to new code runs with much more sophisticated RE impact
parameters. Instead of the idealised single grazing angle incidence at
zero pitch angle and wetted area derived from DINA magnetic equi-
libria, more realistic RE footprints will be used from JOREK code studies
of ITER RE termination [135]. In this work, a 3D fluid model for the RE’s
is implicitly coupled to the MHD equations, allowing the interaction of
the RE current with MHD modes as well as VDEs to be calculated.
Runaway beams of 9 MA are generated via the avalanche mechanism
and are then lost rapidly (on timescales of ~1 ms), when stochastization
of field lines occurs at the approach to q95 = 2 in the time-dependent 3D
simulations. This leads to much more distributed RE impact. To calcu-
late the FW RE energy loads on the FW, these MHD-RE fluid simulations
are post-processed: RE particles are initialised right before the termi-
nation event according to the RE fluid density and two different analytic
distributions for the momentum space. The full orbits of these particles
are then traced in the time-evolving magnetic field until they collide
with the 3D FW surface. The full pitch angle distribution (position and
momentum vectors) and magnetic field components at every point on
the FW panel surface can thus be provided to the GEANT4-MEMENTO
workflow. In addition, the greater wetted surface reduces the energy
density, though the energy maps and thermal transfer simulations are
significantly more challenging computationally.

7. Conclusions

In response to technical delays and in order to provide a more
rationalized approach to the nuclear safety demonstration, the ITER
Organization decided in 2023 to begin a significant re-baselining exer-
cise. One of the core elements of the new strategy is the switch from
beryllium to tungsten amour on main chamber plasma-facing compo-
nents. Although this does accelerate the deployment of a reactor rele-
vant first wall material in ITER, brings the benefit of much higher
resilience to transient heat loads, much reduced erosion and far lower

fuel retention in comparison with beryllium, the increase by a factor ~5
in total area of tungsten facing the plasma is not without risk to plasma
operation. This concerns primarily the increased core radiation levels
resulting from higher tungsten contamination whichmay challenge both
the achievement of the principal Q= 10 ITER DT burning plasma target,
and reliable early current ramp-up in limiter configuration on tungsten
surfaces.

Concerning burning plasmas, conservative assessments of the tung-
sten wall source obtained with erosion-migration simulations, together
with integrated modelling of tungsten pedestal and core transport using
codes benchmarked on experimental observations from smaller devices,
demonstrate that the switch to tungsten on the first wall should present
only a comparatively low risk to the Q = 10 goal. To mitigate this risk,
the new re-baseline includes an increase in the planned electron cyclo-
tron heating power.

Regarding limiter start-up, the unique new plasma boundary and
integrated modelling analysis presented here, consistent with results
from dedicated experiments on the EAST tokamak, likewise indicates
that a tungsten wall should not present a major obstacle under the
current ITER ramp-up scenario designs, provided central EC heating is
available and low/medium Z impurity concentrations are not too high in
the early stages. In today’s devices, residual oxygen is often found to be
problematic in this sense and its impact is typically reduced using
different varieties of boronization wall conditioning. Based on this rich
body of experience in the fusion community, ITER will install a diborane
boronization system as part of the re-baseline. First-of-a-kind modelling
studies of the boronization glow discharge performed at the ITER Or-
ganization have been instrumental in providing the physics specification
for this system.

Given that fuel retention in an all-tungsten environment is rather low
and essentially driven only by implantation, it is retention by co-
deposition with boron eroded from coatings put down during the
boronization process which will dominate if it turns out that procedure
is routinely required during operation. Erosion-migration simulations
taking into the 3D main chamber wall geometry demonstrate that the
coating lifetime should be sufficient to provide adequate oxygen get-
tering capability through the planned standard 2-week operation cycle
between short term maintenance periods, during which boronization
could be performed if necessary. Even if such a coating frequency would
be required in reality, the use of appropriate fuel recovery strategies
during plasma operation (such as isotope exchange with ion cyclotron
wall conditioning and the deployment of specific tokamak plasma con-
figurations), together with thermal outgassing at the ends of main
experimental campaigns, should be capable of maintaining much lower
overall retention during nuclear operation than would have been the
case with beryllium first wall armour, which represents an effectively
infinite source of eroded material.

Unmitigated disruption thermal transients at high current/perfor-
mance have always been an issue for the actively cooled ITER plasma-
facing components, for which the original design basis was driven
principally by the need to handle stationary loads. Events at the highest
stored thermal and magnetic energies, particularly the disruption ther-
mal and current quenches and runaway electron impact, would cause
potentially severe melt damage on beryllium first wall surfaces. The
much higher melting point of tungsten significantly increases the plasma
current threshold at which FW melting will occur under current quench
thermal loads. At the highest currents (and thus highest magnetic stored
energies), 2D TOKES simulations demonstrate that tungsten vapor-
ization should strongly reduce the incoming heat loads both by local
plasma shielding and through tungsten radiation throughout the halo
region. However, the shielding effect is much less effective at the
threshold energy for melting, so that the impact in terms of material
damage of current quench transients may actually be higher near the
threshold current for melt onset than under the worst case events.

Unmitigated runaway electrons, with their potential to deposit en-
ergy deeper in the material bulk than experienced under typical

R.A. Pitts et al. Nuclear Materials and Energy 42 (2025) 101854 

24 



transient thermal plasma loads, are a threat on ITER whatever main
chamber armour material is chosen. A simulation workflow permitting
estimates of the likely melt damage and potential impact on bonding
interfaces for actively cooled components has been developed at the
ITER Organization and benchmarked with reasonable qualitative suc-
cess against main chamber beryllium melt damage due to runaways
formed by deliberate impurity injection on JET. With the switch to
tungsten in the re-baseline, this workflow has been further improved by
external collaborators and used to assess the consequences for runaway
energy deposition on tungsten under simplified, but conservative
loading conditions based on the dynamics observed at JET, including the
planned actively cooled first wall geometry. The result is a recommen-
dation for thickening of the tungsten armour compared to the previous
beryllium first wall design in areas expected to be most susceptible to
runaway impact. This should provide some tolerance in terms of mate-
rial damage against a few unmitigated events in the early phase of DT
operation when runaway seeds not previously experienced in early non-
active operation will appear for the first time. This recommendation is
now being adopted as a key input specification for the re-baselined first
wall design. Even if such design decisions need to bemade soon to satisfy
the re-baseline schedule and as such must be based on the modelling
workflow, it is clear that the potential for serious runaway electron
damage and the complexity of the workflow provides strong motivation
for future dedicated, well-diagnosed, controlled runaway electron
impact experiments on current tokamaks, if possible using actively
cooled components to characterize both erosion depth and possible
mechanical damage to the armour/substrate bond interface.

All of these plasma-wall interaction issues figure prominently in the
rationale for the revised re-baseline ITER Research Plan. Importantly,
the two original non-active Pre-Fusion Power Operation (PFPO) phases
are now replaced by a single Start of Research Operation (SRO)
campaign which is to be executed with a provisional, non-actively
cooled tungsten first wall, for which, at the time of publication of this
article, the conceptual design review has just been presented. This will
permit the development of routine plasma start-up on tungsten surfaces
and includes, as a key SRO deliverable, the achievement of hydrogen L-
mode operation at the nominal machine current and field (15 MA / 5.3
T).

In contrast to the 2016 Baseline PFPO campaigns, SRO also com-
prises a short (~2 month) deuterium plasma phase, marking the formal
start of ITER nuclear operation, and hopefully allowing a first look at
(ELMing) H-modes at half toroidal field and lower current. In addition, it
presents the opportunity to gain experience of H-D-H isotope exchange,
including the use of ion cyclotron wall conditioning, and to put the
planned fuel recovery strategies to the test. Boronization wall condi-
tioning will be possible from the start of SRO, which thus becomes an
important calibration phase to determine first if it is necessary at all for
routine operation and, if it is, to assess its impact on the key issues of fuel
retention/recovery and dust formation due to the predicted migration of
eroded boron to remote areas.

The biggest drivers for beginning operation with an inertially cooled
wall are disruption transients. Although the new Research Plan is to a
large extent constructed around the validation of unmitigated disruption
thermal and electromagnetic loads and the commissioning and full
deployment of the Disruption Mitigation System (DMS), it is in the SRO
phase that disruptivity will be highest. Moreover, the DMS action in
itself is expected to be the most significant cause of runaway electron
generation, even if the system is designed specifically to prevent both
natural and self-generated events. Nevertheless, single events, even at
comparatively low runaway current, can in principle pose a threat to
cooling channel integrity. By beginning operation with temporary first
wall, the revised Research Plan crucially provides a more sensible option
in which disruption avoidance and mitigation in a device capable of
unprecedented thermal and runaway loads can be developed without
fear of compromising the integrity of extremely complex, costly and
difficult to replace actively cooled first wall plasma-facing components.

It also permits the development of robust avoidance and mitigation
schemes before the installation of the final actively cooled wall prior to
the DT operation phase.
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