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Abstract
Since the publication of the review Progress in the ITER Physics Basis (PIPB) in 2007,
significant progress has been made in understanding the processes at the plasma-material
interface. This review, part of the ITPA Nuclear Fusion Special Issue On the Path to Burning
Plasma Operation, presents these developments, focusing on key areas such as the physics of
plasma exhaust, plasma-material interactions, and the properties of plasma-facing materials and
their evolution under plasma exposure. The coordinated efforts of the ITPA Topical Group on
Scrape-Off Layer and Divertor Physics (DivSOL) have been instrumental in identifying and
addressing critical research and development issues in numerous collaborative experimental and
modelling projects.

This paper is part of the Special Issue: On the Path to Tokamak Burning Plasma Operation: A
collection of papers prepared by the ITPA Topical Physics Groups reviewing progress in the
development of the physics basis for burning plasma operation.

Keywords: plasma boundary, plasma exhaust, plasma-wall interaction, plasma-facing materials
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Glossary

0D 0-Dimensional.

1D 1-Dimensional.

2D 2-Dimensional.

3D 3-Dimensional.

2V 2-dimensional in Velocity space.

3V 3-dimensional in Velocity space.

ADAS Atomic data and analysis structure (atomic
database).

AGHS Advanced gas handling system.

AUG ASDEX upgrade.

AXUV Absolute extreme ultra violet spectral range.

BG BackGround (plasma).

BIXS [-ray induced x-ray spectrometry.

CAD Computer aided design.

CAPS Chemically assisted physical sputtering.

CB Cassette body.

CDy4 Deuterated methane.

CFC Carbon fibre composite.

CMOD Alcator C-Mod.

CPS Capillary porous system.

CQ Current quench (during a disruption).

CX Charge exchange.

CXN Charge exchange neutral atoms.

DAE Differential-algebraic equation.

DBTT Ductile to brittle transformation temperature.

DFT Density functional theory.

DIVSOL ITPA scrape-oft-layer and divertor topical
group.

DMS Disruption mitigation system.

DSMC Direct simulation Monte Carlo method.

DSOL Joint research tasks of ITPA TG DivSOL.

DT Deuterium tritium mix.

EBSD Electron backscatter diffraction.

EC Electron cyclotron.

ECH Electron cyclotron heating.

ECR Electron cyclotron resonance.

ECWC Electron cyclotron wall cleaning.

ECRH Electron cyclotron resonance heating.

EDA Enhanced D-alpha (H-mode).

ELM Edge localised mode.

EM Electro—magnetic.

ETB Edge transport barrier.

FIB Focused ion beam.

FPO Full power operation phase in ITER.

FSM Free-streaming model (of ELM propagation).

FwW First wall.

FWP First wall panel.

GDB Glow discharge boronisation.

GDC Glow discharge cleaning.

GPIL Gas puff imaging diagnostic.

H-mode Plasma high-confinement operation mode.

HFS High field side.

HFSHD High field side high density.

HHF High heat flux.

HI Hydrogen isotopes.

IBA Ion beam analysis.

ICH Ion cyclotron heating.

ICRF Ion cyclotron resonance frequency.

ICRH Ion cyclotron resonance heating.

ICwWC Ion cyclotron wall cleaning.

ILW
IPB
IR
ISP
IT
ITB
ITER

ITG
ITPA
IWL
L-mode
LCFS
LE

LFN
LFS

LH
LIBS
LID-QMS
LIM
MARFE

MB
MD
MHD
NBI
NMR
NRA
NTB
OES
OHS
OMP
OSM
OSP
oT
PFC
PFM
PFPO
PFR
PFS
PFU
PIC
PIPB
PIXE
PM
PSI
PWI
QCE
QCM
QH
QMS
R&D
RBS
RDW
RE
RF
RFA
RMP
SCL
SEM
SIMS
SMBI

JET ITER Like wall configuration.
ITER physics base [1].

Infrared spectral range.

Inner strike point.

Inner target.

Internal transport barrier.

International Thermonuclear Experimental
Reactor.

Ion-temperature-gradient.

International Tokamak Physics Activity.
Inner-wall limited (discharge).

Plasma high-confinement operation mode.
Last closed flux surface.

Leading edge (of a plasma facing component).
Large-scale fibre-form nanostructure.
Low-field side.

Lower hybrid.

Laser induced breakdown spectroscopy.
Laser induced desorption QMS.
Limiter.

Multifaceted asymmetric radiation from the
edge.

Monoblock.

Molecular dynamics.

Magneto hydro dynamics.

Neutral beam injection.

Nuclear magnetic resonance.

Nuclear reaction analysis.

Nano tendril bundle.

Optical emission spectroscopy.

Optical hot spots.

Outer mid-plane.

Onbion-skin model.

Outer strike point.

Outer target.

Plasma facing component.

Plasma facing material.

Pre fusion power operation (in ITER).
Private flux region.

Plasma facing surface.

Plasma facing unit.

Particle in cell modelling.

Progress in the ITER physics basis [2].
Proton induced x-ray emission spectroscopy.
Post mortem.

Plasma-surface interactions.
Plasma-wall interactions.

Quasi continuous exhaust regime.
Quasi-coherent mode.

Quiescent H-mode.

Quadrupole mass spectroscopy.
Research and development.

Rutherford backscattering spectroscopy.
Resistive drift waves.

Runaway electron.

Radio frequency.

Retarding field analyser.

Resonant magnetic perturbation.

Space charge limited.

Scanning electron microscopy.
Secondary ion mass spectroscopy.
Supersonic molecular beam injection.
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SOL Scrape-off layer.
Sp Strike point.

STEM Scanning transmission electron microscope.
TDS Thermal desorption spectroscopy.

TEM Transmission electron microscopy.

TF Toroidal field.

TG Topical group.

TQ Thermal quench during a disruption.

TS Thomson scattering.

TZM Titanium—zirconium—molybdenum alloy.
UDP Upper dump plate.

UFO Unknown flying object.

VDE Vertical displacement event.

VIS Visual spectral range.

VPS Vacuum plasma spray.

W-CPS Tungsten capillary system.

W-MB Tungsten mono block.

W-PFC Tungsten plasma facing component.
XPR X-point radiator.

XPS X-ray photo electron spectroscopy.
XRD X-ray diffraction.

ZF Zonal flow.

1. Introduction

Since the publication of the first ITER Physics Basis (IPB) in
1999 [1] and its update Progress in the ITER Physics Basis
(PIPB) in 2007 [2], significant progress has been made in
understanding the processes that determine the properties of
the plasma edge region and the divertor, their influence on the
power and particle exhaust, and the interaction of the plasma
with the FW components?*.

This chapter of the ITPA Nuclear Fusion Special Issue
presents the progress made since the publication of the PIPB
in the main topical areas related to plasma edge properties,
plasma exhaust and plasma wall interactions. Much of this
progress has been achieved through the coordinated research
activities of the ITPA Topical Group on SOL and Divertor
Physics (DivSOL). The main objective of the Topical Group
was to identify, in collaboration with the ITER Organisation,
urgent research and development issues and to formulate joint
tasks (DSOL) with dedicated experiment proposals to address
and resolve these issues. Many of the publications cited in this
chapter originate from presentations and discussions within
these DSOL tasks.

It should be noted that, for the sake of brevity, many abbre-
viations and acronyms are used throughout this document. Due
to the length of the text, it is not practical to rely solely on
definitions at their first use. To avoid the reader having to

24 The progress on R&D described in this chapter includes topics of relevance
to ITER, as well as to burning plasmas more generally. In some cases, the
underlying physics R&D activities were motivated by specific features of the
ITER 2016 staged approach baseline (see ITER Research Plan for 2016 staged
approach baseline ITR-2018-3 (provisional version) [3] and ITR-2024-5 (final
version) [4] for details). The new ITER baseline 2024 currently under elab-
oration proposes modifications to several of these features (e.g. FW material,
heating and current drive mix, etc), as introduced in P. Barabaschi et al (29th
TAEA Fusion Energy Conference, London, UK, 2023 [5]), which will require
additional R&D beyond that described in this chapter.

search the entire manuscript for a definition, a Glossary of
all abbreviations has been included at the beginning of the
chapter. In addition, for reference, the main regions of a diver-
tor tokamak plasma and the main plasma-facing wall compon-
ents are indicated in figure 1 based on a CAD view of the ITER
vessel. For an introduction to the field, the reader is referred
to [6].

The extrapolation from today’s medium-sized machines
to ITER-sized thermonuclear devices relies on increas-
ingly sophisticated simulation codes validated on the current
devices. However, many principal parameters can be described
by simple scaling laws. These include the scaling of the width
of the plasma SOL and the resulting width of the plasma foot-
print at the divertor targets, the scaling of the energy density of
the H-mode ELM transients at both the divertor targets and the
FW, and the scaling of the energy densities at the FW compon-
ents during disruptions and VDEs. For a detailed discussion
of the latter, the reader is referred to section 3 in the chapter
on MHD, Disruptions and Control [7].

For the plasma physical aspects of power and particle
exhaust, the extrapolation to ITER-sized devices showed that
in order to meet the thermo-mechanical boundary conditions
imposed by the PFCs and materials, measures are required
to control and mitigate both steady state and transient power
loads, such as by plasma detachment in the divertor, the use
of seeded impurities to distribute power loads over larger wall
areas by volumetric radiation, the use of RMP coils to con-
trol plasma pedestal and ELM properties. This also includes
the disruption avoidance and mitigation systems discussed in
sections 3.2 and 3.4 of the chapter on MHD, Disruptions and
Control [7].

With regard to the FW and the PFMs used, the main issues
include the processes that determine the lifetime of the PFCs
under both steady state and transient thermal and particle
loads, in particular the erosion of wall material by incident
plasma ions and atoms, the resulting contamination of the
plasma by impurities, and the migration and deposition of the
eroded material. Another related issue is the conditioning of
the FW to control both the source of wall impurities and the
associated source of recycling plasma fuel, which can have a
major impact on plasma operation. PWI processes are also crit-
ical to the nuclear safety of machines operating with thermo-
nuclear plasmas. These include first and foremost the tritium
inventory bound in the vessel by co-deposition of tritium fuel
with migrating wall material and the implantation and sub-
sequent permeation of tritium in the FW, but also the form-
ation of dust inventories in the vessel by various erosion and
damage processes. In a fusion reactor with steady-state plasma
operation, the injected deuterium and tritium fuel species and
the added extrinsic impurity gases must be continuously cir-
culated by pumping in order to remove the helium produced
intheD+T — (a+3.5MeV) + (n+ 14.1MeV) fusion reac-
tions to prevent the accumulation of helium ash in the confined
plasma. While most of the ions impinging on FW surfaces are
reflected or desorbed as neutral atoms to return to the plasma
as recycling source, a fraction of the neutral gas in the divertor
volume is continuously pumped out at a rate determined by the
capacity of the pumping system for a given gas species and the



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

Vacuum
vessel

Main
chamber ff
first wall |
armour

Separatrix

Core

SOL

Far-SOL

Divertor
target

Dome
armour

inner / outer divertor plasma

Figure 1. CAD view of an ITER vessel sector with a poloidal
cross-section illustrating the main PFCs (main chamber first wall,
baffle, divertor targets, divertor dome) and principal plasma regions
(core, pedestal, SOL, far-SOL, inner- and outer divertor).

achievable neutral compression in the divertor volume and the
pump ducts. This particularly affects the pump out efficiency
for helium, which is discussed in section 3.2 of the chapter on
Transport and Confinement of this Special Issue [8].

For the steady-state power exhaust in an ITER-sized ther-
monuclear device, a key parameter is the width of the paral-
lel power transport channel in the plasma boundary region,
defined by the characteristic exponential fall-off length A,.
This results from the interplay of radial and parallel boundary
transport processes and ultimately determines both the power
flux reaching the divertor target plate and the power load on
the main chamber wall. While a comprehensive theory of the
dominant transport mechanisms in the plasma boundary and
divertor is still not established, significant progress in plasma
diagnostics and modelling has led to a much improved under-
standing of the underlying physical processes since the public-
ation of the respective chapter in the 2007 PIPB. Apart from
local phenomena, this development extends in particular to the
global system from the bottom of the pedestal outwards to the
near and far SOL, the main wall and on to the divertor, where
strong, partly non-linear, interdependencies between the dif-
ferent regions have been uncovered that strongly affect the
overall plasma behaviour. The related results are presented and
discussed in detail in section 2.

The machine size scaling of the unmitigated stationary
power flux density at the divertor target showed that it would
be impossible to satisfy the thermo-mechanical boundary con-
ditions on the material side without additional means to dis-
sipate a fraction of the power crossing the separatrix before it
reaches the divertor surface. In medium-sized tokamaks with

carbon-based divertor PFCs, the radiation from eroded carbon
established an intrinsic self-regulating feedback mechanism
capable of producing the required volumetric power loss frac-
tion while being compatible with detached plasma conditions
in the divertor [9]. With the transition from carbon-dominated
FW configurations to all-metal PFC devices, the radiative loss
fraction due to metallic impurity species in the plasma bound-
ary and divertor region was much too small. Therefore, carbon
as a radiator had to be replaced by externally seeded impurit-
ies. In addition, suitable feedback signals and actuators had to
be developed to control and maintain both the radiation level
and the plasma detachment at levels compatible with a burn-
ing fusion plasma [10]. These developments took place mostly
after the publication of the PIPB and are presented and dis-
cussed in section 3.

The energy confinement required for a burning plasma
requires plasma operation in the high-confinement (H-mode)
regime. This introduces an additional problem to power
exhaust in the form of the repeated power transients associated
with ELMs, which result in the sudden ejection of a significant
fraction of the pedestal energy and particle inventory into the
boundary plasma. The expelled plasma is mainly transported
to the divertor target, but also partly to the FW, where it leads to
transient power and particle loads, which can cause both struc-
tural damage in the plasma-facing components and increased
erosion and corresponding impurity sources compared to the
steady state case. These implications have motivated strong
efforts to improve the understanding of the underlying pro-
cesses and to develop both empirical and theoretical scalings
of the ELM energy density in the boundary plasma and of the
ELM frequency as a function of plasma pedestal parameters.
In addition, due to the unfavourable dependency of the ELM
energy density on the machine size, considerable effort was
devoted to the development of H-mode scenarios with reduced
ELM size and increased ELM frequency. The results obtained
after the publication of the PIPB are presented and discussed
in section 4.

Apart from the reduction of steady state divertor power
loads by impurity radiation, the repeated power load transi-
ents due to ELMs required development of mitigation meas-
ures based on active control of ELM frequency and power
density. This has been achieved by active control schemes
using e.g. pellet injection and fuel gas feed or vertical kicks
of the plasma induced by the vertical field coils as actuat-
ors. The main new method developed and investigated after
the publication of the PIPB was based on additional mag-
netic coil systems to create suitable 3D perturbation fields,
which in turn allowed the ELM behaviour to be controlled
over a wide operational range by modifying the plasma ped-
estal structure and edge transport properties. While the effects
of RMP application on pedestal properties and plasma con-
finement are discussed in the Pedestal and Edge Physics
chapter of this special issue [11], the section 5 in this chapter
focuses on the effects and consequences on plasma exhaust
and the resulting power and particle loads on plasma-facing
components.

The intense stationary plasma flux and the even higher
repeated transient flux due to ELMs impacting the HHF target
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areas of the divertor lead to erosion of the PFMs, thereby cre-
ating a source of plasma impurities and reducing compon-
ent lifetime through material removal. An additional source
of plasma impurities results from the comparatively lower
particle flux to the FW, which, however, extends over a much
larger area than the divertor. Although material erosion by
sputtering is well understood, significant progress has been
made since the publication of the PIBP in understanding
the prompt redeposition and long-range migration of eroded
material, which can greatly reduce gross erosion but also leads
to the formation of deposited layers with implications for in-
vessel fuel inventory and dust formation. Both experimental
results and progress in predictive modelling of these processes
are discussed and presented in section 6.

Both the formation of deposited material layers with co-
deposition of fuel ions and the implantation of fuel ions in the
plasma-facing material surface lead to the gradual accumula-
tion of a bound tritium inventory in the vessel of a nuclear
fusion device. This inventory is of great significance for the
nuclear safety of the device, as some of it may be released
to the outside and ultimately to the environment in the event
of an accident involving a breach of the vessel or building
containment. As a consequence, the nuclear operating licence
specifies an upper limit for the tritium inventory in the ves-
sel. Since the publication of the 2007 PIPB, this has motiv-
ated a major research effort to characterise and accurately
predict the T inventory growth rate, the results of which are
presented and discussed in section 7. These new results, and
the resulting increased confidence in predictive models, led to
the most consequential design change of ITER, involving the
complete elimination of carbon as a divertor material. In addi-
tion, it was found that even with reduced T inventory growth
rates in an all-metal FW configuration, periodic recovery of
retained T was still required to remain below the licence limit.
As such procedures had previously focused on the removal
of carbon-based co-deposited layers, in the absence of car-
bon the T-inventory was expected to be mainly determined
by co-deposits with beryllium, requiring the development of
alternative removal methods, also discussed in section 7. In
addition, the T inventory, and in particular the removal and
reprocessing of tritium, was found to be significantly affected
by the introduction of extrinsic seeding gases, in particular
with the initially favoured chemically reactive nitrogen, which
added the complication of ammonia formation in the plasma
with a corresponding presence of ammonia in the exhaust gas.
As a consequence, considerable efforts were made to replace
nitrogen with noble gas species such as neon, as discussed in
section 3.

The lifetime of plasma-facing components is affected not
only by material loss due to erosion, discussed in section 6, but
also by progressive degradation of their thermo-mechanical
properties caused by their sustained exposure to high particle
flux and a large number of repetitive power and particle flux
transients. For devices beyond ITER, the effect of long-term
irradiation by the 14 MeV fusion neutrons also becomes highly
significant. At moderate power loads, the main ageing effects

identified in the research are changes in surface morphology
such as roughening, bubble and blister formation and, in the
case of He exposure of tungsten, the formation of tendril-like
surface fuzz. Ongoing implantation of plasma impurities also
leads to a gradual change in surface composition. The main
consequences of these effects are degradation of erosion prop-
erties and HI uptake. At high power loads and high transient
cycle numbers, the ageing effects extend deeper into the bulk
material. Repeated strain and stress, and in the case of tung-
sten, recrystallisation due to frequent heating above the DBTT,
cause progressive degradation of the thermo-mechanical prop-
erties, ultimately leading to the formation of cracks at the sur-
face which can grow and propagate into the bulk of the mater-
ial, creating a potential hazard if the cracks reach the cooling
tube structure. Many of these effects are amplified by the syn-
ergistic effects of the combined particle, power and neutron
exposure. Corresponding results since the publication of the
2007 PIPB are discussed in section 8.

In devices with metallic PFCs, exposure to excessive tran-
sient heat flux excursions above the thermal design limits of
the components can ultimately lead to melting and potentially
severe damage to the component. A better understanding of
the mechanical and thermal loads during plasma disruptions
has motivated the introduction of improved mitigation sys-
tems. Even with mitigation systems, disruptions, as well as
slower power transients from VDE:s, are still expected to loc-
ally reach or even exceed the thermo-mechanical limits of the
FW elements. The mitigation of disruptions also increases the
risk of formation of REs, which can deposit excessive local
power loads deep inside the PFCs, potentially leading to the
breakage of cooling pipes. In addition, the impact of accidental
unmitigated ELMs can lead to a sequence of many melting
events in the high heat load area of the divertor targets. The
potential consequences for the integrity and lifetime of both
the FW and the divertor motivated a strong research and devel-
opment effort to improve the understanding and prediction of
melt events on metallic FW components. Experiments have
provided the necessary data base for the validation of dedic-
ated predictive codes developed specifically for the simulation
of melt events and their consequences on surface morphology
and PFC integrity in ITER. These new developments and the
results obtained are discussed in section 9.

For the engineering design of ITER, further refinement of
the design of the main chamber FW panels and protection
LIMs has been motivated by new estimates of FW loads during
phases of direct plasma-wall contact, such as plasma ramp-up
and ramp-down [12], and by experimental results indicating
significant particle and power flux values expected for the far
SOL plasma during plasma flat-top phases in the diverted con-
figuration [13]. In order to avoid excessive local power loads
with the consequences described in sections 8 and 9, the design
of the divertor target plates also had to be refined by introdu-
cing appropriate shaping of both the individual tungsten MBs
and the entire PFUs. These developments are discussed in a
number of detailed reviews [14—16] and will therefore only be
briefly summarised in this review.
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2. Scrape-off-layer and divertor transport

2.1. Introduction

Despite the general improvement in diagnostic capabilities and
theoretical understanding, a comprehensive description of the
dominant transport mechanism in the peripheral region from
the separatrix to the SOL and divertor is currently lacking.
To understand the implications, it is worth recalling that the
SOL width is determined by the competition between parallel,
diamagnetic (tangential to the magnetic surfaces and normal
to the field lines) and perpendicular transport. While the par-
allel transport is well described by classical conduction and
convection with possible kinetic corrections at very low col-
lisionality (parallel heat and viscosity flux limiting correction
factors), both the poloidal and the radial transport are strongly
influenced by the turbulence generally observed in the SOL.
The precise region where this turbulence develops, as well
as its underlying mechanism, still remain an important open
issue for SOL transport. Nonetheless, a number of observa-
tions have been made in recent years which helped in narrow-
ing down this problem. First, whenever imaging diagnostics
have been able to observe with the appropriate resolution at
the boundary between confined and unconfined region, fluctu-
ations are observed to originate in the region across the sep-
aratrix and then propagating into the SOL (see e.g. [17] and
reference therein for an overview of the experimental evid-
ences). Uncertainty on the exact separatrix location does not
allow a precise determination of turbulence origin in the con-
fined or unconfined region, but all the information so far con-
firm the region across the separatrix as the origin of fluctu-
ations later observed in the SOL. Similarly, it is generally
reported that suppression of turbulence in the pedestal region
(such as the one observed whenever H-mode is established)
leads to a clear reduction of turbulence in the SOL, especially
in the region near the separatrix. Therefore, the current leading
assumption is that SOL turbulence develops in some region
close to the pedestal bottom and separatrix, where different
modes could be driven unstable by the strong radial variations
of the main plasma parameters (density, electron and ion tem-
perature, ion viscosity). These modes, which may be also par-
tially damped by shear flows present in the same location,
would then spread across the separatrix into the SOL. It must
be pointed out that local SOL conditions are still very relev-
ant in this picture: as will be discussed later, they determine
the characteristics of fluctuations and turbulent structures such
as filaments—particularly so in the far SOL and thus define
transport, even if they do not directly give rise to the modes
seeding the turbulence. Further complications for the theor-
etical understanding and numerical simulation of anomalous
plasma transport arise, for example, from: (i) the large num-
ber of processes affecting the averaged kinetic plasma pro-
files (e.g. plasma recycling at material surfaces and neutral
ionisation, heat flux from the core, impurity radiation loss,
etc) thus affecting the stability of different modes; (ii) orders-
of-magnitude differences in both the time and spatial scales
of plasma turbulence and transport, which ultimately settles

the averaged plasma parameter; (iii) the geometric complex-
ity of properly describing the transition between closed and
open field lines, and accounting for the vanishing of the pol-
oidal magnetic field around the X-point. In this sense, substan-
tial advances have also been made in recent years, including
the development of the flux-coordinate independent approach
and the extension of first-principles, gyro-kinetic codes to the
trans-separatrix region and divertor geometries (see e.g. the
discussion in [18]).

All this introduces large uncertainties in extrapolation to
future devices, including ITER, since the current ITER design
is based on a number of assumptions about the expected trans-
port level [16]. In this respect, enormous efforts have been
made in the last years to determine the correct scaling law
for the density and heat flux decay lengths, A, and )\, respect-
ively, which are essential to provide the physics constraints for
the proper design of the plasma-facing components. As a final
comment, the bottom of the pedestal, the separatrix, the diver-
tor region, the main SOL and the FW should be considered as a
global system in which different feedback systems are at play.
This has clear implications, for example, in setting different
decay lengths for fluxes of both heat and particles in differ-
ent radial regions of the SOL, in identifying the so-called near
SOL which extends a few mm beyond the magnetic separatrix
and is clearly closely linked to the outer confined region, and
the far SOL which, as will be reported later, exhibit a different,
clearly non-diffusive nature of transport.

In the following we summarise the current understanding of
the physical mechanisms that ultimately determine the expec-
ted level of transport in terms of the expected characteristic
scale lengths A, and \,. The near SOL, the far SOL and
the divertor are all elements with feedback interactions and
are typically non-linearly cross-correlated. Integrated model-
ling approaches (e.g. JINTRAC [19-22] and TOPIC-IB [23])
attempt to provide an interface between the distinct but inter-
linked regions of interest. However, for physical understand-
ing it is usually best to first assess the most relevant processes
that determine critical parameters such as the peak heat flux
on the target or the degradation of the pedestal by the pres-
ence of impurities and hence the core performance. With this
in mind, and to keep things as simple as possible, the regions
are discussed separately in the following sections.

2.2. The near SOL width

As already stated among the big uncertainties for proper extra-
polation and to provide reliable engineering constraints to
future devices, is the determination of the heat and particle
transport foreseen towards the divertor and FW components.
In particular a large improvement in the empirical projec-
tions has been obtained, under the auspices of the ITPA, by
assembling a six machines (AUG, JET, DIII-D, Alcator C-
Mod, NSTX and MAST) international database of H-mode
heat flux decays in inter-ELM attached conditions [24]. The
database has been assembled by assuming a purely exponen-
tial radial decay of the parallel heat flux as a function of the
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Figure 2. Compilation of published measurements and simulations of the H-mode, inter-ELM near SOL heat flux channel width, A,.

Experimental points marked Eich et al include the original database [24] from which the regression (Ay(mm)
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(T)) given by the solid line was derived (dashed lines indicate the error bars on the regression). The Alcator C-Mod data

marked Brunner ef al are those from a more recent, much larger measurement set on Alcator C-Mod extending to Byo,omp ~ 1.25T [25].
The code simulation points marked XGC1 and BOUT+-+ are the data published respectively in [26, 27] and [28]. The points at [, = 15SMA
for ITER correspond to baseline burning plasma conditions (note that the values of Bpo1,omp differ slightly among the two codes owing to
differences in the source of the magnetic equilibria and initial plasma scenarios obtained by the two simulation teams). The XGC1 case at
I, = 10MA has a much higher value of Bjo1,omp than would be expected from a simple linear reduction from the points at 15 MA; it is
derived from an advanced (steady state) scenario simulation and magnetic equilibrium at Q =5 and is thus not directly comparable to the
baseline H-mode cases at 15 MA and at 5 MA. It does, however, have the merit of demonstrating that there is at least an intermediate point
lying between the predicted very narrow A, which follows the empirical regression at low I, and the much broader values at high current.
This behaviour is identified in [28] as due to a progressive transition from neoclassical orbit driven ion losses to weakly collisional trapped

electron mode turbulence.

distance for the magnetic separatrix g(r) = g e~ (F=R)/2,
with a characteristic heat flux decay length A, depending only
on upstream OMP SOL parameters and magnetic connection
length. To account for the heat transport into the PFR, gener-
ally observed through a process of diffusion/dissipation along
the divertor leg between the X-point and the target, the previ-
ous formula is convoluted with a Gaussian spreading with a
width S, generally referred as power spreading parameter res-
ulting in the following expression for the power flux profile at
the OT [24]:

6]

x erfc i—i +
2\, S 4BG

where 5 = f; (Riep — R) with f; the effective flux expansion and
gsg the background heat flux.

A remarkable result has been the observation that the heat
flux decay length \,, in the H-mode attached divertor regime,
scales with the inverse of the poloidal magnetic field B, (the
so called Eich scaling) and turned out to be independent from
the machine size, reconciling the scaling from Alcator C-Mod

(R=0.67m) to JET (R = 2.96 m). The same trend, being veri-
fied up to poloidal field at the OMP in the ITER range [25],
would provide an extremely low value for ITER full current
operation of the order of A; < 1 mm. The multi-machine data-
base, including the aforementioned extension, is shown in
figure 2. Such a scaling has found a theoretical interpretation
in the framework of the so-called heuristic drift model based
on the neoclassical orbit-driven ion losses for weakly colli-
sional edge plasma [29]. 3D numerical simulations of inter-
ELM H-mode relevant experimental data from existing toka-
maks HL-2A, Alcator C-Mod, DIII-D, NSTX and EAST were
performed as well using fluid BOUT++ [27, 30, 31] and
particle-in-cell XGC1 code [26, 28, 32] including the most
recent Alcator C-Mod high current scenarios with poloidal
magnetic field of the order of the ITER expected value [28].
Even though the BOUT++ and XGC codes have a very dif-
ferent physics they claim a good agreement with the inter-
machine scaling [24] for current tokamaks. Among the main
conclusions drawn by these simulations is the large existing
plasma blobby transport, propagating from the pedestal into
the SOL which nevertheless do not affect the divertor heat
flux width, the latter being dominated by ion neoclassical drift
motion in accordance with the heuristic drift model [29].
However, when extrapolated to ITER 15 MA scenarios,
both codes predict a strong deviation from the Eich scaling,
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with a 6-fold increase in the heat e-folding length to values
of ~6mm or even higher. The explanations offered by the
two approaches are different: the BOUTH+ simulations sug-
gest a regime transition from drift-dominated transport in cur-
rent devices to turbulence-dominated one, caused by increased
turbulence in the pedestal steep gradient propagating into the
SOL and thus contributing to the spreading of the heat flux. It
should be noted, however, that the phenomena described are
inherently non-stationary and thus cannot be directly mapped
into the steady-state inter-ELM SOL width scaling. The pre-
dictions of the gyro-kinetic code XGCl1 are attributed to addi-
tional physical processes implemented: the authors claim that
the increase of )\, is primarily caused by the longer radial
correlation length of the edge turbulence, which is mainly
due to the neoclassical E x B flow shear rate being weaker
with increasing pj poi/a as in the ITER full-scale simulations.
Here, p; pol is the poloidal gyro radius. Indeed, a new formula
(equation (6) in [28]) has been proposed, where on top of the
already established dependence of the ion orbit width para-
meter, 1/ By, a second dependence on the parameter a / Pi,pol
has been added:

4
Ag = ABh (141,08 x 10 (BPOLMP a > )
Pi,pol

where the )\EiCh represents the result of regression #14 in [24].
This inclusion of the parameter a/p; pol, roughly proportional
to the ion banana width in the edge region, determines the
strength of the neoclassical effects including the background
E X B shearing rate: as the ratio becomes bigger (as in the case
of ITER with respect to present tokamaks even with similar
edge poloidal field) the shearing rate becomes smaller thus
allowing turbulent modes to grow and spread into the SOL
enhancing the heat flux power deposition length. Figure 2
summarises the present experimental observations as well as
the simulation validation and extrapolation: a clear increase is
expected to happen at a poloidal magnetic field comparable
to the one expected for ITER at higher current. In this con-
text it should be mentioned that ITER simulations at reduced
current (5 MA) predict a heat flux decay length in agreement
with the Eich scaling [28], thus supporting the idea of a trans-
ition from a neoclassically dominated to a turbulence domin-
ated regime with increasing plasma current, as suggested by
ITER simulations at higher current (10 MA and 15 MA). For
completeness, the 10 MA scenario is derived from advanced
(steady state) simulations of a Q =5 plasma, and the corres-
ponding magnetic equilibrium exhibits a much higher value of
Bpoi,omp than what we would expect from a linear reduction
from the 15 MA case. Nevertheless, despite not being directly
comparable, these simulations still have the merit of proving
the progressing increase of A\, as current is raised from the
5MA ITER case (in line with the empirical regression) to the
full current at 15 MA. It should also be emphasised that the
extrapolation to ITER size and the corresponding predicted
increase in heat flux decay length for high current operation
is far from being a consolidated result. The two codes used for
these simulations predict a comparable increase, but for differ-
ent physical mechanisms, and there is a clear need to address

the problem further, both from a numerical and an interpretat-
ive point of view.

It should also be emphasised that the above numerical stud-
ies for ITER plasmas have been carried out for fully attached
divertor conditions, but as clarified in [16], ITER will oper-
ate with a partially detached divertor, achieved by a combin-
ation of extrinsic impurity injection and high neutral pres-
sure in the divertor chamber. Under these conditions, cur-
rent tokamaks exhibit high separatrix density and collision-
ality ys*ep where several experimental observations [33-36]
provide evidence for an increase in the heat decay length. The
important role of separatrix collisionality is also highlighted in
comprehensive 3D turbulence simulations [37—41]: here the
results of 3D turbulence simulations showing only marginal
agreement with experimental results [42—44]. However, a clear
reduction of anomalous transport with decreasing collisional-
ity appears to be a well-established numerical observation in
support of recent experimental observations [45, 46]. In this
respect extension of the original formulation of heuristic drift
model has been proposed, in the so called generalised heur-
istic drift model [47], to account for enhanced electron parallel
confinement time in the SOL due to increase resistivity which
qualitatively account for the experimental observed increase
of )\, at high density/collisionality.

The heat flux width ), is naturally connected to the scal-
ing of temperature and density Az, , \,: thus any consideration
about the scaling of the heat flux will have consequences as
well on the expected amount of near and far SOL particle
fluxes. If parallel heat transport in the SOL is dominated
by Spitzer (collisional) parallel heat conduction of electrons,
then temperature and power fall-off length are related by
A1, & 3. Such a relation has been confirmed to hold for
ASDEX-Upgrade [33] and reasonably well for JET [48, 49].
In AUG [33], temperature and density are also found to be
strongly related being Az, = %)\,,. For intermediate and low
collisionality, the parallel heat flux is flux-limited, the sheath
determines the heat flux decay length and the relation is mod-
ified in the following way [50]:

—1
. 3/2 1
Aguxfhmned _ ()\/T + )\) 3)

which is found to hold for the TCV tokamak where the multi-
machine ITPA scaling is not fulfilled [51]. Also to note that, the
aforementioned effects of broadening of heat flux with local
separatrix density/collisionality, might act differently on the
heat and particle channels, as clarified in [34].

The heat flux decay length investigation was extended as
well to LIM plasmas scenarios: these effort was deemed partic-
ularly interesting, given that inner or outer wall LIM are gen-
erally used for plasma startup before X-point formation. The
original design of inner wall first panel for ITER was recon-
sidered, after the initial observation of a double exponential
decay on the parallel heat flux SOL profiles of inward lim-
ited plasmas on JET [52] with a much steeper ), in the near
SOL. This motivated investigations on multiple devices [53—
55] where the heat flux profiles in IWL L-mode plasmas has
been derived either from IR or from spanning a wide range
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in machine size from COMPASS to JET. The narrow feature,
i.e. the existence of a steep near SOL e-folding length has been
observed in all the tokamaks and as shown in figure 3, the nar-
row J, is found to scale with poloidal gyro radius, consist-
ently with the already mentioned H-mode scaling and heuristic
drift model. Worth mentioning, that based on these observa-
tion, ITER Inner Wall LIM panels shapes have been modify for
being able to handle reduced heat flux width A, with respect
to the original design [53].

2.3. Classical drift and transport in the SOL

An ordering parameter of classical drifts that characterises the
drift strength in a fusion reactor is given by the normalised
ion gyroradius p* = p/R = p/(aA) with aspectratioA = R/a.
Current devices demonstrate that low- to medium-Z impurit-
ies seem to be generally shifted from the LFS towards the HFS
with E x B drift with the ion magnetic drift directed into an
active lower divertor. This drift-induced change of flow can
be balanced by thermal and friction forces in the SOL, espe-
cially at low densities, partly maintaining the LFS impurity
concentration. From the simple p*-scaling, one would expect
then that at reactor scale (e.g. ITER with R = 6m) the impact
of drift on the recirculation of flows of plasma species would
be less efficient. At high divertor densities like in ITER,
impurity transport is expected to be less affected by drift-
flows themselves as such, since enhanced turbulent transport
and interaction with recycling neutrals provokes redistribution
of impurities between HFS and LFS. In this subsection, the
community effort to understand better the relevance of clas-
sical drifts also at reactor scale (high-power and high-density

plasmas) is presented and the model validation activities are
summarised.

As a first order approximation, classical cross-field trans-
port is determined by motion of charged particles in station-
ary magnetic and electric fields, which could exhibit as well
spatial inhomogeneities, and Coulomb collisions. Despite the
fact that particle and energy losses due to classical transport
are determined by local plasma parameters and gradients, the
processes governing these fluxes may occur on a larger scale
up to the order of the tokamak minor radius. In addition, the
presence of open magnetic flux surfaces and in particular of
the boundary layer between confined and unconfined regions,
induces, for semi-collisional charged particles, an additional
loss channel know as prompt-losses [56—61]. This effect may
be interpreted as an extension of neoclassical transport into
the open magnetic field with a characteristic radial extent of
the order of banana width Ay, . /; ~ g pe; Where ¢ is the safety
factor and p ; is the electron/ion Larmor radius. Prompt-losses
may be relevant, affecting the magnitude of radial electric field
and consequently turbulence suppression in H-mode pedestal.
Nevertheless, despite the large amount of work dedicated to
the physics of prompt losses, the results of analysis of experi-
mental data from different tokamaks remain rather controver-
sial. Indeed while on AUG it is claimed to provide a modest
contribution (10%—-20%) to the edge radial electric field [59],
the data from DIII-D tokamak seems to indicate a stronger
impact [60, 61]: such a controversy clearly calls for additional
research in order to assess the possible role on future devices.
From the numerical point of view, comprehensive simulations
of the edge and SOL plasmas with 2D SOLPS transport codes
based on fluid Braginskii equations and accounting for drifts
and currents show a good agreement of simulated and experi-
mental profiles of electrostatic potential at the mid-plane [62]
(and references therein). The role of drifts, and in particular of
E x B has been proven to contribute substantially to charged
particle recirculation in the divertor region and furthermore to
change according to recycling conditions. 2D numerical mod-
els have been able to reproduce these effects which can be
quite relevant around the X-point as observed both numeric-
ally and experimentally [63-66].

Simulating classical drifts with fluid-plasma/kinetic-
neutral 2D edge codes such as SOLPS-ITER [67, 68] or
EDGE2D-EIRENE [69, 70] adds increased complexity to
achieve numerical convergence that exists already without
inclusion of the drifts. Hence many authors preferred to reduce
the numerical model, for example employing a fluid-model
for neutral transport or relaxing convergence criteria w.r.t. the
chosen time-step in the code. Over the past decade how-
ever, 2D edge plasma codes have demonstrated to be more
reliable when including classical drifts, capturing experiment-
ally observed trends, including a cross-machine comparison
(e.g. for L-mode using UEDGE [71]). Although not always
quantitatively exact, significant progress has been made espe-
cially for the full metallic wall configurations like JET [72,
73]. The absence of carbon in metallic devices does allow a
disentanglement of relevant processes (e.g. classical drifts) in
the understanding of the power and particle exhaust problem.
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With the absence of carbon as the primary plasma impurity
and radiator it is also possible to eliminate some of the free
parameters for impurity transport from the models, i.e. chem-
ical sputtering and consequences from hydro-carbon transport
physics and retention in amorphous carbon layers. But even in
such a less complex case, the disentanglement of physics pro-
cesses relevant for example for the redistribution of particle
flows by drifts and the impact on divertor dissipation is a dif-
ficult task. Most notably in this respect is the work on Alcator
C-Mod [74], and more recently on TCV L-mode plasmas [75]
for a carbon wall and [76] for a full-W wall in AUG. A com-
parative assessment for JET and AUG for nitrogen seeded
L-mode plasmas attempting to derive model-based scalings
for radiation including drifts was presented in [77, 78].

For H-modes, a numerical assessment with SOLPS5.0
has shown that most experimental measurements can be
reproduced in the fluctuating [79] and completely detached
plasma scenarios in nitrogen-seeded AUG H-modes [80,
81]. However, the neutral density and compression in the
(sub-) divertor could not be reproduced using the experi-
mental upstream profiles [81]. This persistent discrepancy
with the experiment manifests in the simulations by an under-
prediction of the neutral flux densities, the line-integrated
Balmer line intensities (Ds and D,) and the deuterium fuel-
ling rates. With the addition of drifts, it has been demonstrated
that an accurate matching of experimental measurements in
both divertors is possible—as opposed to matching the outer
divertor only [82]. This pivotal study was the first to demon-
strate that the high-field side (HFS) region, influenced by the
drift effects, plays a critical role for the overall plasma solution
because of its impact on the fuelling of the confined plasma,
the distribution of neutral particle sources, and the degree of
neutral compression achievable in the divertor. Moreover, the
self-consistent build-up of the high density high field region, as
a consequence of E x B eddy flows, has been found in recent
results from JOREK simulations [83]. The observed inverted
radial density profiles on the HFS together with the drift flows
lead to plasma flow into the confined plasma, accountable for
the fuelling of the confined plasma and therefore eliminat-
ing a long-standing discrepancy in the neutral compression
ratio of modelling and experiment. Consequently, the model
of the perpendicular diffusive transport coefficients and/or
the application of a convective transport component could be
reconciled, allowing to increase the divertor neutral density
similar to experimental levels—along with neutral radiation
levels, the deuterium fuelling rates and the measured elec-
tron densities in the inner divertor volume. The activation of
drifts and currents in very recent simulations of XPR regimes
induced by strong nitrogen radiation improved the agreement
with the AUG measurements by the divertor TS diagnostic,
especially on the high-field side [84].

Neon is currently favoured for ITER to avoid issues
of plasma chemistry (production of tritiated ammonia) and
another long-lasting question is whether neon would perform
as good as nitrogen as a divertor radiator in H-mode ITER

regimes. Whereas for AUG it was problematic to sustain a
neon seeded discharge in H-mode, JET demonstrated stable
conditions in case of power Pyg; > 24MW. Recent simula-
tions with SOLPS-ITER for such JET high-power discharges
showed [85], that neon performs as efficiently as nitrogen at
moderate separatrix Zeg < 1.5 for partially detached condi-
tions (corresponding, respectively, to N and Ne concentra-
tions higher than 0.7% and 0.4% at the main chamber sep-
aratrix). This modelling clearly reveals the importance of drift
flows also for the ITER case, redistributing plasma between
the divertor plates through the PFR, and thus potentially
limiting the ITER divertor operational space (see figure 14
in [16]). At deeper detachment the retention of nitrogen was
better than for neon in the model, partly related to a system
size effect but at higher power however this effect might be
again moderated. A more detailed multi-machine simulation
exercise for AUG-JET-ITER was also undertaken to further
quantify this scale size effect for seeded H-mode conditions
with drifts turned on [86]. The main results were that, (a) the
outboard and inboard divertors are more symmetric for lar-
ger machines, with the symmetry increasing with higher seed-
ing, i.e. for more detached divertors; (b) in smaller machines
drift effects are more significant and divertor asymmetries
more pronounced, as expected from a simple scaling with
poL = P/Lc x (qos R)_l; (c) in larger devices the ionisation
of neutral particles takes place closer to the targets and neutral
impurities are better confined in the divertor (first ionisation
potential effect); and (d) in larger devices with larger power,
neon radiation is as efficiently localised in the divertor region
as for nitrogen, and thus heat load control in ITER with neon
seeding is expected to be as nearly equally effective as in JET.
However, the work in [86] did not consider a change of near-
SOL transport to reflect the A, o< 1/I;, dependence of the Eich-
scaling [24], and the drift strength may rather obey a scaling
qu = p/Aq o I, that is independent of the major radius R.
The structures of plasma flow, electrostatic potential and
electric current in classic SOL are rather complex and determ-
ined not only by drifts, but also by a contact with conducting
surfaces (divertor targets) as well as by the ionisation sources
and energy sinks [87]. Such complexity could be illustrated by
the fact that for the radial scale of the SOL ~ g p; and electro-
static potential ~ T, /e, the E x B drift velocity becomes com-
parable with poloidal projection of plasma flow along the mag-
netic field lines with Mach number order unity, which causes
plasma pressure variation along the magnetic field [88]. On
the other hand, as already said, upstream plasma potential pro-
file and consequently radial electric field are strongly influ-
enced by the conditions met at the boundary and in particu-
lar from the target recycling conditions. Numerical investiga-
tions revealed indeed different radial electric field strength and
radial profiles depending on the divertor geometry [89], PFCs
materials [90] and recycling states modified by the presence
of extrinsic impurities [91]. Whenever experimentally invest-
igated, the clear dependence of upstream radial electric field
on divertor temperature and profiles has been confirmed [92].
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2.4. Turbulent transport in the near and far scrape off layer

As already mentioned, not all the physical processes observed
in the SOL region can be ascribed to classical or neoclas-
sical effects. On the contrary, anomalous transport repres-
ents the main source of losses in particular for the electron
channel both for heat and particles. The proper description
of anomalous transport in the SOL can still be reasonably
well described in a fluid collisional regime, being collision-
ality v* = qR/Ac 2 1 (with ¢ the safety factor, R the major
radius and A¢ the Coulomb mean free path) although, it does
not guarantee that more collisionless regions, adjacent to the
SOL, do not alter anomalous transport in the SOL due to the
turbulence spreading. It is widely accepted indeed that in the
H-mode pedestal the turbulence is significantly suppressed by
velocity shear effects [93]. In particular, analysis of the ion and
electron heat fluxes in the AUG H-mode pedestal [94] shows
that whereas ion heat flux is rather well described by the neo-
classical heat diffusivity, the electron one is well above the
corresponding neo-classical values and is comparable with the
ion one (although with a large error-bar). The fact that velo-
city shear layers only suppress ion-scale turbulence is well
documented [93], and the reduction of inter-ELM fluctuations
observed in the SOL during H-mode would indicate that the
surviving electron-scale turbulence are most likely not suffi-
cient to seed large turbulent structures in the SOL, although
differences may arise according to the explored plasma condi-
tion as later described.

The disparate scales involved, as well as the different col-
lisionality of pedestal and SOL, which as aforementioned
are tightly connected, implies that the numerical investigation
of the physics of anomalous transport and comparison with
experimental data is only possible through complex numerical
simulations which are presently at the limit of current numer-
ical capabilities and extrapolation to full size devices for ITER
class experiments are demanding exa-scale class simulations.

Overarching issues of anomalous SOL plasma transport are
the role and interplay of different players, namely broad band
electromagnetic turbulence and blobs [95, 96] high-density
plasma filaments extended along the magnetic field lines
which intermittently peel off from the vicinity of the separatrix
and ballistically propagate in the radial direction. Broadband
turbulence not only contributes to anomalous transport as
already documented in several devices such as TCV, JET,
AUG, Alcator C-Mod, DIII-D [97-105] but also due to non-
linear effects may represent the source of both blobs and to
some extent ZFs in the edge of the confined region.

Concerning blobs, improvement in diagnostic capabilities
provided the possibility to image these filaments and prop-
erly track their motion (see [17] and reference therein for a
review) underlying their capabilities to travel with a radial
speed of the order of 100-500ms~' as seen for example
in figure 4. Their general features are presently well under-
stood and documented in particular in L-mode with a local
pressure perturbation in the perpendicular plane and exten-
ded along the parallel direction with ky /kj > 1. The self-
consistent electric field, generated by a charge polarisation

force as for example the curvature drive, determines the afore-
mentioned E x B radial motion of the blob. The magnitude of
the electric field, which ultimately determines the convective
radial velocity, depends on the balancing of the current source
term (the charge polarisation force) with the parallel and per-
pendicular loss current in the so called blob electrical circuits.
Several different current closure schemes have been proposed
(see for example [95]), each of them determine different blob-
size/velocity scaling: at very low collisionality the blobs are
in the so-called sheath limited regime extending up to the OT
with the dominant return current flowing to the sheath and
limited by the sheath-resistivity. Another possible mechan-
ism, dubbed as ideal ballooning regime, occurs whenever the
curvature drive (assumed here as the main charge-polarisation
drive) is balanced by the polarisation current. Sufficiently
close to the X-point, as is the case in some regions of a diver-
ted tokamak geometry, the dominant return current path is
the cross-field resistivity, which is magnified by the strong
squeezing of the magnetic flux tubes near the X-point due to
magnetic shear and poloidal flux expansion. Such a regime is
generally called as resistive X-point regime: in this case the
current-return path perpendicular to the flux tube is reduced by
the strong compression due to the large magnetic shear close
to the X-point. Finally in the case of very high collisionality
the filament is in the so-called resistive ballooning regime, no
more electrically connected to the target and the ion polarisa-
tion drift is the dominant return current. What matters most in
the determination of the different blob-regimes is the differ-
ent scaling properties of the convective velocity with respect
to their size which ultimately influence the amount of trans-
port radially convicted outwards. From the experimental point
of view, several clear indications confirm the large electron
density perturbation associated to these blobs [97-105, 107—
110], as well as a clear indication of associated electron [105,
111] and ion temperature [53, 103, 112—-115] fluctuations. It is
worth remembering that the equipartition time between ions
and electrons is much larger than the transit time of the par-
allel ion heat flux, resulting in 7} /T, > 1 at the separatrix and
throughout the SOL. The experimental observation neverthe-
less, with ion temperature values about 2-3 times larger than
the electron one are unlikely to be ascribed to this simple
parallel transport mechanism and have a strong implication
as well on the dynamics of turbulence resulting in different
ion and electron e-folding length in the SOL [103, 114]. The
high 7; values measured at filaments may be relevant as sep-
aratrix temperatures are increased in ITER, since the radial
propagation of these structures may transport such energetic
particles close to the FW. This potential problem was partially
assuaged by recent experiments [116, 117], which provided
observation of strongly skewed ion temperature distribution
functions with the tendency towards a reduction of the T /T,
ratio as line average density is increased. Several investiga-
tions on the parallel extension of the filaments reveal how these
are elongated from OMP to the X-point [118] and even up to
the target [119, 120], with a clear associated pattern of par-
allel current [121, 122]. It is worth mentioning that most of
blob characterisations have been obtained in L-mode, due to
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(d) 3.9 MW NBI late H-mode phase, 429.80 to 429.93 ms (t, ,;,~194.0 ms)

Figure 4. Different levels of activity are observed during H-mode with the GPI (gas puff imaging) diagnostic on NSTX. Each box in these
image sequences shows a 24 x 24 cm portion of the edge just above the outer mid-plane. The inter-frame time is 7 us. Reprinted from [106],

Copyright (2011), with permission from Elsevier.

the easiness of the measurements as well as the availability of
local information from insertable probes, but whenever dia-
gnostics are capable of investigating H-mode [46, 102, 116,
123-127], no significant differences were observed on blob
properties between L-mode and inter-ELM filaments at least in
low density Type-I scenarios. It is commonly accepted that the
plasma anomalous transport and corresponding non-linearly
generated structures such as the blobs in the vicinity of the
separatrix, SOL, and divertor regions are related to the turbu-
lence driven by the curvature effects, resulting, for example,
in resistive ballooning (RB) instability (which resembles the
Rayleigh-Taylor instability in a stratified fluid situated in a
gravity field), RDWs, and the VT, instability, associated with
the electron temperature gradient and sheath effects, in the
SOL. Actually several experimental observations [128—133]
revealed that intermittent filamentary structures emerge as
well in the divertor regions below the X-point without being
necessarily correlated with mid-plane ones. They are observed
to propagate in the PFR as well, with a still undetermined
role on transport spreading into the PFR. For these structures,
the main drive remains mostly drift-interchange due to the
combination of curvature effect and RDWs [133]. However,
additional underlying mechanisms have been proposed such
as Kelvin—Helmholtz instability, which could arise because of
the sheared E x B flow that forms around the separatrix devel-
oping along the divertor leg [134], and have an overall effect
of reducing turbulent transport into the PFR. Nevertheless, in
practice all these modes could be unstable and undergo com-
plex non-linear interactions with each other.

Finally, strong toroidally symmetric E x B flows are expec-
ted to arise at the edge of the confined region. They are driven
by neoclassical as well as turbulent effects. The former include
diamagnetic flows, poloidal and toroidal rotation, as well as
the ion prompt losses through the LCFS to PFCs. Turbulence
can modify all of these, and additionally it can sustain so called
ZF through the nonlinear Reynolds stress [135-137]. Whereas
the neoclassical effects produce E x B flows with a charac-
teristic radial scale-length of the order of the scale length
of plasma parameters and supra-thermal ion banana width,
respectively, the latter mechanism could generate ZF in the
so-called meso-scale radial wavelength (larger than the ion
gyro-radius, but smaller than the machine size). This mech-
anism can arise from different kinds of micro-turbulence: for

example, 2D simulations of RDW turbulence [138, 139] have
shown the development of jet-like narrow zonal flows with a
width of a few ion sound gyroradii, ps [139], with the capab-
ility of trapping turbulent eddies and reduce the correspond-
ing anomalous transport. Similarly, ZF generation from ITG
turbulence has been shown in gyro-kinetic simulations [140].
The eddy trapping effect becomes stronger at lower collision-
ality [141], thus suggesting a lowering of the zonal flow bene-
ficial effects at higher collisionality like the one foreseen for
ITER separatrix operation. It is worth mentioning that zonal
flows do not directly contribute to the convective transport but
can modify it due to their effects in the dynamics of both broad-
band turbulence and blobs.

In order to tackle the described complex behaviour sev-
eral different approaches have been pursued from the theor-
etical/numerical point of view. Analytical and semi-analytical
considerations focused primarily on some conceptual issues
of edge plasma turbulence and comparison of major find-
ings and trends with experimental data (including an inter-
play of nonlinear zonal flow generation and turbulence
induced transport as well as the blob velocity scaling cor-
responding to different regimes of blobs, see reviews of [95,
96, 135, 136] and reference therein). Numerically, simpli-
fied turbulent models, often performed in 2D or 3D flux-
tube spatial domains, have been developed primarily for
the determination of key physical ingredients of anomal-
ous transport in highly non-linear regimes [138, 142-146]
or in reduced form by simple collisionality dependent diffu-
sion in EDGE2D-EIRENE [147]. Finally a complete treat-
ment of the edge plasma transport in fully 3D geometry is
possible, although extremely demanding at ITER scale in
term of numerical costs: on this respect different approaches
and codes have been developed as GDB [38], XGC [26],
BOUT++ [148], GRILLIX [149], Gkeyll [150], GBS [39,
151], Tokam3X and SOLEDGE3X [152], GENE [153],
PICLS [154], COGENT [155] and GENE-X [18] with differ-
ent implementation from fluid to gyro-fluid and gyro-kinetic,
both with continuum and PIC discretisation, solvers which
have been extended in recent years in order to account for
proper treatment of X-point topology and complex wall geo-
metry as well as including additional elements such as the
interaction with the neutrals. It is worth mentioning that the
present ITER divertor design is based on 2D SOLPS and
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SOLPS-ITER codes [16] which assumes radially varying dif-
fusive transport coefficients which are not coming from first-
principle evaluation as the ones obtained from previously men-
tioned turbulent codes. An approach recently considered the
possibility to include non-diffusive transport into standard 2D
suite of codes using different techniques [152, 156—164]. This
can be considered as a reduced method to account for anom-
alous transport without the need for full-scale 3D turbulence
codes.

2.5. Far SOL transport and link to divertor and separatrix
condition

Among the rationale for investigating the near and far SOL
transport is the determination of the particle transport and cor-
responding scale length which ultimately provide information
for extrapolation of sputtering rates of FW and divertor targets.
Such consideration needs to account for the foreseen opera-
tional space of future devices, with high separatrix density,
and in order to ensure maximum tolerable loads and avoid
W recrystallisation, high divertor neutral pressure and at least
partial [16] if not full [165] detachment mostly ensured by
extrinsic impurity seeding. When present devices are operated
at high density with intense gas fuelling, a progressive flatten-
ing and broadening of the SOL density profile is observed, a
process known as shoulder formation. Such a process has been
extensively documented in L-mode [97, 166—173] with some
common clear observations related to the increase of the fila-
ment activity primarily due to variation of the blob size [171,
174, 175], blob radial velocity [103, 127] and the correspond-
ing convective components of radial transport [103, 176]. It
is worth noting as well that with increased fuelling also the
plasma flow in the SOL is modified, with even an inversion
of the poloidal flow direction of the fluctuations as reported
in [177-179] and variation of parallel Mach number at the mid-
plane [103, 179].

In experiments performed in L-mode without extrinsic
impurities, it has been commonly observed that the SOL
density profile broadening starts forming when the diver-
tor moves into a high-recycling condition [127, 172, 174,
180]. These observations suggested that divertor collisional-
ity, described by the parameter A oc Lj 14i/cs, would prop-
erly describe the appearance of a density shoulder primar-
ily causing the filament to detach from the OT and increase,
according to the two-region theory proposed in [181], their
radial velocity and correspondingly their convective trans-
port contribution [103, 169]. Actually further experiments
where collisionality has been varied using either geometrical
shape variation [171, 172], or increasing collisionality via
extrinsic impurities only [172, 173, 180], revealed that the pro-
posed framework was not universal, with no upstream pro-
file modification observed whenever high recycling or detach-
ment was achieved by pure impurity seeding. On the other
side, numerical simulations pointed towards a strong role
played by the mid-plane neutral density [116, 182, 183] with a
major role played by neutrals coming from target recycling
highlighted on AUG: nevertheless all these numerical veri-
fications required an additional power flowing into the far

SOL which can only be accounted for by an increased con-
vective filamentary contribution. The numerical evidences of
the role of neutrals are experimentally supported by evid-
ence collected in several devices: both on AUG [184] and on
JET [172], upstream modification have been correlated with
experimental observation of an increase of neutral density in
the divertor region, further spreading into the main chamber.
Similarly EAST experimental data highlight the dominant role
played by neutral pressure with respect to the one induced by
nitrogen-induced detachment [175] in the process of upstream
shoulder formation. Recent results from TCV [176], with com-
parison between baffled and unbaffled discharges points as
well towards an important role played by mid-plane neutral
pressure in order to observe SOL density profile flattening and
broadening. The picture arising from L-mode plasmas is thus
that shoulder formation requires several ingredients: a cer-
tain mechanism of increased intermittent transport ensuring
enough power reaching the far SOL, a reduced parallel flow, as
confirmed as well by 3D turbulence simulation including neut-
ral species [ 185, 186], and an increase of local neutral sources
either via target or FW recycling. The reduction of far SOL ion
temperature observed along density shoulder formation [103]
represents a further experimental evidence supporting the role
of local ionisation process.

Shoulder formation is observed as well in H-mode [35, 46,
116, 127, 172, 175, 187, 188] with the plasma at most in high
recycling state without the need to be detached, and with a
stronger dependence on the level of fuelling [46, 116, 127]:
example of the observed evolution of upstream profiles for
three different devices are provided in figure 5. No shoulder
formation has been observed in cases where strong divertor
dissipation is reached using nitrogen seeding only [172, 189]
consistent with the model proposed in [183]. In cases where
upstream density profile broadening is observed, the ), at the
target increases as well [35, 46, 190]. It is worth noting that,
experimentally, the operation at very high level of fuelling
(even without seeding) is generally associated to a modific-
ation of the ELM regimes, often with a transition to small-
ELM regimes/quasi-continuous exhaust (QCE) regime [35],
in particular whenever strong plasma shaping with high top
triangularity and elongation is exploited. H-mode high dens-
ity shoulder formation is also associated to an increased fila-
mentary activity [46, 127, 188]: inter-ELM blobs exhibit lar-
ger size and higher radial velocity [46, 126, 189]. Together
with shoulder formation experiments confirm a higher fila-
ment detection frequency [126] and observations support clear
indication of enhanced activity close to the separatrix in the
confined region. Leveraging on pioneering work of [142-144],
a framework for the interpretation of increasing activity at
such high density has been recently proposed [34, 45] where
the plasma condition is described by a turbulence parameter
Oy X gy v evaluated with density and temperature just inside
the separatrix. Such a parameter has been shown to regu-
late the strength of resistive interchange transport relative to
drift-wave turbulence by setting the parallel adiabatic response
and thus the phase shift between density and potential per-
turbation [144]. Experimentally it has been shown that the
parameter oy increases with the divertor fuelling and divertor
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Figure 5. Upstream profiles normalised to the density at the separatrix for three different tokamaks (TCV, ASDEX Upgrade, JET) at two
different levels of fuelling. Profiles are ELM filtered at low density (with 70%—90% of ELM cycle considered), whereas at high density
whenever small-ELM regimes are reached the entire profiles are considered. Corresponding values of the turbulence parameter o, as

described in [34] are provided. Data elaborated from [191].

neutral pressure [46, 191] primarily due to an increase of the
separatrix density with relatively small variation of the sep-
aratrix temperature with increased neutral pressure [192]. This
corresponding modification of ¢, according to the theory is
associated with an increase of the interchange type turbulence
finally responsible for an increase of the number of filaments
expelled from the confined region into the SOL as shown for
example in [126]. These filaments exhibit a larger radial velo-
city [46, 126, 191] and an increase of their frequency as well,
thus contributing to the increase of the convective radial trans-
port, which may still represent a substantial fraction of Psor
tens of mm away from the separatrix [103]. In this sense,
recent calorimetry measurements on AUG provide evidence
of an increase of the energy deposited onto the FW whenever
shoulder formation is achieved at large values of «; [193].
The extrapolation of the present observations to next step
devices is not straightforward. Indeed, the almost linear rela-
tion observed in small machines between fuelling level and
increasing separatrix density and separatrix collisionality or
oy [46, 191] will not be fulfilled with a highly compressive
divertor as the one designed for ITER [194]. Instead, the sep-
aratrix density at ITER will most likely saturate with increas-
ing neutral pressure at the target [194], due to the highly com-
pressive divertor design reducing the neutral leakage from
divertor chamber to main SOL and thus limiting the neutral
density at the mid-plane. This effect will be reinforced by
another key difference, ascribed to the fuelling method: for
ITER, core fuelling is mostly ensured by pellets rather than
gas puffing. The investigation of shoulder formation whenever
the plasma is mainly fuelled through pellets is less extensive
in present experiments: preliminary indications suggest that
steeper near SOL e-folding lengths are observed with pel-
lets [195] with respect to gas fuelling cases but clearly fur-
ther investigations are needed as the ones proposed in [36].
It is unclear whether this is due to a lower recycling neut-
ral flux, either at the target or at the mid-plane, in the pellet

scenarios investigated, or to alterations in the necessary radial
transport that ensures sufficient power for the re-ionisation
of the recycling neutrals. In any case, further well-designed
experiments are required to understand the mechanisms at play
qualitatively.

One possible way in which this effect may be offset is
through the main wall recycling, which might combine with
a broadened SOL density profile to reach a high-recycling
regime as the one reported in Alcator C-Mod [196]. In this
condition the turbulence-increased perpendicular heat fluxes
would provide the energy to keep the ionisation front away
from the separatrix. In this sense, studies in present-day
machines offer different interpretations which still require fur-
ther investigation to incorporate them into a single picture.
SOLPS-ITER simulations reproducing the shoulder formation
in AUG indicate that main wall recycling plays a minor role
as a source of neutrals [183], the latter being dominated by
target recycling. However, previous simulations carried out
with EMC3-EIRENE in AUG [182] pointed towards a stronger
effect of main flux recycling although a proper comparison of
the ionisation source caused by either main chamber or diver-
tor recycling was missing. Similarly, recent simulations car-
ried out in JET with SOLPS-ITER and EDGE2D conclude
that main wall recycling represents a significant contribution
to neutral density at the mid-plane and strongly influences
Nesep [197]. Clearly the relative contribution of main cham-
ber vs divertor target recycling may further depend on diver-
tor neutral leakage or overall machine size and, as aforemen-
tioned, further experiment and modelling are needed. The role
of the main wall recycling is also linked to the PFM: high-
Z metals like tungsten have a substantially higher reflection
coefficient for impinging hydrogenic ions than carbon or low-
Z metals like beryllium. Since reflected ions have much higher
energies (in the range of tens of eV) than thermally desorbed
ones, they have a significantly larger mean free path, thus pen-
etrating closer to the separatrix and leading to steeper density
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gradients inside the separatrix [198]. Regarding potential iso-
tope effects, it is worth mentioning that density profile broad-
ening are observed as well in tritium plasmas [199] confirming
the near SOL e-folding length increase with separatrix colli-
sionality. A subset of these T experiments exhibit complete flat
density profiles: these cases cannot be identified by an anom-
alously higher separatrix collisionality, confirming that high
Vgep OF v is mandatory but not sufficient to ensure a density
shoulder formation. Also in these cases, similarly to [193], the
wall temperature increases with a significant time rate and this
has been attributed to increased SOL NBI ionisation due to
the denser far SOL. In this sense, the enhanced thermal trans-
port observed in presence of shoulder formation could have
two main consequences: first, if a substantial fraction of Psor,
is convicted by filaments, separate e-folding lengths could
appear for the ion and electron species. Since A, ; > A, the
near-SOL could still be dominated by an Eich-like narrow )\,.
However, the fraction of the power not being transported by
electron parallel conduction in the near SOL would result in
lower maxima in the heat flux distribution on the target. This
kind of double-), SOL has been reported in the upper divertor
of AUG, where the wider field of view allowed for the observa-
tion of the longer ), ; tail [190]. Second, the enhanced flows
onto the main wall may have a direct impact on the erosion
rates of the PFCs depending on the material they are made of.
The previously discussed cooling of ions after shoulder forma-
tion should be confirmed as soon as possible, since the sputter-
ing yield of Be is dramatically changed when the energy of the
impinging hydrogenic ions—or more typically, a sufficiently
populated high energy tail of its distribution—approaches the
100 eV range. On the other hand, the expected SOL hydro-
genic ion energy levels would pose no erosion issue for a W-
coated wall, unless a substantial concentration of impurities is
transported along with the blobs [200].

All these factors imply that, although ITER separatrix dens-
ity may achieve the level of collisionality (or o) needed to
stimulate the ballooning turbulence in the separatrix region
to ensure higher transport into the SOL, the level of ionisa-
tion source at the mid-plane might prevent the formation of
a density shoulder, unless main wall recycling, for which the
selected material will play a critical role, may be sufficient to
sustain the enhanced densities. Finally, the main effects of a
shoulder formation might be a partial reduction of the max-
imum heat fluxes onto the targets and a potential enhancement
of the erosion rates at the main wall. This last effect would be
severely mitigated either if the cooling of ions after shoulder
formation is confirmed or if W is selected as the FW mater-
ial. In this respect the effort done by 3D turbulence codes to
self consistently include neutral atoms and molecules [44, 185,
201] may provide the answer, once the numerical schemes will
be optimised up to the point of being able to simulate ITER
scale scenarios.

2.6. Divertor transport and its influence on upstream plasma
parameters

Important for the understanding of divertor detachment is
detailed knowledge about the competing effects in a dense

divertor. Various overview papers exists with references
therein that discuss different aspects of the physics of detached
divertors, including basic experimental observations (for an
early assessment see [202]), basic detachment physics [203—
206] and edge modelling and validation activities [72, 73,
207, 208]. Significant progress on the physics understanding
could be achieved with the absence of C in metallic devices
such as the JET-ILW that allowed a better disentanglement
of relevant processes in the understanding of the power and
particle exhaust problem. For a 2D divertor plasma model
allowing an adequate prediction of the ITER divertor opera-
tional space the following features should be included to repro-
duce all the stages of the transition into detachment [79] on the
basis of operational constraints as input parameter (system size
and geometry, neutral pressure, particle throughput and SOL
power flow) [72]:

the cross-field drifts (i.e. ExB and grad-B drifts,
section 2.3),

a SOL transport model which does reflect also the advect-
ive nature of transverse turbulent transport (sections 2.4
and 2.5),

and as complete as possible kinetic neutral physics model
including volume recombination and, concomitantly,
arepresentative geometric model for the vessel structure and
internal divertor components at least in 2D, including an
adequate model for neutral conductances up to the pump-
ing region.

Consequently, it is almost impossible to derive a simple scal-
ing law for power and particle exhaust in the divertor to predict
edge plasma and neutral conditions at a reactor scale. Some
features of the ramified physics can be maintained in the para-
metric sense. In unseeded H-mode and L-mode gas scans on
JET-ILW, the averaged OT electron temperature, (T¢ o), has
been observed to be a key parameter in correlating changes in
the divertor recycling regime with the OMP separatrix dens-
ity, Ne sep [209]. Whereas the deuterium gas valve fluxes and
localised neutral pressure measurements in the divertor (see
e.g. [210]) are suitable engineering parameters for correlat-
ing detachment evolution to n. «p changes via increasing edge
particle inventory for a particular divertor geometry, (7. or)
is shown to reconcile changes in pumping efficiency in differ-
ent JET-ILW divertor configurations. Hence, previously repor-
ted [211, 212] divertor geometry influence on plasma perform-
ance is reconciled by mapping n. s, as well as global perform-
ance parameters such as Hog, density peaking to (7. or) thus
yielding robust correlations, and more clearly linking changes
in the edge plasma recycling and neutral dynamics to the con-
fined plasma fuelling and observed performance degradation.

Clearly other ingredients are found to play a role in set-
ting ne sp, namely the divertor recycling, the neutral leak-
age clearly influenced by divertor geometries [183, 213, 214],
the FW materials and the main chamber recycling. The lat-
ter is hard to be properly modelled since it depends on far
SOL transport which, as previously mentioned, is strongly
anomalous.
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ITER divertor design simulations for type-I ELMy H-mode
detached scenarios usually assume diffusive radial transport
coefficients to be set in the numerical model to identify the
specific heat decay parameter )\, in the near-SOL (i.e. for the
ITER type-I H-mode simulations [215] anticipating additional
widening A, &~ 3mm > AF") independently of how the diver-
tor dissipates the heat-flux downstream [16]. The argumenta-
tion follows by the fact that upstream )\, is essentially set by
the assumptions for the ratio radial to parallel heat conductiv-
ity and thus ), in high-power H-modes is barely affected by
the divertor transport itself (cf section 2.2). SOLPS-ITER sim-
ulations have confirmed this for unseeded JET H-modes [216]
and also with low- to medium-Z seeding (e.g. with Nitrogen)
using EDGE2D-EIRENE [217, 218]. With the impurities act-
ing mainly on the level of dissipation in the divertor, there is
no impact on the upstream conditions or the confined plasma
region itself observed [85].

Along the field, parallel SOL plasma transport in high
density conditions competes with dissipation driven by radial
losses (e.g. turbulence or classical drifts) and the interac-
tions with the neutrals and impurities. A rigorous attempt to
identify and collect all relevant ion-neutral interactions and
neutral collisional and transport processes for the ITER diver-
tor design is summarised by Kotov and Kukushkin [215, 219]
(and references therein). It is now widely accepted that for
the overall ionisation-recombination balance in high dens-
ity divertors, additional processes such as ion-neutral elastic
collisions, charge-exchange (CX, resonant and non-resonant,
including CX with impurities [220]), molecular assisted pro-
cesses for enhanced recombination, ionisation and dissoci-
ation (MAR, MAI and MAD, respectively, [221-224]), neut-
ral viscosity effects (neutral-neutral collisions) [225] and
radiative excitation from opaque Lyman photons [226-228]
must be considered. Spectroscopic investigation of N and
Ne seeded induced detachment in JET ITER-like wall L-
modes combining experiment and EDGE2D-EIRENE model-
ling demonstrated an enhanced ionisation at the OT is caused
by high Lyman series opacity [229]. Here, and in contrast
to experiment, EDGE2D-EIRENE simulations using optic-
ally thin divertor plasma assumptions show a larger impact of
volume recombination and a factor of two shortfall in the LFS
divertor 7.

Various authors have demonstrated that the full inclusion
of all aforementioned processes help to improve comparative
studies of the divertor conditions in various devices (AUG [76,
230], JET [225, 231], Alcator C-Mod [74, 227] to cite only a
few and a summary is given in [72]).

Although the recycling cloud peaks close to the strike-lines
of the SOL plasma on the targets (with particle fluxes of the
order 10?* s~! being dominant compared to the applied gas
throughput), the neutral particles become less and less con-
fined in the divertor PFR and flow disconnected from the mag-
netic field in the divertor volume and between sub-divertor
structures. As a consequence, neutrals can equilibrate any
occurring in-out asymmetries in the heat-flux that might be
existing at lower density due to outward ballooning trans-
port and/or combined poloidal and radial E x B drift-flows.
A drawback is the loss of particles into the main-chamber and

thus a closed divertor like a vertical-target (VT) configuration
is beneficial to minimise the detrimental geometrical effect on
neutral compression as foreseen in the ITER divertor design.
Various numerical studies have been pursued to demonstrate
the advantage of a closed divertor compared to a more open
divertor for various devices (JET [232, 233], DIII-D [234],
TCV [75]). Also the impact on the recirculation of particles
below the divertor volume through sub-divertor structures up
to the pump has been assessed by using a DSMC model
approach for ITER [235] and JET [236]. The results were com-
pared to previous benchmarks with EIRENE on JET [236,
237] demonstrating that the measured sub-divertor pressure
can be matched for a given particle throughput in the exper-
iment. The relevance of isotope effects in neutral transport has
been demonstrated at JET ILW in H, D, DT and T campaign
experiments for the onset of detachment [238]. Heavier iso-
topes due to their reduced speeds at otherwise fixed energies
during recycling (assuming sheath conditions with 7, < 2eV)
seem more confined in the divertor region causing less leakage
and thus allow an earlier achievement of detachment at similar
upstream densities [238]. The observations support previous
results obtained on JET in C-wall era where detachment onset
was observed at lower density for heavier isotope in Vertical
divertor configuration in L-mode plasmas [239].

All the divertor processes described so far can be ascribed
to some extent to interaction between charged and neutral
particles or classical drifts (cf section 2.3). Nonetheless exper-
imental evidences of divertor turbulence, not necessarily con-
nected to the mid-plane turbulence previously described, have
been reported [108, 240-242] for a long time with some theor-
etical predictions of the role of the X-point [243] geometry or
divertor leg turbulence [244]. Despite this the amount of the
information and the level of understanding of plasma turbu-
lence in the tokamak divertor (including X-point region, diver-
tor legs, and the PFR), is by far less advanced with respect
to main SOL investigations. However, turbulent plasma trans-
port in the private region along with drift effects might play
an important role in the filling of the PFR with plasma, which
forms the baffle preventing the penetration of neutrals from
divertor to the core in the vicinity of the X-point. On the other
hand, anomalous cross-field plasma transport in the divertor
legs could be an important player in widening of the heat flux
footprint on divertor targets, in particular important for the
cases of advanced divertor configuration with additional X-
points [245, 246] or long leg divertors [132].

Indeed, largely motivated by the interest towards
Alternative Divertor Configurations, the amount of experi-
mental and theoretical studies dedicated to divertor turbulence
greatly increased in the recent years. Experimentally, inform-
ation has been gathered using optical imaging diagnostic and
reciprocating or wall mounted Langmuir probes [119, 128,
130, 131, 133, 247-249], focusing primarily on the dynamics
of blobs, arising as non-linear evolution of plasma turbulence
in both inner and outer divertor leg, as shown for example
in figure 6 where divertor filaments as observed on NSTX
are shown. It was found that similar to the blobs in the SOL,
the blobs in the divertor region (in both inner and outer legs)
move radially outwards towards the main-chamber wall. This
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Figure 6. Li I imaging of divertor fluctuations in NSTX: fluctuating
(left) and average (right) components. Reproduced from [131]. ©
2018 IAEA, Vienna.

indicates that the interchange drive is the main mechanism
propelling blobs in both SOL and divertor, although other
mechanisms (e.g. Kelvin—Helmholtz instability) might ori-
ginate similar structures. The velocities of the blobs in the
divertor region are a few hundred m/s and also close to that
in the SOL (e.g. see [130, 249]). The role played by divertor
turbulence and divertor leg geometrical factors in the broaden-
ing of the density and particle fluxes at the target in inner and
outer divertors is presently under investigation [134, 249]. As
theoretically predicted [243], the level of correlation between
main SOL and divertor blobs in the vicinity of the separatrix is
low, implying the disconnection of the SOL and divertor tur-
bulence due to X-point induced magnetic shear. An increase
of such a correlation is on the contrary observed further toward
the outer wall (e.g. see [248]).

2.7 Conclusions

Proper understanding of SOL physics and transport still rep-
resents a major challenge on the path towards reliable extra-
polation of edge plasma characteristics to future devices. As
stated, while the dynamics of parallel transport is reasonably
well understood, including kinetic corrections and possible
boundary conditions at the sheath, perpendicular and binor-
mal transport is strongly influenced by turbulent processes
which require complex 3D multi-scale simulations to be prop-
erly treated. Nevertheless in the past 15 years significant pro-
gresses have been achieved which increase confidences on
physics understanding. A multi machine database of the heat
flux decay has been established, providing a robust depend-
ence of the heat-flux decay length for stationary inter-ELM
period in attached Type-I ELMy H-mode with the inverse of
the poloidal field strength at the OMP has been established.
The scaling has been tested up to the magnetic field strength
of the order of the one foreseen for ITER, projecting for ITER
a value below 1 mm. Nevertheless, numerical simulations of
ITER 15 MA operations suggest a bifurcated behaviour with
rapid increase of )\, for ITER likely due to a change on the type
of anomalous transport foreseen across the separatrix in ITER.
Unfortunately, none of the present running devices will be in
the position to test the predictive transport modification and

next step devices or further numerical independent modelling
are mandatory to increase confidence on the expected beha-
viour. Concerning anomalous transport, which proved to be
the main driver of far SOL heat and particle fluxes, it has been
universally recognised to be dominated by macroscopic fila-
ments, which propagate due to an internal polarisation. This
mechanism has been modelled by electrical circuit-like mod-
els which have been reasonably well validated experiment-
ally mostly in L-mode, but without substantial differences
observed so far with inter-ELM filaments in H-mode low dens-
ity scenarios. Although substantially less experimental evid-
ence exists, these structures have been observed as well below
the X-point, driving transport into the PFR. They seem to have
similar drift-curvature drives, with possible additional mech-
anisms (such as Kelvin—Helmbholtz instabilities along the shear
layers close to the separatrix) at play.

High separatrix density with high gas throughput is envis-
aged for future burning plasmas. In these operational regimes
all present devices exhibit a SOL density profile broadening
known also as shoulder formation. While an overall under-
standing of such a mechanism has not been fully established,
multiple investigations both in L and H-mode reveal that sev-
eral ingredients are likely required, including increased turbu-
lent transport, ensuring enough power flowing in the far SOL,
reduced parallel flow and an increase of local neutral source
coming either from main wall or divertor recycling. On H-
mode, present understanding suggests that the increased trans-
port is determined by the more resistive interchange unstable
plasma close to the separatrix caused by an higher edge col-
lisionality oy. Extrapolation to future devices such as ITER is
nevertheless still missing: whilst the conditions for increased
transport in terms of edge collisionality might be met for ITER
it is unclear if higher neutral divertor compression and pellet-
dominated fuelling will provide sufficient ionisation source to
produce a flattening of the density profile. In this respect, the
choice of FW material may be particularly relevant, determin-
ing both the recycling coefficient as well as the average tem-
perature of recycled neutrals. In case all the aforementioned
conditions will be met, a potential increase of the FW heat
fluxes will be envisaged with a possible enhancement of the
erosion rates at the main wall.

Specific uncertainties remain in the upscaling of the SOL
transport towards reactor scale exist. Those might be resolved
by further experimental investigations as well as extended
validated numerical simulations. Whereas in 2D the numer-
ical assessment of SOLPS physics has matured to its main
features, a complete treatment of edge plasma transport in
full 3D geometry is still lacking. Technically, required tools
have emerged but are still computationally very demanding for
large devices such as like ITER: physical ingredients that are
standard in 2D simulations, like multi-species interactions as
well as full retention of kinetic effect for neutrals are presently
being included in a full self-consistent approach also in 3D.
Irrespectively of the remaining uncertainties in the physics
models (e.g. far-SOL transport) it seems now feasible to have
an integrated approach available that allows consistent predic-
tions of the exhaust scenario in ITER from the wall to the core
plasma including transport of impurities.
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Figure 7. Radiative loss function L, for a number of elements calculated for coronal equilibrium. Reproduced from [253]. © 2019

EURATOM. All rights reserved.

3. Stationary power dissipation

3.1. Introduction

With the introduction of high-Z elements such as tungsten
as PFMs, and the subsequent loss of self-regulating carbon
erosion/radiation, the use of impurity seeding became neces-
sary for the attainment of at least partially detached diver-
tor conditions [250], which is the foreseen operational scen-
ario for ITER [16, 251]. Partial detachment is required for the
limitation of the peak heat flux to about 10 MW m~2 in dis-
charges with high heating power in present day machines as
well as in ITER. The role of the seed impurity is to radiate
a major fraction of the power entering the SOL and to cool
down the plasma to electron temperatures of a few eV in order
to allow momentum loss processes like CX and recombination
to become effective [221, 252].

Figure 7 shows recent calculations of the radiative loss
function for a large range of elements [253]. As a consequence
of the temperature dependence of the radiative loss function
L,, N, Ne and Ar are considered as divertor radiators for the
expected ITER parameter range while maintaining low core
radiation. A quantitative calculation and prediction of radiat-
ive losses turned out to be complicated by the presence of non-
coronal conditions, caused by sources and transport [254] as
well as CX with neutral deuterium [220]. The underlying key
challenge is to minimise the amount of core dilution and cent-
ral radiation losses which are caused by the divertor seeding
required for the achievement of the aspired detachment level.
This condition can be expressed by the divertor enrichment
parameter, usually taken as the ratio of the divertor- and the
core impurity concentrations. A prediction of the enrichment
by 2D modelling turned out to be a very difficult task, since

a number of physics effects and a delicate balance between
parallel forces are involved [255].

An open question regards the impact of the near SOL par-
allel heat flux width )\, as introduced in the previous section.
Small values of A, have a negative impact on the achievement
of acceptable power fluxes at the divertor: First, they lead to
a higher heat flux for given conducted power. Second, they
reduce the divertor volume available for radiative power dis-
sipation, and thus require a higher impurity content for the
achievement of detachment.

ITER divertor modelling uses an intermediate value of
Ag = 3.4mm for 15 MA Q = 10 plasmas, between that of the
Eich scaling (1 mm) and of edge turbulent transport models
(=6 mm); an in-depth discussion on this topic is given in [16].
Additional effects, such as wall pumping and, in the case of
N, seeding, ammonia production [256-259] further complic-
ate the prediction of required seeding fluxes. While nitrogen
is in principle a possible divertor radiator for ITER, the use of
other gases would be preferred due to implications of tritiated
ammonia formation for the duty cycle and the design of the
tritium plant [16]. The optimal impurity mix is defined by:

maintaining detachment and buffer transients

allow control of the detachment state

minimise fuel dilution, radiation and confinement losses in
the plasma core

keep Pgep > PLu

minimise erosion and fuel retention.

This chapter is organised as follows: the first section
describes divertor seeding experiments in current tokamaks
aiming at partial detachment in H-mode. Following, more
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Figure 8. Distribution of the inter-ELM radiated emissivity from bolometer tomography of the nitrogen seeded JET H-mode discharge
#8924 1 (top row plots normalised to identical scale, bottom row plots normalised to respective maximum values). The temporal
development follows a ramp-up of the seeding rate. Reproduced from [260]. © 2017 CCFE. All rights reserved.

pronounced detachment scenarios and the XPR regime are
addressed. Next, the integration with no-ELM scenarios is dis-
cussed before detachment control techniques are summarised.
Empirical detachment scalings are briefly reviewed as well as
the status of 2D modelling of high power H-mode. Finally, the
impact of seeding on the pedestal and core performance and
future work and steps beyond ITER are addressed. Some con-
clusions are drawn at the end of the chapter.

3.2. Divertor impurity seeding for partial detachment

Impurity seeding for the attainment of partially detached con-
ditions in H-mode, as foreseen in ITER, has been developed
in various devices, including Alcator C-Mod [261, 262],
AUG [80, 192], DII-D [214, 263, 264], EAST [265],
JET [266-269], JT-60U [270, 271] and TCV [180, 272].
Detachment is understood here as a substantial pressure loss
along a flux tube in the divertor, which is accompanied
by a strong reduction of the target heat load. Seeding has
been applied successfully with various divertor configurations,
while a closed divertor is supposed to deliver the highest
power dissipation rate for a given core plasma impurity pol-
Iution [214]. However, a quantitative assessment of the effect
of the divertor closure is not available yet, and additional
parameters effect the power dissipation. The combination of
impurity seeding and tungsten PFCs also brought up the prob-
lem of tungsten sputtering by the seed impurity. The increase
of the sputtering yield due to the presence of a heavier species
can be compensated by a sufficient reduction of the electron
temperature in front of the target [273], thus an optimisation
of the seeding rates is required.

With increased seeding, plasma parameters such as ELM
frequency, divertor temperature and ion and power fluxes to
the target are changing, partly with different time scales. In
JET with increasing nitrogen puff rate, a continuous move-
ment of the radiation front, measured inter-ELM as shown in
figure 8, from the OT up to the X-point region is observed,
accompanied by a quite steady reduction of the total ion fluxes
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Figure 9. Bifurcation of the divertor temperature near the outer SP,
Te,0sp, in DIII-D during detachment in a density scan (here
represented by the upstream separatrix density, e sep) at different
heating powers. Reprinted from [274], Copyright (2015), with
permission from Elsevier.

to the inner and OT [260]. More steady phases of X-point radi-
ation are obtained in JET ILW compared to carbon walls.

In DII-D, a quite steep dependence of the divertor T,
measured by TS, on the upstream separatrix density has been
found [274, 275]. This manifests in a very quick reduction of
the (inter-ELM) T, during the detachment process from 10
down to 2 eV, called detachment cliff, as shown in figure 9.
The possible explanation of this bifurcation is given by the
interdependence of E x B-drift fluxes, divertor electric poten-
tial structure and divertor conditions [63].

The divertor neutral pressure has been identified as an
important parameter for the power exhaust by impurity seed-
ing, both in modelling [276] and in experiment [192]. A high
neutral deuterium pressure leads to a better impurity com-
pression in the divertor, and, thus, usually to a higher ratio
of divertor radiation to core impurity contamination. A com-
bination of neutral pressure and detachment control has been
implemented in AUG [277], but most experiments use a fixed
deuterium puff leading to quite constant divertor neutral pres-
sure conditions. On the other hand, increased neutral pressure



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

is generally associated with reduced energy confinement/H-
factor [278]. Therefore, combining deuterium with impurity
puffing presents, broadly speaking, an optimisation task to
achieve a balance between core impurity level and energy
confinement.

Most experiments in mid-size tokamaks employed nitrogen
seeding to increase the divertor radiation. Compared to neon,
nitrogen has a higher radiative loss function L, at low elec-
tron temperatures around 7. = 10eV (see figure 7) and leads
to higher divertor radiation levels [268]. Nevertheless, detach-
ment can also be achieved with neon [269], but the radiating
zone is located more upstream, and a higher core pollution is
observed. Argon also exhibits a peak in L, between 10-20 eV.
Its contribution to the divertor radiation is often masked by
argon radiative losses in the pedestal and core regions, which
reduce the divertor input power. An important parameter is the
neutral impurity mean free path, which has a strong influence
on the divertor impurity retention at least in mid-size toka-
maks [279, 280]. Nitrogen, neon and argon are the main diver-
tor cooling candidates for ITER, while for a future DEMO with
a conventional ITER-like divertor, a core radiating species
like krypton or xenon needs to be added to dissipate sufficient
energy already inside the separatrix and reduce the power flux
to be just above the LH power threshold [281]. The import-
ant aspects of different impurity divertor enrichment will be
discussed in subsection 3.7.

3.8. Pronounced detachment and XPR

If seeding is further increased under partially detached condi-
tion, pronounced detachment [192] and an XPR regime [282—
285] are obtained. In the XPR regime, the radiation concen-
trates in a small region at the X-point or inside of the confined
plasma region (see figure 10), from where up to 40% of the
exhaust power are dissipated by radiation. Similar radiation
patterns are observed e.g. in JET [286], JT-60U [287, 288]
and KSTAR with an open divertor geometry [289]. The radi-
ation patterns are comparable to a MARFE [290]. They were
rather stably maintained, but the peak location was not actively
controlled.

An XPR has been observed at AUG with N, and Ar seed-
ing [80, 283], at JET with N,, Ne, Ar and Kr seeding [268,
269], and at EAST with Ne seeding [284]. For AUG, this radi-
ator is observed to move inside the confined region, up to
15 cm above the X-point. With a high location of the radiator
(=7cm above the X-point), ELMs are suppressed. Position
control of the XPR was demonstrated by, e.g. nitrogen seed-
ing as actuator [283]. The XPR is connected to a strong local
density increase inside the X-point area and a corresponding
electron temperature reduction to a few eV, therefore a parallel
T, gradient towards the OMP is present [291]. Due to the very
large flux expansion close to the X-point, the affected field
lines on which parallel T, gradients appear inside the plasma
are very close to the separatrix, at the foot of the pedestal. This
is regarded as key ingredient to make high confinement and
highly radiating plasmas compatible [262].
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Figure 10. Radiation distribution of nitrogen seeded discharges at
(a) AUG (#30506) and (b) JET (#85067) in the pronounced/fully
detached state. Reproduced with permission from [268].
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With the access to partial or pronounced detachment, an
increase of the line averaged electron density and a reduction
of the energy confinement are observed. With the access to
the ELM suppression via an XPR the pedestal parameters are
affected, leading to a density reduction of 10%—15% while
keeping the confinement (with respect to the ITERH98P(y,2)
scaling) about constant [283]. For JET, impurities, such as
Ne, can have a stabilising effect on core ITG modes, lead-
ing to higher core electron temperature gradients and, thus,
an increased core confinement while having the pedestal
reduced [269]. In EAST, Ne seeding induced detachment is
usually accompanied by a significantly increased radiation
near the X-point [284] in grassy ELMy H-mode plasmas. The
radiation in EAST was measured by the absolute extreme
ultraviolet (AXUYV) radiation diagnostic. The chord-integrated
radiation peaks far away from X-point before neon seeding,
while it peaks around the X-point region after neon seed-
ing. The AXUV measurements are corroborated by spatially
resolved measurements of the Ne Il line emission at421.97 nm
in the divertor. While X-point radiation is not the foreseen
operational regime for the ITER divertor, the unambiguous
observations in metal wall tokamaks indicate that such a
regime might also be accessed at ITER and could potentially
provide a suitable scenario to alleviate transient power fluxes
by ELMs.

According to an analytical model [285], which has been
corroborated by SOLPS modelling [84] the penetration of
neutrals is important for the formation of the XPR. In this
context, recent detachment studies in the HL-2A tokamak are
of interest [292]. With its very closed divertor configuration,
detachment is observed without formation of a radiation zone
in the X-point region, and no accompanying rise of the core
density. In the current understanding of the XPR, this is expec-
ted to be caused by the geometrical screening of the neutrals.
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3.4. Integration with no-ELM scenarios

In ITER as well as in a future DEMO, divertor detach-
ment needs to be integrated with a no-ELM scenario for
material fatigue avoidance. Work on this has started on sev-
eral devices, but no-ELLM scenarios are often achieved under
conditions of low separatrix density and divertor neutral pres-
sure, where higher values around py = 10Pa are expected
in ITER [16]. The XPR scenario described before gener-
ally works at high divertor densities, but requires further
understanding and predictive modelling for extrapolation. The
simultaneous achievement of low pedestal collisionality, as
required for some no-ELM scenarios like QH-mode and RMP
ELM suppression, and high divertor collisionality as favour-
able for detachment is—for standard fields and currents—only
possible in large devices like ITER or DEMO.

A number of seeding studies have been performed in the
type-1II ELMy scenario [266, 270]. This ELM type exhib-
its more benign power load characteristics in comparison to
type-I ELMs in present day devices. However, extrapolation
to ITER is still unclear due to the temperature dependence of
type-III ELMs.

Seeding into I-modes revealed an issue with the integration
of detachment [293], namely an I-L transition occurring dur-
ing nitrogen seeding before detachment of the outer divertor is
achieved. Detachment of the inner divertor could be achieved
with N, seeding in AUG [294].

In the EDA H-mode [295], very high pedestal pressures
have been achieved in the final experiments on Alcator C-
Mod [296]. A quite straightforward integration of a no-ELM
regime and partial detachment has been obtained in the EDA
H-mode [297] in AUG. Figure 11 shows time traces of an EDA
H-mode discharge in AUG with a double feedback of Ar for
pedestal radiation, required to maintain the EDA H-mode at
high heating power, and nitrogen seeding to achieve partial
divertor detachment. No-ELM conditions are supposed to be
maintained by additional transport caused by a QCM in the
pedestal region [298], see also section 5.5 in chapter Pedestal
and Edge Physics [11].

Extending the EDA H-mode to higher gas puff and sep-
aratrix density, the QCE regime is obtained in AUG at high
triangularity close to double-null. Here, a strong broadening
of the power width is measured at the target by IR thermo-
graphy, with A\, a factor of 4 larger than the inter-ELM value in
a standard H-mode at the same By, [35]. The ballooning mode
activity close to the separatrix linked to an increased filament
frequency is supposed to be the origin of the widening of the
power carrying layer.

Radiative L-modes sometimes exhibit improved energy
confinement, partly due to a stabilisation of ITG modes by
increased Z.g and dilution [300]. But these improvements are
assumed not to be sufficient to run a reactor-grade device under
L-mode conditions [301]. RMP effects on the power load will
be discussed in section 5.
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Figure 11. Time traces of a partially detached no-ELM discharge in
EDA H-mode with double seeding feedback of nitrogen and argon
in ASDEX Upgrade. Reproduced with permission from [299].

3.5. Detachment control: sensors and application

A large number of sensors have been introduced for radi-
ative divertor control, mainly based in the outer divertor.
Measurements of the divertor radiation, aiming at the differ-
ence of Pgep — Prag giv. and/or direct measures for the power
impinging the target plates are used [302]. For partially
detached conditions at the target, passive thermoelectric cur-
rent measurements by shunts can be used as the most simple
and robust diagnostic [303]. The measurement itself is suffi-
ciently fast to distinguish between ELM and inter-ELM peri-
ods, although the variation in the divertor current itself is
limited by the current redistribution time of the considered
section of the divertor [304]. Foil bolometry has also been used
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Figure 12. Active detachment feedback control in a 30 s long-pulse
H-mode plasma with W divertor on EAST. (a) Line averaged
density and heating power, (b) feedback controlled Te; around the
strike point at lower outer plates, (c¢) radiative power in the bulk
plasma and Ar seeding rate, (d) plasma stored energy and
IR-camera measured peak surface temperature. Reproduced from
[312]. © 2022 IAEA, Vienna. All rights reserved.

successfully [305, 306]. However, due to high significant noise
levels, time averaging is required reducing the final temporal
resolution to several milliseconds [307]. AXUYV diodes [308]
allow fast measurements of divertor radiation [283, 284], but
the strong energy dependence of their sensitivity hinders the
evaluation of absolute values of the radiated power.

More demanding with regard to real time evaluation are
Langmuir probes, either for the ion saturation current jg, [309,
310] or the electron temperature at the target 7. ( [265, 311].
The latter allowed at EAST the control of detachment for more
than 25 s [312], as shown in figure 12. Before full detachment,
at target temperatures 7T ( in the range 5-8 eV, the detachment
control can be applied while maintaining good confinement.
For strongly detached plasmas, where T¢ ; and js, are at min-
imal values, Langmuir probes do not allow a detailed control.
Similarly, near-surface thermocouples [313] and infrared ther-
mography [314] appear less useful for detached conditions.
This caveat is due to the low power fluxes, where the former
suffer from a poor temporal resolution through the signific-
ant (0.1 s for ITER) thermal response time [315] and the lat-
ter is additionally disturbed by low surface emission and by
volumetric emission of the detached divertor plasma in the
infra-red spectrum. For deeper than partial detachment, con-
trol of the spatial location of the detachment front is achieved
by camera measurements (MANTIS [316, 317]) or arrays of
AXUYV diodes, either in the divertor volume or just inside the
X-point (XPR). TS can provide direct measurements of n, and
T, in the divertor volume and is applied to control the onset of
detachment [275], but due to the limited time resolution of TS
measurements, ELM filtering remains a challenge. Volumetric
radiation losses derived from line-integrated bolometer meas-
urements are used on various devices and are mainly used to
determine the net power into the divertor.

The combination of several diagnostics in one control
scheme has been demonstrated such as Tt ; guided Prad,x—point
control [284], or simultaneous divertor and main chamber

23

radiation feedback [305]. A scheme where multiple comple-
mentary diagnostics are used to control one detachment state
is not shown yet and constitutes a task for the following years.
Not only redundancy is important but also diagnostics that
complement each other in terms of resolution allowing the
observation of a larger operating space with a higher temporal
and spatial resolution. This also requires the development
of control-oriented models of the exhaust which can integ-
rate those diagnostics and enable a priori controller develop-
ment or more advanced model predictive control approaches.
An issue for the operation of high power devices such as
ITER with detachment control is a transient re-attachment,
e.g. caused by a power excursion [16]. This is expected to
be easily detectable by the diagnostics mentioned above. The
long time scales related to the large volumes and core impurity
confinement times in reactor grade devices will challenge the
controlled buffering of fast transient events. Predicable events
can be dealt with by predictive control schemes, while unpre-
dictable events require a faster method of actuation than gas
injectors, e.g. the injection of impurity doped pellets [318].

3.6. Empirical scalings

A number of empirically based analytical scalings have been
developed for the prediction of the onset of detachment under
impurity seeded conditions [319-321]. The prediction of the
divertor radiation is based on the two-point model, using
Spitzer—Harm conductivity for the electron temperature vari-
ation along the field lines and pressure conservation. The radi-
ation is obtained by the weighted integral of the radiative loss
function L, over the SOL temperature range from the mid-
plane to the target, as originally proposed by Lengyel [322]
and recently re-derived in [254] for comparisons to SOLPS-
4.3. These comparisons reveal a general over-prediction of the
divertor impurity concentration at target ion flux rollover by
the Lengyel model, but a correct capture of parameter depend-
encies. Since the analytical scalings are usually obtained for
vanishing heat flux at the target, most of the models associate
detachment with 100% radiation of Pp,. The plasma paramet-
ers inferred by the (modified) two-point model could be quite
well corroborated for unseeded H-modes in DIII-D by exper-
imental measurements in the mid-plane, the divertor volume
and at the target [323]. This supports the procedure of calcu-
lating the power width A, from mid-plane temperature and
density decay lengths assuming Spitzer—-Harm conductivity
for detached conditions, where inference via target profiles is
not possible. The scalings are gauged on experimental meas-
urements and cannot predict effects during detachment, since
recombination and neutral particle interactions are neglected.

For the calculation of the divertor radiated power based
on impurity concentrations, non-coronal effects need to be
included in the calculation of L,. Radiation enhancement by
non-coronal effects can be calculated from atomic data. For the
simulation of divertor conditions, e.g. in ADAS [324], neutral
atoms are exposed to a plasma with the specified n., 7. and
the emitted radiation is integrated for the residence time 7y;y,
resulting in an averaged loss power. The increased radiation
is emitted during the ionisation of the impurity, while lower
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radiation levels are usually obtained from the equilibrium ion-
isation stage. Therefore long residence times lead to lower
radiated power per atom, see also [325]. Often the non-coronal
parameter n. T4y is used for parametrisation of the radiation
loss function L,. This parameter represents the ratio of the
divertor residence time 7g;, and the ionisation time which is
o 1/ne. In reality, additional effects may also lead to deviation
from coronal equilibrium, such as CX with D atoms [220] or
recombination of higher charged impurity ions in combination
with transport effects [288].

The analytical models [319-321] predict a strong rise of
the divertor radiation with the upstream separatrix density or
separatrix Greenwald fraction, Prag div n%ggp. For the diver-
tor neutral flux based model [321] this relation is recovered by
the strong dependence of the divertor neutral flux pg o< nisep.
It should be noted that the (weak) rise of 7 sep With pg has been
observed to saturate in 2D ITER divertor modelling [16] due
to effects related to the SOL ionisation power balance [250].
The favourable effect of a high TF has been emphasised for
conditions where the mid-plane density is limited to a fraction
(=0.5) of the Greenwald density [320].

A problem in comparing the models to experimental data
is the lack of direct measurements of impurity concentrations
in the divertor. These have been recently established for nitro-
gen [326] and carbon [327], and a corresponding detachment
scaling has been developed [328]. While the predicted impur-
ity concentration levels at detachment onset bear significant
uncertainties due to the atomic physics effects and the neg-
lect of 2D effects in the divertor geometry, the strong rise of
divertor radiation with 7, s, squared or even stronger can be
regarded as being robust. This favours high density scenarios
for benign exhaust, as foreseen for ITER, and suggests an issue
for scenarios which require lower n, s, and also a challenge
for larger machines that tend to have a lower Greenwald dens-
ity which require other approaches to divertor power dissipa-
tion beyond that provided by an ITER-like divertor (i.e. super-
X, snowflake, etc).

3.7 2D modelling of impurity seeding and enrichment for
divertor detachment

Divertor simulations, involving 2D modelling in the pol-
oidal plane under the assumption of toroidal symmetry, have
been developed to reproduce experimental results, particu-
larly for impurity seeded divertor detachment. Identification
of the crucial physics mechanisms to produce the energy
and momentum losses [329], control of the detachment onset
(rollover of the particle flux), and further improvement of their
modelling are the most important tasks for a reliable extrapol-
ation to ITER divertor conditions. At the same time, impurity
penetration into the core plasma while increasing the divertor
radiated power is an important issue for selection of the seed-
ing species. A relevant parameter is the divertor enrichment
1, [330], which measures the ratio of divertor (either ion or
neutral) and core impurity concentrations. Among the diver-
tor radiating species nitrogen, neon and argon, neon exhibits
comparatively low divertor enrichment values (using nip, at
outer divertor separatrix and mid-plane SOL), experimentally
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shown in AUG [297] and DIII-D [331] as well as in ITER
SOLPS 4.3 modelling such as Q" /cpMP = 0.5-1 in the
detached divertor [254]. For the medium size tokamaks, the
assumed cause for the low enrichment of neon is its high neut-
ral ionisation energy, which leads to a long ionisation mean
free path. The reported low helium enrichment values well
below 1 [2] are at least partly explained by its long ionisa-
tion mean free path, a further reduction of helium enrich-
ment has been observed during divertor detachment [332].
Comprehensive measurements of the divertor enrichment will
provide important input and benchmark for the modelling of
impurity transport in the SOL and divertor, i.e. the ionisa-
tion length of impurity atoms, and the parallel force balance
between the thermal (temperature-gradient driven) and friction
forces from the bulk plasma. Another important aspect for the
core density of the seeded impurity is the pedestal neoclassical
transport, particularly for the higher Z seeded impurities [333].
Altogether, this will help to make an informed decision on the
best divertor radiating species for ITER.

Physics modelling of the detached divertor for high power
heating scenarios is challenging work at this stage. One reason
is the very high computational costs for H-mode plasma pro-
files with steep radial and parallel gradients of 7, and n., and,
in particular, for activating drifts. ITER divertor modelling
has been mainly based on SOLPS4.3, which did not include
a drift description. Recent calculation results with SOLPS-
ITER, albeit for a limited parameter set for the ITER diver-
tor [16, 280, 334] confirmed the general trends of these cal-
culations such as the reduction of the total peak heat load at
the target (¢ 1 pk) with increasing divertor neutral pressure (p,).
Effects of activating drifts appear in systematic enhancements
of divertor in-out asymmetries of impurity concentrations as
well as the plasma density, which in turn cause asymmetries
of the radiation loss and power load.

Figure 13 shows SOLPS calculations for the OT peak
heat flux versus the neutral pressure for different code set-
tings [334]. Effects of the drifts on the plasma and impur-
ity (Ne) transport in both SOL and divertor are signi-
ficant under attached divertor conditions (neutral pressure
po = 2-6Pa), such as an ~2 times enhancement of the outer
q.1 px- Since these values of the outer g, ,x become larger
than 10 MW m~2, the drift effect may have a large impact on
the ITER operational scenario. On the other hand, the effect
becomes smaller under detached divertor conditions (p, >
7Pa) and the inner and outer g become similar (difference
less than 20%) and less than 10 MW m~2. The in—out asym-
metry of g px is mainly produced by that of the divertor radi-
ation P4, With inclusion of drifts, enhancement of the inner
divertor radiation and reduction of the outer divertor radiation
are observed under attached conditions (pg ~ 5Pa). The asym-
metry effects are small under detached conditions. The high
penetration of seeded neon into the main plasma as observed in
AUG and DIII-D experiments and modelling is not predicted
for ITER in SOLPS modelling due to the shorter mean-free-
path of impurity ionisation and larger divertor size.

Quantitative validations of the impurity screening and
enrichment factors are still not available because strong spa-
tial variations of the divertor impurity concentrations are often
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Figure 13. Peak heat flux at the outer ITER divertor versus neutral
pressure from SOLPS-ITER with and without drifts (filled points at
cNe = 0.8%—1.1%, all points in the range cne = 0.35%—-2%) and
from the SOLPS4.3 database at two different values of cye.
Reproduced from [334]. © 2020 IAEA, Vienna. All rights reserved.

found in modelling [334] and measurements usually provide
line-integrated values. 2D measurements of impurity ion con-
centrations near the divertor target are required, and so far
only available for N and C, albeit with approximations for
the plasma parameters along the lines of sight [326, 327]. A
more global divertor concentration parameter such as the ratio
of impurity and deuterium neutral fluxes in the sub-divertor
appears therefore appropriate for model validation [328]. On
the contrary, impurity concentration measurements in the core
and edge plasma are generally available from CX recombin-
ation spectroscopy (for fully ionised N and Ne, and some Ar
ionisation states).

3.8. Impact of seeding on pedestal and core performance

Strong impurity seeding affects the pedestal and core perform-
ance. Generally, a high separatrix density, as required for max-
imising the divertor radiated power with acceptable level of
the core impurity pollution, is observed to lead to a reduc-
tion in the pedestal top pressure, i.e. to a weakening of the
ETB. Furthermore, it is difficult to obtain H-mode plasmas
with a high Greenwald density fraction (fgw = 0.9-1) only
by external gas fuelling, as was seen in metal wall experi-
ments of JET-ILW and AUG [335]. On the positive side, the
confinement degradation at high ne ¢, is accompanied by a
broadening of the power width [34, 336, 337]. Plasma shap-
ing may be an optimising parameter in this respect [263]. The
reduction of the pedestal top pressure with increased fuelling
has been explained by an outward shift of the density profile
leading to a subsequent reduction of the pedestal stability in
AUG [338]. A pedestal reduction can also be attributed to the
high collisionality reduction of the edge bootstrap current res-
ulting in lower edge MHD stability [339]. The two effects are
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related and both scale positively to larger tokamaks and lower
collisionality pedestals. The higher density in the separatrix
region is related to the formation of a HFSHD region [82, 340]
in combination with radial particle transport. The HFSHD is
partly driven by the power flow in the SOL, which can be
counteracted by nitrogen radiation. Therefore, nitrogen seed-
ing mitigates the HFSHD leading to a density profile inward
shift and energy confinement recovery [338, 341, 342]. A sim-
ilar trend, in particular, for nitrogen seeding has been con-
firmed in JET-ILW [342] [343] and Alcator C-Mod [262,
344]. For Ne seeding this effect is weaker and can lead to
unstable regimes, while for Ar no confinement improvement
is observed [268]. With increasing core Z.¢ and radiation loss
inside the separatrix, an improvement of core energy confine-
ment produced inside the pedestal may be attributed to (par-
tial) stabilisation of ITG turbulence by the impurity related ion
dilution [269, 301]. This effect may also be responsible for
the limited impact of the XPR regime on the confinement, as
observed at AUG [283], and resembling the original findings
of the completely detached H-mode [345].

High integrated plasma performances with a detached
divertor relevant to the ITER inductive scenario were demon-
strated so far with fuel gas puff and nitrogen seeding, where
the main plasma radiation fraction (f13" = pmain /p, ) was at
ITER level. In AUG, with plasma parameters in the range of
I, = 1-12MA, qo5 = 3.7-4.3, Ppeyt = 14-25MW and a nor-
malised separatrix power flux, Psp /Ry, of up to 10 MW m~!
(where Py, denotes the total power flow across the separat-
rix and R, denotes the plasma major radius), a plasma per-
formance in terms of Hog = 0.95-1, On ~ 3, f;‘gi}i“ ~ 0.3 and
Jfow ~ 0.8 could be achieved with a partially-detached divertor
[192]. In subsequent experiments, Hgg ~ 0.95 could be main-
tained with pronounced divertor detachment and ELM sup-
pression using a controlled XPR [283].

In JET-ILW discharge #85425 with plasma paramet-
ers I, =25MA, B;=2.TT, qo5s =~ 3.3, Phea = I8MW and
Pyep /Rp ~5MWm !, a performance in terms of Hog ~ 0.85
was achieved with a high radiated fraction fo@l = (pmain
PIY) [ Pheat = 0.65 at fow = ne /ngw = 0.85 [282]. These radi-
ative plasmas were restricted to high £ (0.6-0.7 in AUG
and 0.60-0.65 in JET-ILW), where the radiation peak near the
X-point was located inside the confined plasma as shown in
figure 10 [268]. Recently, JET obtained high plasma perform-
ance with neon seeding, reaching Hog ~ 0.9 and fgw ~ 0.94
at 30 MW heating power with low power deposition on the W
divertor [346].

Recovery of confinement degradation during mainly N,
seeding with nearly full detachment has recently been demon-
strated in DIII-D by combination of detachment control with
an ITB in high H¢g (=1.5), By (=3) and 5, (>2) dis-
charges [264, 311, 347, 348], which were achieved in a collab-
oration with similar EAST experiments. This integrated high
performance scenario aims for the ITER steady-state condi-
tions with a reduced disruption probability at high g9s = 7-8,
and better core plasma performance and controllability. The
appropriate N, seeding rate for nearly full detachment was so
far set via the ion saturation current (particle flux) at the target,
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Figure 14. Time traces of a Ne-seeded discharge with internal
transport barrier and ELM suppression in DIII-D. Reproduced from
[347]. CC BY 4.0.

and the X-point radiation (inside separatrix) was dominated by
intrinsic carbon ions rather than by the seeded nitrogen. This
may contribute to produce a relatively low pedestal top pres-
sure and ELM mitigation but also a large ITB inside p ~ 0.8.
Control of ETB and ITB by seeding and fuel gas puffing has
also been reported. Extrapolation of the integrated scenario
and control method to ITER edge and SOL plasma condi-
tions with higher temperature and lower collisionality is an
important challenge for high power experiments and integ-
rated modelling.

Neon injection was also applied to this scenario, which can
lead to a partially detached divertor with T, ; < 10eV. ELM
suppression was achieved due to further reduction of the ped-
estal height [264, 347]. Even with a strong pedestal degrada-
tion, a high confinement core is still achieved, with Hog = 1.3—
1.4, x> 3, and 3, > 2 at gos ~ 7, as shown in figure 14.

Due to the synergy of an ITB and the pedestal, an even
stronger ITB forms with the pedestal reduction. This regime
with high confinement high S core, detached divertor, and
no/small ELMs may open a path for core-edge integration
without the intermittent HHF from ELMs. On the other hand,
neon results in a strong fuel dilution and increasing of Zg,
which would be unacceptable in a fusion reactor. Pedestal and
core impurity transport studies are required to understand the

26

extrapolation of the experimental impurity levels to a fusion
reactor.

3.9. Future work and steps beyond ITER

Power exhaust becomes more challenging in DEMO com-
pared to ITER, due to higher absolute heating power, possibly
even more tight fuel dilution limits, steady state requirements
(lower separatrix/divertor density) and neutron irradiation res-
ulting in both higher material degradation and strong limita-
tions for diagnostics resulting in a sparsely diagnosed device.
Several power exhaust scenarios and conventional divertor
concepts for a future reactor (DEMO) have been developed
in ITER Member countries.

Divertor modelling and scenario development for power
exhaust in a divertor larger than that of ITER (Pg = 1-2 GW,
R, = 7-9 m) are ongoing for the European DEMO (2 h pulsed)
operation [349, 350], as well as for steady-state DEMO con-
cepts, such as the Japanese DEMO ([351, 352], the Chinese
CFETR [353, 354], the Korean K-DEMO [355] and the US
FNSF [356].

Optimising future DEMO designs will face different chal-
lenges; for example (i) /3" should be increased if aiming
at the same Pgp /RlD value as ITER, (ii) the divertor design
should be simplified and (iii) f{}] should be raised above ITER
values if we accept designs showing Py, /R, > 25 MW m~!.
Power exhaust simulations with larger Py, = 150-300 MW
have been performed using integrated divertor codes consid-
ering an ITER-based divertor geometry with longer leg length
(1.6-1.7m), as in a common baseline design. Simulation res-
ults also demonstrated that diffusion coefficients of the heat
and particle fluxes are critical parameters for DEMO divertor
design, and that effects of various drifts on outboard-enhanced
asymmetry of the heat flux might imply the need for a longer
divertor leg to ensure the existence of a detached divertor
operation window. At the same time, integrated design of the
water cooled divertor target, CB and cooling pipe routing has
been developed for each DEMO concept, based on the ITER-
like tungsten MB (W-MB) and Cu-alloy pipe. These DEMO
approaches [357, 358] provide important case-studies of the
DEMO divertor, and will significantly contribute to future
reactor designs.

Since the compatibility of the core impurity pollution con-
nected to sustainable power exhaust in the above conventional
divertor concepts is currently not fully certain for DEMO con-
ditions, alternative strategies are followed for risk mitigation.
To meet these requirements, alternative divertor configurations
(X-divertor, snowflake divertor) are investigated which aim
at a higher dissipation fraction with better pedestal and core
performance and a lower core dilution by the divertor seed-
ing species [359, 360]. Liquid divertor targets offer a reduc-
tion of solid material erosion and a better handling of short
power excursions [361, 362]. For a close-to-standard divertor
geometry, the use of liquid tin in a tungsten CPS is regarded
as a promising set-up [363]. Such alternative power exhaust
strategies are currently being developed. Two small liquid
metal targets based on a CPS structure and filled by Li and
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a LiSn alloy were exposed to the COMPASS divertor plasma
and subsequently analysed [364]. First tests of a liquid-tin W-
CPS in the AUG divertor under high-power H-mode condi-
tions highlighted the necessity of further design improvement
to reduce the loss of liquid tin from the tungsten matrix [365].

3.10. Conclusions

Impurity seeding is successfully used to facilitate benign
power dissipation. Core/pedestal radiation by argon or heavier
species reduces the separatrix power Py, while lower Z spe-
cies enhance the divertor radiation. While for ITER the focus
is on the divertor radiating species N, Ne and possibly also
Ar, the higher heating power in a reactor will require addi-
tional core/pedestal radiators, like Kr or Xe when the power
exhaust solution is based on a conventional ITER-like diver-
tor. Divertor cooling and radiative power exhaust, which must
amount to a large fraction of the power entering the SOL, also
support the conditions required for hydrogenic momentum
losses becoming effective. Core plasma penetration by the
seeded species and corresponding radiative losses and fuel
dilution will reduce the fusion rate. Strong variations of the
divertor impurity enrichment are observed in mid-size toka-
maks, with particularly low values for neon, leading to a high
neon core pollution at a given divertor radiation level. A lead-
ing parameter for this effect appears to be the impurity ionisa-
tion mean free path, which is large for neon due to its high first
ionisation potential. Modelling suggests this effect to weaken
for ITER conditions, which is also expected for drift induced
effects leading to in-out divertor asymmetries. Further mod-
elling work is required to answer the question about the most
appropriate ITER divertor radiating species. Both experiments
and modelling find a positive effect of a high divertor neutral
pressure on the plasma impurity pollution associated with the
achievement of detachment. While 2D modelling shows con-
tinuous progress in reproducing current experimental results,
uncertainties in turbulent transport and the heat flux width A,
hamper the extrapolation to ITER and DEMO. The decreased
neoclassical impurity inward transport remains a favourable
and robust effect in the pedestal region which suggests com-
paratively lower core impurity concentrations in devices with
a large pedestal ion temperature gradient [366-368].

4. ELM transients

4.1. Introduction

Section 4 describes progress since the 2007 PIPB in the
understanding of ELMs in the context of power exhaust and
their projection to future devices. High intensity transient
heat fluxes due to ELMs can severely limit the lifetime of
PFCs since they can exceed the thermo-mechanical limits
of the PFC materials. Frequent excursions of a material’s
surface from its baseline operating temperature can lead to
degradation from melting, ablation and/or cracking. The lim-
its on surface temperature rise and its frequency are sum-
marised in sections 8§ and 9. Additionally, ELMs can cause
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significant erosion of high-Z PFCs, leading to unacceptable
contamination of the core plasma. Enhanced erosion occurs
when energetic particles released from the pedestal during
an ELM strikes PFCs with energy above the material sput-
tering threshold. Erosion of tungsten divertor surfaces due to
ELMs is summarised in section 6. An accurate scaling of ELM
heat flux will be necessary to project the operational space
over which ITER sized tokamaks will require ELM mitigation
or complete suppression as described in section 4 of chapter
Pedestal and Edge Physics [11].

A transient heat flux will cause a material surface temperat-
ure to rise as AT = aet~ !/ 2 where AT is the surface temper-
ature rise from its steady-state value, ¢ is the deposited ELM
energy density (Jm™?), ¢ is the duration of the heat pulse and
«a is the thermal diffusivity of the PFC material. Note that this
relation is derived for square heat pulses and can deviate sig-
nificantly for other temporal shapes [369]. Quantitative pre-
diction of the ELM impulse parameter, ¢~ '/2, has improved
significantly since the original IPB, in both qualitative under-
standing and predictive capability. As described in more detail
in section 4.2, the Type I ELM energy deposition can be mod-
elled as an MHD instability that connects the pedestal plasma
to the divertor target with a path parallel to the magnetic field.
Multi-tokamak data is found to be consistent with this model
as further described in section 4.2. The time dependence for
ELM energy deposition, the other important parameter in the
ELM impulse parameter, has been accurately described by
parallel transport models as described in section 4.3. The mod-
els include Particle-in-cell (PIC) codes that include sheath
formation, ion orbits and other effects to accurately determ-
ine deposition time-dependence and other characteristics such
as deposition to tile gaps and corners. This model of ELM
deposition has also proved useful in describing high-Z divertor
target erosion due ELMs as described in section 6.3. Several
techniques, including 3D fields, pellets, and axisymmetric dis-
placements have been developed to reduce ELM energy loss
from the pedestal to a tolerable level. However, the energy
deposition from these mitigated Type I ELMs is still con-
sistent with the deposition model as described in section 4.4.
Operational regimes with inherent small tolerable ELMs and
potential for ELM heat flux dissipation through radiative pro-
cesses is also summarised in section 4.4. In addition to the
divertor target, ELMs can also impact the lifetime of main
chamber structures when magnetic flux tubes in the pedes-
tal reconnect and break away to travel radially in the SOL.
Measurements of main chamber ELM deposition, their scal-
ing, and models describing these characteristics are discussed
in section 4.5.

4.2. Type | ELM target heat flux scaling

A model of parallel ELM energy transport along field lines
reconnecting the pedestal top volume to the divertor target dur-
ing the MHD ELM instability process is presented in [370].
Here, the target deposited ELM energy fluence is described
successfully with a reduced number of plasma edge quantities.
Utilising the major radius Ry, an edge safety factor evaluated
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In this model, the peak parallel deposited energy density,
€|, is equated with the energy density (3 pe ped [J m~)) in
the reconnected flux tube, where the length of the reconnec-
ted flux tube is given by the magnetic equilibrium quantities,
L = 27 Rge Gedge- The effect of the volumetric expansion of
the flux tube in the confined region (about a factor of 1.7-2)
compensates for the power sharing of the two inner/OT plates
(factor 1/2). It should be noted that the model only connects
the peak value of the energy fluence profile with the pedestal
top electron pressure value.

An ELM energy fluence spatial profile is calculated accord-

ing to
/l=IELM
=1y

with ¢g(s) being the ELM induced heat fluxes for a given diver-
tor target coordinate s, gy the background target heat flux at
that location before #( and field line inclination angle ay. The
choice of r =1y and ¢ = tgpy is given by measurement con-
straints: Typically the onset of ELM induced power loadings
with 10% above background is used as 7y and for tgyy the
fall-off to 1/e from the peak power value. For more details
see [371, 372]. The peak ELM energy fluence is then a single
value corresponding to the maximum of the fluence profile
€|, measured = maX(EH (S))

The reader may note that the time scale is not explicitly
included in the ELM fluence model. The reason is that the tem-
poral evolution of the parallel heat flux is mainly driven by the
ion transit time, which is discussed in detail in section 4.3. The
ion transit time is defined as
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with ¢ = /2T, /mp (assuming T, = T; and mp the Deuteron
mass) being the plasma sound speed. This typical transport
time does not vary much when comparing the different devices
as shown in table 1. Also, slight differences in  would lead to
only modest changes in material risk due to the square root
dependence for the material limit as AT = aer /2.

The ELM fluence model presented in this part will serve
as a basis for evaluating the following issues in this chapter.
Figure 15 compares this model with the latest database includ-
ing data from JET, AUG, MAST, COMPASS and HL-2A
[373]. Further work that falls in line with this is reported from
DIII-D [374]. Also we note that recent JET studies for (a)
Tritium plasmas and (b) inner divertor target data also report
agreement with the ELM energy fluence model [36].
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Table 1. The ELM parallel transport time is similar for operating
major tokamaks and ITER and thus the critical energy fluence
w.r.t. the material limit is the dominant parameter.

AUG DII-D JET ITER
L (m) 40 44 66 120
T. (eV) 500 750 1500 4700
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Figure 15. Comparison of measured versus predicted ELM energy
fluence on the outer divertor target for JET, ASDEX Upgrade,
MAST, COMPASS and HL-2A. Also included is the prediction for
ITER full and half field operation from the model (4) and based on
data regression (*). Reprinted from [370], Copyright (2017), with
permission from Elsevier.

Figure 15 also include the result of a multi-machine scal-
ing performed with data from JET, AUG and MAST [370]
for ITER, both for the half field 7.5 MA/2.65 T scenario and
the full inductive Q =10 at a plasma current of 15 MA and
5.3T TF, labelled as ITER regression. For the pedestal para-
meters, an electron temperature of 2350eV and density of
4 x 10" m~3 and 4700 eV and 8 x 10" m~3 was used for the
half and full current cases respectively.

A variation in ELM size, as defined by AE = Eloss/ Wpiasma
is contained in the data base with a mean value of 5.4%, as
shown in figure 16. Including ELM size in the fitted scaling of
JET, AUG and MAST data (R* = 0.82) results in

O 75
eped

.98

eak
ehek —0.28MJIm 2 %

H reg E%LM Rgeo

®)

with the pedestal density 7nepeq expressed in units of
[102° m~—3], Tt pea in [keV], AEgiym in [%] and Rge, in [m].
Error bars for the pre-factor and the exponents are found
in [370]. The regression law resembles the proportionality
between the product of the pedestal energy density times ped-
estal volume projected onto a target surface (o< ne T.R® /R?)
and motivated the model development. However, the depend-
ence on the square-root on the relative ELM size is likely a
numerical artefact due to the nature of the statistical approach
used in the analysis.
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Figure 16. The deviation from the ELM energy fluence model from
the 1:1 to 3:1 value is constrained by the normalised ELM energy
loss for all analysed data bases in a complex, non-understood,
manner. For smallest type-I ELMs in the 2% region the 1:1 line is
found to describe the expected ELM energy fluence within the
experimental scatter. Reprinted from [370], Copyright (2017), with
permission from Elsevier.

There are hidden parameters in the discussed model well
visible through the scatter in the scaling ranging up to approx-
imately a factor of three. To date, any specific hidden para-
meters have not yet been identified, though various attempts
give some indication that proximity to the H-Mode threshold,
peeling vs. ballooning character of the actual ELM instabil-
ity or conduction vs. convective losses may play a significant
role [374]. However, as shown in figure 16 the actual scatter
between the 1:1 and 3:1 line is correlated with the normalised
ELM energy loss. In plasma scenarios utilising ELM sizes at
the lower boundary of observed values here and thus about
2%, the hidden parameters appear to be of less importance for
the prediction based on the simple model and the ELM energy
fluence is thought to be close to equation (5), i.e. the 1:1 line.

The projected data points for ITER as presented in figure 15
need to be compared to the target material limits and perpen-
dicular projection of the actual divertor tile geometry in ITER.
This is done in sections 8 and 9 which refer to the results
presented here.

4.3. ELM parallel transport

Over the past decades, several models of ELM parallel trans-
port in the SOL have been developed to study the ELM particle
and heat loads on the divertor plates and the associated PSI
processes. They can be divided into analytical, (gyro-)kinetic
PIC and Vlasov, fluid and MHD models, which are described
below.

4.3.1. FSM. The simplest model of ELM parallel transport
is the so-called FSM. The original version of the FSM is
based on the 1D propagation of an ensemble of ELM ions,
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initially localised in time and space in the empty SOL (see
equation (4.3) in [375]):

S(s,V,VL,1) =506
S (V. VL) =exp
7/

where S denotes the ion source function, Sy is the integral ion
source and s, V|, and V_are the parallel coordinate and the par-
allel and cross-field components of the ion velocity, respect-
ively. Despite its simplicity, when electron dynamics as well
as the parallel electric field are neglected, the FSM well repro-
duces the evolution of the divertor heat loads of the average
ELM in different machines [371, 376] (see figure 17).

Later, in [377, 378], the FSM was updated by the inclu-
sion of electron dynamics, electric field and more realistic
spatial and temporal distributions of the initial ELM particle
burst in the SOL. The resulting profiles of the SOL density,
n, the particle parallel temperature, 7|, and the divertor tar-
get particle flux, Fgiy, and heat flux, Qgiy, during the ELM are
given by:
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Here, ), Ly and Z; are the initial ELM width in the SOL, the
parallel collection length and the ion charge state, respectively;
the sub-index O denotes initial values.

The divertor heat loads obtained from the original and
updated FSM are practically indistinguishable, but the latter
also allows estimation of the divertor temperature during the
ELM and has been validated against full kinetic codes includ-
ing Coulomb collisionality [378]. Further attempts have been
made in [379, 380] to extend the FSM to explain the low elec-
tron divertor temperature measurements during the ELMs at
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Figure 17. ELM power loads to the ASDEX Upgrade divertor (blue
inner and red outer) averaged over 18 ELMs. The points correspond
to the experimental values and the solid and dashed lines correspond
to the FSM. Reprinted from [371], Copyright (2009), with
permission from Elsevier.

JET. The FSM is a 1D model and leads only to the cooling
of the electron-parallel temperature component at the diver-
tor. To explain the total electron divertor temperature cooling,
the authors in [379, 380] included Coulomb collisionality in
the FSM, leading to isotropisation and cooling of the electron
divertor temperature. Recently, however, the above-mentioned
Langmuir probe measurements have been re-evaluated and
it has been shown that electron divertor temperatures during
ELMs at JET can exceed 100 eV [381]. These results were
also confirmed by full kinetic modelling of the ELM trans-
port in the JET SOL. Therefore, the hypothesis of strong ELM
electron cooling via Coulomb collisionality does not seem to
be valid.

The main advantage of the FSM is its simplicity. The model
assumes 1D ELM transport in the SOL with unperturbed mag-
netic field configuration (to match the experiment, L has
sometimes been artificially increased); it also neglects ELM-
thermal plasma and ELM-wall interactions, but nevertheless
the FSM predicts average ELM particle and heat loads on the
divertor plates and provides qualitative estimates of particle
temperatures in the divertor.

4.3.2. Kinetic modelling.  The first kinetic model of ELM
parallel transport in the SOL was reported in [383]. Due to lim-
itations of computing power in the 1990s, the Fokker—Planck
model of ELM transport used in that work was too simpli-
fied to obtain reasonable quantitative results. Increased com-
puting power in the early 2000’s allowed more realistic kin-
etic modelling of ELM transport in the SOL. The majority of
these models have been developed using PIC codes, with the
simulation geometry corresponding to a 1D SOL bounded by
inner and outer divertor plates (figure 18). ELM reconnection
is modelled by injecting high-temperature ELM particles into
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Figure 19. ELM electron (solid line) and ion (dashed line) power
loads to the divertor plates for different secondary electron emission
rates. 7 = tVr, /L is the normalised time from the onset of the
ELM. Reproduced from [384]. © Published under licence by IOP
Publishing Ltd. All rights reserved.

the source region. The first PIC-ELM-SOL transport model
was relatively simplified without magnetic field and Coulomb
interactions [384]. As a result, there was virtually no electron-
ion coupling, and the power loads to the divertor exhibit two
peaks corresponding to the electron and ion SOL transit time
scales. Secondary electron emission effects were also overes-
timated (see figure 19).

Different results were obtained by more complex PIC mod-
els taking into account the magnetic field and plasma recyc-
ling at the divertor plates [382, 385-387]: here the main ELM
energy was carried by the ions propagating at the ELM ion
sound speed (see figure 20). The effects of emitted secondary
electrons have been neglected as they do not affect the ELM
divertor power loads due to their prompt reabsorption. These
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Figure 20. Heat loads to the JET outer divertor during 0.4 MJ type-I
ELMs. 7. and 7; correspond to electron and ion transit times,
respectively. Reproduced with permission from [387].

results are in agreement with FSM results and experimental
measurements. The ELM simulation in these models typic-
ally shows three distinct phases: i. pre-ELM; ii. intra-ELM
with increased source particle temperature and injection rate;
and iii. after-ELM with the same injection parameters as in
the pre-ELM phase. The best agreement with the experiment
was obtained by assuming instantaneously switched on and
switched off ELMs [388].

Despite the simplified assumption of 1D ELM propaga-
tion along the unperturbed field lines, the 1D kinetic mod-
els show remarkable agreement with the ELM divertor heat
loads measured in different machines, such as JET [387-
389], JT60-U [390], TCV [391] and COMPASS [376].
Furthermore, this agreement improves with increasing model
fidelity, which is achieved by including more physical pro-
cesses such as plasma-neutral and plasma-impurity interac-
tions in the model [388]. The existence of two-time scales
of ELM parallel transport, electron and ion transit times, also
well agrees with the experiment [392]. A 2D kinetic model
of the ELM transport in ITER has been developed in [393].
2D simulations indicate a strong influence of cross-field drifts
on the ELM divertor heat loads, although the greatly reduced
SOL size (more than a factor of 100) used in this model may
have led to an overestimation of the cross-field drifts.

For completeness, we mention examples of ELM kinetic
transport models other than PIC—the Vlasov [394] and the
gyro-kinetic [395] approaches. They are significantly faster
than PIC approach, but contrary to the latter do not include the
divertor sheath and related processes in the simulation domain
(for a detailed discussion see e.g. [396]).

An important extension of the ELM parallel transport study
is provided by combined PIC and test particle simulations of
the ELM loads on the divertor tiles (see [397, 398] and refer-
ences therein). In these studies, the authors estimate the ELM
heat loads on the divertor elements, such as the divertor tile
face, the gaps between the tiles and the gap edges. Simulations
predict possible melting of the toroidal gap edges of the ITER
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Figure 21. Predicted melting of the outer vertical divertor tiles in
ITER during an ELM. The shaded area indicates the range of
expected ELM energy fluences, € | , in ITER based on the empirical
scaling law in [370]. The dashed lines indicate the operating points
for the pre-nuclear (H and D/He) and DT nuclear burning scenarios.
Reproduced from [398]. © 2017 IAEA, Vienna. All rights reserved.

vertical divertor during the ELMs (see figure 21). It should be
noted that these models do not include plasma-neutral inter-
actions in front of the divertor plates. Due to this interaction,
a significant fraction of the plasma energy is expected to be
transferred to the charge-exchanged neutrals, thus reducing the
plasma divertor heat loads. Divertor heat loads due to charge-
exchanged neutrals will be more evenly distributed across the
divertor plate surface, resulting in lower melting rates.

4.3.3. Fluid models of ELM transportinthe SOL.  Atpresent,
kinetic models of the SOL are unable to simulate the true
multi-dimensional nature of ELM transport in the SOL and
also cannot reproduce the detailed power load pattern at the
plasma-facing components wetted by the ELMs. These effects
are partially covered by fluid SOL simulation codes. The latter
do not include the deformation of the SOL magnetic field sur-
faces during the ELMs, but consider the 2D plasma transport
in a static equilibrium magnetic field. This corresponds to an
averaged transport of the ELM in the SOL. Fluid codes, unlike
kinetic codes, can simulate repeated ELMs and study cumulat-
ive effects. The ELMs are triggered by repetitively increasing
the transport coefficients with frequency and duration taken
from experiment [399]. This is typically done by increasing the
cross-field diffusivity and heat conductivity near the separat-
rix region, and by invoking artificial convective radial trans-
port [400]. These fluid models are used to study ELM diver-
tor power loads [401-403], and to estimate the associated W
erosion rates [400, 404].

The validity of the ELM fluid SOL transport model was
investigated in [405]. The authors showed that the 1D fluid
model of convective ELM transport agrees reasonably well
with the kinetic model, but requires the appropriate intro-
duction of kinetic corrections. Typical examples of kinetic
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Figure 22. Comparison of PIC and fluid (convective) ELM divertor
heat loads. No heat flux limiters were used, i.e. &« — 00 in

equation (11), viscosity limited by 8 = 0.1 and the total energy
source due to the ELM is prescribed to be shared by ions and
electrons at a ratio of 3:1. Plasma—neutral and plasma-impurity
particle interactions are not included in the model. Reproduced from
[405]. © IOP Publishing Ltd. All rights reserved.

corrections are the constrained expressions for the parallel heat
flux, g, and for the viscosity |,

1 —1
g =\-——+ s M=
4qsH

where gsy = —x 0T/ 0s is the Spitzer—Hdrm heat flux dens-
ity and mggr = —4/37 OV /Os is the Braginskii parallel vis-
cosity, with x| and 7 the classical parallel electron thermal
conductivity and collisionality, respectively; o and 3 are free
parameters called flux LIMs. These expressions are often used
to limit the classical parallel transport for low collisional SOL
plasmas, which might otherwise predict unrealistically high
values.

In [405] it was shown that for convective ELMs, when the
ELM enters the SOL from the pedestal via convective trans-
port, it is not the ion and electron heat fluxes that need to
be limited, but the ion parallel viscosity (5 =0.1). In addi-
tion, although the total ELM divertor heat loads agree with
the kinetic values, an artificial increase in the ion to electron
ELM source energy ratio to 3:1 is required for the electron and
ion heat load fractions to agree separately. Under these condi-
tions, the 1D fluid model of the ELM well describes the diver-
tor heat loads (see figures 22 and 23). In contrast, the trans-
port of the conductive ELMs was not reproduced in the fluid
simulations; particularly, the ELM propagation velocity in the
SOL exceeded the speed of sound (figure 24). Such supersonic
ELM transport contradicts the kinetic picture as well as exper-
imental observations. Limiting the parallel heat flux slightly
improved the results, but the authors were convinced that spa-
tially uniform and time-constant limiting factors used in fluid
models do not seem to be able to match quantitative PIC sim-
ulation results of conductive ELMs.
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Figure 23. Peak values of the ELM divertor heat loads from PIC
(BIT1), Vlasov and Fluid (SOLF1D) simulations. The kinetic
factors in the fluid model are as described in figure 22. The scaling is
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Reproduced from [405]. © IOP Publishing Ltd. All rights reserved.
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Figure 24. Conductive ELM divertor heat load from fluid
simulation. The kinetic factors in the fluid model are as described in
figure 22. Reproduced from [405]. © IOP Publishing Ltd. All rights
reserved.

Similar results for conductive ELMs have been obtained
from 2D fluid modelling using SOLPS [406] and EDGE2D-
EIRENE [401]. In [406], where type-III ELMs in TCV were
simulated, the authors used a strong heat flux LIM (a > 0.5)
to partially compensate for the discrepancy between the fluid
and kinetic results. This observation of supersonic ELM trans-
port in fluid models is a consequence of keeping only the con-
ductive heat flux contribution in the ion energy conservation
equation
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Figure 25. Parallel connection length (in km) at various radial positions, R, from the mid-plane to the divertor targets along the magnetic

field lines plotted over time from the onset of an ELM. Red dots with numbers represent different phases of magnetic field ergodisation and
formation of islands. Reproduced from [413]. © EUROfusion Consortium, 2018.

s, eV and m—3, respectively. From 7 < e, it follows that
feond < 7||- A further improvement of the ELM fluid model was
achieved in [403] by applying kinetic divertor sheath boundary
conditions during the ELM.

These results indicate that the validity of the fluid ELM
model is questionable when the ELM parallel transport is dom-
inated by heat conduction. However, there are processes that
do not require the exact time history of the ELM particle and
heat loads on the divertors, but rather their integrated val-
ues. One such process is the sputtering of tungsten, which
was studied in [404] and [400]. In [404], the W transport in
the JET-ELMy H-mode was studied with the Monte-Carlo
code DIVIMP using background plasma and neutral profiles
from the fluid/kinetic code suite EDGE2D/EIRENE. During
the intra-ELM phase, the simulations show an increase in the
tungsten core contamination rate by two orders of magnitude,
while during the ELM recovery divertor densities up to five
times the pre-ELM values were obtained, strongly enhancing
divertor retention via increased friction with the main ions.
However, the simulations did not include W prompt redepos-
ition and W rates were probably overestimated.

4.3.4. MHD models.  The first MHD models of an ELM
crash and transport in the SOL were developed more than
a decade ago [407-409]. They represent single-fluid visco-
resistive MHD models capable of self-consistently reprodu-
cing linear and nonlinear phases of ELM dynamics, although
anomalous cross-field transport coefficients are the ad hoc
inputs of these models. Subsequently, the MHD codes for
ELM modelling were updated with two-fluid models (for elec-
trons and major plasma ions) including neutral and impurity
particle transport modules [410—412].

Although the ELM transport in the SOL is rather simpli-
fied in MHD models by using reduced fluid plasma and neut-
ral particle models, a number of remarkable results concern-
ing the ELM parallel transport have been obtained. The MHD
simulations using the JOREK code indicate an ergodisation
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Figure 26. Poloidal and toroidal cross-section of the plasma
temperature, 7, in relative units, for JET-like plasma conditions,
illustrating the ELM induced striations forming spirals on the target.
Reproduced from [414]. © IOP Publishing Ltd. All rights reserved.

of the magnetic field in the entire ELM-affected region, lead-
ing to an increase in the parallel connection length [413-415].
There is a clear separation of two regions magnetically con-
nected to the divertor plates during the ELM crash: the inner
region (up to the pre-ELM separatrix), with connection lengths
of up to a few tens of km (see figure 25), and the SOL, where
the connection length does not increase significantly. As a
result, the ELM particle and energy parallel transport time is
defined by the effective connection length 7 = oL /c; where
a < 5[411, 414, 415].

The MHD models reproduce well the filamentary structure
of the ELMs and the resulting heat loads on the divertor plates
(see figure 26), as well as the broadening of the ELM wet-
ted area there (see figure 27). The latter has been explained
in [416] as a consequence of two mechanisms leading to the
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Figure 27. Time evolution of the peak divertor heat flux and the
ELM wetted length on the ITER OT during a convective 1.6 MJ
ELM in ITER. Reproduced from [416]. © 2013 IAEA, Vienna. All
rights reserved.

radial broadening of the ELM divertor footprint: the creation
of an ergodic magnetic field at the plasma edge and the form-
ation of the filaments, which also propagate radially.

JOREK modelling has been used to investigate ELM
divertor heat loads for the advanced divertor configurations.
In [411] it was shown that the peak (outer) divertor heat flux
and fluence for a super-X divertor configuration are reduced
by a factor of 10 and 8, respectively, compared to a conven-
tional divertor configuration. Simulations also indicated that
the ELM plasma can still burn through the detached super-X
divertor plasma, but will cause lower heat loads than predicted
by the empirical scaling of section 4.2.

Finally, we mention recent attempts to explain experimental
results where dominant ELM energy deposition is found at
the inner divertor. In [417], a significant increase in the ratio
of inner to outer divertor ELM heat loads was demonstrated
due to diamagnetic drifts, although the obtained value was
still below 1. The implementation of kinetic effects and more
advanced neutral and impurity transport modules may improve
the agreement with the experiment [410].

4.4. Mitigation of divertor ELM heat flux

A major topic of ELM research has been the development
of mitigation tools to eliminate ELMs, or at least reduce
their magnitude to tolerable levels [418, 419]. From the
scaling described in section 4.2, ELM energy deposition
needs to be reduced roughly an order of magnitude in a
reactor-scale tokamak such as ITER to be tolerable over
many pulses. Investigations of experimental actuators and
operational regimes that produce small, or mitigated ELMs
is summarised in section 4 of chapter Pedestal and Edge
Physics [11].

Summarised here is the efficacy of these techniques to
reduce divertor target ELM energy deposition. These tech-
niques include RMPs, rapid pellet injection, vertical displace-
ments of the core plasma, and naturally occurring small ELM
regimes. In general, these techniques reduce ELM deposition
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only to the extent they modify ELM energy transport as out-
lined in section 4.2, i.e. parallel transport from the pedestal
high pressure region.

An encouraging prospect for the elimination of ELMs is the
application of RMPs. Short of full ELM suppression, RMPs
have also produced mitigated ELM regimes with greatly
reduced ELM energy loss from the core plasma. Experimental
measurements of divertor heat flux from RMP mitigated ELMs
in DIII-D [420], ASDEX-Upgrade [421], and MAST [422],
have shown reduced ELM divertor heat flux with the applica-
tion of RMPs. However, these results can still be interpreted in
the context of the conceptual model of section 4.2. An example
from ASDEX-Upgrade is shown in figure 28 [370], where in
figure 28(a) the blue shaded region of the time trace highlights
the reference conditions and the yellow the RMP ELM mitig-
ation phases. The RMP application, see figure 28(b), results in
a factor of several reduction in ELM energy loss, AFEgy v, with
a more modest reduction in ELM peak energy deposition, €.
However, ¢ still follows the model scaling figure 28(c) due to
the concomitant reduction in pedestal pressure, figure 28(a).
The lesser reduction of gl compared to AEgy y was also meas-
ured in DIII-D [420] and attributed to a narrower deposition
pattern. This is consistent with RMP ELM mitigation reducing
the fraction of the pedestal plasma magnetic flux tubes that are
reconnected to the divertor target and associated plasma that
is transported via parallel processes to the divertor target. For
a detailed discussion of the application of RMPs the reader is
referred to the following section 5.

Another approach to achieve a reduction in ¢ is to increase
the ELM frequency. This approach is motivated by the exper-
imental observation [423], that the time-averaged energy loss
from the core plasma due to ELMs across a range of ELM fre-
quency is roughly 20%-30% of the total power across the sep-
aratrix, or Pgpyv ~ feim X AEg M. A promising technique for
increasing ELM frequency is rapid periodic injection of hydro-
genic pellets. With the observation that fuelling pellets may
also trigger ELMs, studies on DIII-D [424-427], ASDEX-
Upgrade [428, 429] and JET [430, 431] have demonstrated
pellet injection at a higher frequency than that of naturally
occurring ELMs can reduce the peak heat flux incident on
the divertor target. Injected pellets are understood to trigger
ELMs by deposition of plasma density to locally increase the
pedestal pressure beyond the MHD stability limit [432—435].
A comprehensive study of pellet size and frequency in DIII-
D [436] has found significant limitations to this technique as
shown in figure 29 with the maximum ELM energy deposition
to the inner and outer divertor targets as a function of ped-
estal collisionality. Small pellets, that may be less perturbat-
ive to overall particle throughput and core plasma operational
scenarios, are found to trigger ELMs only when the pedestal
pressure nears the MHD stability limit. This results in ELMs
triggered by small pellets to produce divertor deposition nearly
identical to naturally occurring ELMs. Larger pellets are found
to trigger ELMs with the pedestal well below the MHD stabil-
ity limit, reducing ELM deposition above the inboard divertor
by approximately a factor of two. However, the outboard diver-
tor deposition remains unchanged. Consistent with dominant
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Figure 28. (a) Influence of external magnetic perturbation on the pedestal pressure and ELM energy fluence in ASDEX-upgrade
discharges. Light blue denotes the reference time before RMPs are applied, yellow denotes the intervals used for analysis with RMPs
switched on. (b) Reduction of ELM loss size, AEgLym, and (c) reduction of the divertor ELM peak energy fluence, €. Reprinted from [370],

Copyright (2017), with permission from Elsevier.

Low-Field-Side transport is the appearance of significant far
SOL deposition with large pellet triggered ELMs. Similarly
pellet injection was able to achieve only modest reduction in
ELM deposition in JET [431], though this technique did sig-
nificantly help to control core impurity accumulation.

An approach conceptually similar to ELM pellet injection
is SMBI. SMBI seeks to increase the ELM frequency by local-
ised particle deposition into the pedestal steep gradient region.
In application of SMBI on the HL-2A tokamak, ELM fre-
quency was increased a factor of 2-3, and similar reduction
in ELM energy lost from the pedestal. The localised particle
source from SMBI increased the density gradient at the foot of
the pedestal just inside the separatrix to produce more frequent
and smaller transport events compared to large ELMs. Further
work is needed to quantify the reduction in ELM target heat
flux and scaling to larger tokamaks [437].

Another technique to increase ELM frequency, the applica-
tion of periodic vertical displacements of the magnetic equilib-
rium has been explored in a number of tokamaks [438-441].
A detailed study of this technique on JET [442] was able to
increase the ELM frequency up to a factor of 5. Fast vertical
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displacements were found to induce a current near the sep-
aratrix that triggers the ELM instability. However, this tech-
nique has also produced only a modest reduction in peak ELM
divertor deposition, consistent with the conceptual model of
section 4.2, though it may be useful for core impurity control.

Although the use of techniques such as RMPs and pellet
injection to reduce ELM energy loss have not resulted in sim-
ilar reductions in peak surface energy deposition, the integ-
rated ELM deposition on surfaces has been significantly mitig-
ated by these techniques. And while the potential for divertor
surface damage may only be modestly reduced, the reduced
integrated deposition implies a reduction in deposition area
and integrated surface material erosion. The potential of these
ELM mitigation techniques to reduce core contamination from
ELM induced high Z divertor material erosion has not yet been
fully explored and remains an area of active research.

An additional ELM divertor heat flux mitigation option
that has been explored is ELM-buffering, whereby a detached
divertor plasma dissipates the ELM flux through impurity radi-
ation and neutral collisions. Initial studies of ELM dissipa-
tion in JET [443] in seeded detached plasmas found ELM heat
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Figure 29. Peak parallel ELM energy fluence as a function of 144 at the (a) inner and () outer strike points. Natural ELMs are plotted as
(a) blue and (b) red circles, ELMs triggered by small pellets are plotted as green triangles, and ELMs triggered by big pellets are plotted as
yellow squares. Striations in the far SOL are also plotted in () as yellow stars for ELMs triggered by big pellets. Collisionality on the x-axis
is on a log scale. Reproduced from [436]. © 2021 IAEA, Vienna. All rights reserved.

flux reduction only for small ELMs, with larger ELMs quickly
ionising divertor neutrals and impurity ions to more weakly
radiating charge states. Plasma fluid modelling has supported
these findings with conclusions that only smaller ELMs may
be sufficiently dissipated through atomic physics processes
in future reactor scale tokamaks [443]. More recent work at
AUG has found that impurity seeding can enhance ELM buf-
fering, with up to 80% of the ELM heat flux dissipated through
impurity radiation [444]. Pedestal pressure and core confine-
ment remained high during the impurity seeding though an
increase in ELM frequency and decrease in ELM amplitude
was observed. Further work on scaling of ELM buffering is
needed to project its efficacy in ITER and DEMO.

Finally, naturally occurring small ELM regimes may be
possible as described in section 5 of Pedestal and Edge
Physics [11]. These regimes include Type II ELM [445,
446], grassy ELMs [284, 447, 448] and QH-mode [449, 450]
amongst others. Transient divertor deposition in these regimes
has not yet been adequately studied to predict their tolerab-
ility in future tokamaks. As studies determine the applicab-
ility of these regimes to reactor-scale tokamaks, their transi-
ent divertor deposition characteristics will become a focus of
future research.

4.5. Main chamber heat flux from type | ELMs

Besides the divertor target, type I ELMs can also reduce the
lifetime of the main chamber wall and other PFCs. The source
of this concern can be seen in main-chamber images of ELMs
in the MAST spherical tokamak as shown in figure 30 [451,
452]. An overall picture of ELM far-SOL has emerged where
in the initial stage of the ELM MHD instability the pedes-
tal plasma is magnetically reconnected to the divertor target
where it delivers a majority of the ELM energy through par-
allel transport. As the magnetic field lines evolve during the
magnetic turbulence, plasma filaments eventually disconnect
from the pedestal plasma and travel radially outward by E x B
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Figure 30. High speed video image in visible light of the MAST
plasma obtained at the start of an ELM. The bright filaments are
parallel to the background magnetic field. Reprinted from [453],
with the permission of AIP Publishing.

convection. As the filaments propagate radially they dissipate
their particles and energy through parallel transport to mater-
ial surfaces as described by a parallel loss model [375]. This
model includes dissipation of the filament through parallel
conduction and convection and plasma sheath boundary con-
ditions at vessel surfaces. This description of parallel transport
is a simplification of the processes described in more detail
in section 4.3. The footprint of the filament maps out a spiral
pattern on the divertor target as it moves radially due to the
changing pitch of the magnetic field lines that the filament is
aligned with.

A number of experimental measurements have been found
to be consistent with this model of ELM filamentary trans-
port. As the filaments propagate radially and remain aligned
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Figure 31. The ELM heat flux pattern in ASDEX-Upgrade during an ELM. The region shown is just outside the outboard strike point peak
heat flux. In the left image the B x VB direction points away from the X-point, while the right image the B x VB points towards the
X-point. Reproduced from [454]. © IOP Publishing Ltd. All rights reserved.

to the background magnetic field they map out a spiral pat-
tern onto the divertor target as observed in the far SOL
of ASDEX-Upgrade [454, 456]. The deposition profiles,
figure 31, were found to be consistent with an ELM instability
toroidal mode number of n = 12-14, consistent with pedes-
tal stability analysis. The ELM filaments responsible for the
radial transport have also been directly measured in the main
chamber with insertable Langmuir probes in DIII-D [455],
ASDEX-Upgrade [99, 457], JET [458], KSTAR [459] and
MAST [460]. The ELM filaments in the SOL are generally
measured to be a few, in the range of 3-8, centimetres in dia-
meter at the mid-plane and traveling radially by E x B convec-
tion at velocities in the range of 0.1-1kms~!. Parallel losses
from the propagating filaments result in a radial decay length
of the electron temperature in the range of Az, ~ 1-2 cm, with
a longer decay length of the density in the range of A, ~ 3—
8cm. An example of such decay from DIII-D is shown in
figure 32.

The ion temperature, however, exhibits a significantly
longer decay length. RFA measurements exhibited 7; up to,
and in excess of 400 eV reaching the far SOL and main cham-
ber walls in JET [386, 461]. These measurements of ELM fila-
ment propagation and decay have been shown to be consistent
with both simplified analytic models and more detailed PiC
computational models that include the physics of parallel con-
duction and convection as well as plasma sheath interactions
with material surfaces [375, 386].

While ELM filaments propagating in the far-SOL are
typically found to carry no more than 10% of the Type
I ELM energy lost from the core plasma [168, 455, 462—
464], the parallel deposition onto LEs of main chamber
PFCs can be significant. Infra-red camera measurements in
ASDEX-Upgrade [465] revealed ELM-induced perpendic-
ular heat flux transients of up to 30MWm~2 onto out-
board main chamber protection LIMs. Similarly, JET has also
observed intense heat flux to main chamber LIM LEs due to
ELMs [463]. Though the measurements were of insufficient
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Figure 32. Radial variation of the ELM peak density and
temperature values obtained from inserted probes in DIII-D for (a)
high density and (b) low density discharges. The temperature decays
quickly with radius in both cases, but the density decay length is
much longer at low density. Reprinted from [455], with the
permission of AIP Publishing.

time resolution to resolve instantaneous heat flux, surface
temperature rises of several hundred °C were observed. The
observed levels of main chamber heat flux and filament radial
velocity were also found to be consistent with the parallel loss
model.
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The ELM heat flux to the PFCs is also expected to depend
on the shape and configuration of the tokamak magnetic equi-
librium. In highly shaped plasmas designed for improved core
performance, a secondary separatrix with associated x-point
and divertor may be formed in the upper half of the tokamak
chamber. As the ELM filaments propagate past the primary
separatrix, heat flux is deposited to both the outer and inner
divertors. However, upon crossing the secondary separatrix the
ELM filament is magnetically mapped to the upper outer diver-
tor, where ELM deposition takes place. The decay length of
ELM heat flux to the secondary divertor is generally found to
continue that observed in the primary divertor, in accordance
with the parallel loss model [466, 467]. However, ELM heat
flux to PFCs has also been observed in regions that do not mag-
netically map to filaments propagating at the OMP. These mag-
netically isolated regions include the upper inner secondary
divertor, the lower inner primary divertor outside the second-
ary separatrix, and even the PFRs of the primary and secondary
divertor. Further work is needed to understand the transport
mechanisms to these unmapped regions to adequately design
PFCs outside of the primary steady-state heat flux regions.

Projecting main chamber ELM heat fluxes to future devices
is challenging due to uncertainty in scaling of the ELM fila-
ment size and radial velocity. Rough estimates of what might
be expected in ITER have been made for the design of main
chamber PFCs [12, 468]. Limited data suggest Type I ELM fil-
ament size and radial decay length scales linearly with device
size [468]. This would be consistent with filament size scaling
with pedestal width and radial velocity in turn scaling with fila-
ment size. However, theoretical considerations of interchange
driven filament formation would suggest a radial velocity in
ITER similar to existing devices [386]. Based on these scal-
ings combined with the parallel transport model [375], projec-
tions to ITER estimate up to 20 MJ m~2 of parallel deposition
could be expected for unmitigated Type I ELMs at the upper
secondary X-point protection LIMs [12]. While this level of
deposition is concerning for enhanced erosion, the intermit-
tency and toroidal localisation and distribution of individual
filaments indicates the time-averaged heat flux to be tolerable
with appropriate wall/LIM design. Another mitigating consid-
eration is that unmitigated Type I ELMs are unlikely to be
allowed in future reactor-scale tokamaks due to divertor tar-
get considerations. Mitigated ELMs, or small-ELM regimes
would likely lead to smaller deposition on main chamber PFCs
due to ELM filaments. Given the uncertainty in ELM fila-
ment formation and propagation further work on this topic is
warranted.

5. Application of RMPs for ELM control

The unfavourable scaling of type-I ELMs with machine size
(see previous section) requires the development and verifica-
tion of concepts for ELM control (mitigation or suppression)
inITER [418,419]. An overview of various types of ELM con-
trol techniques has been presented in an earlier review along
with a discussion of the requirements for ITER [469]. An
update is given in the chapter on Pedestal and Edge Physics
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Figure 33. Operational range over which H-modes without type-I
ELMs have been achieved in present experiments by the application
of 3D fields with various toroidal symmetries. © 2014, The ITER
Organization [419]. This image is hereby used courtesy of the ITER
Organization

of this Special Issue [11]. The focus of this section is on
application of RMPs fields by dedicated in-vessel coil sys-
tems, which have successfully demonstrated to mitigate (lower
ELM energy at higher frequency) or completely suppress
ELMs across several present day tokamaks such as AUG [421,
470], DII-D [471, 472], EAST [473, 474] JET [475, 476],
KSTAR [477], MAST [422, 478]. Based on this success, RMP
application will be one of the two main strategies for ELM
control in ITER [419] (controlled triggering of ELMs with
reduced energy loss per cycle by pellet injection [479, 480]
is the other, and vertical plasma movements [481] are con-
sidered as a back-up option during the initial low current H-
mode operation). Nevertheless, research into alternative high
confinement regimes without or with small ELMs is still ongo-
ing [265, 283, 347, 482, 483].

The operation space for plasmas without type-I ELMs is
shown in figure 33 in terms of pedestal collisionality v,
and electron density 7 ped/ngw (normalised to the Greenwald
limit), and it can be seen that present experiments can
either cover the range of pedestal collisionalities or densit-
ies expected in ITER—but not both at the same time (see
also review [484]). The pedestal density and collisionality
relation is further discussed in section 4.1.3.2 of the chapter
on Pedestal and Edge Physics [11]. Several possible designs
of ex-vessel and in-vessel coils have been evaluated for
ITER [485-487], which ultimately resulted in a configura-
tion with 3 rows of 9 window-frame type coils [488, 489]
as shown in figure 34. This setup makes it possible to oper-
ate with toroidal base mode n=3 and n =4 perturbations,
both with operational flexibility to optimise the spectrum of
the applied field by adjusting the relative phase between each
row of coils. Furthermore, n = 3 perturbations can be smoothly
rotated in ITER while holding the relative phase between
each row of coils constant and thus maintaining ELM control.
This is useful to toroidally time-average non-axisymmetric
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Upper VS

Figure 34. Geometry of the in-vessel ELM control coils in ITER.
The set consists of three toroidal rows with nine sectors of
window-frame type coils (green/blue). Also shown are the upper
and lower vertical stability (VS) control coils (brown). [488] [2011],
reprinted by permission of the publisher (Taylor & Francis Ltd.
www.tandfonline.com.).

heat and particle fluxes onto the ITER divertor, if needed. If
no rotation is required, the set of 27 coils provides a suffi-
cient level of redundancy in case of malfunctions in individual
window-frame coils. For an overview of RMP coil geometries
in present experiments see figure 15 of the chapter on Pedestal
and Edge Physics [11].

One observation in many ELM control experiments is the
reduction of pedestal density and gradient when RMPs are
applied (known as density pump-out). For a discussion of this
see the chapters on Pedestal and Edge Physics (e.g. table 1
in section 4.1) [11] and Transport and Confinement (section
6) [8] of this special issue. However, while application of
RMPs offers a promising strategy to remove transient heat
loads (or at least reduce them to an acceptable level), it remains
to be demonstrated that this is compatible with required solu-
tions for stationary power dissipation in ITER (see section 3
stationary power dissipation). The ITER divertor [16, 490] has
been designed to operate in a partially detached state based
on extensive plasma boundary modelling with SOLPS, but
these simulations assume a toroidal symmetry that is no longer
present once RMPs are applied. In particular, it has been found
that particle and heat loads can split into non-axisymmetric
striations when RMPs are applied. This is evident in figure 35
by the striated C III emission pattern in the DIII-D divertor
as a result of carbon being eroded from the divertor plates by
the incident ion flux. Therefore, it is important to re-evaluate
the impact of RMPs on recycling and power exhaust in ITER
in extension of sections 2 scrape-off-layer and divertor trans-
port and 3 stationary power dissipation, and in support of
section 6 erosion of PFCs and impurity migration (see in par-
ticular section 6.6.4).

Presently, two different approaches are pursued to develop
a 3D physics model for RMP ELM control: (1) full MHD
simulations of the complete ELM cycle in the presence of
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Figure 35. Tangential view of divertor C III (465 nm) emission
during RMP ELM suppression in an ISS (ITER similar shape)
plasma discharge in DIII-D. Tokamak centre post on the
left—strong emission seen near inner and outer strike point regions.
Reproduced from [491]. © 2008 IAEA, Vienna. All rights reserved.

RMPs [492], and (2) steady state simulations of the per-
turbed plasma boundary during RMP ELM suppression (or
between mitigated ELMs akin to 2D plasma boundary model-
ling). The former approach is significantly more challenging
because it requires (among other things) to account for a large
variation of time scales, which range from the Alfvén time
scale (74 ~ ps) to the ELM repetition rate (1/fzrm ~ 100 ms).
Nevertheless, such time dependent non-linear MHD simula-
tions are required in order to capture the unstable peeling-
ballooning modes responsible for ELMs without RMPs, and
to evaluate their stabilisation when RMPs are applied. The
second approach, on the other hand, is focused on the eval-
uation of the resulting heat loads on the divertor targets when
RMPs are successfully applied to suppress ELMs. Different
from the first approach, RMP application is here considered
from the divertor and SOL point of view in which the plasma
boundary is typically understood as a fluid problem in a given
magnetic field (although kinetic effects may be included for
the neutral particles interacting with the plasma, and/or by cor-
rections to the fast parallel transport along field lines). This is
essentially an extension of the traditional 2D (axisymmetric)
framework for the steady-state plasma boundary into 3D, and
itis the approach followed by EMC3-EIRENE [493-495] with
its extension to poloidal divertor geometry [496].

In the following we will begin with a qualitative discussion
of the perturbed magnetic geometry in section 5.1. While such
a magnetic field structure is input for 3D fluid modelling of
the plasma boundary, it is also utilised for the interpretation of
experimental observations, and it may guide the characterisa-
tion of intermediate states in time dependent MHD modelling.
Based on this introduction, we will then discuss ELM mitiga-
tion and suppression in attached plasmas in section 5.2 with a
focus on resulting particle and heat loads on the divertor tar-
gets. We will also discuss optimisation of the applied RMP
field through phase rotation and mixed mode application in
this section. Afterwards, we will address the impact of RMPs
on detachment in section 5.4 with a review of different obser-
vations in present machines and predictions for ITER. Finally,
we will summarise aspects from stellarators relevant for RMP
application in section 5.5.
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5.1. Characterisation of magnetic perturbations

This section introduces qualitative aspects of the perturbed
magnetic geometry that are relevant for power exhaust.
Characteristic parameters are described in section 5.1.1 and
implications for heat loads are discussed in section 5.1.2. The
concepts developed below aim at a description of the proper-
ties of the configuration, and can be applied regardless of the
source of the magnetic perturbations. On should note, how-
ever, that an important aspect of RMPs are the changes related
to the rearrangement of the currents flowing inside the plasma
volume, and we will explicitly touch upon plasma response
effects in section 5.1.3. A full review of the history of RMPs
in toroidal devices is beyond of the scope of this review, and
we refer the reader to [497-499] instead for more details.

5.1.1. Figures of merit.  In poloidal divertor tokamaks, the
confined plasma is separated from dedicated material surfaces
by a magnetic separatrix. A radial density and temperature
gradient results in small transport across the magnetic separat-
rix, and fast transport along field lines deposits particles and
energy onto divertor targets in a narrow region determined by
the separatrix SP (in the R-Z cross-section or strike line in 3D).
Heat loads are characterised by the upstream width ), of the
transport channel at the mid-plane (also known as power fall-
off length), the flux expansion factor f, between mid-plane and
divertor target, and the divertor (downstream) spreading factor
S (see also section 2 scrape-off-layer and divertor transport).

By introducing RMPs, however, the magnetic separatrix
splits into a pair of invariant manifolds with field lines con-
necting to the X-point either in forward or backward direc-
tion [500-504]. These so called homoclinic tangles are illus-
trated in figure 36(a). They still separate traditional SOL field
lines from field lines inside the plasma, but they now form hel-
ical lobes which oscillate with increasing amplitude on their
approach towards the X-point. The spacing between crossing
points along the equilibrium separatrix is determined by the
toroidal mode number and the asymptotic behaviour of the
poloidal field at the X-point [505]. The extension of the lobes
increases with perturbation strength. Direct evidence of this
helical lobe structure is shown in figure 37 from visible light
imaging of the X-point region in MAST and is confirmed for
other toroidal mode numbers [506, 507].

Wherever helical lobes stretch far enough to intersect with
divertor targets, field lines can escape from the plasma and
carry particles and energy with them. The footprint of the
spiralling perturbed separatrix [508-510] is illustrated in blue
in figure 36(b) where the dark shaded region corresponds
to this new type of exhaust channel. Outside, field lines do
not enter the plasma and connect to the other divertor target
within one poloidal turn. Inside, field lines enter the plasma
and stay there for at least two poloidal turns. First observa-
tion of the heat flux striations due to RMPs have been reported
from COMPASS-D [511], where magnetic perturbations with
the two main modes m/n=1/1 and m/n=2/1 have been
applied to poloidal divertor plasmas. Also, LIM devices such
as TEXTOR [512-514] reported a strong influence of a chaotic
boundary on the structure of power deposition with strike line
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Figure 36. Illustration of the perturbed magnetic separatrix of a
single null tokamak configuration: (a) cross-section in R—Z plane,
and (b) intersection with outer divertor target. Dark grey regions
indicate perturbed field lines outside the LCFS that can escape from
the main plasma to the divertor targets, and light grey regions
highlight the scrape-off layer which is corrugated by the perturbed
separatrix. The shape of a typical unperturbed heat flux profile is
displayed in red for a reference width f; (Ay + S).

Figure 37. Image of the He'™ emission from the X-point region
captured during an inter-ELM period of a MAST lower single null
H-mode discharge with RMPs in an n = 6 configuration.
Reproduced from [507]. © 2013 IAEA, Vienna. All rights reserved.

splitting. The structure of the strike line is also governed by
intersecting lobes of the invariant manifolds [515]. Since then,
SP/line splitting has been observed at DIII-D [420, 516, 517]
(evident by the striation pattern in figure 35), JET [518, 519],
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MAST [518, 520, 521], AUG [522-524], EAST [525, 526]
and KSTAR [527-529].

One characteristic parameter for this striation pattern is the
footprint width W: the maximum distance along the target
between the perturbed separatrix and the equilibrium separat-
rix. For particle and heat loads, however, such a sharp pat-
tern cannot be expected because of the competition with cross-
field transport into the traditional SOL. The traditional SOL is
wrapped around the helical lobes of the perturbed separatrix
and thus extends the striation pattern on the target as high-
lighted in light grey in figure 36(b). Both upstream () and
downstream (S) cross-field transport will have to be considered
in relation to the footprint width W in order to evaluate the
impact of RMPs on head loads.

5.12. Ad hoc heat load model. ~ Without dissipation, one
may approximate heat loads by a convolution of the heat flux
arriving at the divertor entrance with a Gaussian representing
divertor spreading (see section 2 scrape-off-layer and diver-
tor transport and equation (1) in [24]). Simple models have
been proposed which include RMP effects by tracing per-
turbed field lines from the divertor target to the outboard mid-
plane for determination of the upstream heat flux. Figure 38
shows a comparison between IR measurements in an AUG
L-mode discharge and such an ad hoc model, and it can be
seen that the nature of RMPs is well captured by this naive
combination of magnetic geometry and transport effects. In
particular, the model reproduces the experimental observa-
tion that the toroidally averaged heat flux in this discharge is
not affected by RMPs [523], suggesting that there is no addi-
tional cross-field transport from RMPs. However, a similar
approach has been applied to a DIII-D H-mode plasma with
n =23 RMPs in good agreement with more sophisticated heat
load modelling [530], and those models do suggest a broad-
ening and change of shape of the toroidally averaged pro-
files [531, 532] (similar observations are found in KSTAR,
as shown in figure 41 in section 5.2.1). This might be related
to a relatively larger footprint width in DIII-D, and due to
subtle differences in how the upstream heat flux g, is selected
in the ad hoc models. Specifically, g, may no longer exhibit
an exponential shape inside the perturbed separatrix. Also,
non-uniform divertor broadening (S) [523] or partial screen-
ing [524, 533] may explain the more pronounced peaks in
the modelling further away from the equilibrium strike line
in figure 38.

5.1.3. Plasma response effects.  Another aspect is the radial
connection of perturbed field lines. Resonances within the
plasma are located where the helical pitch (safety factor)
g =m/n is equal to a ratio of integer numbers for poloidal
vs. toroidal turns before an equilibrium field line connects
back to itself. Perturbations result in the formation of magnetic
island chains at these resonances, and in regions with chaotic
field line paths—often attributed to the overlap of neighbour-
ing island chains—from resonant tangle interactions between
islands [501, 502]. These regions are interchangeably referred
to as stochastic [499, 534]. With RMPs for ELM control, the
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Figure 38. Heat loads on the outer divertor target in an ASDEX
upgrade L-mode discharge with n =2 RMPs: (a) obtained by IR
measurements, and (b) from an ad hoc model based on field line
tracing and a convolution between upstream heat flux and divertor
spreading. Reproduced from [523]. © IOP Publishing Ltd. All rights
reserved.

chaotic/stochastic layer forms at the plasma edge between a
LCFS and the perturbed separatrix, which is indicated by the
shaded region in figure 36(a). Even though the vacuum RMP
approximation (i.e. in which the external RMP field is super-
imposed on the equilibrium field) may capture the general
nature of the magnetic footprint, it can largely overestimate the
radial width of the chaotic/stochastic layer. In rotating plas-
mas, the generation of currents on rational flux surfaces can
result in screening of RMPs [535-537] which substantially
reduces the width of the stochastic layer. According to recent
two-fluid nonlinear MHD simulations with TM1, ELM sup-
pression is linked to RMP penetration and island formation
at the pedestal top together with strong screening of resonant
fields in the steep gradient region [538, 539]. This confirms
earlier quasi-linear MHD modelling [540], and it implies that
the chaotic/stochastic region is restricted to the narrow region
near the separatrix at the bottom of the pedestal where RMP
penetration can occur due to higher resistivity.

An approximation of the plasma response has been presen-
ted in [541] which mimics screening of RMPs by introducing
helical current sheets on selected resonances. These current
sheets suppress magnetic islands and reduce the amount of
strike-point splitting with increasing number of screening sur-
faces. At AUG, strong screening of resonances is required to
match experimental observations for low density L-mode dis-
charges [533, 542]. At DIII-D, it has been shown that screen-
ing is required to mitigate the collapse of the modelled temper-
ature profile [543] although too much screening suppresses the
splitting of the measured downstream 7 profile [544].

The ad-hoc screening model completely neglects a possible
amplification of non-resonant field components (kink/edge-
peeling response) [545, 546] and poloidal harmonic coupling
to the pitch aligned component [547, 548]. More advanced
numerical models can be used to compute the plasma
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Figure 39. Magnetic footprint at the lower outer divertor target in
DIII-D from n =2 RMPs with upper and lower row of coils in
phase: (@) vacuum RMP approximation, (b) with plasma response
computed by linear M3D-C1. Reproduced from [561]. © 2021
TIAEA, Vienna. All rights reserved.

response such as IPEC [549, 550], GPEC [551], HINT [552],
JOREK [412, 548, 553], M3D-C1 [554, 555], or MARS-
F [556, 557]. For a review and benchmark of these mod-
els (ideal vs. resistive MHD, linear vs. nonlinear, single fluid
vs. two fluid) we refer to [S58—560] and to section4.1.2in [11].
In particular, a comparison of different plasma response mod-
els for DIII-D H-mode plasmas with n=3 RMPs shows
that presently no single model can simultaneously reproduce
upstream and downstream observations in both even and odd
parity RMP configurations [544]. One noteworthy finding is
highlighted in figure 39 where M3D-C1 simulations for a DIII-
D H-mode plasma show that the magnetic footprint on the
outer divertor target leads to thinner and longer main lobes
compared to the vacuum case (as well as the presence of smal-
ler secondary lobes) [561] confirming earlier predictions for
DIII-D of similar nature [562]. Also, it should be noted that
MARS-F predicts that with finite resistivity, the outermost
pitch aligned component can be comparable to the vacuum
value in AUG [547], which would imply that some striations
remain.

5.2. Focus on ELM control

ELM mitigation by RMPs aims at a decrease of the ELM-
related energy density at the target plates by reducing the
ELM size while maintaining at the same time compatibility
with sufficient plasma performance for a sustained fusion reac-
tion. Widening of the ELM footprint by RMPs, on the other
hand, does not appear to contribute much to power load reduc-
tion [563]. The impact of RMPs on transient fluxes have been
discussed in section 4, and our focus is now on the impact
on steady state divertor loads—either during ELM mitiga-
tion or suppression by RMPs. Observations from experiments
are summarised in section 5.2.1 and implications for impurity
exhaust are addressed in section 5.3. Optimisation strategies
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Figure 40. Measured profiles of the D, intensity (as a proxy for the
particle flux) and the heat flux to the outer target in a DIII-D H-mode
plasma during ELM suppression with n =3 RMPs in even parity.
Reproduced from [517]. © IOP Publishing Ltd. All rights reserved.

are then reviewed in section 5.3.1, and predictions for ITER
are discussed in section 5.3.2.

5.2.1. Steady state particle and heat loads with RMPs. At
DIII-D, slitting of the divertor target heat flux into several dis-
tinct peaks has been observed when an n = 3 magnetic perturb-
ation from the I-coils is applied [516]. Plasma response may
result in wider splitting and higher heat deposition through
outer lobes at high collisionality [420, 564], which suggests
some amplification effect of the plasma response. The heat flux
is of the same order as in the inter-ELM phase without RMPs.
At low collisionality, on the other hand, a moderate increase
of the total power flux to the divertor targets is observed when
RMPs are applied. This is consistent with a reduction in the
total radiation measured by the bolometer system, and using
gas puffing to return the core density to the pre-RMP levels
more than eliminates the increase in inter-ELM heat flux [565].
Clear splitting, however, is then only observed for the particle
flux while the outer peak of the heat flux is barely detectable
(see figure 40)—although in some cases the opposite was seen
with an amplification of the strike line. Numerical modelling
with EMC3-EIRENE based on full screening of the m =7-
11 resonances (located at the edge) has shown that a reduc-
tion of the outer heat flux peak is consistent with screening of
the RMP field [543]. Nevertheless, this goes together with a
similar reduction of the outer particle flux peak which implies
that screening cannot be too strong. Instead (or in combination
with weak screening), recycling conditions may play a key role
for the qualitative difference between the particle and heat flux
profile [566]. Toroidally resolved measurements [563] showed
that without the RMP fields, ELMs display a variety of dif-
ferent heat load dynamics and a range of toroidal variability
coming from their 3D structure. On average, however, there
is no asymmetry in the deposited energy between two tor-
oidal locations. With RMP-mitigated ELMs, the variability in
the radially averaged power loads is significantly reduced and
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toroidal asymmetries up to 30% in power loads are introduced.
Observations from other experiments are summarised below.

In NSTX, the measured heat flux profile shows that the
radial location and spacing of the striations are qualitatively
consistent with a vacuum field tracing calculation in H-mode
plasma with n =3 RMPs [567]. Multiple heat flux peaks
are reproduced in EMC3-EIRENE simulations [568]. Higher
qos produces finer striations and increased heat flux peaks
(figure 7 in [569]). Local peaks in the D, profile become more
pronounced for higher collisionality (7.4 = 2.4 compared to
l/;ed = 5.5 in figure 8 in [569]).

In JET, a clear splitting of the strike-point is observed in L-
mode plasmas in agreement with field line tracing in vacuum
RMP approximation [518, 519], but not in ELM mitigated H-
mode plasmas for identical applied n = 2 perturbations [518].
The latter is attributed to partial screening of the RMP field.

In MAST, the position of the second heat flux SP is repro-
duced by vacuum RMP field line tracing in L-mode plasmas
with n=3 RMPs and n=1 error field correction [518]. In
[521], however, the weaker second heat flux peak is attributed
to screening from which a reduced radial excursion of field
lines is expected. Splitting is not clearly observed in H-mode
plasmas which is considered to be caused by stronger screen-
ing effects there [518].

In AUG [522, 523, 570, 571], the divertor heat load traces
for L-mode discharges with n =2 RMPs show that toroidal
peaking is largest for the resonant configuration (differential
phasing of A® = —7/2 which is field aligned at the g = 5 sur-
face at the edge).

In EAST, splitting of the particle flux with n=1 RMPs
has been observed with divertor probes on the outer upper
(and lower) target, especially in L-mode [525]. Observations
are consistent with field line tracing based on vacuum RMPs.
Splitting of the divertor heat flux has been observed in ELM
suppressed H-mode plasmas with n=3 and n=4 RMPs,
respectively, using an upgraded infrared diagnostic system,
and it is found that the stationary heat flux is increased by 37%
at the original SP (see figure 6(a) in [572]). MHD response
modelling using the MARS-F code shows that the observed
q95 window (3.6-3.75) for ELM suppression is consistent with
the peak of the edge magnetic field stochasticity at gos ~ 3.65
for the odd parity n =4 configuration [474].

In KSTAR [527, 528, 573-575], (mostly) robust striation
patterns exist throughout the ELM suppression phase for 50 g
(energy confinement times) as shown in figure 5 in [528] for
n=1 RMPs. However, significant increase of the stationary
peak heat load on the outer divertor target is observed, as
can be seen in figure 41. This is thought to be related to
strong density pump-out and associated reduction of radiation
losses [529]. It has been found in JOREK simulations coupled
with PENTRC (NTV) that RMP response can increase the
heat flux on the lower outer divertor by redistributing the heat
transport between the divertor plates, and thereby reprodu-
cing experimental observations [576]. It is suggested that this
is a result of strong shaping with large lower triangularity of
dow = 0.87.
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Figure 41. Divertor heat flux measurements in KSTAR with n =1
RMPs in 90° phasing and with increased phasing (i.e. shifted
towards kink-resonance): toroidally averaged heat flux profiles from
re-aligned IR camera measurements. Reproduced from [574]. ©
2019 TAEA, Vienna. All rights reserved.

5.3. Implications for impurity exhaust

Radiative cooling by impurity accumulation in the core is
problematic, especially for high Z impurities. While ELMs
can increase impurity sources by sputtering wall material, they
also provide an efficient method of removing impurities from
the H-mode plasma. In addition, the ability to exhaust helium
is a critical requirement for burning plasmas.

When applying RMPs for ELM suppression, this mechan-
ism is replaced by enhanced transport along perturbed mag-
netic field lines. Experiments on DIII-D with tungsten laser
blow-off show that RMPs reduce the impurity confinement
time in the H-mode pedestal below that of natural ELMy
plasmas, suggesting that RMPs are beneficial for controlling
impurity build-up in the pedestal region of the plasma [577].

This is consistent with observations in EAST where
reduced line emission from the core region is found for both
low and high Z impurities [578]. Analysis of helium puffing
experiments on DIII-D using a multi-reservoir model has also
shown a reduction in impurity confinement times in the core,
edge and pumping plenum when RMPs are applied for ELM
suppression [579]. A reduction in helium confinement time
with RMPs has also been reported in TEXTOR and edge mag-
netic island configurations in LHD [580].

5.3.1. Optimisation strategies. = The multi-row, multi-coil
setup of the external RMP field allows tailoring or fine tuning
of the RMP spectrum for ELM control. Several figures of merit
for ELM suppression have been proposed (see also section
4.1.5 of the chapter on Pedestal and Edge Physics [11]):
vacuum island overlap width [487, 581], X-point displace-
ment [478, 560], HFS response [582, 583], peeling/edge-kink
response [546, 548, 584]. Of particular interest here is how
those figure of merit are linked to the plasma boundary geo-
metry and resulting exhaust characteristics.
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Optimisation strategies include mixing of toroidal modes
and phase rotation of the current waveform for the coils of
a selected row. Rotation of the global phase implements tor-
oidal (time) averaging of particle and heat loads, and at MAST
this has been found to double the ELM frequency with n =3
RMPs [129]. For diagnostic purposes, global phase rotation
facilitates measurement of the spiralling load pattern from tor-
oidally localised probes. On the other hand, rotation or adjust-
ment of the relative/differential phase between rows affects
the spectrum of the RMP field, and this is explored both
for maximising the beneficial impact (i.e. ELM suppression)
and/or minimising the detrimental impact on core perform-
ance. Figure 42(a) shows that the area and extent of the mag-
netic footprint is linked to the predicted HFS response in DIII-
D. These predictions are confirmed in figure 42(b) by measure-
ments of the low and HFS plasma response compared to the
width of IR emission profiles in related experiments. This sug-
gests that it will be challenging to decouple the magnetic foot-
print from the resonant coupling for RMP ELM-control [561].

At KSTAR, itis found that balancing core and edge perturb-
ations is required for viable ELM suppression scenarios [585].
Nevertheless, recent numerical studies for KSTAR showed
that there may be room for fine tuning due to the more flex-
ible three-row setup of the RMP coils [586] (even though
these studies showed that uncertainties remain related to equi-
librium truncation in the GPEC plasma response). Figure 41
shows that reduced peak heat fluxes and broadened pro-
files (15%—-20% wider area) are observed with intentionally
misaligned RMPs towards the kink-resonance (>90°) [574].
Nevertheless, broadening has also been reported for the oppos-
ite direction of misalignment (figure 6 in [529]), which is con-
sidered to reduce the risk of mode-locking.

Optimisation of the relative phase A®yp between the
upper and lower row of RMP coils has also been explored
in AUG [587]. It has been found that an optimal phase
®@pt,n, » Which maximises the density pump-out effect, is shif-
ted upwards relative to the phase A®qy prv, which maxim-
ises the mitigated ELM frequency, by about 60° (see figure 5
in [587]). However, these findings have been attributed to a
lag in density evolution relative to the ELM frequency, and
therefore the observed shift may not occur in static (or rigidly
rotating) RMP fields.

ELM suppression over one full cycle of a rotating n=2
RMP field that is superimposed on a static n =3 RMP field
has been achieved at low collisionality in DIII-D [588, 589].
Prominent heat flux splitting on the outer divertor target has
been observed with a secondary peak at around 3 cm distance
from the equilibrium SP. The full width at half maximum value
of the time averaged heat flux profiles is increased once the
rotating n =2 harmonic is superimposed on the static n =3
one, and figure 5(a) in [588] shows that the amplitude of the
additional heat flux peak is decreased with shifting current
from the n =3 harmonic to the n» =2 harmonic. One should
note, however, that the overall heat flux is increased by about
10% during mixed mode operation, but this may be attrib-
uted to a change in power balance (radiation vs. deposition
on IT vs. deposition on OT) as a result from increased edge
stochasticity from mode mixing. Regarding the amplitude of
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Figure 42. Impact of the RMP spectrum (relative phase between
upper and lower row of coils) in a DIII-D H-mode plasma with

n =2 RMPs on the magnetic plasma response and the consequences
for the scrape-off layer: (a) M3D-C1 predictions of the normalised
high and low field side response compared to the normalised area
and extent of the magnetic footprint, (b) measurements of the high
and low field side response compared to the width of IR emission
profiles in related experiments. Reproduced from [561]. © 2021
TAEA, Vienna. All rights reserved.

the secondary heat flux peak, it is found that it can be con-
trolled by the phase of the n = 2 harmonic as shown in figure 7
in [588] (a) and () in reasonable agreement with field line
tracing results in (c).

In EAST, a differential phase scan with n=1 RMPs
has identified a range APy, = 0°-50° for ELM mitigation
and a range A®yp =50°-120° for ELM suppression (see
figure 43). Particle flux splitting appears to be roughly con-
sistent with magnetic footprint modelling based on vacuum
RMPs, with a somewhat larger spiraling pattern during mitig-
ation compared to suppression (see also figure 10 in [526]).
Nevertheless, the phase dependence of the vacuum island
overlap width Ayjow in figure 43(a) shows a clear offset
with respect to the ELM mitigation and suppression time
windows highlighted in yellow and pink, respectively. For
n=2 RMPs, an offset between the externally applied RMP
field and the total field has been predicted by MARS-F (see
figure 6 in [526]), resulting in either screening (A®yp = 90°)
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Figure 43. Differential phase scan for n =1 RMPs in EAST.
Temporal evolution of (a) A®yy, (black solid line) and the
associated edge stochastic width as measured by the vacuum island
overlap width Aviow (red dashed line with circles), (b) ELM
frequency, (c) particle flux on the upper outer divertor measured at
¢ = 327°, and (d) the magnetic footprint at the same location. In (a)
and (b), the time windows of ELM mitigation and suppression are
shaded with yellow and pink colours, respectively. Reproduced from
[526]. © 2018 IAEA, Vienna. All rights reserved.

or amplification (A®y = 270°). Consistent with that, a clear
SP splitting is observed for Ad®y, = 270° together with dens-
ity pump out and ELM mitigation, but not for A®y = 90°
(see figure 5 in [526]).

5.3.2. Predictions for ITER.  Recently, non-linear resistive
MHD simulations with JOREK have been conducted for
ITER H-mode discharges with selected RMPs with the aim
of demonstrating ELM suppression while heat and particle
fluxes onto divertor targets remain below divertor material lim-
its [590]. These simulations pick up on a previous optimisation
study [591] which has identified the relative phase combin-
ation (A®ypm, AP ) for the upper, middle and lower rows
of RMP coils which maximises the displacement near the X-
point in MARS-F linear resistive MHD approximation as a
proxy for ELM suppression. With this setup, JOREK simula-
tions show that the threshold RMP coil current for ELM sup-
pression in the 15 MA/5.3 T, g = 10 scenario is at around 45—
60 kAt (i.e. well below the capacity of 90 kAt).

Figure 44 shows a comparison between results for the
unperturbed case and for RMP application with toroidal mode
number n = 3. Splitting of stationary heat (and particle) fluxes
is found with a maximum radial extension of ~20cm on the
inner divertor target and ~40cm on the outer divertor tar-
get. It can be seen in figure 44(b) that the peak heat flux
with RMPs does not exceed 5 MW m~2, and that it reduces
to ~1 MW m~2 towards the outer part of the striations. This is
within the design limits of the divertor targets (<10 MW m~2)
and the baffle (<5 MW m~2). It should be noted, however, that
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(a) transient fluxes when RMPs are switched on can be much
larger, and (b) these results have been scaled to a total power of
50 MW into the divertor (i.e. half of the anticipated 100 MW).
This may underestimate the expected heat loads in ITER, but
it should also be noted that the current JOREK model does not
include divertor physics such as recycling and radiation, and
that it can therefore not yet give an accurate prediction of the
magnitude of heat loads. The extent and shape of the heat load
striations, on the other hand, is determined by non-linear MHD
and can provide a valuable reference for linear MHD plasma
response models coupled to dedicated SOL models. We will
follow up with a discussion of detachment under RMP applic-
ation in section 5.4.2.

5.4. Focus on power dissipation

Access to detached plasmas with RMPs while maintain-
ing ELM suppression remains challenging because of the
upper critical density at which ELM suppression is lost. The
emphasis of this section is on the impact of RMPs regardless
of ELM control, and the aim is to establish what the changes to
the magnetic geometry (upstream to downstream link) imply
for particle and energy exhaust.

5.4.1. Observations from present experiments. In AUG, it
is found that the initially non-axisymmetric heat flux at low
density becomes increasingly axisymmetric towards higher
density in both L-mode and ELM mitigated H-mode plas-
mas [524]: toroidal variations of up to 50% in attached con-
ditions are reduced to below 20% in partially and strongly
detached conditions. This is attributed to the increase of the
divertor broadening factor S by an order of magnitude at
high density. The decrease of the toroidal heat flux vari-
ation can be reproduced by EMC3-EIRENE simulations—
even though those simulations did not include volume recom-
bination. In particular, no burn-through of the lobes has been
observed, and no significant change of the power fall-off
length )\, and broadening S has been found for the toroidally
averaged profiles with RMPs compared to the case without
RMPs [523, 524, 533]. This suggests that the radial width of
open field lines extending from within the equilibrium separat-
rix is relatively narrow, with the observed toroidal variations
arising solely from corrugations in the SOL plasma induced by
the RMP.

In NSTX, on the other hand, it has been found that a par-
tially detached divertor plasma can re-attach when n = 3 RMPs
are applied [569, 592, 593]. This is shown in figure 45(a): the
plasma is detached before RMP application and after divertor
gas puffing (blue), but then the peak heat flux increases to the
level of the attached case without RMPs and gas puffing (red)
when RMPs are applied (green). It should be noted, however,
that ELMs are triggered here by RMPs applied to an ELM-
free H-mode (which has been achieved with Li wall coatings
of the PFCs), i.e. the ELMs burn through the detachment and
re-attach the plasma which then stays attached during the inter-
ELM period. It is shown in figure 45(b) that this can be avoided
with additional gas puffing in the divertor.
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Figure 44. JOREK predictions of stationary heat flux onto the inner divertor (upper row) and outer divertor (lower row) in ITER normalised
to a total power of 50 MW: (a) without RMPs, (b) with RMP application in n = 3 configuration at 60 kAt. Reproduced from [590]. © 2022

IAEA, Vienna. All rights reserved.
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Figure 45. Measured divertor heat flux profiles in a NSTX
discharge with n =3 RMPs (green) compared to the reference
without RMPs with (blue) and without gas puff (red): (a) for low
gas puff rate of ~7 x 10> D s™!, and (b) for high gas puff rate of
~11 x 10*' D s~!. Reproduced from [592]. © IOP Publishing Ltd.
All rights reserved.

Radiating divertor experiments at DIII-D with deuterium
and argon gas injection have shown that complete ELM
suppression by RMPs is accessible only in a limited range in
pedestal density and collisionality [594]. Nevertheless, signi-
ficant ELM mitigation with heat flux reduction has been found
to be possible over a much wide range. A radiation fraction
of up to 75% has been achieved with RMPs, which is signi-
ficantly higher than for standard ELMing H-mode plasma at
the same 7, 4. Measurements have shown that at sufficiently
high densities (i.e. above the onset of divertor detachment), the
inter-ELLM heat flux striations on the open outer divertor target
induced by RMP fields can be eliminated, and that the target
heat flux profile is nearly identical to that measured without
RMPs (see figure 4 in [595]). Furthermore, an increase in the
divertor detachment threshold as a function of density is found
in cases where the core electron temperature is increased by
10%—-20% after RMP application [565], which has been attrib-
uted to the presence of a rotating MHD mode in the reference
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case without RMPs. Divertor TS measurements have shown
that local secondary peaks in the electron temperature near
the OT plate are reduced and move away from the target as
the core density increases, while in turn peaks in the diver-
tor electron density are increased. These trends haven been
qualitatively reproduced by scanning the upstream density in
EMC3-EIRENE simulations.

More recently, integrated ELM and divertor flux con-
trol experiments have been carried out in EAST [474, 596].
Figure 46 shows that ELM suppression by n =4 RMPs is suc-
cessfully maintained up to a line average density of 0.6 ngw
(with ngw denoting the Greenwald density) when deuterium
gas puffing is increased to mitigate the heat flux at the
primary (equilibrium) SP and the RMP generated second-
ary off-separatrix power lobes under high recycling condi-
tions. Nevertheless, mitigated ELMs return at higher density.
Reduction of the primary heat flux peak has also been achieved
with n =2 RMPs, however, no impact of gas puffing on the
secondary heat flux peak has been found in that configuration.
This is found to be consistent with modelling of the magnetic
footprint (taking into account the plasma response computed
by MARS-F) which shows that field lines at the secondary
peak have only a shallow radial connection in the n =4 RMP
configuration. Furthermore, a 33% reduction of the primary
heat flux peak has also been achieved by neon seeding in n =2
configuration—again, however, without beneficial impact on
the secondary heat flux peak.

A significant reduction of the divertor heat flux by gas puff-
ing has also been achieved in KSTAR plasmas with n=2
RMP application and fairly good ELM suppression. Figure 47
shows the reduction of the peak heat flux from 2.1 MW m~—?
to 0.9 MW m~2, yet Langmuir probe measurements show that
the plasma is still attached. Further reduction of the heat flux
has been achieved in argon seeding experiments in KSTAR
with ELM suppression by n=1 RMPs [597]. The ion sat-
uration current begins to decrease when argon seeding is
introduced, but it should be noted that the radiation zone
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Figure 46. Time evolution of an EAST discharge with n =4 RMPs:
(a) D, emission, (b) line averaged density (red) and fSn (blue), (c)
ion flux js, on the upper outer divertor, (d) heat flux Q on the upper
outer divertor, and (e) its value at the equilibrium strike point at

L = L,. Reproduced from [596]. © 2021 IAEA, Vienna. All rights
reserved.
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Figure 47. High density, n =2 RMP-driven, ELM suppression with
substantially reduced divertor heat flux in KSTAR: time evolution of
(a) the D, signal, (b) the peak divertor heat flux, and (c) the heat
flux profile along the target. Reproduced from [529]. © 2019 TAEA,
Vienna. All rights reserved.

moves towards the X-point and that core radiation substan-
tially increases at the same time. When the radiation zone
detaches from the IT (last two panels in figure 5 in [597]), ELM
suppression is lost and mitigated ELMs return.
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Figure 48. EMC3-EIRENE predictions for heat loads on the outer
divertor target in ITER during n =3 RMP application in the
pre-fusion power operation (PFPO-I) phase. The distance s along
the target is taken from the equilibrium strike point. Reprinted figure
with permission from [598], Copyright (2020) by the American
Physical Society.

5.4.2. Predictions for ITER. Based on linear, resistive,
single-fluid MHD plasma response (MARS-F) studies [591],
plasma boundary simulations with EMC3-EIRENE [598, 599]
have been conducted for the pre-fusion power operation
(PFPO-I) phase in ITER with hydrogen H-mode plasmas at
reduced field (1.8 T) and current (5 MA) for 30 MW of ECH
power. At this power level, dissipation from seeded impurit-
ies is not required to achieve partial detachment. The RMP
coil phasing for maximal X-point displacement (see discus-
sion in section 5.3.2) in toroidal mode number n=23 has
been applied. Despite partial screening of the resonant fields
(which results in a much narrower stochastic edge region
compared to the vacuum RMP approximation), the plasma
response includes field amplification near the separatrix. As
a result, the magnetic footprint on the divertor target can still
be quite large, and it has been found to be sensitive to the
assumptions that determine the toroidal rotation profile as
input for the plasma response calculation. Nevertheless, signi-
ficant striations are consistent with full MHD (JOREK) mod-
elling as discussed earlier in section 5.3.2. Therefore, linear
MHD plasma response can still be suitable as input for plasma
boundary modelling, with the advantage that EMC3-EIRENE
does include divertor physics such as recycling and volumetric
recombination [600].

Simulation results from EMC3-EIRENE are shown in
figure 48 where it can be seen that the extent of the stri-
ation pattern on the outer divertor target is similar to the one
obtained by JOREK in figure 44(b). However, the difference
is that the EMC3-EIRENE predictions show a substantially
reduced heat load within about 8 cm from the equilibrium
SP. A simulated density scan by gas puffing has shown that
the reduced heat loads in the main strike area (green dot) are
connected to an earlier roll-over of the particle flux compared
to the reference case without RMPs (figure 3 in [598]). The
earlier roll-over point is consistent with a lower upstream heat
flux that results from distributing power exhaust over the rel-
atively large lobes in ITER compared to the power fall-off
length \,.

The far SOL SP (blue dot), on the other hand, remains
attached. Here, the difference from a partially detached state
without RMPs is that the upstream heat flux is substantially
higher due to the magnetic connection into the edge plasma.
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Figure 49. Magnetic field connection length in a poloidal cross
section at the horizontally elongated section in LHD, without (upper
half) and with (lower half) RMP field. The RMP field with main
mode m/n = 1/1 creates a remnant island in the edge stochastic
region with the O-point located at the outboard side in this cross
section. Reproduced from [602]. © 2013 IAEA, Vienna. All rights
reserved.

The peak heat load still remains tolerable for the 30 MW of
power during PFPO-I. Preliminary impurity seeding studies
suggest that dissipation is less efficient in the attached outer
lobe SP [599], but this could be connected to the lower dens-
ity during PFPO-I. Nevertheless, first EMC3-EIRENE simula-
tions for partial detachment with RMPs at FPO with 100 MW
of power exhaust through the SOL suggest that sufficient dis-
sipation is possible despite significant heat loads to second-
ary SPs [601]. However, validation against recent studies at
EAST [596] and KSTAR [597] for dissipation with RMPs has
yet to be demonstrated, and predictions for ITER remain chal-
lenging because of the qualitative differences expected from
the relatively larger lobe size.

5.5. Relevant aspects from stellarators

In LHD, the perturbation field from coils at the top and bottom
of the torus creates a m/n = 1/1 magnetic island in the edge
stochastic layer as shown in figure 49. The island separatrix is
stochastisised in this region, resulting in a clear flattening of
the electron temperature. It has been found that the m/n = 1/1
edge magnetic island has a critical impact on detachment sta-
bilisation in LHD [602, 603]. This was first found in a density
ramp-up experiment as shown in figure 50, where the main
radiator is carbon from graphite divertor plates. The detach-
ment threshold density becomes lower with the island than the
case without the RMP field, and the impurity radiation is sta-
bilised around the island [604]. Without the edge island, on
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Figure 50. Time traces of (a) line averaged density, (b) radiated
power measured by AXUYV, (¢) divertor heat load, (d) plasma stored
energy, (e) plasma minor radius, for the cases with RMP (red) and
without RMP (blue), respectively. agg is defined as a radius that
contains 99% of the stored energy. Reproduced from [602]. © 2013
TAEA, Vienna. All rights reserved.

the other hand, it is very difficult to avoid the impurity radi-
ation from penetrating to the confinement region and leading
to radiation collapse, as shown by the blue profiles in figure 50.
The easier access to the detachment with the edge island is
interpreted as due to the selective cooling of the X-point of the
island, where the energy transport is inhibited in the perpen-
dicular direction by the flux expansion and in the parallel dir-
ection by the resonant feature of the field line trajectories. The
geometrical effects on the impurity radiation distribution are
analysed in experiments [605, 606] and in numerical simula-
tions [607, 608], while a complete understanding of the mech-
anism of the radiation stabilisation is not yet made.

The divertor heat load patterns during the attached and
detached states exhibit a mode structure with n = 1, but with a
phase shift between the two states [609]. The phase shift of the
n=1 mode pattern is considered due to the plasma response
to the RMP field, where the field tends to be attenuated in
the attached state while it is amplified in the detached state,
respectively [609, 610]. The core plasma confinement during
the detachment phase with the RMP is maintained without a
significant degradation as shown in figure 50(d). It is found
that the edge density gradient at the inner edge of the island
becomes steeper as the detachment transition occurs.

Recently, auxiliary impurity seeding experiments, such as
neon, have been conducted with the edge island and a stable
detachment is obtained, too [611]. In the neon seeding experi-
ments, the divertor heat load decreases at all toroidal sections,
which is different from the case with carbon as dominant



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

Figure 51. Island divertor formed by five independent islands in
W7-X. These islands are established by 50 non-planar coils on a
rational flux surface with 1/¢g = 1/1. Reproduced from [612]. The
Author(s). CC BY 4.0.

radiator in the density ramp-up discharges as described above.
Neon seems to be more effective in radiating uniformly in tor-
oidal direction than carbon due to the higher temperature of the
maximum of a cooling function (see also figure 7 in section 3).

In Wendelstein 7-X (W7-X), an optimised stellarator, a so-
called island divertor is installed, which allows to create an
efficient exhaust concept for the low-shear, helically shaped
plasma of a HELIAS-type magnetic fusion device [613]. The
island divertor is inherently three-dimensional (see figure 51)
with field lines of different connection lengths forming the
SOL. Due to low rational number of the resonant flux surface
at which islands are formed, they are rather sensitive to the
external perturbations. Therefore additional sets of coils were
placed around W7-X. Field errors of limited amplitude can be
partly balanced by an asymmetric operation of the so-called
island control coils placed behind each divertor. Additionally
five so-called trim coils were built equidistantly around the
torus to balance by, error fields (i.e. error fields with poloidal
and toroidal mode number m =n = 1) [614].

Detachment is routinely achieved at W7-X either through
intrinsic impurities (mostly carbon) [612, 615] or be seeding
external impurities (e.g. Ne or N, [616]). Raising plasma radi-
ated fraction f;,qg above 0.8 leads to a full, thermal detachment
with peak heat loads reduced up to an order of magnitude.
This regime provides also a significant reduction of recycling
flux across the whole divertor surface, while providing neut-
ral pressure in the sub-divertor volume and neutral compres-
sion in SOL adequate for density control at W7-X. Numerical
studies of the transition to detachment process in W7-X are
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Figure 52. Time traces of the W7-X discharge with detached phase
from t >3s. From top to bottom: ECR heating power (PECRH),
total divertor loads (Pgiv) and total radiated power (Pyaq); line
integrated density and central electron density; neutral pressure at
the entrance to the pumping gap; total fuelling and pumping rate and
peak heat and particle fluxes to the divertor. Reproduced from [612].
The Author(s). CC BY 4.0.

routinely performed with EMC3-EIRENE. The simulations
show that plasma radiation in the attached state is localised
within the magnetic island, with a radiation band extending
from the strike line to the O-point. When the radiation frac-
tion is increased, either by raising the plasma density or by
seeding external impurities, the radiation layer shifts closer to
the separatrix [617]. Such a scenario is very robust and could
be extended up to 27 s with inertially cooled divertor [612]
as presented in figure 52. In contrast to LHD, the detachment
scenario does not need to be stabilised with the external fields.
As most of the power reaching divertor is coming from plasma
radiation asymmetries due to error fields perturbing 5/5 islands
are also strongly minimised.

5.6. Conclusions

Splitting of the divertor heat flux by application of RMPs
has been verified experimentally across machines. Striations
are found to be larger when the perturbation field (includ-
ing plasma response) is more resonant. This suggests that it
will be challenging to decouple the magnetic footprint from
optimisation of ELM suppression when larger magnetic foot-
prints result in less efficient dissipation in the far SOL peaks in
ITER. The three-row setup of the RMP coils in ITER may open
up room for fine tuning, and this can already be explored in
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KSTAR—although perhaps with less flexibility related to the
stronger core perturbation from n =1 RMPs that are applied
in this tokamak compared n =3 or 4 in ITER.

Plasma response can include competing effects from
screening of resonances and their amplification through mode
coupling to non-resonant components, both of which determ-
ine the magnetic footprint. Therefore, validation of plasma
response models with particular focus on the plasma edge
towards the separatrix is key for the interpretation of exper-
iments and predictive modelling with regard to particle and
power exhaust. Linear plasma response models may be suffi-
cient to capture the nature of RMPs and provide trends, but
non-linear models are likely necessary to resolve the sudden
differences observed at the transition between ELM mitiga-
tion and suppression.

Extrapolations of ELM suppression by RMPs and detach-
ment to ITER remain difficult because present machines
struggle to simultaneously achieve the anticipated electron
pedestal collisionality for ELM suppression in ITER and
the high density for effective divertor radiation. Predictions
for ITER are further complicated by opposite trends of key
figures: larger striations are expected from RMPs for ELM
suppression in larger machines with smaller (or possibly sim-
ilar) heat flux widths \,. Integration of RMP effects (including
plasma response) into the 3D plasma boundary code EMC3-
EIRENE follows the fluid plasma in a magnetic field approach
of 2D models (such as SOLPS and UEDGE). Validation of
EMC3-EIRENE against recent radiative divertor experiments
with RMPs will be essential for improving the reliability of
predictions for ITER and beyond.

6. Erosion of PFCs and impurity migration

6.1. Introduction

This section is focused on new insights in the material migra-
tion cycle [618, 619], comprising erosion, transport and depos-
ition of FW materials, gained since the last ITER physics
reviews on PWIs processes and exhaust [329, 620]. Since then,
carbon has been abandoned as a PFM for ITER due to unac-
ceptable high erosion [621-623] and associated tritium reten-
tion in deposited layers [624-626]. Instead, as outlined in the
2018 research plan [3] ITER would operate with tungsten for
divertor plasma-facing components and beryllium for PFCs in
the main chamber wall with the option to convert ITER to a
full-W device in later phases of operation. As mentioned in the
introduction section, the option of using a full-W FW configur-
ation from start will be discussed in 2024 [4] while this contri-
bution deals predominantly with the original concept of ITER
with a Be/W material mix, discussing extrapolation to full-W
where appropriate and changes between Be and W FW are
crucial. The decision to replace graphite-based materials by
metallic PFCs in 2013 has been accompanied with an extens-
ive PSI research programme regarding the qualification of W
as a divertor material [627, 628] and either Be [629] or W [630]
as main chamber material. The associated key experimental
findings related to material migration in tokamaks operating
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with metallic PFCs are presented in section 6.2 for JET [618],
AUG [631], EAST [632], WEST [633], and DIII-D [634].

In the following we will define gross erosion as the num-
ber of primarily removed atoms from the plasma-facing sur-
face which can typically be quantified by in-situ OES. The
sputtered atoms can be ionised on their way through the
plasma, influenced by the magnetic and electric fields and by
collisions with the plasmaions, and finally return to the surface
and become redeposited there. The material lifetime and the
impurity level are determined by the net erosion of materials,
which is defined as the difference between gross erosion and
re-deposition [635]. Net erosion can be measured in most situ-
ations by post-mortem analysis of specific marker wall com-
ponents. The transfer from graphite towards metallic compon-
ents results in a drastic reduction of main chamber erosion due
to the absence of chemical erosion at low impact energies by
residual ion fluxes and CXN [636, 637] in the envisaged metal-
lic PFMs. In addition fuel retention by co-deposition in the
divertor [638, 639] has been decreased (for a detailed discus-
sion see section 7 HI inventory and recovery), and dust forma-
tion from deposited layers is less prominent [640]. The under-
lying physical and chemical processes at the surface brought in
perspective to the adaptation in the divertor plasmas and SOL
conditions with metallic PFCs is addressed in more detail in
section 6.3. This section addresses the most advanced descrip-
tions of the sputtering process of the selected ITER materials
Be and W (as well as C for comparison) by hydrogenic and
impurity atoms or ions as a function of the projectile energy,
impact angle, and surface roughness.

Updated atomic, molecular, and surface data since the
last review is used in the state-of-the-art PSI and transport
codes, which are utilised to simulate global, covering the full
device, and local, considering a limited volume like a diver-
tor leg, experimental migration results obtained in tokamak
experiments. Section 6.4 introduces the main modelling codes
applied for the interpretative material migration simulations in
the different tokamak devices and different FW materials men-
tioned before: WallDYN [641], ERO [642] or ERO2.0 [643],
and DIVIMP [644]. These codes are coupled to plasma bound-
ary codes like SOLPS-ITER [67], EDGE2D-EIRENE [645],
SOLEDGE-EIRENE [646], and EMC3-EIRENE [494] all
with the neutral particle solver EIRENE [647]. Section 6.5
discusses the comparison between experiments and model-
ling subdivided into first-wall limited and diverted magnetic
configurations to address the phases relevant to the stand-
ard single null configuration foreseen in ITER. The specific
role of JET as the closest tokamak in size and PFM selec-
tion to ITER is stressed in this section as it lays the founda-
tion for direct extrapolation towards the foreseen ITER plasma
operation phases [4] and is used to benchmark the simula-
tion codes. Predictions of material erosion, impurity transport,
material deposition, and ultimately dust formation in steady-
state conditions on the basis of experimental results and pre-
dictive modelling for ITER are summarised in section 6.6.
Finally, the paper concludes with a brief outlook to the remain-
ing challenges in the global migration analysis that needs to
be tackled.
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Figure 53. Poloidal cross-section of key tokamak devices (JET, ASDEX Upgrade, WEST, EAST, DIII-D) with metallic plasma-facing
materials providing specific experimental input to the first wall selection in ITER.

6.2. Key experimental findings: material migration in all-metal
divertor tokamaks

Material migration, thus the cycle of material erosion from
plasma-facing surfaces, material transport in plasma, and
material deposition on in-vessel surfaces, has drastically
changed in magnetically-confined devices upon switching
from full-carbon walls, assessed in previous reviews for
ITER [620] and beyond [625], to all-metallic machines either
in a single step transformation like JET and WEST [648, 649],
in a gradual exchange of PFCs over campaigns like AUG
and EAST [631, 650], or in dedicated experimental periods
with application of metallic PFCs like DIII-D and the pioneer-
ing experiment TEXTOR with W LIMs [651, 652]. The most
notable tokamak experiments (figure 53) from which experi-
mental data regarding material migration for ITER originates
are JET with its ITER-like wall (ILW) configuration, thus Be
FW and W divertor [618], AUG [653] and WEST [633] with
full-W environment, and EAST [632] with a mixture of dif-
ferent metallic components, i.e. Molybdenum (Mo) FW and
upper W divertor. DIII-D operating with graphite (C) PFCs
in the FW was used to study W migration starting from the
lower divertor during its metallic ring campaign (MRC) [634].
It should be explicitly noted, that also C-Mod equipped with
metallic PFCs from day one of operation has studied W
migration [654] in the otherwise Mo environment

The complete exchange of FW components from graphite
to metallic PFCs in a single step allows the most clear com-
parison of material migration paths in a toroidal facility as
the magnetic configurations, the design or geometry of the
plasma-facing components, and the plasma operational win-
dow are either identical or comparable before and after the
exchange. JET with its transfer from a full-C to a Be/W device
reveals the key experimental findings representative also for
other metallic toroidal facilities regarding the cycle of material
erosion, transport and deposition or in other words: the global
material migration.
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The global PFC material migration is the sum of four prin-
cipal migration paths namely (i) PEM erosion at the FW, trans-
port, and deposition in the divertor, (ii) PFM erosion at the
FW, transport, and deposition at the FW, (iii) PFM erosion in
the divertor, transport, and deposition in the main chamber,
and (iv) PFM erosion in the divertor, transport, and depos-
ition in the divertor. The strengths of the individual migra-
tion paths vary with the applied magnetic configurations and
plasma operation regime. Campaign-integrated post-mortem
analysis provides information on the overall balance of these
four mechanisms after component removal. Often specific
operations before tile removal are applied to obtain a bench-
mark for one set of specific magnetic configuration and plasma
condition. Most relevant for JET-ILW is the plasma operation
before the first removal of tiles, which consists of 151 identical
H-mode plasma discharges in deuterium reaching a fluence
comparable to ITER PFPO discharges [655-657]. These plas-
mas were in the standard lower single null configuration with
the inner strike-line on the vertical target at the onset of semi-
detachment and the outer strike-line on the bulk-W divertor
target plate under fully attached and ionising conditions.

Figure 54(a) shows the poloidal cross-section of JET
equipped with the Be/W material mix with the present under-
standing of the dominant material migration paths. The main
chamber erosion, namely Be erosion (see section 6.3.1), is
dominated by the impinging plasma flux and by the charge-
exchange neutral flux of HI species. As in the case of JET-C
plasmas, SOL flows [658] lead to a preferred transport of the
FW material from the OMP, at the stagnation point, towards
the inner divertor leg [622]. Net deposition of Be in the order
of tens of micrometres occurs preferentially on the apron of
the inner divertor (figure 54(b)), whereas the apron of the outer
divertor is in balance without significant W net erosion or Be
deposition. Line-of sight transport of re-eroded or reflected Be
from the vertical W target plate was measured in-situ on the
high-field side (HFS) below the bulk-W tile as a function of
the strike-line position [659]. The main differences between
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Figure 54. JET: (a) poloidal cross-section of JET with the main material migration path indicated. (b) Enlarged view in the inner divertor.
(c) Deposition of Be and other intrinsic impurities in the inner divertor of JET after the first period of operation. Reprinted from [618],
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C and Be migration in JET-C and JET-ILW, respectively, are
the significantly lower overall main chamber erosion source
in the case of Be (factor 5), the reduced deposition rate on
the inner divertor apron (factor 10) with higher Be layer sta-
bility, the strong reduction of step-wise transport of Be from
the deposits towards the pump duct entrance [618], and the
associated massive reduction of Be dust formation from layer
conversion (factor 100) deduced from extensive post-mortem
analysis [640]. Chemical erosion, thus, the material erosion
at lowest impact energies or even room temperature-induced
material release as volatile molecule, which is present in the
case of graphite, is absent in the case of Be due to an impact
energy threshold Ej, ¢ for Be sputtering by plasma particles.
The sputtering threshold is the main cause for the different
behaviour in material migration between JET-C and JET-ILW,
or in other words, between carbon and metals. The absence of
chemical erosion reduces in particular the number of erosion
and deposition cycles in the SOL and subsequent net-transport
from the apron and the vertical target towards the inner divertor
pump-duct entrance in multiple steps [656] as observed in C
and described by e.g. the walking process [660]. Figure 54(c)
shows the typical deposition on W-PFCs in the divertor after
the first phase of operation with pre-dominant Be deposition
above the inner strike-line position in the SOL [639]. The
usage of the described migration paths along the poloidal
coordinate in figure 54(a) is a simplification as shadowing and
3D plasma effects impose in reality a non-uniformity in tor-
oidal direction as seen in post-mortem analysis [638] and inter-
pretative modelling of the JET-ILW [643].

To summarise, the dominant global migration path in JET
with ITER-like wall mix is from the Be main chamber into
the inner divertor equipped with W PFCs. This causes with
rising operational time, Be deposition by the impinging Be
ion flux in the range of 1% [637] with respect to the total ion
flux approaching this location. The resulting Be layers con-
tain besides Be and D, the plasma fuel, significant amounts
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of C and O, the typical intrinsic impurities present in the
JET edge plasma [661], in the order of 5-10 at% [638, 639].
Sputtering of W at the strike-line location of the inner diver-
tor leg has been documented in intra-ELM phases of H-mode
plasmas [662], but was usually below the detection level in
the inter-ELM phases and high density L-mode plasmas. This
underlines that high impact energy is required to sputter phys-
ically W by both, HI ions and Be ions, or in general, low-
Z impurities present in JET (section 6.3.2) as well as that
W must be present at the PFC surface and not (partially)
covered by Be deposits. Inter-ELM sputtering of W is regu-
larly switched off in the inner divertor of JET due to cold or
semi-detached/detached divertor operation.

The Be flux to the outer leg amounts approximately to
half of Be flux to the inner leg one and is in general insuffi-
cient for a homogenous Be deposition; the local erosion/de-
position balance is shifted towards erosion. The outer divertor
in the near-SOL is in general a net erosion source of W under
attached divertor conditions. In H-mode both inter- and intra-
ELM sputtering of W takes place at the strike-line location.
The intra-ELM phase dominates under attached conditions
and is the sole source of W under detached conditions as the
ELMSs burn through the SOL plasma to the target [663, 664].
Moderate Be deposition occurs several centimetres away from
the strike-line in the SOL, but neither erosion nor deposition
is detectable at the apron region. Eroded W is to a large extent
locally redeposited owing to a high prompt re-deposition frac-
tion of above 95% [657, 665]. This results in an overall low
net erosion of W and the so-called W leakage from the diver-
tor is in general moderate and not compromising plasma oper-
ation in hydrogen or deuterium in JET. Significant deposition
of leaked W on Be in the main chamber has not been observed.

The overall W source in both divertor legs is very low in
comparison with the C source in the previous graphite diver-
tor in JET-C and largely determined by intra-ELM sputtering
by HIs and low-Z impurities with impact energies above the



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

threshold for physical sputtering. CXNs can in particular in H-
mode contribute to the overall W sputtering [666]. It should be
noted, that after several years of operation and change of the
dominant magnetic configuration, i.e. averaged inner strike-
line position now on the inner horizontal target plate, also
deposits with thickness of several ym are formed on the hori-
zontal target plates [667].

These JET-ILW observations are in general consistent with
results from AUG, WEST, and EAST plasma operation in deu-
terium where light impurities have been determined to dom-
inate the erosion of W PFCs in the divertor [619, 632, 668].
Application of a medium-Z (Mo) or high-Z (W) main cham-
ber wall is further decreasing the primary erosion source in
L-mode and inter-ELM phases due to the higher sputtering
threshold energy of those materials in comparison with the
low-Z materials C and Be. Thus, with the decrease of the
primary erosion source also the global material migration from
the main chamber into the divertor is further decreasing. But,
spectroscopic data at the AUG main chamber reveal signific-
ant W gross erosion with lower screening induced in particular
by ELM impact. Indeed intra-ELM sputtering is responsible
for 70% of the source at the outboard LIMs and in the relat-
ively inert inboard around 40% [669]. In the case of JET and
Be FW intra-ELM phases have only a minor contribution to
the overall global Be erosion in the inter-ELM phase due to
the very localised impact area of ELM filaments as well as the
lower sputtering threshold energy for Be than for W. Moreover,
3D effects in recessed areas from ripple, shadowing, LIMs etc
impose a challenge in plasma edge diagnosis and interpreta-
tion of PWI processes. Similar experimental observations are
made in EAST [632], AUG [670], and WEST [671] though for
other metallic FW materials than Be.

Finally, it is important to indicate that the mentioned metal-
lic devices usually operate with the aid of low-Z condition-
ing techniques to reduce the intrinsic impurity content. In the
case of JET, Be is acting as low-Z wall conditioning species to
reduce in particular the Oxygen (O) content, whereas in the
case of AUG and WEST, the half-metal Boron (B) is used
to suppress oxygen and condition the machine via boronisa-
tions [672] or B powder injections [673—-675]. In the case of
EAST, the alkali-metal Lithium (Li) is regularly applied to
condition the FW in the form of Li-evaporation or in-operando
by Li powder injection [676]. Similarly to JET, thick co-
deposited layers can be formed in the presence of these impur-
ities which complicate determining the actual erosion rates of
the original wall materials. Therefore, it is relevant to indicate
that Li and B participate in general into the material migration
processes in these tokamaks, though the low-Z layer thickness
and its FW surface coverage homogeneity is less defined as in
the case of Be, which is used as low-Z plasma-facing material
in JET.

6.3. Principles of W and Be erosion and deposition
processes

6.3.1. Beryllium erosion and deposition processes.
Beryllium (atomic number Z =4) has until recently been
foreseen as the FW material in ITER due to its good oxygen
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getter properties, providing permanent in-situ wall condition-
ing, the lower HI content in resulting co-deposits than is the
case with C, the good metallic properties with a relatively
high melting point of 1278 °C in comparison to other low-Z
or medium-Z metals, and reduced impact on core performance
than what would be the situation with high-Z materials. The
impact energy threshold for physical sputtering by deuterium
is approximately Ey, = 10eV (see figure 55(a)). This points to
a high primary erosion source at the FW and indeed disqual-
ifies Be as material for a reactor at high duty cycle of more
than 0.7, but makes Be still a good candidate for the fusion
test facility ITER. Dedicated experimental studies related to
the qualification of Be for fusion application were carried out
in different ion beam facilities, in the linear plasma-device
PISCES-B [677], at the JET tokamak, in laboratory analysis
stations like e.g. FREDIS [678] as well as in the material
modelling by e.g. MD. The overall present-day knowledge
about Be properties, the erosion and deposition characteristic
as well as the retention behaviour in co-deposits has been
recently reviewed in [679]. In the following, we will focus on
a few specific properties and processes relevant in the nuc-
lear fusion context and linked primarily to PISCES-B and
JET-ILW studies and associated modelling.

A key difference between the sputtering of the low-Z mater-
ials C and Be is the chemical erosion of C which is associ-
ated with a release of hydrocarbons at thermal impact ener-
gies of HIs, thus, no effective sputtering energy threshold
exist as depicted in (figure 55(a)). Though Be has a clear
threshold energy as measured in ion beam experiments and
shown in the same figure [680], the measured sputtering yield
shows a dependence on the surface temperature indicating an
additional release process next to pure physical sputtering.
Experiments in PISCES-B under deuterium plasma bombard-
ment have revealed this process as CAPS, which vanishes at
high surface temperatures of Be [681]. A clear signature of
the release mechanism is the spectroscopic detection of the so-
called BeD A-X band indicating a molecular release with the
product BeD along its dissociation chain [682]. The sputtering
requires a minimum energy and therefore is an ion-induced
damage process in contrast to the thermal release in the chem-
ical erosion of graphite. Complementary experiments in labor-
atories indicated a high deuterium concentration in the near
surface related to supersaturation and formation of a BeD,
complex [683]. MD studies, with more than ten orders higher
impinging flux compared to the laboratory studies, modelled
successfully the release mechanism and provided a description
of the BeD and BeD, molecule release, the fraction of CAPS to
the ordinary physical sputtering process as well as the under-
lying energy dependence [684]. Furthermore, a temperature
dependence of the yield was found and related to the D content
in the interaction zone [685], explaining the absence of CAPS
at high surface temperatures with the absence of D in the sur-
face (figure 55(b)). The question remained whether the pro-
cess was associated with changes in surface morphology spe-
cific to perpendicular and monoenergetic plasma incidence,
characteristic for high flux linear plasma devices at low mag-
netic field, as described in detail in [686] for a large num-
ber of projectile and target materials. This study showed a
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Figure 55. (a) Be sputtering yield by D bombardment from SDTRIM.SP simulations [687, 688] and yields measured in D ion beam
experiments for Be [680, 689] and C [690]. (b) Temperature-dependent contribution of BeD to the total Be sputtering in PISCES-B, JET
and MD simulations. Reproduced from [685]. © IOP Publishing Ltd. All rights reserved. (c) Spectroscopically determined effective Be
sputtering yield at JET limiters. Reproduced from [691]. © 2014 EURATOM. All rights reserved.

systematically lower sputtering yield for low-Z materials in
linear plasma devices compared to simulations with SDTRIM
based on the binary collision approximation, with the discrep-
ancy ascribed to the formation of cone-like surface structures
in the experiment.

In JET-ILW using limited plasma configuration in con-
junction with OES the Be sputtering yield was investigated
under tokamak conditions at a high magnetic field, with a
thermal impact energy distribution as well as variations in the
impact angle. Moreover, because the JET PFCs are not actively
cooled, the surface temperature was in subsequent discharges
ratcheting up beyond the expected maximum of CAPS [691].
Indeed CAPS was verified and about 1/3 of the total effect-
ive Be sputtering yield (gross erosion) at an impact energy of
Ei, = 75eV for deuterons was attributed to the process at the
peak value of appearance. Moreover, a decay of CAPS with
almost complete disappearance was measured at Be surface
temperatures of about 520 °C [691] with parallel desorption of
deuterium from the Be LIM measured spectroscopically by the
molecular release of D,. Successful modelling of the experi-
ment was carried out with the ERO code [692, 693] under con-
sideration of the molecular release and modifying the sputter-
ing yields by inclusion of the D content in the Be matrix.

Variation of the impact energy by D, fuelling and local
plasma cooling demonstrated that in JET three different sput-
tering processes take place: physical sputtering by hydrogenic
impact, chemical assisted physical sputtering by hydrogenic
impact at moderate impact energies while at high impact ener-
gies self-sputtering by Be ions takes finally over. The self sput-
tering is in particular critical in the start-up phase of a toka-
mak plasma with Be main chamber PFCs. Figure 55(c) shows
the gross Be sputtering yield at the LIM as a function of the
local electron temperature and associated ERO2.0 simulation
(see section 6.4.2) boundary for the two Be sputtering yield
data sets mentioned before [694]. Comparison between post-
mortem analysis performed at the end of the first phase of
operation [695] and campaign-integrated spectroscopic data
provided a factor two difference between gross and net erosion
of Be at the LIMs [637] at the location of the observation spot.
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Normalised to the LIM phase a net erosion of about 10% of the
original Be thickness was measured at the LIM apex mainly
due to the self-sputtering phase in the LIM configuration [696].
A complex erosion-deposition pattern of Be was recorded in
the toroidal and poloidal directions and linked to the shadow-
ing effects by neighbouring LIMs, thus, to 3D effects.

Finally, no significant increase of Be sputtering in the main
chamber was observed in simulations of H-mode discharges
with inter- and intra-ELM phases in contrast to studies with
full-W FW. This is caused by the overall low impact energy
sputtering threshold for Be and the sputtering of the FW by
residual impurity ions and charge-exchange neutrals [637]
which overlays the enhanced sputtering during a short ELM-
impact at a very localised area of an ELM-filament reaching
the LIM PFCs [663]. However, RF-sheath induced Be sputter-
ing can lead to significant Be impurity production [697] and
associated W sputtering in the divertor. Optimisation of the RF
antenna design as performed in AUG can reduce the sputtering
and is envisaged for ITER.

6.3.2. Tungsten erosion and deposition processes. The key
erosion process of W material (atomic number Z=74) is
physical sputtering, which has a much lower sputtering yield
compared to the low-Z materials. The W sputtering threshold
energy due to the incidence of main plasma species D and
T are around Ey, = 210eV and approximately Ey = 140eV,
respectively. Therefore, W erosion by background ions is
almost negligible for thermal steady-state divertor plasma con-
ditions [657]. Since the larger mass of the projectiles leads
to higher sputtering yield and lower sputtering threshold, the
majority of W erosion is normally caused by impurity bom-
bardments even at a low impurity concentration, in particular
at low plasma temperatures [664, 698, 699]. The higher charge
state of the ion can gain higher kinetic energy in the plasma
sheath near the material surface.

Figure 56(a) shows the sputtering yield for W for differ-
ent intrinsic and extrinsic impurity species present in current
day devices under perpendicular impact. The corresponding
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Figure 56. (a) W sputtering yield calculated with SDTRIM.SP [687, 688] for perpendicular impact of different singly ionised species. The
light grey area indicated detached divertor conditions and the dark grey area the region of intra-ELM projectile energies. (b) Angular
dependence of the W sputtering yield normalised to yield at perpendicular incidence for different ionising species at an impact energy of

250 eV calculated with SDTRIM.SP.

angular distribution is depicted in figure 56(b). The typical
impact angle for the ions lays effectively between 40° and
60° [693, 700, 701] as in the case of Be despite a charac-
teristic length for the impact of the magnetic pitch angle of
only a few centimetres due to sheath effects as well as sur-
face roughness. Surface roughness reduces erosion of metallic
wall components like tungsten PFCs. An extensive database
has been collected from W PFCs from AUG and from linear
devices like MAGNUM-PSI [702] and PSI-2 [703], indicating
several times reduced net erosion as roughness changes from
atomically smooth surfaces to technical ones (roughness up
to 10 um) [619, 704—706]. In general, the effective sputtering
yield decreases for rough surfaces in comparison to smooth
ones, which may be due to the higher capturing probability of
eroded W due to the local geometry in the pm-scale.

W erosion by HIs can play an important role during tran-
sient events. In H mode plasmas, the ELMs burst periodically
energetic particles out of the confined region towards the tar-
get plate (see section 4) and cause intra-ELM sputtering of
W. The W sputtering in the intra-ELM phase is determined by
both impurity and high energetic fuel particle ions [653, 663,
707, 708]. However, for the inter-ELM phase, the sputtering of
W is dominated by the impinging impurities, since the plasma
conditions are comparable to the situation of L. mode oper-
ation. By operation in the (semi-)detached divertor regime,
W erosion in the inter-ELM phase can be mitigated since the
incident energy of the ions can be reduced to below the sputter-
ing threshold. For the intra-ELM phase, the W gross erosion
cannot be suppressed by the detached operation because the
energetic ions are expelled from the pedestal. According to
the experiments in current tokamaks, W gross erosion can be
dominated by the intra-ELLM phases in H-mode plasmas [707].
The ratio between inter- and intra- ELM erosion depends on
the local plasma conditions, impact energies of impinging
ions, the impinging flux to the targets, the impurity concentra-
tion, and indeed on the ELM frequency and magnitude [657,
709]. In addition to the physical sputtering process, W material
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would also be eroded due to CAPS during plasma bombard-
ment with the release of tungsten hydride molecules like WH
and isotopologues [710, 711]. The W erosion due to CAPS is
very low in comparison to physical sputtering, but has likely
a lower threshold for the sputtering process and is one poten-
tial explanation for W erosion below impact threshold energies
and associated transport in remote areas. Quantification ana-
lysis of the process is still on going.

The W gross erosion can be quantified spectroscopically
with the help of W I emission using the inverse photon
efficiency (S/XB values), which converts photon fluxes into
particle fluxes of the eroded W atoms. The sputtered W
particles may transport globally in the main and SOL plasma
or locally transport in the divertor region dominated by the
so-called prompt re-deposition [712], which is defined as the
deposition during the first gyration after being ionised. The
prompt re-deposition fraction can be experimentally charac-
terised by comparing spectral emission lines of neutral W and
ionised W. Since W has large number of electrons and large
mass, it has rather large ionisation probabilities and also large
gyration radii which increase the probability of prompt re-
deposition [713-715]. It has been found that the resulting W
net erosion rate is much lower compared to the gross erosion
rate due to the high local re-deposition of eroded W [657]. The
eroded W returned to the surface leads also to self-sputtering
of the bulk material, which is an important contribution to W
erosion. The respective fraction of total erosion is implicitly
included in the experimental results and can therefore only be
determined by modelling.

Unlike the gaseous elements such as HIs, solid elements
such as Be sputtered from the FW or boron from wall condi-
tioning procedures will deposit on an initially clean W surface
and lead to formation of mixed-material layers [716]. This will
decrease the W concentration at the surface and thus the effect-
ive W erosion rate in comparison with the pristine W surface.
Under conditions where the deposition rate of the non-volatile
material will exceed its re-erosion rate or its diffusion rate
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into the bulk material at elevated temperatures, closed depos-
ited layers will grow on the target material [717]. The syner-
gistic interplay of simultaneous erosion by volatile and non-
volatile incident species was first studied by TRIDYN [718]
and EDDY [719] code simulations and subsequently validated
in ion beam experiments [720, 721] and divertor erosion stud-
ies in DIII-D [635].

Seeding impurities such as N, Ne, Ar etc used for radi-
ative cooling will per se cause additional sputtering contribu-
tions, which is counter balanced by the radiative cooling of the
divertor plasma [267, 367]. Therefore, the concentration of the
seeding impurities must be carefully controlled and optimised
for maximal radiation cooling fraction while avoiding extens-
ive W sputtering and simultaneously maintaining good plasma
performance in the core region (see section 3).

Other important channels enhancing the W erosion are the
(i) acceleration of plasma and impurity ions in the rectified
sheath with RF in use [722, 723] and (ii) arc erosion [724].
The W influxes can be increased by about a factor of ten dur-
ing the operation of RF with the main W source contributed
by the LIM source. The local erosion in the divertor of AUG
can be dominated by the arc erosion occurring at high dens-
ity operation at the inner divertor apron. Further studies are
required here to assess the impact on the global scale for long-
pulse operation devices with actively cooled PFCs.

Finally, the impact of He on W and associated morpho-
logy changes has been identified to be potentially critical [725]
with significant impact on the W erosion-deposition balance.
Detailed studies in linear plasma devices [726, 727] and toka-
maks [728, 729] were carried out under the ITPA framework
in order to validate model predictions for ITER [730].

6.4. State of the art codes to simulate material migration in
tokamaks

In this section we will discuss the different simulation codes
that are presently being used to model migration of the differ-
ent wall materials and impurities in the edge and SOL plasmas
of tokamaks. Typically, the first step is to reproduce the back-
ground plasma that will subsequently be used as an input to
the actual migration codes. Several advances since the previ-
ous ITER Physics Review will be reported including the 3D
nature of the migration process, extension of the simulation
grids to the tokamak walls, improved atomic and molecular
data used by the codes, as well as elaborated treatment of tran-
sient phenomena like ELMs.

6.4.1. The WallDYN simulation code. =~ WallDYN [641] is a
code that describes the FW evolution based on erosion/depos-
ition and global impurity transport. In the WalIDYN code, the
FW is subdivided into different elements, and each contains
a reaction zone located on an infinite bulk. Material erosion
and deposition processes occur within the reaction zone, and
an appropriate material exchange with the bulk is allowed
to compensate for the material loss and gain. The redistribu-
tion of these impurity sources, by erosion and reflection, is
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described by a matrix which describes the influx onto the wall
elements due to the impurity source from all the other wall
elements. This coupling of surface evolution and plasma trans-
port allows for a self consistent description of both the sur-
face composition evolution and the corresponding evolution of
the impurity influxes from the plasma. The code describes this
coupled evolution as a differential algebraic equation system
that is solved time dependently and maintains a global mater-
ial balance for all eroded/reflected and migrating particles.
The reflection and erosion rate coefficients are parameterised
from the simulation results of SDTRIM.SP [687, 688] or
MD codes [731]. To determine the impurity redistribution
probabilities among different wall elements, test particles are
launched homogeneously in a trace impurity transport calcu-
lation, and then a redistribution matrix for a given background
plasma condition is generated. WallDYN can also provide the
growth rate of a deposition layer which can be used to calcu-
late the fuel retention by co-deposition [732].

6.4.2. The ERO simulation code. =~ The ERO code is a 3D
Monte—Carlo code which simulates material erosion, impur-
ity transport and deposition in magnetic fusion devices [642].
Originally, the code could only focus on localised wall com-
ponents with sizes in the range of centimetres to meters, such
as the divertor target plates, LIM tiles or samples exposed
in tokamaks or linear machines. The ERO source code has
been recently rewritten and updated to the ERO2.0 version
with massive parallelisation, which is capable of performing
modelling for much larger 3D volumes, even the entire dimen-
sions of tokamaks with divertor and main chamber walls [643].
The physics models and main features are similar for the two
versions of the code. In addition to benchmarking simula-
tions with existing experiments, predictive modelling of the
erosion and deposition of wall components for future fusion
devices can also be performed. The main features of the code
are described in the following. Impurity particles are origin-
ated from the material surface by physical sputtering, chemical
erosion, external gas puffing or evaporation. The particles are
released from the surfaces as neutrals, and then can be ionised
or dissociated on their way through the plasma. The move-
ment of charged particles is determined by the magnetic and
electric fields, friction force, thermal force and (anomalous)
cross-field diffusion. Full Larmor gyration or guiding centre
approximation of the charge particles can optionally be chosen
to be used in the code. The eroded particles can return to the
material surface where they can be reflected or re-deposited.
In addition, the returned particles themselves can erode further
the material surface. The background plasma parameters are
taken as input parameters in the ERO code, which can be either
provided by plasma transport modelling or constructed based
on the experimental measurements. The databases on sput-
tering yields, reflection coefficients and rate coefficients for
atomic processes are used in the code. Sputtering and reflec-
tion data are based on the SDTRIM.SP [687, 688] or MD sim-
ulations [731]. Ionisation, recombination and photon emission
rates for atoms are typically taken from ADAS [733]. The
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surface composition for ERO calculations can be considered
by coupling with the SDTRIM.SP code or alternatively by
using a homogeneous mixing material model.

6.4.3. The DIVIMP simulation code. The DIVIMP
code [734] is a two—dimensional divertor impurity trans-
port code which follows the transport of sputtered or injected
impurities in the edge plasma. The background plasma as well
as computational meshes used by DIVIMP can be extracted
from other widely used fluid codes such as SOLPS [735] and
UEDGE [736] or experimental based simple models like the
OSM [644, 737]. With a given background plasma condition,
impurities are followed in a Monte-Carlo way until they finally
deposit on a solid surface. The influence of impurity distri-
bution on the background plasma is ignored in the code, so
DIVIMP is usually applied to impurities with a small concen-
tration. DIVIMP has obvious advantages on W transport simu-
lation compared to other fluid codes, because the possible high
charge states of W bring large amount of calculations for the
convergence of fluid equations. Therefore, DIVIMP has been
used for edge W erosion and transport simulations for fusion
devices with W PFCs in recent years. According to a specified
erosion model in the DIVIMP code, W erosion can be calcu-
lated based on the impinging particles flux density and energy
derived from the background plasma. The sputtered neutrals
are launched and followed until ionisation or re-deposition. A
predefined cross-field diffusion coefficient is considered. For
the parallel transport, collisions with the background plasma
and various forces including friction, electrostatic force and
temperature gradient forces are included. The self-sputtering
cascades are self-consistently calculated and followed as well.
After the DIVIMP simulation, the 2D spatial distributions of
impurities for each charge state can be provided.

6.4.4. The SDTRIM.SP simulation code. SDTRIM.SP [687,
688] is a modern implementation of the binary collision
approximation description of the transport of ions in matter:
TRIM. It describes the transport of fast (primary-)projectiles
impinging on amorphous target structures by a sequence of
binary collisions. During these collisions also target recoil
atoms are created, which are followed in the same way as
the primary projectile is, thereby also potentially creating new
recoils. This gives rise to a so called collision cascade and
all particles in this cascade are followed until their energy is
dissipated by inelastic energy loss to the target electrons. If
during this collision cascade the primary projectile leaves the
target, it contributes to the reflection yield of the projectile
whereas if a target atom leaves the surface it contributes to
the partial sputter yield of the respective element type from
the target surface. SDTRIM.SP can be used in two modes:
static or dynamic. In the dynamic mode the target composition
and thickness is modified according to the material transport
during the collision cascade which allows to simulate surface
recession and ion beam mixing. In the static mode the target
composition is fixed and in this mode sputter and reflection
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yields are computed and also range distribution and displace-
ment damage events are recorded.

6.5. Material migration in tokamaks: experiment and
simulation

6.5.1. Specific experimental and modelling contributions from
JET.  PSI processes between Be and H isotopes have been
studied in-situ in inner-wall limited discharges in JET with the
contact point on the high-field side of the torus with dedicated
OES lines-of-sight. The effective Be gross erosion yields can
be determined via measurements of Be Il at 527 nm and D as
well as the application of known S/XB values (see figure 55(c))
in JET covering all three Be erosion processes (physical sput-
tering, CAPS and Be self sputtering) as a function of the
ion impact energy and the Be surface temperature [691]. The
3D ERO2.0 code was benchmarked with this set of effective
Be sputtering yields employing toroidally symmetric onion-
skin-based circular plasma backgrounds as input [694]. The
experimental and modelled effective Be sputtering yields are
in general in good agreement as depicted in figure 57(a).
The D content in the Be surface decreases with rising sur-
face temperature. The rising temperature has been achieved
by decreasing the central plasma density as the PFCs are
only inertially cooled. Therefore, the experimental values lay
within the boundaries of the two SDTRIM.SP Be sputtering
yield data sets (w and w/o D content in the Be surface) applied.
ERO2.0 reproduces successfully the strong Be self-sputtering
branch at the highest impact energies, or corresponding to
the lowest central plasma densities as used as abscissa in
figure 57(a). This modelling in the LIM configuration gives
confidence in the global Be source term simulation under toka-
mak conditions, thus in the first step of the Be migration
modelling.

Diverted magnetic configurations were assessed initially in
2D simulations with the WallDYN code assuming a toroid-
ally symmetric FW and plasma in the applied standard con-
figuration in JET (see figure 54(a)) with the inner strike-line
positioned on the vertical target plate. The WallDYN impurity
migration matrices calculated for JET by DIVIMP suggested
that a large fraction of Be from the main chamber wall would
impact the top of the inner divertor baffle or the apron region.
Combining this migration matrix for deriving the material ion
flux, with the dynamic surface evolution model in WallIDYN,
resulted in Be layer growth rates on the apron, that were close
to the experimentally observed values [732]. These can be con-
verted into the measured thickness of about 20 ym after 13h
of plasma operation in the divertor configuration [637, 738],
which was predominantly in the first years in the standard
single null configuration. Figure 57(b) shows the result of the
WallDYN simulations at the inner divertor leg for the typical
H-mode plasma prior to the first tile removal [655] and can
directly be compared with the deposition pattern from post-
mortem analysis [639] shown in figure 54(c). The main path-
way of Be migration in JET H-mode plasmas with erosion at
the FW and predominant deposition on the inner divertor apron
could be reproduced in these 2D simulations.
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Finally, full 3D simulations of H-mode plasmas were car-
ried out with ERO2.0 to include, in particular, the shadowing
effects of FW PFCs and dedicated synthetic diagnostic simula-
tions to improve the accuracy of the simulations. Figure 58(a)
shows the net Be erosion-deposition pattern in JET simu-
lated with ERO2.0 [694] for the very same plasma described
before in the 2D WallDYN case. The generic material trans-
port from the main chamber into the inner divertor is repro-
duced, but now the spatial variation of Be erosion in the main
chamber and the distribution of Be sources at the inner and
outer wall are resolved. Moreover, in the global simulation
also the net re-deposition of Be at the FW can be estim-
ated. In fact, in the diverted magnetic configuration, only a
small 18% fraction of Be is redeposited on the FW elements
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while 58% is redeposited in the divertor, with the remain-
ing 24% being redeposited in the gaps of the 3D PFC struc-
tures. However, the dominant migration path changes in pre-
dictive simulations for ITER when ERO2.0 is applied to the
standard Q =10 H-mode plasma with much higher density
in the SOL than in current JET plasma simulations [739].
A much larger fraction of Be eroded at the first-wall PFCs
remains at the FW (figure 58(b)), namely 90%, as described
in more detail in the next section addressing predictive ITER
simulations with full 3D wall shaping. The change of the
dominant Be migration path will have a vital impact on the
subsequent PSI-processes like tritium co-deposition with Be
and Be dust formation as well as the lifetime of the wall
components.
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The previously introduced simulations were performed
assuming quasi-steady-state plasma conditions excluding
ELMs. Though this is an acceptable approach for the Be FW
simulation, it is insufficient for modelling the W erosion-
deposition pattern in the divertor due to the important role
of the intra-ELM phase on the sputtering process (see
section 6.3.2). In the first step, local ERO simulations were car-
ried out modelling inter- and intra-ELM phases of W erosion
and deposition in the divertor with experimental plasma para-
meters as input and compared with OES [665, 740]. Thereby,
the FSM, tested experimentally against different types of
ELMs, was implemented in a dedicated module in ERO and
benchmarked against single ELM events [663, 741]. The intra-
ELM sputtering is governed by the impinging energetic hydro-
gen fuel ions and by the dominant impurity ion fraction in the
pedestal. However, the Be concentration in the JET pedestal
is low and amounts typically to less than 1.5%, thus deuterons
are dominating [663].

The (prompt) re-deposition of W at the outer strike-line was
determined experimentally for the series of 151 discharges
prior to the first bulk-W tile removal under attached condi-
tions (T, = 35eV) in deuterium. The gross erosion of W was
measured in-situ by OES on the W line at 400.9 nm whereas
the net erosion of W was determined by post-mortem ana-
lysis of bulk W lamellae with a Mo marker layer [638]. The
combined analysis provided with good spatial resolution: (i)
inter- and intra-ELM W source distribution (only OES), (ii)
gross and net erosion of W, and (iii) the re-deposition factor
of more than 95% [657]. Interpretative ERO modelling repro-
duced these observations and disentangled the net W erosion
into inter- and intra-ELM phases, the poloidal distribution of
W gross erosion and deposition along the OT plate as well
as the leakage paths of W out of the divertor. At the inner
strike-line on the vertical target leakage towards the apron
occurs, whereas at the outer strike-line on the bulk-W plate
W remains in the corner region. ERO revealed the importance
of W self-sputtering in the source estimation with about 25%
of the total W sputtering which cannot be studied experiment-
ally. Moreover, ERO interpreted also the behaviour at the IT
plate with 7. = 7eV and confirmed the absence of inter-ELM
sputtering in the cold divertor and burn-through of energetic
D and Be ions in the intra-ELM phase overcoming the impact
energy sputtering threshold.

Most recent JET simulations are global ERO2.0 simula-
tions for different ELMy H-mode plasmas with inter- and
intra-ELM phases by adaptation of transport coefficients in the
background plasmas associated with the pedestal drop during
an ELM crash and expulsion of highly energetic D as well as
Be ions [666]. The key observations of the initial ERO simula-
tions could be reproduced, but additionally the role of charge-
exchange neutrals during the inter- and intra-ELM phase has
been identified to be critical at the upper part of the outer diver-
tor [666] and on the main chamber [742]. Further studies are
required to quantify the impact of this far-SOL W source in
the W leakage and W plasma contamination.
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6.5.2. Specific experimental and modelling contributions from
AUG. On AUG, material migration has been addressed both
via dedicated experiments using its divertor manipulator sys-
tem [743-745], allowing exposure of marker samples at the
LFES (outer) strike-point region of the torus, and via analysis
of marker tiles removed from the torus after completing an
experimental campaign [746, 747]. Data is available from both
D and He plasmas, performed in various L- and H-mode scen-
arios, as well as for different geometries, materials, and surface
roughnesses of the marker samples or tiles. The erosion pro-
files of the markers and the migration patterns of light (C, N,
B) and heavy (W and its proxies) elements, both globally and
locally, have been extensively modelled using ERO/ERO2.0,
DIVIMP, WallIDYN and ASCOT [670, 748, 749]. At the diver-
tor, combination of spectroscopic and PM data indicate net-
erosion rates of W to remain below 0.1 nms ™!, excluding the
exact strike-point areas. Re-deposition is generally >90% and
even in low-density plasma scenarios, it can reach values of
50%—-60% [744]. Erosion of W PFCs is also strongly depend-
ent on local plasma conditions and transients impinging on
them, which is evidenced by W sputtering in H-mode to
exceed the corresponding L-mode values by 1-2 orders of
magnitude [619]. Net erosion, however, is not amplified that
strongly. The main contribution on W erosion in H-mode
comes from intra-ELM sputtering, except in clearly attached
plasmas with high electron temperatures when comparable
inter- and intra-ELLM erosion of W could be measured [653].
Main-chamber erosion of W remains at low levels, based
on data integrated over full-length experimental campaigns.
In most regions, the determined erosion rates are 1-2 orders of
magnitude lower than the corresponding divertor values except
for specific LIM structures at the outboard mid-plane [747].
Here, W erosion may become equally noticeable as in the
divertor, but with stronger impact on the W core concentra-
tion due to poorer screening, and thus contribute strongly to
the observed erosion-deposition patterns everywhere in the
tokamak. In the global scale, distinct 3D migration patterns
have been observed to be formed particularly on protruding
surface features in the main chamber. Modelling, for its part,
has revealed that besides the local plasma conditions and sur-
face morphology, material migration on AUG is largely gov-
erned by flows in the SOL plasma, successive erosion and re-
deposition steps, but also in the case of light elements by the
chemistry of the surface, leading to enhanced re-erosion [670].
Surface morphology contributes significantly to the balance
between gross and net erosion of W as one can see in figure 59.
At the divertor, increasing the roughness by an order of mag-
nitude (in terms of the mean arithmetic roughness: Ra) results
in the reduction of net W erosion by a factor of 5-10 [619, 744,
745]. Simultaneously, thicker co-deposited layers are formed
on the surface. Noticeable, however, is that in H-mode the
conclusions are not that clear than in more benign L-mode
conditions due to possible competition between erosion and
deposition throughout the affected area [745]. Even for gross
erosion the picture changes qualitatively with roughness since
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sputtering preferentially starts to occur more and more at the
tips of the surface peaks. Net erosion and deposition should
thus be considered at the microscopic level.

6.5.3. Specific experimental and modelling contributions from
WEST.  Material migration was studied in the full-W envir-
onment of WEST (figure 53(c)). WEST operation was phased,
with a full ITER grade W actively cooled divertor implemen-
ted in the second phase from the end of 2022. In the first phase
reported here, the lower divertor was equipped with a mix
of actively cooled W ITER grade PFUs and inertially cooled
PFUs, made of W-coatings (~10 um) on a graphite substrate.
Specific inertially cooled PFUs, the so called erosion marker
tiles, were implemented on the lower divertor to assess mater-
ial migration. These erosion markers feature an additional W
layer (1-2 pm) and a thin Mo layer (100 nm) on top of the
standard W coating. They were retrieved from WEST for PM
analysis throughout phase 1, which included five experimental
campaigns (C1 to C5): 2 tiles after the C3 campaign (7300 s
of plasma exposure in D), 4 tiles after the C4 campaign, which
ended with a He campaign (3000 s) after long exposure in D
(9700 s), 2 tiles after the C5 campaign with 4600 s of plasma
exposure in D. The heating power and pulse duration of the
applied L-mode plasmas was progressively increased during
phase 1, leading to a maximum surface temperature of the iner-
tial PFU in the OSP area up to 500 °C for C3 and 900 °C for
C4 and C5 [750]. Finally, boronisations were regularly carried
out for vessel conditioning.

The analysis of visual range spectroscopic line emission in
phase 1 of WEST operations revealed that the W sputtering
in the divertor is dominated in L-mode conditions by resid-
ual light impurities such as O, B, C [668]. The main cham-
ber W gross erosion sources, originating from the RF systems
protection LIMs, the outer bumper, the upper divertor or the
baffle (see figure 53(c)) were found to be generally lower in
absolute magnitude compared to the divertor source, but not as
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strongly screened as the divertor sources [723, 751]. The con-
tributions of the various W sources (divertor vs. main cham-
ber) to the plasma core W contamination could be quantitat-
ively investigated by global analysis of W migration across
the WEST discharge data base using fully 3D SOLEDGE-
ERO2.0 W transport simulations [671, 752, 753]. Post expos-
ure analysis of divertor tiles equipped with erosion markers
showed net erosion both at the inner and outer strike line areas
with a more pronounced erosion zone at the OT. Deposited lay-
ers of several um thickness were measured on the HFS [754],
with a sharp transition between the erosion-dominated area
around the inner strike line and the deposited layers. Thin
deposition with a few 100 nm was found further away from
the strike line area on both the inner and outer divertor sur-
face. The radial extent of the net erosion area around the
outer strike-line grew after C4 and also was shifted further
out towards the LES [754, 755]. The thick deposited layers
on the HFS exhibit a complex morphology, with a stratified
layout alternating locally with spherical or elongated struc-
tures. In the up to 30 um thick layers found after the C5 cam-
paign, significant fractions of B, C, and O were identified
in addition to the PFU material tungsten [754, 756]. This is
consistent with VIS range divertor spectroscopy, where B, C
and O emission lines are generally observed during plasma
operation. Finally, it should be noted that these deposited lay-
ers did not hamper operation under phase 1 plasma condi-
tions, as no increase of layer delamination and ‘UFO’ related
disruptions was observed. There are, however, concerns that
deposited layers might become unstable with increasing thick-
ness leading to transient impurity ingress due to delaminated
flakes as discussed in [757, 758]. Indeed recent experiments in
WEST [759], accumulating high plasma fluence by multiple
plasma discharges in attached L-mode conditions, revealed
layer formation and spallation of deposits by stress relief.
Based on PM analysis of the erosion marker tiles, a net
campaign integrated erosion rate can be inferred for the SP
area in the C3 campaign, with a lower range of 0.1 nm s~!
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Figure 60. WEST: (a¢) SOLEDGE-ERO2.0 simulation with toroidally symmetric plasma without outboard W antenna limiters included in
the model. (b) Full 3D SOLEDGE-ERO2,0 simulation with four discrete limiters made of W determining the W concentration in the
plasma. Reprinted from [671], Copyright (2023), with permission from Elsevier.

up to 0.5 nm s~! when taking into account the various exper-
imental uncertainties [754]. In contrast, the campaign integ-
rated growth rate of the thick deposited layers on the HFS
is of the order of 1 nm s~'. This can be compared with
simulations of W migration in WEST using the ERO2.0
code [753], for conditions representative of an Ohmic plasma
or an RF heated plasma, respectively. Preliminary modelling
results indicate that the overall erosion-deposition pattern can
be recovered (net erosion in the SP area, deposition else-
where), but simulations cannot reproduce the experimental
asymmetry with a strong deposition on the HFS, which might
be related to flows not covered in the plasma background with
SOLEDGE-EIRENE.

Modelling also tends to underestimate the net erosion rate,
but it should be noted that results are very sensitive to the local
W re-deposition fraction, which is higher than 95% and not
considering surface roughness enhancements observed e.g. in
AUG. The material migration path seems consistent with other
tokamaks, namely strong main chamber W sources (FW, upper
divertor, and RF antennas) and subsequent transport to the
HFS where deposition is observed. Efforts are ongoing to bet-
ter describe the WEST main chamber configuration in 3D with
inclusion of LIMs [671]. The modulation of the magnetic field
due to the ripple, which is with 8% significant in WEST, can
further modulate heat and particle fluxes on the divertor but
this is not yet taken into account. Figure 60 shows the W
density maps computed by ERO2.0 for a non axisymmetric
set up with toroidally localised LIMs on the LFS, using a 3D
plasma background generated by the SOLEDGE code (simu-
lation with fluid neutrals and a constant 3% O concentration).
Two cases are compared: not taking into account the W sources
from the discrete LIMs (a) and taking it into account (b). This
results in significant differences in the computed W core con-
tamination. Those preliminary simulations suggest that taking
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into account toroidally localised objects are required to accur-
ately simulate W migration in WEST discharges.

6.5.4. Specific experimental and modelling contributions from
EAST  Material erosion and migration with a ITER FW
panel proxy was studied on EAST [632]. A specially designed
test LIM with the ITER-like first-wall panel geometry was
exposed to the boundary plasma in helium discharges by using
the OMP Material and Plasma Evaluation System (MAPES).
Net erosion and deposition patterns of the carbon-coated Mo
plates on the LIM front surface were estimated using IBA. The
Helium plasma was used to reduce the contribution of carbon
chemical erosion. As shown in figure 61, no net deposition was
found on the proxy wall element even in the shadowed regions.
The erosion profiles from the 3D ERO simulations with mag-
netic shadowing model showed excellent agreements with the
experimental data. No net deposition in the central magnet-
ically shadowed area indicated that the CXN-induced erosion
playing an important role in this experiment at EAST.

A high time resolution spectroscopy system has been
developed in EAST to provide a real-time measurement of W
erosion in the upper and lower W divertor installed in 2014
and 2021, respectively. Both Li and silicon (Si) are used for
the wall conditioning in EAST, and experimental results reveal
that compared to Si, Li coating is more effective on W source
suppression [760]. Li aerosol injection into the upper diver-
tor can dramatically reduce divertor W erosion by cooling the
edge plasma. The intra-ELM W sputtering yields is found to
have a positive correlation with the pedestal electron temper-
ature as in the case of JET [657], and a negative correlation
with the ELM frequency [761]. Unlike the results on DIII-D,
W erosion mitigation is achieved by applying RMPs (RMP
described in 5), and the mitigation effect on the outer divertor
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target is stronger than that on the IT. Simulation results of W
erosion profiles from the ERO code agree well with the exper-
imental data for EAST L-mode discharges [762]. Modelling
results indicate that W erosion is mainly determined by the
local C impurity concentration in the background plasma. The
recycling C flux is proved to be non-negligible on the W
erosion calculation.

6.5.5. Specific experimental and modelling contributions from
DIlI-D. By leveraging the divertor material evaluation sys-
tem (DIMES), W samples with different sizes are exposed
to the DIII-D plasma to evaluate the W gross erosion, net
erosion, and re-deposition [763] as well as effective S/XB-
values for W I at 400.9 nm [764]. Model validation to the ded-
icated experiments improved the understanding of erosion and
re-deposition of high-Z materials in a mixed material envir-
onment [635, 712]. The W net erosion rate is significantly
reduced compared to observations in JET and AUG due to
the high local re-deposition probability and explained earlier
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in section 6.3.2. The local re-deposition is mainly controlled
by the electric field and plasma density within the magnetic
pre-sheath according to the applied interpretative modelling.
Reducing the potential drop can increase the plasma density
inside of the sheath, and thus the W re-deposition rate will not
be reduced.

The role of background low-Z impurities in determining
high-Z material erosion was also identified. Spectroscopically
measured radial profiles of inter-ELM W erosion rates at DIII-
D divertor were well reproduced by the ERO modelling tak-
ing into account charge-state-resolved C ion flux in the back-
ground plasma calculated using the OEDGE code (figure 62).
Different methods, suggested by predictive modelling such
as the application of local electric biasing and gas injection,
successfully suppressed the high-Z material erosion in DIII-D
experiments [712, 765].

A metal ring campaign [634] was carried out on DIII-D in
2016 to investigate W erosion and transport in a global scale.
Two toroidally symmetric rings of W tiles were inserted in
the lower outer divertor of DIII-D (figure 53(d)) with all other
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PFCs remaining graphite. The inter-ELM W erosion profiles
along the radial direction of the W ring can be well reproduced
by OEDGE simulations with a carbon—tungsten (C—W) mixed
material model [766]. Under the C—W mixed material environ-
ment, W erosion is mainly caused by the local recycled C flux,
most of which is originated from the erosion of the C deposited
temporarily on the W surface. The deposited C fraction on the
W surface is proved to have a nonlinear effect on W erosion. A
higher C surface fraction increases the C flux to the target and
thus promotes W erosion, but the deposited C can act as a pro-
tection layer against W sputtering at the same time. With the
use of isotopic W sources and a dual-faced collector probe, the
W leakage ability from different divertor locations was stud-
ied [767]. The W leakage ability from the OSP location shows
a positive correlation with power across the separatrix (Pgep),
which is caused by the increase of the parallel ion temperature
gradient force in the near-SOL region. Whereas for the far-
SOL region, W leakage ability shows a negative correlation
with Py, and a positive correlation with the ELM size, indic-
ating that the ELM plays a role in the W transport. The first
experimental evidence of the near-separatrix W accumulation
between the plasma top and the OMP was obtained from the
collector probe data. DIVIMP-3DLIM code package simula-
tions demonstrate that both the TF direction and the parallel
ion temperature gradient force strongly affect the flow pattern
in the SOL, and thus determine the existence of W crown accu-
mulation [768].

Based on the ELM-resolved 400.9 nm W1 spectroscopy
during the MRC, intra-ELM W erosion was quantitatively ana-
lysed. The W erosion was found to be strongly reduced during
the ELM mitigation phase by pellet pacing, but no reduction of
W source is observed during the RMP application [769]. For
typical type-1 ELMs, a strong correlation between the intra-
ELM W sputtering source and ELM frequency is observed.
With the increase of the ELM frequency, the W sputtering
source increases first and then rolls over at sufficiently high
ELM frequency. At JET a similar behaviour was linked to the
transition from type-I to type-Ill ELMy H-mode [707]. ELM
transport characteristics were obtained by using an interpretive
plasma FSM [375, 379] to fit the divertor ion saturation current
and heat flux density for different flux tubes in the SOL [766].
Unlike the inter-ELM W erosion, the intra-ELLM W erosion is
dominated by both the energetic Co originated from the ped-
estal and the local recycling C>+.

6.6. Conclusions for ITER operation in the Be/W
plasma-facing material mix

The different experiments in metallic devices presented before
have provided vital information about the global material
migration process, thus the cycle of erosion, transport, and
deposition. Moreover, dedicated benchmarking for the two key
modelling tools for global PWI namely WallDYN and ERO2.0
for the current ITER material mix Be/W as well as for the full-
W option for a potential future phase of operation was suc-
cessfully done. Both codes complement each other and have
been applied in different evolution stages, e.g. 2D to 3D in
case of WallDYN or polished to rough surfaces in case of
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ERO2.0, to predict ITER steady-state plasma conditions cov-
ering the PFPO in H and He and the FPO in DT [4]. Key input
for both codes are reliable plasma background simulations for
the different operational phases in 2D or 3D as well as the
exact FW geometry. The shape of the ITER FW evolved in
the recent decade to ensure compatibility with the expected
heat load pattern on the main chamber PFCs [53]. Moreover,
the plasma backgrounds and the physics included evolved to
gain accuracy in the prediction by inclusion of e.g. flows and
drifts in the divertor [334]. However, none of the 2D plasma
backgrounds were initially up to the FW limiting surface and
also excluded a priori 3D shadowing and shaping effects,
thus, individual plasma extrapolations for each case up to the
FW and in toroidal direction are required. These extrapola-
tions for the different envisaged plasmas in L- and H-mode at
variable input power, magnetic field strength, plasma species,
and outer divertor shoulder permit predictions beyond direct
experimental extrapolation with the highest possible accuracy
in order to map out the operational space and potential limita-
tions in ITER.

6.6.1. ERO2.0 predictive simulations for ITER.  As reported
in [739, 770, 771], ERO2.0 has been used to predict steady-
state Be FW erosion in ITER in different PFPO and FPO
plasma conditions. The variations included the magnetic con-
figuration, the far-SOL conditions (density, temperature, flow
velocity), the power and fuel (H, He, DT) species, the cross-
field diffusion and the impact angles of sputtering ions and
neutrals. As input, the simulations used wide-grid plasma
backgrounds provided by OEDGE [772], which in turn are
based on SOLPS-4.3 modelling [490]. Note that as an approx-
imation in both OEDGE/SOLPS and ERO2.0, the plasma in
DT cases is approximated by a pure D plasma. Figure 63(a)
shows the Be net flux (i.e. the Be gross deposition minus
gross erosion) for two selected Q = 10 cases. The FW erosion
is dominated by ion impact (in particular by Be impurities)
in plasma-wetted areas. These constitute about 10% of the
760 m> FW area and they were obtained by numerical tracing
of magnetic field lines with similar assumptions as used for
power flux predictions with SMITER [773] and are in good
agreement with the latter.

The impact of neutrals, in particular the highly energetic
charge-exchange neutrals, leads to an additional erosion chan-
nel which amounts to roughly 1/3rd of the total Be source.
However, this channel is characterised by low erosion fluxes
covering the entire FW area, and is thus not relevant for FW
armour lifetime which is limited by the erosion in wetted areas.
The highest net erosion rate is found at the inner wall (panel 5)
with 0.057 mmh~! Be layer depletion, which is close to previ-
ous predictions by local LIM [774] and ERO modelling [693,
775]. It should be noted that the simulations were performed
with an old magnetic equilibrium which assumed a wall con-
tour that protrudes by 4 cm into the plasma at the HFS, thus it
does not match the (correct) 3D wall geometry. Although this
was mitigated by morphing the grid at the high-field side to
match the correct wall contour, the erosion in that location is
likely still overestimated.
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behalf of IAEA by IOP Publishing Ltd. CC BY 4.0.

The major fraction of Be eroded from the FW is again rede-
posited on the FW, while a smaller fraction is deposited in the
divertor. The ERO2.0 simulation results are highly sensitive
on the assumptions concerning the background deuterium ion
flow velocity used in the input OEDGE plasma backgrounds.
‘Case #1’ in figure 63(a) uses only source-sink driven flows
and no drifts, resulting in a Be fraction of 10% depositing in the
divertor. ‘Case #2’ uses an imposed SOL flow of M =0.5 to
study the effect of a very high flow, in this case the Be fraction
in the divertor is doubled to 21% and leads to a higher depos-
ition in the inner divertor, which is more in line with the find-
ings at JET. The high SOL flow in case #2 also leads to a reduc-
tion of FW erosion, with a gross Be erosion rate (i.e. the gross
erosion flux integrated over the FW area) of 1.1 x 10> Be s~ !,
compared to 1.5 x 10> Be s~! in case #1.

Part of the study was devoted to characterising the impact
of modelling uncertainties on the prediction of the total Be
source (using case #1 as reference). Variation of the anomalous
diffusion coefficient for Be impurities in the range D | = 0.3—
10 m? s~! leads to a variation of the Be gross erosion rate
in the range (0.97-1.96) x 10** Be s~!, due to the changes in
the Be self-sputtering contribution. A slightly larger uncer-
tainty is introduced by the radially outward extrapolation of
plasma parameters between the OEDGE grid boundary and
the shaped FW surfaces. Here, variation between a strong
radial decay (with a constant decay length of A = 1 mm) and
radially constant plasma profiles A — oo, corresponding to
strong convective/turbulent transport) leads to a variation of
the Be gross erosion rate in the range (0.55-1.53) x 10?* Be
s~!. Finally, the largest variation was found when varying
the assumed impact angle of background D ions and neut-
rals within the range 0-85°, resulting in a variation of the Be
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gross erosion rate in the range (0.13-2.35) x 10** Be s~!, as
shown in figure 63(b). For comparison, the reference case #1
erosion rate of 1.5 x 1023 Be s—! is obtained with D| = 1 m?
s~!, constant plasma extrapolation A\ — oo and the follow-
ing assumptions for projectile impact angles: (1) ions have
angular distributions numerically obtained from tracing their
gyration through the sheath before impacting on a perfectly
smooth surface, (2) CXN are assumed to impact along the
local magnetic field angle, since they originate from ions fol-
lowing field lines before undergoing the charge-exchange pro-
cess. Especially the latter assumptions on the impact angles
are somewhat arbitrary. This can be improved in the future
if angular distributions become available from the EIRENE
code [647] and the influence of roughness on the distributions
is accounted for using models such as [776].

6.6.2. WallDYN predictive simulations for ITER. The
WallDYN code is applied to ITER to make predictions on the
location and growth rate of Be layers on the FW [732, 777].
The formation of these layers can potentially limit ITER oper-
ation since they can retain large amounts of the D/T fuel and
form tritiated dust when they delaminate and disintegrate in
the plasma. The formation of these layers is determined by the
balance of the Be influx onto the wall from the plasma I';, and
the source flux back into the plasma due to erosion and reflec-
tion: I'ge = Iero + 'refi. Both the erosion and reflection flux
depend on the local surface composition. I'y, is determined by
the plasma transport of Be atoms emitted by the sources Iy
into the plasma. This leads to a coupling of the FW compos-
ition and Be influx on all plasma wetted surfaces throughout
the ITER FW. At locations where 'y, > Iy, Be layers are
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formed, whereas for I'j, < 'y, the Be FW is continuously
eroded. This coupling is modelled in WalIDYN, applying a
dynamic FW composition model where the local impurity
influx is coupled, by plasma transport, to the impurity source
fluxes I',. from all wall areas.

Before applying WallDYN to ITER it was first bench-
marked against Be layer formation results obtained from JET
in the ITER-like wall configuration as shown in figure 57(b).
The so validated code, was then applied to a large num-
ber of ITER background plasma scenarios, differing in input
power, divertor density and far-SOL transport assumptions.
The resulting migration matrices all look qualitatively similar,
whereas the wall plasma parameters (D-fluxes, plasma temper-
atures) vary significantly and span a large range of possible
operating scenarios. The resulting net Be layer growth rates
for the different scenarios vs. poloidal wall index are shown in
figure 64(a). The colour scale denotes the layer deposition rate
per area (m~2 s~ !) integrated over the poloidal length of each
wall tile, i.e. in units of m-tor ! s—! where m-tor—! stands for
per meter in toroidal direction.

While in figure 64(a) the details and absolute layer growth
rates vary across the different background plasma scenarios,
qualitatively most deposition takes place in the divertor,
mainly at the baffles. In figure 64(b) the time evolution of
the Be influx is shown vs. poloidal wall index location for a
reference ITER case indicated in figure 64(a) by a horizontal
line. The influx onto the inner (wall indices 40-50) and outer
(wall indices 20-30) divertor W baffles, which initially at t =0
have pure W surfaces, increases strongly and equilibrates after
~3s. Initially the only source of Be is the erosion of the main
chamber Be wall, which is transported by the plasma into the
divertor where it is partially deposited or reflected from the W
surfaces. This continuous (re-)erosion and reflection results in
Be recycling in the divertor and thus gives rise to new local Be
sources. These new sources evolve over time and result in an
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increase of the Be influx locally in the divertor. This highlights
the afore mentioned need for a wall dynamics model, that
describes the surface modification by Be deposition and the
resulting Be-sources due to re-erosion, to correctly describe
the poloidal distribution of the Be influx. The details of the
co-deposition of fuel resulting from the so calculated Be layer
growth rates are summarised in sub-section 7.6.1.2 of section 7
HI inventory and recovery.

In [732] the Be FW was assumed to be perfectly toroid-
ally symmetric whereas in reality it is a 3D shaped wall to
avoid LEs as mentioned before. This shaping results in a
large number of weakly plasma wetted surface areas which
cannot be described by a 2D code but require a 3D ver-
sion of WalIDYN. In [779] the Be layer growth in ITER is
revisited using EMC3-EIRENE [495] to derive the impurity
migration matrices. When averaged over the toroidal direc-
tion the migration matrices in 2D and 3D look qualitatively
the same. However, the full 3D WallDYN simulation for ITER
with shaped Be wall predicts up to a factor 5 more depos-
ition at the main chamber wall compared to the 2D calcu-
lation with a toroidally symmetric wall. The reason for this
difference is that the 3D results include deposition in the
recessed areas of the main chamber, which reduces the mater-
ial available for deposition in the divertor since in both cal-
culations the total Be source is comparable. Still this shift in
the deposition location had no significant impact on the fuel
retention, but might have impact on applicable fuel recovery
schemes.

The dynamic surface model in WalIDYN also includes self-
sputtering by the impurities that return to their source wall loc-
ation. If for a surface location a fraction ~y of I'y, returns back
to it, then the influx I, of the impurity in equilibrium can be
derived from the equation

Lin =7 % (Fin x (Y 4+ R 4+ Tpg x ¥°9)
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which yields
x I'pg x YBO
Ty = — 20 (13)
1— ('7 X (Yselt +Rself))
where I'gg x YBOC represents the erosion flux due to impact of

the main background (BG) plasma species and Y*!f and R*f
denote the self-sputtering and reflection yields, respectively.

When in the denominator of equation (13) the term ~y X
(Y*eIf + R*") becomes close to unity, the influx and therefore
also the source flux back into the plasma become infinite. This
is commonly referred to as run-away self-sputtering. Since vy
and R*! are both <1, for this condition to be met the self-
sputter yield has to be Y*f > 1. While this is not commonly
the case for Be, for W the self-sputtering yield quickly reaches
values >1 as a function of energy. In combination with oblique
impact angles the problem becomes even more severe. Due to
its large number of electrons, W quickly reaches charge states
of 45 and higher in ITER, which for the high plasma tem-
peratures at the wall results in strong sheath acceleration and
thus W impact energies of several 100 eV. For instance from
the SDTRIM.SP sputter yield database used by WallDYN, the
W self-sputtering yield exceeds unity at ~800eV for impact
along the surface normal and at ~400eV at 40° relative to the
surface normal. At g =45 the 400eV threshold is reached
for T, =T; =~ 20eV, a condition readily met in the hot far
SOL at the ITER divertor baffles. The occurrence of run away
self-sputtering manifests itself in WallDYN in the form of
negative values for I'j,. As discussed in [778] run-away self-
sputtering was encountered for some of the ITER background
plasma scenarios where the distance between the primary
and secondary separatrices was very small (4 cm). In these
cases the far-SOL close to the wall becomes in the simulated
plasma backgrounds very hot. It should be noted that to detect
excessive W-self-sputtering without WallDYN’s matrix based
description of impurity migration, in a Monte-Carlo code like
DIVIMP or ERO2.0 is computationally expensive. Since the
self-sputtering flux builds up further and further with each gen-
eration of self-sputtered particles, many generations have to be
followed. Finally, either an equilibrium influx is found or the
self-sputtering run-away continues. Of course run-away self-
sputtering cannot be observed experimentally since the strong
impurity influx will lead to a radiative collapse.

6.6.3. Conclusions for ITER. A comprehensive set of simu-
lations with ERO2.0 [739] and WalIDYN [779] have been car-
ried out to predict the expected ITER lifetime, the integrated
material migration behaviour in steady-state conditions start-
ing with PFPO-1 and currently ending with FPO-3. The aim of
these simulations was to determine the scenario compatibility
with regard to the initial wall erosion at the Be LIMs and at
the W divertor target plates, the tritium inventory determined
by co-deposition with Be in the divertor and main chamber
and, finally, the Be dust formation. By combining both codes,
a fully compatible path from the L-mode to the reference H-
mode with Q =10 at 15 MA has been identified, demonstrat-
ing the compatibility of PWIs for the Be/W material mix in

66

the steady-state plasma scenarios of the different ITER oper-
ational phases. Uncertainty remains in the extrapolation of
charge-exchange neutral fluxes and residual ion fluxes during
the so-called shoulder formation, hence worst-case scenarios
with high electron and ion temperatures in the SOL up to the
apex of the shaped wall with T, = 20eV were included in the
analysis. Certain H-mode scenarios with very low wall clear-
ance and low distance between the primary and secondary sep-
aratrices have been identified as being incompatible with the
specified lifetime of FW components and may only be used
for a limited time. Moreover, the high re-deposition of Be in
the main chamber requires more attention in areas beyond the
material migration to properly understand e.g. fuel retention,
wall conditioning and layer stability, as well as to interpret
infrared diagnostic data.

However, the Be dust formation is not only a result of regu-
lar material erosion-deposition processes, but more governed
by transients like disruptions or VDEs. These processes and
their contribution to the dust formation are not included in
the predictions and the assessment presented here. Secondary
effects of damaged Be and W PFCs have also not been con-
sidered regarding enhanced erosion of e.g. LEs by melting or
RE impact and require e.g. ERO2.0 simulations in the future
which include the surface topology of damaged PFCs.

6.6.4. Outlook.  Finally, a brief outlook to the remaining
challenges in the global migration analysis, namely (a) the
coverage of three-dimensional effects of the plasma, which are
e.g. imposed to mitigate fast transients, and (b) the research
needs associated with ITER operation with all-W PFCs as
foreseen for the later phase of exploitation.

Although the application of RMP field is the preferred
method to control the type-I ELMs in ITER, RMP can break
the symmetry of the edge plasma and form a 3D helical plasma
transport, which makes the associated PWI processes 3D. The
impact of RMP on the W gross erosion for L-mode discharges
has been investigated in DIII-D [780]. With the RMP applied,
the SP splits into separatrix lobes and the plasma can impact
the divertor target through the individual helical figure-like
magnetic structures. The W gross erosion rate is found to
be increased in the far-SOL and decreased in the private-flux
region by several tens of percent compared to the case without
RMP. Since the RMP can break the original flux surface, it
can influence the pathway of W transport and therefore the
W screening. EMC3-EIRENE has been used earlier to simu-
late the 3D divertor particle and heat flux footprints for ITER
standard 15 MA Q = 10 H-mode plasmas with attached diver-
tor [781] with RMP. A heat flux spreading is achieved by using
the RMP and the corresponding peak heat flux density arriving
on the divertor target is reduced by 30%. However, data from
other devices is not fully consistent with the DIII-D observa-
tions and generally the impact of RMP on divertor W erosion
and transport in ITER remains largely unknown. Additional
work including model development and experimental verific-
ation on the 3D effects is therefore required.

ITER has the option to exchange the first-wall PFCs and
change from Be towards W once the main scientific goals
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are achieved and routine plasma operation is established. The
transformation would be in a single step like in JET from C to
W, but now from Be to W. The experimental studies in full-W
devices presented in this review are providing vital scientific
input for such a transition, but modelling with the established
tools ERO2.0 and WallDYN are required to predict the condi-
tions and W source terms in the main chamber and divertor.
Initial studies were carried out with ERO2.0 [782] by repla-
cing in the code simply the PFM and keeping the plasma con-
ditions for different FPO plasmas. Clearly, the FW erosion
drops several orders of magnitude in comparison with a Be
FW. However, significant W erosion at the FW which is dom-
inated by charge-exchange neutrals and seeding impurity ions
like Ar or Ne takes place and their impact on the W contam-
ination needs to be critically assessed.

7. Hl inventory and recovery

71. Introduction: fuel retention from carbon to metallic FW
configurations

The influence of the plasma-facing materials on the in-
vessel retention of hydrogen fuel isotopes (HI), i.e. D and
T, has attracted particular attention since the first designs of
ITER [783] because of the radiological safety issue related
to tritium. For this reason, the T inventory in ITER is lim-
ited to 1 kg of mobilisable T in the vessel, of which 120 g
corresponds to the maximum expected cryopump inventory.
Taking into account the measurement uncertainty (estimated
at 180 g), this limits the in-vessel T inventory to a limit of
700 g [784, 785]. Therefore, T retention in the vessel must
be minimised to avoid the need for frequent, time-consuming
cleaning procedures, but also to maximise the tritium breeding
ratio, a key issue for future self-sufficient fusion plant opera-
tion. The choice of PFM remains the most important factor in
keeping fuel retention at an acceptable level.

Due to its good thermo-mechanical properties and compat-
ibility with high plasma performance, carbon was primarily
used as a PFM in tokamaks until the early 2000s. However,
large retained fuel fractions have been observed in all-carbon
devices, particularly confirmed by the first experiments with a
DT fuel mix in both JET and TFTR, which showed that prior
to cleaning procedures or dedicated subsequent fuel removal
campaigns, up to 40% (JET [786]) and 51% (TFTR [787])
of the injected T was retained in the vessel. Moreover, even
after intensive cleaning campaigns, 16% (JET [788]) and 17%
(TFTR [789]) of the injected T was still retained in the ves-
sel. The main mechanism responsible for fuel retention in car-
bon devices has been identified as co-deposition of fuel with
the eroded carbon, which cannot be suppressed as the carbon
erosion source remains significant even at low plasma tem-
perature due to chemical erosion (see for example the reviews
in [790, 791]).

Extrapolation to ITER [624, 625], based on a nominal burn-
ing Q = 10 plasma of 400 s, shows that in an all-carbon wall
configuration the T inventory limit would be reached after only
20-30 discharges. For the initial ITER choice of PFM (CFC
on the divertor HHF area, W for the rest of the divertor and
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a Be FW), the retention was predicted to be lower and about
250 discharges would be possible. An additional gain of 10
was predicted if all CFC components were removed, allowing
up to 20 000 discharges [778].

Encouraged by the success of AUG in operating a full W
device including the divertor [792], the JET programme in sup-
port of ITER [793, 794] was established to investigate an all-
metal ITER-like wall (JET-ILW) configuration. In addition to
JET, also WEST [649] and EAST [795] have since made the
transition from carbon to full metal PFC. For cross-sections of
these devices, see figure 53 in section 6.

The first experiments carried out with AUG in its full W
configuration and prior to any wall conditioning by boronisa-
tion, showed during the steady state plasma phase an equi-
librium between D injection and exhaust within the error
bars [796, 797], confirming a significant reduction in fuel
retention during plasma operation compared to the carbon con-
figuration [798]. Post-campaign analysis of the D content in
removed divertor plates [799] confirmed that the transition to
a full W machine without boronisation reduced the in-vessel
D inventory by a factor of 5-10 compared to the carbon-
dominated machine.

Experiments performed at the end of 2011 with the JET-
ILW also showed a strong reduction of the long-term reten-
tion rate by a factor of 10-20, depending on the confinement
regime, compared to JET-C [655, 800]. These results were
confirmed by analysis of samples retrieved after the first two
ILW campaigns [638, 801], which showed that the total depos-
ition rate in the divertor decreased by a factor of 4-9 compared
to the carbon deposition rate in JET-C.

Together with the unacceptable T retention rate predicted
for a CFC divertor target, the encouraging AUG and JET res-
ults were key factors in the ITER decision to install a single full
W divertor from Day 1 through the early nuclear phases [14].

Consequently, this section will focus on fuel retention and
recovery for W and Be as PFMs, with carbon related processes
only discussed for comparison. Section 7.2 describes the meth-
ods used to measure fuel retention in tokamaks. Section 7.3
gives an overview of the processes involved in fuel reten-
tion in W and Be. The main findings on fuel retention in
metal PFC fusion devices are summarised in section 7.4 while
section 7.5 deals with fuel recovery and wall conditioning
methods. Finally, section 7.6 presents the state of the art of
modelling tools in this field, before section 7.7 looks ahead to
open questions and implications for ITER and future fusion
devices.

72. Methods to quantify fuel retention

Gas balance and post-mortem analysis are complementary
methods for assessing fuel retention in fusion devices. The
former is a global measurement of how much fuel is retained,
obtained by comparing the amount of fuel injected and
exhausted on a per-discharge basis. It also provides inform-
ation on the post-discharge outgassing phase in the time win-
dow between discharges (typically ~10 min). The latter, based
on the retrieval of wall samples after tokamak exposure for ex-
situ analysis, is a local measurement that allows the amount
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and location of trapped fuel and the main retention processes to
be identified. However, it reflects the local retention integrated
over a complete experimental campaign, including many dif-
ferent plasma scenarios, but also conditioning phases, disrup-
tions and long duration outgassing phases (overnight, week-
end, etc over months of operation).

72.1. Gas balance procedures.  Gas balance analysis [790,
798] is based on the measurement of injected and pumped
particle fluxes during and between plasma discharges. The
particle balance can be described as:

t t t
/QGasdt+/ QNBIdf+/
0 0 0
t

QPellel dr

t

=N+ / (bp,Vessel dr+
0

/ (I)p7Divertor dr+ NWall (]4)
0

where Qgas, Ongr and QOpejer are the particle injection rates
associated with gas feed, NBI and pellet injection respectively,
N¢ is the plasma particle content, @, vegser 1S the particle flux
pumped by the vessel pumping systems (turbo pumps, neutral
beam boxes and/or diagnostics), ®p, pivertor s the particle flux
exhausted by the divertor pumps and Ny is the number of
particles trapped or released by the wall.

Particle balance has been shown to be a reliable method for
retention analysis of specific plasma scenarios typically with
discharge durations from ~10 s to 6 min [655, 791, 798, 802].

The particle balance studies have revealed characteristic
regimes of retention, identified as dynamic or short-term reten-
tion and long-term retention. Dynamic retention is attributed
to the ability of the exposed material to store fuel, even when
saturated, under large particle fluxes. It acts as a pump in the
early stages of a discharge and contributes to plasma density
control. The retained inventory is released by neutral outgass-
ing after the discharge. Long-term retention is related to other
processes, such as co-deposition, and corresponds to trapped
fuel that is not released after the discharge.

The respective contributions of short and long term reten-
tion can be separated during a plasma discharge when both
the discharge and the vessel wall have reached a steady state
regime. This typically requires long discharges performed in
actively cooled devices, where the surface temperature of the
PFCs remains constant, resulting in a constant outgassing flux
over the entire discharge duration [655, 790, 791, 796-798,
800, 802].

For longer timescales of the order of a day(s) and/or for
devices without dedicated diagnostics, dedicated particle bal-
ance discharges are not routinely used. In fact, assuming that
the pumping rate is well known/calibrated, the accuracy of the
exhausted flux based on neutral pressure measurements can
lead to significant errors when integrated over days or weeks.
Under these conditions, an integral gas balance can be per-
formed by collecting the gas pumped by the divertor (accu-
mulated during the experiments/sessions/days or regenerated
when cryopumps are used) in a calibrated volume. The amount
of gas collected corresponds to all the particles pumped during
the plasma operation and also to the gas released by outgassing

68

between pulses. This is a routine procedure in JET [786, 791],
which has been used in particular for the quantification of fuel
retention with the JET-ILW [655]. It should be noted that gas
balance measurements rely on very careful and regular calib-
ration. This is particularly the case with the integral method,
because the fuel retention is in the range of only a few per-
cent of the injected flux and is derived from the tiny difference
between the large quantities of the total amount of injected
and recovered particles. In this context, on AUG, the gas inlet
and pumping systems have been recalibrated [796], achieving
an accuracy of ~3%, mainly dominated by uncertainties of
the gas temperature. At JET-ILW, dedicated sessions for the
calibration of the collected gas volume, using JET’s AGHS,
provided an accuracy in the range of 1% [655].

72.2. Post-exposure ex-situ analysis of retrieved components.
Complementing the gas balance measurements, which provide
a global retention value for the entire vessel, the contribu-
tion of the different PFC regions to the overall retention is
assessed by analysis of samples taken from PFCs during shut-
downs following experimental campaigns. Such PM analysis
only provides campaign integrated data and therefore cannot
be linked to a specific plasma scenario.

A number of techniques are used for near surface analysis
of samples, such as IBA (see [803] for further details) or ima-
ging plate techniques for detecting the local distribution of T
retention [804]. Depending on the technique used, these meth-
ods can probe different depths in the sample, from a few nm to
pm, and can detect different materials with some being espe-
cially suitable for light or heavy elements, respectively. By
their combination it is possible to obtain a detailed picture
of the fuel content in the sample, the surface material com-
position and the material morphology resulting from plasma
exposure.

It should be noted, however, that material samples are
generally exposed to air during retrieval and storage (from
a few days up to months) prior to their analysis, which can
further complicate the interpretation of the measurements.
This point is discussed in [803] particularly for IBA meas-
urements. It is concluded that the main effects of sample
exposure to the ambient atmosphere are related to: (1) isotopic
exchange of deuterium or tritium by hydrogen from water
vapour present in humid air and (2) reaction of oxygen with
surfaces.

In contrast to the generally non-destructive IBA methods,
in TDS the samples are heated while measuring the rate of the
different species desorbed as a function of temperature [805].
The measured TDS spectra allow to determine the amount of
released species but also include information on the energy
of their respective trapping sites in the material. In contrast
to the IBA methods, such as the mainly used NRA, which
probes only the first few microns depth below the sample sur-
face, TDS provides information on the whole sample volume,
provided the maximum temperature was sufficient to fully
desorb all trapped species. Hence, fuel retention values meas-
ured by NRA are generally smaller than those from TDS
measurements.
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72.3. Laser-based in-situ surface diagnostics. To overcome
the limitation of the integral in-situ gas balance measurements,
a number of laser based methods were developed for local
in-situ measurements of the composition and particularly the
HI retention on PFCs in between plasma discharges without
breaking the vessel vacuum. The basis for these methods is
a laser of sufficient power to heat up or ablate small spots on
PFCs. Itis generally combined with a steerable optics to access
specific locations. LIBS detects spectral line emission from
ablated material while LID detects species desorbed from the
heated laser spot by QMS of the in-vessel atmosphere (LID-
QMS). For details on both methods see e.g. [806]. A LID-
QMS system was recently installed and commissioned at JET
for measurements in and after the DTE3 campaign [805, 807]
and will also be used for further studies during the JET clean-
up and decommissioning campaigns.

72.4. Comparison of principal results obtained by the various
methods.  To be representative, post-campaign sample ana-
lysis requires the analysis of a large number of specimens from
the various components in the vessel, both from plasma wet-
ted surfaces as well as from remote areas, including collec-
ted dust particles. However, it turned out that fuel retention
determined by gas balance is generally by a factor of 10-20
higher than that determined by PM analysis [791]. Moreover,
although the total fuel retention in devices with metallic PFCs
decreased by a factor of 10-20 compared to carbon PFCs [655,
796, 797], the retention determined by gas balance was always
10-20 times higher than that estimated by analysis of retrieved
samples [638, 808-810]. However, even with the absolute
retention fractions from both methods differing by more than
an order of magnitude, the results of the two methods are
still consistent, showing the same decrease of fuel retention
for devices with metallic PFC compared to those with carbon
PFC.

73. Main processes involved in the formation of H inventories
in W and Be

The retention of HIs in the FW and divertor of ITER is
driven by two different processes. Firstly, the impact of ener-
getic HI leads to implantation in the PFM, followed by dif-
fusion to and trapping in defects in the bulk material [811]
(see 7.3.1). This process is limited by the diffusion into the
bulk so that the inventory of HIs evolves o /2. Secondly,
for wall materials with a high erosion yield (i.e. Be or C),
the redeposition of eroded material together with Hls (co-
deposition) leads to the formation of HI-containing layers that
grow continuously [812] (see 7.3.2). These layers may break
and detach from the surface above a certain thickness, forming
HI-containing dust that can accumulate at remote locations,
further contributing to the in-vessel HI inventory (see 7.3.3).
For both mechanisms the uptake of Hls is determined by the
local growth rate of the HI-containing layers and thus the HI
inventory increases continuously with time. The amount of
HI that can be retained by either process is limited by the
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number of HI sites and their equilibrium occupancy at the local
temperature.

73.1. Bulk retention by implantation, diffusion and trapping.

For implantation, diffusion and trapping, Hls are trapped at
lattice imperfections. The HI solubility in W and Be is very
low, but the HI concentration in these materials under plasma
irradiation can still be significant, exceeding 1%, due to the
presence of intrinsic and induced defects such as displacement
damage from fusion neutrons or He from decay of activated
isotopes. Therefore, bulk retention of HI in PFCs can poten-
tially become an issue if a high trap concentration develops
throughout the volume of the PFC. However, HI diffusion is
greatly reduced at high trap concentrations and the operating
time required to fill all the traps is correspondingly increased.

73.1.1. Bulk retention in tungsten—trapping sites including
neutron damage.  Since ITER will operate with much lar-
ger ion and neutron fluxes to the PFCs compared to all exist-
ing tokamaks, laboratory experiments and theoretical analyses
are very important for correct predictions of the T retention. HI
retention in W has been intensively studied over the last dec-
ades and most of the key results are reviewed in [813]. In par-
ticular, the HI interaction with different types of lattice defects
has been analysed. Tungsten materials always have a cer-
tain amount of intrinsic defects. Their concentration depends
on the manufacturing process and the initial heat treatment
of the material. Polycrystalline tungsten can have more than
0.01 at.% of trap sites even after high temperature annealing,
but most traps (dislocations, grain boundaries, etc) have a rel-
atively low binding energy below 1 eV [814].

Plasma irradiation, even with low energy ions (<100eV),
produces an increased concentration of defects in a limited
subsurface layer, which can be much larger than the implanta-
tion range, up to several microns [815]. This is possible due
to extreme stresses caused by HI concentrations exceeding
the solubility value by orders of magnitude. Under these con-
ditions, blister-like structures can form on the surface. The
most intense blistering was found for temperatures around
500 K, correlating with the highest D retention of ~10*> m—?
for an incident fluence of 10’ m~2 [815]. Above 700K no
blisters were formed and the D retention decreased accord-
ingly. Helium seeding of the D plasma also prevented blister-
ing and resulted in reduced total D retention at elevated tem-
peratures (400700 K). A more detailed discussion of this pro-
cess can be found in [813].

Irradiation by 14 MeV neutrons produces defects (vacan-
cies, interstitials, dislocation loops, etc) with rather high bind-
ing energies in all PFC materials and thus will be the main
source of trap sites for HI in the case of DT plasma opera-
tion. Intensive investigations have been carried out to char-
acterise such radiation damage and the binding energies of
HI with expected defects. The characteristics of the trapping
sites are usually derived from TDS data or from theoretical
approaches. However, most of these experiments have used
ion irradiation as proxy and results from experiments using
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neutron irradiation of W are still very limited. Neutron irradi-
ation to 0.01-1 dpa in the High Flux Isotope Reactor (HFIR)
at Oak Ridge National Laboratory resulted in a significant
increase in HI retention in W [816]. The near surface D con-
centration increased with decreasing plasma exposure tem-
perature, reaching a value of ~1at.% at 200 °C after irradi-
ation to 0.3 dpa, an order of magnitude above typical values
for non-irradiated W. After exposure at 760 °C, the D concen-
tration was ~ 1072 at.% at 0.1 dpa. The TDS measurements for
neutron-irradiated W showed broad peaks extending from the
plasma exposure temperature to 1000 °C [817] corresponding
to a trapping energy of 1.4-2 eV [817]. This range is consistent
with many experimental data obtained for ion-induced traps
in W, for example with data on D trapping in W damaged by
MeV W ions [818], which, as noted above, is used as a proxy
for the characteristic displacement damage pattern created by
the 14 MeV fusion neutrons. A similarly high concentration of
traps can be expected in ITER, since the damage level at the
end of operation will reach 0.54 dpa [819].

The most energetic traps are usually attributed to vacancy
clusters and voids. Large vacancy clusters consisting of about
40 vacancies have also been detected after neutron irradiation
in the HFIR at 300 °C, with an accumulated 0.3 dpa and D
trapping in these vacancy clusters confirmed by positron anni-
hilation spectroscopy [820].

73.1.2. Bulk retention in tungsten—filing rates of trapping
sites.  The filling of trapping sites in the bulk is a diffusive
process and its rate depends on the incident flux and energy of
the ions, temperature and material properties. A detailed ana-
lysis of the HI filling process in W is given in [821]. In partic-
ular, based on a set of experimental data and modelling, it has
been shown that the steady-state HI concentration in the traps
increases with the increase of the incident flux and the energy
of the ions.

The penetration depth and total HI retention typically
grow as the square root of the fluence. Such a depend-
ence was observed, for example, for polycrystalline W ele-
ments exposed in the divertor of the ASDEX-Upgrade toka-
mak [822]. These results were in good agreement with
the extrapolation from laboratory experiments. The square
root dependence was also observed for the D retention
in neutron-irradiated W after plasma exposure at 300 °C-
500 °C [823]. According to modelling of experiments with
neutron-irradiated W [824], the penetration depth is in the
range of 50-100 zm after plasma exposure for 10*s at a tem-
perature of 500 °C and a flux of (5-7) x 10! m~2s~1,

The presence of impurities in the incident flux to the wall
can significantly modify the morphology and composition of
the PFC on and below the surface. This can create additional
trapping sites in the subsurface region and influence the HI
diffusion flux into the bulk and hence the overall HI bulk
retention.

The effect of He impurities on HI retention in W is gener-
ally benign. Although at low fluence He induced defects in the
surface layer can increase the HI retention, in the He saturated
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layer it decreases significantly [825]. HI diffusion into the bulk
also decreases significantly. In D-ion driven permeation exper-
iments an up to ten-fold decrease was observed in the case of
He seeding [826]. A reduced D retention in the case of He
seeding was also found in high fluence plasma experiments
for temperatures in the range of 400-700 K in [815, 827]. The
mechanism is not entirely clear, but it has been suggested
that He bubbles may form interconnected channels increas-
ing HI transport towards the front surface, and thereby caus-
ing a reduced HI flux into the bulk. In [828] the influence of
He on D trapping and transport was investigated by implant-
ing He deep into the bulk to avoid the influence of these sur-
face effects. It was shown that He implantation creates addi-
tional trap sites even in self-damaged W, but the presence of
He does not affect the propagation of the D diffusion front bey-
ond what is expected from diffusion trapping theory: Once the
He generated traps are filled, the He does not further affect the
D transport.

Simultaneous irradiation of W with D and Ne (Ne/D =
2.5%) in ion beam experiments also showed a reduced D reten-
tion in the temperature range of 300-700 K [829]. The mech-
anism of this behaviour is not yet clear, but it is thought that
implanted Ne atoms create some stress in the subsurface layer
and influence the diffusion process. In [830], the D ion-driven
permeation flux through tungsten also decreased in the temper-
ature range of 500-1000 K in the case of Ne seeding. Finally,
areduction of D retention by a factor of four in the case of Ne
seeding was observed in high flux plasma irradiation experi-
ments at the Pilot-PSI facility [831].

In contrast to He and Ne, the presence of C and N impurities
in the incident flux can increase D bulk retention. For N seeded
plasmas this was demonstrated in [832]. For a systematic study
of the influence of He, Ne, Ar and N seeding on the deuterium
retention in tungsten in the linear plasma devices PSI-2 and
PISCES-A see [833].

Apart from HI-retention, also the permeation of HI through
W is affected by the presence of impurities. In [826], the
addition of carbon as an impurity increased the D ion-driven
permeation flux through tungsten up to 200 times compared
to pure D experiments. In similar experiments with nitro-
gen [834], the ion-driven permeation flux was increased by
a factor of 20. In both cases the increase was attributed to
changes of diffusivity and recombination rate in the subsur-
face layer.

The currently available data suggest that T permeation
through the W bulk material into the coolant system is
not expected to be a serious problem for ITER, although
recent predictive studies [835] indicate that the potential con-
sequences for future fusion reactor operation at much longer
run times could be significant. In this context, an additional
problem may arise from the gaps between adjacent MBs in
the poloidal direction and the possibility of direct penetration
into the coolant tubes in the gaps. It has been shown experi-
mentally [836] that direct HI penetration into the coolant tubes
in the gaps can significantly exceed the absorption flux from
the working gas due to the generation of hot HI atoms in the
plasma discharge.
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73.1.3. Bulk retention in beryllium.  The number of experi-
ments investigating HI retention in Be is small. A comprehens-
ive review of experimental data from ion and plasma irradi-
ation experiments over a wide range of temperatures, ion ener-
gies and fluences has been published by Anderl ef al [§37]. The
HI retention in Be showed a maximum at room temperature
and decreased with increasing temperature. It was concluded
that the HI retention under ITER relevant conditions (I'gr >
10®°m—2s~!', E> 100eV) saturates at about 102! m—2. The
saturation was attributed to a strongly increased outflow of
implanted plasma ions and atoms to the surface due to bubble
formation in the subsurface layer and the resulting increasing
porosity.

The T retention in the bulk of Be PFC is therefore expec-
ted to be a small contribution to the total inventory in ITER.
In recent experiments at the linear plasma facility PISCES-B,
Be samples were exposed to pure D and He seeded D plasma
up to D fluence of 2 x 10’ m~? [838]. More classical depend-
encies, similar to those for W, were observed for pure D irra-
diation. D retention increased with D ion energy and fluence.
The maximum D retention was up to 2 x 10> m~?2 for irradi-
ation at 330 K and decreased by two orders of magnitude at
650 K. Helium seeding reduced D retention for exposure tem-
peratures below 473 K and saturation was observed at about
10! m~2. At higher temperatures (>650K) the effect of He
was negligible.

In summary, although the bulk HI retention in Be could be
slightly higher than concluded in [837], it is still not expected
to be a major mechanism of T retention in ITER.

73.2. Retention by co-deposition. ~ With co-deposition, the
HIs are retained at trap sites or chemical bonds in the amorph-
ous co-deposits up to a certain HI/X ratio, where X is the
primary redepositing impurity, i.e. Be in ITER with a Be
FW [812]. The HI/Be ratio depends on the local temperat-
ure T (K), the HI incidence energy Ey; (eV) and the layer
growth rate ry (m~2s~ ). The resulting retention rate I
(m~2s7 1) is given by I'yeq = HI/Be(T, Eyy, 74) % rgq. To make
predictions for future devices, the necessary input paramet-
ers must be obtained from modelling: edge plasma simula-
tions [839] provide particle energies Ey; and power fluxes
from which the wall temperature T can be calculated using
thermo-mechanical simulations [840]. The determination of
the layer growth rate r, requires coupled surface evolution and
plasma transport simulations as discussed in section 7.6.

The parametrisation of the co-deposition fraction as
HI/X(T,Eui,ry) for a given impurity species X, originally
developed for Be [812], has since been extended to co-
deposition with W [841-843] and C [844]). Co-deposition of
D with W was found to be 1-2 orders of magnitude lower than
co-deposition with Be. From this result and the lower erosion
rate of W, it was concluded that HI retention by co-deposition
with W can be neglected in the presence of large amounts of
Be. However, with the recent plans to remove Be as PFM from
ITER, these results have become essential for the evaluation of
fuel retention by co-deposition with W alone.
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A limitation of the original scaling law in [812] was that
the accessible parameter values for 7, Eyy and r; did not cover
the range of these parameters expected in ITER. In a sub-
sequent study [845], co-deposited layers were produced on
a biased target in a magnetron sputtering device with a Be
cathode, which provides higher bias voltages and deposition
rates. In addition to confirming the validity of the scaling law
from [812] over a wider parameter range, the results in [845]
also suggest that the HI/Be dependence on Ey varies strongly
with ambient gas pressure D,: At low pressures (=0.3 Pa) no
energy dependence was seen and only at higher pressures of
~1 Pa did it appear. This was attributed to the emergence of a
low temperature (450 K) HI binding state (=TO-state) at high
D, pressure with a pronounced dependence of HI retention on
Eyr. This pressure dependence of Be co-deposition was further
investigated in [846].

In [847] all available data were re-fitted to the original scal-
ing function. A comparison with the original scaling paramet-
ers in [812] showed a much weaker dependence on Ey; when
the data from [845] were included. This was mainly attributed
to the weaker dependence on Eyy associated with the pressure
dependent low temperature TO-state in the data from [845].
Therefore, an extended pressure-dependent HI/Be scaling law
has been proposed in [847] which takes into account the pres-
sure, temperature and energy dependence of the TO-state. For
pressures >0.135Pa and temperatures <470K, the TO state
contributes to the HI/Be scaling law with a strong depend-
ence on Ey;. However, most of the deposition sites in ITER
are predicted to be outside this parameter range, resulting in
a weak energy dependence of Be co-deposition in ITER. This
has implications for current predictions [732] based on the ori-
ginal scaling in [812], which yielded HI/Be values larger in
ITER than in JET-ILW due to the higher average particle ener-
gies. Therefore, a weaker dependence on Eyy leads to lower
retention by Be co-deposition in ITER.

In both JET-ILW and ITER, W is also eroded and con-
tributes to the co-deposited layers, although at a small frac-
tion due to the lower W erosion rate compared to that of Be.
In [848] the co-deposition of D with Be and W was studied
using the same setup as in [845]. The W concentration (4.4—
28.4 at.%) and the D, pressure (0.8—8 Pa) were varied at a con-
stant temperature of 373 K. Atlow W concentrations, the same
pressure dependence of D/Be as in [845] was found, but it
disappeared at W concentrations >10 at.%. Overall, D reten-
tion initially increased with W concentration up to 10at.%
and then decreased. This was attributed to the formation of
additional low temperature trap sites, which are not expec-
ted to contribute much to D retention at deposition temper-
atures above 450 K. Consequently, the admixture of W to the
Be layers formed in ITER is expected to further reduce the
HI retention.

73.3. Contribution of dust to fuel retention. ~ There are two
main sources of dust formation in tokamaks. Re-deposited lay-
ers can delaminate due to internal stress or transient thermal
loads and form so-called flakes. In addition, transient high
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energy deposition, e.g. due to disruptions, arcing, VDEs,
ELMs or REs, can cause melting of metallic PFMs with
splashing and droplet formation. Both flakes and agglomera-
tions of emitted droplets often have a corrugated surface with
a large effective area [849], which can provide an additional
mechanism for fuel retention by adsorption. In [850], T sorp-
tion by tokamak relevant W particles at 743 K was analysed
and found to be linearly dependent on the specific surface area.

In addition to the previous mechanisms, the growth of fuzz
fibre-structures on W surfaces exposed to He containing plas-
mas (see 8.2.2.2 in section 8) can contribute to dust formation
by fibres breaking off from the surface. The W fibres contain
He bubbles, which are trapping sites for HI. However, experi-
ments showed only a moderate concentration of HI in the fuzzy
layer and a gradual erosion of the fibres even at pulsed high
heat loads [851], so their effect on the overall HI inventory is
negligible.

In summary, dust formation does not appear to be critical
with respect to the retained fuel inventory in ITER. However,
its contribution could become significant in future fusion
reactors with much longer operating times.

74. Main findings in fusion devices with metallic PFC

74.1. Results from gas balance analysis.  The first gas bal-
ance experiments in a full metallic PFC configuration were
performed in AUG after the final removal of all carbon tiles.
With full W-PFC coverage, particle flux analysis shows satur-
ation of the retention during the steady state phase of a stand-
ard H-mode discharge [796, 797], as shown in figure 65 [797].
Although these experiments were performed with inertially
cooled PFCs with potential outgassing at high temperatures,
the equilibrium between total gas input (gas feed and NBI
injection at a rate of 2.75 x 10?2 s~!) and exhaust was reached
after ~2s in the high power phase. Based on the calibrated
gas input and exhaust measurements, the retention rate dur-
ing this phase is in the range of (1.5£3.2)% [796]. The
balance between gas feed and exhaust is a clear signature
of greatly reduced retention due to co-deposition in the W
device, although there were still residual traces of carbon in
the plasma. It is worth noting that no boronisation was per-
formed prior to this series of experiments to avoid a possible
contribution of boron to the retention.

In JET-ILW, dedicated fuel retention experiments were per-
formed for different plasma conditions (L-mode and H-mode
with type I and type III ELMs) with gas balance analysis
based on the integral method [655]. The main objective of
these experiments was to quantify the expected reduction in
the long-term retention rate when going from a full carbon
device to the ILW. All experiments were carried out by per-
forming a series of identical plasma discharges to obtain good
statistics through the maximum feasible plasma duration. The
results are summarised in figure 66, which shows the retention
averaged over the pulse duration. The ILW values of the total
retention rate with an upper limit of 1.5 x 10?° s~ are consist-
ent with fuel co-deposition with Be as the main mechanism for
the remaining long-term retention. By the overall decrease in
retention of at least one order of magnitude for all scenarios,
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Figure 65. Gas input and removed gas for a standard H-mode shot
in AUG in a full W configuration and prior to any boronisation. The
different phases of the discharges (limiter, density ramp-up, high
power flat-top and ramp-down) are indicated. Reproduced from
[797]. © 2009 IAEA, Vienna. All rights reserved.
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Figure 66. Measured D retention rates (log scale) for different
plasma and confinement conditions in JET with the ILW and related
to JET-C references. Global balances are performed in the JET-C
case with cryogenic pumping only (), and in the JET-ILW case
with either the use of the turbo-molecular ([1]) or cryogenic
pumping (). The longer inter-shot outgassing period after H-mode
discharges with the JET-ILW in comparison with JET-C leads to a

reduction in the retention rate () owing to pumping of neutrals by
the NBI cryogenic system. Reproduced from [655]. © 2013 TAEA,
Vienna. All rights reserved.

the elimination of CFC as PFM in ITER to limit T retention
could be experimentally confirmed.

Gas balance analysis in both the AUG and JET-ILW exper-
iments has shown that the HI fuel retention for an all-metal
device is reduced by at least one order of magnitude com-
pared to carbon devices. Although by a factor of ~10 lower
than the gas balance results, the PM analysis in AUG also
showed a similar reduction of the deuterium content in the
divertor deposits by a factor of 13 [797]. In JET-ILW, the res-
ults obtained for the different plasma scenarios show a reduc-
tion by a factor of 20 compared to the carbon configuration.
The retention rate increases with the ion flux to the main PFCs
(divertor, guard LIM and main chamber), starting with Ohmic
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Table 2. Main characteristics of plasmas during ILW-1, ILW-2 and
ILW-3 campaigns [696, 809].

Limiter X-point  Total Glow
plasma plasma plasma Injected disch.

# of time time time)  energy  time

pulses (h) (h) (h) (G (h)
ILW-1 3812 6 13 19 150.6 564
ILW-2* 4150 52 14.2 194 200.5 517
ILW-3° 3725° 49 18.5 234 245 1027
Total 11687 16.1 45.7 61.8 596.1 2108

2 TLW-2 ended with 0.6 h of H, experiments.
b ITLW-3 ended with N, seeded H-mode pulses of accumulated 15 min.
¢ Only I, > 0.5MA and Afpjagma > 0.55.

and ending with H-mode confined plasmas. At the highest
wall fluxes the results suggest saturation at high input power
and density. Modelling of the experiments in JET-ILW with
the WALLDYN [732] and ERO codes [739], as well as post-
mortem analysis of deposited layers on retrieved tiles [810],
are also consistent with the lower retention predicted for ITER.

In this context, further studies on the influence of seed-
ing impurities on fuel retention are required. To date, only a
few dedicated experiments have been performed in the three
devices JET-ILW [257], AUG [256, 258] and WEST [259] to
investigate the potential effect of N, on the overall retention
and also on the fraction of HI outgassing with nitrogen in the
form of ammonia. Ammonia was detected in AUG, where the
strongest N, injection was performed, whereas in JET-ILW
the ammonia release was close to the detection limit and in
the WEST experiments no ammonia was detected at all. No
accurate data on the potential effect on fuel retention could
be obtained for either AUG or WEST. In JET-ILW [257] the
gas balance measurements indicate a very strong N, retention
(>30%) with a clear N, legacy from pulse to pulse. In addition,
a higher D, retention of up to 2% was estimated, attributed to
a conversion of about 15% of the injected N atoms into NDj3.

74.2. Results from JET PM analysis.  In the JET-ILW con-
figuration, three experimental campaigns, ILW-1-3, were car-
ried out mainly with pure D plasma [809]. The PM analysis of
samples from these campaigns provides a detailed picture of
both material erosion/deposition and associated fuel retention
for the ILW. As summarised in table 2, both integrated plasma
time and injected energy increased from ILW-1 to ILW-2 and
finally to ILW-3. ILW-2 ended with a H-fuelled campaign (300
pulses) and ILW-3 ended with N, seeded H-mode discharges
with an accumulated plasma time of 15 min [809].

74.2.1. Main chamber Be LIM tiles. In the JET-ILW 1-3
campaigns, the central parts of the PFS of the inner wall guard
LIMs and the outer poloidal LIMs at/near the mid-plane posi-
tion were subjected to high thermal loads and showed signific-
ant erosion as discussed in [691], while deposition was dom-
inant near the toroidal edges of the tiles, inferred from ana-
lysis of marker layers [696] (for the location of the analysed
Be LIM tiles see figure 1 in [696]). The distribution of D on
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JG09.14100

Figure 67. JET-ILW divertor cross section showing the tiles
numbers and the poloidal S coordinate along the tile surfaces.
Reprinted from [854], Copyright (2015), with permission from
Elsevier.

the PFS of the inner wall guard LIMs and outer poloidal LIMs
measured by NRA indicates that the local D retention is anti-
correlated with the campaign-averaged local heat/particle flux.
The significant increase in D towards the toroidal edges of the
tiles suggests co-deposition of D with Be, O and trace metallic
impurities with a D concentration of ~1% in the co-deposited
layers [696].

Co-deposits containing D and T (with T traces originating
from D-D fusion reactions) were also observed in the gaps
of castellated PFC [852, 853]. The concentrations of D and
T were highest at 1-2 mm depth from the entrance of the gaps
and decreased further down into the gaps [852, 853], in agree-
ment with modelling [852]. The fraction of fuel inventory in
these less accessible regions is an important factor in the eval-
uation of the various removal methods discussed in section 7.5
H inventory recovery methods.

The fuel inventory measured in the main chamber during
the ILW-1-3 campaigns shows that the LIMs and the UDP
account for only 0.01% of the total D-fuel injected [696].
Global fuel retention in ILW-2 was lower than in ILW-1 and
ILW-3 which is attributed to the H-fuelling campaign at the
end of ILW-2. The main factor for the main chamber fuel reten-
tion was identified in the plasma time in the LIM configuration,
which contributes up to 25%—-30% of the total plasma operat-
ing time. In the LIM configuration, the effective Be sputtering
yield is higher than in the divertor, and the eroded material
is also predominantly redeposited in the main chamber [691]
with corresponding fuel co-deposition.

74.2.2. Divertor tungsten tiles.  The near-surface composi-
tions of divertor tiles retrieved after ILW-1 [801] and ILW-
2 [638] were investigated using IBA. As reported in [638, 801],
most of the D in the divertor region was present in thick layers
of Be containing some C formed on the upper part of the inner
divertor (tiles O and 1, see figures 67 and 68, S = 0-227 mm).
After ILW-1, these two tiles retained more than 70% of the
D retained in the divertor region [854]. The D/Be ratio in the
deposited layers was <0.1 [801]. The deposition layer on the
inner floor tile (tile 4) was much thinner than those on tiles 0
and 1, but with a higher D/Be ratio, close to unity [808], except
near the ISPs. D retention in the outer divertor tiles (7 and 8)
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divertor tiles. Numbers on top of the figure denote JET tile numbers. For tile 5, data is shown for the lamellae in row 13. Reproduced from

[809]. © IOP Publishing Ltd. All rights reserved.

was much lower than in the inner divertor, with the bulk W
lamellae (tile 5) showing the lowest D retention [638, 808].
These results confirm that fuel retention is strongly reduced in
regions exposed to HHF leading to increased diffusion outflux
and desorption.

The amount of D injected during ILW-2 was about twice
that of ILW-1 [808]. Nevertheless, the amount of D accumu-
lated in the divertor region during ILW-2 was comparable to
that during ILW-1 [638, 801]. The average C/Be ratio in the
divertor region was 0.18 after ILW-1 [801] and 0.084 after
ILW-2 [638]. This can be attributed to a higher average heat
flux (inferred from the higher total injected energy, see table 2)
and enhanced desorption, the H campaign at the end of ILW-
2, and decreasing C content in the deposits. However, depth
profiling of D in the layers on tile 1 using SIMS showed that
Be:H layers formed on top of the Be:D layers during the H
discharges, with no significant depletion of D in these under-
lying deposits [808], confirming that isotope exchange (D to
H) by plasma operation [855] is insufficient as a fuel removal
method in deposition-dominated regions, even with SP sweep-
ing. However, operating plasmas with the ISP raised to regions
with the thickest Be layers and fuel content allowed the co-
deposits to be heated to surface temperatures where desorption
becomes efficient, as discussed in 7.5.

Similar to the castellated Be main chamber LIMs, fuel
retained in co-deposited layers was found at 1-2 mm depth
from the entrance of divertor castellation gaps and bulk W
lamella gaps, together with a gradual decrease further into
the gaps [852, 853, 856]. Similar co-deposition in the gaps
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between MBs can also be expected in ITER with a Be main
chamber FW.

The combined results of the post-mortem analysis in JET-
ILW (figure 68) show only small variations of the poloidal
deposition distribution over the subsequent campaigns. The
strong correlation of the distribution of D in the divertor with
the distribution of Be deposition confirms Be-D co-deposition
as the most important fuel retention process [809].

74.2.3. Integral fuel retention from JET PFC data. =~ The most
comprehensive fuel retention data set was obtained from
the post-mortem PFC analysis following the ILW-3 cam-
paign [810]. The global fuel retention was determined to be
(0.19 £0.08)% of the injected fuel. This is consistent with
the PM analysis after ILW-1 which showed that ~0.2% of the
injected D was retained in the wall [639, 854]. The inner diver-
tor also had the highest fuel retention in ILW-3 with 46.5%
of the total fuel retention, mainly in co-deposits on tile 0 and
tile 1. However, the retention in the divertor corners as a frac-
tion of the divertor retention was reduced by a factor of >2 for
ILW-3 compared to ILW-1, mainly due to the further reduction
of residual C.

These results show, similarly to the gas balance analysis
discussed in 7.4.1, that the total fuel retention in the ILW all-
metal configuration decreased by a factor of 10-20 compared
to the JET-C configuration [696], although, as mentioned in
the introduction 7.1, the campaign integrated retention frac-
tion derived from post-mortem PFC analysis is 3-24 times
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lower in absolute value than the gas balance evaluation in indi-
vidual plasma scenarios [655, 810]. However, the largest dis-
crepancies correspond to scenarios that were rarely run dur-
ing the ILW campaigns. A narrower range between 3 and 6
was found in a study involving several fusion devices [791].
Part of the discrepancy between the two methods is attrib-
uted to the storage of retrieved samples in air for a typical
period of several days to several months prior to analysis.
During this period, up to ~1/3 of the PFC fuel inventory can
be lost through outgassing and isotope exchange prior to ana-
lysis [810]. Furthermore, results from post-mortem samples
always represent only a fraction of the total internal surface
area of the vessel. It is therefore expected that as more PFC are
analysed, current estimates from post-mortem data will come
closer to those from gas balance studies.

74.2.4. Fuel retention in dust. ~ The most relevant informa-
tion for ITER regarding the expected fuel retention in dust was
obtained from the analysis of dust samples after the JET-ILW
campaigns, summarised in [640]. The total amount of dust col-
lected by vacuum cleaning after each of the three JET-ILW
campaigns was estimated to be 1-1.4 g per campaign (with
19.1-23.5h plasma operation per campaign). This amount is
over 100 times less than the corresponding amounts in JET-
C, consistent with the reduced Be erosion and redeposition
compared to C. Tungsten made only a minor contribution to
the dust, attributed to erosion of the W coatings used. The
average D retention in dust particles from the inner divertor
was estimated by TDS to be 1.2 x 10! atoms per gram of
dust (giving D/Be ~ 0.02, assuming the dust to be pure Be).
The total D retained in the dust particles in the inner divertor
after the ILW-1 campaign was only ~0.4% of the retention in
the co-deposited layers on the divertor tiles. From these res-
ults it can be concluded that only a small fraction of the co-
deposits delaminates in JET experiments, although this frac-
tion is expected to increase in devices with longer operating
times such as ITER. Similar conclusions on D retention have
been drawn in [857] on the basis of IBA of the elemental com-
position of dust particles collected after the ILW-3 campaign.

TDS analysis showed that D release from the Be-rich
dust particles started at 800K and peaked at 1050 K [640],
which is higher than in laboratory Be-D co-deposition
experiments [845], where the peak release occurred around
750K. Consequently, complete removal of T from dust
requires heating to relatively high temperatures (>1050K),
and it may be easier to remove the tritiated dust than to remove
T from the in situ dust deposits.

74.3. Results from AUG PM analysis.  Post-mortem analysis
of PFC samples from AUG during the stepwise transition from
an all-C to a full-W PFC configuration confirmed that D reten-
tion is strongly correlated with the amount of residual C in
the machine available for co-deposition with D. C deposition
in the divertor decreased by a factor of 15 with the transition
to the full-W FW [799]. At the same time, the amount of D
retained in the divertor decreased by a factor of 8-14 [799].
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Co-deposition of D with B can also contribute significantly
to D retention, particularly when the total B source becomes
comparable to or exceeds the residual C source. For example,
after covering the ICRH LIM with W, C deposition decreased
by a factor of 4-6 in the subsequent campaign, but D reten-
tion in deposited layers in the divertor decreased by only a
factor of 2 due to co-deposition with B, as can be seen in
figure 3 in [799] for the step from the 2004/5 to the 2005/6
AUG campaigns.

While the amount of C deposited in the divertor decreased
by a factor of 15 with the transition to a fully W-covered FW,
the amount of C in the plasma from spectroscopy decreased by
only a factor of 2-3. The accepted explanation for this discrep-
ancy is that a small residual source of C is recycled more effi-
ciently from the W surfaces. This increase in recycling is due
to higher re-erosion of low-Z elements from high-Z surfaces as
described in [858]. There remain several different sources of
residual C even with a fully W-covered FW [799]. Most parts
of the FW PFC in the AUG still consist of graphite with W
coatings. This allows for chemical erosion of the tile backs by
atomic hydrogen or oxygen. There are also many electrical arc
tracks in the divertor, which remove the W coating and erode
the C underneath. In devices such as ITER with all-metal bulk
PFC, the amount of residual carbon is expected to decrease to
the limit given by the C impurity fraction in the PFM.

In contrast to co-deposition with C in the inner divertor,
retention in the outer divertor is dominated by retention in W
since the AUG transition to a full W FW [822, 859, 860]. A
comparison of the amount retained in the near surface region
by NRA depth profiling with the total amount from full out-
gassing by TDS showed that most D is retained beyond the
depth range accessible to NRA. As discussed in 7.3.1, D dif-
fuses deep into the material and is retained at trapping sites
in the W bulk. The near surface depth profiles of NRA of D
in different W grades are very different, but the total amounts
are generally similar [859]. A detailed comparison of reten-
tion in different types of W exposed at the OT in AUG is given
in [822]. In general, the W coatings produced by either vapour
plasma spraying or combined magnetron sputtering and ion
implantation have a higher defect density, including pores,
compared to solid polycrystalline W tiles. These pores result
in additional high temperature peaks in the TDS spectra (see
figure 3 in [822]). The increase in D retention in bulk W tiles
showed a square root dependence on the accumulated D flu-
ence, also suggesting diffusion limited filling of trap sites in
the bulk W with D.

Overall, the change from a C to a full W FW reduced the D
retention by a factor of 5-10. This finding encourages the use
of a full W FW in future fusion devices, now also planned for
ITER.

75. H inventory recovery methods

75.1. ITER fuel removal methods.  As identified in previ-
ous sections, co-deposition with beryllium drives the tritium
inventory build-up in ITER. The maximum allowed reten-
tion in the in-vessel components in ITER is set at 700 g. At
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a JET-like retention fraction of the injected fuel of 0.14%—
0.19% [810], without recovery methods, ITER could poten-
tially reach this limit already within the first FPO campaigns
of the ITER research plan [3]. Retention should therefore
be monitored closely, and fuel recovery techniques must be
applied at the required time intervals.

Fuel removal methods aim to release HIs from PFCs by
relying on thermal desorption of tritium and isotope exchange,
replacing tritium with hydrogen or deuterium at trapping
sites. For both processes, the temperature of the materials is
important as it determines the hydrogen transport rates by
Arrhenius terms, while isotope exchange moreover depends
on the particle fluence.

This section reviews recent results on ITER fuel removal
methods applied with and without magnetic fields in present
devices. ITER’s TF, B;, generated by superconducting coils,
remains active for multiple weeks continuously. GDC which
requires the magnetic field to be off, is therefore limited to the
regular short-term maintenance periods lasting up to several
days. Baking which requires considerable additional time and
effort, is restricted to long-term maintenance periods between
operations campaigns. To mitigate the tritium inventory build-
up throughout an experimental day or week, conditioning dis-
charges created at the ion cyclotron and EC range of frequen-
cies (ICWC and ECWC) are being developed, as well as toka-
mak plasmas optimised for clean-up purposes. The first section
describes baking and GDC, applied without B;, and the second
ICWC, ECWC and tokamak discharges, applied with B,. An
outlook to the T-recovery strategy in ITER is presented in the
last section including recommendations for further research.

75.2. Conditioning without toroidal magnetic field.

75.2.1. Baking. Inthe Baseline 2016 of ITER [3] the Be FW
and the W divertor are baked to 240 °C and 350 °C respect-
ively by circulating hot water or gas through their cooling cir-
cuit. These temperatures are found sufficient for fuel removal
from bulk Be and W while for thick co-deposited layers higher
temperatures are required as described below. It is estimated
that about 100 h are needed to heat up the divertor and cool
it back down, to which the actual baking duration needs to be
added. Recent experience of JET, equipped with the ITER-like
beryllium main chamber wall and tungsten divertor, showed
that a 4 days main chamber bake at 320 °C removed an equi-
valent of 23% of the estimated long term inventory [861].
Baking is thus effective, and a few tens of cycles for fuel
removal during DT operations are presently planned in ITER.

In ITER, similar to the JET-ILW experience [810], the
majority of the tritium will be retained in co-deposited beryl-
lium layers. At the divertor baffles these layers may grow to
several tens of microns thick under Q =10 burning plasma
conditions between baking cycles [785]. Outgassing tests from
PFCs exposed in JET-ILW at ITER-relevant baking temperat-
ures, suggest that fuel depletion from such thick deposits might
require significant baking durations (>1 month) [785, 862].
Only 13% of embedded fuel could be removed from 40 ym
thick co-deposit layers on the W coated CFC divertor tiles by
15h of baking at 350 °C [862]. This is true also for removal
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of implanted fuel from the JET Be main chamber samples in
the deposit-free erosion zones of LIM tiles on the mid-plane,
where baking at 240 °C was even less time-efficient [862]
showing a fuel recovery range of 10%. From these and similar
studies, it is known that all fuel (whether or not in co-deposited
layers) is recovered when the surfaces are heated to temperat-
ures of at least 800 °C for several minutes [785, 862, 863]. The
latter temperatures may be obtained at the divertor deposits by
plasma scenarios with raised divertor SPs (see section 7.5.3.3).

Performing baking experiments early during PFPO in pre-
paration for FPO will allow for checking the fuel removal effi-
ciency and confirm whether additional techniques would be
required. The pulse duration, and resultant divertor fluence,
during these early phases will however be limited, so that a full
validation of the baking efficiency can only be obtained when
sufficient co-deposition has occurred in the machine [864].
With increased material exposure, their retention and out-
gassing characteristics change. For instance, helium irradi-
ation is shown to influence the thermal desorption behaviour
of tritium from tungsten, requiring higher temperatures for
thermal release at He fluencies of up to 10'7 cm~2, before
bubble connections lead to the formation of surface-connected
pores [865, 866].

75.2.2. Glow discharge conditioning. — Glow discharges in
tokamaks behave as hollow cathode discharges where the cath-
ode is represented by the grounded wall surfaces [867]. The
discharge is sustained by fast electrons emitted from the cath-
ode by ion impact. Being accelerated and subsequently trapped
in the potential well formed by the cathode fall surrounding
the plasma these electrons are responsible for the creation of
a nearly uniform ion current all over the vessel surfaces. The
efficiency of H,-GDC for isotope exchange at the ILW was
assessed after the first six-month deuterium campaign [868].
The reservoir accessible for isotopic exchange by GDC was
found to be one order of magnitude lower than in prior JET
studies with carbon based PFC. Recent experiments in JET-
ILW combined FW baking at 320 °C with GDC, doubling the
fuel removal rate compared to baking alone [861]. Also in
laboratory studies it is shown that irradiation of ITER proxy
materials at 500 K by hydrogen atoms and hydrogen plasma
ions at 50 eV accelerates isotope desorption [869].

A new design of the ITER GDC system based on a
fixed electrode concept replaces the previous design which
had movable electrodes integrated with the ITER In-Vessel-
Viewing-System [870]. The new system for the ITER Baseline
2016 consists of 7 anodes distributed in the OMP and upper
lateral port plugs, forming an integral part of the diagnostic
shield modules mounted on the port plug front ends, directly
facing the plasma. GDC in ITER will be run at a discharge
current up to 30 A per anode, in the steady pressure range of
0.3-0.8 Pa. A study of the JET glow discharge as a function of
the number of electrodes, glow current and pressure indicates
that the GDC system for ITER will provide sufficient toroidal
and poloidal homogeneity [868].

The distribution of glow plasma current density on the
in-vessel PFCs was simulated using a self-consistent 2D
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axisymmetric multi-species fluid model [871, 872], bench-
marked against experimental data from glow discharges pro-
duced both on a small scale laboratory experiment and in tor-
oidal devices JET and RFX, with reasonable agreement [873].
The model describes the two populations of electrons by sep-
arate sets of fluid equations: one for the thermalised electrons
of the plasma and one for the fast secondary electrons that are
accelerated in the cathode sheath. The ion current distribution
and glow homogeneity is found optimal at or below pressures
of 0.5Pa [867]. While the uniformity improves little at lower
pressures, the increased heating of the water-cooled anodes
must be considered if the pressure is too low, particularly when
applying GDC during baking. Finally, the wall ion current
density is most uniform and highest when all planned 7 anodes
are used simultaneously at 0.21 A m~2. This value is compar-
able to the ion fluxes in GDC in JET (0.10 A m~—?2), RFX and
Tore Supra (0.06 A m~2), and ASDEX-upgrade (0.20 A m~2).

From the broad operational experience of GDC in present
tokamaks, several issues for GDC must be considered for
ITER. The first relates to GDC operation with He and applies
more generally to the use of He in devices with metallic PFCs.
He GDC has been observed to form dense bubbles of size
2-20 nm, dislocation loops and cracks connecting the bubble’s
metallic surfaces [874]. Such damage may increase trapping
sites for the plasma fuel, potentially increasing T-retention as
a consequence [875]. The effect of He irradiation is discussed
in paragraph 7.3.1.2. He GDC is also shown to sputter Fe from
the steel panels in W7-X [876] and led to He retention in W
PFCs in AUG [877]. The second issue regards the initiation of
the GDC which in the absence of a separate electron source
such as in AUG [878] and ADITYA upgrade [879], as is the
case in ITER, relies on a Paschen breakdown which requires a
tenfold pressure increase. At such higher pressures, the GDC
exists in ports and gaps and care must be taken to avoid strong
local erosion or arcs.

75.3. Conditioning with toroidal magnetic field.  The need
for conditioning techniques that work in the presence of the TF
in superconducting devices was already mentioned in [672].
Analysis of the conditioning cycle on JET with the ITER-Like
Wall evidenced a reduced need for wall cleaning in-between
pulses compared to JET-CFC [867]. However, at ITER these
techniques will be needed to control the Tritium inventory, as
well as to recondition the device after the use of the ITER
DMS and to assist in fuelling gas changes. The magnetised
conditioning discharges in ITER, namely ECWC, ICWC and
diverted plasmas with raised SPs, will be applied using the
plasma control system and require a number of ITER plant
systems, including the heating systems as well as gas input,
poloidal field and diagnostics. The techniques are, as their
non-magnetised counterpart, aimed at inducing a known and
optimal flux of particles to the PFCs, to initiate the release
of impurities and/or HIs. The preferred transport of charged
particles along the magnetic field lines affects however the
uniformity of the conditioning flux for different wall compon-
ents [880]. For charged particles, the interaction occurs via the
inevitable wall intersection points of the outer magnetic field
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lines. At the divertor surfaces it is characterised by the shal-
low angle between the field lines and surface, spreading the
parallel flux along a large surface area. In ICWC and ECWC
discharges this flux is evidently lower (=100 times) than in
diverted plasmas, affecting their efficiency for fuel removal
from these surfaces. Therefore, diverted plasmas with equi-
libria other than the baseline magnetic equilibrium are pro-
posed for removal at the divertor. The LIMs and main wall in
diverted plasma are located in the far SOL with much reduced
plasma density. ECWC and ICWC, with optimised duty cycle
are aimed to target these areas. Their ion flux is highest at
the LIMs due to the toroidally localised interaction and lar-
ger impact angles. This will be the case also for the shaped
FW panels in ITER where the parallel ion heat flux will be
dissipated on about 10% of its surface area. The recessed
surfaces (>10-20 cm from the separatrix in ITER) receive
a greatly reduced ion flux due to the strong plasma density
decay (=1 cm) behind the first field line interesting compon-
ents. Neutrals, not affected by the magnetic field, can be the
dominant flux component at such recessed locations. This is
also the case for the gaps and castellations where impurities
are known to co-deposit with plasma fuel [881].

75.3.1 ECWC. ECRH conditioning discharges are pro-
duced by coupling RF waves at the ECR condition (1st har-
monic) or its 2nd harmonic at a gas pressure of typically 1-
50 mPa. In tokamaks these plasmas are substantially different
from their counterpart in stellarators [8§82] due to their strongly
reduced plasma confinement. The current-less ECWC plasma
exists without equilibrium in tokamaks and remains typically
partially ionised. It was first carried out in JFT-2 by using the
2.45 GHz LH system and a magnetic field of 87.5 mT [883].
Since then it has been tested on many other devices in studies
on reactive and non-reactive cleaning, thin film deposition and
removal of co-deposited layers. ITER will operate ECWC at
the half or full magnetic field (2.65 and 5.3 T respectively) and
the 170 GHz frequency of the ECRH heating and current drive
system.

Experiments in TCV assessed the applicability of EC con-
ditioning in helium at the second EC harmonic to de-saturate
the carbon-based PFSs from deuterium [884]. The work was
part of the preparations for the first operations campaign on
JT-60SA. A vertical field of about 0.5% of the TF was found
to be necessary to minimise the breakdown time and increase
the steady plasma density. The radial discharge uniformity can
be improved by the addition of a small horizontal field com-
ponent. This was previously demonstrated in JT-60U [885]
and KSTAR [886], at both the fundamental and second har-
monic ECRH frequency, and in Tore Supra [867] at the funda-
mental ECR The improved wall coverage resulted in increased
removal of hydrogen in the 50 ms long helium fuelled dis-
charges on Tore Supra [867]. However, the operational space
of the additional pure radial field is limited to low amplitudes
alone (0.2% of B, in the TCV case [884]), above which break-
down is too slow or simply not possible. Combining a radial
and vertical field component, resulting e.g. in a quadrupolar
poloidal field map maximised the ion currents at the TCV
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inner wall in X2 ECWC, yielding a local perpendicular He
ion flux of up to 6 x 10 m=2s~! (to be compared to ~6 x
10" m~2s~! for the 0.1 A m~2 range for GDC), as measured
with wall probes on the central column [884].

Directing ion flux from the resonance layer to inner wall
surfaces is found less effective in D, ECWC in the larger AUG
with full W PFCs, due to magnetic mirror effects and outward
convective flows [887]. The discharges were produced using
X2 waves launched horizontally from the equatorial ports.
While the efficiency of ECWC for fuel and impurity removal
from metallic surfaces has been less investigated so far, mod-
elling predicts the presence of an intense flux of low energy
atoms produced at the ECH absorption layer. This atom flux
reaches all PFCs uniformly and may be effective for condi-
tioning the HFS surfaces also.

The high electron densities and temperatures in ECWC
plasmas (of order 10" m—3 and 40 eV respectively) result in
significant re-ionisation and re-implantation of wall desorbed
species affecting fuel and impurity exhaust [885]. This can
be mitigated by pulsing ECWC discharges with an appro-
priate duty cycle. Recovery from disruptions using pulsed
ECWC was successfully demonstrated in KSTAR [886].
Pulsed ECWC also minimises the possible absorption of EC
energy on in-vessel components as the single pass absorption
is typically below 50% in a tokamak ECRH plasma [885].
To minimise EC stray radiation, the plasma breakdown phase,
without measurable density and hence negligible EC absorp-
tion by plasma, needs to be short, and more importantly the
absorption during the longer plasma phase needs to be high.
The breakdown time and absorption in a tokamak ECWC
plasma depend sensitively on the gas and its pressure, the
ECRH power, polarisation and launch angle, the location of
the EC resonance relative to the magnetic axis and the applied
poloidal field [880, 888, 889].

Predicting the ECWC plasma parameters and power
requirements for ITER requires estimates of the power absorp-
tion and transport mechanisms of the toroidal magnetised plas-
mas. The 1D transport oriented model for magnetised toroidal
RF discharges, TOMATOR-1D, provides a practical means
to validate scalings for transport or power absorption mod-
ules against experimental data sets [887, 890]. The model
simulates self-consistent radial density and temperature pro-
files for magnetised plasma mixtures of hydrogen and helium
with a detailed description of the collisional processes. Using
conventional assumptions on transport and EC power absorp-
tion, it reproduces the density profiles of X2 ECRH plas-
mas on TCV and AUG in parametric scans of the launched
ECRH power and the applied vertical magnetic field. A pol-
oidal magnetic field dependent scaling for anomalous diffu-
sion is proposed based on Bohm diffusion, with a numerical
coefficient of the same order as the Bohm and Spitzer coeffi-
cients. Outward convection is implemented as to result from
drifts in the toroidal magnetic field configuration.

75.3.2. lon cyclotron wall conditioning in tokamaks. ICWC
uses the standard ICH antennas for producing low density, par-
tially ionised and current-less conditioning plasma. In addition
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to the TF, a small (<1% of B;) shaped vertical magnetic field
is applied to obtain a uniform discharge. Similar to ECWC,
ICWC will be applied in series of short repetitive pulses to
mitigate re-ionisation and re-deposition of particles released
from the wall. Compared to GDC in JET-ILW, ICWC has a
similar removal efficiency as a function of the coupled energy
to the plasma [861]. Hence in ITER, at a low ICWC duty cycle
of 10%, the time averaged energy throughput of ICWC will be
similar or slightly higher than that of GDC.

ICRF plasma production is robust in present devices and
possible in a broad range of heating scenarios be it at the
fundamental, higher harmonic or subharmonic frequencies of
the discharge gas [888, 891]. The breakdown phase has been
described by 1D PIC simulations [892]. The appearance of an
antenna loading at higher density is triggered by the occur-
rence of the LH resonance near the antenna [893]. The steady
plasma is sustained by coupling ICH power to both electrons
and ions, mainly via non-resonant processes. Toroidal mono-
pole phasing of the poloidal strap arrays improves RF coupling
and uniformity of the ICWC discharges by reducing the cut-off
density for Fast Wave propagation [891].

In ITER, ICWC is envisaged to control the T-inventory
build-up, assist fuelling gas changes and remove impurities,
e.g. after DMS activation. Gas balance experiments in JET
with the ITER-like wall show that 630s of ICWC plasma
removes an amount of fuel (8.6 x 1022 atoms [888]) which
corresponds to 573 s of plasma operations at a worst case
retention rate of 1.5 x 10?2 s~! [655]. Higher removal rates
can be obtained by combining ICWC with main chamber bak-
ing [861]. While these results indicate the efficacy of ICWC
for fuel recovery in-between pulses in ITER, it is to be noted
that the removal stems from both long term as well as transi-
ent retention, as is the case also for the other T recovery tech-
niques. Fuel removal in ITER needs to address the long term
retention as the transient retention will be quickly refilled up
to 50% T in a subsequent DT discharge [855].

A main energy loss mechanism of ions in ICWC plasma
is charge-exchange reactions with neutrals. Due to resonant
and collisional ICH power absorption, the neutral particle
energy distributions show high energy tails above 1keV in
Tore Supra [894], AUG [892] and JET [895]. These repres-
ent about 1% to the total neutral flux to the PFC [894]. First
measurements in the energy range below 500 eV are obtained
in TOMAS for discharges at 25 MHz and 125 mT, showing an
integral neutral flux of (0.2-1.1) x 10 m~2s~! [896], con-
firming earlier estimates of 0D ICWC modelling [897]. This
flux can be compared with the aforementioned typical wall ion
current density in GDC of ~10'® m=2s~!. The ion flux paral-
lel to the field lines is much higher, reaching 102! m—2s~! at
the LFS in ICWC discharges in Tore Supra [867], but decays
however strongly behind the diagnostic protection LIM. The
applicability of He-ICWC to assist a changeover from hydro-
gen to helium plasmas has been demonstrated at AUG [898]
where 20 He-ICWC pulses, including outgassing between dis-
charges, removed more D atoms than two H-mode plasma dis-
charges in helium before ICWC and 25 H-mode discharges
after ICWC (~13Pam® vs. 3Pam?®). Fuel removal by He-
ICWC in JET-C, operating with carbon based PFC mostly, was
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found to be less efficient than in hydrogen [895]. Moreover,
significant He retention is reported in these experiments, as
well as in AUG with tungsten PFC. The presence of Be as
constituting materials of RF antenna protection LIMs in JET-C
is suspected to be responsible for the 80% retained fraction of
the He injected in the ICWC discharges. This retention and the
possible impact of helium as conditioning gas on subsequent
plasma operation needs to be assessed for ITER.

Further experiments show the applicability of ICWC for
wall cleaning, for instance to help recover operation after DMS
activation. Amounts of argon implanted in the W surfaces
of AUG could be removed in 6 He-ICWC discharges [899].
Pulsed He-ICWC discharges have been successfully applied
on Tore Supra to recover from unmitigated disruptions [895].
Operation recovery after exposure to reactive gases was shown
in EAST [900] and TEXTOR [901]. Inter-shot ICWC in
KSTAR allowed to suppress the water partial pressure during
operational days [902].

75.3.3. Raised SP scenarios.  Post-mortem analysis of
components removed from the vessel after operation cam-
paigns show that fuel retention in JET is dominated by co-
deposition with Be. The thickest deposits, up to a few tens of
pm, are found at the inner divertor baffle area and account for
46.5% of the retained fuel in the 3rd ILW campaign [810]. This
will be the same in ITER, where several tens of microns thick
layers can build up between baking cycles [785].

The efficiency of the planned 350 °C divertor bake appears
limited for such thick co-deposits. Tokamak plasma with
raised inner divertor strike-point is proposed to heat the co-
deposits directly and enhance tritium desorption [903]. In
laboratory it is shown that 200s of D plasma exposure at
600 °C removes 84% of D from 3 um co-deposited lay-
ers [863]. The highest D removal is achieved at higher tem-
perature, longer exposures and using H plasma instead of D
plasma. In order to deplete thick surface layers by thermal out-
gassing alone, they must be heated above 800 °C for several
minutes, based on TDS spectra [863].

JET demonstrated the raised inner divertor SP scenario
by heating the uppermost accessible point to at least 800 °C
throughout the stationary diverted phase of 18s [861]. As the
bulk material temperature increased only by about 100 °C per
pulse and reached a maximum temperature by ratcheting of
about 200 °C overall, the high temperature is limited to the thin
resistive deposit layer only. Spatially-resolved high-resolution
H,, spectroscopy in the hydrogen fuelled discharges showed
consistently a higher D content at the upper inner divertor com-
pared to other divertor locations, confirming the locally stim-
ulated thermal outgassing. For comparison, isotopic exchange
experiments on the JET-ILW using plasmas with a LIM phase
followed by high and low triangularity phases report removal
from implanted areas mostly with a very weak access to the
long term retention reservoir by co-deposition [855].

The desorbed isotopes released above the ISP will be re-
ionised. While a major part of the isotopes will eventually be
evacuated through the divertor pumps, a non-negligible part
will be further retained in co-deposited layers in areas that
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are likely inaccessible through plasma operations, even for the
raised SP configuration. The too frequent application of such a
plasma scenario may therefore contribute to an increase of the
long term retention elsewhere in the vessel [855]. In addition,
if the isotopic ratio is reduced after this partial cleaning, partic-
ularly if the pulse is performed without T, additional T injec-
tion will be required for the following pulse to reach the T con-
centration target. Since the retention is shown to increase with
the gas throughput [655], the cleaning through diverted plasma
scenarios may lead, and this is a paradox, to an increased T
retention compared to the absence of cleaning. It is therefore
proposed to apply fuel removal by pure (D,-fuelling) diverted
plasmas only at the end of an experimental campaign [855]
and/or to combine it with techniques such as ICWC to recover
the fuel that is made accessible.

The possibility of running ITER plasmas with raised strike-
points was first examined in [904] and recent SOLPS-ITER
simulations were conducted to assess the feasibility of this
approach for detritiation from Be co-deposits [905]. The study
found that for SPs raised to just below the current transition
region from the straight to curved parts of the vertical W
divertor targets, L-mode plasmas up to 14 MA would be con-
trollable in terms of vertical stability, well above the max-
imum plasma currents envisaged to be attempted in PFPO-1.
However, even higher strike-point positions might be required
based on predicted deposition patterns in ITER [739].

75.4. T removal after JET T&DT campaigns.  An optim-
ised tritium recovery sequence was applied in JET-ILW after
the second Deuterium-Tritium Campaign (DTE2) and full T
campaigns that preceded and followed after the DTE2 [906].
Baking, superimposed with ICWC and GDC cleaning cycles
in D, and diverted plasma operation in D with different SP
configurations, including raised ISP pulses, and with differ-
ent plasma heating allowed reducing the residual T content in
D NBI-heated plasmas to about 0.1% as deduced from neut-
ron rate measurements, below the 1% target set by the alloc-
ated 14 MeV fusion neutrons budget for the following D cam-
paigns. Access to the T-rich Be deposits at the inner divertor
baffle region was clearly evidenced from the increased neut-
ron rate and elevated surface temperatures in plasmas with the
ISP raised onto this area. The measured removed T amount,
0.67 g T was comparable to the in-vessel T inventory assessed
from past D retention data and T fuelling into the vacuum
vessel (252 g T), ranging between 0.48 g T (post-mortem D
data [810]) and 5.04 g T (gas balance D data [655]), indicat-
ing the effectiveness of the combination of fuel removal tech-
niques that are being developed for ITER.

75.5. Outlook to T-recovery in ITER.  This section summar-
ised the development of the fuel removal techniques under
consideration in the ITER Research Plan [3]. This plan fore-
sees the development of the ITER fuel recovery strategy
from the pre-fusion operation phases. The different techniques
will be used complementary in ITER, weighing the specific
strengths and limitations of each. Studies in present devices
and the development of models, as presented in this section,
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are needed to identify these and should continue to prepare
ITER operations. In ITER, baking and GDC can be applied
between operation cycles, when the toroidal magnetic field
is off. To mitigate the accumulation of the inventory during
experimental periods when the TF is continuously present,
ICWC, ECWC and diverted plasmas with raised SPs are
foreseen. GDC and ICWC provide a uniform conditioning
flux to the PFCs, however this flux may be less effective in
depleting thick Be co-deposit layers. Diverted plasmas with
raised SPs can strongly heat the thick Be deposits at the inner
divertor, effectively depleting the co-deposited layer invent-
ory through thermal outgassing. Alternating this method with
pulsed ICWC or ECWC discharges is proposed to minimise
retrapping of the released fuel in co-deposits. Finally, after
removing T from the PFCs, extra T fuelling will be needed
to obtain optimal T concentrations in the next DT pulse.
Care must be taken not to increase the overall T throughput
and hence retention by the application of fuel removal tech-
niques [855].

76. Modelling

As detailed in section 7.3.2 the Hl-retention by co-deposition
of HI with impurities depends on the growth rate of the depos-
ited layer, on the local HI impact energy and on the surface
temperature. In order to predict retention by co-deposition, a
model is needed that calculates the location and growth rate
ry of the co-deposited mix such that based on the HI/X ratio
the local retention can be calculated as I',e; = HI/X X r,. The
formation of these layers is inevitable in particular when low-
Z elements with a high erosion rate are present. This neces-
sitates the application of T-removal methods as detailed in
section 7.5.

76.1. Modelling of material migration. ~— Co-deposition is a
consequence of impurity migration in magnetic confinement
fusion devices: The wall material is eroded by the impinging
plasma through physical sputtering and/or chemical erosion.
The impurities created by the erosion processes enter the
plasma, are ionised and then transported parallel and perpen-
dicular to the magnetic field. Eventually the impurities are re-
deposited on the wall at some potentially distant location from
their origin. They may be re-eroded to again undergo plasma
transport and be re-deposited. This re-erosion/re-deposition
cycle continues until the impurities deposit at a location where
the re-erosion/reflection rate is lower than the incident flux
and co-deposited layer starts to form and grow. Therefore to
describe the formation of co-deposits a coupled description
of the surface processes (deposition/reflection/erosion) and
transport of impurities in the plasma is needed.

76.1.1. Description of migration codes.  For ITER predic-
tions, three codes were used to model the above processes:
the ERO code [642] is a sophisticated impurity plasma trans-
port code that has a simple surface dynamics model attached
to it. It follows the gyro-motion of the impurities and due to
this complex plasma transport model it is usually only applied
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to a small sub-volume of the plasma requiring ad-hoc assump-
tions about losses and influx of impurities to/from its limited
simulation region. To remedy this limitation the massive par-
allel ERO2.0 code [694] was developed which can perform 3D
global gyro-orbit resolved impurity transport calculations but
so far has not been run with a surface dynamic model to make
predictions about co-deposition and is mainly used to predict
Be erosion.

The WalIDYN [732] code was developed from the start to
describe the coupled nature of surface processes and plasma
transport to describe co-deposition. It uses the well bench-
marked global impurity transport code DIVIMP. Originally
WallDYN, due its use of DIVIMP [907], was limited to tor-
oidally symmetric geometries but it was recently extended
to perform global 3D impurity migration calculations [908].
WallDYN features a surface dynamics model similar to that
in ERO but uses composition dependent reflection and sput-
ter yields. All three codes require as input the background
HI-plasma and operate under trace approximation: The migra-
tion of impurities and resulting impurity plasma densities are
assumed to be low enough such that the plasma solution is not
affected.

ERO and ERO2.0 are Monte-Carlo codes that follow vir-
tual particles until they are no longer re-emitted. In contrast
WallDYN describes impurity migration and surface dynamics
as DAE system [732]: The impurity migration is described by
a re-distribution matrix 1determined once using DIVIMP for a
given background plasma solution and then allows to compute
the local influx of impurities as a simple matrix multiplication
of the source flux from the wall. The time evolution of surface
composition of impurity is calculated as a simple flux balance
of influx minus reflection and erosion flux. In this approach
directly couples the change in the surface composition with
the impurity influx into and back from the plasma.

76.1.2. Code validation based on experiments.  The pre-
dictive codes require validation of their underlying models
and assumptions against the available experimental data as
described in section 6.5, typically comparing layer thicknesses
measured during PM analysis or using synthetic diagnostics
for direct comparison to e.g. measured spectroscopic data.

In [740] the ERO code was used to compare deposition
in remote areas for different FW configurations of JET: be
deposition in JET-ILW and C deposition in JET-C. The sim-
ulation volume was limited to the inner divertor target area
and the inner divertor floor. The calculated values for depos-
ition were compared to measured deposition on a rotating col-
lector probe located under the divertor dome. ERO was able
to reproduce the measured Be deposition rates assuming an
ad-hoc influx fraction of 0.1% of Be in the D-plasma flowing
into the inner divertor. The calculations also showed that the
plasma transport of C and Be leads to similar deposition pat-
terns for both species. Therefore the observed difference in the
deposited amount: 5—10 times more C in JET-C compared to
Be in JET-ILW has to stem from a higher influx of C compared
Be. In [740] also the W erosion rate was investigated showing
that W erosion is dominated by ELMs during H-mode plasma
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operation in JET-ILW and is 2-3 orders of magnitude lower
than the erosion of Be. In [909] Be migration in JET-ILW con-
figuration was investigated by ERO modelling of a larger sim-
ulation volume spanning from the inner divertor to inner upper
mid-plane. The calculations were compared to the Bell spec-
troscopic signals measured intra- and inter-ELM. However
the modelled spectroscopic intensities could not match the
experimental values even qualitatively which was attributed
to too high plasma temperatures in the background plasma
used for performing the migration calculations. Still the depos-
ition patterns qualitatively matched the PM measured values
of Be deposition: The thickest deposits were found on top of
the inner divertor entrance baffle. The patterns even matched
quantitatively when adjusting the upstream Be source in an ad-
hoc fashion similar to the approach in [740]. The ERO2.0 code
has been used extensively to predict Be erosion and transport
but due to the lack of a surface dynamics module it cannot be
used to predict co-deposition since it cannot describe impurity
recycling. In [739] Be erosion from the 3D shaped Be FW in
ITER and migration to the divertor is simulated. The authors
also give net deposition numbers in the W divertor but these
need to be understood only as the difference between influx
and reflection since re-erosion cannot be calculated without a
surface dynamics model.

In [732] the Be and C migration and co-deposition in
JET-ILW and JET-C respectively was investigated using the
WallDYN code. For JET-C the FW composition is constant
and erosion depends on energy (physical sputtering) and tem-
perature (chemical erosion/sputtering). With the so calculated
C source flux and a DIVIMP based migration matrix M the
Be-flux fractions into the inner divertor are of the order of
0.1% as was required by [740] to match the deposition data.
However this flux fraction varies strongly radially across the
entrance of the divertor and cannot be described by a single
value, highlighting the need for a global calculation. From the
calculated Be and C layer growth rates r,, D-retention rates (D
s~ 1) were calculated using scaling laws for the D/C and D/Be-
ratio from [844] and [812] respectively. Using the WallDYN
approach it was possible to quantitatively reproduce the long
term fuel retention in JET-ILW and JET-C as determined by
gas balance from [655]: JET-C retains 10 times more D than
JET-ILW. Also, the poloidal distribution of the Be deposition
was qualitatively in line with PM analysis: In the divertor Be
deposited mainly on the entrance baffles with the thickest layer
predicted on the HFS. The fact that all models predict sim-
ilar poloidal deposition patterns despite different underlying
background plasma solutions suggests that Be deposition can
probably also be expected at similar locations in ITER.

76.1.3. Extrapolation to ITER.  Using the same code-settings
as for the JET-ILW cases but with background plasma solu-
tions for ITER, WallDYN was in [732, 777] used to make pre-
dictions for the T-retention in ITER by co-deposition. Various
different background plasma solutions, covering the opera-
tion range of ITER, were used. The T co-deposition rates
based on [812] resulting from these different background plas-
mas showed a strong scatter of almost an order of magnitude.
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Figure 69. Recalculating the D retention rates via co-deposition
using the same parameters as in [732] but using the new scaling
laws from [847]. The label Zalosnik(2022) refers to equation (3),
the label Zalosnik(2022)-(Pp, ) refers to equation (5) and the label
Zalosnik(2022)-(Pp,, Tmax) refers to equation (6) in [847].

Therefore, the resulting number of full power ITER discharges
that can be run before the T inventory limit is reached varies
from 3000 to 20 000. As outlined in section 7.3.2, the fit para-
meters in the D/Be-ratio scaling law have rather wide con-
fidence bands and are thus rather uncertain. In particular the
energy dependence has been modified significantly since the
original work by [812]. Therefore in figure 69, the D retention
rate is re-computed using both the original [812] and the new
model in [847]. In general the new scaling laws from [847]
underestimate the retention by co-deposition in JET-ILW by
a factor of 4-7 and yields almost an order of magnitude
less retention for ITER compared to the original scaling law
from [812]. The main reason for this difference is the reduced
energy dependence of the D/Be-ratio in [847]. The new pre-
dictions based on the scaling laws in [847] seem to alleviate
the challenge of co-deposition in ITER. However, large uncer-
tainties remain for retention by co-deposition in ITER.

76.2. Modelling bulk retention.

76.2.1. Basic concepts.  Rough estimates of the HI accu-
mulation rate in the bulk of PFCs can be obtained by extrapol-
ation of fluence dependences on the base of existing exper-
imental data from laboratories and current fusion devices.
However, operation conditions in ITER will be very different
from current fusion devices and, as shown in the section 7.3.1
on the main processes involved in H inventory in W and Be,
many factors may influence HI behaviour. An advanced pre-
diction can be done using so-called rate equation modelling
(or diffusion-trapping models) describing HI transport in the
bulk of PFCs, HI implantation and release, generation of radi-
ation induced lattice defects, and HI interaction with these
defects.

The method is rather straightforward, and general equations
can be found, for example, in [821, 910, 911]. The HI trans-
port is described by the Fick’s second law with an additional
source of particles due to implantation and a sink to trap-
ping sites. In parallel, the heat transfer equation should be



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

solved to provide the temperature distribution in the mater-
ial. Several kinds of trapping sites corresponding to different
lattice defects (vacancy, dislocations, etc) are introduced by
providing trapping and de-trapping rates. The dynamic pro-
duction of traps due to ion and neutron bombardment can be
also included like in [912].

76.2.2. Determining material input parameters.  Diffusion
trapping codes require a large number of input parameters,
which should be either experimentally measured or theoret-
ically calculated. A discussion of reliable experimental data
can be found in [813, 913]. Due to the low HI solubility in W
and Be, experimental data for basic transport parameters are
strongly affected by presence of defects. Surface oxidation is
an additional issue in the case of Be. Therefore, a very limited
number of experiments provides an adequate data. Ab initio
calculations using the DFT provide the most confident theor-
etical data for HI diffusion barriers and HI interaction with
defects. The results for Be are reviewed, for example, in [914],
and in [915] for W. The DFT predicted diffusivities for the HI
in W and Be are generally higher than the experimental data.
This may be due to the influence of defects even for the most
accurate data, as it was shown in [916] for W. The influence of
existing uncertainties in the HI diffusivity in W on predictions
of global T retention was considered in [917], where it was
shown that the T accumulation rate can be 2-3 times higher
when using the values calculated by DFT.

76.2.3. Predictions for ITER.  The most general prediction
for tritium retention in ITER with different configurations of
PFMs was done by Roth et al [624]. A small rate of T accu-
mulation in the bulk of W divertor plates was obtained in these
calculations, providing the administrative 700 g T limit after
5000 400s ITER discharges, as a maximum, including the
effect of neutrons. However, many simplifying assumptions
were used for this analysis. In particular, a 1D model was used
with constant PFC temperature excluding transient events. An
expected reduction of the T accumulation rate due to presence
of He impurities in the plasma was later included in the mod-
elling presented in [832]. In reality, PFCs in ITER have a com-
plex 3D shape with strong temperature gradients due to active
cooling. In addition, transient events with different time scales
will occur and the surface layer will be significantly modified
under plasma irradiation. It is very difficult to simultaneously
take into account all these effects due to an enormous growth
of the computational cost and a variety of possible plasma
operation regimes, but some efforts to estimate their influence
have been done.

76.2.4. Transient events.  Different transient events are
expected in ITER. Firstly, slow ramp-up and ramp-down
processes are unavoidable. Continuous (10000 s) and cycled
plasma (100 s ramp-up, 400 s steady-state, a 100 s ramp-down
and 1000 s waiting phase) irradiation were compared in [918].
Only some local deviations in the dynamics of HI reten-
tion during transients have been observed, but there were no
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remarkable differences in the long term fluence dependence of
the HI retention.

During fast transient events, such as ELMs, there is an
increased ion incident flux to the surface, but the surface tem-
perature also increases, leading to an increased D release. The
effect of ELMs has been analysed for JET conditions in [919,
920]. According to these simulations, the surface temperat-
ure increased by only about 100 K during ELMs and the total
D retention was reduced in comparison to calculations of the
base plasma load. Interestingly, the recycling coefficient was
also almost unaffected and was close to R~ 1 even during
the ELMs. An advanced modelling including defect dynam-
ics in [920], demonstrated that the temperature increase during
the ELMs leads to agglomeration of defects and an enhanced
concentration of complex defects with a higher binding energy
in the surface layer.

However, the heat load and particle fluxes during the ELMs
in ITER will be larger than in JET. In such conditions, their
effects on the HI retention can be more serious. As discussed
in section 7.3.1, the experiments in the QSPA-T facility [921]
demonstrated a substantial HI retention in W after powerful
pulsed plasma irradiation (1 ms, 0.4-3.7 MJ m~2). According
to modelling of these data, an increased temperature of the sur-
face layer strongly accelerates HI diffusion and HI can reach
the depth up to tens of microns after one pulse already. The
high particle flux to the surface during the pulse lead to the
significant HI accumulation rate even at very high surface tem-
perature up to melting. Thus, the effect of ELMs may strongly
depend on their characteristics and should be analysed in more
details.

76.2.5. 2D/3D modelling. 2D simulations of HI retention in
W MBs with the ITER geometry have been performed in [911,
922, 923] using the code FESTIM. Comparison with 1D sim-
ulations at various irradiation conditions demonstrated differ-
ences in the range of 20%-95% [911]. An inhomogeneous
temperature distribution in the MB and desorption from tor-
oidal edges in 2D geometry are the main sources of the dif-
ference with 1D simulations. The temporal evolution of HI
inventory was close to the square root dependence in a wide
range of parameters in both 1D and 2D cases.

2D calculations need much more computational time, how-
ever, using a parametric approach [923], it was possible to
make an estimation for the HI retention in the full W divertor
taking into account different particle and heat fluxes on each
MB. The predicted total HI inventory after 107 s was only 8 g,
neglecting saturation effects this would allow for 25 ITER dis-
charges of 400 s before hitting the T inventory limit of 750 g.
The maximum of the HI retention was shifted by 5 cm from
the SP in the poloidal direction. To simplify the calculations
the trap parameters remained fixed, in reality a time evolution
of the trap parameters could influence the results.

76.2.6. Multiple occupation of traps and boundary conditions/
subsurface layer.  DFT calculations predict trapping of sev-
eral hydrogen atoms in a single vacancy [915] and, therefore,
the possibility of multiple occupation of traps is introduced
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now in codes [924, 925]. For single isotope experiments no
qualitative difference to the classic single occupancy picture
can be found. However, for multiple isotopes, the fill level
dependence of the de-trapping energies predicted by the DFT
calculations needs to be taken into account. This requires a dif-
ferent trapping model which describes the coupling between
the different fill levels [924]. Only then the experimentally
observed low temperature isotope exchange, where the stand-
ard model predicts no exchange, can be modelled.

Modification of the subsurface layer due to high plasma
irradiation and implantation of various impurities is a very
complex process, and it is impossible to include all possible
effects in the modelling. Therefore, the simplest assumptions
are often used and the HI concentration at the surface is usually
fixed to zero that is reasonable in many cases [813].

Fortunately, many effects demonstrate a decreased HI accu-
mulation rate in comparison to standard assumptions due to
reduction of the HI diffusion flux into the bulk. This is the case
for the presence of He and Ne impurities in the plasma [826,
829] and HHF plasma irradiation of Be [837], as discussed
in 7.3.1. An increase of the trapping sites concentration in the
thin subsurface layer does not contribute significantly in the
total retention. This was demonstrated, for example, in [849],
where formation of the so-called supersaturated layer was
implemented in the modelling.

77 Conclusions and outlook

During the design and construction of ITER, the T inventory
in the vessel has had a major impact, driving many import-
ant design decisions with respect to PFMs, choice of impurity
seeding species and design of the T handling facility. Foremost
among these was the decision to remove carbon-based PFMs
from the machine entirely, but also the recently considered
change from a Be-based main chamber armour to an all-
Tungsten machine was partly motivated by the much reduced
T retention without continuous Be co-deposition.

With co-deposition virtually eliminated, T retention in
ITER is now mainly due to bulk retention of HI by implant-
ation, diffusion and trapping in lattice defects. As discussed
in section 7.3.1, this process does not contribute significantly
to the total fuel inventory in current fusion devices and is
not expected to do so for ITER. However, because of the
much higher levels of neutron radiation damage, He induced
defects and higher T fluence expected over the longer life-
time of a fusion reactor, the study of this mechanism and its
consequences remains an important R&D issue. Although
the modelling of T-retention processes has made significant
progress, as discussed in section 7.6, the reliability of the pre-
dictions depends heavily on an improved data base for code
validation. While some of this research can be carried out
using proxy defect generation processes, it ultimately requires
the availability of irradiation facilities for 14 MeV fusion
neutrons such as IFMIF/EVEDA [926], IFMIF-DONES [927]
or dedicated tokamak devices as volumetric neutron
sources [928].

Finally, the prospect of ITER operation with a full-W FW
has introduced a new issue, as boronisation may be required
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for wall conditioning, which could have a significant impact
on T retention. This has motivated further R&D on this topic
within the ITPA.

On the diagnostic side, monitoring of T retention in ITER
will continue to be essential, firstly to comply with radiation
safety regulations, and secondly to optimise the use of the lim-
ited amount of T fuel available.

8. Evolution of PFMs under sustained plasma
exposure

8.1. Introduction

As part of the DIVSOL ITPA activities, since the implement-
ation of the ITER physics basis [2] and the design of the ITER
plasma-facing components [12], major changes have been
made in the choice of materials for ITER, including the exclus-
ive use of tungsten in the divertor [14]. In this section, we
therefore seek to elaborate the consequences of these choices
and the additional understanding gained for the long-term use
of the new material mix under high fluence plasma exposure,
and to identify gaps in the current knowledge base.

The structure of this section is as follows: We start with
an introduction 8.1, followed by three subsections on studies
based on laboratory studies 8.2, on work on fusion devices 8.3
and on modelling 8.4. Implications and open issues are dis-
cussed in the summary 8.5.

For the discussion in this section, a range of exposure con-
ditions needs to be taken into account with brief references
included where overview and review materials already exist.
For an introduction to the material issues in fusion with respect
to material parameters, the main challenges have already been
elaborated in detail in [929], with figure 70 giving a rough
overview of the synergistic loading conditions. Please take
note that when discussing loading condition also the cool-
ing conditions of the tested materials play a significant role—
with either actively cooled setups or inertially cooled samples
or components, for the latter temperature evolution is only
defined by thermal mass, radiation while for the active cooling
heat is removed.

ITER will be one of the first facilities to truly expose mater-
ials not only to high steady-state and transient thermal loads,
hydrogen and helium bombardment, but also to 14 MeV neut-
rons, placing high demands on the selection of PFMs and the
manufacture of actively cooled components with long expec-
ted lifetimes. ITER, as all long pulse devices, needs actively
cooled components in contrast with inertially cooled compon-
ents which were still used in a majority of tokamaks at the time
of the release of [2]. Operating actively cooled PFC has been
pioneered with carbon PFC in Tore Supra, and is now being
explored in superconducting devices such as WEST, EAST,
KSTAR in W as well as W7-X in carbon.

With this in mind, further discussion in this section will
focus on the issues arising from synergistic effects such as high
thermal loads under plasma exposure or simultaneous thermal
and neutron wall loads as summarised in [929]. An overview of
the ITER PFCs and the established design of the FW and diver-
tor is given in section 1 and figure 1. The main focus of this



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

Transient thermal loads:
up to 60 MJm-2
(disrupt., ELMs, VDEs)
« cracks
* melting
« dust formation

Steady state heat loads:
up to 20 MWm2in ITER
(lower loads in DEMO)

« recrystallization
« failure of joints

thermal
loads

neutrons

Plasma loads:

« sputtering

* hydrogen retention

* heliuminduced
morphology

* up to 14 MeV
« defects
* transmutation

Figure 70. Synergistic loads and their main consequences for the
first wall armour in thermo-nuclear (DT) operation of magnetic
confinement devices. Reproduced from [929]. CC BY 4.0.

section is on tungsten materials, with references to e.g. beryl-
lium where appropriate.

8.1.1 Materials.  Materials are one of the major challenges
for the operation of ITER and any future fusion device [930].
Initially, the PFC material selection strategy for ITER, as
described in [12], included an all-beryllium FW, together with
divertor targets that would have used both CFC and tungsten
in the high power regions in a stepwise approach eventually
changing to all tungsten. Since the release of [2] a full tung-
sten divertor is now the baseline option and a full tungsten wall
has been chosen.

This material combination was subsequently modified by
removing carbon due to its unacceptably high fuel retention
(see discussion in section 7) and updating the HHF divertor
area to a full tungsten design [14]. Tungsten was always con-
sidered for the later phase of operation, as it was clear that car-
bon in particular would have limitations in the nuclear phase,
e.g. thermal conductivity reduction [929].

The successful high power operation of AUG with an all
tungsten wall [931, 932] showed a clear path towards an all
metal, all tungsten reactor for power generation. Nevertheless
detailed consideration on the issues of PFC material evolution
as discussed here are were still to be dealt with.

For an overview of considerations on the use of tung-
sten before and after the 2013 decision [14] see [628, 933]
and [934-937] respectively. Since then, research on material
damage resulting from HHF and high fluence exposure has
focused mainly on tungsten. For a review of related results
and conclusions drawn in support of the ITER full W diver-
tor see [15].

In parallel, issues related to beryllium as FW material were
also addressed. With regard to the engineering challenges and
the development of the ITER blanket system and divertor, the
wide range of challenges and solutions are discussed in detail
in [938-940].

For a summary on the topic of the beryllium FW, recent
work can be found in [679], focusing mainly on erosion and
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retention issues, while a summary of the overall ITER blanket
design challenge can be found in [941]. In particular, life-
time issues [942] due to erosion and melting are challenges
that have been addressed in recent years (see section 6) as
well as the issue of HHF performance [943] and melting (see
section 9). More recently, a critical re-evaluation of the ITER
design baseline led to the proposal to abandon beryllium and
to redesign the FW of the main vessel with tungsten armour.
The R&D issues arising from this new approach are outside
the scope of this review and will not be discussed here.

8.1.1.1. ILW project.  In the years leading up to the public-
ation of the 2007 PIPB, a decision was taken to upgrade the
Joint European Torus to address many of the issues of ITER,
and here in particular the materials issues arising from beryl-
lium and tungsten as plasma cladding materials were high-
lighted [793]. Therefore, the work carried out under the ILW
project are highly relevant also to the discussions the section
on retention (see section 7), erosion (see section 6) and melting
(see section 9).

8.1.2. Synergistic loads. When considering synergies
between thermal loads and plasma exposure, plasma-induced
processes—such as blister or bubble formation, hydrogen
embrittlement, and the growth of He nano-bubble layers or
fuzz on plasma-exposed surfaces—must be taken into account,
as they adversely affect resistance to intense thermal loads. For
details, particularly on PWI and synergistic loads, see [929,
944], where an in-depth analysis of the response of tungsten
(W) materials to plasma particle and thermal loads is presen-
ted, with a particular focus on the relevant processes in the
ITER divertor, characterised by high fluxes of low-energy
particles and resulting elevated surface temperatures. Their
analysis reveals various effects such as changes in surface
morphology, changes in mechanical and thermal properties,
and damage induced by thermal shocks. Specific conditions
under which phenomena such as blistering and fuzz formation
are likely to occur are identified, and their implications for
ITER operation are discussed.

The following discussions in this section focus on the syn-
ergistic interplay between thermal loads and neutron effects on
material performance. Neutron-induced phenomena—such as
decreased thermal conductivity, embrittlement and an increase
in the ductile-to-brittle transition temperature but also mater-
ial transmutation—critically influence the thermomechanical
performance of wall components at HHF under both steady-
state conditions and during high-power transient loads. The
third synergistic interaction, involving the combined effects
of plasma exposure and neutron damage, is not explored in
detail here. Future research will need to focus particularly on
understanding mechanisms such as hydrogen and helium trap-
ping in neutron-induced defects, as well as the formation and
implications of transmutation products in these contexts.

8.1.2.1 Power loads. In ITER, the divertor is exposed to
a HHF from the edge plasma with typical loads around
10 MW m~2 for nominal operation (5000 cycles) as well as
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20 MW m~2 for slow transients (10s with a limited number
of 300 cycles [15]. Under these HHF conditions, the temper-
ature gradient from the plasma-exposed surfaces of the HHF
components to the coolant channels can become very large,
e.g. of the order of 10 K m~! for tungsten with a thermal con-
ductivity of 100 W m~! K~! (value at a temperature around
1000°C) [16, 935].

For the agreed design [16], it is still a challenge to keep
the power loads on the divertor surfaces within tolerable limits
with respect to the parallel power loads expected for unmitig-
ated Type I ELM loads in ITER, which are given in [370]. For
some additional details on surface heat loads, see [398] where
a detailed discussion on the effect of shaping on the heat load
distribution can be found, including also specific issues of the
exposure of PFC edges to power loads, which can lead to over-
heating and melting.

For the main chamber FW armour made of beryllium grade
S-65 (S-65 has the lowest impurity levels of commonly made
grades of beryllium, which reduces the amount of transuranic
elements, so that the material needs less storage time after
being removed from reactors), there are two types of FW pan-
els, depending on the expected steady-state heat loads. A nor-
mal heat flux design capable of withstanding up to 2 MW m—2
and an enhanced heat flux design capable of withstanding up
to 4.7 MW m~2 are employed [679]. Modelling of the FW heat
loads due to ELMs has shown that controlled ELMs in ITER
during burning plasma operation (AWgpy ~ 0.6 MJ) will not
lead to melting or significant evaporation of the beryllium sur-
faces [945]. For transient events such as edge-localised modes,
these transient power fluxes rise to | GW m~? for a duration of
typically 0.5-0.75 ms in the divertor region, and a significant
fraction of this power flux is also expected to be deposited on
the FW.

As a consequence of these results, the issue of surface pro-
tection has also gained considerable importance. This mainly
concerns the PFC on the FW and the divertor. For the FW
the main loading condition arise in part during startup, where
the default start-up configuration for ITER prioritises the
inner wall LIM plasma ramp-up, with power fluxes on the
shaped beryllium FWP being particularly sensitive to mis-
alignments between the central column and the TF. Depending
on the shaping parameters, the current alignment requirement
may result in power fluxes exceeding the inner wall’s capa-
city. To address this, a reduced alignment target is proposed,
though challenges persist even with this adjustment. Ensuring
proper shaping through precise alignment control is essen-
tial for maintaining flexibility in current ramp-up scenarios.
Additionally, detailed analysis of coil locking and TF, along
with a comprehensive TF mapping diagnostic using NMR
sensors, will guide shaping efforts during assembly and oper-
ation phases, supported by metrology data for accurate align-
ment adjustments [946].

With respect to the divertor ITER’s plasma-facing com-
ponent design has advanced significantly, with a particular
focus on shaping to control power loads. The integration of
shaping into the divertor concept has reached a mature stage,
allowing for remote handling replacement and addressing
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the challenges of transient and steady-state loads. This shap-
ing design, informed by comprehensive heat load specifica-
tions, draws from the latest understanding of plasma physics.
However, the magnitude of energy deposition during transi-
ent events poses a significant challenge, surpassing the cap-
ability of any shaping design or material to ensure compon-
ent lifetime. Thus, reliable schemes for ELM control and dis-
ruption mitigation are imperative. The eventual transition to a
full-W divertor underscores the importance of robust shaping
strategies for edge misalignment protection. Moreover, care-
ful consideration of materials like beryllium, especially in high
PWI areas such as the secondary divertor, is crucial for erosion
lifetime and tritium retention [12, 14, 16].

8.1.2.2. Plasma particle loads. In addition to the power
loads, one of the main drivers for changes in the exposed
materials is the exposure to high fluence plasma particle loads
such as the fuel isotopes (D, T), the He ash fraction, as well
as residual impurities (e.g. C, O) and intentionally introduced
impurities for wall conditioning (B) and power load reduc-
tion (e.g. N, Ne, Ar, ...). Boronisation, although not originally
envisaged for the original Be/W wall, is now being considered
for wall conditioning in ITER following the decision to go for
an all-W FW.

An important consideration is that the particle fluence for
ITER and beyond will be orders of magnitude higher than
in current facilities, and will therefore introduce new effects
on plasma-facing materials. For expected quantitative fluence
values, see [944] and figure 71.

Studies of the interaction of the FW and the divertor with
the plasma are grouped under the term PWI [703] and have
been studied both in linear plasma devices and in tokamaks and
stellarators. The understanding of the actual plasma conditions
is derived from modelling and scaling experiments based on
e.g. JET, AUG and JT-60U as well as WEST, EAST and DIII-
D. Typical divertor particle fluxes are given in [16] at some
10> m~2 s~ !, details of the divertor plasma conditions are dis-
cussed in section 2 Scrape-off-layer and divertor transport.

8.1.2.3. Neutron irradiation. ~ The production of He in a burn-
ing D/T plasma is accompanied by the production of neutrons,
which strike the materials facing the plasma. The neutrons
create collision cascades within the lattice, leaving defects in
the material. The measure of the damage caused by the col-
lision cascades is called displacement per atom (dpa). One
of the main differences between ITER and future DEMO-
like devices is the much higher neutron fluence to the com-
ponents of the FW and the divertor. It is well established for
ITER [819] that the displacement damage will not cause any
relevant engineering limits for the divertor and the FW, since
even at the end of life the expected transmutation and embrit-
tlement are insignificant, due to the predicted damage being
well below 1dpa for the divertor [819]. There is currently
no high-flux fusion neutron source available JFMIF-DONES
under construction [950]), so researchers have used a variety
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Figure 71. (a) Comparison of the ion fluence to the divertor for
three different devices calculated for 5000 typical plasma
discharges. Symbol size is proportional to the device size.
Horizontal dashed line indicates the highest ion fluence reported
from a laboratory experiment [947]. (b) Typical experimental
conditions for various ion-assisted processing techniques; also
indicated are the typical conditions expected at the ITER divertor
vertical target. © 2018, The ITER Organization [944]. This image is
hereby used courtesy of the ITER Organization. Reproduced with
permission from [948]. Copyright [2011], by the AVS. Reproduced
with permission from [949]. Copyright [1984], by the AVS.

of techniques to simulate the expected damage, such as W self-
damage [951] and proton irradiation [952]. Such issues have
been part of the assessment of both the divertor materials [953]
and the FW [954]. In particular, the use of unalloyed tung-
sten, as in ITER, has been studied using irradiation with fission
neutrons [955]. The known effects of irradiation in W, again
based on experiments using irradiation with fission neutrons,
are void swelling, hardening ductility degradation, a shift in
the DBTT [956] and a decrease in thermal conductivity [957].
More recently, the latter has also been reproduced for W dislo-
cation damage typical of 14 MeV fusion neutrons induced by
MeV ion bombardment [958].
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8.2. Laboratory experiments under well controlled conditions

For the investigation of long-term plasma exposure effects
when using beryllium or tungsten as PFMs, linear plasma
devices provide a unique opportunity by allowing plasma
exposure at high fluxes and fluences. In recent years, many
devices have been used to study the effects relevant to the
ITER FW and divertor. A detailed overview of the test facilit-
ies is given in [959]. Due to the high toxicity of beryllium,
related studies have been performed in a dedicated facility,
PISCES-B [677], with studies also addressing mixed mater-
ial issues [716, 960, 961]. For the study of neutron irradi-
ated samples, the JULE-PSI facility is currently being com-
missioned [962]. In addition, Japanese linear plasma facilities
have pioneered the study of tungsten fuzz, as discussed below.

8.2.1. PFMs under high sustained and transient thermal loads.
Linear plasma devices and electron beams, as well as lasers,
have been extensively used to study the impact of different
transient effects on tungsten and beryllium. Cracking and the
evolution of crack networks have been identified as one of the
major issues when considering the lifetime of components for
ITER, as it is not yet clear how these might evolve under rel-
evant operating conditions and how this might affect the oper-
ation of the FW and the divertor in the long term.

Tests under ITER-relevant conditions, combining high flu-
ence and high cycle number transient loading of ITER-like
MBs, were performed in Magnum-PSI [702, 963]. These
showed that fatigue cracking is expected to be a problem in
ITER, especially when approaching ITER lifetime-integrated
levels of particle fluence, and that understanding the extent to
which this effect can be tolerated is essential for predicting
divertor lifetime and reliability [963]. Apart from the singular
load case, also synergistic loading conditions, i.e. the com-
bined loading by sustained plasma heat load and transients
were investigated [964-967].

To gain a more detailed understanding of the damage
induced by repeated transients, various studies have been car-
ried out, focusing in particular on the issue of high cycle num-
bers [968] and the shape of the transients [369, 969-971].
Overall, it was found that there is no clear damage threshold
with respect to the size of the transients, as in almost all
cases the fatigue damage increases with high cycles, lead-
ing to cracking and subsequent local melting, even for tran-
sients below the cracking threshold found for single transients
for tungsten [968]. The typical cracking threshold is below
0.55GW m~2 which is significantly below the value for an
unmitigated ITER ELM (2 GW m~2 [419]).

In ITER, the issue of transient heat fluxes is not limited
to the divertor, but is also a potential problem for the main
chamber FW. In particular, recent electron beam experiments
have revealed further details of the behaviour beyond what
was known at the start of the ITER project. ITER-qualified
S-65 beryllium has been subjected to up to 107 transient heat
pulses [972-977]. A strong decrease of the melting threshold
was observed during the experiments due to fatigue effects,
with damage saturation after 10° pulses [973].



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

VDE test - W disruption test - W

disruption test - PS-W
{4} - ¥ ] /]

increasing energy density
addhoxa: crack formation dur%g cool down

T = A

ar

cracking homogeneous melt ejection boiling and
roughening melting droplet formation
ELMs vertical displacement events / disruptions

Figure 72. Schematic representation of the degradation of
tungsten-based armour tiles with increasing transient thermal loads
below and above the melting threshold [978]. The top row shows
photographs of test samples exposed to off-normal events that could
occur in ITER if appropriate mitigation techniques are not applied.
Reproduced from [929]. CC BY 4.0.

8.2.11. Cracking. On of the most concerning issues for use
of tungsten as a PFM in ITER is its behaviour under power load
transients with respect to cracking. Much of the experimental
history and recent results are summarised in [929]. Therefore,
only the highlights and conclusions are summarised below.

The typical damage progression of tungsten under increas-
ing power load is shown in figure 72, starting with cracking
and ending with deep melting. For melting related damage pro-
cesses see section 9 PFC damage by excessive heat loads.

In an attempt to understand what damage can be expected
in terms of crack development under repeated transient power
loading such as ELM exposure, studies of the resilience of dif-
ferent PFMs to ELM-like heat fluxes have been carried out
using systematic thermal loading tests in electron beam and
laser beam experiments [979]. Typical damage thresholds and
damage maps have been generated with an example shown in
figure 73.

In general, cracking due to fatigue damage is an almost uni-
versal phenomenon so that apart from limiting exposure, no
material can overcome this problem, especially at high cycle
numbers, as discussed in detail in [968, 981-983]. Based on
these publications (see [929]), it is evident that for devices of
ITER size and beyond, transient heat fluxes must be drastic-
ally reduced. To prevent component failure caused by high-
cycle fatigue damage due to frequent ELMs, the heat flux
factor should not exceed 6 MW s!/2 m—2. The heat flux factor,
defined as the product of power density and the square root of
the pulse duration At, is motivated by the temperature increase
of a semi-infinite body under a constant heat load.

A significant limitation of these findings is that they do not
yet incorporate the synergistic effects of combined hydrogen
fuel, helium and neutron bombardment, which remain an area
of active investigation.
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Additionally, thermally induced surface damage of the FW
armour, such as cracking or grain boundary separation, could
compromise the safe operation of a fusion device. Deep cracks,
in particular, can significantly affect the transfer of heat from
the plasma-facing surface to the heat sink. Cracks that develop
perpendicular to the thermal gradient in the armour material
are especially problematic, as they severely impair heat trans-
port, potentially leading to isolated hot spots that may exceed
tungsten’s melting point.

Facilities such as GLADIS have also played an important
role in the study of whole plasma-facing components [984].
The capabilities of this and similar facilities have been used in
particular by the European Materials Programme [936, 985].
For an overview of the test facilities used in this collaboration
see [959].

8.2.1.2. Recrystallisation. A major factor affecting the life-
time of the W divertor components in ITER is the potential
degradation of the thermo-mechanical performance of tung-
sten under cyclic high steady state heat loading conditions
due to recrystallisation. It was found that the original tung-
sten material specification for the W MBs delivered to ITER
did not sufficiently take into account that cyclic transients can
lead to a variety of crack behaviours [986]. The macro-cracks
observed in the MBs after cyclic loading tests varied between
different suppliers, although they all met the ITER material
specification. The main property that appeared to affect the
HHEF test performance was the resistance to recrystallisation
in terms of recrystallisation temperature. The actual value of
the recrystallisation temperature depends on the initial state of
the material and its entire processing history, e.g. the initial
grain size, the plastic strain achieved during deformation and,
not least, the annealing time span applied [987]. With the aim
of improving the material specification for tungsten, several
tungsten materials have been subjected to a material charac-
terisation programme [988] to potentially include the hardness
in the specifications of the material [988] in relation to recrys-
tallisation. Recrystallisation kinetics were studied in particu-
lar detail to understand the synergistic effects of temperature,
thermal loading and other effects [987, 989, 990]. In addition,
the relationship between the presence of helium and hydrogen
in the material and the recrystallisation behaviour has been
studied. For the hydrogen fuel isotopes no definitive effects
could be observed [991], with some indications for changes
in recrystallisation kinetics [992], whereas helium seems to be
able to cause retarded recrystallisation [993].

8.2.2. Evolution of material properties due to plasma ion
exposure. Plasma-facing surfaces are simultaneously
exposed to both heat and particle fluxes. Well-controlled
experiments in linear plasma devices have been conducted
to investigate the effects of the associated PSIs in fusion
devices. This section briefly presents the results of these stud-
ies and the implications of these effects for ITER plasma-
facing materials. In particular, we discuss changes in surface
morphology due to plasma irradiation, which depend mainly
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Figure 73. (a) Generation of a typical damage map for an ultra-high purity tungsten grade with longitudinal grain orientation under intense
transient thermal loading applied at the JUDITH 1 electron beam test facility. Each data point represents a single test sample exposed to 100
electron beam pulses at different base temperatures and power densities (green circles, no damage; blue squares, surface modifications; red
diamonds, crack network)) (b) Micrographs taken by scanning electron microscopy (top row) and after metallographic sectioning by optical
microscopy (bottom row) on tungsten test samples exposed to a particular load scenario plotted in the damage map in (a). The three
different test samples (transverse, longitudinal and recrystallised) were exposed to 100 repeated electron beam pulses under identical
conditions: a power density level of 0.38 GW m™2(Fur = 12 MW s'/2m™2) and a base temperature of room temperature [980]. Reproduced
from [929]. CC BY 4.0. Reprinted from [980], Copyright (2017), with permission from Elsevier.

on the amount of implanted ions and the surface temperat-
ure. These include blistering and the formation of tungsten
nano-structures and beryllium cone-like structures. In addi-
tion, embrittlement related to recrystallisation as described in
section 8.2.1.2 and its suppression is discussed here. Finally,
the effect of changes in surface morphology on material loss
is also discussed.

8.2.2.1. Blistering. A blister on a metal surface is a surface
morphological modification caused by atoms of a gaseous ele-
ment such as HIs and helium implanted in the surface. The
implanted atoms locally aggregate at grain boundaries and/or
vacancies, and the surface layer rises due to the local high
pressure, forming the blister. The blisters can take two forms:
shallow blisters with thin dome caps (figure 74(a)) and large
irregularly shaped blisters with much deeper gas-filled cavit-
ies beneath (figure 74(b)). The shallow blisters form below
the DBTT as gas atoms agglomerate at near-surface defects
and plastically deform the tungsten at the surface, causing it
to rise. The large irregular blisters form at temperatures above
the DBTT when gas atoms accumulate at much deeper lattice
defects or grain boundaries, causing the large volume of tung-
sten above the gas-filled void to relax the stress by dislocations
moving along lattice planes through the crystalline grain [994].

The conditions for blistering by HIs have been studied for
tungsten and summarised in [933, 934]. The formation of
blisters on a target is determined by the competition between
the flux of ions impinging on the surface and the diffusion of
corresponding atoms in the bulk of the target. Experiments
on blistering have been carried out in linear plasma devices,
which showed that blistering occurs even with ions impinging
at low energies such as 7eV [995]. The experiments also
showed that blistering disappears above a threshold temper-
ature, which depends itself on the ion flux [996-999]. The
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Figure 74. Tungsten surfaces exposed to a D fluence of 10%” m~
320K (a) and 600K (b). The inserts in (a) show the cross-section
through one of the sparse blisters. In (), the cross-section is also
shown. A focused ion beam was employed for the cross-sectioning
with a Pt—C film coating for protection. Reproduced from [994]. ©
IOP Publishing Ltd. All rights reserved.

roughness of the material exposed can play a significant role
when studying blistering on industrial surfaces.

Suppression of blister formation has been observed in
D/He [1000], D/Be [1001] or D/Ne [1002] mixed plasmas.
This is attributed to a reduced hydrogen retention due to the
deposited or implanted impurity species. On the other hand,
increased blister formation was observed in D/C [1003] or
D/N [831, 834, 991] mixed plasmas where hydrogen retention
is increased compared to pure hydrogen plasmas. Suppression
of blistering has also been observed on rough surfaces pro-
duced by mechanical polishing and subsequent chemical etch-
ing [1004, 1005].

The appearance of blistering was found to depend not only
on the plasma conditions and composition, but also on the
grain orientation of the material [801, 1006]. The most and
least pronounced blistering was observed on grains with [111]
and [001] orientations, respectively. A possible mechanism for
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Figure 75. Cross-sectional SEM images of tungsten targets exposed
to pure He plasma at 1120 K for exposure times from (a) 300 s to (e)
22000 with a He flux of (4-6) x 102 m~?s~!. Reproduced from
[1008]. © 2008 IAEA, Vienna. All rights reserved.

this effect is the orientation dependence of the plastic deform-
ation coefficient of tungsten, which results in the [111] surface
layer being more easily deformed by the gas pressure [1007].

8.2.2.2. He induced damage and modification of surface
morphology of tungsten.  Following the publication of the
2007 PIPB, dedicated research has been carried out into
the effects of helium on the material properties of tungsten.
Helium induces damage such as helium bubbles and changes
in surface morphology such as fibrous nano-structures called
fuzz. These strongly influence erosion and fuel retention prop-
erties. The impact of helium plasma exposure on plasma-
facing materials is a crucial issue, firstly because He, as a
product of the DT fusion reactions, is an inevitable plasma
species in a thermonuclear plasma, and secondly because ded-
icated helium plasma experiments were part of the originally
foreseen early non-nuclear experimental campaigns of ITER.

Helium is a unique element due to its high mobility and
high binding energy of helium defect structures in metals.
Because of this, implanted He atoms strongly affect the near-
surface properties of tungsten plasma-facing components,
such as surface morphology. The most drastic change in sur-
face morphology induced by He irradiation is the formation
of the fibrous fuzz nanostructure shown in figure 75 [1008],
discovered in 2006 [1009]. Helium bubble formation is the
dominant cause of the change in surface morphology and also
affects fuel retention. This section summarises the understand-
ing of the effects of helium plasma irradiation on tungsten
gained from experiments with linear plasma devices.

Figure 75 shows the operational regions in terms of sur-
face temperature and incident ion energy where bubble form-
ation and nanostructure formation (fuzz) have been observed
in helium plasma experiments conducted in NAGDIS-II and
PISCES-B [1010]. Helium ion incidence energy, ion flux, ion
fluence and surface temperature have been studied to find
the conditions under which these helium-induced effects are
relevant. Typically, the impact energy of helium ions on a
material sample in linear plasma experiments is well below
the threshold energy for displacement damage in tungsten of
~0.5 keV. Nevertheless, it has been observed that bubbles and
voids are produced by an incident low energy helium flux.
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Figure 76. Surface temperature versus incident energy parameter
space of fuzz formation in the NAGDIS-II and PISCES-B helium
plasma experiments. Reproduced from [1010]. © 2009 IAEA,
Vienna. All rights reserved.

The threshold energy for bubble formation is approximately
5eV at a tungsten surface temperature of 2200 K. [1011]. This
energy corresponds to the surface barrier potential of a helium
atom to penetrate tungsten, with values obtained e.g. from
first-principles calculations [1011, 1012]. This experimental
result suggests that bubbles are formed when helium atoms
penetrate a tungsten surface at a sufficiently high temperat-
ure. Helium atoms can be trapped by vacancies, where they
become precursors of helium bubbles. Vacancies are not cre-
ated by displacements at the low impact energy of helium, but
exist naturally and can also be created thermally if the surface
temperature of the tungsten is high enough. In addition, a pro-
cess called trap mutation can occur when implanted helium
atoms cluster together at interstitial sites within the tungsten
lattice and eventually achieve sufficient pressure to eject the
tungsten atom from its normal lattice position [1013].

In the higher impact energy range of about 20eV at a sur-
face temperature higher than 900-1000 K, W-fuzz is formed
at helium ion fluences above about 10> m~2. [1008, 1010].
Microscopic analysis by TEM has shown that helium bubbles
are present in each fibre [1014, 1015]. As shown in figure 75,
the thickness of the fuzz increases with time proportional to
the square root of the plasma exposure time, suggesting that
the growth is dominated by a diffusion-like process under the
same conditions of ion flux and surface temperature [1008].
The growth is also enhanced by further increasing the W sur-
face temperature [1008], although no W fuzz is formed in the
temperature range above 2000 K as shown in figure 76. [1010].
It has been confirmed that W fuzz is also formed in D-He
mixed plasma exposure, suggesting that ionised deuterium
does not affect the formation mechanism [1016].

On the other hand, it has been observed that existing fuzz is
annealed or reintegrated into the bulk when the surface temper-
ature rises above 1600-2000 K. [970, 1017-1019]. Annealing
of fuzz is also observed without sufficient or any helium ion
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flux even in the temperature range of fuzz formation [1016,
1020]. The helium ion flux threshold for the transition between
fuzz growth and annealing is not sharp, but has been observed
to be in the range of 10>'~10?> m~2 s~! [1020]. Changes in the
microstructure of the fuzz as a function of temperature under
vacuum conditions were studied using an in-situ TEM [1021].
In this experiment, the fuzz structure changed drastically and
many helium bubbles in the fuzz disappeared at 1273 K, where
at the same time strong helium desorption was observed.

Because of the drastically altered surface morphology, the
physical properties of tungsten fuzz, such as physical sputter-
ing and thermal conductivity, are different from bulk tung-
sten with a smooth surface. Physical sputtering of the fuzz
was investigated using argon plasma exposure and a significant
reduction in sputtering yield up to 10%—-20% of the yield of a
smooth surface was observed [1022, 1023]. This effect dimin-
ished with exposure time and the sputtering yield returned to
the value for a smooth surface. This is attributed to the reduc-
tion of porosity by the sputtering process itself. Regarding the
thermal conductivity of the fuzz, the large porosity leads to a
lower thermal conductivity in the fuzz compared to that of a
smooth surface, with the reduction depending on the porosity
of the fuzz [1020, 1024].

Based on the above experimental results, a growth/anneal-
ing equilibrium model for the fuzz, including the changes in
sputtering and thermal conductivity with the thickness of the
fuzz layer, was proposed and applied to the expected condi-
tions at the tungsten divertor target in ITER under H-mode
burning plasma conditions with attenuated type I ELMs [730].
It is worth noting that there is a narrow operational window
for W fuzz to occur on the ITER divertor, resulting in a poten-
tial narrow region to be affected. Experiments in various toka-
maks were performed, showing the complex interplay between
fuzz formation and erosion by ELMs/impurities etc in toka-
mak conditions compared to linear devices see section 8.3

The results show that the fuzz is annealed by the ELM-
induced heating, and an equilibrium thickness determined by
the inter-ELM growth and annealing during the ELMs exists
depending on the conditions of the ELMs, although the thick-
ness of the fuzz increases with the discharge time in the case
of no ELMs. It should be noted that this study does not include
the effect of impurities which may lead to increased erosion of
the fuzz.

Some of the most consequential changes that can occur
during He plasma exposure are a change in the surface
thermal conductivity making it more difficult to handle the
extreme heat flux associated with controlled fusion confine-
ment devices, embrittlement of the surface due to the presence
of He atoms making transient heat loads more likely to res-
ult in surface cracking and morphology changes to the sur-
face. Any modification to the originally designed surface has
the potential to alter the loss rate of material from the plasma-
facing component which could adversely affect the confine-
ment properties of the core plasma, therefore, it is essential to
have an accurate picture of how the plasma and its surrounding
material interact [1025].

The formation of fuzz-like structures by helium irradiation
has also been observed in metals other than tungsten such
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as molybdenum and rhenium [1026—1028]. Experimental res-
ults on fuzz formation in several metals point to the influence
of surface temperature, helium mobility, and shear modulus
on the nanostructure formation mechanism [1026]. To invest-
igate the material transport during bubble and fuzz growth,
plasma exposure of molybdenum (or tungsten) thin film (35—
135 nm) on tungsten (or molybdenum) bulk substrate was con-
ducted [1029, 1030]. The result shows that if the conditions for
fuzz formation in one material are met, fuzz is formed includ-
ing both materials. For example, in the case of a molybdenum
thin film on bulk tungsten at 838 K, a molybdenum and tung-
sten mixture fuzz is formed, though the temperature is too low
for pure tungsten fuzz growth. With elevating the surface tem-
perature, the degree of the mixture increased. This result sug-
gests that fuzz grows by material transport from the bubble
layer in the bulk to the fibre tips by diffusion of punched dis-
location loops in the bulk toward the fuzz base followed by
diffusion of ad-atoms along the fuzz base and fibre surface,
with effective transport of ad-atoms upwards due to trapping
of ad-atoms at curved fibre tips and/or due to a gradient in
ad-atom concentration along the length of fibres [1030]. The
observed fuzz height or thickness is at most a few microns
with a few hours of plasma irradiation, but in the presence
of impurities in the helium plasma or simultaneous tungsten
deposition on a tungsten target, nano-fibre structures much lar-
ger than the fuzz have been observed, and the related studies
were reviewed in [726]. Isolated fibre form structures, called
NTB (figure 77(a)), are formed instead of dense structures like
fuzz in experiments where the incident He energy is modu-
lated by the application of a high-frequency potential [1031]
or when the operating gas contains impurities such as car-
bon, nitrogen, neon, and argon in addition to helium. In low
energy (300 eV) helium ion beam experiments, the addition
of 0.01% carbon suppressed fuzz formation and NTBs were
observed [1032]. In helium plasma experiments, NTBs have
been observed with the addition of a few to 10% nitrogen,
neon, and argon [1033]. The surface temperature at which
NTBs are formed is 870-1220 K in the modulated helium ion
energy case and 1400-1600 K in the case of plasma exposure.
In experiments in which tungsten is deposited simultaneously
with helium plasma irradiation to form co-deposited layers,
it has been observed that LFN (figure 77(b)) of several mil-
limetres in size is formed at a growth rate about two orders
of magnitude faster than fuzz [1034, 1035]. The temperature
range of the LFN growth is higher than 1100 K, and the min-
imum temperature is higher than that of fuzz. A sufficient sup-
ply of additional tungsten is also necessary for the growth of
LEN [1034, 1035].

Effects of low-energy helium plasma irradiation on tung-
sten surface morphology at the temperatures below the temper-
ature threshold of fuzz formation have been investigated in the
PSI-2 device [1036]. With helium plasma irradiation in which
the ion impinging energy is less than the threshold energy
of physical sputtering, a nanoscale undulating surface struc-
ture having a periodic arrangement is formed with a height of
approximately 8 nm. The formation of the structure depends
on the crystal grain orientation, and it has been pointed out
in [1028] that this can relate to the morphology change in



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

W substrate

Figure 77. (a) Nano tendril bundles, (b) Large-scale fibre-form
nanostructure generated in NAGDIS-II. Reprinted from [726],
Copyright (2020), with permission from Elsevier.

the initial phase of the fuzz growth in which the orientation
dependence has been observed [1037, 1038].

8.2.2.3. Embrittlement of tungsten. ~ When using tungsten
as PFM, its operational window to prevent defects related
to unfavourable thermo-mechanical properties such as low-
temperature brittleness, high DBTT and recrystallisation
embrittlement needs to be considered [1039] as discussed in
more detail in section 8.2.1.2. In the case of plasma exposure,
the effects of HIs and helium particle loads also must be taken
into account. One of the effects of corresponding particle loads
is hydrogen-induced embrittlement which lowers the critical
stress thresholds for crack formation and propagation [1040,
1041]. Furthermore, surface embrittlement caused by plasma
exposure can generate dust by exfoliation, which may also
shorten the lifetime of W plasma-facing components. It has
been observed, however, that under helium irradiation tung-
sten recrystallisation is retarded in both ion beam experiments
with an impact energy range from 10keV to 50 MeV [1042—
1045] and in plasma exposure experiments with an impact
energy range of 25-60eV [993, 1046, 1047]. The retard-
ing effect occurs even at low helium concentrations such as
(1-2) x 1073 in the ion beam experiments. At a such low dens-
ity of helium, helium clusters could retard grain boundary
migration by the impurity drag effect of the clusters [1044].
In the case of helium plasma irradiation, the effect has been
observed above an ion fluence of 10**m~2 without signi-
ficant variation in the fluence range from 3 x 10**m~2 to
1 x 10% m~2. The retarding effect is larger at 573 K than at
1073 K. This can be attributed to the slower grain boundary
migration by Zener drag, which is inversely proportional to
helium nano-bubble radius and proportional to the volume
fraction of helium nano-bubbles. The saturation of the retard-
ing effect with increasing ion fluence is attributed to the sat-
uration of helium nano-bubble formation at high ion fluence
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Figure 78. Cone-like structure formed on Be as a result of (a)
deuterium plasma and () helium plasma exposure. Reprinted from
[1052], Copyright (2014), with permission from Elsevier.

above 102 m~2 [1046]. It should also be noted that there
is no significant retarding effect by hydrogen plasma expos-
ure [1048].

8.2.2.4. Roughness of beryllium induced by ion irradiation.
Initially smooth plasma-facing material surfaces can be
roughened by ion and neutral atom bombardment from the
plasma. One such case is the fuzz formation on tungsten
surfaces due to helium ion irradiation discussed above in
section 8.2.2.2. For beryllium, formation of grassy cone-like
structures is observed (figure 78), caused by both HIs and/or
helium ion irradiation in ion beam [1049] and plasma [686]
experiments at ion fluence values larger than ~10%* m~2 [837]
below a surface temperature of 573 K [1050]. The height of the
cone-like features is up to a few pm, and increases at constant
fluence with increasing incident ion energy. However, once the
structure is formed, no more significant morphology changes
occur if the fluence is increased further [1051].

The effective sputtering yield for Be surfaces with cone-
like structures are reduced compared to yields computed by
SDTRIM.SP [687, 688] with the assumption of a smooth sur-
face. However, irradiation with heavier impurity species such
as argon does not lead to formation of such structures and
the experimental sputtering rates are in this case consistent
with SDTRIM.SP results [1051]. Although the mechanism of
the cone-like structure formation is not necessarily clear, it
is thought to be the growth of randomly existing bumps on
the surface due to the angular dependence of the sputtering
yield [1052]. As the sample temperature increases, cone-like
structures do not form because of the correspondingly increas-
ing mobility of the atoms [1052]. The effect of deuterium ion
irradiation at relatively high temperatures up to about 773 K
on the Be surface is similar to that observed in high-energy
low-fluence ion beam experiments, where pores appear on the
surface. Their depth is deeper than the range of the ions and
the porous region has been observed to become deeper with
increasing fluence with many damage sites growing together
and interconnect [960].

8.2.2.5. Effects of surface modifications on the erosion of W
and Be. The erosion of tungsten and beryllium by the
plasma ion and atom bombardment is discussed in section 6
Erosion of PFCs and impurity migration. Here we discuss
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additional erosion processes and connected effects linked to
the nano structure surface modifications discussed above.

For shallow blisters, once the local pressure exceeds the
critical stress of the material, the blister ruptures with ejec-
ted debris contributing to material erosion and dust genera-
tion [1053, 1054]. The reduced effective sputtering yield of
nano structures such as tungsten fuzz and beryllium cone-like
structures has been explained as a result of the deposition of
sputtered atoms on adjacent fuzz [1022] or cone-like struc-
tures [1052]. However, as discussed in [726, 944], the decrease
of thermal conductivity by the fuzz formation can lead to signi-
ficantly increased erosion due to initiation of arcing, enhanced
vaporisation and melting.

8.3. Experiments in fusion devices

Before the large scale introduction of tungsten as PFM repla-
cing low-Z elements, dedicated experiments to study its suit-
ability were carried out using exposure of W samples in spe-
cific discharges (see for example [628]), however, studies of
the long term behaviour of W PFCs under realistic exposure
conditions became only possible when tokamak devices began
to install W PFCs. AUG completed its transformation to all
W PFCs [630, 792] in 2007, initially using W VPS coatings
in the divertor, but finally switching to bulk W divertor target
plates [1055]. Alcator C-Mod operated from 2007-2008 with
one full toroidal row of bulk tungsten tiles in the HHF area
of the lower outer divertor [1056]. In JET, with the ILW pro-
ject starting in 2011, bulk W as well as W coated PFCs were
installed in the divertor whereas in the main chamber bulk Be
as well as Be and W coatings were used [648, 1057]. With that,
JET became the only fusion device where the behaviour of
Be PFCs could be studied. EAST installed an actively cooled
W upper divertor in 2014 [1058] and finally also moved to a
full actively cooled W lower divertor in 2021 [795]. Finally
Tore Supra was converted from an all carbon LIM device to
the all W divertor device WEST in 2017 [1059]. Initially, the
WEST lower divertor included a mix of ITER grade actively
cooled bulk tungsten components and inertially cooled W
coated components. Since 2021/2022, WEST is equipped with
a full ITER grade actively cooled W lower divertor [1059].

8.3.1 Effects of power loads. 1In all devices with metal
PFCs, surface damage by thermal overloading of bulk PFCs is
an issue. Specifically, LEs facing the full parallel power flux
of the edge plasma are prone to melting, but even below the
melting point of the used metals, both micro and macro crack-
ing is observed. To study the behaviour of so pre-damaged
surfaces under further plasma loading, dedicated experiments
were performed. In this subsection results related to micro-
and macro-cracking will be discussed along with dust produc-
tion and effects of sustained exposure of pre-damaged PFCs.
Melting and vaporisation processes are discussed in detail in
section 9.
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Figure 79. Post exposure photographs of monoblocks retrieved
after a WEST campaign with visible cracks (mostly vertical) and
deformation. The 0.8 mm wide discoloured band at the side surfaces
of the monoblocks corresponds to an intentionally introduced
misalignment of the plasma facing unit (PFU) with respect to its
neighbour. Reprinted from [1060], Copyright (2021), with
permission from Elsevier.

8.3.1.1. Micro-cracking.  In the WEST tokamak, actively
cooled unshaped ITER-like divertor targets consisting of
tungsten MBs were installed for the 2018 experimental
campaign and operated at moderate peak power loads
(<2.5MW m~?) [755, 1060].

Inspections after the campaign revealed a wide variety of
small scale damage (cracking, deformation and melting) at
both leading and trailing MB edges and at the end points of
magnetic field lines passing between toroidal gaps between
MBs onto the poloidal LEs of the adjacent downstream MBs.
The typical damage patterns with micro-cracks and surface
deformations due to an intentional misalignment of 0.8 mm are
shown in figure 79. Modelling of the MB thermo-mechanical
response suggest that the cracks are due to brittle fracture
attributed to disruptions with MBs being still below the
DBTT [1061].

For unprotected LEs, micro cracking is expected to occur
from the cooling phase following transients, in particular for
cold MB below DBTT. This should be avoided by using shap-
ing to protect LEs, provided the stringent alignment specific-
ations between neighbouring PFU are met (0.3 mm maximum
misalignment). It should be noted however that given the
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transient loads expected in ITER, the same micro cracking
phenomena could occur on the top surface, in contrast with
WEST. In part this cannot be avoided in ITER, and is expec-
ted to cause local melting at every ELM in particular [1060].

In EAST, the upper divertor was equipped with actively
cooled W PFCS in 2014 [937] and finally the lower diver-
tor in 2021 [1062, 1063]. Due to LEs of the W mono-blocks
at the upper divertor PFCS caused by initial assembly toler-
ances and EM force during operation, edge melting and micro-
cracks developed, with a similar appearance to those in WEST
[1064]. Whereas operation of EAST was partially hampered
by droplets of molten W, which fell into the plasma caus-
ing high radiation and strong cooling of the plasma, no dir-
ect impact of the micro-cracks was observed. The locations of
the damaged mono-blocks were strongly correlated with the
position of the SP and the number of cracked W mono-block
PFUs increased from campaign to campaign finally reaching
28 at the inner divertor and 40 at the outer divertor target after
the 2019 campaign. Recent microstructural investigation con-
firmed that the cracks are concentrated on the LE of the mono-
blocks [1065]. The maximum crack depth was observed to be
up to 2.4 mm and with increased absorbed heat flux, the crack
width was getting wider. The crack propagation mode is inter-
granular and extends from the recrystallised region to the area
with initial grain structure.

8.3.1.2. Macro-cracking.  Besides superficial micro-crack
networks, macroscopic cracks were observed in AUG on a
large fraction of the bulk-W outer divertor target tiles [1066].
This particular behaviour could be traced back to the specific
situation in AUG with large (=20 cm vertical extent) W tiles
held only at two points at the lower and upper edges. Because
of that, substantial stresses can be induced by electromag-
netic forces (during disruptions) as well as thermo-mechanical
forces, creating a cyclic loading pattern in successive dis-
charges. As remedies for the avoidance of these deep cracks,
a reduction of the toroidal dimension (splitting into two nar-
rower tiles [1066]) and alternatively the use of a more ductile
W heavy alloys [1067] were successfully applied.

Besides actively cooled mono-blocks EAST is also using
actively cooled W/Cu bevelled flat tile components in the
newly installed lower divertor [1063]. In post-mortem inspec-
tions severe melting and even delamination of edge-bevelled
W plates on the W/Cu flat-type PFCs was found at the hori-
zontal targets. Due to the larger inclination angle, the bevelled
area receives about three times the power load compared to the
flat part of the plasma facing unit. Obviously, the cyclic load-
ing led to cracking in the W/CuCrZr joint leading to a reduced
heat removal capability. Consequently, this led to strong over-
heating of the W armour, resulting in macro-cracking, melting
or even complete detachment [1068]. All of the defected com-
ponents of the horizontal targets had to be replaced after the
experimental campaign [1063].

8.3.13. Effects of pre-damaged PFCs.  Specific experi-
ments with pre-damaged tiles were performed using the diver-
tor manipulator (DIM-II) in AUG [743] for exposure under
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well defined loading conditions. For this purpose TZM-tiles
were exposed in GLADIS (to simulate a slow transient thermal
overload) and JUDITH (to simulate crack damage by cyc-
lic fast transients) up to surface melting. The so prepared
tiles were then exposed in a series of identical AUG Type-I
ELM H-mode discharges with substantial local power depos-
ition [1069]. Post-exposure analysis showed that no significant
progression of the initial damage structures had occurred. In
another experiment, pre-damaged actively cooled W-MB tar-
gets were exposed in WEST [1070]. The damage, which was
produced in the JUDITH facility, ranged from light roughen-
ing and small cracks over stronger roughening with a crack
network up to melt droplets. Similar to the behaviour in AUG,
none of these damage types showed a significant deterioration
under the power load conditions prevailing during the expos-
ure in WEST with Py < 0.4 MW m~—2 [1071]. For further
studies of damaged components self-castellated W MB are
being exposed to WEST.

8.3.14. Dust production.  The microscopic damage of PFCs
created by high power, high fluence plasma exposure will also
lead to dust formation, e.g. by melt droplet ejection during
fast transients, exfoliation of deposited layers, grain losses due
micro- and macro-cracking, fuzz release and electrical arcing.
Although the transition to all-metal PFC devices led to a large
reduction of the overall dust formation rate, models of dust
formation during long term operation of next step devices still
predict accumulation of hundreds of kilograms of metallic
dust in the vacuum vessel over time [1072]. Presently, dust
mostly plays a subordinate role during the operation of mag-
netic fusion devices, but mobilised dust originating from high-
Z PFCs can negatively impact plasma performance. In addi-
tion, activated and tritiated dust could pose a serious safety
risk in ITER and future nuclear devices in the case of air
ingress into the vacuum chamber and the subsequent mobilisa-
tion of dust inventories. It is therefore important to identify the
dust sources, quantify their production rate and characterise
their morphology and migration properties. A recent review
on activities related to dust in present day fusion is presen-
ted in [1073], aiming at quantitative predictions for ITER and
fusion power plants. In this respect production and release
conditions such as arcing and cracking with the subsequent
delamination of surface layers as well as dust grain size and
velocity distributions are important input parameters. The still
limited information available on these parameters and the dif-
ficulty to assess them in present day fusion devices, has motiv-
ated accompanying experiments in laboratory devices.

After the transition to full W PFCs in AUG, dust was collec-
ted in five consecutive experimental campaigns (2007-2011)
on installed sets of Si witness samples, by filtered vacuum
sampling and with adhesive tapes (2009) [1074]. The major-
ity of the ~50000 analysed particles (2009 campaign) con-
tain tungsten and show basically two appearances: spheroids
and irregularly shaped particles. Most of the W-dominated
spheroids consist of a solid W core, which indicates their ori-
gin as solidified W droplets. A fraction of these particles is
coated with low-Z material. In addition, some conglomerates
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of B, C and W appear as spherical particles, which is attrib-
uted to plasma contact after their initial formation. Most of
the particles classified as irregularly shaped particles consist of
the same constituents with a varying fraction of embedded W
in a B—C matrix and a porous morphology, which can exceed
50%. The fragile structures of many conglomerates hint at the
absence of intensive plasma contact. Arcing is proposed as the
main source of both the conglomerates and the spheres. The
size distribution of the dust particles could be described by a
log-normal distribution allowing extrapolation to the total dust
volume and surface area. The maxima of these distributions
are found for radii between 0.3 and 1 ym. From the amount
of particles and their distribution the amount of W-containing
dust produced during the 2009 campaign was extrapolated
to be less than 300 mg. In a dedicated series of discharges,
substrates prepared with adhered pum-sized dust grains were
exposed in the outer divertor of ASDEX-Upgrade to ELMy
H-mode discharges [1075]. The dust grains consisted of Be
proxy elements (chromium, copper) and of refractory metals
(tungsten, molybdenum) and were deposited on the plasma-
facing and plasma-shadowed sides of the substrates as well as
on the bottom of gaps. Interaction with time-averaged tran-
sient heat loads of up to SMW m~2 led to dust remobilisa-
tion, clustering, melting and droplet coagulation. It turned out
that gaps efficiently trap adhered dust, but dust does not seem
to preferentially move and collect inside the gaps. In accord-
ance to theoretical expectations it was found that the remobil-
isation activity was higher for larger grains and dust clusters
while no systematic dependency on the morphology and com-
position was observed. Clustering was identified for all dust
species. Whereas cluster melting and subsequent coagulation
were observed after exposure, no melting of isolated dust
grains was seen.

First studies of dust collected in WEST after the second
operational campaign with ~1800 s of plasma could identify
a low amount of W dust mainly in spherical form [850, 1076],
most probably coming from off normal events such as dis-
ruption and runaway impact but these are not necessarily the
same events as the ones impacting the divertor and causing the
micro-cracks discussed in section 8.3.1.1.

JET in its ITER-Like Wall configuration with Be (main
chamber) and W (divertor and main chamber) PFCs provided
a unique opportunity for studies of dust generation relevant
to ITER. Using a comprehensive set of complementary tech-
niques, e.g. microscopy methods, electron and ion spectro-
scopy, liquid scintillography and thermal desorption the fol-
lowing results could be achieved [640]: the total amount of
dust collected by vacuum cleaning after three campaigns is
about 1-1.4g per campaign with a total plasma operating
time of 19.1-23.5h, which is about 100 times lower than the
dust accumulation rate in JET operated with carbon walls.
Two major categories of Be dust were identified: flakes of
co-deposits formed on PFCs and droplets with a diameter in
the range from 2—10 ym. A smaller fraction, below 1 g of Be
droplets and splashes are associated mainly with the melting
of beryllium LIMs. Figure 80 shows some micrographs of
typical Be deposits found in the divertor dust sampling carrier.
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Figure 80. Dust in JET-ILW: thick Be deposits retrieved from the
divertor carriers: (a)—(c) surface topography recorded by SEM and
(d)—(g) internal structure recorded by STEM from the FIB-produced
lamellae. Reprinted from [640], Copyright (2018), with permission
from Elsevier.

Tungsten dust was identified mainly as partly molten flakes
with their origin attributed to the W coated tiles of the vertical
divertor targets, baffles and some highly loaded areas in the
main chamber.

It must be noted that the source process of microscopic
delamination of coatings will be absent in ITER as no coat-
ings are being used.

In Alcator C-Mod, less than 1% of molten tungsten
was found re-deposited on surfaces, the rest is assumed to
have been converted to dust, e.g. by ejection of melt as
droplets [1056]. Indeed, a subsequent detailed investigation of
dust in Alcator C-Mod, revealed that W dust was mostly found
as spheres or splashes with a rather large size (40-150 pm)
indicating that they originated from accidental W melt dam-
age processes [1077].

8.3.2. Surface modifications by H and He plasma exposures.

8.3.2.1. Surface modification by hydrogen irradiation.
Blistering by hydrogen plasma exposure is regularly observed
in lab devices but seldomly reported in fusion devices.
Partly this is due to the fact, that on technical surfaces
blisters are difficult to be identified. In AUG a polished
W sample was exposed to 510 discharges in the cam-
paign 2011 by using the divertor manipulator system. This
exposure led to the formation of blisters with sizes, areal
density and inner structures comparable to those found in
laboratory experiments on polished W surfaces under sim-
ilar exposure conditions. Only recently blistering has been
observed by differential microscopy on technical surfaces
in a lab experiment already after exposure to a rather low
fluence of deuterium 1.5 x 102> m~2 [1078], hinting to the
fact the technical W surfaces in fusion devices will also
undergo blistering. However, its role for macroscopic sur-
face modification and dust production in present day fusion
devices seems to be limited due to the rather low plasma
fluence.
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8.3.2.2. Fuzz formation. He plasma experiments have been
performed in several fusion devices in order to investigate the
production/behaviour of W fuzz under conditions typical for
fusion plasmas, namely oblique magnetic field, high steady
state and transient power load as well as plasma impurities.
The main work on fuzz however is part of laboratory studies
(see 8.2.2.2).

The general observation is that W fuzz growth is rarely
observed and it seems that it appears in a rather narrow opera-
tional window in present day fusion devices. The most prom-
inent example for fuzz formation was found in CMOD [1079].
The observed nano-tendril morphology and layer thickness
was almost identical to the layers grown under similar con-
ditions in the linear device Pilot-PSI [1080]. However, in an
earlier experiment at the LIM of TEXTOR [725] no clear
indication of W fuzz growth was found. At that time the
authors concluded that probably the erosion rate under LIM
plasma conditions was larger than the W-fuzz growth rate
which was supported by the fact, that preformed W-fuzz
exposed in a similar location was strongly eroded. More
recently dedicated experiments were performed in AUG [728],
DIII-D [1081], LHD [1082] and WEST [729].

In WEST a dedicated helium campaign was performed
accumulating about 2000 s of repetitive L-mode discharges.
Despite the fact that conditions for tungsten fuzz formation
were met (see section 8.2.2.2) no visible signs of He-fuzz were
observed at the inertially cooled tungsten divertor elements,
indicating a complex interplay between W fuzz formation and
erosion in tokamak conditions.

In a first experiment in AUG, samples with pre-made He-
fuzz as well as polished W samples were exposed with the
divertor manipulator to a series of He plasma discharges.
However, instead of observing fuzz growth or erosion, the fuzz
was buried under a deposited layer which consisted mainly
out of boron [728], attributed to the high boron fraction in
the plasma and low divertor electron temperatures favouring
impurity deposition at the strike-point. In a second experiment
with more optimised discharge conditions [1083], growth of
W nano-structures but also erosion under growing conditions
was observed in ELMy H-modes (see figure 6 in [1083]),
whereas no W fuzz formation was seen in L-mode discharges,
attributed to surface temperatures below the fuzz formation
threshold.

In LHD, bulk tungsten samples were exposed at the diver-
tor during long pulse helium discharges with 10190s total
plasma time. The incident ion energy and total He fluence were
100-200eV and ~5 x 10%°> m~2, respectively. The typical sur-
face temperature was estimated to be in the range from 1900—
2300 K. After exposure, analysis of PFC surfaces revealed an
early stage of W-fuzz formation [1082].

In DII-D experiments W fuzz growth was not observed,
with pre-formed W fuzz surviving plasma exposure without
significant changes of the exposed surface [1081] except for
areas with arcs which appear to be more easily triggered on
W-fuzz.
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8.3.3. Migration.  Work on migration is directly related to
section 6 thus only brief mention on some of the effects is
given here.

In Alcator C-Mod, which was equipped with a single tor-
oidal row of W tiles at the strike-point in the outer divertor, res-
ults of W migration studies were published in [654]. As main
areas of deposition originating from this defined source, the
surface below the outer strike-point as well as around the inner
strike-point were identified. Towards the entrance of the outer
as well as of the inner divertor the W deposition decreased sig-
nificantly. The deposition pattern at the outer divertor could be
explained by REDEP/WBC code simulations as a superposi-
tion of local erosion and deposition [1084], pointing to a large
fraction (=90%) of local redeposition.

In DIII-D, where two tungsten coated rings were installed
similar to the first W-divertor in AUG [1085]. The long range
migration of W was investigated in 25 repeated attached L-
mode plasma discharges in the reverse-B; configuration with
the OSP located on the outboard tungsten ring. The model-
ling and analysis of these experiments were carried out using
the ERO and ERO2.0 code. Besides the complex interaction
with carbon erosion and co-deposition, the analysis and mod-
elling of W deposition suggest that the W radial migration is
mainly induced by E x B drifts outside of the sheath, simil-
arly to long-range carbon radial transport in the outer diver-
tor [1086]. Consequently, most of the eroded tungsten not loc-
ally redeposited migrates further away and redeposits predom-
inantly in the far-SOL region.

In WEST, ERO2.0 simulations highlighted the lower and
upper divertor, baffle and VDE protection as zones of W
gross erosion/deposition with a typical flux of the order of
10" m~2s~!. In particular, the lower divertor was found to
be a region of adjacent net erosion/deposition zones with
the strike lines identified as net erosion areas and surroun-
ded by net deposition areas in both private and common flux
region [633].

JET in its ILW offered unique conditions for migration
studies close to those expected in ITER. During LIM dis-
charges, the main fraction of eroded Be stays within the main
chamber [637]. In the divertor configuration, the eroded Be
is transported by SOL flows towards the inner divertor with
net deposition of plasma impurity species. The amount of Be
eroded at the FW (21 g) and the Be amount deposited in the
inner divertor (28 g) are in fair agreement [637]. The primary
impurity source in the JET-ILW is a factor of 5.3 smaller than
that for JET with C-based PFCs, resulting in a lower diver-
tor material deposition, by more than one order of magnitude.
Within the divertor, Be is subject to far fewer re-erosion and
transport steps than C due to the higher energetic threshold
for Be sputtering. As a result its transport to the divertor floor
and the pump duct entrance is negligible [637]. Since accord-
ing to spectroscopy measurements and post exposure PFC sur-
face analysis and confirmed by ERO1.0 modelling, the local
redeposition of W in the divertor is 94% (experimental data)
and >99% (modelling), respectively, no strong long range
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migration is observed [657]. The simulations predict that the
small fraction of W not locally re-deposited escapes upstream
to the SOL, and, for the JET geometry, to the outer corner
region.

8.4. Modelling and simulation

For the modelling activities we highlight here the recent
work on the shaping of the tungsten PFU MBs in the ITER
divertor [1087], as the lifetime requirements of the divertor
PFC were still a significant design and optimisation issue.
It has been shown in [398, 1088] that a detailed study of
the MB shape of the ITER target is essential to understand
the actual loading conditions. In order to avoid excessive
power loads on the toroidal gap edges and the formation
of OHSs during ELMs, a redesign was carried out based
on the analysis in [398, 1088], resulting in a MB geometry
with a simple 0.5 mm toroidal chamfer, complemented where
necessary by more complex planar toroidal-poloidal chamfer
geometries.

The analysis of the design solutions also showed that in the
inner divertor, even when a planar toroidal-poloidal bevel is
applied to shadow the LEs, the orientation of the toroidal MB
gaps relative to the magnetic flux surfaces still results in strong
heat loads on geometrically shadowed MB edges and side
faces by hot ELM-related ions, which can reach these areas
due to the orientation and size of their gyration orbits. This
leads to edge temperatures significantly higher than the top
surface temperature, especially during ELM pulses. In con-
trast, the OT surface has a reverse orientation to the flux sur-
faces, so that both ions and electrons hit only the lower MB
edges, allowing these corners to be fully protected by suitable
shaping [1087].

A key finding from the analysis is the viability of a shal-
low toroidal-poloidal bevel, with a depth of 0.5 mm in both
dimensions, as a compromise solution to improve overall heat
handling at the OT. This configuration ensures full shadow-
ing of the top toroidal edge, significantly mitigating edge heat-
ing during inter-ELM periods and limiting temperature spikes
during ELMs to levels that do not exceed the top surface tem-
perature. However, the reduction in ELM heating at the top
edge comes at the cost of increased heating at the bottom edge,
which, however, still remains within acceptable limits.

The effectiveness of the shallow toroidal-poloidal bevel
shaping is closely related to maintaining sufficient accuracy
of poloidal alignment between toroidally adjacent PFUs. The
analysis in [1087] also ventures into the challenges posed
by potential PFU poloidal misalignment and proposes as a
solution the introduction of additional PFU variants, with the
caveat of further increasing the complexity of the ITER diver-
tor design.

Further, the feasibility of a deep toroidal-poloidal bevel is
explored as a means to ensure comprehensive shadowing of
the poloidal LE and the upper toroidal edge while also elim-
inating OHSs. Although this design variant offers significant
advantages in thermal management, it necessitates an adjust-
ment in the magnetic field line angle, leading to an increased
heat flux and associated design challenges.
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The decision on the optimal shaping strategy involves
a careful consideration of the trade-offs between mitigat-
ing extreme ELM heating and OHS formation against the
backdrop of increased main surface loading. Despite the com-
plexities involved, the findings suggest a balanced approach,
where edge ELM heating remains within manageable levels,
albeit requiring precise poloidal alignment. The complexity of
implementing a refined shaping strategy at the OT, coupled
with the inability to address ELM-induced edge overload at
the IT, informs the decision towards adopting a simpler tor-
oidal bevel design for the first ITER divertor vertical targets.

In addition to this work tests of actual components in WEST
highlighted the progress in understanding heat loading and
damage mechanisms of components for ITER. Here the res-
ults presented in [1089] is summarised. In the WEST toka-
mak’s initial experimental campaigns (phases I and II, C1-
C7), a comprehensive evaluation was conducted on ITER-
grade Plasma-Facing Units (PFUs) and tungsten (W) blocks
to understand their performance under various plasma con-
ditions. This assessment covered different block geometries
(shaped and unshaped) and assembly configurations, includ-
ing vertical and radial misalignments. High spatial resolu-
tion infrared (IR) imaging (0.1 mm per pixel) was utilised
to measure temperature and heat load distributions across
individual blocks, requiring sophisticated photonic modelling
to account for the complex, highly reflective thermal scene.
Specular reflections were predominantly observed in toroidal
gaps, trailing edges, and chamfered surfaces.

Interestingly, OHSs, expected in ITER due to plasma
impacts on PFU poloidal edges through toroidal gaps, were not
detected in-situ. This absence was attributed to their location in
magnetically shadowed areas, not directly exposed to plasma,
with the current heat load conditions in WEST (=<6 MW m—2
on the MB’s top surface) being insufficient to raise the thermal
signature of OHS above the IR detection threshold (typically
300°C).

Various damage mechanisms to tungsten were identified
based on heat load exposure. Misaligned/unshaped PFUs
within specified assembly tolerances showed regularly spaced
cracking on LEs, with crack patterns consistent with brittle
failure due to transient heat loads simulated using the TREX
code [1090]. Additionally, ductile failure was observed,
with crack formation on the LE directly detected under
extremely high power loads, highlighting the impact of tung-
sten recrystallisation.

Post-mortem analysis of unshaped blocks generally showed
no evidence of cracking, except for a pre-damaged block that
exhibited a micro-crack network pattern, where exposure in
WEST led to the broadening of cracks and the formation of
new ones. This study, alongside ongoing post-mortem activit-
ies and future experimental campaigns, aims to further elucid-
ate the behaviour of ITER-grade PFUs under various plasma
and heat load conditions, contributing valuable insights into
their durability and performance.

Regarding the understanding of cracking and recrystallisa-
tion further modelling was undertaken [1061, 1091].

When analysing the simultaneous effects of recrystal-
lisation and recovery on the softening of tungsten during
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high-temperature annealing (1450 °C-1800 °C) various para-
meters involved in these processes for two types of tungsten
were assessed. A mean field model is utilised to predict the
evolution of grain radius and dislocation density, incorpor-
ating factors like grain-boundary migration and static recov-
ery. This approach allows for a quantitative analysis of recrys-
tallisation and recovery, as confirmed by hardness reduction
and EBSD techniques, highlighting significant discrepancies
between softening and recrystallisation kinetics as previously
noted by Richou ez al [1092].

The study compares two tungsten types, A and B, reveal-
ing initial dislocation densities and assessing their recovery
parameters, which vary with temperature. An Arrhenius ana-
lysis indicates an apparent activation energy close to 391 kJ/-
mol for both types. EBSD maps facilitate the identification of
initial grain distributions, showing differences in median and
standard deviation between types A and B, particularly in not
recrystallised grains.

Recrystallisation and softening kinetics were reliably pre-
dicted at various temperatures for both tungsten types. The
findings suggest that material softening can outpace recrystal-
lisation, allowing for full softening even when only partially
recrystallised. This study enhances understanding of the com-
petition between softening and recrystallisation, with implic-
ations for optimising tungsten’s microstructure and improv-
ing the lifetime of tungsten-armoured plasma-facing compon-
ents. The mean field model’s parameters are now set for further
exploration of the effects of mobility, recovery activation ener-
gies, dislocation density, and initial grain size distributions on
tungsten’s annealing behaviour. Future work could leverage
this model to define ideal tungsten microstructures for plasma-
facing applications.

8.5. Summary and outlook

The evolution of PFMs and their properties under sustained
plasma exposure can be summarised in terms of the syner-
gistic effects on the materials as outlined in figure 81. However
final answers to the magnitude and relevance of some of these
effects still remain open. As part of the work performed within
the ITPA DivSOL various issues of importance have been
identified as part of the activities related to the ITER Research
Plan—here various priority items with relevance to the opera-
tion of PFCs have been identified and partly addressed by the
ITPA DivSOL.

8.5.1. Remaining issues and open questions.  For improved
assessment of the properties and evolution properties of PFMs
under sustained plasma exposure, the following open issues
require further detailed studies, particularly with the planned
change of the ITER design to a full-W FW:

8.5.1.1 He plasma modification of W mechanical properties
at high fluencies. ~ Experiments performed with He plasmas
e.g. at JET, WEST and AUG [898, 1083], still cannot reach
the He fluence range expected during an originally planned
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Figure 81. Synergistic loading scenarios and important parameters
with a strong impact on performance and lifetime of PFCs in future
fusion reactors. Reproduced from [929]. CC BY 4.0.

extended He campaign in the non-nuclear ITER operation
phase. However, the fluence due to He ashes in DT phases
is still presumably significantly above what was achieved in
tokamaks so far. Partly work on linear machines has filled
in the gap but more dedicated studies on the evolution of W
mechanical properties under He exposure are required extend-
ing the currently investigated He fluence range.

8.5.1.2. Formation of fuzz by He exposure of W and critical
fuzz thickness.  This issue was initially investigated mainly
by exposure of W PFCs to He plasmas in linear devices.
Therefore, regarding W-fuzz production under tokamak diver-
tor conditions there are still open questions with respect to a
possible saturation of fuzz growth and long term consequences
on plasma operation and dust formation. After the detailed
discussion in [730], further experimental studies were car-
ried out, by exposure of the innermost W divertor lamella
stack at JET to a dedicated He campaign and by exposure
of dedicated W samples to series of He plasma discharges in
AUG [1083] with subsequent surface analysis of the retrieved
samples. Interpretative modelling of the AUG experiments is
still ongoing whereas for the analysis of the JET experiment,
retrieved PFCs will only become available in the next years in
the frame of the decommissioning activity at JET.

8.5.13. Power flux to castellated PFCs.  With respect to
utilisation of PFCs in ITER it is crucial to understand that
due to the shaping and castellation of the PFCs power flux
can reach both top surfaces and side surfaces, while previ-
ous studies concentrated on loads on the top PFSs. Hence
work is ongoing to determine the power fluxes to cas-
tellated structures in stationary plasmas and during ELMs
over a range of conditions and to identify dominant phys-
ics processes. This work is performed in tokamaks such as
COMPASS [1093], AUG [1094] and WEST [1060] as well
as on linear devices such as Magnum-PSI [1095] and comple-
mented with modelling [1087, 1088].
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8.5.14. Tolerable W damage on surface and macro-brush
edges for tokamak operation.  This topic is among the
most difficult to assess and at the same time the most urgent
issue. It aims to experimentally determine the type and sever-
ity of edge, surface and bulk damage on divertor PFC sub-
components such as mono-blocks and how these damage types
might affect tokamak operation. Early related work is sum-
marised in [929]. For results from more recent and ongoing
studies see [1069-1071] for AUG and WEST. Further experi-
ments in HHF test facilities such as Judith [968, 980, 981, 988]
and GLADIS [1096, 1097] aimed at elucidating the general
impact of cracking on the lifetime of the W-divertor. However,
a coherent set of criteria for the evaluation of PFC thermo-
mechanical ageing and the prediction of ITER divertor lifetime
is still not available and requires further dedicated experiments
and validation of involved modelling codes.

8.5.1.5. W operation above recrystallisation and implications
for tokamak operation. ~ With respect to recrystallisation it
is essential to understand the evolution of W divertor mater-
ial properties after sustained operation above the recrystallisa-
tion temperature and assess possible synergistic effects with
plasma exposure and consequences for tokamak operation.
Here work both on tokamaks and linear plasma devices is
ongoing [265, 988, 1089, 1091]. Looking forward to DEMO
or a Fusion Power Plant it also has been stated [1098—-1100]
that careful design can overcome most issues with tungsten
recrystallisation.

8.5.1.6. W surface modification by high plasma fluence
exposure and implications for tokamak operation.  As dis-
cussed in [702] as well as in the overview above, the modific-
ation of W PFC surfaces by plasma exposure to ITER-like flu-
ences at relevant power flux may have consequences for toka-
mak operation and operational boundary conditions. Relevant
results are expected from ongoing and planned dedicated high-
fluence WEST campaigns.

Overall it is evident that there are limits to what can be
assessed without access to materials exposed to all three
drivers of material evolution and degradation, i.e. plasma
particle flux, heat flux and neutron flux at relevant flux levels.
Although planning of ITER operation depends on the know-
ledge of damage types and levels to be expected, in the end,
the complete picture might ultimately require analysis of PFC
evolution during plasma operation in ITER itself.

9. PFC damage by excessive heat loads

Since the publication of the PIPB 2007, a major new develop-
ment has been the replacement of HHF CFC divertor compon-
ents with tungsten-based components. While tungsten has the
advantage of a much lower sputtering yield than CFC for typ-
ical plasma conditions at the divertor target plates, the use of a
metal as a PFM introduces the problem of melting by excess-
ive power loads, e.g. by accidentally large ELMs. Despite
the much lower nominal power flux range to the main cham-
ber FW and LIMs, this is still a problem for metallic main
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chamber components, particularly when using metals with low
melting point such as beryllium, because of the possibility of
large power transients. Section 9 discusses new insights into
the formation and progression of surface damage, both from
repeated superficial melting and from sustained deep melt-
ing. In addition to substantial progress in understanding the
dynamics of melt motion and potential splashing and material
release, this includes new insights into the beneficial influence
of vapour shielding.

A detailed discussion of the physics processes determin-
ing the load conditions and ultimately the design of the ITER
FW and divertor armour was published in [12, 1101]. The
specific transient power load conditions due to disruptions
and strategies for their control and mitigation are discussed in
detail in [1102, 1103]. After the decision to eliminate CFC for
the divertor HHF areas, the technology and the physics issues
determining the plasma and material boundary conditions for
the new full-W divertor design were presented in [ 14]. Further
optimisation steps were published in [15] with the final design
presented in [16].

The local power flux to the surface of PFCs exposed to
the edge plasma or divertor plasma can be computed from the
radial profile of the parallel power flux, g, by following the
magnetic field lines towards their intersection with the mater-
ial surfaces at a given location. In addition to the pure geo-
metric considerations, variations due to transport and radiation
losses need to be taken into account. With that, the surface
heat flux is given by the projection of the local parallel heat
flux, g sin(a), where « is local B-field inclination angle. For
PFC designs with castellated surface structures at length scales
of the ion’s Larmor radius and below, the heat flux distribu-
tion at castellation gaps and corners is modified by ion gyro
effects, which had been predicted by ion orbit and PIC sim-
ulations [398, 1104]. Experimental evidence for these effects
was obtained by IR observations at high spatial resolution in
COMPASS [1093, 1105] and KSTAR [1106] and later directly
confirmed by analysis of divertor erosion samples exposed to
H-mode discharges in AUG [1094].

9.1. Empirical evidence

This subsection presents melting observations mainly from
tokamaks though results from linear machines are briefly
reviewed as well. The empirical evidence is grouped under two
major categories accidental/unintentional and designed exper-
iments. Particular attention is paid to evidence concerning the
dynamics and stability of molten layers.

The dedicated experiments presented in this subsection are
summarised in table 3, along with the modelling results which
are discussed in the following subsections.

9.1.1. Accidental PFC melting in tokamaks.  Most of the
current operational experience with all-metal divertor PFCs
emerged after publication of the 2007 PIPB. Despite the gen-
erally very favourable performance of the new divertor tech-
nology demonstrated in AUG, Alcator Cmod, JET, EAST and
WEST, several cases of accidental melting of W-PFCs have
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Table 3. Overview table of the dedicated experiments on PFC melting and melt dynamics in tokamaks and the respective modelling. All
simulations listed have reproduced basic evidence—final deformation profiles and displaced melt volumes, this table highlights only
additional contains which were also matched by the modelling with MEMOS-U and MEMENTO codes.

Power Modelling
Type/Material Machine / Geometry load Splashing Evidence results
Sustained TEXTOR Limiter %17“%’ Spill from edge J x B due to TE
2 mm W plate Sloped for2.17 s to side face Melting at ~1.9 s
[1114, 1115] 20°
Sustained TEXTOR Limiter exposure Gap bridging J x B due to TE
W MB [1115] spherical for~4.2s no gap wetting
Sustained TEXTOR Sloped (20-30) 1‘3}—‘;’ Spray (~pm) J x B due to TE
2 mm W plate 36° for several s Droplet ejection Melting at ~1 s
[1116-1118] ~10 um Boiling?
Sustained AUG LE ~80MY Spill fromedge ~ J x B due to TE
W MB [1109] ELM avg Droplet ejection
Transient JET LE Intra-ELM None J x B due to TE J x B with TE
\\% (0.5-1.5) ?Tvzv scaling as [1119]
[1120-1123] Inter-ELM Pool 1 ~ 100 yum
(50-200) X% at~Ims™'
~30 Hz
Transient AUG LE Intra-ELM Spill from edge J x B due to TE J x B with TE
W (0.5-1) ?n—‘;’ No droplets scaling as [1119]
[1122, 1124] Inter-ELM Pool 1 ~ 100 pm
(30-100) MY at~lms™'
~70 Hz Melt crossed edge
Transient AUG Sloped Intra-ELM None J x B due to TE J x B with TE
w ~18° S19Y scaling as [1119]
[1124-1126] Inter-ELM Pool striations by
5501‘:1—2‘/ varying local n
~70 Hz
Sustained JET Sloped VDE CQ Splashing J x B due to J x B with exp.
Be UDP few 10’s ms from edge halo current Jhato = S0KA m~?2
[1122, 1127] ~20° %1001\:1]1—\;v Large droplets Melt moves from Pool i ~ 500 pm
~100 pum wetted side at~1ms™!
over corner to Profiles matched on
shadowed side wetted & shadowed
Sustained AUG LE Intra-ELM None No replacement Gravity driven
W ~1 %’ZV current long-lived deep
electrically Inter-ELM 30% more pool i ~ I mm
insulated (20-40) 1\%’ absorbed energy Matched deposited
[1128] ~50 Hz compared to energy and
grounded sample temperature rise
Sustained WEST LE 1501\:[“—\;v None J x B dueto TE J x B (main)
w for5s due to TE + Marangoni
ITER-like Melting at ~1 s Pool 1 ~ 10 um
MB with Deform. at 1.7 s at ~1cms™!
active cooling Matched onsets of
[1129, 1130] melt & deform.
Sustained AUG Sloped Intra-ELM None Small Ir pool J x B + gravity
Nb and Ir ~18° ~600 5 and much -+ Marangoni
simultaneous Inter-ELM stronger Matched response
exposure z70“:1—‘?7 melting and flow of two materials
[1130] ~70 Hz on Nb sample under same load
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been reported. These events were generally a consequence of
misaligned PFCs, either by excessive EM forces during disrup-
tions or failure to meet required tolerances during installation,
with varying consequences on machine operation, depending
on the severity of the misalignment and the evolving damage
pattern.

In the first experimental campaign with a full tungsten FW
configuration in AUG, the divertor target consisted of graphite
plates with a 200 yum W-coating. During the campaign, par-
tial layer delamination on two out of 128 OT tiles by thermal
overloading caused partial melting with subsequent disrup-
tions requiring an unscheduled vent of the machine for tile
exchange [1107]. The disruptions were, however, caused by
spallation of solid W flakes from the delaminated parts of the
W layer and not by ejection of molten W. In the remaining
part of the campaign, despite further melt damage with droplet
formation occurring on 10 tiles and partial layer delamination
on another six tiles, plasma operation was not impaired over
several weeks until the scheduled end of the campaign [1107].
For risk mitigation and for extending the plasma operational
parameter space, the W-coated graphite tiles in the outer
divertor were subsequently replaced by solid W-tiles (AUG
Divertor-IIT [1055]). In the following campaign, electromag-
netic forces due to a disruption caused a slight displacement
of four divertor sector assemblies, creating LEs at the W-tiles
on the plasma upstream side of the sector assemblies with up
to 0.6 mm height. Despite severe melting with removal of W
to a depth of ~1 mm and displacement over several cm pol-
oidal length by melt flow and ejection of molten W, further
plasma operation was possible over 800 discharges without
severe detrimental effects, such as increased W core concen-
tration [1055, 1108].

In Alcator C-mod, failure of tile mounting bolts led to the
loss of several W lamellae in one outer divertor stack during
subsequent plasma operation, which created a gap of about
16 mm toroidal circumference. This, together with the pro-
trusion of the remaining loose stack above the nominal tar-
get plate surface created a LE of 3 mm height on the lamella
downstream of the gap [1056] which repeatedly melted dur-
ing subsequent plasma exposure leading to an overall mater-
ial loss of 15 g. Ejected tungsten melt was partly entering the
confined plasma leading to frequent disruptions, which could
only be avoided in the remaining campaign by positioning
the strike line above the damage zone [1056]. Post-campaign
inspection and analysis of the damaged lamellae surface topo-
logy revealed that the damage zone finally extended over all
protruding lamellae, attributed to repeated strong melt motion
across the damage zone and gradual pile up of material [1109].
No indications for self-healing effects by plasma machining of
elevated surface areas and filling up of depressed areas with
melt could be found.

In EAST, accidental melting was observed after install-
ation of a full-W upper divertor with ITER-like cooled W
MB stacks. Slight misalignment of the sector cassettes cre-
ated LEs at the MB stacks downstream of the gap between
adjacent cassettes with heights in some instances exceeding
Imm [1110, 1111]. Similar to the observations in Alcator
Cmod, W-melting at the overloaded LEs led to ejection of
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melt droplets. In EAST, because melting occurred in the upper
divertor, ejected melt droplets would generally follow gravity
and often led to disruptions when they reached the confined
plasma [1110, 1112]. Despite the resulting increase of disrup-
tion occurrence rate in the respective experimental campaigns,
plasma operation during stable discharges was not severely
impaired [1110, 1112]. Post-campaign analysis of the melt
area topology showed, like in AUG and Alcator Cmod, dis-
placement of material along the LEs by melt motion with
gradual pile up of material at the gap side faces of MBs
in adjacent cooler surface areas [1111]. Moreover, the sharp
corner of the LEs developed into a chamfered geometry by
the melt losses, which indicates that self-healing of overloaded
edges might be possible in case of small <1 mm misalign-
ments [1111]. In more severe cases of misalignment, repeated
melt events led in some cases to debonding of W-MBs from
their CuCrZr cooling tubes and ultimately developed into a
coolant leak, which highlights the dangers of thermal over-
loading of cooled MB PFCs [1113].

9.12. Dedicated experiments on PFC melting and melt
dynamics in tokamaks.  The principal possibility of melt
events in tokamaks with metal divertor PFCs and their poten-
tial negative consequences for plasma operation, particularly
during the later thermo-nuclear operation phases of ITER with
restricted accessibility and hence more difficult repair options
motivated dedicated experiments to better understand the melt
displacement during a melt event, the resulting short and long
term modification of surface topology and structural properties
and corresponding consequences on power handling capabil-
ities and finally the ejection of melt droplets and re-solidified
debris into the plasma including their consequences for plasma
operation.

In what follows, the terms sustained and transient melting
refer to the nature of the liquid pools and not to the type of heat
loads. In this context, sustained means that a molten pool, once
formed, does not re-solidify until the end of plasma exposure.

9.1.2.1. Sustained melting.  First tungsten related melt stud-
ies in AUG focused on the transport of ejected W melt droplets
in the divertor plasma. In these experiments tungsten pins
protruding out of the nominal outer divertor target plate sur-
face were exposed in H-mode discharges to a local parallel
power flux of 60 MW m~2 using the AUG divertor manip-
ulator [1131]. Droplets ejected from the melting pins were
observed using two high speed VIS range camera systems with
crossed lines of sight. The ejected droplets were visible for
~0.1 s travelling over distances of 21 m in the divertor plasma
along the OT plate and vertically upwards [1132, 1133] with
initial droplet sizes estimated in the range from 60—100 pm.
The W source due to their evaporation led to an observable
transient increase of tungsten core concentration although the
magnitude always remained below cw = 10~* and therefore
without significant decrease of energy confinement or loss of
H-mode. An analysis of cw versus time evolution of droplet
emission intensity showed that the screening of the droplet
W-source in the divertor was similar to that of the W sputter
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source at the target plates [1132]. The outcome of the experi-
ment suggested that the additional W source by a small scale
melt event at the OT plate would only have comparably mild
and transient consequences on plasma performance.

In a following experiment, sustained melting was studied
at a castellated W sample with a LE created by intentional
misalignment. The sample was exposed in the outer divertor
of AUG to a local parallel power flux of 80 MW m~2 in high
power H-mode discharges by means of the divertor manipu-
lator. Ejection of melt droplets was again observed by a fast
VIS range camera. These led to measurable transient increase
of W core concentration but again at a level where plasma per-
formance was not significantly affected. In the following dis-
charge, however, a large amount of material was ejected into
the confined plasma region leading to a disruption. Subsequent
analysis of the retrieved sample showed, similar to the obser-
vations in accidental melt events, that at the LE material had
been removed to a depth of ~1 mm with molten W spilling
from the lower edge of the castellation onto the adjacent flat
area of the W-sample. The re-solidified melt was found to be
only loosely attached to the surface, which led to the conclu-
sion that the observed material ejection perpendicularly from
the surface was caused by spallation of solid debris rather than
molten W during the actual melt phase [1109].

W melting at main chamber PFCs was studied by expos-
ure of dedicated test LIMs in the TEXTOR tokamak [1114—
1118]. Melting of bulk tungsten LIMs with a castellated and
lamella configuration, respectively, were discussed in [1114,
1115] while the other studies [1116—-1118] used 2 mm thick
W plates embedded in a carbon LIM (see detailed discussion
in section 9.1.3). In the experiments with W inserts, melting
was induced shortly after the first second of several seconds
long exposure to a power flux in the range of 20-30 MW m~—?
with surface temperatures reaching up to 6000 K [1116].

Sustained melting of actively cooled ITER-like PFCs under
steady-state loads was subsequently investigated in WEST on
a dedicated outer divertor PFU with a poloidal LE created on
one tungsten MB [1129]. By exposure to a parallel heat flux of
~150 MW m~2, the tungsten melting point was reached after
1's, whereas deformation of the LE due to the melt displace-
ment was first detected in-sifu at ~1.7 s by high spatial res-
olution IR imaging [1130]. Because of the active cooling, the
measured surface temperature was only marginally above the
melting point throughout the 5 s long exposure. There was no
noticeable effect of melting on plasma operation. Stable radi-
ated power and tungsten impurity content were reported in this
experiment [1129].

Transient heat loads can induce sustained melting. This has
been investigated on the beryllium UDPs in JET by deliberate
melting induced by the impact of VDEs [1127]. An instance of
UDP damage is presented in figure 82(a). Figure 82(b) features
a zoomed-in image of castellation gaps that are filled in with
melt. Only the total UDP conducted energy is known exper-
imentally [1127], but estimates [1122] revealed that energy
deposition over the CQ timescale of few tens of ms, translating
to a heat flux of ~0.1 GW m~2, would suffice to generate the
observed melt volume.

101

Figure 82. (a) Image of a Be UDP tile (DP-8) at the end of the JET
ILW2 campaign. (b) 3D optical microscopy image showing melt
damage to the tile castellations and melt infiltration of the
castellation gaps. The grooves are randomly filled with molten Be to
depths between 0.2 mm and 3.5 mm. The original figures have been
amended to include arrows indicating the vessel coordinate system
directions ¢ (toroidal), 8 (poloidal) and z (vertical). Reproduced
from [1127]. © 2019 EURATOM. All rights reserved.

Short ~ ms power load transients such as ELMs can also
ultimately result in sustained melting under certain condi-
tions. Documented examples include the ELM-induced melt-
ing of an electrically insulated tungsten LE [1128] and the
ELM-induced melting of refractory metal proxies [1130], both
achieved in dedicated exposures to H-mode AUG plasmas.
The experiment with the floating W LE featured an unusual
energy deposition; in the presence of intense thermionic emis-
sion (TE), the sheath heat transmission factor increased due
to the direct electron contribution so that the floating sample
absorbed 30% more energy compared to the identical groun-
ded sample exposed to the same plasma (max intra-ELM val-
ues of ~1 GW m—2, inter-ELM values of 2040 MW m—2, a
typical ELM duration <3 ms with an ~50Hz average ELM
frequency) [1128]. Thus, the incident heat flux during these
exposures resulted in pronounced melting and surface modi-
fications for the floating sample, but was insufficient to cause
substantial melting of the grounded W sample.

In the poor-versus-efficient thermionic emitter experiment
in AUG; niobium (Nb, melting at 2745 K) and iridium (Ir,
melting at 2719 K) samples were simultaneously exposed with
both forming sustained melt pools [1130]. The AUG exper-
iment was designed to contrast the deformation and thermal



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

ding

——  outwards from separatrix

-edge lamella

Figure 83. Post exposure melt patterns of the ASDEX Upgrade sloped melt sample (a) and leading edge melt sample (b). The melt pattern
after the JET leading edge lamella study [1121] is shown (c¢) with identical length scale for the sake of comparison. (a) and (b) Reproduced
from [1124]. © 2018 EURATOM. All rights reserved. (¢) Reproduced from [1121]. © 2016 EUROfusion. All rights reserved.

response of poor and efficient emitters, which otherwise have
similar thermo-physical properties [1130]. When exposed to
the same heat load, the melt displacement in two identical
samples should then vary drastically owing to the different
escaping thermionic fluxes. Ir and Nb were selected as sample
materials because of their different work functions (5.3eV
and 4.2 eV respectively), but nearly identical melting points.
The experiment design was guided by MEMOS-U [1126,
1128] modelling; the simulation predictions of modest mater-
ial excavation on the Ir sample and of gross material erosion
with possible ejection from the Nb sample were confirmed in
the AUG exposures [1130]. In this experiment, the samples
were exposed to ELMy H-mode plasmas with peak intra-
ELM values of ~600 MW m—2, peak inter-ELM values of
~70 MW m~2, an ELM duration of &3 ms with =70 Hz aver-
age ELM frequency.

9.1.2.2. Transientmelting. ~Repeated transient melting due to
ELMs is typically achieved with grounded tungsten samples
(in contrast to the above examples). ELM-induced transient
pools have been reported in the JET tungsten LE experiments
[1120, 1121] and, later on, a similar picture was confirmed in
the AUG LE and sloped lamella experiments [1124, 1125].
The respective surface deformation profiles are shown in
figure §3.

The heat flux in JET LE W experiments [1120, 1121], as
reconstructed from IR thermographic data [1134], featured
inter-ELM values of 50-200 MW m~2 and peak intra-ELM
values of 0.5-1.5GW m~2, the typical ELM duration was
<3 ms with a 30 Hz average ELM frequency. Comparable heat
loads were realised in the AUG LE exposures [1124] with
a heat flux of 30-100 MW m~2 and 0.5-1 MW m~2 for the
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inter-ELM and intra-ELM phases, but with a twice higher
average ELM frequency of 72Hz. In such repetitive-ELM
melting of W samples, nearly 99% of the incident energy
is expended to raise the base bulk temperature close enough
to the melting point, so that superimposed ELM-driven tem-
perature excursions will suffice to initiate melting and create
transient pools towards the end of a few second long expos-
ures [1122, 1123].

To study the influence of the intersection angle between
magnetic field and PFC surface on melt dynamics, samples
with a sloped elevated feature were exposed both in AUG and
JET. In the AUG experiments sloped samples with the exposed
surface intersecting the B-field at 18° were exposed [1124,
1125]. In JET, a W lamella with similar geometry was installed
for a comparison study [1135]. Compared to the LE geometry,
the shallower incidence angle reduces the projected parallel
heat flux but also the escaping thermionic current, with both
effects leading to much smaller and slower surface modific-
ation than at LEs [1126, 1128]. To compensate, the expos-
ure duration in the AUG experiment was prolonged so that
transient melting was achieved at the end of 5.5 s exposures.
Another aspect of heat loading, particular to sloped geometry
and absent in the LE case, concerns local surface normal vari-
ations due to surface modifications induced by melt motion,
which can significantly affect the surface projected area and
enhance the absorbed heat flux.

9.1.3. Evidence of melt layer splashing in tokamaks and its
effect on plasma operation. ~ The majority of the controlled
experiments discussed above featured predominant melt flow
direction and no evidence of liquid pool disintegration or
splashing, as documented by the post-exposure analysis (see
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figure 83 for typical examples). The distinct exception is melt
ejection due to presence of geometrical obstacles, as realised
when the flow reaches the edge of the PFC. Material ejec-
tion from molten W LE was observed in the 2013 [1109]
and 2018 [1109, 1124] AUG experiments with post-mortem
images revealing liquid jets emerging from the edge of elev-
ated samples and spilling when in contact with components
aligned with the divertor surface, see an example in figure 84.
Note that liquid W ejection was not observed in the JET W LE
experiment [1120], where the melt did not reached the edge,
since the re-solidified material piled-up ~7 mm away.

MEMOS-U modelling of the 2018 LE exposure [1122,
1128] and modelling of melt splashing from the edge [1136]
have guided the design of a recent controlled ejection experi-
ment in AUG. An open edge and an ITER-like gap have been
embedded in W LE samples. The SP was positioned on the
samples in a manner that allowed the ELM-induced transient
pools to reach the gap or edge within their life-time, i.e. prior
to re-solidification [1137]. The experiment demonstrated that
the melt bridges a 0.5 mm gap with no signs of flow disintegra-
tion or splashing and also that the melt jets off from the edge’s
open side.

A similar scenario of melt splashing owing to a geomet-
rical obstacle was realised in the VDE-induced melting of
the JET Be UDP where droplets, ejected when liquid Be
crossed the UDP edge, impacted onto the nearby vacuum ves-
sel wall [1127]. Only a fraction of the melt pool was ejected
in the form of droplets from the edge of Face 1 (figure 84(D)).
The remaining melt has reached the plasma-shadowed UDP
face (Face 2 in figure 84(b)) and re-solidified into a so-called
inverse waterfall structure, see figure 82(a). The dynamics of
the flow in such regimes is discussed in details in section 9.3.4.

We also mention experiments with unconventional PFC
dimensions, namely thin W plates [1116] and W wires [1131,
1132], specifically designed to elucidate the effect of W mater-
ial loss on the plasma operation. TEXTOR experiments [1116,
1117] with 2mm thick W plates inserted in a carbon LIM,
also discussed in section 9.1.2.1, had an atypical thermal
response due to the thermal insulation and spatial/temporal
time scales involved. Since the characteristic heat diffusion
length becomes of the order the plate thickness within a frac-
tion of second, the in-depth temperature profile becomes uni-
form earlier on during exposure followed by formation of deep
melt pools. PM analysis revealed that melt did not move over
the surrounding colder graphite surface with the material pil-
ing up at the borders of the W plate. Surface temperatures up
to 6000 K were reported together with evidence of boiling and
evidence of the ejection of fine (um size) as well as larger,
30-100 pm, droplets.

The AUG experiment [1131, 1132] used a W pin protrud-
ing 3 mm above the plasma exposed outer divertor tile sur-
face. The onset of melting, induced by moving the SP towards
the pin position, was followed by the release of W droplets.
Analysis of their observed trajectories showed that droplets
ejected in the outer divertor generally do not reach the confined
plasma. In addition, dedicated experiments in TEXTOR and
AUG [1109] have addressed the consequences of progressive
melt-induced damage. There, after several successive melting
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Figure 84. (a) Deformed 3D domain simulated by MEMOS-U for
the W leading edge exposure in AUG ELMy H-mode pulses
#33504, #33508 and #33509 (3.5 s total exposure time with 2 s
constant strike point position). The W sample dimensions are

9mm x 38mm X 10.1 mm. The final profile is compared to the
experimental post-exposure profile (view on top of sample) which
includes molten material ejected from the edge. Reproduced from
[1122]. CC BY 3.0. (b) Bottom left: sketch of the UDP plate
geometry. Top: image of a Be UDP tile (DP-8) at the end of the
ILW?2 campaign showing the plasma-wetted side where melt is
produced (Face 1) and the shadowed side over which melt can
traverse prior to re-solidification (Face 2). The magnified image is
shown in figure 82(b). Main: MEMOS-U deformed 3D domain after
a 35 ms exposure to the heat flux specified in the caption to figure 5
in [1122]. Reproduced from [1127]. © EURATOM 2019. All rights
reserved.

events, spallation of solid melt debris was observed, some of
which penetrated into the plasma core in sufficient quantities
to cause disruptions.

9.1.4. Other machines (linear devices, QSPAs). In addi-
tion to the evidence from contemporary fusion devices,
there are many experiments in other machines that are
devoted to the investigation of the response of metallic PFCs
under high heat loads that emulate ITER-relevant transi-
ent events. Sample exposures in linear machines, multiple
mirror magnetic confinement and Quasi-Steady-State Plasma
Accelerators (QSPAs) have yielded vast data concerning the
behaviour of not only W but also Be targets, see e.g. in [1095,
1138-1147], the latter constituting a valuable addition to
the unique evidence obtained from the Be UDP melting in
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JET. The experimental design and diagnostic access in these
machines often allows the direct observation of melt splash-
ing events and also vapour cloud characterisation, giving such
experimental data a particular value for model validation and
code benchmarking. Projection of the respective results to
tokamaks and to ITER, should be done with caution, since,
while the heat flux loading in these machines is usually fusion
relevant, the specifics of plasma production and plasma para-
meters that dictate the forces which drive the melt motion are
generally not (see the current closure through the end plate
in linear machines [1095] or the high plasma pressures in
QSPAs [1147]).

9.2. Main mechanisms and processes governing the thermal
response, dynamics and stability of molten layers

This subsection introduces the main processes that control
the PFC thermal response, the melt formation and the melt
dynamics. The description is primarily qualitative, but the
main dependences on the plasma parameters as well as on
the PFC geometry and on the magnetic field inclination are
provided.

9.2.1 Thermal response, phase transitions, surface cooling
and convective cooling.  For typical steady-state and tran-
sient loads, the total material thickness that is traversed by
plasma particles, which impinge with energies below few keV,
prior to their thermalisation (the depth range) lies well in
the nanometre range. For a specific example of 10keV incid-
ent energy, the electron, proton and helium depth ranges are
~300nm, ~150nm, ~100nm in Be and ~80nm, ~40nm,
~20nm in W [1148]. The situation is different for REs,
where for 1 MeV the electron depth range is ~3mm in Be
and ~0.4mm in W [1149]. Thus, plasma incidence leads to
surface heating while RE-induced melting events are char-
acterised by volumetric heating. In the case of relativistic
REs, the energy deposition profile is defined by not only by
electronic and nuclear stopping but also by internal photon
and secondary (delta ray) electron transport [1150]. In some
scenarios, RE-induced melting events can be of the explos-
ive type and can be accompanied by the release of fast solid
ejecta [1073, 1151, 1152].

The PFC cooling is mediated through surface fluxes, con-
vection due to melt motion and, in the case of actively cooled
components, convective flux at the coolant-pipe interface. The
surface cooling fluxes due to thermal radiation and vaporisa-
tion are present for PFCs of any material composition. On the
other hand, cooling owing to TE is mostly important for W
PFCs, since TE is governed by the Richardson—Dushman law
whose exponential surface temperature dependence makes the
emitted electron fluxes negligible for Be due to its low melt-
ing point. For every escaping thermionic electron, not only
its kinetic energy is lost from the material but also an energy
equal to the work function (4.55 eV for atomically clean poly-
crystalline W), since the replacement electron is pulled from
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Figure 85. MEMOS-U simulations of the AUG W leading edge
melting during pulse #33509 (1.4 s total exposure time with 1.1s
constant strike point position). Melt thickness as function of the
exposure time and poloidal coordinate, for the uppermost part of the
sample corner (where deepest melting occurs) near the end of the
exposure time interval. Results for (a) heat transfer independent of
fluid motion, (b) fully coupled heat transfer and motion.
Reproduced from [1122]. CC BY 3.0.

the bulk material to fill the thermal vacancy, driving a cur-
rent through the PFC volume. Away from the normal boil-
ing point vicinity, where vaporisation takes over, TE consti-
tutes the dominant cooling channel for W PFCs and plays a
decisive role in restricting the melt production [1122, 1123,
1128]. In fact, in ELMy H-mode plasma exposures, the TE
flux is comparable to the incoming inter-ELM heat flux and
leads to the re-solidification of transient pools that are induced
during the ELM. Other emission processes are discussed
in section 9.2.3.

Convective heat transfer is another powerful cooling mech-
anism given the localised nature of the incident heat flux. Due
to the melt motion, the heat is transported from the induced
pool onto the adjacent surface which, being much colder,
provides an efficient conduction channel for the deposited
energy. The thermal response of the W LE in JET expos-
ures [1120] constitutes a characteristic example of the role of
the convection cooling, since neglecting convective heat trans-
fer leads to sustained melt pools in contradiction to the obser-
vations [1123, 1128]. A similar conclusion is deduced from the
AUG LE exposure [1124]; figure 85(a) shows sustained pools
that are formed when convection is neglected and figure 85(b)
demonstrates that transient pools reaching the sample edge, in
accordance with experimental evidence of material ejection,
are formed only when the full coupling between heat transfer
and fluid dynamics is enabled.

Melt generation is naturally controlled by the fraction of
the absorbed energy that is expended on the phase transition,
which is strongly dependent on the exposure scenario. In the
W LE exposures in AUG and JET, the absorbed energy was
in the range of 10kJ while only 3017 is needed to produce a
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melt volume of 6 mm?, as observed in the experiments. A sim-
ilar situation is encountered in the WEST exposures of act-
ive cooled PFCs, where out of the ~14 kJ of plasma deposited
(=5 kJ absorbed) energy only /1] is expended on the forma-
tion of the observed 0.3 mm? melt volume. Such energy parti-
tion between sensible and latent heat during exposures results
in the high sensitivity of melt production; small variations in
the incident heat flux can lead to significant variations in the
produced melt volume [1122, 1123, 1128]. The WEST exper-
iment [1129] provided the first direct empirical evidence of
such dependence [1130]; in three exposures with identical dis-
charge parameters, a detectable melt build-up was formed only
in one discharge. This is in contrast to disruption-induced Be
melting, where a larger fraction of the energy is consumed for
latent heat and melt formation, that does not exhibit such a
threshold-like behaviour [1122].

9.2.2. Free-surface effects and main driving forces acting on
the molten metallic layers.  The acceleration experienced by
a molten layer is due to the combined action of hydrostatic
effects (fluid pressure gradient), shear stress divergence (vis-
cous damping) and external volumetric forces. Among the lat-
ter, the Lorentz force density is typically dominant, where the
nature of the current flowing through the melt layer is dic-
tated by the scenario. In the case of disruption CQ induced
melting, this is the halo current. In the case of melting driven
by steady-state, ELMs or disruption TQ heat loads, this is the
replacement current triggered by the electron emission (when
incoming plasma fluxes remain ambipolar due to the localisa-
tion of the wetted area, see section 9.2.3). Gravity can also play
a role, when the Lorentz force is particularly weak [1130] or
when it is the only external force, as in the case of electrically
insulated components [1128].

Given the dominance of the Lorentz force, the magnitude
of the driving current density (along with the tokamak B-field)
is crucial to the melt dynamics. The magnitude is defined by
the current paths inside the molten layer and the electromag-
netic boundary condition on the plasma-PFC interface which
involves total current density that is normal to the metallic
surface, J;. As mentioned before, in melting induced by the
disruption CQ, J5 = Jhao- In melting induced by steady-state,
ELM or disruption TQ heat fluxes, J; = Jem, Where Jep, is
the local escaping current density that is determined by the
temperature field, incident plasma flux and B-field inclination
angle, see detailed discussion in section 9.2.3.

The charge continuity equation inside the metal implies that
the current density variation should be nearly the same in each
spatial direction near the PFC surface. For sloped geometries,
where the B-field is at very shallow or at modest angle with
respect to the surface tangent, in-depth variations can be neg-
lected when the tangential gradient scales are much larger than
the melt thickness. Since the extent of the melt pool is dic-
tated by the wetted area, it is typically much larger than the
melt thickness, which ranges from hundreds of yum in contem-
porary machines up to millimetres in ITER-disruption scen-
arios. Therefore, at such exposure geometry, the Lorentz force
is simply Jhao X B or Jem X B, depending on the scenario. In

case of the LE geometry, due to the bending of the current
paths, both tangential and normal components exhibit strong
variations. Detailed numerical solution revealed that the depth-
averaged current density component gives rise to a tangential
Lorentz force that is four times smaller than J., x B for the
LE AUG exposure [1153].

During the disruption TQ phase, there is also the Lorentz
force density that is associated with the eddy current present
in PFCs [1102]. Since the eddy currents flow along the PFC
(within some skin depth, typically larger than the character-
istic melt depth), the resulting J x B force density is normal
to the pool surface and it does not lead to a tangential melt
displacement. Such force, however, when directed towards the
plasma, i.e. away from the melt surface, can be responsible for
melt pool disintegration due to the Rayleigh- Taylor instabil-
ity [1154], see also section 9.2.5.

The interaction with the surrounding environment, that is
the plasma-plus-metal vapour, is governed by the kinematic,
dynamic, thermal and electromagnetic boundary conditions on
the ambient-liquid metal interface—the free surface. For the
kinematic boundary conditions see e.g. [1123], the thermal
response was outlined above, thus below we focus on the lat-
ter two boundary conditions to highlight their main effects on
melt dynamics.

The stress balance condition normal to the surface gener-
ally includes the thermodynamic pressure jump and the mag-
netic pressure jump. Due to the negligible induced magnetic
field and the non-ferromagnetic nature of typical PFCs (the
stainless steel employed in fusion applications is typically of
austenitic grade and thus paramagnetic), the magnetic pressure
jump can be omitted. This implies that the difference between
the fluid pressure at the free surface and the ambient pressure
balances the surface tension force. Surface tension plays an
important role in the stability and the disintegration of melt
layers, see 9.2.5. In case of bulk motion with small deforma-
tions, variations of the ambient (plasma and/or metal vapour)
pressure essentially translate to a force acting on the melt layer.
Order of magnitude estimates reveal that typical tangential
(along the melt surface) plasma pressure gradients are small
compared to the Lorentz force density both in contemporary
tokamaks and in ITER scenarios. For example, in the AUG
and the JET W LE exposures [1120, 1124], pressure gradi-
ents of <1kPa cm™! (<10° Nm™3), are two orders of mag-
nitude smaller than the J x B force density with a replacement
current density of several MAm~2 [1122] and with B=3T.
In the JET Be UDP melting events [1127], pressure gradi-
ents of <0.1kPacm™' (<10* Nm~?) are at least one order of
magnitude smaller than the J.,, X B force density with a halo
current density of 100kAm™2 [1122] and B = 3T. For the
ITER worst case scenario of a disruption in a 15 MA/5.3 T dis-
charge, with parallel plasma pressure gradients from JOREK
simulations of <5 x 10> Nm~3 and halo current densities of
a few tens of kA m~2 [1155], the Lorentz force is again about
two orders of magnitude larger. Tangential gradients of the
vapour pressure are defined by the surface temperature vari-
ations which result from the PFC thermal response under a
given heat load. Vapour pressure gradients along the surface
might be non-negligible compared to other forces for scenarios
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with highly elevated, well beyond melting point, surface tem-
peratures. Their exact effect on the macroscopic melt motion
in such cases, however, needs to be considered in the light
of the vapour shielding that is present in such scenarios (see
section 9.2.4).

The jump in the tangential components of the hydro-
dynamic stress at the free surface is balanced by the stress
due to the tangential gradients in the surface tension, V7.
The tangential component of the stress exerted by plasma
on the melt is the plasma drag force per unit area, which
depends on the magnetised plasma viscosity and the plasma
flows along the metal surface. Treating plasma as an ordin-
ary fluid in contact with the metal pool faces a conceptual
issue: the near-surface dynamics of magnetised plasmas is
driven by electromagnetic processes of kinetic origin that can-
not be described by standard fluid models and boundary con-
ditions. To estimate the order of magnitude of the volumetric
drag force, the force per unit area value from the fluid dynam-
ics drag equation (with skin friction or drag coefficient for
high Reynolds numbers) [1156] can be divided by the melt
thickness. For the ITER worst case scenario of a disruption
in a 15MA/5.3T discharge [1155], employing a D plasma
density of 10 m—3, a temperature of 10eV and assuming a
Mach number M =1 and a rather thin melt layer of 100 um,
such estimates yield ~10> N m—3—at least two orders of mag-
nitude smaller than the J x B force with the current and B
field values cited above. The empirical evidence from present
day machines also shows that the plasma drag does not play
any significant role in the melt bulk motion because in all
relevant experiments the observed melt displacement was in
the direction of the J x B force and thus perpendicular to
the main plasma flow. However, it is worth emphasising that
very high velocity flows might be responsible for shear-driven
(Kelvin—Helmholtz) destabilisation of the melt layer on short
time scales, see sections 9.2.5 and 9.3.

The stress balance conditions also imply that a non-zero
Vv at the interface will drive melt motion. Gradients in ~y
arise due to variations in the surface temperature or inter-
facial chemical composition. For the uniform material com-
position relevant to fusion applications, Vy generates the
thermo-capillary term (07/0T)V,Ts. Since the surface ten-
sion decreases with increasing temperature, this leads to an
effective force on the melt layer which pushes the liquid
metal from the hot regions towards the colder areas, i.e. the
Marangoni effect. In fusion-relevant melt events, the import-
ance of thermo-capillary acceleration varies with the specif-
ics of the plasma wetting (heat profile) which controls the
tangential gradients. In the LE geometry, the magnitude of
the thermo-capillary accelerations might be weak compared
to the Lorentz acceleration mechanism [1122, 1123], yet, in
the direction that is perpendicular to the main J x B force, they
can provide a non-negligible contribution to the pool displace-
ment [1130]. Similarly, within the weak Lorentz force regime,
the Marangoni flows can make essential contributions to the
melt dynamics [1130]. Such a weak J x B regime is of rel-
evance to ELM-induced FW plasma-facing component cas-
tellation edge melting in ITER, since Be is a relatively poor
thermionic emitter.
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Finally, there is one aspect of melt dynamics that is partic-
ular to tokamaks; the fact that resolidification effectively con-
trols the overall melt displacement as well as the final surface
modification profile [1122]. This is due to the localised nature
of wetted areas (melt pools are surrounded by a progressively
colder solid) combined with the typical accelerations of melt
layers which are such that the lifetime melt displacements are
of the order of the pool extension. When liquid moves out of
the induced pool a few effects take place; (i) the melt heats
the adjacent surface thus enabling further displacement of the
sequent fluid parcel and promoting some spreading of the dis-
placed material, (ii) bottom-up propagation of the resolidific-
ation front reduces the melt thickness and enhances the vis-
cous damping, hence impeding acceleration, (iii) the arrest of
motion due to the resolidification is responsible for the com-
monly observed surface modification profiles featuring a crater
and amassment near its edge. At this point, it is illuminating to
recall that liquid metals wet their own solid excellently due to
the strong interfacial bonding that has metallic nature [1157,
1158]. This signifies that essentially solidification counteracts
spreading and wetting, leading to the observed surface deform-
ation profiles (see section 9.1 and figures 83-84), with appar-
ent large contact angle instead of thin films expected under
good wetability conditions. More detailed discussion of wet-
ting dynamics in the presence of large temperature differences
between the liquid and solid phases in tokamak relevant scen-
arios can be found in [1137].

9.2.3. Electron emission processes (thermionic, field-assisted
thermionic, electron-induced and ion-induced).  Electron
emission processes from PFC surfaces play a crucial role in
the melt formation and its dynamics, as they are not only
responsible for melt acceleration but also constitute effect-
ive cooling channels. Each emission process is characterised
by its own energy distribution and it thus contributes differ-
ently to the heat balance. Thermionic and field-assisted ther-
mionic electrons (extended Schottky regime) follow a (half)
Maxwellian distribution at the surface temperature [1159,
1160]. The chemical contribution, namely the work function
W of about 4—5 eV per escaping thermionic electron, is the
main contribution to the cooling flux, as discussed above.
In case of electron-induced emission processes, the chemical
contribution is less dominant compared to the mean exit ener-
gies which are; (i) 2 Wt in secondary electron emission, (ii) of
the order of the incident electron energy in low energy electron
reflection, (iii) a significant fraction of the incident electron
energy in electron backscattering [1161-1163]. Ion-induced
electron emission [1164, 1165] for high energy plasma ions,
noble gases or multiply charged impurity ions might also be
of importance for some ITER scenarios [1166, 1167].

As already mentioned in section 9.2.2, the electron emis-
sion processes can be also responsible for the origin of the cur-
rent (non-ambipolar current density escaping from the sheath)
flowing though the melt layer which gives rise to the volu-
metric Lorentz force. Both the cooling fluxes and the Lorentz
force density scale with the escaping emitted electron cur-
rent density whose analytical evaluation is not feasible given
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the presence of several emitted populations [1167, 1168], the
formation of space charge (non-monotonic potential due to
virtual cathode) in case of intense TE [1169, 1170] as well as
the prompt re-deposition of the emitted species in the presence
of inclined magnetic fields [1171, 1172]. This complex prob-
lem has been addressed in recent dedicated PIC simulations
where the emergence of SCL thermionic sheaths for inclined
magnetic fields has been established [1119, 1173, 1174].
A semi-empirical expression, Jon =~ 0.43en.vr, sin?(a), has
been determined for the thermionic current saturation limit as
a function of the plasma parameters in front of the target sur-
face and the B-field inclination angle, «, that is accurate for
both the inter—and intra-ELM plasmas of present-day toka-
maks [1119]. In current devices, the SCL transition generally
occurs at surface temperatures below the W melting point so
that molten W PFCs are nearly always surrounded by SCL
sheaths. However, for high, ITER ELM-relevant, electron tem-
peratures and plasma densities, large incident plasma fluxes
push the formation of the virtual cathode to higher surface tem-
peratures and intense normal wall electrostatic fields lead to
the strong coupling of TE with field electron emission (primar-
ily in the Schottky regime) in the monotonic potential profile
regime [1168].

The above picture is valid for W PFCs electrically con-
nected to the large grounded vessel and localised wetted
areas, so that the emissive sheath is unable to affect the
global plasma potential or alter the classical Bohm pre-sheath
potential structure, irrespective of the TE strength. As a con-
sequence, the incident plasma fluxes remain nearly ambipolar
and a non-ambipolar current density (the escaping current)
triggers a replacement current density that flows through the
melt volume and generates the J x B volumetric force. The
above picture has been validated in multiple dedicated melt
experiments in tokamaks, not only for W LEs [1122, 1123]
but also in more complex sloped geometries where the emis-
sion depends on the B-field inclination angle [1126] as well
as in specially designed melting experiments within the weak
Lorentz force regime, such as the exposure of low melting
point materials and the exposure of actively cooled W com-
ponents [1130]. All the experiments have been successfully
reproduced by the MEMOS-U physics model, whose bound-
ary conditions are based on such a current density descrip-
tion and the aforementioned J, scaling (for further details see
section 9.3).

In the opposite limit, when the emitting area is large enough
to affect the global plasma potential and the pre-sheath condi-
tions, 1D kinetic simulation results suggest the formation of
a so-called inverse sheath, where the surface is positive with
respect to the plasma potential. This is facilitated by ionisation
and CX collisions that trap cold ions near the surface, which
then progressively destroy the virtual cathode [1175-1177].
In such a floating case, since all particle fluxes, including the
emitted electron fluxes, are ambipolar, there is no replacement
current density and hence no associated Lorentz force density
acting on the melt layer. The inverse sheath potential profiles
are such that the incident electron and ion energy fluxes change
drastically compared to the SCL regime, resulting in a signi-
ficantly reduced heat load on the emitting surface due to the
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formation of a target plasma with a much lower temperature
[1178]. Combined with the absence of ion acceleration in the
pre-sheath (inhibiting the contribution of recombination heat
flux and limiting damage due to sputtering), this constitutes
the main motivation for the proposed innovative divertor oper-
ating scenario of emission-induced detachment [1178, 1179].
At present, inverse sheaths have not been yet demonstrated
in realistic (multi-dimensional) simulations for tokamak con-
ditions, where the newly formed trapped ions can possibly
escape from the SCL potential well before the transition to an
inverse sheath is realised.

9.2.4. Vapour shielding.  Under high transient heat loads,
the PFC surface temperatures can reach very elevated values
at which intense vaporisation takes place. Interaction of the
cold dense vapour with the incident plasma includes numerous
processes through which the plasma loses energy; collisions,
ionisation, radiation. Moreover, the vapour cloud and the sec-
ondary plasma also expand and diffuse. Detailed modelling of
plasma-vapour interaction requires simulations by dedicated
numerical tools is discussed in section 9.3, here we briefly dis-
cuss consequences of shielding on the PFC thermal response.

Vapour production is very sensitive to the surface temper-
ature owing to the evaporation flux scaling with the vapour
pressure (Hertz-Knudsen equation [1180]) and the exponen-
tial vapour pressure dependence on the surface temperature
(Antoine equation [1181]). As a result, surface temperature
changes of a few hundred K can lead to a many-fold increase of
the evaporation flux which, upon interaction with the incident
plasma, leads to reduction of the energy eventually absorbed
by the surface, i.e. vapour shielding.

As a consequence of the exponential dependence of the
evaporation rate on the surface temperature, the effect of
plasma-vapour interaction details on the absorbed energy is
effectively masked [1182, 1183]. This picture was firmly con-
firmed in [1183], where calculations for three vastly differ-
ent vapour cloud regimes revealed that the absorbed energy
dependence on the radiation properties and the dynamics of
the cloud is logarithmically weak. The resulting maximum
absorbed energy depends only on the thermo-physical prop-
erties of the target (specific isobaric heat capacity, thermal
conductivity, mass density) and the exposure duration as /7.
As soon as the surface temperature reaches a maximum value
that yields a sufficiently strong vaporisation flux for efficient
shielding, its value stabilises and decays very slowly. This
indicates that the incident heat flux should scale as 1/+/7. In
fact, if one postulates an ad hoc constant surface temperature
and uses the well known solution for the spatiotemporal tem-
perature profile (see e.g. [1184]) to calculate the heat flux at the
boundary, the same temporal and material property depend-
ence emerges [1185]. As pointed out in references [1182,
1183], such low sensitivity to any other details of the exact
scenario largely explains the observed experimental fact that
for both CFC and W targets the absorbed energy is very sim-
ilar in spite of the significantly different radiation capabilities
of the two materials. It is worth emphasising that such robust
estimates of the absorbed energy do not apply to vapour mass
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loss which is highly sensitive to details of the shielding cloud
processes [1182, 1183].

9.2.5. Stability of melt layers. A summary of experimental
evidence of melt splashing in present day machines is provided
in section 9.1.3 and a brief account of the modelling of such
events is given in sections 9.3.3 and 9.3.4. Here we point out
some general characteristic of relevance to the fusion melting
scenarios.

One important aspect is that estimates of the most unstable
wavelength and corresponding growth time should be viewed
in light of the spatial dimensions of the melt pool and its life-
time [1152]. In case of typically extended shallow melt lay-
ers driven by forces parallel to their free surface, the linearly
unstable free-surface modes with wavelength much larger than
the melt depth are prone to saturate once the nonlinear regime
is achieved, settling in a quasi-steady perturbation that does
not result in splashing [1186]. Hence, the modes leading to
splashing are those whose wavelength is smaller than the melt
pool depth and whose growth time is shorter than the duration
of the melt-inducing transient heat load and the associated melt
lifetime.

General types of instabilities of relevance to fusion applic-
ations are shear-, buoyancy- or geometry-driven. Shear-driven
instabilities can arise due to plasma flows or body forces acting
along the melt pool. Gravity and the Lorentz force due to eddy
currents are body forces normal to the surface that can trig-
ger buoyancy-driven instabilities. Geometry-driven instabilit-
ies are consequences of either sloping bathymetry effects or
obstacles present on the path of the melt. Given the charac-
teristic melt thickness, typical plasma flows, the Lorentz force
due to halo current magnitudes and the gravity magnitude, it
appears that geometry-driven instability is most likely to lead
to the melt pool destabilisation and material ejection [1152]—
in line with the present empirical evidence. Other candidates,
both of relevance to the TQ phase of disruption, where definite
conclusions have not been reached yet, concern the buoyancy-
driven instability caused by the Lorentz force due to eddy cur-
rents (which can reach values up to 10’ N m~3) and recoil pres-
sure destabilisation in the case of intense vaporisation from
the pool surface. A final comment is due on the peculiarity of
fusion relevant melting scenarios, i.e. the stabilising role of the
resolidification, see section 9.3.4.

9.3. Modelling of experiments and predictive studies

This subsection summarises results of numerical modelling
focusing first on the simulations of existing experiments which
provide empirical input concerning the heat loads, the PFC
geometry and the magnetic field inclination. The modelling
outcome is compared to observed post-exposure surface modi-
fications but also to additional empirical constrains available in
specially designed experiments. This is followed by discussion
of predictive numerical studies which employ ITER-specified
input for loading, PFC geometry and magnetic field inclin-
ation. The subsection is structured by the nature of the heat
loads.
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9.3.1 Modelling approaches and numerical tools. = PFC
melting scenarios fall under the category of MHD free-surface
flows coupled with heat transfer and phase transitions. PFC
melt events are characterised by vast spatial scale separation:
the extent of the typical melt motion along the PFC (that is
defined by the wetted area) is up to a fraction of a meter, the
melt depth is ~100 ym and nonlinear free-surface instabilit-
ies (that are responsible for splashing) develop on even smal-
ler scales. In addition, the melt domain is bounded by two
evolving interfaces: the solid-liquid boundary and the plasma-
side free-surface that might deform rapidly and severely, lead-
ing to material ejection. Brute force numerical modelling of
such multi-scale problems is prohibitively expensive compu-
tationally, thus different approaches and simplifications have
been sought and employed.

The scale separation allows the use of the shallow water
approximation [1187] that is based on the depth-integration
of the Navier—Stokes equations. The depth-averaging leads to
a drastic reduction of the computational cost and opens up
the possibility to simulate the actual size of PFCs (includ-
ing active cooling) and wetted areas over prolonged exposure
times, while retaining sufficient physics details for adequate
description of large-scale melt motion. The MEMOS-U [1122,
1123, 1128] and MEMENTO [1130, 1188, 1189] codes are
former and new numerical implementations of the MEMOS-
U physics model, respectively. Both codes solve the 3D heat
and phase transfer problem coupled with the incompressible
Navier—Stokes equations (for the metal phase) in the shal-
low water approximation and with 3D current propagation
equations on the domain with time-evolving and deforming
metal-plasma interface. The PSI processes are incorporated
through the boundary conditions on the free surface. In partic-
ular, the escaping emission current density is evaluated on the
basis of scalings derived from comprehensive 2D 3V SPICE2
PIC simulations of reactor-relevant multi-emissive magnetised
sheaths [1119, 1167, 1168, 1173, 1174].

In investigations focusing on melt instabilities and splash-
ing, naturally smaller scales must be resolved, typically at
the cost of limiting the size of the simulated domain to a
small fraction (O(1 mm)) of the transient load induced melt
pool extension (O(1m)) and the exposure to few tens of ms.
Such modelling of multiphase flows with severely deforming
free surface has been carried out thus far only in 2D geo-
metry with customised set-ups in commercial or open-source
software, where the Navier—Stokes equations can be solved
together with the heat transfer and field equations. Fusion rel-
evant simulations have been carried out with customised set-
ups in OpenFOAM [1190-1192] where the plasma medium
above the metal surface was modelled as a fluid with real-
istic properties and in ANSYS Fluent [1136, 1193] where the
plasma was modelled as a so-called ghost fluid, adopting the
method that has been successfully applied to pressure-driven
flows occurring at cathode spots in vacuum arcs [1194-1196].

In the case of highly elevated surface temperatures and
intense vaporisation, the detailed modelling of vapour shield-
ing requires that various atomic processes and MHD effects
are considered. There are mainly two tools that are capable
of such simulations. TOKES [1197] is a full-scale tokamak
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simulation platform for the modelling of multi-fluid plasma
processes in core and SOL plasmas that accounts for the
evolution of the magnetic field as well as of the currents in
the plasma and the poloidal field coils. Models include fuel-
ling, transport of radiation and neutrons as well as trans-
port of vapour atoms in the vessel along with their ionisa-
tion and charge-exchange collisions. The HEIGHTS simu-
lation package [1198] has been developed to study intense
energy deposition on target materials in various applica-
tions and has also been employed to simulate fusion relevant
scenarios under transient loads [1199-1201]. The integrated
models and packages include MHD model of the secondary
plasma, coupled with plasma heat conduction, radiation trans-
port, magnetic diffusion and core plasma energy deposition.
In case low collisionality does not warrant the validity of fluid
descriptions, PIC simulations offer the possibility to treat ener-
getic particles and sheath formation. The PIXY code [1202]
is a weighted (1D 3V) PIC code simulating interaction of the
plasma particles with the vapour released from the surface. It
is coupled to the 1D heat conduction equation and allows to
model vapour shielding effects in the PFC thermal response
by accounting for radiation cooling and ion-neutral collisions,
which dissipate the electron and ion fluxes, respectively.

9.3.2. Modelling of melting under steady state loading. The
WEST experiment on the melting of an ITER-like actively
cooled W MB [1129] was modelled by the MEMENTO code
employing the experimental heat flux. The modelling revealed
surface temperatures of only few degrees above the melting
point and an instantaneous melt pool depth z < 10 um [1130].
In spite of the sustained nature of melting and, thus, the exten-
ded melt lifetime, for such ultra-thin layers, the viscous damp-
ing (scaling with 1/h?) is highly efficient in preventing sig-
nificant melt acceleration and displacement, which is further
restricted by the prompt resolidification of the melt layer in
contact with the surrounding colder solid surface. While the
J x B force was responsible for the major melt displacement
along the LE, the contribution from thermo-capillary effects
was also discerned in the modelling of the final deformation
profile. The resulting speeds of v~ 1cms~! led to a mod-
est, ~1 mm, overall displacement of the melt pool and, hence,
to a small mass excavation and material build-up. A unique
experimental constraint of these WEST exposures, that con-
cerned the time resolved detection of the LE deformation due
to the melt displacement, was also closely reproduced by the
MEMENTO simulations [1130].

9.3.3. Modelling of ELM-induced melting. ~ Simulations of
the LE W exposures in JET [1120, 1121] and AUG [1124,
1125] with the MEMOS-U code [1122, 1123], highlighted
major aspects of the transient W melt pool dynamics. Detailed
modelling of these exposures with the experimental heat fluxes
revealed the importance of convective cooling, TE and reso-
lidification on the melt formation and dynamics (effects dis-
cussed in detail in section 9.2). The depth of the transient
pools for the uppermost part of the sample corner (where the
deepest melting occurs), as a function of the exposure time
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and the poloidal coordinate, is presented in figure 85(b). In
contrast to the aforementioned WEST experiment, in these
exposures of inertially cooled samples, the deeper 4 ~ 200 ym
melt pools experienced much less efficient viscous damp-
ing so that the dominant J x B force accelerated the liquid
metal up to v~ 1 m s~! over the transient pool life time of
~10ms. The observed final deformation profiles were closely
matched by the simulations (see figure 84); material build-up
is a cumulative effect of displacement of several transient melt
pools. An additional observation concerned the material ejec-
tion shown in figure 83 that was also successfully replicated in
the MEMOS-U modelling, where some of the transient melt
pools reached the sample edge and were expelled from the
domain [1122]. These events are depicted by the arrows in
figure 85(b).

In order to model the experimentally observed W ejection,
the main characteristics of macroscopic melt motion emer-
ging from such MEMOS-U simulations (melt thickness, speed
and temperature) were applied as boundary conditions in cus-
tomised FLUENT set-ups [1136]. This numerical tool com-
bination allows for the resolution of smaller-scale flow fea-
tures such as strong free-surface deformations and melt ejec-
tion (FLUENT), while enforcing large-scale flow character-
istics (MEMOS-U). Navier-Stokes simulations in FLUENT
revealed that the stability of the melt layer flowing over the
PFC edge is governed by critical values of the Weber num-
ber, which quantifies the relative strength of fluid inertia and
surface tension, We = py, h V2 /7 [1136]. The critical curves of
We, separating three hydrodynamic regimes characterised by
various degrees of downstream flow attachment to the under-
neath solid surface, are depicted in figure 86. In particular,
with the MEMOS-U predictions of the ELM-induced transi-
ent tungsten pool depths /# and velocities u [1122], the melt
ejection event shown in figure 84 corresponds to We = 2-8.
Such values of the Weber number place it mostly in the quasi-
steady jetting regime, in agreement with the observations. The
simulations [1136] also revealed that at the intermediate and
attached regimes (domain below We = 3.4 in figure 86), the
size of melt bulge forming when melt is turning over the edge
is about several A. This implies that a layer can easily bridge
a gap several times larger than its thickness. Such a hydro-
dynamic picture is valid for inviscid fluids with Weber num-
bers We > 1. Thinner and/or slower layers characterised by
small We will not bulge as much. Still, the resolidification can
assist in the bridge formation even in such regimes, as clearly
demonstrated in the AUG gap experiment [1137].

In the above LE experiments, the melt surface temperat-
ure well exceeded the W melting point so that the thermionic
sheath was in the SCL regime and obeyed the plasma para-
meter scaling, as discussed in section 9.2.3 and as employed
in the modelling [1122, 1123]. The dependence of the escaping
TE current on the magnetic field inclination angle was further
tested in the modelling of the sloped geometry W exposure in
AUG [1124]. MEMOS-U simulations revealed that variations
of the surface normal, affecting both the deposited heat flux
and the local escaping TE current density, were responsible
for the experimentally observed material build-up along thin
ridges on one side of the sample [1126].
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Figure 86. Upper: parametric map of the flow regimes for liquid Be
in the depth-velocity plane. The three main flow behaviours that
emerged in pure hydrodynamic simulations can be separated by
curves of constant Weber (We) number. Reproduced from [1136]. ©
2022 The Author(s). Published on behalf of IAEA by IOP
Publishing Ltd. CC BY 4.0. Lower: coupled heat transfer and
hydrodynamic simulations of Be flows over a straight edge,
displaying two different ejection regimes: quasi-steady

jetting [1136] (left) and the so-called intermediate regime [1136]
accompanied by detached material (right). The melt front is plotted
as the dashed line; the injected melt depth & and velocity v are
indicated. Reproduced from [1152]. © The Author(s). Published by
IOP Publishing Ltd. CC BY 4.0. Reproduced from [1136]. © 2022
The Author(s). Published on behalf of IAEA by IOP Publishing Ltd.
CCBY 4.0.

The specially designed experiment of sloped Nb and Ir
samples in AUG had accessed a previously unexplored regime
allowing to evaluate the impact of TE prior to the transition to
space charge limitation [1130]. Given the low melting points
(below 2750 K for Ir and Nb vs 3695 K for W), the Nb and Ir
TE current densities were about two and four orders of mag-
nitude lower, respectively, than for W. Modelling with the
MEMENTO code revealed that in this weak Lorentz force
density regime, gravity and thermo-capillary effects were
responsible for the bulk melt displacement. Under the same
experimental heat flux, simulations managed to reproduce the
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thermal responses and deformation profiles of two refract-
ory metals with diametrically opposite thermionic properties.
Additional experimental constraints that were related to the
observed onset of melting for these two materials were also
reproduced.

Finally, modelling of the electrically insulated, i.e. float-
ing, W LE exposure in AUG [1128] confirmed the role of
the replacement current density. MEMOS-U simulation res-
ults revealed that in absence of the replacement current and the
associated (typically dominant) J x B force, gravity accelera-
tion was sufficient to displace the melt pool over the observed
distance. The reason is that unusual energy deposition (see
section 9.1.2) led to the formation of a deep (~1 mm) sus-
tained pool which experienced weak viscous damping and was
accelerated over a long (O(15s)) time.

MEMENTO [1188, 1189], tailored to modelling melt
motion problems characterised by a large spatio-temporal
scale separation, has also recently been used for predictive
studies of ITER divertor MB damage [1203]. In this study,
the ELM energy density thresholds and the acceptable number
of uncontrolled ELM transients before damage occurs, which
could affect the long-term performance of the MBs, were
investigated. The MEMENTO simulations [1203] revealed the
importance of the coupling between heat flux loading and sur-
face deformation, which is present for all shallow incidence
angle cases. It results from the reduction of the projection area
for the parallel flux due to surface deformation and leads to
a positive feedback loop where already deformed surfaces are
subjected to even stronger heat fluxes. Such coupling implies
that safe ELMy operating windows depend on past surface
deformations, i.e. ITER ELMs that would not melt an undam-
aged MB could exacerbate damage to one already deformed
by previous overloading.

9.3.4. Modelling of disruption-induced melting.  The delib-
erate VDE campaign carried out in JET led to unique exper-
imental evidence for the disruption-induced melting of Be
PFCs. The observed melting of the Be UDP as well as the
formation of the inverse waterfall structure [1127] have been
modelled with the MEMOS-U code employing the heat flux as
reconstructed from available thermocouple data and empirical
CQ halo current densities [1122]. The continuous VDE heat
fluxes deposited over few tens of ms resulted in the formation
of a sustained melt pool whose depth reached 500 pm. The
VDE-induced J x B force (counteracted by viscous damping)
accelerated the melt to a few m s~ ! displacing it over distances
of ~10 cm. The importance of convection and re-solidification
is highlighted here by the fact that the melt was created on
the UDP wetted face but moved over the corner onto shad-
owed side, where it re-solidified into a structure resembling an
inverse waterfall. Detailed modelling revealed that the balance
between the resolidification rate and the uninterrupted melt
supply (dictated by heat transfer in the wetted area) determ-
ines the moving layer thickness and final deformation pro-
file [1122].

Similar to the aforementioned modelling of transient W
melting events, the macroscopic melt motion characteristics
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from these MEMOS-U simulations were employed as bound-
ary conditions in customised fluent set-ups [1136] aiming to
model the experimentally observed splashing of Be flows over
the UDP straight edge [1127]. The predictive capability of
such a modelling approach was tested by comparing the output
of the Navier—Stokes simulations with the JET data published
in [1127] concerning the frozen melt layer morphology and
the location of Be droplets that splashed onto the nearby vessel
surfaces [1136]. These simulations reconfirmed that account-
ing for the coupling between fluid dynamics and heat transfer
results in a stabilisation due to the progressive re-solidification
of the melt layer downstream of the corner, which reduces the
downstream melt depth and leads to higher viscous damping,
as discussed in section 9.2.2. Two examples of such coupled
hydrodynamic and heat transfer simulations are depicted in
figure 86 for different melt layer speeds leading to full jetting
(left) or partial detachment and ejection of material (right).

The above tools, validated in the modelling of multiple
dedicated melt experiments, have been employed in predict-
ive ITER studies concerning VDE-induced melt damage of
the FWPs [1155, 1204, 1205]. In these studies, the spatio-
temporal profiles of heat flux deposition were calculated
employing the SMITER field-tracing software [1206] which
utilised time-dependent magnetic flux maps, the radial par-
allel heat flux distribution in the halo region and the total
energy deposited on the FW simulated by the disruption code
DINA [1207, 1208]. Initial calculations, performed for the CQ
phase of the unmitigated 5 MA/1.8 T upward VDE, revealed
that the highest load occurs on the upper FWP #9 and #8, the
latter receiving a surface normal heat flux of 187 MW m~2 at
the end of the ~200 ms long deposition time [1204]. These
were reassessed in [1205] following updates to the DINA
disruption model, in particular the model’s calculations of
the radial parallel heat flux distribution in the halo region
and its characteristic decay length. For the same scenario
of an unmitigated 5SMA/1.8 T upward VDE, the new sim-
ulations predicted a maximum surface normal heat flux of
83MW m~2 at the end of the 75ms long deposition time.
Similarly, for the 15 MA case, the new maximum heat flux
value of =320 MW m~2, was almost three times smaller com-
pared to the original. As a consequence, while, for the ori-
ginal 5 MA case, MEMOS-U modelling predicted 0.5 mm
deep deformation as a result of the poloidal melt displace-
ment by the Lorentz force, the heat load in the new 5 MA case
proved to be too small to bring the FW temperature to the melt-
ing point even when accounting for the large uncertainty in the
starting Be impurity density [1205]. Simulations for the new
15 MA case showed that the induced melt pool, with surface
temperatures approaching 2500 K, can be displaced by up to
0.5 m, leaving an ~2mm deep excavation behind.

In a further extension of this study [1155], the FW energy
deposition and melt damage were assessed for 38 (out of the
84) cases present in the DINA disruption database. The latter
includes both downward and upward VDEs as well as MDs
for the three scenarios that are envisaged for the ITER PFPO:
S5MA/1.8T, 7.5MA/2.65T and 15MA/5.3 T where for each
case at least two choices for the perpendicular transport coef-
ficient were assumed. The vapour shielding has been included
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in the MEMOS-U modelling though a tabulated input extrac-
ted from the PIXY code [1202]. The PIXY simulations with
the DINA plasma parameters provided the vapour shielding
efficiency (reduction coefficient for the incident heat flux) as
a function of the surface temperature and the initial heat flux.
The use of such coefficient at every time step of the MEMOS-
U simulations relies on the assumption that the vapour shield
stays above the mesh grid over the time step, i.e. no expan-
sion parallel to the FW occurs. MEMOS-U calculations of the
final deformation profiles showed no damage for all the 5 MA
VDESs and MDs as well as for nearly all of the 7.5 MA cases.
Substantial melt damage was found for all 15 MA cases, with
a similar deformation caused by VDE and MD. Concerning
the material excavation depth, the upwards 15MA VDE
presents the worst case scenario, where results, with vapour
shielding included, predicted a 2mm deep deformation,
about 30% lower compared to the 3 mm predictions without
shielding.

This worst case of an unmitigated upward VDE at
15MA/5.3 T, striking FWP #8 [1155] has been selected as
a concrete ITER CQ scenario for the simulation of Be melt
instabilities and material splashing [1193]. MEMOS-U calcu-
lations [1155] showed that up to half of the liquid Be volume
present on the surface of FWP #8 reaches the chamfered edge
of the panel towards the end of the CQ. Similar to the JET
Be UDP case discussed above, the presence of a 45° cham-
fer at the edge of the FW panels causes disturbances in the
liquid layer, seeding free-surface instabilities. The FLUENT
software has been employed to simulate the evolution of a
flowing Be layer injected with the spatio-temporal profiles
of the main melt characteristics (height, velocity and temper-
ature) as adopted from the corresponding MEMOS-U sim-
ulations [1155]. The FLUENT results [1193] suggest that,
although the liquid layer is significantly destabilised, only
5% of the total melt mass created on the FWP surface is
lost through ejection. Since the ejection is found to be par-
allel to the FWP chamfer, it is anticipated that most of the
liquid ejecta moves towards remote, plasma-shadowed sur-
faces such as inter-panel gaps. There, similarly to the JET
observations [1127], it will likely splash and remain as a
frozen spatter. Owing to their extended contact area and strong
metallic bonding such splats are unlikely to convert to solid
dust [1130].

The ITER divertor damage caused by the earlier phase
of disruptions has been addressed in [1185], where the 2D
dynamics of the vapour shield layer has been simulated by the
TOKES code [1197] for the MD of a full TF/full plasma cur-
rent H-mode (DT) 350 MJ discharge. It was shown that during
a few ms load, the unmitigated heat flux on the outer divertor
leg can reach 40-80 GW m~2, while the heat load is reduced
below 8 GW m~2 when vapour shielding is taken into account.
The heat flux maximum is at the separatrix SP where intensely
vaporised tungsten is ionised in front of the target. The cross-
field diffusion of such a secondary W plasma shields the rest
of the target so that vaporisation and the melt region become
confined to a 1.5 cm stripe. Without shielding accounted for,
the extent of the melt and intense vaporisation region would
have been about ten times larger.
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9.3.5. Modelling of RE induced-melting.  The interaction of
REs at energies of a few MeV with PFCs leads to volumetric
heating, because the respective penetration depth range is of
the order of millimetres. Up to date, modelling has been lim-
ited to the thermal response, neglecting the mechanical solid
response or the hydrodynamic melt response. In the literature,
no numerical tools are able to simulate solid-fluid and solid-
solid interactions necessary to describe all possible damage
mechanisms that could arise during RE-PFC interaction [1073,
1151, 1152].

The common methodology comprises calculations of
relativistic electron transport into matter with a Monte Carlo
code that computes the energy deposition profile. Thus, the
volumetric heat flux can be obtained which can be used in heat
transfer modelling. Early works which follow such approach
are a few decades old, see e.g. the references [1209-1211].
Already in 1993, a work employing GEANT for electron
transport highlighted the two-fold effect of a strong shallow
inclined magnetic field on the energy deposition; return of
reflected electrons to the surface and gyration of electrons
inside the material [1209]. Typically, simplifying assumptions
have been employed for RE impact properties such as the
current density, energy distribution and transverse to paral-
lel energy ratio, see [1211] (employing the FLUKA code for
electron transport) and [1212] (employing the ENDEP code
for electron transport). Parametric studies with the HEIGHTS
code [1150] revealed that the melt depth is sensitive to the
incident energies and angles, highlighting that the knowledge
of the RE velocity distribution is critical for accurate predic-
tions and emphasising again the role of the magnetic field.
Indeed, gyration increases the electron path, contributing to
enhanced slowing down rates and resulting in reduced penet-
ration depths [1209].

The most recent evaluations concerning PFC damage upon
RE impact has been carried out with the disruption code
DINA [1207, 1208] for the time-dependent plasma equilib-
ria, the SMITER field line tracing code [1206] for 3D RE
footprints, the GEANT4 tool-kit [1213] for electron transport
(neglecting the B-field) and the MEMOS-U code [1122, 1123]
for heat transfer. The workflow has undergone preliminary
testing against observations of RE-induced Be melting in JET,
with further studies underway.

9.3.6. Other simulation efforts. ~ Metallic melt layer stabil-
ity has been addressed in several studies [1190-1192, 1214]
that employed customised OpenFoam set-ups in order to
simulate multiphase free-surface flows. The latest of these
works [1214] numerically investigates the stability of W melt
under prescribed parallel plasma flows and concludes that
plasma flow velocities of a few km s~! are sufficient to trig-
ger violent free-surface instabilities, which ultimately lead to
the complete disintegration of the liquid pool into droplets
within sub-millisecond time scales, i.e. before any noticeable
bulk melt motion can develop (see figure 3(c) in [1214]).
These results can be also extrapolated to Be using analyt-
ical Kelvin—Helmholtz scalings [1214], leading to the predic-
tion that almost all macroscopic melts (Be or W) produced in
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current tokamaks should disintegrate into droplets. This has
not been confirmed by post-mortem observations of transi-
ent PFC melt events in present tokamaks, see section 9.1. The
discrepancy is most likely due to unrealistically high plasma
viscosity values assumed in these simulations [1152]. The
most recent modelling with the OpenFoam set-ups [1215] have
addressed vapour-driven Be melts and also predicted pool dis-
integration. The simulations assumed an arbitrary combina-
tion of pool and vapour parameters even though the vaporised
flux is defined through the surface temperature by the Hertz-
Knudsen relation.

The simulation package HEIGHTS has been employed
for the assessment of ITER armour damage due to transi-
ent heat loads [1199-1201]. However, the assumed scenarios
of the temporal and spatial scales characteristic for energy
deposition are outside the parameter range relevant for ITER.
Consequently, so the presented results are not immediately
applicable for predictive simulations of armour damage under
loading conditions according to ITER specifications.

9.4. Summary

Significant progress has been achieved in the development
of methodology and modelling tools for simulations of the
PFC response and melt dynamics under surface plasma heat
loads. Continuing extensive validation activity through ded-
icated EUROfusion experiments, specially designed to max-
imise experimental constraints, has allowed to gain con-
fidence in the physics models developed and demonstrated
that we are well on our way to high fidelity cost-effective
modelling.

The situation is rather different for the volumetric loading
scenarios realised under RE-impacts. The physics of damage
is not understood, the tokamak evidence is limited and mod-
elling of RE-induced damage at its infancy. To realistically
model such scenarios, it is crucial to go beyond heat transfer to
include thermal expansion, internal phase transitions, shock-
wave propagation and material fragmentation. Finally, there
is a clear need for controlled experiments on damage by RE
impact in order to test developed work-flows.

10. Summary

Scrape-off-layer and divertor transport

A comprehensive description of the SOL physics is currently
still lacking. While the parallel transport on the magnetic field
surfaces is relatively well understood, the perpendicular trans-
port across the flux surfaces is not understood to a level that
would allow sound predictions for ITER. The parallel trans-
port can be well described by classical conduction and convec-
tion, with some corrections for kinetic effects. The perpendicu-
lar transport is largely anomalous in nature. However, enorm-
ous efforts have been made in the last decade to reduce the
uncertainties. An ITPA multi-machine comparison of divertor
heat fluxes has revealed the strong dependence of the radial
heat decay length on the inverse of the poloidal magnetic field.
The so-called Eich scaling predicts a power decay length of
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Ag < 1mm for ITER at full current operation. However, sev-
eral computational approaches predict this power decay length
to be longer, mainly because the transport regime in ITER is
thought to be different from that in current devices. BOUT
simulations claim that ITER will be dominated by turbulent
radial transport, in contrast to the drift-dominated transport
in current devices. XGC simulations predict a longer radial
correlation length of edge turbulence due to the lower E x B
shearing rate of the neoclassical flow for ITER. All numer-
ical exercises have been carried out for attached plasmas. The
same applies to the Eich scaling. Significant radiation in the
partially detached divertor operation will spread the power.

Classical drifts have been further characterised, but the
various results from experimental devices are controversial.
While in DIII-D prompt losses can have a significant effect
on the radial electric field and hence turbulence suppression
in H modes, in AUG the effects seem to be small. However,
it appears that drifts in the SOL and PFR could be respons-
ible for the asymmetries in the fluxes to the inner and OTs.
Measurements showed that drifts are essential for the overall
plasma solution and the distribution of neutral particle sources
in the divertor, and are responsible for the feeding of the con-
fined plasma from the high-field side. Drifts are more pro-
nounced in smaller devices, leading to greater asymmetries
in the divertor plasma. In larger devices, such as ITER, these
asymmetries are expected to decrease. This tendency towards
symmetry is further enhanced in strongly radiating plasmas,
where larger devices are expected to have a more symmetric
divertor, both in terms of plasma parameters and detachment
characteristics.

The anomalous turbulent transport in the SOL is still not
fully understood. This is particularly true for the interplay
between broadband electromagnetic turbulence and blobby
transport. Some progress has been made in characterising the
blobby transport using fast camera systems, but this has mostly
been limited to L. modes. It is generally understood that the
anomalous transport and the corresponding structures (blobs)
are generated at the separatrix, driven by curvature effects.

The far SOL transport is less understood and predictions of
plasma parameters far into the SOL are still subject to large
error bars. This is particularly true for H modes and ELM
suppressed H modes. Neutral leakage from the divertor into
the main chamber complicates the study of far SOL transport,
especially in the current smaller devices. The situation may be
different in ITER, where the ionisation mean-free path is much
shorter and the divertor is effectively decoupled from the main
chamber. In that case, recycling at the main chamber wall will
be the more determining factor of the far-SOL plasma profiles.

Stationary power dissipation

Steady state power dissipation is required to reduce the peak
power load on the divertor to 10 MW m~2. Recent predic-
tions of the unmitigated power load profile in the divertor
with A\, ~ I mm have further emphasised the need for effi-
cient power dissipation by seeding impurities. Over the past
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40 years, power dissipation by various seeded impurities has
been studied. The most promising for ITER are N,, Ne and Ar.
Nitrogen has been shown to be the best coolant, mainly due to
its radiative cooling curve, which exhibits high cooling rates at
10 eV. This is consistent with the requirement that the divertor
must be cooled to T, < 10eV to reduce the physical sputtering
of tungsten by the seeded light impurities to acceptable levels.
However, nitrogen may have severe limitations for use in [ITER
due to the by-product, tritiated ammonia, which will have an
impact on the duty cycle and the tritium plant. Impurity enrich-
ment, the ratio of divertor to plasma core impurity concentra-
tions, is a good criterion for the selection of impurity species.
In medium-sized tokamaks, neon has been found to have a par-
ticularly low enrichment, resulting in high neon core contam-
ination for a given divertor radiation. Nitrogen and argon are
much better in this respect. Predictions for ITER suggest that
in this case there is not an issue for neon due to its shorter
ionisation mean free path. The effect of seeding on pedestal
and core confinement has been studied extensively over the
last decade. Neon and nitrogen have been found to stabilise
ITG instabilities due to the higher Z.¢ in the core and lead to
improved core confinement. Impurity seeding can have a det-
rimental effect on the pedestal pressure, which is explained
by an outward movement of the density profile leading to an
increased separatrix density. This increased separatrix dens-
ity results in a high density region on the HFS, which fuels
the confined plasma and degrades confinement. This can be
counteracted by nitrogen seeding, which reduces the power
flow into the divertor and restores energy confinement. Highly
radiative plasmas by nitrogen seeding with high confinement
(Hog(y,2) ~ 1) have been obtained on AUG in type IIl ELMy
H modes.

Most of the data on steady-state power dissipation by seed-
ing impurities were not obtained in the relevant ITER regimes.
High-density operation at low pedestal collisionality is not
possible with current devices. This is also true for relevant no-
ELM regimes, such as the QH mode. Seeding impurities into
type III ELMy H modes was successful. Seeding into I-mode
revealed a problem with the integration of detachment. I-mode
to L-mode transitions were observed before detachment of the
outer divertor was achieved with nitrogen seeding.

Detachment control has been achieved using various tech-
niques. The most reliable are thermoelectric current measure-
ments using shunts, radiation measurements using metal foil
bolometers and AXUV diodes. Langmuir probes are inher-
ently difficult to use at low divertor electron temperatures, and
surface temperature measurements by thermocouples or IR
thermography suffer from poor signal-to-noise ratios in these
partially or completely detached plasmas. Control systems
have become more sophisticated, including multi-parameter
and multi-variable control to take into account not only the
degree of detachment and radiation level, but also the effect
on confinement.

There are still many open questions in the modelling of the
impurity seeding and detachment process, which has not pro-
gressed much beyond what was known three decades ago.



Nucl. Fusion 65 (2025) 043001

K. Krieger et al

ELM transients

The understanding of ELM physics in the context of power
exhaust has improved significantly since the formulation of
the ITER Physics Basis. In particular, the quantitative predic-
tion of the ELM impulse parameter, €1~ 172 has improved both
in terms of qualitative understanding and predictive confid-
ence. The ELM energy footprint can be described as the result
of an MHD instability connecting the pedestal plasma to the
divertor target. Multi-device data are found to be consistent
with this model. The simple model depends only on the elec-
tron pedestal pressure, the major radius, g at the edge and the
ion transit time. However, for practical reasons, the ion transit
time is always assumed to be the same. The model describes
energy deposition without dissipation by radiation, for which
regression analysis of the multi-device data set yields the scal-
ing law sﬂe)f:g =0.28MJ m~2 x Y Toa To oaa AER 3 Ryeo- The
as yet unresolved scatter of the experimental data in this scal-
ing suggests the influence of hidden parameters, thought to be
related to the different regimes of conductive and convective
ELMs.

The time dependence of the ELM energy deposition, the
other important parameter in the ELM impact, was accur-
ately described by parallel transport models. A 1D free steam
model, where ions propagate through the SOL from the ped-
estal to the targets, showed remarkable agreement with the
experimental data, despite its simplicity. Recent Langmuir
probe data during ELMs indicate that strong ELM elec-
tron cooling by Coulomb collisions does not occur. Electron
temperatures during ELMs have exceeded 100 eV on JET.
More computationally intensive models such as particle-in-
cell codes, which include sheath formation, ion orbits and
other effects, accurately describe the time dependence of
deposition and other features such as deposition in tile gaps
and corners. However, plasma neutral interactions are not
included in these models and predictions may be pessimistic if
CX processes lead to a smoother deposition profile. The kin-
etic ELM modelling was complemented by fluid modelling of
the ELMs. The fluid model, with kinetic corrections, can be
used to predict the full radial deposition profile and can also
be used to investigate recurrent events for cumulative effects.
Good agreement was found between the fluid model and the
kinetic model for convective ELMs. However, for conductive
ELMs, the fluid model was not appropriate, resulting in super-
sonic ELM transport. MHD simulations of the ELM dynam-
ics revealed two regions with separate effects. The first region
is the ELM affected region in the plasma edge, where mag-
netic ergodisation takes place, resulting in very long connec-
tion lengths of up to tens of km. The second region is the SOL,
where ELM filaments propagate radially and simultaneously
lose energy to the divertor by parallel losses with standard SOL
connection lengths.

Several techniques including 3D fields, pellets and axisym-
metric displacements have been developed to reduce ELM size
to a tolerable level. However, the energy deposition from these
mitigated ELMs is still consistent with the deposition model.
Complete suppression of ELMs by RMPs has been observed
in many tokamaks. Increasing the ELM frequency is another
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approach to mitigate the heat load from ELMs. This can be
done using hydrogen pellets or supersonic molecular beams.
Comprehensive studies have shown the limitations of these
techniques. The maximum thermal load is not reduced as much
as hoped, and the pellet size has to be tuned depending on the
proximity of the pedestal to the MHD stability limit.

Operating regimes with small tolerable ELMs and potential
for ELM heat flux removal by radiative processes have been
identified but further research is needed to assess their utility
for ITER-size devices.

Application of RMPs for ELM control

Due to the unfavourable scaling of Type I ELMs with machine
size, effective control strategies are essential. RMPs, suc-
cessfully tested in tokamaks such as AUG, DIII-D, EAST,
JET, KSTAR and MAST, have shown promise in mitigating
or suppressing ELMs, making them a primary ELM control
strategy for ITER. However, it remains to be demonstrated
that this is compatible with the steady-state power dissipation
requirements of ITER. The inherent dilemma is that optimal
plasma boundary solutions for steady-state heat load removal
(e.g. high divertor density, high impurity radiation) in cur-
rent devices have been found to be mostly incompatible with
the requirements for full ELM suppression, since they require
lower pedestal collisionality. As current experiments can only
cover either the range of pedestal collisionalities or densities
expected in ITER, an integrated solution cannot be demon-
strated before ITER operation. This highlights the need for fur-
ther exploration of the currently accessible operational space
to further optimise the ELM control strategies envisaged for
ITER.

A common observation in current ELM control experi-
ments is the reduction in pedestal density and gradient when
RMPs are applied, known as density pump-out. While RMPs
can effectively reduce transient local heat loads, their com-
patibility with ITER’s steady-state power dissipation solutions
remains to be demonstrated. Predictive SOLPS modelling, on
which the design of the ITER divertor is based, makes the
assumption of toroidal symmetry. However, this basic assump-
tion becomes invalid with the application of RMPs, which
break the toroidal symmetry: Particle and heat loads can split
into non-axisymmetric striations.

This suggests that it will be challenging to decouple the
magnetic footprint from the optimisation of ELM suppression,
complicating the management of the power dissipation and
its predictive modelling. The resulting 3D heat and particle
flux structure may require a rotating RMP field to distrib-
ute the steady state power loads. Experiments to optimise the
RMP spectrum by phase rotation have shown that the aver-
age heat load can be reduced by more than a factor of two.
Radiative cooling by seeded impurities has the potential to fur-
ther smoothen the heat flux profiles, as indicated by detach-
ment experiments.

Codes such as EMC3-EIRENE, which extend 2D plasma
boundary modelling to fully 3D simulations, are used to assess
the impact of RMPs on heat loads, in particular the effect
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of the striated footprint patterns. Initial simulations for par-
tial detachment with RMPs at ITER FPO with 100 MW of
power output through the SOL suggest that sufficient dissip-
ation is possible despite significant heat loads on secondary
SPs. Validation of such simulations against radiative divertor
experiments with RMPs will be essential to improve the reli-
ability of predictions for ITER and beyond.

Erosion of PFCs and impurity migration

Since the publication of the PIPB, many tokamaks around the
world have moved from graphite to metallic walls. In partic-
ular, the transition of JET from CFC to an ITER-like wall of
Be tiles in the main chamber and a W divertor has provided
great insight into the erosion and impurity migration expected
for ITER. In JET, the overall main chamber erosion with Be
was greatly reduced compared to the C main chamber wall.
The overall picture of impurity migration remained the same,
with the main source of erosion being the main chamber wall
and the transport of eroded material mainly to the inner diver-
tor. The strong reduction in stepwise transport from the main
deposition zone of the inner divertor to remote areas due to the
absence of Be chemical erosion resulted in a massive reduction
in Be dust formation compared to carbon. It was also found
that no significant net deposition of Be occurs in the outer
divertor due to the factor two lower Be flux to the outer divertor
compared to the inner divertor.

The erosion of W in the divertor in both the JET and
AUG H-mode scenarios is mainly due to the ELMs. Between
the ELMs the divertor is detached and the erosion of W is
much lower, mainly due to sputtering by light impurities,
either residual or seeded, while during the ELMs sputtering
by the fuel ions also becomes significant. Because of 95%
prompt gyro orbit redeposition of sputtered W, the overall
net W erosion in the divertor is greatly reduced compared
to low-Z PFM. High energy CX neutrals can further con-
tribute to the total W source, both in the divertor and in the
main chamber, with experimental evidence e.g. from EAST.
In the case of W main chamber LIMs, the incident intra-ELM
fluxes contribute up to 70% to the average local W sources,
while in LIM plasma configurations during start-up and shut-
down, W self-sputtering can also become important. In AUG
and WEST with a full W wall configuration, the divertor was
identified as the strongest W source. However, the W core
concentration is determined more by the W source from the
main chamber PFC. To understand the screening of local-
ised W sources, such as from LIMs or due to RMP applic-
ation for ELM mitigation, studies in WEST highlighted the
need for full 3D simulations, which are still an open area of
research.

Over the last decade, significant progress has been made
in modelling erosion, impurity migration and redeposition.
ERO2.0 and WALLDYN have been successfully used to pre-
dict material migration for ITER. The main findings are that
the erosion of a Be FW is dominated by ion impact (in par-
ticular Be self-sputtering) on the plasma wetted areas, which
account for ~10% of the total wall area. The CX neutrals con-
tribute only 1/3 of the total Be source. The highest erosion
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rate is found on the inner wall, but with a large uncertainty
in the absolute value depending on the transport models used.
Detailed investigations with 3D WALLDYN predict a factor
of 5 higher redeposition in the main chamber compared to
simpler 2D models. Simulations of material migration with
WALLDYN and ERO2.0 for ITER Q = 10 scenarios predict
up to 90% redeposition on the FW due to the opaque SOL.
Modelling of intra-ELM W erosion predicts that sputtering
of W by energetic deuterons is the dominant erosion process
at typical light impurity concentrations. ERO simulations pre-
dict that W self-sputtering contributes up to 25% of the total
W source and also revealed significant contributions from CX
neutrals.

It should be noted that the envisaged transition of ITER
from a Be to a full W FW will have a strong impact on the main
chamber impurity source. This is of particular concern for the
ITER ramp-up phase, when the plasma will be in direct con-
tact with the W FW. Additional R&D is required to determine
the relative contributions of impurity sputtering from boron-
isations and from seeding gases compared to sputtering from
CX neutrals and tungsten self-sputtering, and their depend-
ency on the plasma scenario.

Hl inventory and recovery

In devices with carbon PFC, H isotope retention was found
to be too high with respect to the T inventory limit in a ther-
monuclear device, mainly due to continuous HI co-deposition
with C. Therefore, ITER was designed with a Be FW, retain-
ing C (CFC) only in the HHF areas of the divertor and W
elsewhere, with a plan to install a full W divertor before ther-
monuclear operation. Encouraged by the success of AUG in
operating a full W device, the JET ILW project was under-
taken to confirm the material choice for ITER, with further
devices (WEST, EAST) subsequently moving to all-metal PFC
configurations.

With detailed gas balance studies of fuel retention and
post-campaign analysis of retrieved PFC samples, JET-ILW
demonstrated a reduction in deuterium retention by a factor
of 10-20 compared to the all-C JET, mainly due to the lack
of chemical erosion of Be. However, T inventory growth rates
due to fuel co-deposition with Be in the divertor were still a
concern. Although the retained fuel fraction in Be deposits is
significantly lower than in C, in-vessel fuel removal techniques
would still be required to recover the T retained in the depos-
ited layers. In comparison, fuel retention in the main chamber
LIMs and UDPs in the JET-ILW was negligibly small (0.01%).
Similar to the JET-ILW results, in the first campaign with an
all-W AUG without boronisation, D retention was found to
be reduced by a factor of 5-10 compared to an all-carbon
AUG. With both measurement methods, gas balance and post-
campaign sample analysis, comparable reduction factors were
observed from all-C to all-metal PFC configurations. It should
be noted that post-mortem studies typically yield values 3-6
smaller in absolute terms than gas balance, with the difference
attributed to not fully representative wall coverage of samples
taken from the vessel, losses due to storage of samples in air,
and missing contributions e.g. from dust.
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The encouraging results from AUG and JET were the main
driver for the ITER decision to use a full W divertor from
Day 1. More recently, the still significant growth rate of the
Be-related T inventory has been one of the factors behind the
plan to abandon Be altogether in ITER and switch to a full W
device.

Even in full-W PFC devices, fuel recovery and wall condi-
tioning methods are still required to maintain optimum dis-
charge performance and in-vessel T inventory. Vessel bak-
ing is an effective method for removing residual impurit-
ies after pump-down and for fuel removal, particularly at
high temperatures, but requires longer times for outgassing of
thick co-deposited layers. GDC can be used to enhance iso-
tope exchange and fuel removal, especially when combined
with baking. However, it is not applicable in the presence
of a toroidal magnetic field. In this case, electron/ion cyclo-
tron wall conditioning can be used instead, but these meth-
ods still require future R&D efforts for optimisation and code
validation.

While great progress has been made in understanding
hydrogen retention for metallic wall materials, there are still
open questions, e.g. the influence of seeded impurities (e.g.
N, Ne, Ar etc) on fuel implantation. This also applies to the
effect of implanted impurities on the formation of trap sites and
on fuel diffusion in the PFM. For devices with reactor-relevant
operating times and correspondingly high neutron irradiation
fluence, the created trap sites can increase fuel retention by
an order of magnitude. While sophisticated modelling tools
have been developed for predictive simulations of fuel trap-
ping, diffusion and permeation in the PFM over a wide range
of parameters, most of the experimental results required for
code validation have been obtained with materials exposed to
fission neutrons or proxy ion irradiation, while studies with
14 MeV fusion neutrons will only become available with new
dedicated irradiation facilities such as IFMIF and VNS.

Evolution of PFMs under sustained plasma exposure

The evolution of PFMs under sustained plasma exposure is a
critical issue for future tokamaks. PFMs in tokamaks are sub-
jected to synergistic loads combining thermal, plasma particle
and neutron fluxes. Thermal and plasma particle loads scale
strongly with device size, e.g. in ITER, the divertor must be
designed for steady state thermal loads of up to [0 MW m~2,
transient loads of up to 20 MW m~2 for 10 transients, and
cycling ELM transient loads at heat flux factors of up to
6 MW s'/2 m~2. Loading conditions above these limits will
result in problems such as cracking, melting and dust forma-
tion, but even below these limits will result in long-term deteri-
oration of the PFM.

Laboratory experiments, such as HHF test stands and lin-
ear plasma devices, provide controlled environments to study
PFM behaviour under high fluence and high cycle conditions.
For example, studies of the properties of W MBs at high flu-
ence in Magnum-PSI, have shown that fatigue cracking is an
important issue under ITER-relevant conditions. These and
similar experiments have shown that cracking thresholds are
significantly lower than the unmitigated ELM loads expected
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in ITER. Under these high cycle transient loads, cracks may
also grow and propagate after their onset, potentially leading
to local melting and component failure. Further experiments
also focused on W recrystallisation under cyclic thermal load-
ing, which can degrade the thermomechanical properties and
performance of W PFCs. Future R&D is required to better
define the safety margins for PFC loads, which, together with
the margins for crack formation, will set boundary conditions
for the plasma operational space of ITER and beyond.

Experiments in fusion devices complement laboratory stud-
ies by providing real world exposure conditions. The long-
term behaviour of tungsten and beryllium PFMs has been
studied in tokamaks such as AUG, WEST, EAST and JET-
ILW. These studies reveal micro- and macro-cracking, dust
formation and the effects of long-term plasma exposure on
pre-damaged components. For example, AUG’s transition to
all-tungsten PFCs highlighted issues such as macroscopic
cracking due to electromagnetic and thermomechanical forces,
leading to design adjustments and the optional use of a more
ductile W-heavy alloy to reduce crack formation. The occur-
rence of cracking and local melting on the W MB divertor
PFCs in EAST highlighted the need for optimised shaping to
avoid local overheating. Observations on the W divertor PFU
in WEST highlighted the problem of cracking during transi-
ents when the total steady-state heat load is low enough to keep
the W surface temperature below the DBTT, leading to brittle
fracture.

Plasma exposure also induces surface modifications such
as embrittlement, blistering and fuzz formation. Blistering,
caused by hydrogen or helium implantation, can potentially
degrade material integrity in the surface region. Fuzz form-
ation on W under helium plasma exposure changes the sur-
face morphology, erosion properties and thermal conductivity.
The complex interplay between fuzz formation and erosion by
ELMs/impurities has been studied experimentally both in lin-
ear plasma devices and in various tokamaks, concluding that
W fuzz will only occur within a narrow operational window
under ITER divertor conditions.

Dust formation as a result of surface damage and plasma
interactions is a major challenge, particularly for future react-
ors with long operating times. In devices with metallic PFCs,
dust is formed by processes such as melt droplet ejection, exfo-
liation and micro-cracking. The management of dust accu-
mulation and migration is crucial to maintain plasma per-
formance and safety. Studies in fusion devices and laborat-
ory setups have aimed to quantify dust production rates, char-
acterise particle properties and understand migration patterns
to inform mitigation strategies. However, there are still signi-
ficant gaps in the understanding of the respective processes,
motivating future R&D efforts.

Another important issue is the interaction of plasma expos-
ure with neutron-induced defects due to neutron wall loads
in thermonuclear devices. Identified knowledge gaps highlight
the need for further research into the trapping of hydrogen and
helium in neutron-induced defects, the formation and influ-
ence of transmutation products, and towards a comprehensive
understanding of the behaviour of PFMs under the combined
effects of plasma, thermal and neutron loading. Advanced
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neutron sources providing 14 MeV fusion neutrons will be
essential for these studies and for the validation of related mod-
elling tools.

PFC damage by excessive heat loads

Transient heat loads that exceed the heat flux capabilities of
metallic PFCs, such as those caused by unmitigated ELMs,
VDEs and disruptions, can cause significant damage due to
severe cracking and melting. The resulting metallic melt is
subject to plasma-induced forces that displace material, caus-
ing large-scale surface deformation that can severely com-
promise power handling.

Since the publication of the PIPB, a coordinated effort by
the ITPA and the EUROfusion consortium has been under-
taken to plan and execute a series of carefully designed inten-
tional melting experiments. These multi-machine studies have
established a robust model validation base for PFC melting due
to excessive plasma thermal loads, covering a range of devices
with different material compositions, cooling methods (act-
ive and inertial), geometries, plasma scenarios and bulk cur-
rent sources affecting the melt zones. Beyond standard damage
metrics—such as displaced melt volume and final deformation
profiles—these experiments have also introduced previously
unattainable experimental constraints. Key advances include
simultaneous exposure of materials with different thermal
responses, high-resolution IR camera detection of melt onset
and displacement, melt splashing from sample edges, and melt
motion on PFCs with complex geometries such as tiles with
gaps.

Model validation against the new extended empirical data-
base has confirmed the critical role of TE in the melt damage
of W components and has allowed confidence to be gained in
the physical models developed to describe macroscopic melt
motion and melt splashing. The validation process and model
refinement led to the development of new simulation tools,
MEMOS-U and MEMENTO, which have been used for ITER
predictive studies of Be and W armour melting under transient
heat loads.

For disruption transients, apart from CQ thermal loads at
high plasma currents, the potential formation of high energy,
high current RE populations constitutes the main threat to the
ITER FW armour. REs are of particular concern due to their
ability to penetrate deeper into the material bulk than typical
plasma transient thermal loads, thereby endangering the integ-
rity of the final actively cooled FW panels. As such, unmitig-
ated REs represent a critical challenge for ITER, irrespective
of the main chamber armour material selected.

In contrast to melting under plasma thermal loads, the
understanding of PFC evolution under volumetric heat loads
by RE-related power fluxes remains limited. Currently, no
computational tools are available to reliably model the com-
plex processes of RE-PFC interaction associated with volu-
metric heating, compressive flows, shock wave propagation
and fragmentation. The main reason for this is the lack of
controlled experiments on RE-induced damage, as experi-
mental evidence of accidental damage does not provide suf-
ficient experimental input. Since it is not possible to generate
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fusion-relevant electron beams in external facilities (due to
the extreme intensity and high degree of localisation), exper-
iments in tokamaks will be necessary to provide the missing
data.

Conclusions

Since the Progress of the ITER Physics Basis (PIPB) in 2007,
significant advances in scrape-off-layer (SOL) and divertor
physics have been made, partly driven by ITER design modi-
fications, such as the installation of RMP coils for ELM sup-
pression and the decision to adopt a full tungsten divertor from
day one of ITER operation. ELM mitigation and suppression
have now been demonstrated across several tokamaks, and
substantial progress has been achieved in integrating ELM
suppression with detached divertor regimes.

Over the past decade, a great deal of research has been
devoted to a better understanding of near-SOL transport. A
multi-machine comparison of divertor heat fluxes coordinated
by the ITPA revealed a strong radial heat flux decay length
dependence on the inverse of the poloidal magnetic field, lead-
ing to the so-called Eich scaling, which predicts a decay length
of A\; < 1mm for ITER at full current operation. This scaling
has shown quantitative agreement with a heuristic drift-based
model of the heat flux decay length in low-gas-puff H-mode,
although advanced simulations suggest a longer decay length
under ITER-like parameters.

The decision to use a full tungsten divertor from day one
initiated extensive studies on plasma detachment and its con-
trol. High power discharges with impurity seeding in AUG
have demonstrated effective detachment control while main-
taining high confinement in a full tungsten FW configuration.
Similar results have been reproduced in other medium-sized
tokamaks, reinforcing the design choice of tungsten PFCs for
ITER.

Since the PIPB, JET’s upgrade to an ITER-like wall with
a beryllium main chamber and a full tungsten divertor has
allowed extensive fuel retention studies to be carried out,
demonstrating a tenfold reduction in fuel retention compared
to carbon-based walls, which has also been demonstrated in
medium-sized tokamaks with full W-wall armour. These res-
ults support the selection of the FW and divertor materials for
ITER with respect to the safety margins for the tritium in-
vessel fuel inventory.

Experiments at JET, AUG and WEST have further
advanced the understanding of tungsten erosion, screening of
tungsten sources and tungsten migration. Advanced in-situ
and ex-situ diagnostics, combined with detailed simulations,
have provided a robust parametrisation of the tungsten erosion
sources in the divertor, providing detailed insights into the
impact of these processes expected in ITER.

Significant progress has also been made in modelling
the response of tungsten to excessive transient heat loads,
particularly in resolidification dominated melt dynamics.
Numerical simulation models, validated against data from
JET, AUG and WEST, now provide high confidence pre-
dictions of how tungsten will behave under extreme plasma
conditions.
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Research outcomes from this period have led to multiple
impactful publications, six of which have received the Nuclear
Fusion Award.

The recent decision to move from a beryllium to an all-
tungsten design for the ITER main chamber armour has
opened up new areas of research. Key questions include the
properties of the tungsten sources in the main chamber, in
particular those induced by ICRH, the transport of tungsten
through the SOL and boundary plasma to the pedestal, and
the utilisation criteria of wall conditioning by boronisation,
including its impact on fuel retention and removal. In addi-
tion, the quantification of tungsten and mixed material dust
formation during long pulse plasma operation and the scaling
of these results to ITER will be crucial for future operational
planning. Finally, unmitigated REs remain a critical challenge
for ITER, irrespective of the main chamber armour material
selected, with predictive modelling still in its infancy.
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