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Abstract
Wall conditioning is essential in tokamak and stellarator research to achieve plasma performance
and reproducibility. This paper presents an overview of recent conditioning results, both from
experiments in present devices and modelling, in view of devices with superconducting coils,
with focus on W7-X, JT-60SA and ITER. In these devices, the coils stay energised throughout
an experimental day or week which demands for new conditioning techniques that work in
presence of the nominal field, in addition to the proven conditioning methods such as baking,
glow discharge conditioning (GDC) and low-Z wall coating through GDC-plasma, which do not
work under such condition. The discussed techniques are RF conditioning without plasma
current, both in the ion cyclotron and electron cyclotron range of frequencies, and diverted
conditioning plasmas with nested magnetic flux surfaces. Similarities and differences between
tokamaks and stellarators are highlighted. Finally a conditional tritium recovery strategy for
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ITER is proposed based on Ion Cyclotron Wall Conditioning and L-mode plasma results from
JET, equipped with an ITER-like wall (beryllium main chamber wall and tungsten divertor).

Keywords: wall conditioning, tritium recovery, RF conditioning, W7-X, JT-60SA, ITER

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

1. Introduction

Wall conditioning is essential in tokamak and stellarator
research. It is relied upon to obtain improved and repro-
ducible plasma performance by (i) reducing the release of
impurities from the first wall as a consequence of plasma–
surface interactions, and (ii) controlling the recycling of
hydrogenic fuel fluxes and hence the plasma density [1].
More specifically, conditioning techniques allow tokamak
start-up and recovering from events such as disruptions in a
tokamak (often mitigated by gas injection, e.g. argon),
radiative collapses in a stellarator or vacuum leaks. Con-
ditioning accelerates the transition from plasma operations in
one main plasma element, either a hydrogen isotope or
helium, to another and provides access to advanced scenarios.
Finally, both JET and ITER, facing a strict safety limit on the
in-vessel tritium (T) inventory of 11 g and 700 g of T
respectively, rely on conditioning techniques for tritium
removal from the plasma-facing materials [2].

With the progress in fusion research, new conditioning
challenges appear. New devices, equipped with superconducting
magnetic field coils, restrict the use of proven conditioning
methods such as baking and glow discharge conditioning
(GDC), including the application of wall coatings through GDC-
plasma. Baking requires de-energised field coils for technical
reasons while GDC is incompatible with the magnetic field for
physics reasons. Superconducting coils typically withstand a
limited amount of charging cycles from zero to full current
throughout their lifetime. New conditioning techniques are
therefore being developed to ensure good plasma performance in
long pulses and to mitigate the tritium inventory build-up
throughout an experimental day or week during which the
superconducting coils remain energised.

Indeed, while the permanent retention rate of fuel in JET,
equipped with an ITER-like wall (ILW) since 2011 [3] (ber-
yllium main chamber wall and tungsten divertor), is reduced by
a factor of ∼18 with respect to operation with carbon-based
materials [4], the rates may still lead to an unacceptable tritium
inventory build-up when extrapolated to ITER. Uncertainties
remain on the absolute rates. Post mortem analysis finds per-
manent retention rates for deuterium (D) of 5.7×1018 D s−1 [5]
while gas balance analysis result in rates of 0.2 − 1.5×1020

D s−1 [4, 6] or higher as discussed in section 3.3. Long term
outgassing [4] and retention in remote areas may explain the
difference between post mortem analysis and gas balance ana-
lysis, while the reason for the spread in the latter is sought in the
strong dependence of retention on the discharge scenario and the
wall loading. Extrapolating the worst case retention rate
(1.5×1020 D s−1) from JET to ITER, considering a 4 times
larger surface area in ITER and a 50% tritium content in the
plasma, one arrives at a permanent retention of 0.5 gT within

just one 400 s D:T pulse in ITER. The tritium inventory limit in
ITER may as such be reached within the first few years of ITER
D:T operation if no conditioning techniques are applied [7].

This contribution provides an overview of recent wall
conditioning results in view of devices with superconducting
coils. Section 2 discusses conditioning that requires de-ener-
gised magnetic field coils: baking, glow discharge con-
ditioning (GDC) and the application of wall coatings through
GDC-plasma. Section 3 discusses conditioning techniques
that operate in the presence of the toroidal magnetic field (BT),
namely radio frequency (RF) conditioning without plasma
current, both in the ion cyclotron (IC-) and electron cyclotron
range of frequencies (ECRF) and diverted conditioning
plasmas with nested magnetic flux surfaces. The application
of wall coatings via RF plasmas or diverted plasmas, some-
times referred to as ‘real-time conditioning’, is commented
throughout the text. Section 4 translates the presented results
into a possible strategy to mitigate the tritium inventory build-
up in ITER based on discharge conditioning with BT.

2. Conditioning without BT

2.1. Baking

Baking is a necessary though lengthy procedure (order of days)
applied after machine venting and in-vessel interventions to
remove adsorbents such as water and higher hydrocarbons
through thermal desorption. The W7-X vessel is baked for 7 d
at 150 °C degrees where after plasma operation foresees active
cooling of the plasma facing components (PFC) to ∼28 °C [8].
JT-60SA foresees baking of the divertor and main wall at
200 °C [9] while the stabilising plates may be heated up to
300 °C. The temperature of the vacuum vessel in plasma
operation will be kept at ∼50 °C [10]. ITER foresees baking of
its first wall and divertor cassettes at 240 °C. The divertor can
be heated up further to 350 °C by circulating hot gas in its
cooling channels. During plasma operations the PFC will be
actively cooled by water with inlet temperature of 70 °C [2].

The mobility of hydrogen isotopes that are retained in the
plasma facing materials increases as well with increased temp-
erature, enhancing their release to the vacuum chamber. Baking
in ITER is therefore an important part of the strategy to recover
tritium from the vessel, notably the tritium that, similar to the
JET-ILW experience [11], will be stored in co-deposited ber-
yllium layers at the divertor baffles. The feasible bake frequency
and temperature in ITER seems however too low for effective
tritium depletion from thick beryllium co-deposits [12].

The outgassing pressure at constant surface temperature
follows typically a -t 0.7 time dependency. The power law
originates from processes such as thermal de-trapping of
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particles at trapping site concentrations in the PFC, diffusion
of those particles through the material bulk and their recom-
bination to volatile molecules at the surface. The dependency
makes that the relative changes in the neutral pressure, p,
scale inversely proportional to the elapsed time, µ -p p t ,1/
unlike for an exponential decay where =p p cst./ Thus, with
longer baking time it becomes increasingly difficult to recover
molecules from the vessel with outgassing following a power
law [8]. Significant removal gains can however be made by
extending short conditioning procedures as shown in
sections 3.2 and 3.3.

2.2. Glow discharge conditioning

Superconducting devices apply GDC to (i) further deplete
contamination layers on the wall surfaces after baking by
reducing metal oxides or hydrogenation of carbon-based
surfaces [1], (ii) to reset the wall conditions between opera-
tion cycles when the superconducting coils are de-energised
[13] and (iii) to contribute to tritium-recovery from the ITER
PFC [2]. GDC is also used to apply homogeneous low-Z wall
coatings (see 2.3).

GDC relies on a hollow cathode discharge in a noble or
reactive gas [14]. The to-be-conditioned wall surfaces are
grounded and represent the discharge cathode. An excitation
source powers multiple anodes that are distributed in the
torus. W7-X, JT-60SA and ITER foresee the use of direct
current. The anodes, designed for stable discharge operation
at pressures of about 2–5×10–3 mbar, have typically 3
orders of magnitude smaller surface area compared to the
cathode.

Secondary electron emission at the cathode sustains the
weakly ionized low-temperature GDC plasma (electron
temperature Te<10 eV, electron density ne=1016 m−3).
The electrons are emitted upon ion impact and accelerate to
the plasma in the cathode sheath (200–400 V) [15]. The ions,
produced by electron impact ionization of the neutral gas,
accelerate towards the surfaces in the same cathode fall where
they release adsorbents through physical or chemically
assisted sputtering. The ion current therefore determines the
release rate of adsorbents from the surface. The current den-
sity is proportional to the plasma density that decays with
increasing distance from the anode. The discharge homo-
geneity can be improved significantly by placing multiple
anodes and optimising the working pressure [16].

ITER aims at a glow current of 0.2 A m−2 for its 1000 m2

wall using 7 anodes. 2D multi-fluid modelling, approximating
the ITER volume by concentric spheres, shows reasonably
homogenous density, temperature and plasma potential
already by using two anodes, delivering approximately
0.03 Am−2 per anode [14]. W7-X with a total surface area of
200 m2 operates GDC at 10–15 A using 10 anodes [17].

The efficiency determining factors for GDC, and dis-
charge conditioning in general, are represented in the neutral
pressure balance equations. An example for a helium (He)
discharge applied to remove hydrogen (H) from the PFC
is given below. W7-X routinely used such procedure
between operational days throughout its first two operation

campaigns [13]
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The main species striking the wall are single ionised helium
ions and H2

+-ions stemming from direct ionization of wall
released H2 [18]. Their flux is proportional to the gas pressure
(pHe and pH2

), the ionisation rate (k i
He and k i

H2
) and the

electron density n .e( ) The helium flux, p k n ,i
eHe He mobilises

the hydrogen atoms in the PFC and hence appears both in the
helium and hydrogen pressure balance. A steady helium
pressure is obtained when the external gas flow QHe is
balanced by (i) vacuum pumping, with SHe the effective
pumping speed for helium in the vessel and V the vessel
volume, and (ii) the retention rate of helium in the PFC, with

+RHe the recycling coefficient. Similarly, a slowly varying
hydrogen pressure will develop where wall release, dependent
on the time varying hydrogen concentration in the PFC, c t ,( )
and the maximum H2 removal yield per impinging helium
ion, +Y ,He is balanced by (i) vacuum pumping and (ii) re-
deposition of hydrogen on/in the PFC. The removal yield
(de-trapping, diffusion, desorption) and recycling coefficients
(implantation) are material dependent.

Maximising removal p
S

VH2

H2( ) while minimising reten-

tion or re-deposition of both the injected and wall released gas
(1-R) is achieved by pulsed discharge conditioning as shown
for hydrogen IC conditioning discharges in TORE SUPRA
[19]. Pumping (and outgassing) continues between pulses
( =n 0e in above equations). Retention on the other hand is
proportional to the plasma duration ( ¹n 0e ). Similar dis-
charge duty cycle optimization was made possible for GDC in
ASDEX Upgrade. The full tungsten device reported an
increase of the helium content in plasma discharges following
He-GDC with thereby reduced plasma performance [20]. The
glow discharge system of ASDEX Upgrade, which includes a
starting device on each anode, was therefore upgraded to
allow the fast ignition of the glow at the working pressure.
This omits the need for a tenfold pressure increase to obtain
Paschen breakdown. Comparing different discharge duty
cycles for GDC procedures with 5 min duration, it is found
that 10-second-long discharges followed by 50 s for pumping
are optimal. Retention of helium is reduced by 83.3% while
removing still 68.7% of the hydrogen compared to continuous
GDC operation [20].

The applicability of GDC for T-recovery in ITER is
assessed by considering 5 operation days with a modest
number of 10 pulses per day of 400 s each operated in JET.
The worst case estimation for such an operation week is that
up to 3×1024 H isotopes may be retained in permanent
deposits and by implantation. Isotopic exchange experiments
by H2-GDC in JET-ILW [21] evidenced the removal of
9.3×1022 D atoms from the first wall. This estimate limits
the interest of GDC for T-recovery in ITER as it would
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require de-energizing the TF coils more frequently than once
a week.

2.3. Boronization through GDC

Applying low atomic number (low-Z) wall coatings, either
boron (B), silicon or lithium, onto the PFC is very effective
for suppressing metal impurities and oxygen gettering. In
addition, a strong wall pumping capability and hence low
hydrogen recycling conditions can be achieved with such
coating [1]. Both W7-X, with carbon-based heat flux com-
ponents and a metallic first wall, and JT-60SA with carbon-
based PFC foresee the use of boron [17, 22]. Full tungsten
devices ASDEX Upgrade and WEST use also regular bor-
onizations throughout their operations campaigns to reduce
the influx of W and intrinsic impurities from the main
chamber PFC [23, 24]. ITER is equiped with a beryllium
main chamber wall and does, therefore, not foresee the use of
wall coatings. Firstly, the ITER-like-wall in JET has
demonstrated 10 times lower initial oxygen plasma content
compared to the earlier operation phases with carbon-based
PFC due to oxygen gettering on the beryllium first wall [25].
Secondly, introducing wall coating material in ITER leads to
the build-up of tritiated low-Z films in the vacuum vessel
which is incompatible with the strict tritium inventory limit.

The boronization of the wall is typically applied through
a glow discharge in a mixture of helium and diborane (B2H6

or B2D6 at 10%), followed by a short glow in pure helium to
crack the remaining diborane molecules and to desature the
surfaces from hydrogen isotopes. The experimental procedure
is known to produce high quality homogeneous thin films [1].
The thickness of the layer, typically up to 100 nm, is esti-
mated by assuming that all injected boron atoms are contained
in the amorphous layer [26], with good agreement to post
mortem analysis [27]. The coating is temporary. The surface
coverage of the coating is challenged by erosion and
deposition processes. At plasma-exposed areas, the boron
layer can be completely eroded with time. The typical erosion

rate at the strike lines on the divertor target is estimated at
0.25 nm s−1. Figure 1 (right) shows that at the W7-X divertor
strike lines, the boron radiation [28] reduces quickly in the
first pulses after boronization, each with 7.5 s duration,
2–4MW of electron cyclotron resonance heating (ECRH) and
a plasma density of 2×1019 m−3. The erosion rate at the
main wall is one order of magnitude lower based on tokamak
experience [27], which, so far, appears different in a stel-
larator as discussed below.

The boronization effect in the second divertor campaign
OP1.2b in stellarator W7-X is illustrated by figure 1 and
further reported in [29]. Boronization reduced the oxygen
influx at the divertor by 8× (left). Carbon erosion, as a result,
dropped significantly with 10× lower fluxes at the divertor
(left) and supressed CO outgassing pressures in the mass
spectrometer after the discharge [30]. With less intrinsic
impurities, the operational space increased by a factor 4 for
density and 2 for confinement time (figure 1, centre). Sub-
sequent boronizations further reduced the oxygen content
while, in contrast to the experience in tokamaks with carbon-
based PFC [1], so far, no degradation back towards pre-bor-
onization conditions is observed (figure 1 left and centre,
further discussed in [31]). Unlike in stellarator W7-X, a
tokamak discharge features phases during which the plasma is
limited on the main chamber PFC. Local erosion of the boron
layer during these limiter phases, namely the burn-through,
current ramp-up and current ramp-down phase, is inevitable.

W7-X aims at upto 30 min long plasma pulses [32], a
significant duration compared to the ∼9000 s of total plasma
time during the above discussed Op1.2b campaign. JT-60SA
foresees pulses with 100 s current flat-top duration [33].
Erosion of the main wall coatings between subsequent bor-
onizations may therefore affect the experimental research
program at these devices. Boronization through GDC requires
de-energised coils and moreover strict safety measures
regarding the toxic and explosive diborane gas. Alternative
techniques to apply low-Z wall coatings applicable in pre-
sence of the magnetic field may therefore be favorable for

Figure 1. W7-X data samples from all discharges in standard configuration (ExM) of the second divertor campaign OP1.2b, separated by 3
boronizations. Left: oxygen and carbon radiation from passive spectroscopy viewing the W7-X divertor. Centre: line integrated plasma
density and confinement time. Right: peak value of boron and carbon photon flux from overview spectrometer looking at the divertor target
[28] in H discharges after the 1st boronization in W7-X.
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superconducting long-pulse devices. The layer formation in
such techniques is expected to be inhomogeneous due to
magnetic field related transport. IC and EC plasma assisted
depostion is studied in TEXTOR and TOMAS where,
depending on the used precursor gas, the films exhibited high
hydrogen contents [34]. Dropping low-Z powder in diverted
plasmas is presently researched. Injection of boron powder in
H-mode conditioning plasmas in ASDEX Upgrade allowed
the suppression of edge localized modes in the subsequent
plasma by using use magnetic perturbations. These plasma
experiments normally rely on standard boronization [35].
Beneficial effects of similar real-time conditioning, namely
injecting powders into long high performance discharges, is
also investigated, where efforts are put in keeping up the
plasma purity and minimising the total powder throughput to
avoid accumulation of thick deposits in long pulses [36].

3. Conditioning with BT

3.1. Conditioning by ECRH plasma

Conditioning by ECRH plasma relies on a currentless dis-
charge produced by localised power absorption at the fun-
damental EC resonance or its second harmonic. The location
and size of the plasma-wetted area is determined by the shape
of the confining magnetic field. Figure 2 illustrates thereto the
key difference between ECRH plasma in a stellarator (left)
and in a tokamak (right), the first with and the second without
nested flux surfaces as visible from the shape of the plasma
drift surfaces. ECRH plasma in a stellarator is fully ionised
( >T 100e eV) with density above >n 10e

19 m−3 with strong
surface interaction at the divertor strike lines. The diverted
plasma distinguishes from normal operation by their optim-
ization for removal rather than, for example, stored energy.
Such optimisations target the ECRH duty cycle or strike line
positions on the target plates [30]. Section 3.1.1 discusses
results for W7-X. In contrast, due to poor confinement,
relatively low temperature ( <T 100e eV) and only partially
ionised plasma is obtained in a tokamak. The plasma density
strongly peaks at the resonance layer with values being close
or below n 10e

19 m−3. Section 3.1.2 discusses results of
TCV in view of JT-60SA operation.

Safe ECRH plasma operation requires minimising the EC
stray radiation, i.e. minimising the possible absorption of EC
energy on in-vessel components. Hereto (i) the plasma
breakdown phase, without measurable density and hence
negligible EC absorption by plasma, needs to be short and (ii)
more importantly the absorption during the longer plasma
phase needs to be high. The breakdown time depends on the
gas and its pressure, the ECRH power, polarisation and
launch angle, and the distance of the EC resonance to the
magnetic axis in a stellarator or the applied poloidal field in a
tokamak [37–40]. Plasma production in ordinary EC polar-
isation mode is less efficient and relies on depolarisation of
the bundle to extraordinary (X-) mode upon reflection on the
vessel walls.

The plasma breakdown time is typically below 20 ms. In
W7-X it is followed by a phase of similar duration where the
plasma expands radially, becomes fully ionised at the EC
resonance and reaches full absorption with minimal stray
radiation in the steady plasma phase that follows [41].
Absorption in X-mode at the second EC harmonic (X2),
proportional to n T ,e e is typically below 50% in a tokamak
ECRH plasma [42]. Full single pass absorption is however
possible at fundamental X1-mode. JT-60SA foresees thereto
ECRH power at 82 GHz (1 s) for wall conditioning and start-
up assistance [43].

An ECRH conditioning scenario without full ionization
is tested at W7-X via fast repetition of ultra-short pulses
(3 ms) aiming at a large uniform atomic hydrogen flux to the
PFC [44].

3.1.1. Divertor conditioning by ECRH plasma at W7-X. W7-X
used pulsed He-ECRH plasmas to desaturate the graphite
divertor targets from hydrogen and achieve stable low-density
operation with boronized walls. Figure 3(a) shows that the
plasma density in reference hydrogen discharges decreased by

Figure 2. He-ECRH plasma on WEGA at 28 GHz (X2), 1.3×10–4

mbar and 7.5 kW launched power. Left: stellarator vacuum field of
450 mT on axis with ι/2π=0.4. Right: tokamak vacuum field of
500 mT on axis with ι/2π=0.

Figure 3. Reference discharges on W7-X before (20181017.026) and
after (20181017.029) application of He-ECRH conditioning. (a) line
integrated density and density feedback control, (b) total gas
injection, (c) ECRH input power.
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a factor ∼2, approaching the requested set value, by applying
19 helium pulses of 3 s duration and 2.1 MW of ECRH
power. The pulses were launched in two separate sets with a
35 s pulse interval. The density decreased from pulse to pulse
due to a decreasing contribution of wall fuelling, showing no
signs of saturation yet.

In contrast to the strong interaction in the divertor, ECRH
plasma in W7-X reveals weak interaction with the main wall.
This is evidenced by the single envelope curve for CO
outgassing in about 16 h of H2-GDC performed throughout
the first divertor campaign Op1.2a, ran without boronization
[8]. The curve remains unaffected by ECRH plasma
operation, including normal operation and conditioning
pulses, with 3775 s of total duration in 1248 pulses in
Op1.2a. Hydrogen uptake or retention in co-deposits on the
main wall therefore cannot be resolved by ECRH condition-
ing on a stellarator. Indications of this are found in the gas
balance analysis of helium ECRH conditioning pulses in
Op1.2a. The diverted ECRH plasmas only partially offset the
H inventory build-up throughout an operation day [8].
Instead, He-GDC was used to recover hydrogen from the
main wall and regain low recycling conditions in the first
pulses of the next operation day, until the first boronization in
the Op1.2b campaign.

The first experimental campaign at W7-X, OP1.1, in
limiter configuration allowed studying the applicability of
limiter (ECRH) discharges for initial wall conditioning,
replacing GDC applied after first wall baking. This experience
is instructive for tokamak commissioning operations as ohmic
plasma is similarly limited on surfaces in the main chamber
during the start-up phase. The usage of GDC, applied in
helium only, was minimised throughout OP1.1 to avoid
sputtering and migration from unprotected metallic surfaces.
Hydrogen recycling dominated the fuelling of the discharges
throughout OP1.1 while strong CO outgassing was found at
the start of the campaign. As the pulse duration of the limiter
discharges was constrained by the outgassing itself, it proved
to be time consuming to obtain lasting low outgassing levels
by limiter plasmas. The wall conditions, defined by the
injectable energy in the discharge until a radiative collapse
occurs, improved along a power law envelope curve in which
relative progress slows down with increasing conditioning
duration. The limiter campaign achieved 311 cumulated
discharge seconds. It is concluded that the limiter discharges
are not ideally suited for the purpose of initial conditioning,
neither in helium, nor in hydrogen [13].

3.1.2. Electron cyclotron wall conditioning in TCV. JT-60SA
relies on Electron Cyclotron Wall Conditioning (ECWC) as
sole conditioning method in the presence of the toroidal field
to allow plasma start-up [43]. Helium ECWC experiments are
performed at TCV in X2 mode at 82.7 GHz in support of JT-
60SA operation. Discharge parameters in the experiment in
TCV were tuned in order (i) to minimize the absorption of
stray radiation by in-vessel components by minimizing the
time for ECRH plasma breakdown, and maximizing the
absorption of ECRH power over the duration of the discharge,

(ii) to improve the discharge homogeneity, by extending the
discharge vertically and radially, and wall coverage, in
particular of inboard surfaces where JT-60SA plasmas will be
initiated [43], and (iii) to improve the efficiency of He-ECWC
to deplete carbon-based PFC from fuel. For all above
purposes, the application of a vertical field component of
about 0.5% of the toroidal field is found to be critical [40]. It
reduces the breakdown time and increases the achievable
density by compensating the vertical ´ B B drift by a
vertical pitch angle [37, 45]. Fuel removal, quantified by
penning gauge spectroscopy, increased by a factor 5 upon
reaching these higher densities. The inboard can be reached
by moving the resonance position closer to the high field side,
favouring operation at 82 GHz at 2.25 T over the 110 or
138 GHz in JT-60SA, with adds to the advantage of good
absorption at the fundamental EC resonance. Applying a
quadrupole shaped poloidal field combining a radial and
vertical field component allowed measurable ion currents at
the TCV inner wall with on axis X2 heating [40].

The recently developed 1-dimensional reaction-diffusion-
convection code Tomator-1D simulates plasma production by
RF waves inside a tokamak using the Braginskii continuity
and heat balance equations. It is developed to complement
experimental data of TCV providing insight to e.g. ECRH
absorption and transport properties as a function of the
applied vertical magnetic field component. The plasma
simulator describes the evolution of the radial density and
temperature profiles from a transient to a steady state
conditions for the 9 main species in partially ionised
hydrogen-helium plasma mixtures (e, He, He+, He++, H2,
H2
+, H3

+, H, H+), including the particle balance for carbon
impurity traces (CI to CV). The ECRH power couples to the
electrons at the grid point where the RF frequency
corresponds to the second harmonic gyration frequency
w w= 2 .c e, Collision rates are included self-consistently as
described in [46] assuming Maxwellian energy distributions.
The model includes parallel and perpendicular transport
losses with respect to the field lines: (i) parallel in vertical
direction on the top and the bottom of the vessel, (ii) parallel
in toroidal direction on 6 poloidal limiters, both at the high
and low field side, and (iii) perpendicular in radial direction
due to diffusion and convection.

Figure 4 shows experimental density profiles from a
pulse-to-pulse vertical field scan in X2-ECRH plasma at
TCV. The resonance layer locates at 89.4 cm. Tomator-1D
simulations, given in solid lines, reproduce the experimental
data and predict Bohm like diffusion transport, convection
losses of order 10–100 m s−1 and an ECRH absorption
scaling that is consistent with the µP P n Tabs in e e/ dependency
predicted by quasi-optical beam tracing simulations with
GRAY [47]. The simulated helium ion fluxes at the wall for
the discharge with vertical field of 0.5% are about 3 orders of
magnitude higher at the low field side compared to the high
field side. Likewise, the parallel losses on limiters, both at
high field side (∼1014 cm−2 s−1) and low field side (∼1017

cm−2 s−1), are 3 orders higher than the perpendicular helium
ion flux onto the main wall which is, in the simulation,
recessed by 2.4 cm. Finally, in these helium plasmas aimed at
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hydrogen removal from the wall, a hydrogen atom flux
towards the wall of order 1016 cm−2 s−1 is predicted, both at
the high and low field side. The helium and hydrogen neutral
pressure in the simulations are fixed to the experimental
values of 1.68×10–4 mbar for helium and 4.3×10–5 mbar
for deuterium, measured by penning gauge spectroscopy
during the steady plasma phase.

To arrive at predictive capabilities for larger devices such
as JT-60SA it is necessary to understand how the transport
processes depend on the vessel dimensions via a multi-
machine study. Continuation of the modelling efforts for TCV
remains needed as the present model seems to underestimate
the experimental temperatures by a factor of 2.

3.2. Ion cyclotron wall conditioning in tokamaks

Ion Cyclotron Wall Conditioning (ICWC) was originally
developed for stellarators [48] and later successfully applied
in tokamaks [49, 50]. Numerous experiments evidenced the
effectiveness of ICWC in tokamaks. Experiments demon-
strated (i) recovery of sustained ohmic breakdown and density
control after disruptions [51] and after severe impurity
exposure [52], (ii) full change-over of the isotopic ratio of the
JET ITER like wall [53] and (iii) efficient depletion of the
tungsten ASDEX Upgrade wall from deuterium by He-ICWC
in comparison with H-mode plasmas in helium [54]. The
ITER research plan considers ICWC as the preferred RF
conditioning technique for the conditioning of the first wall
surfaces in presence of the toroidal magnetic field [2]. ICWC
is included in the functional requirements of its ion cyclotron
resonance heating and current drive system (ICRH&CD) [55].

3.2.1. ICRF plasma production. The present description of the
ICRF discharge for wall conditioning distinguishes the
breakdown phase and the steady wave phase. ICRF plasma
breakdown is experimentally defined as the moment of first
appearance of antenna loading which results in an RF voltage
drop on the antenna and coincides with the appearance of first
plasma radiation. This radiation forms initially a toroidally
homogeneous plasma column located close to the antenna straps
where the vacuum field is strongest [56]. ICRF plasma
breakdown in the tokamak vacuum magnetic field results from
the ionization avalanche by electrons accelerated by the parallel
RF electric field (E Bz T ) in the vicinity of the ICRF antenna. Ez

is produced electrostatically by the potential difference between
the antenna strap and the side parts of the antenna box and
inductively through the magnetic flux by the induced voltage
difference between the tilted faraday screen rods [57].

The breakdown phase is studied using particle-in-cell
Monte-Carlo collision (PIC-MCC) model Rfdinity-1D [56].
The model, 1D in toroidal direction, follows the motion of
electrons and ions in a narrow bundle that passes close to the
antenna straps. The charged particles are accelerated by (i) the
vacuum parallel electric field component Ez,RF and (ii) the
plasma-generated electrostatic field Ez P, obtained from
Poisson’s equation. The included electron collisions with
background neutrals determine the occurrence of an electron
multiplication avalanche. Rfdinity-1D reproduces TEXTOR
[58], ASDEX Upgrade [59] and IShTAR experiments [60]
and predicts successful plasma production with the ICRF
antenna in ITER [61].

Rfdinity-1D identified moreover distinct phases in the
density build-up from vacuum to the slow wave cut-off
(∼1013 m−3), marked by the strength of the plasma-generated
field compared to the vacuum parallel electric field. When
E E ,z P z, ,RF∣ ∣ ∣ ∣ a steady bi-Maxwellian electron energy
distribution is formed with a constant ionisation reaction rate.
At a density of ∼1011 m−3, with <E E ,z P z, ,RF∣ ∣ ∣ ∣ the distribu-
tion develops a single power law tail which increases the
ionisation rate. A dramatic increase of the latter follows when

»E Ez P z, ,RF∣ ∣ ∣ ∣ at ∼1012 m−3, which is interpreted as the
numerical breakdown moment. The ions and electrons in this
final simulated phase both have a Kappa distribution, typical for
non-thermalized plasma with strong electric fields. The toroidal
propagation of Langmuir charge density waves is as well
observed. These waves become evanescent near w w= p e, i.e.
when the SlowWave starts propagating radially. At this moment
the plasma wave phase is said to start throughout which the
plasma spreads poloidally to uniformly fill the vacuum vessel
(figure 5). The model Tomator-1D (see section 3.1.2) coupled to
the KIPT ICRF coupling module [63] is developed to study the
wave phase of ICWC discharges.

ICWC in tokamaks makes use of the standard poloidal
strap ICRH&CD antennas that are designed to couple the Fast
Wave to dense (>1019 m−3) plasma. Decreasing the cut-off
density for fast wave propagation improves RF coupling and
discharge homogeneity in the partially ionised ICWC
discharges. This can be achieved by operating at high
cyclotron harmonics, with strongly reduced toroidal magnetic

Figure 4. Effect of a vertical field on the X2-ECRH plasma density
on TCV (#57327–57335). The launched ECRH power was 400 kW
at 82.7 GHz and 1.5 T with toroidal and poloidal injection angle of
19.3° and 7.0° respectively. The data points stand for time averaged
experimental line integrated densities and space and time averaged
Thomson density at R=0.9 m. Simulated profiles by Tomator-1D
are given by solid lines.
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field values w w> ,c i,( ) or by reducing the antenna spectrum
towards =k 0,z i.e. by using a single strap or monopole
phasing of multiple straps [57]. JET evidenced that ICRF
plasma production is robust and works at any heating scenario
using the A2 antennas in monopole at 25MHz in

• D2-ICWC at w w= +c,H corresponding to the ITER full
field scenario at 5.3 T and 40MHz, and at w w= +2 c,H

• H2-ICWC at w w= - +0.5 10 c,D[ ] including w w= +c,D

corresponding to the ITER half field scenario at 2.65 T
and 40MHz.

3.2.2. Fuel recovery by ICWC. Fuel recovery experiments to
study the T removal capability of ICWC have been performed in
JET-ILW. These isotope exchange experiments aim at replacing
hydrogen isotopes from the near surface (<100 nm) stored by
implantation or in deposits. Figure 6 shows cumulated removal
tendencies for 3 ICWC experiments in JET-ILW. Plotted as
function of the cumulated coupled ICRF energy, all experiments
follow a similar power law envelope curve (dashed lines) with
exponent E0.5 for the total removal. The dependency indicates
that significantly more gas can be removed still by extending the
conditioning procedure. The trend lines show indeed no
saturation yet. The maximum amount of isotopes than can be
removed is called the assessible reservoir and depends on the
heating scenario as visible by the discontinuity in the yellow data
points at 12 MJ. The magnetic field was here lowered from 3.3 T
to 1.65 T to allow for a longer magnetic flat top and hence
longer discharges. As the pulse repetition rate was limited to 1
discharge every 15–20min, this field reduction allowed
achieving a longer total discharge time in the experimental
session. As such, the maximum evidenced removal from the
JET-ILW by ∼630 s of D2-ICWC plasma (yellow data points in
figure 6) is 8.6×1022 isotopes and was measured by combining
volumetric analysis and gas chromatography. Net retention is

observed in the experiments. This retention is a consequence of
the chosen duration for the separate discharges, up to 20 s, and
can be mitigated on a superconducting device by optimising the
duty cycle (ref. equations in section 2.2). Removal dependencies
on coupled power, discharge pressure and plasma density are
described in [64].

3.3. Divertor conditioning by tokamak plasma

Conditioning by tokamak plasma is attractive as it allows to
deposit large particle fluxes and heat on localised surfaces such as
the divertor targets. ITER considers the use of deuterium dis-
charges to heat and remove tritium-rich deposits [12]. Removal
optimisations via the discharge duty cycle are however not fea-
sible for tokamak plasma as the repetition rate of these discharges
is limited by cycling the central solenoid, data collection and
systems controls. The permanent retention of accessible fuel
released during the conditioning discharge therefore needs to be
considered, even more as most of the gas in experiments as
discussed below is recovered by outgassing in the post discharge
phase.

The key processes governing particle recycling by plasma
discharges are identified in [6]. Transport of ionised particles in
the plasma scrape of layer determines the dominant areas for
interaction between plasma and wall. The interaction processes
are (i) implantation of fuel in regions that remain accessible to
the recycling process, (ii) codeposition of fuel with eroded wall
materials, mostly with beryllium, in areas accessible for re-
erosion, and (iii) long term retention in form of implantation or
codeposits located in areas inaccessible to the used plasma
configuration. These deposits contain moreover a large fraction
of impurities which are influencing their properties and reten-
tion characteristics [65].

Figure 6. Removal-integral by mass spectrometry as function of
coupled energy-integral for 3 ICWC experiments on the JET-ILW at
25 MHz, 100–300 kW of coupled power, discharge pressure of
0.5–7.5×10−5mbar. Blue: D2-ICWC and 3.3 T with 2–8 s
discharges. Red: H2-ICWC at 25 MHz and 1.65 T with 2–20 s
discharges. Yellow: D2-ICWC at 3.3 and 1.65 T with 5–20 s
discharges. Dashed lines: comparative power law envelope curves.

Figure 5. Left: Vertical and radial extension of JET ICWC
discharge (JPN79273, D2-ICWC, 25 MHz, 3.3 T, =P cRF, 250 kW,
=p 2×10−5 mbar, barrel shaped =BP 30 mT), image adapted

from [51]. Right: poloidal cross section of the JET vessel indicating:
Outer Poloidal Limiters (OPL), Inner Wall Guard Limiters (IWGL),
Upper Dump plates (DP), Divertor Apron (DA), Inner Divertor (ID)
and Outer Divertor (OD), image adapted from [62].
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The removal capability of tokamak plasma was studied in
JET-ILW by isotopic change-over through 16 consecutive
hydrogen discharges after a 13 week long deuterium operation
phase (the 2014 experiment as described in [6]). The relative
D-concentration from subdivertor penning gauge spectroscopy
for each of the H-pulses is given on figure 7, left axis, as a
function of the total discharge duration. The isotopic ratio from
plasma spectroscopy follows the same trend with noticable spa-
tial dependency [66]. The discharge length in the plot is taken to
be 25 s (Ip>1.25 MA) of which 15 s of diverted plasma with
low and high triangularity phases and 10 s operated in limiter
mode. The gas balance of the experiment, including 4.5 h of
outgassing after the last discharge, shows that 1.3×1023 deu-
terium atoms could be pumped out of the vessel. The retention
rate was 6.2×1020 isotopes s−1, which is about 4 times higher
than the earlier mentioned worst case rates which may indicate
temporal changes of the ITER-like wall. The pulse-by-pulse
cumulated removal of deuterium from the vessel, calculated by
weighting the total removal to the isotopic ratio, is plotted on the
right axis of figure 7. As for ICWC, the data follows a power law
trend line µ S D-N t t0.6( ) indicating that more deuterium can be
removed with a longer procedure. Also, the permanent re-
deposition of wall released deuterium is shown, estimated by
scaling the measured total retention rate with the plasma isotopic
ratio. About 20% of the wall released isotopes are re-deposited
instead of evacuated from the vessel. This amount may be
reduced by shortening the limiter discharge phase which may
feature strong beryllium erosion from the main chamber limiters.

4. Role of discharge conditioning with BT in
T-recovery strategy in ITER

ITER aims at demonstrating D:T fusion power of 500MW for
a plasma burn duration of 400 s. A 400 s plasma operated in
JET is expected to retain (worst case) 6.0×1022 isotopes in
permanent deposits and by implantation. This is less than the

evidenced amounts removed by ICWC (8.6×1022 isotopes,
section 3.2.2) and L-mode plasma (1.3×1023 isotopes,
section 3.3). It is to be noted that the latter removal stems
from both the transient and permanent retention areas. The
ITER T recovery strategy needs to address, mostly, the per-
manent retention as the transient retention will be quickly
refilled upto 50% tritium in a subsequent D:T discharge.
Areas with permanent retention depend on the used plasma
configuration, which varies during typical experimental
campaigns. Codeposition patterns from post mortem surface
analysis of the first two JET-ILW campaigns differentiate the
areas with strong retention [11], summarised in table 1. The
main chamber accounts for about 35% of the permanent
retention on the beryllium limiters, recessed wall and cas-
tellation gaps. A remaining 55% is stored on the divertor
surfaces with a most notable accumulation of co-deposits on
the divertor baffles. The tabulated values are integrated over
limiter phases, leading mostly to co-deposition on beryllium
limiters, and divertor phases, leading to co-deposition of
beryllium on the tungsten divertor [67]. Conditioning by
diverted plasma, with the strike lines moved towards retention
dominated areas, is therefore attractive as it allows to mobilise
and partially migrate tritium from divertor deposits to areas
where it remains accessible to normal operation or further
conditioning by ICWC. Areas accessible by ICWC are the
outer and inner poloidal limiters and, with supposed reduced
fluxes, the upper dump plates and the divertor appron
(figure 5 [62]).

It remains to be confirmed whether the divertor strike
points in ITER can be moved sufficienctly close to erode, or
outgas by heating, the deposits from deposition dominated
areas on the divertor. If positive, operation in D:T in ITER
may foresee, for T-recovery, an extended L-mode phase with
only deuterium injection at the end of a D:T discharge fol-
lowed by pulsed ICWC operation. If negative, then only
ICWC can be recommended to mitigate the tritium retention
build-up.

5. Summary

Fusion devices with superconducting coils, such as W7-X,
JT-60SA and ITER, keep these coils energised throughout an
experimental day or week. This restricts the use of proven

Figure 7. Isotopic exchange from D to H by tokamak plasma on
JET-ILW (2014 experiment [6]) with Ip=2.0 MA, BT=2.4 T,
〈ne〉≈4.5×1019 m−3, constant gas injection of 3.0×1021 D s−1 and
0.5 MW of ICRH heating in L-mode. Left: Isotopic ratio by subdivertor
penning gauge spectroscopy. Right: integral of removal by pumps and
redeposition of atoms as function of the total discharge time; blue and
red trend line follow envelope curve S D-t t.0.6

Table 1. Summary of the post mortem analysis of retention from
JET-ILW 2010-2014 adapted from [11]. See figure 5 for locations of
listed PFC in JET vacuum vessel.

JET vessel area Retention

Main chamber beryllium limiters 22%
Main chamber recessed wall 10%
Beryllium castellation gaps 3%
Inner divertor 44%
Outer divertor 10%
Remote divertor 11%
Divertor bulk tungsten 1%
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conditioning methods such as baking, GDC and the applica-
tion of low-Z wall coatings through GDC-plasma. While
these techniques stay essential for these devices, except for
wall coatings in ITER where the beryllium on the first wall
acts as efficient oxygen getterer, new conditioning techniques
are needed that work in the presence of the nominal magnetic
field. These techniques include RF conditioning without
plasma current, both in the ion cyclotron and electron
cyclotron range of frequencies, and diverted conditioning
plasmas with nested magnetic flux surfaces. Rather than a
single best new technique, a combination of techniques may
be preferred depending on the conditioning aim and the to-be
conditioned surface areas.

RF conditioning techniques in a tokamak are known as
ICWC (foreseen on ITER) and ECWC (foreseen on JT-60SA).
Divertor conditioning in a tokamak consist of ohmic plasmas
optimised for removal with eventual auxiliary heating. ECRH
conditioning plasmas in stellarator W7-X efficiently interact
with the divertor area and are therefore more similar to divertor
conditioning by tokamak plasma rather than to ECWC in a
tokamak. A comparison of ICWC operation in a tokamak and
conditioning by IC heated plasmas in W7-X waits for first
results with the W7-X ICRH antenna system, currently under
construction [68]. The available dedicated experimental com-
parisons show that ICRF plasma removes more or faster than
ECRH plasma, both in tokamak TEXTOR [69] and in stel-
larator WEGA [70].

Pulsed discharge cleaning allows mitigating the retention
of discharge gas or redeposition of wall released species
during a conditioning procedure. A pulsed regime can be
applied to RF conditioning in tokamaks (ICWC and ECWC),
divertor conditioning by ECRH plasma in a stellarator and
even for GDC as achieved in ASDEX Upgrade by using a
starting device to swiftly initiate the glow at working pres-
sure. Duty cycle optimization in divertor conditioning plas-
mas in tokamaks is however less straightforward.

ECRH plasma production relies on resonant absorption
of RF power at the first or second EC harmonic. The self-
consistent transport model Tomator-1D is used to comple-
ment radial plasma profiles from ECWC experiments in
tokamak TCV and provides insight regarding the ECRH
absorption and the transport properties of these toroidal
plasmas without nested flux surfaces. This work is the first
step towards predictive capabilities for ECWC operation in
larger devices such as JT-60SA and aims at ensuring efficient
conditioning as well as safe operation by minimizing possible
absorption of EC energy on in-vessel components. ECRH
plasma in a stellarator, with nested flux surfaces, features
nearly full absorption of EC power by the plasma and
strongest plasma wall interaction at the divertor strike lines.
Helium ECRH discharges are effectively used to desaturate
the divertor targets from hydrogen.

ICWC plasma production relies on non-localized (colli-
sional) absorption of ICRF power by electrons and can
therefore be operated in a broad range of RF frequencies and
toroidal magnetic field values. The plasma breakdown pro-
cess is well described by PIC-MCC model RFdinity-1D. The
model predicts successful plasma production with the

ICRH&CD antenna in ITER. Numerous experiments evi-
denced the effectiveness of ICWC in tokamaks.

Experiments in JET-ILW assessed T removal by ICWC
and L-mode plasmas in view of ITER D:T operation. While
L-mode plasma may effectively access the tritium stored in
the divertor area, ICWC may be used for removal from the
main chamber PFC. The upper estimate for the expected
retention in permanent deposits or by implantation in a 400 s
plasma on ITER may be slightly lower than the amounts that
can be recovered by ICWC and L-mode plasma, based on the
JET-ILW experience. On the condition that the divertor strike
points in ITER can be moved sufficienctly close to the
deposition dominated areas on the divertor, operation in D:T
in ITER may foresee for T-recovery, an extended L-mode
phase with only deuterium injection at the end of a D:T
discharge followed by pulsed ICWC operation while pre-
paring the subsequent fusion pulse.
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