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Abstract
For its initial operational phase, ITER has until recently considered using non-nuclear hydrogen
(H) or helium (He) plasmas to keep nuclear activation at low levels. To this end, the Tokamak
Exploitation Task Force of the EUROfusion Consortium carried out dedicated experimental
campaigns in He on the ASDEX Upgrade (AUG) and JET tokamaks in 2022, with particular
emphasis put on the ELMy H-mode operation and plasma-wall interaction processes as well as
comparison to H or deuterium (D) plasmas. Both in pure He and mixed He + H plasmas,
H-mode operation could be reached but more effort was needed to obtain a stable plasma
scenario than in H or D. Even if the power threshold for the LH transition was lower in He,
entering the type-I ELMy regime appeared to require equally much or even more heating power

a See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
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than in H. Suppression of ELMs by resonant magnetic perturbations was studied on AUG but
was only possible in plasmas with a He content below 19%; the reason for this unexpected
behaviour remains still unclear and various theoretical approaches are being pursued to properly
understand the physics behind ELM suppression. The erosion rates of tungsten (W)
plasma-facing components were an order of magnitude larger than what has been reported in
hydrogenic plasmas, which can be attributed to the prominent role of He2+ ions in the plasma.
For the first time, the formation of nanoscale structures (W fuzz) was unambiguously
demonstrated in H-mode He plasmas on AUG. However, no direct evidence of fuzz creation on
JET was obtained despite the main conditions for its occurrence being met. The reason could be
a delicate balance between W erosion by ELMs, competition between the growth and annealing
of the fuzz, and coverage of the surface with co-deposits.

Keywords: helium plasma, H-mode, tungsten fuzz, erosion

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

1. Introduction

Helium (He) will be formed in ITER and future fusion power
plants as a result of deuterium–tritium (DT) fusion reactions
(2H + 3H → 4He + n), expected to result in concentrations
up to a few at.% in the plasma [1]. In addition, helium is,
along with hydrogen (H), a potential plasma gas to be used in
the initial, non-nuclear operational phases of a reactor to keep
nuclear activation at low levels. The ITER Research Plan [2]
has up to now put forward a strategy to use either H or He or,
alternatively, both of them in a staged manner during this first
operational step. ITER has therefore asked the EUROfusion
Consortium to provide them with experiences on operations
in pure He and mixed He + H plasmas. Recently, ITER has
started a process to amend its Research Plan [3]. The present
proposal includes abandoning the use of beryllium (Be) in the
first wall and replacing it with tungsten (W), already selected
as the plasma-facing material (PFM) at the divertor. In addi-
tion, the plan puts forward a streamlined approach to proceed
towards DT plasmas as soon as possible, and this may lead to
reducing the duration of the non-nuclear operations to their
bare minimum. It is therefore even more important to fully
assess and investigate all the aspects related to this paradigm
change, including the implications to the initial low activation
phase.

The task was adopted by the Tokamak Exploitation Task
Force, under which dedicated experimental campaigns were
designed and performed on the ASDEX Upgrade (AUG) [4]
and JET [5] tokamaks in 2022, the latter equipped with the
ITER-like Wall (ILW) since 2011. These devices have a high
relevance for ITER: they have aW divertor and ametallic wall,
consisting ofW in AUG and Be in JET, they are equipped with
versatile options for plasma heating using a combination of
neutral beam injection (NBI) and ion cyclotron and electron
cyclotron resonance heating (ICRH/ECRH), as well as exhibit
broad diagnostics capabilities. There were also distinct differ-
ences between the two devices during the He operations (see
section 2 for details), most notably that (i) the JET NBI system
was converted into He while that of AUG was run in H/D and
(ii) JET applied regularly the argon (Ar)-frosting technique to

allow operations at low densities while noAr frostingwas used
on AUG.

The main research objectives were (i) developing reliable
H-mode scenarios in He with robust type-I Edge-Localized
Modes (ELMs) [6], (ii) determining the power needed for the
L- to H-mode transition and pedestal characteristics in the
selected scenarios, (iii) studying power and particle transport
in helium plasmas and He particle recycling, (iv) identify-
ing possibilities for suppressing ELMs, (v) investigating vari-
ous plasma-wall interaction (PWI) processes such as erosion
of Be and W plasma-facing components (PFCs) and forma-
tion of nanoscale structures on W upon exposure to He dis-
charges, and (vi) making a detailed comparison between the
He experiments and the data collected from hydrogenic (H, D,
T) plasmas.

Here we describe the experimental campaigns on the two
devices (in section 2), give an overview of the main results
obtained against the set objectives (section 3), and finally con-
clude and discuss the implications for ITER (section 4). We
will show that there are several research areas that require fur-
ther investigations, including detailed data analysis and inter-
pretative modelling. This article will therefore act as a refer-
ence for the future publications where the underlying physics
of the identified phenomena will be addressed in more detail.

2. Experiments on AUG and JET

2.1. AUG helium campaign

On AUG, a 2 week-long period in late July 2022 was dedic-
ated to operations in helium plasmas. Both pure He and mixed
He + D and He + H plasma discharges were executed by
applying the ICRH, ECRH, and NBI heating schemes that had
already been established in the previous He operational phases
in 2015 and 2019 [7]. This time NBI was only operated in
H and D, which somewhat limited the purity of the obtained
plasmas, particularly in beam-heated scenarios. The density
control was also hampered by the poor pumping characterist-
ics of He. In 2015, an argon-frosting scheme was tested, in
other words a layer of Ar frost was applied on the panels of the
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Figure 1. Poloidal cross section of the AUG divertor with the target tile for the DIM-II divertor manipulator marked in red (left) and
photographs of the samples before and after their exposure on DIM-II (right). The poloidal locations of the L- and H-mode strike points are
also marked in the figure.

divertor cryo pump. Contrary to the experience from JET [8],
the improvement was marginal in reaching the lowest desired
densities, in addition to which noticeable Ar pollution of the
plasma was measured. For this reason, no Ar frostings were
applied in 2022. The situation is expected to improve with the
installation of a new charcoal-coated cryo pump in 2024 to
enable efficient pumping of helium.

2.1.1. PWI studies at the divertor. During the AUG helium
campaign, a special experiment was carried out where small
marker samples were exposed to a sequence of L- and H-
mode plasma discharges during a single session at the outer
(low-field-side) strike-point (OSP) region using the DIM-II
divertor manipulator of AUG [9]. The DIM-II target tiles were
equipped with four poloidal rows of samples as follows, see
figure 1:

• Bulk W samples with nanoscale surface features on them
produced at the PSI-2 linear plasma facility [10] (Row 1)

• Polished bulk W samples (Row 2)
• W-coated (thickness∼300 nm) graphite samples with small

(5 × 5 mm2 and 1 × 1 mm2) platinum (Pt) marker spots
(thickness ∼40–50 nm) on them (Rows 3 and 4)

The PSI-2 exposure aimed at producing nanoscale features
and the so-calledW fuzz (see [11, 12] for recent overviews) on
the surface. Fuzz refers to hair-like nanotendrils that can grow
on W surfaces following their exposure to a He particle flux
with a high enough energy (Ein > 20 eV) and a sufficiently
large fluence (>1024 m−2) at surface temperatures exceeding
1000 K. Essentially, the process is initiated by the formation of
nanoscale bubbles in the sub-surface layer where the bubbles
will grow and coalesce and finally collapse leaving noticeable
protrusions behind [12].

In the 2022 experiment, the idea was to see if one can ini-
tiate fuzz formation on originally virgin surfaces (polished W
samples) in tokamak conditions and erode or modify the exist-
ing fuzz network (PSI-2 samples). In the H-mode discharges,
the conditions were tailored to favour W fuzz growth while in
the L-mode part, erosion was expected to dominate the PWI
behaviour.

The samples with Pt markers, for their part, were designed
to investigate erosion and deposition processes in helium plas-
mas and compare the data with existing results from similar
exposures in deuterium [13]. Platinum was selected as the
main marker material and a proxy forW due to the full-W cov-
erage of the AUG vessel while graphite as the substrate made it
possible to experimentally determine erosion of all the surface
layers.

All the samples, their mounting on the DIM-II target tiles
as well as the location of the OSP during the L- and H-mode
phases of the experiment are illustrated in figure 1. The two
strike points were separated by a distance of a few centi-
metres, thus resulting in distinct erosion peaks in each part of
the experiment. The sequence was started with H-mode, after
which the OSP was moved poloidally downwards to ensure
that no extra coverage of the samples with deposits would
occur except in a narrow region between the H- and L-mode
strike lines.

2.2. JET C43 helium campaign

On JET, approximately two months of experimental time
was dedicated to the helium plasma operations, referred to
as the C43 campaign. The campaign was started with a
detailed sequence of wall-conditioning pulses (6 sessions) and
then continuing the activities in helium plasmas, ultimately
reaching purity levels of >99% during C43. A few individual
sessions were devoted to mixed He + H plasmas, mainly for
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Figure 2. (a) Measured H/(H + He) concentration during the He → H and H → He changeover experiments at JET, based on OGA data.
Here, V5, CC, VT, and RISP stand for different plasma configurations as described in [16]. (b) Evolution of the He concentration in the JET
plasma after the C43 He campaign. The Ar frostings, GDC cleanings, and SPI operations are marked with red, green, and blue vertical lines,
respectively.

LH-transition investigations. A large fraction of the campaign
time was spent on developing ELMy H-mode scenarios and
PWI investigations, using here mainly NBI for plasma heating
and H-minority ICRH in selected experiments. The JET NBI
system was converted from D to He, which unfortunately lim-
ited the available beam power to ∼13 MW and thus setting a
strong restriction on the H-mode operational space during the
campaign.

Regular argon frostings were applied on the JET cryopan-
els throughout the C43 campaign, successfully enhancing the
He pumping capabilities of the vessel [8]. Around 50 bar l of
argon applied during the frosting stages in the beginning of
and during the experimental days was noticed to be sufficient
for maximum pumping of helium such that the desired low
density levels in the plasma could be reached. Topping up the
frosting by 20 bar l of Ar after each discharge could main-
tain the efficient pumping throughout a series of pulses. It is
worth noting that Ar frosting is a method required in present-
day devices to improve helium pumping while ITER does not
require this approach since it will use special activated char-
coal cryopumps that can efficiently control the helium content
in the vessel [14].

2.2.1. Wall conditioning investigations. Wall conditioning
was performed during the first three days of C43 by carry-
ing out back-and-forth transitions from helium to hydrogen
and hydrogen to helium (He → H and H → He, respectively)
[15]. During these changeover phases, approximately 16 s long
ion cyclotron wall conditioning (ICWC) pulses [16, 17] were
carried out with the coupled RF power being in the range of
0.16 MW for H-ICWC (He→H) and 0.24 MW for He-ICWC
(H → He) [17]. After each step, a series of pre-designed,
ICRH-heated plasma pulses in the limiter and divertor con-
figurations (either in H or He) was carried out to study the
evolution of the plasma purity. The selected divertor config-
urations were the JET standard V5 (inner strike point on the
vertical target, tile 3, and OSP on tile 5), VT (both strike points
on the vertical targets, tiles 3 and 7), CC (strike points at the

divertor lower corners), and RISP (Raised Inner Strike Point)
where the inner strike point (ISP) was located as much up on
tile 1 as possible and the OSP either on tile 6 or tile 7. Details
and illustration of the applied configurations can be found in
[16]. In all cases the power level was kept <2 MW.

The overall changeover sequence consisted of 15 ICWC
discharges in H, 6 plasma pulses in H, 17 ICWC discharges
in He, and finally 4 plasma pulses in He, see figure 2. Argon
frosting with cold cryopanels was applied from the middle of
the He-ICWC session onwards to enhance the pumping cap-
abilities and speed up the conditioning. The results proved
that the selected approach of combining ICWC with stand-
ard plasma discharges was an efficient way to re-condition the
vessel walls and remove previous gas remnants. Starting from
∼3.6% of H in He, the peak hydrogen concentration reached
in the H-plasma phase was>97% while in the back transition,
one could finally return to H levels of ∼3.7% in He plasmas.
The data were obtained by combining the results from optical
emission spectroscopy in the plasma, optical gas analysis in
the subdivertor region (OGA, Penning gauges), and residual
gas analysis (RGA) further down in the pumping system [15].

Generally, the back transition H → He was faster than the
forward one (He → H) as figure 2(a) shows. This was evid-
enced by the measured levels of residual gas (either He or H)
in the regular plasmas following the ICWC steps. The residual
He content in H plasmas varied between 3 and 20%, being
the largest when applying diverted plasma pulses (15% on
average) while the H content in He plasmas almost instantan-
eously dropped to<4%, both in the case of limiter and divertor
discharges.

The qualitative difference between H and He became even
clearer after the JET He campaign when a persistent He
contamination of 3%–4% was observed during more than a
week of D plasma operations, despite regular Ar frostings
and long (∼12 h) glow discharge cleanings (GDC) in D. This
behaviour is summarized in figure 2(b). In the end, disruptions
with shattered hydrogen pellets (SPI in H) were effective in
decreasing the He content to <1%. All this shows that special
effort needs to be put on helium pumping and re-conditioning
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of the wall following a He campaign. The results are in a
good agreement with what was observed on WEST during its
C4 campaign, following a sequence of changeovers D → He,
He → D, and again D → He [15].

The RGA measurements provided additional insights into
the different behaviour of H and He during the changeover
experiment. The helium pulses exhibited a higher retention
of He than removal of H but, on the other hand, the amount
of He retained during the H → He phase was comparable to
what could be removed in the He → H step by the H pulses.
The H plasmas, for their part, were equally efficient in remov-
ing He than leaving H retained on the walls, and as a result,
the overall H retention was ∼5 times larger than H removal
during the entire experiment and a factor of 4 larger than the
corresponding numbers for He [15]. The results imply that
even though the retention of H may be high on the PFCs,
its impact on the impurity content of the plasma is negligible
due to the good pumping efficiencies of hydrogenic isotopes.
On the other hand, the situation was changed during long-
term outgassing after the changeover where the peak in the
H outgassing rates was much delayed from the value reached
at the end of the experiment similarly to what was observed
in the C4 campaign of WEST [18]. This indicates that in
ITER, the different release and retention dynamics have to
be taken into account when designing plasma operations in H
or He.

2.2.2. High-fluence exposure of bulk W tiles. One week of
the JET C43 campaign was devoted to an experiment to study
possible formation of W fuzz as well to obtain information
on erosion characteristics of W at the OSP region of the torus.
Altogether 54 discharges were executed to accumulate enough
fluence on the PFCs, especially on tile 5. To this end, a new
scenario was developed with the outer strike point located on
the so-called stack B of the tile, a region that is seldomly
used in any plasma experiment and that was decided to be
kept protected from any further plasma exposure in the sub-
sequent operational phases of JET. The magnetic equilibrium
of this V5B configuration is shown in figure 3, together with
the standard V5C configuration.

3. Overview of experimental results

3.1. ELMy H-mode operation in He

ELMy H-mode operation, especially the transitions from L-
mode into H-mode (LH transition) and further into the type-
I regime (type III → I transition) as well as the resulting
characteristics of the H-mode pedestal, were studied both on
AUG and JET helium plasmas. On AUG, scenario develop-
ment had been performed during the previous helium cam-
paigns in 2015 and 2019 and they provided a good starting
point for further investigations both with low and high trian-
gularities (δ). The applied heating methods were NBI, ECRH,
and NBI + ECRH to enable comparison between different
approaches and with the existing H/D database [19], though

Figure 3. Difference between the standard V5C (top) and the newly
developed V5B (bottom) configurations in the poloidal cross section
of the JET divertor. The W fuzz discharges were started from V5C
and then moved to V5B for the actual exposure.

recalling from section 2.1 that no He-NBI was carried out on
AUG.

On JET, earlier experiments in 2019–2021 had docu-
mented the LH transition power threshold, PLH, in He plas-
mas using either H-minority ICRH (with 2%–3% of hydro-
gen) or D-NBI [20] in the V5 configuration (plasma current
Ip = 2.0 MA, toroidal field Bt = 2.4 T) and the CC configur-
ation (Ip = 1.7 MA, Bt = 1.8 T). In all cases the helium frac-
tion (nHe/(nHe + nH + nD) was greater than 90% at the time
of the transition. It was shown for each dataset that the density
at which the power threshold is minimum, ne,min, is consider-
ably higher in He than in hydrogen and the lowest in deuterium
plasmas, and that both, ne,min and PLH depend on the plasma
configuration as well as the plasma species, ne,min being lower
for CC. Although PLH is lower in the V5 configuration (about
half at given density in the high-density branch), operation in
CC is known to allow easier access to lower densities and to
type-I ELMs. ELMswere observed in He plasmas at JET in the
V5 configuration using the 1.2MA/1.8 T scenario [21, 22], but
most likely in type III.

The limited He-NBI power available in 2022 significantly
restricted the parameter space of the possible He scenarios
with steady type-I ELMs. In the end, the most robust type-I
ELMy phases were obtained using the 1.3 MA/1.3 T scen-
ario in the CC configuration [23]. This allowed comparison
between H, D, and He plasmas. Another case studied was
the one with 1.7 MA/1.8 T, which was also the choice in the
carbon-dominated era of JET (JET-C) [24, 25]. Unfortunately,
in the C43 campaign, no steady type-I ELMy phases were
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Figure 4. (a) Threshold power for the LH transition (in terms of the Ploss [21]) as a function of line-averaged density in selected CC
plasmas at JET together with the Martin scaling. The H concentrations of the mixed H + He plasmas are marked in the plot next to the
corresponding red circles. (b) Examples of time traces for the heating power, line-integrated density, bulk radiation, and ELM activity (in
terms of Be emission) for the JET pulse 101 445 (1.3 MA/1.3 T). Type-I ELM activity is denoted by gray rectangles, with stable III→I
transition obtained above 10 MW (>11 s).

observed in the 1.7 MA/1.8 T scenario with the available heat-
ing power, though LH transitions were documented.

3.1.1. LH transition in helium. Both on AUG and JET, H-
mode operation could be achieved in helium but entering the
type-I ELMy regime turned out to be more challenging than
in H or D. Figure 4(a) shows PLH as a function of the plasma
density for selected JET CC discharges, both in pure and
mixed He+ H plasmas [20]; in the LH transition experiments
on AUG, ne,min does not change with the plasma composition
[19]. In pure He, and above ne,min(He), PLH is comparable to
the values measured in D, i.e. PLH(D)≈ PLH(He) while at sim-
ilar densities in H higher heating powers are required such that
PLH(H) ≈ 2 × PLH(He) [19–21]. Figure 4(a) also shows the
Martin scaling, the dependence of PLH on various physical and
engineering parameters such as plasma density (ne), toroidal
magnetic field (Bt), and plasma surface area (S). In D plasmas,
theMartin scaling takes the formPLH,Martin ∝ ne0.717Bt

0.803S.941

[26]. According to [19], the LH transition is strongly influ-
enced by the local radial electric field interacting with edge
turbulence, indicating that obtaining a proper understanding
of the differences between PLH in H, D, and He requires care-
ful investigation of these aspects.

Considering mixed He + H plasmas, on AUG the focus
was on H plasmas, whose He content was gradually increased.
The helium-like characteristics started to appear once the He
concentration (nHe/ne) exceeded the level of cHe = 25%–
30%: above this limit one can effectively consider the situ-
ation a He plasma seeded with hydrogen impurities [19]. In
the opposite case of adding H into He plasmas, experiments
were performed at JET (see figure 4(a)). Here, the dilution of
the plasma led to an apparent increase (by 25%) of the LH
threshold at H concentrations of (nH/ne) of cH = 45% [20].
In any case, mixed discharges appear to behave differently

from a pure H or He plasma. When considering the options
for running non-nuclear operations in ITER, it remains uncer-
tain if using helium would allow larger margins for reaching
ELMy H-mode than hydrogen.

Above the LH transition, typically small and frequent
type-III ELMs are first observed while entering the type-I
ELMy region with elevated confinement requires even higher
heating powers. An example of this III→I transition in one of
the investigated JET discharges is visible in figure 4(b) around
10 MW of the applied heating power. While in D the limit is
PIII→I(D) = 1.0–1.5 × PLH,Martin, in He plasmas much more
heating is required to trigger type-I ELMs, of the order of
PIII→I(He)= 2.5–3.0×PLH,Martin. Our results also show that in
H, the threshold PIII→I(H) can be comparable to or not clearly
larger than the corresponding value in He, PIII→I(He). This is
evidenced by the fact that PIII→I in mixed He/H plasmas is at
least not higher than in pure He while it can even be lower
in certain plasma conditions. As a conclusion, even if or when
PLH is higher in H than inHe, entering the type-I ELMy regime
may require comparable amounts or even less heating power
in H than in He [20].

Figure 4(b) also shows that, besides the high PIII→I, bulk
radiation remains at a considerable level in He plasmas at
least on JET. This can be partly attributed to efficient sput-
tering of W by He and Be impurities (see section 3.4.1)
and results in ELMs easily becoming unstable. In figure 4(b)
the trend is visible around 11.25 and 11.40 s, correspond-
ing to peaks in the measured core radiation. It is thus pos-
sible that the primary reason for the increased III → I trans-
ition in He is closely linked to the elevated levels of radiated
power. In comparable D discharges with lower levels of radi-
ation, access to type-I ELMs happens straight away after the
LH transition [20] but a detailed analysis is still pending to
properly understand the different physics between H/D and
He plasmas.
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Figure 5. (a) Pedestal temperature as a function of the pedestal density for comparable AUG discharges in H (red), D (black), and He (blue)
at low and high values of the triangularity δ. The dotted lines show a few examples of a constant pedestal pressure pped. (b) ELM frequency
as a function of heating power for the same discharges.

Comparison to He experiments performed in JET-C show
yet another striking difference in the LH and III → I trans-
ition characteristics. In the JET-C experiments, robust type-
I ELMs could be achieved in He and at much more mod-
est power levels than in the ILW phase: the data suggest that
PIII→I(He,JET-C) ≈ 1.6 × PLH,Martin [24, 25]. We can there-
fore conclude that the wall material has a drastic impact on
the operational space in helium. A caveat in the interpretation,
though, is that the JET-C data has been extracted from studies
in the 1.7 MA/1.8 T configuration while in JET-ILW, as stated
above, the absence of steady type-I ELMs forced to base the
discussion on the 1.3MA/1.3 T scenario. On the other hand, in
both scenarios the big type-I ELMs were relatively similar and
occurred at the same low frequency of 20–30 Hz [20, 25]. In
JET-C the divertor geometry was also different from that used
in JET-ILW, meaning that the edge and transport properties of
the plasmas were not identical.

3.1.2. Pedestal properties in H-mode in helium. The ped-
estal properties of different L- and H-mode helium plasmas
were compared to the existing data sets collected from hydro-
genic plasmas as well as to the available JET-C results [25].
The AUG pedestal database is much more extensive and the
main results of the analyses are illustrated in figure 5. One
notices that the pedestal heights in He are generally similar
to those extracted in D or H, both for the electron density (ne)
and temperature (Te) in otherwise comparable scenarios. The
data originates from an established scenario for all the three
gases with Ip = 0.8 MA and Bt = 2.5 T at different values
of the plasma triangularity δ. For He, some 2–3 times higher
heating powers were required to reach the same pedestal pres-
sure (pped, dashed lines in figure 5(a) for a few examples) as
in D. Another difference between He and H/D can be noticed
from the measured ELM frequencies in figure 5(b). In helium,
frequent ELMs are alwaysmeasured especially towards higher
heating powers and at high triangularities; at lower values of
Pheat and at low triangularities, the data sets for H and He are
comparable and ELM frequencies range from 100 to 200 Hz.

In addition, they cannot be clearly categorized as type-I ELMs
anymore but show features characteristic of type-III ELMs.
Even a rollover effect is visible at the highest heating levels
(above 8 MW in figure 5(b)).

On JET, the starting point was the 1.7 MA/1.8 T scen-
ario (see section 3.1.1). Comparison to JET-C results revealed
that, besides the III→I transition, the wall material has a
drastic impact on pedestal properties as well: even if the
pedestal densities could be made equal, in JET-C the ped-
estal temperature was almost a factor of 2 higher and the
discharges generally close to the peeling-ballooning bound-
ary unlike in JET-ILW [25]. In another series of experiments
with 1.0 MA/1.0 T, correlations between pedestal heights in
D and He were assessed. Type-III ELMs were reached but
volumetric radiation losses tended to increase rapidly above
the LH transition thus making ELMs quickly irregular, ana-
logously to what was discussed in section 3.1.1. Similarly
to AUG, the pedestal height for Te did not show notice-
able differences between D and He but the limited heating
power during C43 prevented from reaching a solid conclu-
sion. Preliminary modelling with Europed/EPED [27] cor-
rectly reproduces the pedestal height in the 1.0 MA/1.0 T case
while a massive overprediction results for the 1.7 MA/1.8 T
plasmas, presumably because of deviations from the peeling-
ballooning limit. Further work is therefore required for JET
pedestal analysis.

3.2. Suppression of ELMs using resonant magnetic
perturbations in helium

In addition to type-I ELMy H-mode operation, the com-
plete suppression of ELMs by resonant magnetic perturbations
(RMPs) was studied on AUG. The starting point was a well-
characterized scenario with Ip = 0.9MA andBt = 1.8 T, where
ELM suppression could be routinely obtained in D plasmas,
provided that the safety factor, q95, and the pedestal density,
ne,ped, are kept within their experimentally determined bound-
aries: q95 = 3.57–3.95 and ne,ped < 3.3 × 1019 m−3 [28]. In
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Figure 6. Time traces for the ELM footprints of selected AUG
discharges with varying concentrations (fHe) of He in the plasma.
Adapted from data in [29].

the series of discharges reviewed here, the He concentration
(nHe/ne,ped) was gradually increased from 0 to 45%, start-
ing from a pure D plasma during the plasma changeover
D → He. The heating powers were PNBI = 5.9 MW and
PECRH = 2.3 MW, and RMPs with a toroidal mode number
of n = 2 were applied. The q95 and ne,ped conditions were ful-
filled except for the case with He concentration of 45% where
the pedestal density could not reach low enough values due to
limited He pumping capabilities.

The surprising outcome was that with the increasing He
fraction, the discharge characteristics changed from com-
plete ELM suppression (0%) to ELMs becoming intermittent
(around 13%) and finally to their full re-appearance (>19%)
[29]. Examples of the time traces for the ELMactivitywith dif-
ferent helium concentrations are illustrated in figure 6, show-
ing especially the pattern of large ELMs at the highest helium
levels. The reason for the characteristic difference between He
and D plasmas is not understood yet and no obvious explana-
tion is provided by the measured radial plasma profiles, espe-
cially for the electron density, electron and ion temperatures,
and plasma rotation [29]. For the 13% and 19% He concen-
trations, these radial profiles are practically identical albeit
between these values a qualitative change in the ELM beha-
viour takes place according to figure 6.

It is worth pointing out that also in hydrogen or mixed
H+ D plasmas the ELM suppression is lost on AUG once the
H concentration is too high: earlier experiments have identi-
fied a limit of 40% after which small mitigated ELMs start to
emerge [30, 31]. All this suggests that an established theory for
ELM suppression by RMPs is needed to explain the peculiar
empirical observations. Work is ongoing to test various ideas
and even the validity of the ideal peeling-ballooning theory in
He plasmas [29–31].

3.3. Transport and recycling characteristics in helium

Power and particle transport in helium plasmas as well as
recycling of helium particles in the edge plasma were stud-
ied both on AUG and JET, mainly during L-mode discharges.
On AUG, validating the existing transport models in different

Figure 7. Profiles of (a) electron density and (b) electron
temperature as a function of the normalized toroidal flux coordinate
for dimensionally matched D (blue) and He (black) discharges on
JET.

plasma gases could also be carried out during LH-transition
experiments (see section 3.1.1).

3.3.1. Power and particle transport in L-mode. On AUG,
effort was put on comparing the transport in H, D, and He
plasmas in a scenario where a good database already exists
from H and D, i.e. Ip = 1.2 MA, Bt = 2.5 T, and q95 = 3.5
[32, 33]. In terms of the plasma confinement, no noticeable
differences could be recorded between the three gases; only
the density is typically higher in helium. This suggests similar
heat-transport characteristics in hydrogenic and helium plas-
mas. Understanding the differences or similarities in particle
transport would require more detailed analysis of the executed
discharges and modelling efforts, e.g. using a combination
of ASTRA-TGLF and QuaLiKiz modelling [32, 33]. These
would also cast light on the apparent discrepancies between
the present and the published results: in [34], analysis and
modelling efforts indicated a reduced confinement at the edge
of He plasmas on AUG.
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On JET, on the other hand, the focus was put on obtain-
ing dimensional and dimensionless matches between D, T,
and He plasmas, analogously to the analysis in [35], and
this way provide more insights on the physics behind heat
and particle transport. An example of the plasma profiles
for dimensionally matched D and He discharges (in L-mode)
can be found in figure 7, in both cases the applied heating
power was PNBI = 1.7 MW. The electron temperature appears
to be higher in helium but because the ion density (ni) is
a factor of two smaller in He than in D due to the differ-
ence in their charge numbers, the thermal energy W th will
become comparable in the two cases—similarly to what has
been observed on AUG. This provides additional confirmation
that the confinement and thus heat transport are not dramatic-
ally changed upon transition from D to He. On the other hand,
electron density profiles in He plasmas were in the studied
discharges more peaked than in D, suggesting clear changes
in the particle transport picture. The dimensionless compar-
ison between D and He discharges (PNBI = 2.0 MW in D,
PNBI = 4.4 MW in He) also reveals peaked density profiles,
thus the results in figure 7 are not a coincidence. One should
note that earlier studies in JET-C suggested confinement in He
plasmas to be some 60% of that in the reference D discharges
but besides the different wall material, all the studies had been
carried out in H-mode while now the work was exclusively
in L-mode [25].

3.3.2. Recycling and detachment in L-mode. For the recyc-
ling studies, either fuelling or seeding (with nitrogen (N))
ramps were applied at varying heating powers. On AUG, up
to 9 MW of ECRH and NBI were used while on JET, the data
comes from fuelling-ramp experiments at fixed NBI powers
around 5.0MW.On both devices, the radiation patterns as well
as the ion saturation currents were recorded as a function of the
plasma density. Emphasis was put on determining the onset of
detachment in the different cases.

With increasing density, peak radiation started to move
from the inner towards the outer divertor and finally to the X-
point region. This behaviour is analogous to the observations
made inD, suggesting that themain radiator in the helium plas-
mas would indeed be the helium particles. Analysis of the rel-
evant AUG and JET discharges further reveals that the total
radiated power above the rollover density, the point where
transformation from a high-recycling to a detached state of
the divertor plasma begins, is >35% higher in He than in D.
In addition, the measured neutral pressures in the subdiver-
tor region are clearly lower and, most importantly, some 20%
larger edge densities are required to exceed the rollover point
in He than in D. The latter observation was accompanied by
broader and shallower profiles for the ion saturation current at
the divertor targets compared to what is typically the case in
D. Examples of the measured ion saturation current profiles
are illustrated in figure 8.

The observations imply significantly reduced recycling of
neutrals in He compared to otherwise identical D plasmas [36].
This is not a completely unexpected result since the effective

Figure 8. Ion saturation current as a function of the electron density
of the plasma for comparable D (black) and He (red) discharges on
(a) AUG and (b) JET.

ionization mean-free path of a neutral He atom would be some
2–3 times longer than that of a D neutral. On the other hand,
charge-exchange-reaction chains are almost completely absent
in He while they are very prominent in D, which essentially
leads to generation of more D neutrals which are migrating in
a random-walk manner and effectively would penetrate deeper
into the plasma than is the case for He. However, especially the
dramatic qualitative changes in the detachment characteristics
require additional ingredients to fully understand the underly-
ing physics. A plausible explanation to the observations could
be the absence of molecules in He plasmas, thus the lack of
channels where molecular dissociation would assist detach-
ment via increasedmomentum and power losses [37]. As a res-
ult, the onset of detachment would require even higher dens-
ities in He, up to the values where electron-ion recombination
finally takes over. Simulation efforts to verify or disprove this
hypothesis are ongoing.

As in H or D, nitrogen seeding helps reaching the low elec-
tron temperatures of <2 eV, indicating no fundamental phys-
ics differences from the established picture of detachment in
the different plasma gases.
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3.4. PWI investigations in helium

PWIs in helium differ in three different ways from the estab-
lished erosion-deposition picture in hydrogenic plasmas [7,
22]. First, the larger mass (A = 4) and charge (Z = 2) of
helium compared to H or D will result in enhanced sputtering
of PFCs, particularly due to the contribution of He2+ ions. The
second main difference is the chemical passivity of helium,
meaning that no chemically assisted erosion processes, e.g. the
observed CAPS (Chemically Assisted Physical Sputtering)
phenomenon of Be PFCs on JET via the formation of Be-D
or Be-H molecules [38, 39] is expected to take place. Finally,
the possible formation of nanoscale features, including fuzz,
on W PFCs will change their erosion characteristics, thermo-
mechanical properties, as well as retention of H isotopes in
later operational phases [13, 40, 41]. In the following, we will
address all these three key features in detail. For the discussion,
it is worth distinguishing between gross and net erosion: gross
erosion refers to how material is primarily released into the
edge plasma via sputteringwhile net erosion takes into account
re-deposition promptly and following migration in the scrape-
off layer (SOL) plasma. Depending on the plasma conditions
and the investigated PFC material, net erosion can be only
a small fraction of gross erosion. Typically, gross erosion is
determined spectroscopically while proper assessment of net
erosion requires careful post mortem analyses of PFCs after
relevant plasma operations.

3.4.1. Erosion of W and Be in helium. Information on
W erosion was obtained both from the divertor-manipulator
experiment on AUG (see section 2.1.1) as well as from a series
of helium discharges carried out on JET during the above-
mentioned 2019 experiment [22]. In the C43 campaign, the
limited NBI power and additional issues with the machine and
its subsystems did not allow to deepen the analyses to a wider
range of scenarios, thus in the following we will briefly review
what is known of W sputtering in L- and H-mode helium
plasma discharges and complement the data of new findings
available from AUG.

The JET data [22] indicate that W erosion at the divertor
is dominated by intra-ELM sputtering: the erosion rates dur-
ing ELMs can be a factor of 4 larger than in the inter-ELM
phase. This conclusion remains valid both in He and in H/D,
however, the helium data has been collected only from scen-
arios with relatively frequent ELMs (90–120 Hz) while in the
D data set the range of ELM frequencies is 30–80 Hz. Despite
these caveats, one can state that the sputtering rates per ELM
are 1.5–3 times higher in He and do not decay as rapidly with
increasing ELM frequency as in D plasmas. In addition, the
difference in the sputtering rates between the inner and outer
divertor targets is more noticeable in helium: some 2–3 times
higher sputtering rates are measured at the outer side and this
in/out asymmetry does not strongly depend on the ELM fre-
quency. In the inter-ELM phase, for its part, an additional con-
tribution comes from the presence of impurities in the plasma;
in the JET case this means predominantly Be. At high divertor
temperatures (Te > 20 eV) the main sputtering agent is He2+

while below this limit, Be2+ is exclusively responsible for W
sputtering.

The net erosion data of W has recently become available
from the analysis of the exposed Pt marker samples fromAUG
[42]. The immediate first observation is that net erosion is
largely amplified in He compared to the situation in D, by
a much larger ratio than is the case for gross erosion. Close
to the H-mode strike point, even complete disappearance of
the marker coatings is measured, i.e. the corresponding net-
erosion rate would be several nm s−1. This is to be compared
with the approximate value of <1.0 nm s−1 for D in H-mode
[13]. In L-mode discharges with characteristics comparable
to the inter-ELM part of the H-mode scenario, the erosion
rates drop to much more modest values of the order of 0.1–
0.2 nm s−1 which are in line with what the published data for
D in [13] indicate. Note, however, that the D data is extrac-
ted from the erosion of gold and molybdenum (Mo) mark-
ers which may show somewhat different erosion character-
istics than platinum, let alone tungsten. An interesting addi-
tional observation is that the eroded area on the L-mode strike
point is very narrow whereas around the H-mode strike line
the measured erosion is more profound and the extent of the
affected zone extends poloidally deep into the SOL, in accord-
ancewith what was reported in [13] for a limited set of samples
during the 2019 helium campaign on AUG. Inhomogeneous
Pt layer erosion was observed throughout the samples and
it could be attributed to the micrometer-scale surface rough-
ness of the marker samples. Deposition was prominent below
the L-mode strike point and in between the H- and L-mode
strike lines, in the respective private flux regions, and mainly
contained W (from surrounding regions on the divertor) and
C (from erosion of the graphite substrates of the marker
samples). A more in-depth discussion on the results can be
found in [42].

In the case of Be, the focus was on studying the impact of
CAPS on the erosion characteristics of Be PFCs. In H or D
plasmas [38], CAPS results in the Be erosion yield showing
a clear dependence on the wall temperature (Tsurf) such that
erosion is the highest at low values of Tsurf while the temperat-
ure dependence practically vanishes above 350 ◦C, In contrast,
no such trend was expected to appear in He. In the JET helium
experiment, a series of L-mode limiter pulses (Ip = 2.0 MA,
Bt = 2.4 T) was carried out by heating the limiter gradually at
a rapid pulse repetition rate to >350 ◦C and after each pulse
spectroscopically determining the erosion rate. Very surpris-
ingly, a CAPS-like behaviour could be noticed as figure 9 illus-
trates for the measured Be II signal as a function of the JET
pulse number (and thus with Tsurf). The possible reasons for
this puzzling observation will be discussed elsewhere but the
most plausible explanation could be related to residual H or
D atoms in the co-deposited layers on the JET PFCs: chem-
ical reactions between the released hydrogenic atoms and Be
could boost up the apparent Be erosion as visible in figure 9.
Of course, one cannot fully exclude the possibility that the D
(and H) inventories on the tiles are depleted as the experiment
proceeds, thus leading to a natural decrease of the Be II signal
with time.
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Figure 9. (a) Evolution of the Be II signal, indicative of erosion of Be limiter PFCs, as a function of the JET pulse number during the
L-mode experiment. (b) Correspondence between the JET pulse number (numbers starting from 101 145 up to 101 160), the limiter
temperature as well as the machine time (in hours) during the day of the experiment.

3.4.2. Production of W fuzz in helium. The formation
of nanostructures on W surfaces upon exposure to helium
plasmas was unambiguously demonstrated on AUG [10].
The experiment was based on a long flat-top scenario at
Ip = 0.8 MA and Bt = 2.5 T and with the samples mounted on
the DIM-II manipulator as shown in figure 1. In the H-mode
phase, 8 discharges at a heating power of 6.2 MW of NBI and
4.3 MW of ECRH were executed while in the L-mode phase,
6 discharges were run with ECRH only (power ∼1 MW). In
H-mode, the conditions were favourable for creating fuzz on
the surface as the following shows:

• The He fluence reached the value of 3.4 × 1024 m−2 close
to the strike point and decreased down to∼2× 1024 m−2 on
the peripheral samples towards higher values of the poloidal
coordinate (the two topmost samples in figure 1) [10]. This
is under the realistic assumption that the dominant species in
the edge plasma is He2+. In any case, the measured fluences

are well above the threshold value of 1024 m−2 mentioned
in section 2.1.1.

• The measured electron temperature around the strike point
was >20 eV, corresponding to an energy of >100 eV
for singly-ionized He+ ions and >160 eV for the doubly-
charged He2+ particles [7]. Thus, the requirement for
20 eV for the energy of the impinging particles was clearly
exceeded.

• The surface temperature could not be measured accurately
since the applied infrared camera saturated at the early
stages of the plasma discharges. However, at least values of
1800 K could be reached in the strike point (extrapolated to
climb up to 2500 K) [10]. Moreover, on all the samples posi-
tioned at the SOL side of the strike point the surface temper-
atures increased above the previously mentioned temperat-
ure limit of 1000K during several seconds of each discharge.

In the L-mode part of the experiment, the fluence was an
order of magnitude lower than in H-mode, the energy of
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Figure 10. Photograph of the bulk W and nanostructured W samples mounted on the DIM-II manipulator head after the AUG plasma
experiment together with SEM images from selected spots before and after the plasma exposure. Changes in the surface structure and
morphology are clearly visible. The coloured bars on the right side of the photograph denote the characteristic poloidal regions on the
samples: green = strong formation of nanostructures including W fuzz, red = dominated by erosion, blue = covered with deposits, and
grey = no apparent changes. The L-mode and H-mode strike point regions are marked with light blue and red stripes in the figure,
respectively.

the incoming particles was comparable to what had been
measured in H-mode, while the surface temperature was
clearly reduced. In this regime, the plasma conditions favoured
erosion and deposition of the PFC material instead of nano-
structure formation.

The AUG samples showed different characteristic regions
along the tile surfaces in the poloidal direction as figure 10
summarizes. No visible surface modifications were present
below the L-mode strike point (grey), whereas noticeable
erosion had taken place around both the L-mode and H-
mode strike lines (red). In between the two strike points,
co-deposited layers covered the underlying surface features
(blue); the co-deposited layers on the samples were up to
250 nm thick and consisted predominantly of W and O.

Clear fuzz formation was finally evidenced in a relatively
broad poloidal region above the H-mode strike point (green).
Besides fuzz creation, samples with pre-existing fuzz from
PSI-2 exposure showed either removal or modifications of
their surface nanofeatures. The results prove that W fuzz can
grow in typical operational conditions of a tokamak, even with
type-I ELMy H-mode plasmas but somewhat outside of the
region with the most intense particle loads. Please note from
figure 10 that fuzz has also formed on the DIM-II target tiles
(made of W), as evidenced by the distinct bluish–whitish area
to the left of the third (from the top) PSI-2 treated sample. It

is worth pointing out that this region is not black which is the
characteristic colour for W with nanostructures formed on it.

Overall, the picture agrees with the analysis of the samples
exposed in the 2019 helium campaign, however, on those
samples Mo was a dominant impurity and the roles of Mo and
W in the formation of nanostructures on those samples could
not be distinguished [43]. Compared to the 2015 experiment
[7], the amount of boron remains at a low level, also in the
private flux region of either the H- or L-mode experiment.
This proves the crucial role of boronizations in determin-
ing the migration of light impurities in a tokamak: the 2015
experiment was carried out close to a boronization, the 2019
and 2022 ones far from it.

The formation of the fuzz in the present experiment was
very non-uniform and reflected variations in the surface-
temperature profile of the exposed samples and on the target
tile. Thicknesses up to 1 µm could be measured for the cre-
ated fuzz layer but the individual tendrils showed a large range
of heights and widths; the thickest protrusions were formed
closer to the strike point while poloidally further away, a fine-
grained mesh became visible.

On JET, for its part, a scenario with reasonably long dis-
charges (Ip = 1.7 MA, Bt = 2.0 T) in an ELMy H-mode was
established. However, the ELM frequency was relatively large
(∼110 Hz) and obtained close to the LH threshold. Assuming
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Figure 11. Differential images (subtraction of images taken before
and after the W fuzz experiment) of the JET divertor recorded by (a)
an IR camera and (b) a visible camera. The relevant divertor tiles
(tiles 5, 6, and 8 as well as the four stacks of tile 5) are marked in
the images together with the strike line, PFR, and SOL regions. The
dark/bright greyish stripes identified after the experiment are also
marked in the figure.

equal ratio for the He2+ and He+ ions, the incident ion energy
was estimated to>100 eV (similarly to the case on AUG) and
the total fluence >1025 m−2 during the 54 discharges. The
surface temperature close to the strike point was measured to
>1200 K at this fluence, thus by all known criteria, the limit
for fuzz creation was exceeded. The experiment is introduced
and discussed in [44].

Despite the conditions being favourable for nanostruc-
ture formation, no obvious signs of fuzz creation could be
observed, particularly no changes in the colours of the sample
surface. After the experiment, visual inspection by infrared
(IR) and visible cameras revealed a darkish stripe at the private
flux region (PFR) and a wide greyish one almost at the edge
of tile on the SOL side, next to the neighbouring tile 6 (see
figure 11). Both of these could equally well be explained by
co-deposition with W and Be but a full surface analysis can
only be done once the tiles are removed from the vessel. We
speculate that the growing fuzz is eroded by the large number
of ELMs (>30 000 events in the type-III regime) impinging on
the surface and further masked by the strong influx of Be from
the main chamber. Similarly puzzling result has been obtained
onWEST during its helium campaign: no signs ofW fuzz even
if the main criteria were considered to be met [45].

4. Discussion and conclusions

Experimental campaigns in helium plasmas were carried out
on AUG and JET under the Tokamak Exploitation Task Force
of the EUROfusion Consortium with the focus on addressing
key research topics put forward in the ITER Research Plan.
In particular, the following questions were high on the experi-
mental agenda: (i) Is it feasible to carry out non-nuclear opera-
tions in ITER using helium plasmas with distinct type-I ELMy
behaviour and (ii) howwould the PWImechanisms differ from
the established picture in deuterium?

The experiments revealed that accessing the type-I ELMy
regime is possible in helium but there are no apparent advant-
ages over the other non-nuclear plasma species, hydrogen.
Whilst the L-H transition power threshold can be lower, enter-
ing the type-I regime may require equally much (or potentially
even more) heating power in He than in H. The pedestal char-
acteristics and confinement properties in He plasmas appear
to be comparable to those determined for hydrogenic plasmas,
however, more peaked density profiles in He indicate changes
in the particle transport. More analysis is also needed to fully
understand the power transport, since based on earlier data
confinement had been observed to be reduced in He compared
to the case in D.

On the side of the edge plasma, particle recycling at the
divertor was smaller in He than in D and higher densities
were needed for the onset of detachment, potentially because
of the lack of molecular channels to assist detachment in
He plasmas. On the other hand, reaching the desired pur-
ity of He plasmas is relatively straightforward whereas sub-
sequent operations in H or D require special cleaning efforts
and engineering solutions to ensure efficient pumping of
the released compounds. Considering fuel retention, helium
pulses led to a higher retention of He than removal of hydro-
gen isotopes but, on the other hand, the overall retention was
not particularly strong unlike what can be the outcome in
H or D. The post-exposure analyses of the fuel inventory,
especially that of He, are still pending and will be reported
elsewhere.

In the field of plasma-surface interactions, physical sput-
tering and net erosion of W were quite expectedly increased
in He compared to H or D plasmas, mainly due to the higher
mass and the contribution from the He2+ ions. Surface nano-
structures (W fuzz) were demonstrated to form under tokamak
conditions, albeit there is a delicate balance between erosion,
deposition, surface annealing, and nanostructure formation
locally on the PFCs [44]. This is sensitively dependent on the
applied plasma scenario as well as on the distance from the
strike point at the divertor as the experiments on AUG and
JET have demonstrated. On the other hand, the absence of
direct proof for W fuzz creation after tens of thousands of
ELMs on JET divertor tiles can also indicate that in ITER
helium would not cause insurmountable problems for the PFC
lifetime.

As a conclusion, helium plasmas remain possible candid-
ates to be used in the non-nuclear phases of ITER, however,
no clear conclusion can be drawn on the added value of He
over that of H. On the other hand, helium will become an
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important factor in the nuclear phase of ITER, thus our stud-
ies have helped in deepening the understanding of He particle
behaviour in fusion plasmas and their impact on the lifetime
of the reactor wall and retention of fuel on it. The results
of these experiments have already had consequences for the
ITER plans. In fact in the new baseline Research Plan [3],
ITER is considering demonstratingH-mode scenarios inD and
not anymore in H or He under conditions specifically optim-
ized for low neutron production.
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