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Abstract. The WEST superconducting tokamak, featuring a full tungsten environment and equipped with an
actively cooled ITER-grade divertor, provides valuable inputs for future ITER operation. One of its distinctive
features is that auxiliary plasma heating and current drive is exclusively supplied by radiofrequency (RF) sys-
tems. Scenario development supported by integrated modelling has allowed pulses exceeding 1300 s and 2.6 GJ
of energy to be performed, based on feedback-controlled plasma current sustained by LHCD power in order to
achieve a zero-loop voltage target. In this contribution, we review recent progress and near-term plans related
to plasma scenario performance improvement using RF waves in WEST, directly relevant to the operation of
future fusion devices in full metal environments.

1 Introduction

WEST is a tokamak equipped with an actively cooled
ITER-grade tungsten (W) divertor, as well as a supercon-
ducting toroidal magnetic field system producing a mag-
netic field up to B0 ∼ 3.7 T at major radius R0 ∼ 2.5 m
(typical minor radius a0 ∼ 0.5 m). Several plasma config-
urations (lower/upper X-point, double-null) allow various
aspects related to the operation of future magnetic fusion
devices to be explored [1]. Among these aspects, develop-
ing long pulses, i.e. discharges with durations well above
the plasma confinement time and approaching plasma-wall
interaction timescales, is of paramount importance [2].

One of the distinctive features of the WEST toka-
mak is the fact that the auxiliary power for plasma heat-
ing and current drive is exclusively supplied by radiofre-
quency (RF) sources. Its Lower Hybrid Current Drive
(LHCD) system consists of two antennas: a fully-active
(resp. passive-active) multijunction launcher with a par-
allel refractive index (n∥) spectrum typically centered
around n∥ ∼ 2 (resp. 1.7) able to provide up to 4 MW
(resp. 3 MW) power and drive the plasma current (up to
Ip ∼ 1 MA) in continuous wave (CW) conditions, at fre-
quency 3.7 GHz. In addition, the Ion Cyclotron Resonance
Frequency (ICRF) system, with 3 load-resilient (internal)
conjugate-T antennas, is capable of coupling up to 9 MW
during 30 s or up to 3 MW during 1000 s to the plasma,
in the frequency range 46-65 MHz. Finally an Elec-
tron Cyclotron Resonance Heating (ECRH)/Current Drive
(ECCD) system has been commissioned in WEST [3]. At
frequency 105 GHz, it will supply 1 MW in 2025, and up
to 3 MW in 2026. As such, RF power input in WEST
plasmas results in dominant electron heating, in part as a
result of the D(H) minority scheme typically used for Ion
∗Corresponding author: remi.dumont@cea.fr
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Cyclotron Resonance Heating (ICRH) [4], and low torque
injection. This coincides with expectations for ITER, in
which large EC power and high-energy NBI ions induce
dominant electron heating with relatively modest momen-
tum input [5].

We report here on recent achievements related to the
development of steady-state discharges in WEST. Sec-
tion 2 is devoted to LH-only discharges, which have been
designed with the support of extensive integrated mod-
elling, and culminated in the longest duration discharge
performed so far in WEST. In section 3, results related to
plasma performance enhancement using RF waves, as well
as future plans, are underlined.

2 Long-pulse scenarios based on LH
power

Achieving long-duration discharges requires minimizing
the loop voltage, Vloop. One of the most efficient methods
to achieve this is to employ LH power for non inductive
current drive (CD), and maximize the bootstrap current
fraction. For given plasma conditions and in LH power-
only pulses, the drop in loop voltage following the appli-
cation of LH power, PLH , can be approximated as

−
∆V
VΩ
≡

VΩ − VLHCD

VΩ
= fbs + ηLH

PLH

n̄lRIp
, (1)

with VΩ (resp. VLHCD) the loop voltage prior to (resp. af-
ter) the LH power application. fbs is the bootstrap cur-
rent fraction. n̄l is the line-averaged plasma density, R the
major radius and Ip the total plasma current. ηLH is the
LHCD efficiency, which depends on various parameters,
but was found in several devices to be adequately fitted
by a function proportional to τ0.4

E , with τE the energy con-
finement time (see Ref. [6] and references therein). As
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a result, the fraction of plasma current supplied by LH
waves, ILH/Ip, is proportional to τ0.4

E PLH/(n̄lRIp), show-
ing that non-inductive operation is typically achieved by
increasing (resp. decreasing) PLH (resp. n̄l and/or Ip),
while ensuring good confinement. In Fig. 1 is plotted the
voltage drop measured at the LH power application in vari-
ous pulses performed during WEST campaigns C7 to C10
(2023-2025) in the framework of the developments rele-
vant to Long Pulse Operation (LPO). All discharges pre-
sented in this manuscript have been performed at nominal
magnetic field, i.e. on-axis B0 ∼ 3.7 T.
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Figure 1. Loop voltage drop (see Eq. 1) in the presence of LH
power in Tore Supra (black crosses) and in WEST during the
LPO scenario development effort conducted in campaigns C7 to
C10 (red squares). The horizontal dashed line represents fully
non-inductive operation.

It appears that globally, the results are comparable to
what was measured in Tore Supra, a device equipped with
a carbon wall. This is consistent with the fact that exten-
sive Fokker-Planck calculations performed with the luke
code predict that tungsten has a negligible influence on the
LHCD efficiency [7]. The relative dispersion of the Vloop

measurements is attributed to the different range of param-
eters tested, which results in a finite range of values for τE ,
and thus for ηLH and ∆V/VΩ.

Operational constraints place restrictions on the avail-
able parameter range. In the presence of substantial LHCD
power, a fraction of the LH wave-driven energetic elec-
trons can be trapped in the magnetic ripple, and drift up-
wards. In the fully actively-cooled WEST environment,
cooling pipes installed on the upper part of the vacuum
vessel can overheat as a result [8]. Measurements of the
surface temperature of these elements, Tpipe, by the in-
frared (IR) surveillance system are available in real-time.
A thorough study of material fatigue of these elements, as
well as calorimetry and IR measurements, have resulted
in the definition of a maximum acceptable temperature of
365 ◦C, which limits the parameter range available for non
inductive operation. In Fig. 2, the loop voltage obtained
is plotted versus the normalized LH power, PLH/(n̄lRIp),
for a set of LPO discharges performed during the 2023-
2025 campaigns, with the pipe temperature shown in color
scale. It confirms the inverse dependence of Vloop on this
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Figure 2. Average value of the loop voltage versus normalized
LH power. The color scale shows the corresponding upper pipe
temperature as measured by the IR surveillance system.

quantity to lowest order. It also clearly shows that dis-
charges approaching fully non-inductive conditions, i.e.
Vloop ∼ 0 V, tend to be accompanied with large values
of Tpipe.

LH power deposition/current is to a large extent deter-
mined by the main plasma parameters. A possible actua-
tor is the toroidal spectrum (see, e.g., Ref. [9]). In order to
simultaneously maximize the LHCD efficiency and mini-
mize the upper pipe temperature, several toroidal spectra
for each antenna have been tested. In these pulses, the
plasma current is feedback-controlled by PLH . The time
traces of five of these pulses, each characterized by a cen-
tral value of n∥ averaged over the two launchers according
to their respective contribution to the total LH power, and
denoted ⟨n∥,0⟩, are shown in Fig. 3.
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Figure 3. Time traces of five pulses using different combined
toroidal spectra. From top to bottom: plasma current, line-
averaged density, LH power, pipe temperature.
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All these pulses are performed using the same pre-
programmed plasma current ramp down, in order to pro-
gressively approach non-inductive conditions. It turns out
that four out of five are terminated by MHD-induced dis-
ruptions, which typically occur when Vloop reaches low
values [10]. On the other hand, pulse #59310 (⟨n∥,0⟩ =
1.81) is characterized by an excessive pipe temperature
entailing a reduction of the LH power, which is unable to
fulfill the Ip request. Only pulse #59307 (⟨n∥,0⟩ = 1.87)
reaches 260 s. This confirms the strong influence of the
toroidal spectrum, especially since hard X-ray measure-
ments display profiles that are very similar in shape for
these discharges.

These results are further summarized in Fig. 4, show-
ing Tpipe, the central electron temperature, Te0, and the
normalized LH power necessary to sustain the plasma cur-
rent requested, versus ⟨n∥,0⟩. All quantities are averaged
over time interval t=10-20 s for each pulse.
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Figure 4. Influence of the central value of the LH parallel refrac-
tion index spectrum on (top) the upper pipe temperature, (center)
the central electron temperature, and (bottom) the normalized LH
power required to sustain the plasma current. All quantities are
averaged in time interval t=10-20 s.

It appears that Tpipe decreases with ⟨n∥,0⟩, consistently
with LHCD physics and ripple losses dependence, which
tend to be lower at larger values of n∥ [11]. On the other
hand, the fact that the LH power decreases is in contradic-
tion with elementary current drive theory, which predicts
ηLH ∝ 1/n2

∥
, all other parameters kept constant [12]. This

is the result of the considerable influence of the LH cur-
rent/power deposition profile in these discharges, which
determines the dominant heat source as well as the trans-
port properties. The conjunction of the operational con-
straints, such as described previously, and non-linear ef-
fects affecting the plasma discharge as a whole, make it
necessary to resort to sophisticated integrated modelling to
analyze the results obtained, as well as to design valid non-
inductive scenarios with adequate plasma performance [6].

Using this predict-first methodology, during the last
WEST campaigns, several duration/energy records have
been attained. The culmination of this effort is pulse
#61299, lasting 1337 s with an energy injected/extracted
of 2.61 GJ. The corresponding main time traces are shown
in Fig: 5.

WEST pulse 61299 - 0.23MA/3.7T 

Avg: 0V

Prad [MW]

PLH [MW]

nlavg [x1019m-3]

Ip [x0.1MA]

Vloop [mV]

Figure 5. Time traces of fully non inductive WEST pulse
#61299. From top to bottom: central line-averaged density,
plasma current, LHCD power, radiated power (total), loop volt-
age.

This pulse has a plasma current Ip ∼ 0.23 MA, and re-
lies on LH power exclusively. As mentioned previously, Ip

is feedback-controlled by PLH , whereas Vloop is controlled
by the voltage applied to the central solenoid coils. In this
discharge, the request is strictly Vloop = 0 V, which means
that the plasma current is entirely the sum of LH and boot-
strap contributions. The PLH time trace also shows that
the LH power adapts to the plasma conditions in real time.
In steady-state, PLH ∼ 2 MW is necessary to drive the
current. The plasma performance is characterized by cen-
tral electron temperature Te0 ∼ 2.0 keV, confinement fac-
tor H98,y2 ∼ 0.8, poloidal beta βp ∼ 1.6 and normalized
toroidal beta βN ∼ 0.6. This relatively modest perfor-
mance is the result of mild MHD activity (identified as 3/1
and 4/1 modes) present during the whole duration, which
is also the reason for the occasional changes of confine-
ment regime observed between 200 and 500 s (it must be
pointed out that the larger change occurring at t ∼ 1040 s
results from a LH klystron failure). This particular pulse
is characterized by the fact that only the fully active multi-
junction LH launcher was used, in order to relax the con-
straints on the RF heating systems refrigeration appearing
for pulses exceeding 750 s. Bespoke system upgrades
will allow these limitations to be alleviated in forthcom-
ing campaigns. Interestingly, long pulses performed with
a combination of the two LH launchers and a comparable
LH power level, exhibit no MHD, and better confinement.
As an example, WEST pulse #60738 (duration 560 s),
shown in Fig. 6, uses a combination of the two LH launch-
ers and achieves Te0 ∼ 3.4 keV, H98,y2 ∼ 1.1, βp ∼ 2 and
βN ∼ 0.8, with negligible MHD activity.

Although it differs from the record pulse in that Vloop

has a finite value (3 mV), it has been established that the
MHD activity in pulse #61299 was unlikely to be caused
by the fact that this pulse is fully non inductive. This fur-
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WEST pulse 60738 - 0.23MA/3.7T 
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Figure 6. Time traces of WEST pulse #60738, at Vloop = 3 mV.
From top to bottom: central line-averaged density, plasma cur-
rent, LHCD power, radiated power (total), loop voltage.

ther underlines the sensitivity of the discharge parameters
to fine details of the LH current profile. Further data anal-
ysis and numerical simulations are ongoing to identify the
precise cause for this difference [13].

3 Enhancing long pulse performance with
RF power

3.1 ICRH and radiative collapses

In the context of commissioning the ECRH/CD system in
WEST and given the fact that modifying the toroidal spec-
trum of the LH launchers only provides limited effective
control, a method to increase the plasma performance is
to resort to the ICRF system currently available. In the
relatively low density conditions typical of LPO develop-
ment scenarios, ICRF coupling is known to be challeng-
ing, thereby potentially limiting the available power.

The ICRH frequency is typically set around 55.5 MHz,
compatible with central power deposition when operating
at nominal magnetic field in WEST [4]. The hydrogen
minority concentration is around 5% in typical conditions.
In Fig. 7 is shown a comparison of two identical shots,
#61615 and #61616, except for the fact that 1.2MW of
ICRF power is injected in the latter.

The presence of ICRH power makes the LH coupling
challenging, as visible from the LH power time trace, and
as was already known from previous Tore Supra experi-
ence [14]. But another effect of the addition of ICRF
power is the fact that the central electron temperature,
Te0, drops significantly, and magnetic reconnection events
occur before the discharge ends as a result of excessive
MHD. This phenomenon has been explained as the result
of a radiative collapse, appearing either when density in-
creases [15], and/or when the application of ICRH power
results in tungsten accumulation in some cases [16]. As
shown in the bottom panel of Fig. 7, the radiated power
fraction, frad, inside normalized radius ρ = 0.3 increases
significantly in the presence of ICRH. As a result, Te0 de-
creases and the LH power deposition tends to shift out-
wards [15]. It has been established that the application of
ICRF power induces a poloidal asymmetry of the electro-
static potential and a finite toroidal plasma rotation, pro-
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Figure 7. A comparison of WEST pulses 61615 (black) and
61616 (red), differing in that the latter features 1.2MW ICRH
power. From top to bottom: LHCD power, ICRH power, central
electron temperature and fraction of radiated power (in %), in-
side normalized radius ρ = 0.3.

moting tungsten accumulation [16]. On the other hand,
the central ICRF power in these conditions should result in
significant electron heating through collisional relaxation
of the driven energetic ions [4].

In order to investigate this issue, detailed RF sim-
ulations have been performed, using the eve/aql full
wave/Fokker-Planck code [17]. This study was conducted
in the conditions of ICRH-only pulse #55605, for which
1) a detailed study of the power radiation by impurities has
been conducted, and 2) the level of power lost in the mag-
netic ripple can be estimated from IR images of the baffle,
which was not actively cooled at the time this discharge
was performed [18]. Although the parameters differ from
the collapsing pulse shown in Fig. 7, it is believed that the
mechanism leading to the collapse is similar. Time traces
of the ICRH power applied and the central electron tem-
perature are shown in Fig. 8.

In WEST pulse #55605, it has been established that
the radiated power inside normalized radius ρ = 0.3 is of
the order of Prad(ρ ≤ 0.3) ∼ 0.5 MW at t=5.6 s, when the
collapse starts.

3.2 Finite orbit width effects

Self-consistent RF simulations have been performed, us-
ing the experimental parameters measured at this time.
The minority concentration is assumed to be nH/ne = 5%,
in agreement with spectroscopy measurements. The ICRF
power is 3.8 MW, the frequency is PICRH = 55.5 MHz
and the toroidal spectrum corresponds to dipole phasing,
(0, π). For these simulations, ten toroidal modes are re-
tained, ranging from -47 to +47. Fig. 9 shows the results
obtained using eve/aql, in which it is assumed by default
that ion orbits are infinitely thin [17].
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with (red) FOW effects, using the reduced model described in the
main text. From top to bottom: power to electrons, minority hy-
drogen perpendicular energy, minority hydrogen parallel energy.
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One of the most important outcomes of these simu-
lations is the large power level transferred from minor-
ity ions to electrons by collisional relaxation (top panel of
Fig. 9). At 5% concentration, it is predicted that the power
density source on the magnetic axis exceeds 4.8 MW/m3,
and the heating source inside ρ = 0.3 is of the order
Pe(ρ ≤ 0.3) ∼ 2.15 MW. This power level is well in ex-
cess of the 0.5 MW radiated power mentioned previously,
i.e. should prevent the radiative collapse from occurring.

As shown in Fig. 9, in these simulations, the perpen-
dicular energy appears to be quite peaked on the magnetic
axis, which is the reason for the large power source on

electrons. One potential caveat is the Zero Orbit Width
(ZOW) limit assumed by default in aql. In a medium size
tokamak such as WEST, it is clear that trapped energetic
ions are characterized by banana/potato orbits with typi-
cal widths representing a significant fraction of the plasma
minor radius. In order to take this effect into account, a be-
spoke reduced model for Finite Orbit Width (FOW) effects
has been implemented in aql.

At each point (v∥, v⊥, r) in phase space, with v∥ (resp.
v⊥) the parallel (resp. perpendicular) velocity, the trapped
orbit (potato or banana, whichever applicable) width, δtr,
is computed according to

δtr(v∥, v⊥, r) ≡
{
δb(v∥, v⊥, r) if δb ≤ r,
δp(v∥, v⊥, r) otherwise (2)

with δb (resp. δp) the banana (resp. potato) width [19].
This width is then averaged over velocity-space as

δFOW (r) ≡

∫
tr d3v fH(v∥, v⊥, r)δtr(v∥, v⊥, r)∫

tr d3v fH(v∥, v⊥, r)
, (3)

with fH the computed hydrogen distribution function, and
where the integral is carried over the trapped part of ve-
locity space to obtain a radial profile. This quantity is then
used to enlarge the power density profile in the eve/aql
calculation, using a convolution of the ZOW profile with a
Gaussian function of typical width δFOW . The FOW model
is applied throughout all the eve/aql iterative process. A
first eve calculation is performed, yielding a ZOW power
deposition profile. This profile is used by aql to com-
pute a first estimate of the minority distribution function.
From this distribution, the averaged orbit width, δFOW , is
obtained (Eq. 3). eve is run a second time with the pre-
vious minority distribution parameters as input, and an
updated power deposition profile is obtained, still in the
ZOW limit. Before the second aql run, the convolution
procedure is applied to the power deposition from eve, us-
ing the width computed previously to obtain an enlarged
(FOW) deposition profile. From this point on, every itera-
tion is performed with a FOW deposition profile based on
δFOW from the previous iteration. Typically, for the WEST
minority heating simulations presented in this article, the
profiles/distributions obtained are found not to evolve sig-
nificantly after 5-6 iterations, similarly to ZOW eve/aql

calculations published previously [17].
The final result of this procedure is a new profile, la-

beled FOW, also shown in Fig. 9. It appears that the per-
pendicular energy, and the power transferred from minori-
ties to electrons, is significantly reduced in the central re-
gion of the plasma (where the trapped particle width is the
largest). The parallel energy, on the other hand, is only
affected in a limited, yet non-zero, fashion, as the reduced
anisotropy results in a slightly modified balance between
pitch-angle scattering and wave-induced diffusion [20].

It should be pointed out that, although such a reduced
model does not aim to replace more advanced calculations
(Monte Carlo or others), the resulting power deposition
profile appears to be more realistic than the one obtained in
the ZOW approximation. To illustrate this point, a break-
in slope (BIS) analysis (see, e.g., Ref. [21]) based on elec-
tron temperature measurement by the Electron Cyclotron
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Emission (ECE) radiometer around the ICRH switch-on
time (t=4.04 s), as been performed to evaluate the power
source on electrons. One caveat, in this pulse, is that for
operational reasons, the ICRF power is not increased di-
rectly to its final value (3.8 MW) but rather to a smaller
level (0.9 MW in this case), and then ramped up progres-
sively (see. Fig. 8). An accurate BIS estimate, on the other
hand, requires an abrupt switch-on. This means that the
BIS analysis can only be reliably performed at the 0.9 MW
power level, and compared to numerical simulations using
the same power, for which FOW effects clearly play a less
important role than at 3.8 MW. The corresponding eve/aql
calculations have been performed: one in the ZOW limit
and one in which the FOW model is used, both at total
ICRH power 0.9 MW. The total electron power source,
resulting from collisional relaxation of minority ions and
direct Electron Landau damping, although the latter effec-
tively contributes very little, is shown in Fig. 10.
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Figure 10. A comparison of power source on electrons from BIS
analysis (red circles), and eve/aql calculation in the ZOW limit
(blue) and in the FOW limit (green). The contribution of Electron
Landau damping in both case is also shown as dashed lines.

In this situation, the FOW result appears to be more
consistent with the experimental evaluation than the ZOW
simulation, adding some credibility to the fact that FOW
effects probably play an important role in WEST, and
should be included to explain measurements.

Despite this refinement, it is found that the power
density near the magnetic axis is pe(0) ∼ 2 MW/m3

and the cumulative power to electrons inside ρ = 0.3 is
Pe(ρ ≤ 0.3) ∼ 2.02 MW. Both quantities are still well
in excess of the estimated radiated power inside ρ = 0.3,
Prad(ρ ≤ 0.3) ∼ 0.5 MW, and this calculation thus still
does not suffice to justify the radiative collapse observed.

3.3 Ripple-induced losses of energetic ions

Another potential source of power source deficit on elec-
trons is the loss of energetic ions. Owing to its finite num-
ber of toroidal coils, WEST has a magnetic ripple level
on the outboard side of the plasma (R ∼ 2.93 m) up to
2.3%. This effect is a well-known potential source of
ICRF-driven ion losses. The lost energetic ions drift down-
wards, impinging plasma facing components installed in

the lower part of WEST, most notably the baffle [18]. A
consequence of this phenomenon is a deficit in plasma
heating by collisional relaxation of energetic ions. In
this particular pulse, it is estimated that 20% of the ICRF
power is lost [16]. The impact of this lost power on the
amount of electron heating has been investigated using
eve/aql. In order to account for this effect in a simpli-
fied fashion, it is assumed in aql that all ions above a cer-
tain energy, Eloss, are lost. For each simulation, the corre-
sponding value of lost power, Ploss, is obtained, and floss

is defined as the ratio of this lost power to the total ICRF
power. Figure 11 shows Eloss vs floss (top panel).
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Figure 11. eve calculation of the impact of losses above Eloss on
the central perpendicular/parallel energy density (middle panel)
and the central power density transferred to electrons/ions (bot-
tom panel). The x-axis shows the corresponding ICRF power
loss, which is estimated to be 20% in this pulse (dashed line).

According to this simplified model, floss = 20% is ob-
tained when all ions above Eloss ∼ 540 keV are assumed
lost in the ripple, therefore not contributing to plasma heat-
ing. The central panel of Fig 11 shows that this has the
largest impact on the central perpendicular energy, which
results from the large perpendicular temperature typical of
ICRF-driven energetic ions. As shown on the bottom panel
of the same figure, the impact on the electron heating is
considerable: 20% of power losses translates in reduction
of the power source on electrons by a factor 2. It is worth-
while noting that the fraction of power on ions increases
slightly as Eloss decreases, which is caused by the fact that
these simulations are self-consistent: a modification of the
minority ion distribution caused by losses can result in a
modification of the overall power split between species.

In Fig. 12 is summarized the results obtained in terms
of electron power source profile: ZOW, FOW, FOW with
20% ripple losses.

It can be noted that the profile total power on electrons
inside ρ = 0.3 is now of the order of 0.5 MW, which is
comparable to the limit for radiative collapse. It should be
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Figure 12. Comparison of power density on electrons when only
ZOW effects are included (black), FOW effects are included (red)
and FOW effects with 20% ripple losses are taken into account
(green). Left axis: power density (solid lines); Right axis: cumu-
lative power between axis and current normalized radius (dashed
lines).

recalled, however, that the application of ICRF also con-
tributes to tungsten accumulation from the poloidal asym-
metry of the potential, and increased plasma toroidal rota-
tion, so that it can explain the fact that radiative collapses
are observed even in the presence of an electron power
source comparable in magnitude in the plasma center.

3.4 Minority concentration scans

A rather straightforward possibility to reduce the level of
ripple losses is to increase the minority concentration [11].
Indeed, to lowest order, the amount of energy available
per minority ion when increasing nH/ne is reduced in pro-
portion [20]. This possibility was investigated by using
eve/aql, varying the minority concentration between 2.5
and 20%, whereas all other parameters are assumed con-
stant. The increase in hydrogen concentration is compen-
sated by decreasing the deuterium concentration accord-
ingly.

Fig. 13 shows the variation of w⊥(0) (resp. w∥(0)), the
central perpendicular (resp. parallel) energy density in the
three limits discussed in the context of Fig. 12.

In the ZOW limit, w⊥(0) is found to globally decrease
as nH/ne increases, in agreement with Ref. [20], although
it is worth noting that this decrease is not strictly mono-
tonic, as changes in the wave propagation/damping usually
make the picture more complex. Interestingly, in the FOW
limit including losses, an opposite trend is observed: the
perpendicular temperature increases slightly, as energetic
ion losses tend to decrease and eventually result in over-
all enhanced electron heating. w∥(0), on the other hand,
increases monotonically in the three cases as a result of
pitch-angle scattering. The consequences in terms of cen-
tral electron / bulk ion heating are shown in Fig. 14.

The results obtained stem directly from the previous
observations related to Fig. 13: unsurprisingly, central
electron heating follows the same trend as w⊥(0), whereas
central ion heating increases continuously in the three
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Figure 13. Effect of the minority concentration nH/ne on the per-
pendicular (top); parallel (bottom) energetic ion energy density
on the magnetic axis in the ZOW (black), FOW (red) and FOW
including 20% power loss (green) limit.
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Figure 14. Effect of the minority concentration nH/ne on the
electron (top); ion (bottom) power density received from minor-
ity ions on the magnetic axis in the ZOW (black), FOW (red) and
FOW including 20% power loss (green) limit.

cases since increasing nH/ne tends to increase the relative
contribution of the low/medium energy part of the minor-
ity ion tail to collisional power transfers.

Although increasing the minority concentration there-
fore appears as a valid option to increase the power source
on electrons in the presence of energetic ion losses, it
is also well known that the global wave per-pass damp-
ing rate decreases as nH/ne increases, favoring impurity-
related issues, potentially problematic in metallic environ-
ments (see, e.g., Refs. [22, 23]). Although the single pass
(SP) damping rate does not constitute an unequivocal as-
sessment of the quality of a given ICRF scenario, espe-
cially in metallic environments [24], it usually constitutes
a good indicator of potential difficulties when it reaches
low values. In order to evaluate this quantity in WEST, the
1D all-orders full wave code mets [25, 26] has been em-
ployed, using the parameters of pulse #55605 at various
concentrations. The result is shown in Fig. 15.

It is found that the wave damping is largely domi-
nated by the hydrogen minority ions in all cases. Elec-
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Figure 15. Estimate of the single pass damping rate when nH/ne
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trons and deuterium absorb only a small amount of the
injected power. The total single pass damping rate is max-
imum at nH/ne ∼ 5%, which is in line with previous find-
ings [23, 27]. It drops below 30% for nH/ne ∼ 15%. Al-
though the development of the energetic ion tail can po-
tentially result in an increase of this damping rate [26], the
phase during which this tails builds up could be character-
ized by operational difficulties.

Another possibility to strongly reduce the amount of
ripple losses is to operate at larger densities, as the power
lost scales as n̄β2

l with β2 = −2.16 ± 0.76. This is also
favorable for a reliable use of ICRH power in these dis-
charges [18], which has been shown in the past to be
beneficial in terms of MHD stability in non-inductive
pulses [28]. However, operating at larger densities also
requires a larger power level available for current drive.
One appealing possibility is to use the ECRH/ECCD sys-
tem recently installed in WEST [3]. In 2025, 1 MW of EC
power is available for plasma heating/current drive with a
total power installed eventually planned to reach 3 MW in
2026. This is expected to significantly enlarge the param-
eter space and increase the performance of non-inductive
discharges based on LHCD, as reported in recent experi-
ments (see, e.g., Refs. [29, 30]). As observed in the nu-
merical simulations in Ref. [6], the application of central
ECCD is expected to be instrumental in controlling the
safety factor profile reversal inherent to LHCD plasmas as
well as improving the overall current drive efficiency, thus
allowing non-inductive operation at larger densities. The
LH-EC synergy, not included in Ref. [6], is also expected
to further contribute to this enhancement [31]. As dis-
cussed in Ref. [16], by supplying an additional localized
electron source in the plasma core, EC power should be an
efficient method to counterbalance radiative collapses such
as shown in this work. In addition, the prospect of a future
Travelling Wave Array (TWA) antenna installed in WEST
will provide additional flexibility in the heating methods
available for long pulse, high-performance scenario devel-
opment [32]. It is expected that this unique combination
of LH, IC and EC power will allow WEST to further in-
vestigate issues relevant to the operation of future fusion
devices with full metal environments.

4 Conclusions

Significant progress has been achieved in next-step rel-
evant developments in the WEST tokamak, which re-
lies exclusively on RF power for auxiliary plasma heat-
ing/current drive. Among recent accomplishments, long
duration pulses have been achieved, based on LHCD
power. In LHCD-only pulses, the toroidal phasing of-
fers only limited flexibility, as LHCD-induced reversed
safety factor profiles are prone to the triggering of insta-
bilities. This experimental result confirms the fact that
numerical simulations including a self-consistent descrip-
tion of current diffusion, heat sources, and heat and par-
ticle transport, are required to model these non-inductive
pulses. With the support of predict-first integrated mod-
elling, long duration discharges up to 22 min with 2.61 GJ
energy injected/extracted have been performed. ICRF
waves have been employed to increase the plasma perfor-
mance in these low/zero loop voltage, low density, dis-
charges. However, in the absence of any particular wall
conditioning procedure, radiative collapses are often ob-
served, resulting from an excessive core radiation by tung-
sten, only partly compensated by electron heating from en-
ergetic ICRF-driven minority ions. The eve/aql code has
been employed to investigate this issue in detail. Using a
reduced model, it was shown that FOW effects needed to
be included to describe the ICRF-induced electron heating
source in medium size devices such as WEST. Further-
more, discharges in which ion ripple losses were deduced
from IR measurements have been used to estimate an en-
ergy limit, above which energetic ions are assumed lost.
Adding this effect to simulations has confirmed that the
combination of FOW effects and ripple losses could ex-
plain the electron heating deficit, and radiative collapses
observed. Finally, the influence of increasing the minor-
ity concentration has been investigated. It has been shown
that whereas nH/ne ∼ 5 % was optimal in ZOW conditions
and no losses, increasing this value could allow core elec-
tron heating to be optimized when FOW effects and ripple
losses are included. Single-pass damping rate estimates
performed with the mets code show that increasing nH/ne

up to 10% allows a single-pass damping rate above 40%
to be maintained.

In general, higher density operation is desirable to help
coupling ICRF waves, decrease ripple losses (electron and
ion) and improve plasma performance. Upgrades of the
WEST RF capabilities are expected to contribute to core
electron heating in this context: a TWA antenna operat-
ing in the IC range of frequencies, and an ECRH/ECCD
system. In addition to various other technical device im-
provements, these upgrades are expected to facilitate fur-
ther developments of RF-based high performance scenar-
ios in WEST in upcoming campaigns.
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