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A B S T R A C T   

This paper explores the plasma parameters of helium and hydrogen Ion Cyclotron Wall Conditioning (ICWC) 
discharges performed in JET as part of a He/H fuelling changeover experiment. The conducted study shows that 
plasma with a higher density is formed in helium than in hydrogen. A distinct glow in the ion cyclotron reso-
nance zone is observed throughout the discharge in He. In H-ICWC discharges, a lower radio-frequency coupling 
efficiency and coupled power was observed than in He-ICWC discharges. While the helium concentration 
decreased with the number of H-ICWC pulses and the same for hydrogen in He-ICWC, which is the intended 
result of the plasma wall interaction in the ICWC changeover procedure, the main features of hydrogen as well as 
the helium IC discharge do not change dramatically.   

1. Introduction 

Wall conditioning is essential for the operation of tokamaks and 
stellarators, and thus for the advancement of magnetic confinement 
fusion research [1–3]. It is applied to overcome several problems. First, 
to decrease the flux of impurities from the first wall into the confinement 
volume and, accordingly, to decrease the radiation losses from the 
plasma. Control of the recycling of hydrogen fuel fluxes and, therefore, 
plasma density. Removal of tritium from plasma-facing materials for 
safety. Accelerating the transition from plasma tests with one element or 
isotope to another. Recovering vacuum conditions after events such as 
disruptions and vacuum leaks. 

Wall conditioning includes various methods [1,2]. One such method 
is the use of plasma produced by radio-frequency (RF) discharges of 
various frequency ranges, including the ion-cyclotron frequency range 
[1–4]. This method has been and is used on stellarators W7-AS [5], U- 
3M [6], U-2M [7], LHD [8] and tokamaks TEXTOR [9], ASDEX Upgrade 
[10], TORE SUPRA [11], EAST [12], HT-7 [13], KSTAR [14]. Ion 
Cyclotron Wall Conditioning (ICWC) is one of the developed methods for 
fuel removal at JET [3,4,15]. In future it is planned to use ICWC in the 
superconducting stellarator W7-X [16] and tokamaks DTT [17], ITER 
[18]. ICWC can use the same antennas as used for ion cyclotron reso-
nance heating (ICRH) without requiring additional hardware. However, 
the approaches in implementing ICWC and ICRH are quite different. In 
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ICRH methods, RF power is applied to an already made plasma. In ICWC, 
the discharge is produced and sustained by the RF antenna, with pa-
rameters appropriate for wall conditioning procedures. Initial condi-
tions (pressure, magnetic field, etc.) must be selected favorable for RF 
breakdown as well as for subsequent power coupling in the steady 
conditioning plasma [19]. The plasma parameters of the ICWC discharge 
affect the efficiency of wall conditioning. Therefore, ICWC discharge 
analysis is necessary to optimize the wall conditioning procedure. 

Previously, discharge production for ICWC in JET was analyzed for 
example in [19]. However, the comparison and analysis of the ICWC 
discharge plasma parameters in different gas atmospheres has not been 
carried out before. In the present work, we compare the ICWC discharge 
parameters in hydrogen (H2) and helium (He) atmospheres in JET under 
nearly identical conditions. The experiments were conducted to inves-
tigate the effect of He/H changeover with Be/W walls. 

2. Experimental details 

The JET C43 campaign was initiated with He/H fuelling changeover 
experiments [20]. The experiments involved two phases. In the first 
stage, ICWC hydrogen discharges were carried out to decrease the he-
lium concentration within the facility. The hydrogen scenario unfolded 
as follows: one beryllium monitoring pulse (BeMP), followed by 15 
ICWC discharges, another BeMP, and finally 5 diverted plasma pulses 
(DPP). After that, at the next phase, ICWC is discharged in helium to 
decrease hydrogen concentration in the facility. The sequence of dis-
charges in helium is as follows: 1 BeMP and 8 ICWC discharges, followed 
by another 1 BeMP and 9 ICWC discharges, then 1 BeMP and 4 DPP, and 
finally, 1 BeMP. 

The ICRH system at JET includes one ITER-like antenna (ILA) and 
four A2 antennas known as the ’A’, ’B’, ’C’, ’D’ [21–24]. The latter A2 
antennas have been used in ICWC experiments [25]. They each include 
four poloidal straps with a Faraday shield. The present experiment used 
antenna ’D’ to produce the ICWC discharge plasma. The phasings of the 
antenna straps were ’monopole’ (0 0 0 0). The generated RF output 
power was up to 0.45 MW at a frequency of fRF = 28.24 MHz. The 
toroidal magnetic field in the center was Bt = 1.9 T. In these conditions, 
the ion cyclotron resonance (ICR) zone for the fundamental harmonic of 
hydrogen ωci (H+) ≈ ωRF = 2π × fRF is localized on the torus axis ~3.04 
m. At the same time, for He2+ and He+ helium ions, the ICR zone for the 
first harmonic is outside the plasma volume. Correspondingly, for heli-
um ions ωRF ≈ 2ωci (He2+) ≈ 4ωci (He+). In ICWC discharges in 
hydrogen, there was additionally a vertical magnetic field of magnitude 
15 mT. In the two shots, #101044 and #101045 the value of the vertical 
field was 22.5 and 7.5 mT, respectively. Only four ICWC discharges in 
helium additionally had a vertical magnetic field 22.5 mT (#101082), 
7.5 mT (#101083) and 15 mT (#101084, #101085). 

The line integrated density was measured using a multi-channel Far 

Infrared (FIR) interferometer [26,27] on four vertical channels (see 
Fig. 1a), with a sensitivity of 3 × 1017 particle/m2. Time-resolved optical 
emission spectroscopy was used to measure the intensities of spectral 
lines of helium and hydrogen, as well as lines of plasma impurities. In 
the visible range, the spectrometric systems known as KS3 and KS8 [28] 
in JET were used. The poloidal cross section of the KS3 viewing geom-
etry is shown in Fig. 1b. The evolution of the ICWC discharge was 
registered by tangential video diagnostics. Residual gases were analyzed 
by sub-divertor gas analysis diagnostic [29,30]. The sub-divertor 
hydrogen concentration was measured by Penning gauge spectroscopy 
[29,30]. 

3. Results and discussion 

The ICWC pulse starts by injecting RF power at ≈ 42.8 s, followed by 
gas injection. The pulse injection of the operating gas was performed 
with a delay of ~400 ms, relative to the start of the RF generator. At time 
≈ 61.9 s, both RF and gas stop. The time of the appearance of a plasma 
glow in the volume, recorded by a tangential high-speed video camera 
with a time resolution of 5 ms, was different for ICWC discharges in 
hydrogen and helium. In H-ICWC discharges, the glow appeared in the 
interval from ~0.3 to ~0.8 s after the start of gas injection. At the same 
time in He-ICWC discharges this time was from ~1 to ~2 s. In fact, 
during this time several processes take place sequentially. Reaching the 
pressure, concentration of neutral atoms, in the volume necessary for RF 
breakdown. The pressure of hydrogen and helium in the vacuum vessel 
at the start of the glow were ~ (1.7–3) × 10-5 mbar and (0.9–1.7) × 10-4 

mbar, respectively. The plasma glow that occurs right after breakdown 
when the plasma density is still low [19,31] is analysed using video 
diagnostics. The further dynamics of ICWC discharge glow is also 
different in hydrogen and helium. In H-ICWC discharges the brightest 
glow near the wall, the intensity of which varies over time (see Fig. 2a, 
b). Shortly after the discharge initiation in He, the presence of horizontal 
filaments near the low field side was observed (see Fig. 2c), suggesting 
that initially, the plasma flows from a localised plasma production zone 
along the shaped vertical magnetic field configuration. Also, a more 
intense glow in the ICR zone throughout the discharge in He is observed 
(see Fig. 2d). Video diagnosis with the Hα filter (656 nm) shows an 
intense glow of the hydrogen line in the ICR region (see Fig. 3). Both 
features are not observed in H (see Fig. 2a,b). The presence of a minority 
addition of hydrogen in the He-ICWC discharges is confirmed by both 
spectrometric diagnostics and Penning gauge spectroscopy. 

In Fig. 4 shows a comparison of the discharge parameters for two 
pulses in hydrogen and helium. As can be seen in both pulses there are 
spectral lines of hydrogen and helium. Accordingly, this shows the 
presence of the minority hydrogen or helium resulting from plasma wall 
interaction in addition to the main fuelled species. The highest intensity 
is observed for the spectral lines of the main gas. Significant differences 
are observed in the achieved plasma density for these discharges. 
Measurements of the line-integrated electron density along the vertical 
chord in the H-ICWC discharge showed that the density is below the 
sensitivity of the interferometer of 3 × 1017 m− 2. In the case of the ICWC 
discharge in He, the density was higher than 3 × 1017 m− 2. The line- 
integrated electron density measurements (see Fig. 4 a, c) were made 
in vertical channels LID 3 (see Fig. 1a) at the radial coordinate R0 ≈ 3.02 
m, which is very close to the ICR zone ~3.04 m. Correspondingly, the 
ICR zone also showed an increase in plasma density. The maximum 
achieved NeL value was up to 6 × 1017 m− 2. The average density esti-
mate gives a value of ~2 × 1017 m− 3. Higher densities are also observed 
in the other vertical channels LID 2 (R0 ≈ 2.69 m) and LID 4 (R0 ≈ 3.75 
m) in the He-ICWC discharge. For LID 2 the maximum NeL was up to 5.3 
× 1017 m− 2, LID 4 was up to 3.2 × 1017 m− 2. Accordingly, the entire 
plasma volume has a higher density in He-ICWC than in H-ICWC 
discharges. 

Fig. 4b,d shows the time evolution of the intensity of the spectral 
lines of hydrogen, helium, and impurities in the vertical midplane. Just 

Fig. 1. Poloidal cross section of the FIR (a) and spectrometer systems KS3 (b) 
viewing geometry. 1–4 vertical channels FIR, respectively, LID 1-LID 4; 5 - A2 
antenna; 6 and 7 vertical and horizontal view KS3. 
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as in the horizontal midplane (see Fig. 4a,c), the maximum intensity is 
observed for the spectral lines of the main gas and lower intensity for the 
minority additive. In the He-ICWC discharge spectral lines of helium, 
oxygen, and carbon ions are also observed (see Fig. 4b,d). In H-ICWC 
discharge the spectral lines of helium and carbon ions are below the 
detection limit. The intensity of the oxygen spectral line is an order of 
magnitude lower than in the He-ICWC discharge. This difference may be 
due to the higher plasma density in the helium discharge. In this case, 
the flux of particles both helium and including hydrogen [32] to the wall 
will increase. The plasma-wall interaction will increase accordingly. 
This will lead to an increase in the flux of impurities in the plasma. The 
probability of collisions resulting in ionization and excitation of ions will 
increase with increasing density. Accordingly, the intensity of the 
spectral lines of the ions should increase. On the other hand, it is also 
possible that the temperature of the electrons in the helium discharge is 
higher than in hydrogen. 

A difference in coupled RF power for ICWC discharge in hydrogen 
and helium is also observed (see Fig. 4). Fig. 5 summarizes the RF pa-
rameters and line-integrated electron density for ICWC pulses. The ef-
ficiency of inputting RF power into the plasma is characterized by 
coupling efficiency η. The antenna–plasma coupling efficiency is the 
fraction of the power coupled to the plasma to the power launched at the 
generator, η = Pcoup/Pgen [19]. In H-ICWC discharges, a lower η was 
observed than in He-ICWC discharges, respectively up to 0.4 and 0.58. 
Accordingly, the coupled RF power Pcoup in the H discharge was lower 
than in the He discharge, up to 0.16 MW and 0.24 MW, respectively. The 
total coupled energy Wc in the H discharge was lower than in the He 
discharge, up to 1.2 MJ and 4 MJ, respectively. Higher values of 
coupling efficiency, respectively Pcoup and Wc in He-ICWC seem to be 
associated with a higher plasma density in the volume and other plasma 
parameters compared to the H-ICWC discharge. 

Fig. 6 shows the change in pressure and mass spectra during and after 
the RF pulse. As can be seen, both the hydrogen and helium pressure 
increases after the RF pulse. The H-ICWC discharge also shows an in-
crease in the signal on the mass spectrum not only for H2 (m = 2) but 
also for He (m = 4), HD (m = 3), and H2O (m = 18). The situation after 
the He-ICWC discharge is different, where the signals increase only for 
He (m = 4) and H2 (m = 2). Detailed analysis of the gas balance by mass 

Fig. 2. Tangential camera images of a ICWC discharge in H2 (a,b) and He (c, d). 
Time index 45.9 s (a, c) and 47.6 s (b,d). 1 - horizontal filaments, 2 - emission in 
ICR zone. The dash line approximates ICR zone position. 

Fig. 3. Tangential camera images Hα (656 nm) of a ICWC discharge in H2 (a) and He (b). Time index 47.6 s. The dash line approximates ICR zone position.  
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spectrometry are available in [20]. 
Penning gauge spectroscopy show a helium concentration of ~3–9 % 

in the H-ICWC discharge and ~0.7–6 % of Hydrogen in the He-ICWC 
discharge. It is observed that the concentration of helium decreases 
with the number of H-ICWC pulses and the same for hydrogen in He- 
ICWC. This is the result of the progressing He/H changeover via the 
interaction of plasma with the wall in the ICWC procedure. Detailed 
analysis of the changeover between helium and hydrogen fueled 
plasmas are available in [20]. 

The differences in hydrogen and helium ICWC discharges in JET 
seem to be due to the presence of a hydrogen minority additive in he-
lium. A similar result was also observed in D-ICWC with minority H2 and 
H-ICWC with minority of D2 at JET. In both experiments, three antennas 
’A’, ’B’, and ’D’ at ≈ 25 MHz were used to produce plasma. In the D- 
ICWC experiments with minority H2 the toroidal magnetic field was ≈
1.65 T and, accordingly, the condition ωRF ≈ ωci (H+) ≈ 2ωci (D+) was 
satisfied. The hydrogen concentration in the D-ICWC was ~3–9 %. In H- 
ICWC experiments with minority D2 the magnetic field value was Bt ≈

3.3 T and, accordingly, ωRF ≈ ωci (D+), ωci (H+) > ωRF. The deuterium 
concentration was ~8–9 %. In both experiments, a glow was observed in 
the ICR zone, as can be seen in Fig. 7. As well as a higher plasma density 
in this region. Thus, in D-ICWC with minority H2 in some pulses the 
density reached NeL ≈ 2.7 × 1018 m− 2 (LID 3), while in H-ICWC dis-
charges with minority D2 densities up to 7.4 × 1018 m− 2 (LID 3) have 
been achieved. 

A similar situation is observed in studies of ICRF plasma production 

with minor additions of hydrogen in helium on Uragan-2M and LHD 
stellarators [33–37]. In the case of minor additions of H2 in He, the 
plasma density was higher than in pure hydrogen or helium [35,37]. 
These differences are explained by the intense heating of the plasma 
electrons in the mode conversion regime [33]. The results in JET in 
ICWC discharges with minority additives can be ascribed to the same 
process. 

4. Conclusions 

This paper explores the plasma and discharge parameters of helium 
and hydrogen ICWC discharges at JET. The conducted studies of the 
ICWC discharge show that plasma with a higher density is formed in 
helium up to 6 × 1017 m− 2, respectively > 3 × 1017 m− 2, than in 
hydrogen. Shortly after the discharge initiation in He, the presence of 
horizontal filaments near the low field side was observed. This indicates 
that the plasma initially flows from a localized plasma production zone 
along the barrel shaped configuration of the magnetic field. A more 
intense glow in the visible range and the hydrogen Hα line in the ICR 
area throughout the discharge in He is observed. Both features are not 
observed in H. In H-ICWC discharges, a lower RF coupling efficiency was 
observed than in He-ICWC discharges, respectively up to 0.4 and 0.58. 
Accordingly, the coupled RF power in the H discharge was lower than in 
the He discharge, up to up to 0.16 MW and 0.24 MW respectively. 
Higher values of coupling efficiency seem to be associated with a higher 
plasma density in the volume. The difference in ICWC discharges in 

Fig. 4. (a, c) Time evolutions of generated Pgen and coupled Pcoup powers, line integrated electron density NeL (LID 3, see Fig. 1a), optical emission intensities of H I 
and He I (horizontal midplane, KS 3, see Fig. 1 b).(b, d) Time evolutions of optical emission intensities of H I, He I and He II, O II, C II, C III (vertical, inner divertor, KS 
3 see Fig. 1 b). The ICWC discharge in H2 (left), the ICWC discharge in He (right). 
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hydrogen and helium on JET seems to be due to the presence of 
hydrogen minority additive in helium, and the related possible heating 
of the plasma electrons in the mode conversion regime. 

It is observed that the concentration of helium decreases with the 
number of H-ICWC pulses and per turn of hydrogen in He-ICWC. Which 
is the result of He/H changeover in the interaction of plasma with the 
wall in the ICWC procedure. These results will serve to optimize the wall 
conditioning procedure and develop an ICWC strategy for super-
conducting devices. 
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