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Abstract 

Tungsten erosion was quantified during inter/intra-ELM periods in He-dominated JET-ILW 
plasmas by optical emission spectroscopy. The intra-ELM tungsten sputtering in helium 
plasmas, which dominates the total W source, prevails by a factor of ≈ 4 over inter-ELM 
sputtering in the investigated ELM frequency range from 90Hz-120Hz. He ions are mainly 
responsible for the W erosion during the ELMs in He plasmas. The strong in/out asymmetry of 
the ELM induced W erosion is observed in He plasmas even at high ELM frequencies beyond 
100Hz. In Ohmic/L-mode plasmas and during the H-mode inter- ELM plasma phases both He2+ 
and Be2+ ionic species are major contributors to the W erosion. Their contribution depends on 
the divertor Te: for Te > 15eV both species cause significant W sputtering, for Te < 15eV, Be2+ 
ions are solely responsible for the W erosion. Tungsten erosion during in both inter and intra-
ELM periods in He-dominated plasmas are significantly larger than in deuterium plasmas. It is 
15-25 times larger during the inter-ELM phase and in L-mode discharges at Te=25-30eV. On 
the other hand, the ELM-induced W source is by a factor of 3 larger than in D plasmas. 
 

1. Introduction 

Tungsten (W)  is foreseen as plasma-facing material (PFM) for the divertor in the next step 

fusion plasma device, ITER  [1]. W is selected because of its high threshold energy for physical 
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sputtering [2], good power-handling capabilities with high melting point [3] and low retention 

of radioactive tritium (T) in the plasma-facing components (PFCs) [4,5]. W erosion can 

seriously limit the lifetime of the respective wall components [6]. On the other hand, the influx 

of W into the confined region can lead to a dilution of the core fusion plasma and increased 

energy losses due to radiation, which in turn could have a decisive impact on the plasma 

performance [7,8]. The mechanism of erosion of the tungsten is mainly determined by the 

material of the surfaces of the first wall, which is the source of the main impurities in the plasma, 

and by the choice of the fuelling gas. By exchanging deuterium for helium in a machine with 

ITER-like wall which contains Be and W materials, the effect of the fuel gasses on the character 

of edge and divertor physics, such as the W erosion and nature of the Be impurity source can 

be studied.  

Operation of H-modes in helium-4 plasmas is intended as one option for the low activation 

phase of ITER in order to develop plasma scenarios for the future deuterium-tritium (DT) 

operation as well as to commission the operationally relevant ITER systems and the plasma 

diagnostics in a friendly non-nuclear environment [9]. In addition, the alpha particles generated 

in DT fusion reactions in the active phase of ITER reinforced the need to understand in detail 

the interaction processes between W and He. To date, however, most of the plasma-wall 

interaction studies in tokamaks with a completely metallic wall, such as  JET [10] and ASDEX 

Upgrade (AUG) [11], have been executed in deuterium (D) or protium (H) plasmas. Pure helium 

plasmas make up a negligible portion of the discharges carried out in these tokamaks [12]. 

An intensive He campaign at JET-ILW is planned for 2021 after the DTE2 campaign. To get 

the urgently needed information about the He plasmas, such as a L-H transition threshold or 

some aspects of PWI physics, a short campaign with helium plasma discharges with D-neutral 

beam injection (D-NBI) was carried out during the recent JET campaign [13]. 

This paper focuses on the analysis of the gross erosion of tungsten during inter/intra-ELM 

periods in the inner and outer legs of the JET-ILW divertor in the He-dominated H-mode as 

well as L-mode plasmas. 

2. Methods for evaluation of W erosion in the JET-ILW divertor  

The identification of the W atomic sources was carried out at JET with the ITER-like wall (JET-

ILW) with the help of optical emission spectroscopy (OES). This is mainly based on the 

observation of the most prominent WI transition (5d5(6S)6s 7S3 → 5d5(6S)6p 7P4
o) at λ = 400.9nm  

of the sputtered W atoms aiming to determine the gross erosion.  
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Particle fluxes of sputtered W atoms,  𝛤𝛤𝑊𝑊, are gained from line-of-sight integrated photon 

fluxes, IWI,  by applying inverse photon efficiencies, S/XB,  according to the multi-machine 

scaling law [14,15,16]: 

 𝛤𝛤𝑊𝑊 = 4𝜋𝜋 𝑆𝑆
𝑋𝑋𝑋𝑋

(𝑇𝑇𝑒𝑒) ∙ 𝐼𝐼𝑊𝑊𝑊𝑊 ,        (1) 

𝑆𝑆 𝑋𝑋𝑋𝑋⁄ (𝑇𝑇𝑒𝑒) = 53.63 − 56.07 × 𝑒𝑒(−0.045×𝑇𝑇𝑒𝑒[𝑒𝑒𝑒𝑒])      (2) 

The S/XB values during the inter-ELM phases as well as in L-mode plasmas result from an 

electron temperature which is determined by an array of Langmuir probes (LP) in the divertor 

region.  In the intra-ELM phase, electron temperatures of Te = 70-100 eV are assumed at the 

strike point, which provide S/XB values of  ≈50 according to equation 2. Note that the inverse 

photon efficiencies, S/XB,  in the temperature range between Te=50 eV and Te=200 eV are only 

weakly dependent on electron temperature Te: they increase slightly from value of 48 to 53.6. 

Hence, the evaluation of the particle fluxes of sputtered W atoms is not sensitive to our 

assumption of S/XB = 50. Quite similar values for S /XB for the intra-ELM phases were used 

in [6,17,18]. This enables a direct comparison of the W erosion results with these earlier works. 

Three approaches with the new algorithm for the subtraction of the continuum radiation were 

used to provide a quantitative measure of the W-erosion in the outer as well as in the inner 

divertor regions:  

1) the combination of two spectroscopic systems, KT3 (the mirror-linked divertor spectroscopy 

system on JET ) and PMT (the W photomultiplier filterscope diagnostics), with good spectral 

and temporal resolution;  

2)  the second approach based on the calculation of the accumulated photon flux, ∫ 𝐼𝐼𝑊𝑊dt, instead 

of the instantaneous photon flux;  

3) an approach based on spectroscopic imaging with the help of two digital cameras with the 

same two-dimensional view, equipped with interference filters of different bandwidths centred 

on the W I (400.88 nm) emission line.  

These methods allow distinguishing the erosion source in the intra-ELM phase from the erosion 

in the inter-ELM phase. The detailed description of these three approaches are given in the [19] 

paper.  

 

3 Experimental Results 

3.1 Experiment in helium plasmas 

Identification of erosion sources in helium plasmas is one of the important research topics of 

the plasma-wall interaction. This study was recently carried out on 4He plasmas in the JET-ILW 
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with Bt=1.8 T, Ip=1.2-1.7 MA and was compared with deuterium plasmas. The additional input 

power is introduced into the He plasmas by the Deuterium Neutral Beam Injection ( D-NBI). 

In order to ensure minimal contamination of the helium plasmas in this study, the examined 

pulses were only carried out with helium gas injection (no injection of hydrogenic species). 

Fig.1 shows the time evolution of a H-mode helium discharge in JET-ILW with 

Bt/Ip=1.8T/1.2MA in low-triangularity magnetic equilibria (average triangularity of δ=0.22) 

with the outer strike point positioned on the horizontal divertor plate (so-called tile 5). During 

the He pulses, the divertor cryopump operated as usual, removing hydrogenic species. Argon 

frosting was not used to pump helium gas. With sufficient NBI heating power, the coherent M 

mode is observed at the L-H transition. A similar finding was made earlier in the hydrogen and 

deuterium plasmas [20]. As the input power increases, small ELMs appear, an effect which is 

mixed with the M-mode followed by isolated large ELMs, described here as Type I ELMs [13]. 

The spectrogram of inboard Mirnov signal (not presented here), shows quiet periods in 

between large ELMs, which is the typical behaviour for the Type I ELM phase, and  thus 

confirms the statement about the Type I ELMs. Based on Langmuir probe measurements at the 

outer strike point, the electron temperature in between ELMs was in the range of Te = 24–28 

eV. 

The examined helium plasmas are characterized by a high ELM frequencies (90-130Hz) and 

low pedestal electron temperatures of Te,ped < 400eV and Zeff is kept in the range of 2.05-2.1. It 

demonstrates a plasma stored energy (Wdia) of ≈1.1 MJ with an ELM energy loss of ∆WELM≈ 

0.12 MJ (the loss of stored plasma energy during the ELM). The Psep  (  𝑃𝑃𝑠𝑠𝑒𝑒𝑠𝑠 = 𝑃𝑃𝛺𝛺 + 𝑃𝑃𝑁𝑁𝑋𝑋𝐼𝐼 −
𝑑𝑑𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 −

𝑃𝑃𝑟𝑟𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑙𝑙𝑠𝑠𝑠𝑠 − 𝑃𝑃𝑟𝑟𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ) required to reach the type I ELMs in helium is of the order of 4-

5.5 MW, which is 2-2.5times the L-H transition threshold value of 2.2 MW. Measurements of 

He, D, and H concentrations in the JET sub-divertor region are carried out with Optical Penning 

Gauge Spectroscopy [21,22]. During the D-NBI injection, the concentration of He, cHe=nHe 

/( nHe + nD + nH) decreases  slightly with the pulse evolution and the mean value of cHe over the 

Type I ELM phase type was about 0.85. The measurements confirm the presence of mixed He-

dominated plasmas. 

 

3.2 Intrinsic impurities in helium plasmas 
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Similar to the deuterium plasmas, the dominant intrinsic impurity in JET-ILW-He plasmas is 

Be. Be is produced by the erosion of the first wall made of beryllium by fuel ions and  charge 

exchange neutrals [10]. The 

remaining C concentration in 

these plasmas was about 

cC≈0.07%, which is at least 

one order of magnitude 

lower than Be concentration. 

These mixed 

helium/deuterium 

(85%/15%) plasmas 

demonstrated an effective 

ion charge of  Zeff = 2.07 ± 

0.03, mainly determined by 

Be impurity. The pure mixed 

(He / D) plasmas without 

impurities should have Zeff = 

1.92. Therefore, the ΔZeff 

observed in our experiments is 0.12-0.18, which corresponds to a Be concentration of 3% to 

4.0%. The impurity flux towards the W divertor is determined by optical emission spectroscopy.  

For the calculation of the Be concentrations, the Be II (527nm) spectral line is used. The 

measurements result in values between 3.2% and 3.8% related to the ion saturation flux: 
Г𝐵𝐵𝑒𝑒
Г𝑖𝑖𝑖𝑖𝑖𝑖

=

Г𝐵𝐵𝑒𝑒
𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖𝑖𝑖 𝑍𝑍�𝑒𝑒⁄

= 4𝜋𝜋𝑊𝑊𝐵𝐵𝑒𝑒 (527nm)𝑆𝑆 𝑋𝑋⁄ 𝑋𝑋
𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖𝑖𝑖 𝑍𝑍�𝑒𝑒⁄

, where �̅�𝑍 is the averaged charge of this mixed He/D plasmas 

and the S/XB factor for the Be II (527nm) emission line is about 65 in the Te range 25eV-30eV 

and ne=5× 1019m-3. Similar results are achieved  Г𝐵𝐵𝑒𝑒
Г𝐷𝐷

= 𝑊𝑊𝐵𝐵𝑒𝑒 (527𝑛𝑛𝑛𝑛)𝑆𝑆/𝑋𝑋𝑋𝑋
𝑊𝑊𝐷𝐷𝑠𝑠 𝑆𝑆/𝑋𝑋𝑋𝑋 

 𝑐𝑐𝐷𝐷 ≈ 0.032 ÷ 0.036 and 

Г𝐵𝐵𝑒𝑒
Г𝐻𝐻𝑒𝑒

= 𝑊𝑊𝐵𝐵𝑒𝑒 (527𝑛𝑛𝑛𝑛)𝑆𝑆/𝑋𝑋𝑋𝑋
𝑊𝑊𝐻𝐻𝑒𝑒(668𝑛𝑛𝑛𝑛) 𝑆𝑆/𝑋𝑋𝑋𝑋

 𝑐𝑐𝐻𝐻𝑒𝑒 ≈ 0.035 ÷ 0.037   taking into the account the concentrations of 

cD=15% and cHe=85% and using the following S/XB values: 15 and 120 for the emission lines 

Dα and He I (668 nm), respectively. The S/XB values used here were taken from the ADAS 

database [23]. In the following analysis, we will use the cBe values of 3.5%. 

3.3 The charge state distribution of impurities and helium 

 
Fig.1 Time traces of a) central line averaged ne, b) D-NBI heating 
power, c) electron temperature at the pedestal Te,ped, d) Helium 
concentration, e) the effective ion charge Zeff, f) WI- and g) BeII 
fast emission signal in the outer divertor. 
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The sputtering process depends strongly on the charge state of the impinging ions. It is therefore 

important to know the charge state distribution of impurities and He ions, which is defined by 

the ionization, recombination and transport processes of impurities and He ions in plasmas [24]. 

In the coronal equilibrium the distribution of the impurity particles amongst the different charge 

states is purely a function of Te, with no dependence on ne. However, at the plasma edge the 

local coronal equilibrium cannot be assumed for the calculation of the charge state distribution. 

Typically, the plasma in the non-coronal equilibrium can be described by the product of the 

electron density and residence time, ne ×τ [25,26].  

Fig. 2 shows the mean charge <Z>  of beryllium and helium as a function electron temperature 

Te for various values of ne ×τ . In this contribution we use polynomial fits applied in [27] which 

were calculated  with help of ADAS for ne =1020 m−3, which is a typical value for the scrape-

off layer (SOL) in the divertor region. One can see from the Fig. 2 that the mean charges of  Be 

and He are  <Z>Be = 2.0-2.2 and <Z>He = 1.85 for typical values of the non-coronal parameter 

of ne × τ = 0.3 × 1017 m-3 s and for the Te=24-28eV measured by the LPs during the inter-ELM 

phase,.  During the ohmic phase at the Te =10eVthe mean charges are: <Z>Be = 2.0  and <Z>He 

= 1.2 for Be and He respectively.. 

3.4 Physical sputtering of W: role of impurities and fuel species 

 
Fig.2 The mean charge <Z>  of the Beryllium (a) and Helium (b) as a function electron 
temperature Te for various values of ne ×τ . 
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The major erosion mechanism of tungsten in tokamaks is physical sputtering, which can be 

calculated  with the static-dynamic TrimSP package (Monte-Carlo code SDTrimSP [28]  using 

the Eckstein fitting formula, [29].) under assumption of a smooth target surface. Fig.3a shows 

the calculated physical sputtering yield of W atoms by impinging hydrogenic (D and T), helium 

and the Be particles at normal incidence as function of the mono-energetic impact energy, Ein, 

of the projectiles. One can see that the sputtering yield by He is more than an order of magnitude 

greater than by deuterium at the relevant divertor temperatures under the attached conditions. 

Fig.3b shows the ratio of the sputtered W atoms by Be and He at different Be concentrations: 

cBe=1%, 2% and 3.5%. At the impact energy of 1keV, which is the typical energy of the 

impinging ions during ELMs, the ratio is about 0.2. This value shows that the main intra-ELM 

sputter is helium, not Be. In contrast to the intra-ELM phase, during the inter-ELM phase and 

L-mode the contributions of both species, Be as well as He, are significant depending on the 

divertor Te:  for the Ein >180eV, main channel of sputtering is due to sputtering by He and for 

the  Ein< 180eV, is due to Be. For twice ionised Be and He the Ein=180eV corresponds to the Te 

of ≈22.5eV.  

3.5 Erosion of W during the inter-ELM periods 

The JET W photomultiplier filterscope diagnostics (PMT) [30] collects W I (400.9nm) emission 

light transmitted via fibre optics to Photo Multiplier Tubes (PMTs) with a time response of up 

to 10 kHz and it is able to resolve the high ELM frequency, of order 100 Hz, observed in He 

plasmas. The disadvantage of this diagnostics is the collection of the W line emission along 

with the plasma continuum. The contribution of the latter is of the same order as or even larger 

than the W I line emission. 

 
Fig.3 a) sputter yields at normal incidence as function of the impact energy b) ratio of the sputtered 
W atoms by Be and He at different Be concentrations: cBe=1%, 2% and 3.5%. 
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The combination of two spectroscopic systems, PMT[30] and KT3[31] with good temporal  and 

spectral resolution, respectively, can separate both contributions [19]. This approach enables to 

evaluate the intensity of the 

plasma background continuum 

by comparing the photon fluxes 

of these two measurements 

during the flat top phases of the 

analysed discharge, as shown in 

Fig. 4. To compare these two 

measurements, the PMT signal 

is integrated over the time 

window of 40 ms, which is 

similar to the time exposure of 

KT3 spectroscopy, and 

corrected by taking into account 

the geometry of the KT3 lines of sight. Fig. 4 demonstrates the linear dependence between two 

signals, PMT and KT3, with a clear offset, Ioffset = 4.82×1016 ph/(s m2 sr), in the W filterscope 

(PMT) measurements, which is due to the plasma continuum with predominant contribution of 

the bremsstrahlung. The subtraction of the offset results in IWI ≈2.5×1016 ph/(s m2 sr), which 

corresponds to the inter-ELM-induced W sputtering of 6.7 ×1019 atoms/s integrated over the 

entire outer strike point. Here an S/XB ratio of 37 is taken into the account (for Te=30eV). 

3.6 Erosion of W during the intra-ELM periods 

The accumulated photon flux ∫ 𝐼𝐼𝑊𝑊dt is used to evaluate the W erosion fluxes during the intra-

ELM phases. This method could provide the clear separation of the ELM induced W sputtering 

fluxes from the inter-ELM-phase [19]. Fig.5 shows time traces of the accumulated photon 

fluxes ∫ 𝐼𝐼𝑊𝑊dt collected from the outer and inner divertor legs. The time traces of the photon 

fluxes IW are also shown., The ∫ 𝐼𝐼𝑊𝑊dt signal shows the slope between the ELMs, which is 

determined by the photon fluxes from the W-sputtered atoms as well as by the plasma 

continuum. However, during an ELM event there is a jump in the accumulated photon flux. The 

height of this jump corresponds to the emitted WI photons during the ELM event. For the ELM 

 
Fig.4 Linear dependence between PMT and KT3 signals with 
a clear offset in the PMT measurements. This offset is due to 
the plasma continuum. 
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event shown in Fig.5, approximately 1.3×1018 atoms per ELM and 2.53×1018 atoms per ELM 

are eroded in the inner and outer divertor legs, respectively. These values correspond to the W 

sources of 1.3×1020 atoms/s and 2.53×1020 atoms/s for ELM frequency of fELM=100Hz. Thus, 

the intra –ELM W source is in 

the outer divertor is larger than 

the source during the inter-

ELM phase, of 6.7×1019 

atoms/s, evaluated in the 

section 3.5. We can conclude 

that the intra-ELM tungsten 

sources in He plasmas, 

analogously to the D plasmas, 

dominate the total W source. 

The intra-ELM sputtering 

prevails by a factor of ≈ 4 over 

inter-ELM sputtering in the investigated ELM frequency range from 90Hz-120Hz.  

Figures  6a and 6b show the number of sputtered W atoms as function of the ELM frequency in 

deuterium and helium plasmas. Here the total number of W atoms in the outer (inner) divertor 

area is integrated over the entire outer (inner) strike point. It should be noted that in the small 

number of the examined He plasmas the H-mode plasmas show relatively high ELM 

 
Fig.5 Time traces of the accumulated photon flux, 
∫ IWdt, as well as the WI photon flux density in the inner  
and outer divertor.  

 
Fig.6 The number of the sputtered W atoms per single ELM in the inner/outer divertor legs in D 
(a) and He (b) plasmas. The outer/inner divertor tungsten source as function of the ELM 
frequency in D (c) and He ( d) plasmas. 
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frequencies and we do not have information about the W sputtering for the fELM below 80Hz. 

One sees that the W sputtering and sources in the helium plasmas are significantly larger than 

in deuterium plasmas. The W source in the outer divertor is higher by more than a factor of 3 

in the He plasmas than in deuterium. In D plasmas the in/out asymmetry of the W erosion 

decreases strongly with ELM frequency demonstrating a nearly symmetric W source in both 

divertor legs at frequencies above 70 Hz. In contrary to the D plasmas, the He plasmas show 

strong in/out asymmetry in the W sputtering as well as in W source even at high ELM 

frequencies beyond 100Hz. At fELM≈ 100Hz the outer divertor cross W source is larger by a 

factor of about 2. 

3.7 Tungsten sputtering yields in Ohmic/ L-mode plasmas and in H-mode inter- ELM plasma 

phases 

Figure 7 shows the measured gross erosion yields of W in JET-ILW  helium plasmas. We should 

mention from the beginning that the contribution of the He+ to W sputtering is negligible. The 

significant fraction 

of the He+ in He 

plasma is expected 

for the Te below 

10eV. But as 

mentioned in the 

section 3.4 the 

dominant 

sputtering of the W 

for the Ein <180eV 

(below the 

Te=22.5eV if we 

consider the twice 

ionised ions,) is due to Be. For the calculation of the W sputtering yields in the Te range beyond 

20eV, where the He2+ is the major W sputterer, the tungsten particle flux is normalized to the 

total He2+ ion flux measured by Langmuir probes in the corresponding divertor legs. The 

saturation ion current collected by LP  can be written as 

𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑛𝑛 = 𝐴𝐴∑ 𝑒𝑒𝑍𝑍𝑗𝑗  𝑛𝑛𝑗𝑗𝑠𝑠𝑗𝑗 𝑣𝑣𝑗𝑗𝑋𝑋          (2) 

where A is the area of the probe, njS is the density of the Zj ion charge at the edge of the sheath 

and vjB its Bohm-velocity.  

 
Fig.7 Tungsten sputtering yields measured in the outer divertor in ohmic 
and L-mode He plasmas as well as during the H-mode inter- ELM periods. 
The experimental yields compared with the calculated SDTrimSP yields.  
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Riemann proposed a Generalized Bohm Criterion  for a multi-species plasmas [32]. There are 

two solutions that satisfy the Generalized Bohm Criterion:1) ions reach their individual Bohm 

velocity at the sheath edge and 2) ions reach the common sound speed, cS. An expression for 

the common sound speed, cS, for plasmas with multiple ion species was determined by Tokar 

[33]: 

𝑐𝑐𝑆𝑆 = �∑ Г𝑖𝑖(𝑍𝑍𝑇𝑇𝑒𝑒+𝑇𝑇𝑖𝑖)𝑘𝑘
𝑖𝑖=0
∑ Г𝑖𝑖𝑛𝑛𝑖𝑖
𝑘𝑘
𝑖𝑖=0

          (3) 

 

where Гi represents the specific  flow of one plasma species out of the κ plasma species. 

Experiments in two ion species plasmas gave ion speeds that is in agreement with the mentioned 

second solution [34]. Therefore we  are going to use solution two, with common sound speed, 

here. 

Given the D +, He +, and He2+ ions collected, this can be expressed by: 

𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑛𝑛 = 
𝐴𝐴𝑛𝑛𝐷𝐷𝑒𝑒𝑐𝑐𝑆𝑆 + 𝐴𝐴𝑛𝑛𝐻𝐻𝑒𝑒+𝑒𝑒𝑐𝑐𝑆𝑆 + 𝑛𝑛𝐻𝐻𝑒𝑒2+𝑍𝑍(= 2)𝑒𝑒𝑐𝑐𝑆𝑆 = 𝑍𝑍𝑒𝑒 𝑛𝑛𝐻𝐻𝑒𝑒2+𝑐𝑐𝑆𝑆  �1 + 𝑛𝑛𝐷𝐷

𝑍𝑍 𝑛𝑛𝐻𝐻𝑒𝑒2+
+

𝑛𝑛𝐻𝐻𝑒𝑒+
𝑍𝑍 𝑛𝑛𝐻𝐻𝑒𝑒2+

�  (4) 

 
𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖𝑖𝑖

𝑍𝑍𝑒𝑒
= Г𝐻𝐻𝑒𝑒2+ �1 + 𝑛𝑛𝐷𝐷

𝑍𝑍 𝑛𝑛𝐻𝐻𝑒𝑒2+
+

𝑛𝑛𝐻𝐻𝑒𝑒+
𝑍𝑍 𝑛𝑛𝐻𝐻𝑒𝑒2+

�=Г𝐻𝐻𝑒𝑒2+[1 + 𝑐𝑐𝑙𝑙𝑟𝑟𝐷𝐷 + 𝑐𝑐𝑙𝑙𝑟𝑟𝐻𝐻𝑒𝑒1+]    (5) 

where mD and mHe are masses of the D and He ions, corD and corHe1+ are contribution fractions 

of the D and He1+ ions to the  𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑛𝑛. They are cor
D
=0.11÷0.1, cor

He+
=0.125÷0.06 for the Te =24-

30eV measured during the inter-ELM phase. From Eq.(4) follows the expression for the Г𝐻𝐻𝑒𝑒2+  : 

Г𝐻𝐻𝑒𝑒2+ = 𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖𝑖𝑖

𝑍𝑍𝑒𝑒
1

�1+𝑐𝑐𝑖𝑖𝑟𝑟𝐷𝐷+𝑐𝑐𝑖𝑖𝑟𝑟𝐻𝐻𝑒𝑒+�
         (6) 

The total He2+ ion flux collected by LPs in the outer divertor is used for the normalization of 

the total sputtered W fluxes in the outer divertor to get the W sputtering yield. The results are 

plotted in Fig. 7 for the inter-ELM phases as well as for the L-mode periods as a function of the 

divertor Te measured by the LPs. Also results of the ohmic phase of the He discharges are plotted 

in this figure (data at Te≈10eV). It should be noted that the measured eroded flux in the ohmic 

plasma at such a Te can only be ascribed to Be2+ ions and not to He ions. These W fluxes are 

therefore normalized to the total averaged  ion flux, < Г𝑖𝑖𝑖𝑖𝑛𝑛 >= 𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖𝑖𝑖

𝑍𝑍𝑒𝑒
 , where 𝑍𝑍  is averaged 

charge of the mixed He/D plasmas (�̅�𝑍=1.1 for the Te=10eV). For comparison, the calculated 

sputter yields are indicated for He2+ and an admixture of different concentrations of Be2+. A 

good agreement is found between the experimentally obtained yields and the theoretical yield 

curve (sum of the He2+ and 3.5% of Be2+). From the shown result we can conclude that 

sputtering yield curve for W can be described by erosion caused by He2+ and Be2+ ionic species: 
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their contribution depends on the divertor Te: for Te=20-28eV both species significantly 

contribute for W sputtering, for Te < 15eV,  Be2+ ions are solely responsible for the W erosion.  

Additionally, Fig.7 shows the result of the W erosion yields achieved in D plasma and published 

in [14]. The sputtering yield for He plasmas is higher by a factor of 15-18 than in D plasmas. 

In He plasmas the Be erosion on the first wall is enhanced by the sputtering due to He ions 

resulting in the larger flux of Be: 3.5% in contrast to the 0.5% in D plasmas. This in turn also 

leads to an increase in the W erosion through Be ions. Note that some moderate contribution of 

the Be3+ to the W sputtering for Te beyond 25eV is expected. However, the modelling shows 

that the calculated sputtering yield, which takes into account the change in the ionization stage 

of the impinging Be from Be2+ to Be3+ at a constant cBe = 3.5% , does not  differ significantly 

from the sputtering yield assessed  by 3.5% of Be2+ alone:  the deviation is  below 5% in the W 

sputtering yield.  

The impact energy of the incoming ions are typically expressed in the D plasmas as Ein 

=2kBTi+3Zi kBTe, where kB is the Boltzmann constant and the Zi is the charge of the impinging 

ions. The last term in the Ein expression represents the gain energy of the ions through the Debye 

sheath due to ions acceleration and is defined by the electrical potential drop in the sheath: the 

electrical potential drop is Vsf ≈ 3kBTe in the D plasmas. This voltage drop depends, however 

on the mass as well as the Z of the plasma. It could be extracted from the condition of the zero 

current on the wall (floating conditions when the wall sits at ‘floating potential’ Vsf [35]). 

Setting  ZeГ𝑠𝑠𝑠𝑠𝑟𝑟𝑡𝑡𝑒𝑒𝑠𝑠𝑖𝑖 = 𝑒𝑒Г𝑠𝑠𝑠𝑠𝑟𝑟𝑡𝑡𝑒𝑒𝑠𝑠𝑒𝑒  gives: 

eVsf
kTe

= 0.5 ln ��2πme
mi

� �Z + Ti
Te
��        (6) 

where mi is the ion mass of the fuel species. Thus the voltage drop in the sheath for “He+ 

dominated plasma” is 3.18kBTe (Ein =2kBTi+3.18ZikBTe) and about 3kBTe (corresponding Ein 

=2kBTi+3.0ZikBTe ) for the plasma with He2+ dominant fraction. It is assumed here that Ti=Te.  

3.8 Intra-ELM contributions to the gross W erosion in the divertor 
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The free streaming model reveals that W sputtering during ELMs depends almost entirely on 

the density and 

temperature of the 

pedestal. In order to 

maintain the quasi-

neutrality, the 

electrons transfer their 

parallel energy 𝐸𝐸𝑒𝑒,ǁ  to 

ions during the ELMs 

on the way to the 

divertor target [36]. 

The resulting ions 

during the ELMs are 

almost mono-energetic 

with impact energy,Ein,  up to 4.23 × Te,ped. This energy is thus in the keV range, as observed 

experimentally in [37], and is sufficient to lead to significant sputtering of the W divertor targets. 

As show in section 3.4, the W sputtering for such energies and correspondingly during the 

ELMs dominates due to He. 

Recently, Borodkina et al. developed an analytical model [38] to evaluate the tungsten-sputtered 

influx and to interpret the LPs measurements. This analytical model describes well the intra-

ELM W-sputtering source as a function of the pedestal electron temperature (Te, ped). According 

to the analytical model, which takes into the account the evolution of the pedestal temperature 

drop during the ELM event, the average incident energy of ions, < 𝑬𝑬𝒊𝒊 >  is lower than 

Ei,max=4.23×Te,ped . and is roughly 2×Te,ped. The comprehensive modeling of W erosion in the 

divertor region started recently with help of the kinetic BIT1 - PIC MC flux tube code. The 

preliminary result of this modeling also predicts the averaged  < 𝑬𝑬𝒊𝒊 >  of about 2×Te,ped [39]. 

The  total number of He2+ ions per ELM event collected by LPs is used for the normalization 

of the ELM sputtered W atoms to get the W sputtering yield. The results are plotted in Fig. 8 

for the intra-ELM phase. The average incident energy of ions, <Ei> is assumed here to 

<Ei>=2×Te,ped. As Fig.8 shows, a good agreement is found between the experimental results 

and the theoretical yield curves. W is mainly eroded during the ELMs by energetic He ions with 

some moderate contribution (≈20%) of the Be ions. 

Conclusion 

 
Fig.8 The intra-ELM W sputtered yields measured in helium H-mode 
plasmas and compared with the calculated yields (solid and dashed 
lines).  
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In this article we report on recent experiments for the study of the tungsten sources in Ohmic/L-

mode as well as in H-mode He-dominated plasmas at JET-ILW, heated with deuterium neutral 

beam injection (D-NBI). The He and H+D concentrations were measured spectroscopically 

using the ratio of 4He and D lines in an Optical Penning gauge in the subdivertor. In the 

investigated cases the helium concentration was  nHe/(nHe+nD+nH) ≈85%. Three approaches are 

used to provide a quantitative evaluation of the W-sputtering in the divertor regions to 

distinguish the erosion source in the inter-ELM phase from the erosion in the intra-ELM phase. 

Similar to the D plasmas the dominant W erosion mechanism in He plasmas is the intra-ELM 

sputtering induced by ions with energies determined by the pedestal temperature. The intra-

ELM sputtering in helium plasmas prevails by a factor of ≈ 4 over inter-ELM sputtering in the 

investigated fELM  range from 90Hz-120Hz. W is mainly eroded during the ELMs by energetic 

He ions with some moderate contribution (≈20%) of the Be ions. 

In deuterium plasmas, the in/out asymmetry of the W erosion decreases strongly with ELM 

frequency having a nearly symmetric W source in both divertor legs at fELM above 70 Hz. On 

theopposite, a strong in/out asymmetry is observed in He plasmas even at high ELM frequencies 

beyond 100Hz. At fELM≈ 100Hz the outer divertor cross W source is larger by a factor of about 

2. 

In contrast to the intra-ELM phase, during the inter-ELM phase and Ohmic/L-mode, both 

species, Be and He, contribute to the W erosion  depending on the divertor Te:  for the Ein 

>180eV the main sputter channel is due to He2+ ions  and for the  Ein< 180eV due to Be2+. For 

twice ionised Be and He the Ein=180eV corresponds to a Te of ≈22.5eV. The contribution of the 

He+ to W sputtering is negligible.  

It is shown that calculated by SDTrimSP code sputtering yield curve for W can be well 

described by erosion due to He2+ and 3.5% of Be2+ ionic species. For the temperature range 

Te<15eV Be2+ ions are solely responsible for the W erosion. Also a good agreement is found 

between the experimental intra-ELM yields and the theoretical yield curves. 

The W sputtering and sources in the inter- and intra-ELM phases in the helium plasmas are 

significantly larger than in deuterium plasmas. The sputtering yield for He L-mode and inter-

ELM plasmas is higher by a factor of 15-25 than in D plasmas. The ELM-induced W source in 

the outer divertor is more than a factor 3 higher in the He plasmas in comparison with deuterium 

plasmas. 

It was shown that in He plasmas the Be erosion on the first wall is enhanced by the sputtering 

due to He ions resulting in the higher influx of Be. The beryllium concentration, measured by 
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optical spectroscopy, is about 3.5% in the investigated plasma discharges and is larger than the 

typical values of 0.5% in D plasmas. This in turn leads to an increase in the W erosion by means 

of Be ions in He discharges. 
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