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Abstract: 

The relationship between the tungsten gross erosion and the ELM characteristics is investigated for 

high performance (H-mode) discharges during the dedicated Metal Rings Campaign in DIII-D, using 

the one-dimensional ‘free-streaming’ ELM model, coupled to a simple analytical TRIM.SP sputtering 

model, while the OEDGE code is employed to calculate the inter-ELM impurity distribution and 

tungsten gross erosion. A carbon-tungsten mixed target material is used for both inter- and intra-ELM 

simulations. The OEDGE results reveal that the inter-ELM tungsten gross erosion rate is not sensitive 

to the carbon fraction on the tungsten surface layer; a wider range of carbon fractions from 0.3 to 0.6 

give similar tungsten gross erosion profiles and match the diagnostic data, which is consistent with the 

simple analytical model. However, the intra-ELM simulation indicates that the value of surface carbon 

fraction can be as low as 0.3 to reproduce the measured tungsten gross erosion during ELMs, based on 

the effective ionizations/photon (S/XB) value of WI emissions. For both inter- and intra-ELM cases, 

carbon is predicted to dominate the tungsten erosion. However, in contrast to the inter-ELM tungsten 

erosion, which is dominated by locally redeposited C2+, the energetic C6+ originating from the pedestal 

can contribute substantial tungsten erosion in the near-separatrix region during ELMs, and the width 

of this C6+ dominated region exhibits a negative correlation with the heat flux density carried by ELMs. 

 

Key words: plasma material interaction, tungsten erosion, ELM 

 

 

1. Introduction 

Tungsten is chosen to be the divertor material for 

ITER [1] due to its low sputtering yields and low 

tritium retention. However, the strong radiation 

of high-Z impurities in the core plasma imposes 

a stringent limit to the tungsten core 

concentration, i.e., ≲ 10-5 [2]. It is essential to 

understand erosion mechanisms for the control 

of impurity sourcing. 

 

ASDEX-Upgrade started armoring tungsten first 

wall components since 1999 and achieved a full 

tungsten first wall coverage in the year of 2007 

[3]. JET transformed to an ITER-like first wall 

with a combination of beryllium main chamber 
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and tungsten divertor in 2011 [4]. Studies on both 

ASDEX-Upgrade and JET suggest an 

inhomogeneous tungsten poloidal erosion and 

deposition distribution, and the outer divertor as 

the most important tungsten source during the 

discharges [4–6]. Although ELMs are helpful to 

flush the tungsten impurity out of the confined 

plasma, they can also significantly increase the 

tungsten gross erosion on the divertor targets 

[7][8]. Thus, a careful study of both inter- and 

intra-ELM tungsten erosion mechanisms for H-

mode discharges is needed. 

 

Extensive research on plasma material 

interactions has been performed on DIII-D by 

leveraging the unique Divertor Materials 

Evaluation System (DiMES) [9]. Good 

agreement on tungsten gross erosion rate and 

distribution are achieved between modeling and 

experimental data for both L-mode and inter-

ELM H-mode phases [10–12]. To understand 

tungsten erosion, redeposition and transport on a 

larger scale, a dedicated Metal Rings Campaign 

(MRC) [13] was carried out in DIII-D in 2016. 

In this campaign, two toroidally symmetric rings 

of tungsten-coated TZM tiles were inserted in the 

lower outer divertor, while all of the other PFCs 

remained un-coated graphite. Initial results on 

the W erosion during ELMs are reported in 

[14,15]. Ref. [14] focuses on using the target 

diagnostic data and a newly developed mixed 

material model to reproduce the intra-ELM 

averaged W erosion profiles across the tungsten 

ring, while Ref. [15] reports on validating the 

free streaming model (FSM) [16] predictions of 

W sputtering during ELMs near the strike point 

taking the target particle recycling process into 

consideration. 

 

This paper is an extension of Ref. [14] to cover 

the type-I ELMy H-mode discharges with 

different ELM characteristics obtained from the 

MRC. The filtered camera data show that as 

ELM frequency increases, the tungsten erosion 

during ELMs becomes more important. To 

understand the inter-ELM tungsten erosion, the 

OEDGE (OSM-EIRENE-DIVIMP) code 

package [17] is employed with a new mixed 

material model incorporated into DIVIMP [18]. 

Moreover, a semi-analytic model based on the 

TRIM.SP [19] sputtering code is developed to 

study intra-ELM impurity sourcing on the 

tungsten ring.  

 

The rest of the paper is organized as follows. The 

experimental setup is described in section 2. The 

analysis of the ELM characteristics with the 

FSM is presented in section 3. Inter- and intra-

ELM tungsten erosion processes are discussed in 

section 4 and section 5, respectively, followed by 

a summary and discussion in section 6. 

 

2. Experimental setup  

As shown in figure 1, two sets of toroidally 

symmetric tungsten-coated metal insets were 

installed at the DIII-D outer lower divertor 

during the MRC, named as ‘floor ring’ (located 

at 1.320 m < r < 1.370 m) and ‘shelf ring’ 

(located at 1.405 m < r < 1.455 m), respectively. 

The shelf ring was relatively better diagnosed 

than the floor ring. Two new Langmuir probes 

[20] were installed on the shelf ring to measure 

local electron temperature and ion saturation 

current profiles. In addition, the shelf ring was 

imaged by a CCD camera with an exposure time 

of 10 ms, 100 Hz framing rate and ~0.8 mm 

spatial resolution. The WI 400.9 nm emission 

line is filtered to get information on the tungsten 

gross erosion via the S/XB method [12]. The 

lower outer divertor is covered by an infrared (IR) 

camera [21], which provides heat flux 

measurements with a high time resolution (0.1 

ms). The Thomson scattering [22] and charge 

exchange recombination spectroscopy (CER) 

[23] provide the density of electron and C6+ at the 

outer midplane (OMP), respectively. 
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Fig. 1. The magnetic equilibrium of discharge 167353 at 

3000 ms, the cross section of the main chamber, and the 

key diagnostics used in the metal rings campaign. The 

insert shows a magnified version of the shelf ring and 

Langmuir probes. 

 

Three H-mode discharges with outer strike point 

fixed on the edge of the shelf ring are selected to 

study the tungsten erosion mechanisms. These 

three H-mode discharges have different ELM 

sizes and frequencies. Detailed information is 

listed in Table 1. Discharge 167353 and 

discharge 167358 have a similar pedestal 

electron density and temperature, while 

discharge 167321 has better energy confinement 

with a higher pedestal temperature. Based on the 

ELM frequencies and sizes, these three 

discharges are labeled as ‘low frequency/large 

size’ (167353), ‘mid frequency/mid size’ 

(167358) and ‘high frequency/small size’ 

(167321). The ELM frequencies of the chosen 

discharges are below the filtered camera framing 

rate, i.e., less than 100 Hz, to distinguish the 

intra-ELM from the inter-ELM filtered camera 

data. 

 

 

Table 1. Pedestal and ELM parameters of H-mode plasmas selected for W erosion study 

shot number nped (1019m-3) Te_ped (eV) fELM (Hz) W (MJ) W/W 

167353 5.98 310 18 0.07 10% 

167358 5.95 300 30 0.04 6% 

167321 3.74 498 70 0.03 3% 

 

3. Free-Streaming Model fitting 

The Free-Streaming Model (FSM) is a simple 

analytic model developed by Fundamenski et al. 

to describe the ELM transport in the scrape-off-

layer (SOL). In this simple model, the 

coulomb force is neglected in the parallel Vlasov 

equations. Assuming an initial Maxwellian 

distribution, this one-dimensional model can 

reproduce some of the main features of an ELM 

evolution. Recently, an extensive experimental 

validation of simple analytical predictions of the 

FSM has been done on JET H-mode discharges 

in a wide range of conditions [24]. By using the 

FSM, we can obtain more precise plasma 

conditions at the divertor target during ELMs to 

guide the intra-ELM simulation of tungsten 

sourcing. 

 

In the FSM, the parallel particle and energy flux 

densities during an ELM are predicted as [25]: 
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 𝛤// = √2𝑛0𝑐𝑠
𝐿 𝛿0⁄

(𝑡 𝜏0⁄ )2
𝑒

−
(𝐿 𝛿0⁄ )2

(𝑡 𝜏0⁄ )2  (1) 

 𝑄// = 𝛤𝑇i (
(𝐿 𝛿0⁄ )2

(𝑡 𝜏0⁄ )2
+ 1) (2) 

where n0 and cs are the electron density and 

deuterium ion sound speed at the pedestal top, L 

is the connection length between the midplane to 

the target, 𝛿0 is the initial parallel extension of 

ELM filaments, 𝜏0 is the ELM characteristic 

expansion time, t is the ELM evolution time in 

seconds, and Ti is the ion temperature at the 

target plane. We should note that in [25,26], the 

Ti is assumed to be the same value of the ion 

temperature at the pedestal top, but in this paper, 

the particle and energy flux densities from the 

experimental data are used to infer this parameter.  

 

 
Fig. 2. The particle flux and heat flux density fitting results 

for different radial locations. (a) Markers are from 

Langmuir probe data and lines are fitting results using 

function (3). (b) Markers are from IR camera data and lines 

are fitting results using function (4).   

 

Using N0, s, E0 to represent √2𝑛0𝜏0𝑐𝑠 , 𝐿 𝑐𝑠⁄  

and √2𝑛0𝜏0𝑐𝑠𝑇𝑖 respectively, equation (1) and 

(2) can be rewritten as: 

 𝛤// = 𝑁0
𝜏𝑠

𝑡2 𝑒
−

𝜏𝑠
2

𝑡2 + 𝛤𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚 (3) 

 𝑄// = 𝐸0
𝜏𝑆

𝑡2 (
𝜏𝑆

2

𝑡2 + 1) 𝑒
−

𝜏𝑆
2

𝑡2 + 𝑄𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚 (4) 

including the background particle and energy 

flux densities, 𝛤𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚, 𝑄𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚. 

 

In this paper, the 1-D FSM is used to fit the ion 

saturation current (from Langmuir probe data) 

and heat flux density (from IR camera data) for 

different flux tubes in the SOL, where N0, s, E0, 

𝛤𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚 , and 𝑄𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚  are free fitting 

parameters. The fitting results for discharge 

167321 are shown in figure 2 as an example. By 

fitting the experimental data, the value of N0, s, 

E0, 𝛤𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚  and 𝑄𝑖𝑛𝑡𝑒𝑟_𝑒𝑙𝑚 for different radial 

locations can be obtained. We should note that, 

unlike the IR camera, the Langmuir probes are 

located at distinct radial locations, and thus the 

values inferred from the Langmuir probe data are 

linearly interpolated to infer values for other 

radial locations. 

 

 

Fig. 3. The ELM transport time from the OMP to the target 

for different radial flux tubes. The lines are from the heat 

flux density fitting results, and the markers are from the 

particle flux density fitting results. 

 

Note that both formula (3) and formula (4) 
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contain s (the ELM transport time from the 

OMP to the target). Figure 3 compares the best-

fit s values based on the particle flux and heat 

flux to the metal ring region for all three 

discharges. Good agreement (within 30%) is 

achieved between these two fitting methods. 

Moreover, the ELM transport time from the 

OMP to the target is shown to be less than 3 ms, 

and is smaller for the discharge (167321) with 

‘high frequency/ small size’ ELMs due to the 

higher pedestal temperature (higher deuterium 

ion sound speed). 

 

The ELM transport time from OMP to the target 

is mainly determined by the magnetic 

perturbation near the X point, which makes the 

connection length 5-10 times larger than the 

unperturbed one [27–29]. During an ELM burst, 

the energetic ions, including high charge state 

C6+, which are ejected from the pedestal region, 

transport along the magnetic field line to the 

target. Both deuterium and carbon can be trapped 

near the X point region, despite that the sound 

speed of carbon is slower. The magnetic 

perturbation disappears when deuterium ions 

arrive at the divertor target. Then, carbon ions 

can quickly reach the target from the X point 

region by following unperturbed magnetic field 

lines. Hence, the time difference between the 

arrival of deuterium and carbon ions to the target 

can be neglected comparing with the total ELM 

transport time. Therefore, we assume that fully 

stripped carbon ions are transported within the 

deuterium ELM filaments.   

 

As discussed in [14], an ELM transport time of 3 

ms is not sufficiently long for energetic C6+ to 

recombine into lower charge states under typical 

DIII-D edge plasma conditions. Therefore, most 

of the energetic carbon ions remain fully stripped 

when arriving at the divertor target during ELMs 

for all these three chosen discharges. 

 

Table 2. Parameters and descriptions in the FSM 

Symbols Meaning Value 

𝑛0 Electron density at the pedestal top Directly measured by Thomson Scattering 

𝑐𝑠 
Deuterium ions’ sound speed at the 

pedestal top 

√(𝑇𝑒 + 𝑇𝑖) 𝑚𝐷⁄ , Te and Ti are from Thomson 

scattering and CER respectively 

L 
Connection length between the OMP 

to the target 
𝜏𝑠𝑐𝑠 

𝛿0 
Initial parallel extension of ELM 

filaments 
𝑁0 (√2𝑛0𝑐𝑠)⁄  

𝜏0 ELM characteristic expansion time 𝛿0/𝑐𝑠 

𝑇𝑖 Ion temperature at the divertor target 𝐸0 𝑁0⁄  

 

All the other parameters in the FSM can be 

inferred after obtaining the value of N0, s, and 

E0, as listed in Table 2. The profiles of ELM-

averaged Ti (E0/N0) across the tungsten ring are 

shown in figure 4. Then, the electron density at 

the target can be estimated by 

 
𝑛𝑖𝑛𝑡𝑟𝑎−𝐸𝐿𝑀 =

𝐽𝑠𝑎𝑡

√
𝑇𝑖+𝑇𝑒

𝑚𝑖

   (5) 

where the ELM-averaged Jsat and Te are obtained 

from Langmuir probes, which are found to be 

capable of measuring the electron temperature 

during ELMs [24,30,31]. 
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Fig. 4. The ion temperature profiles on the shelf ring, 

obtained from the FSM fitting. 

 

The target density can also be obtained from the 

FSM [26]: 

 𝑛(𝑡) = 𝑛0
𝛿0

𝛿(𝑡)
𝑒

−𝐿2

2𝛿(𝑡)2    (6) 

where δ(t) = 𝛿0√1 + (𝑡 𝜏0⁄ )2.  

 

The ELM averaged electron density is given by: 

 𝑛𝐹𝑆𝑀 =
∫ 𝑛(𝑡)𝑑𝑡

𝐸𝐿𝑀

∆𝑡𝐸𝐿𝑀
+ 𝑛𝑖𝑛𝑡𝑒𝑟−𝐸𝐿𝑀 (7) 

including the electron density between ELMs, 

ninter-ELM, since the FSM does not take into 

account the influence of the background plasma. 

Hence, the ELM-averaged electron density 

profiles can be determined by applying equation 

(7) to different flux tubes. 

 

Figure 5 shows a comparison of the ELM- 

averaged electron density profiles on the shelf 

ring obtained from the two methods described 

above. For all three discharges, a relatively good 

agreement (within 20%) is achieved between 

these two methods, giving confidence to these 

measurements of the ELM-averaged electron 

densities. 

 

 
Fig. 5. The ELM-averaged electron density on the shelf 

ring obtained from equation (5) and equation (7), together 

with the electron density between ELMs, for the discharges 

with (a) the ‘low frequency/large size’, (b) the ‘mid 

frequency/mid size’, and (c) the ‘high frequency/small size’ 

ELMs. 

 

The intra-ELM and inter-ELM tungsten WI 

400.9 nm emission data are manually 

distinguished from the filtered camera raw data 

with the background signal subtracted. Previous  

DIII-D DiMES experimental data shows that the 

tungsten effective ionizations/photon (SX/B) 

value has a strong positive correlation with the 

electron density, especially when the electron 

density is high [12]. Therefore, it is very 

important to accurately measure the electron 

density before calculating the intra-ELM 

tungsten gross erosion rate. The tungsten 
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effective S/XB value was obtained from the 

ADAS database [32] by using the electron 

density inferred from equation (5) (Ti obtained 

from FSM analysis during ELMs and Ti = Te 

between ELMs), as well as the electron 

temperature from Langmuir probe data. Then W 

gross erosion ( Γ𝑊)  was calculated from WI 

emission data (𝐼𝑊𝐼) by 

 Γ𝑊 =
𝑆

𝑋𝐵
𝐼𝑊𝐼 (8) 

 

 

Fig. 6. The intra- and inter-ELM tungsten gross erosion 

profiles with error bars. (a) The ‘low frequency/large size-

ELM’ discharge; (b) the ‘mid frequency/mid size-ELM’ 

discharge; (c) the ‘high frequency/small size-ELM’ 

discharge. 

 

The intra- and inter-ELM averaged tungsten 

gross erosion profiles for the three discharges are 

shown in figure 6. The intra-ELM tungsten gross 

erosion rate is 5-10 times larger than that 

between ELMs. The contribution of intra-ELM 

tungsten gross erosion to the total tungsten 

erosion can be calculated by taking into account 

the ELM duration time. As shown in figure 7, the 

intra-ELM tungsten erosion makes a significant 

contribution to the total W erosion for all these 

three discharges, and the intra-ELM W erosion 

ratio seems to have a positive correlation with the 

ELM frequency, similar to the previous JET-ILW 

results [33]. This is because the increase of ELM 

frequency usually increases the total intra-ELM 

time, thus making intra-ELM erosion more 

important. 

 

 

Fig. 7. The ratio of integrated intra-ELM tungsten gross 

erosion to the total tungsten gross erosion for the 

discharges with ‘low frequency/large size’, the ‘mid 

frequency/mid size’ and the ‘high frequency/small size’ 

ELMs. 

 

4. Inter-ELM simulation 

4.1. Analytic mixed material model 

Although DIII-D had tungsten rings on the outer 

lower divertor region during the MRC, the rest of 

the first wall remained graphite, which made the 

carbon impurity the most important impurity 

present in the DIII-D plasma. Together with 

deuterium, the carbon impurity can impact the 

tungsten surface and cause tungsten erosion. 
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Moreover, carbon may deposit on the tungsten 

surface and thus create a carbon-tungsten mixed 

material.  

 

Another important process that should be 

considered is the carbon reflection on the 

tungsten surface. Since carbon has a high 

reflection ratio (near 0.6 for 400 eV impact 

energy and 45º impact angle [34]) and a high 

redeposition fraction (ratio of eroded C flux to 

that redeposited onto the surface), ~ 0.7 

according to the DIVIMP calculations for these 

cases). Note that the reflection process may 

significantly increase the total carbon flux to the 

target surface. 

 

Due to the ion temperature gradient (ITG) force, 

the upstream carbon impurity may be readily 

trapped in an ITG-dominated region [35], 

therefore making the near-target redeposited 

carbon flux the most important part of the total 

carbon flux to the target. Considering the 

reflection effect and ignoring the carbon from 

cross field transport and carbon self-sputtering, 

which contribute to less than 10 percent of the 

total erosion from the DIVIMP calculation, the 

carbon flux to the target is approximated by: 

 𝛤𝐶 ≈ 𝛤𝐶𝑟𝑒𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 =
𝛼𝑓𝑌𝐶𝐷

𝛤𝐷

1−α𝑅𝐶𝑡
  (9) 

where α is the C redeposition fraction; f is the 

carbon fraction on tungsten surface; 𝑌𝐶𝐷
 is the 

C sputtering yields from D impact; 𝛤𝐷  is the 

deuterium particle flux to the target; and 𝑅𝐶𝑡 is 

the averaged carbon reflection coefficient. 

 𝑅𝐶𝑡 = (1 − 𝑓)𝑅𝐶𝑊
+ 𝑓𝑅𝐶𝐶

≈ (1 − 𝑓)𝑅𝐶𝑊
 (10) 

where 𝑅𝐶𝑊
  and 𝑅𝐶𝐶

  are the C reflection 

coefficient on W and C respectively. 𝑅𝐶𝑊
= 0.6 

and 𝑅𝐶𝐶
 = 0.005 for 400 eV C impact energy and 

45º impact angle. 

The W gross erosion rate is given by: 

𝛤𝑊 = (1 − 𝑓)𝑌𝑊𝐶
𝛤𝑐 = (1 − 𝑓)𝑌𝑊𝐶

(
𝛼𝑓𝑌𝐶𝐷

𝛤𝐷

1−𝛼𝑅𝐶𝑡

) =

(1−𝑓)𝛼𝑓

1−0.6𝛼+0.6𝛼𝑓
𝛤𝐷𝑌𝐶𝐷

𝑌𝑊𝐶
  (11) 

where 𝑌𝑊𝐶
  is the W sputtering yield from 

impinging carbon. 

 

If we use 𝛽  in place of 
(1−𝑓)α𝑓

1−0.6α+0.6α𝑓
 , which 

represents the carbon erosion, redeposition and 

refection processes, then the equation (11) can be 

rewritten as 

 𝛤𝑊 = 𝛽𝛤𝐷𝑌𝐶𝐷
𝑌𝑊𝐶

 (12) 

 

Considering a fixed background plasma, the 

value of 𝛤𝐷𝑌𝐶𝐷
𝑌𝑊𝐶

  is constant, so that the 

tungsten sputtering yield is proportional to . 

From the DIVIMP calculation, the outer target 

carbon redeposition fractions for all these three 

discharges are in the range of 0.6-0.8. Figure 8 

shows the  value for different carbon surface 

fractions (f) and different carbon redeposition 

fractions (). As can be seen, the tungsten 

erosion rate shows a nonlinear relationship with 

the carbon fraction on the tungsten surface. On 

the one hand, a higher carbon surface fraction 

increases the carbon flux to the target, thus 

increasing the tungsten erosion. On the other 

hand, the increase of carbon surface fraction can 

act as a protection layer against tungsten 

sputtering. Therefore, the total tungsten erosion 

first increases with the carbon surface fraction 

increasing, then decreases when the carbon 

surface fraction is sufficiently large so that the 

carbon protection effect becomes dominant. 

 

Previous studies of carbon impurity behavior on 

tungsten plasma facing surface revealed that C 

may accumulate at the tungsten surface layer 

with the surface density ratio ranging from 0.3 to 
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0.6 [36–38]. Figure 8 shows that the value of 𝛽 

does not change significantly with f varying in 

the range of 0.3-0.6. This suggests that the 

tungsten erosion rate is actually not sensitive to 

the carbon fraction on the tungsten surface. 

 

 
Fig. 8. The relationship between  and carbon fraction on 

the tungsten surface (f) for the different carbon 

redeposition fractions, 0.6, 0.7 and 0.8 respectively.  is 

not sensitive to the carbon fraction for 0.3<f<0.6. 

 

4.2. OEDGE simulation 

The target plasma parameters (Jsat and Te from 

Langmuir probes and fitted by the Eich function 

[39]) are set as input to the onion skin model 

(OSM) to generate the background plasma. The 

usage of target diagnostic data is favorable for 

generating a realistic near target background 

plasma benefiting the target material erosion 

simulation. After obtaining the background 

plasma, the radial profiles of carbon and tungsten 

erosion are sequentially calculated by using the 

Monte Carlo impurity tracking code DIVIMP 

[18]. 

 

To simulate the inter-ELM tungsten erosion 

process, a new mixed material model is 

incorporated into the DIVIMP code [14]. In this 

mixed material model, the carbon fraction on the 

tungsten surface can be set to a constant value 

between 0.0 and 1.0. The carbon reflection 

process is also included in the model. The carbon 

erosion is caused by both deuterium impact and 

carbon self-sputtering. The mixed material 

model is used in the tungsten ring region, with 

other plasma facing components remaining pure 

graphite. Since the angle between the magnetic 

field and the surface of the divertor target is 

about 1.5º at the outer strike point, non-normal 

incidence of plasma particles to the target surface 

may occur [40]. Therefore, the sputtering yields 

data of both carbon and tungsten are taken from 

[34] with the assumption of 45° impinging angle, 

same as the assumption made in [12]. 

 

 

Fig. 9. The inter-ELM tungsten gross erosion profiles from 

OEDGE simulation results with carbon fraction on the 

tungsten surface set to be 0.3, 0.4, 0.5 and 0.6, respectively.  

 

To examine the influence of carbon surface 

fraction on the total tungsten erosion and to 

validate result of the simple analytic model, the 

carbon surface fraction is adjusted from 0.3 to 

0.6 in the DIVIMP code. Figure 9 shows the 

results of OEDGE simulation for the discharge 

167358. The tungsten gross erosion rate from 

OEDGE results is not sensitive to the carbon 

fraction on the tungsten surface for f in the range 

of 0.3-0.6, which is consistent with the result of 

the simple analytic model in Section 4.1. 

Therefore, a carbon surface fraction of 30% is 

chosen to simulate the inter-ELM tungsten 

erosion process for all the three discharges. 

 

Good agreements between experimental 
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measurement of tungsten gross erosion profiles 

and the OEDGE simulation results are achieved 

for all these three discharges, as shown in figure 

10. The inter-ELM tungsten erosion is mainly 

caused by local eroded carbon flux, with about a 

10% tungsten self-sputtering contribution, while 

the contribution from deuterium impinging is at 

a negligible level. 

 

 
Fig. 10. The inter-ELM tungsten gross erosion profiles 

from experimental data and OEDGE simulation results 

with carbon fraction on the tungsten surface set to be 30%. 

(a) discharge 167353; (b) discharge 167358; (c) discharge 

167321. 

 

5. Intra-ELM simulation 

5.1. Inferring Intra-ELM C6+ densities from CER 

data 

The electron temperature at the pedestal top is 

above 300 eV for all three discharges studied, as 

shown in Table 1. Because of the high electron 

temperature inside of the pedestal region, the 

dominant charge state of the carbon impurity is 

C6+. When an ELM occurs, the C impurity 

transports into the SOL region together with high 

energy D+ particles. 

 

The CER spectroscopy system [23] can be used 

to measure the C6+ density. The desired signal for 

this spectroscopic measurement is produced by 

charge exchange between neutrals in the neutral 

beams and ions in the plasma. Since the time 

resolution of the CER system (5 ms) is too large 

to distinguish ELM signals, we have developed a 

new method for inferring the intra-ELM C6+ 

density at the OMP. 

 

Fig. 11. The schematic plot of the possible time difference 

between the CER data point and the ELM burst time. The 

time resolution of CER system is 5 ms. 

 

Here, the CER measurements before the ELM 

onset are chosen for analysis. Figure 11 shows 

the CER signal’s integration time frame 

compared with the intra-ELM D signal from the 

divertor filterscope for the ‘high frequency/small 

size’ discharge (167321). Here we define dt as 

the time difference between the rise of CER 

signal and the start of ELM, as inferred from 

divertor filter scope D data: 
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 𝑑𝑡 = 𝑡𝑒𝑙𝑚_𝑠𝑡𝑎𝑟𝑡 − 𝑡𝐶𝐸𝑅 （13） 

We assume the OMP C6+ density increases 

instantly to a peak value after the ELM burst then 

exponentially decays to the inter-ELM C6+ level. 

For a specified  the C6+ density during an 

ELM can be expressed as: 

 𝑛𝐶6+(𝑡) =
(sgn(𝑡)+1) 

2
𝑛𝑒𝑙𝑚𝑒

−𝑡

𝑡𝑡𝑒𝑙𝑚 + 𝑛𝑐0 (14) 

where 𝑛𝑒𝑙𝑚 is the C6+ peak density carried by an 

ELM; 𝑡𝑒𝑙𝑚  is the decay time and 𝑛c0  is the 

averaged C6+ density between ELMs. 

 

The CER measurement can be expressed in 

terms of dt by: 

𝑛𝐶𝐸𝑅(𝑑𝑡) = (
(sgn(𝑡𝐶𝐸𝑅−(𝑑𝑡−𝑡𝑠))+1) 

2
𝑡𝑒𝑙𝑚𝑛𝑒𝑙𝑚(1 −

𝑒
𝑑𝑡−𝑡𝑠−𝑡𝐶𝐸𝑅

𝑡𝑡𝑒𝑙𝑚 ) + 𝑛0𝑡𝐶𝐸𝑅)/𝑡𝐶𝐸𝑅 (15) 

where 𝑡𝐶𝐸𝑅 = 5 ms,  is the CER time resolution 

and 𝑡𝑠  is the characteristic ion transport time 

from the OMP to the target, representing the time 

difference between the ELM start time observed 

at the OMP and the target.  

 

If 𝑛𝑒𝑙𝑚, 𝑡𝑒𝑙𝑚 , 𝑡𝑠  and 𝑛0  are treated as fitting 

parameters, the CER experimental data can be 

fitted by formula (15). Figure 12 shows the CER 

data points as well as the fitting result for the 

‘high frequency/small size’ discharge at 

 =. From the fitting result, we can infer 

the ELM averaged C6+ density at the location of 

 = on the OMP by using formula (16). 

𝑛𝑖𝑛𝑡𝑟𝑎−𝐸𝐿𝑀
𝐶6+ =

∫ 𝑛𝐶6+(𝑡)𝑑𝑡𝐸𝐿𝑀

∆𝑡𝐸𝐿𝑀
=

∫
(sgn(𝑡)+1) 

2
𝑛𝑒𝑙𝑚𝑒

−𝑡
𝑡𝑡𝑒𝑙𝑚𝑑𝑡

𝐸𝐿𝑀

∆𝑡𝐸𝐿𝑀
+ 𝑛𝑐0  (16) 

where 𝑛𝑒𝑙𝑚 , 𝑡𝑒𝑙𝑚  and 𝑛0  are from fitting 

results.  

 

Table 3. Parameters obtained from fitting results 

shot number  nelm (m-3) telm (s) n0 (m-3) 𝒏𝒊𝒏𝒕𝒓𝒂−𝑬𝑳𝑴
𝑪𝟔+ (m-3) ne_ELM(m-3) cC6+ 

167353 1.001 1.00E+18 0.0033 6.00E+16 5.08E+17 2.50E+19 2.03E-02 

167358 1.002 4.16E+17 0.010 6.30E+16 3.95E+17 1.64E+19 2.41E-02 

167321 1.004 5.40E+17 0.0013 6.39E+16 2.59E+17 1.10E+19 2.35E-02 

 

 

Fig. 12. The CER C6+ density data at  = plotted 

against the time delay between the CER signal at OMP and 

the divertor D signal at the onset of an ELM (dt), and that 

fitted by function (15), for the ‘high frequency/small size’ 

discharge (167321). 

 

The same method is applied to the other two 

discharges for the CER view chord closest to the 

separatrix and the results are listed in Table 3. 

The ELM averaged electron density (ne_ELM) at 

the corresponding locations can be obtained from 

Thomson scattering data, so that the intra-ELM 

averaged C6+ concentration (cC6+) at the OMP 

near the separatrix can be acquired. As listed in 

Table 3, the near separatrix C6+ concentration is 

about 2% in the ELM filaments for all three 

discharges. 

 

5.2. Intra-ELM tungsten erosion from a semi-

analytic model  
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A semi-analytic model based on TRIM.SP [19] 

has been developed to study tungsten gross 

erosion process during the ELMs [14]. In this 

model, the free-streaming ions, including D+ and 

C6+, are considered as the cause of the divertor 

target tungsten erosion. These energetic particles 

will also lead to large amount of carbon erosion 

on the carbon-tungsten mixed material. The 

redeposited carbon ions originating from the 

target carbon erosion can then further enhance 

the tungsten erosion. Since no intra-ELM 

background plasma is available for DIVIMP to 

simulate the carbon redeposition fraction, in this 

semi-analytic model, the carbon redeposition 

fraction is assumed to be 0.7 (the averaged value 

from inter-ELM DIVIMP simulations). The 

carbon erosion, redeposition and reflection 

processes are considered in the modeling, as 

described in Section 4.1. These promptly 

redeposited carbon ions are mainly in low charge 

states, thus C2+ is used to represent the locally 

redeposited carbon ions. 

 

In the semi-analytic model, the free-streaming 

C6+ is assumed to exponentially decay in the 

radial direction, and the profile is described by 

two parameters. One is the C6+ concentration at 

the strike point, which is set to be the same value 

as the intra-ELM C6+ concentration at the OMP 

separatrix, as listed in Table 2: 2.03% for the 

‘low frequency/ large size’ discharge; 2.41% for 

the ‘mid frequency/mi size’ discharge and 2.35% 

for the ‘high frequency/small size’ discharge. 

The other parameter  is used to adjust the radial 

decay length of free-streaming C6+ concentration. 

 is defined as the ratio of C6+ decay length 

divided by the decay length of D+, where the 

intra-ELM decay length of D+ can be obtained by 

fitting the Langmuir probe Jsat data to the Eich 

function [39]. By adjusting the value of , 

different C6+ profiles can be achieved in the 

model. 

 

 

Fig. 13. The intra-ELM tungsten gross erosion profiles for 

N > 1.0.  The solid lines are the experimental data, and 

the dashed lines are the results from the semi-analytic 

model with  set to be 0.7, 0.9 and 0.5 for the (a) ‘low 

frequency/large size’ discharge, (b) ‘middle frequency/mid 

size’ discharge and (c) ‘high frequency/small size’ 

discharge, respectively.  

 

Unlike the inter-ELM W erosion simulation, in 

which the OEDGE code is used to generate the 

background plasma and trace the impurity 

transport, in the intra-ELM semi-analytic model, 

we are trying to use the diagnostic data to 

reproduce the W erosion profiles. All input 

parameters in the semi-analytic model are either 

from the diagnostic data or from reasonable 

analysis as described above, except two 

adjustable parameters: f (carbon fraction on the 

carbon-tungsten mixed material surface) and  ( 
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the ratio of C6+ decay length to D+ decay length). 

By adjusting the value of f and , we hope to 

reproduce the intra-ELM tungsten erosion 

profiles and get some physics insights of the 

erosion mechanisms.  

 

The intra-ELM tungsten gross erosion profiles 

from model results are shown in Figure 13, with 

the assumption of 30% carbon fraction on the 

tungsten surface. Good agreements are achieved 

between the model results and the experimental 

data for all these three discharges. The value of 

, which represents the relatively radial decay 

length of C6+ compared with the D+, varies from 

0.5 to 0.9. Note that C6+ density exhibits the 

slowest decay rate for middle frequency, middle 

sized ELMs, which is related to the peak heat 

flux density during ELMs, as discussed in the 

next section. 

 

5.3. Analysis of the intra-ELM tungsten erosion 

mechanism 

In the previous nonlinear BOUT++ simulation of 

particle and heat fluxes during ELMs [41–43], 

the radial particle flux density for specified ion  

can be defined as: 

 𝛤𝜄𝑟 =  〈𝑛𝜄𝑉𝑟 〉 =  〈𝑛𝜄
(𝑏0×𝛻𝛷)𝑟

𝐵0
〉  +

〈𝑛𝜄δ𝑉𝜄//(
𝑏0×𝛻𝐴//

𝐵0
)〉    (17) 

here <> means flux surface average; n is the 

density of  ions; Vr is the radial anomalous 

velocity; b0 is the unit vector of magnetic field; 

 is the electric potential; B0 is the magnetic field 

on axis; V is the perturbed parallel velocity of 

 ions and is proportional to the parallel velocity 

of  ions; A// is the perturbed parallel vector 

potential. The first term is derived from the radial 

component of ExB drift and the second term 

represents the radial component of the perturbed 

magnetic field in the parallel particle flux 

contribution. 

 

The ion radial decay length is proportional to the 

radial anomalous velocity: 

λ𝜄~𝑉𝑟
𝐿

𝑐𝑠
~

Γ𝜄𝑟

𝑛𝜄
~ 〈

(𝑏0×𝛻𝛷)𝑟

𝐵0
〉 +  〈δ𝑉𝜄//(

𝑏0×𝛻𝐴//

𝐵0
)〉 

 (18) 

𝐿

𝑐𝑠
 is the ELM transport time from the out OMP 

to the target. As discussed in section 5.2, the 

transport time is mainly determined by the 

magnetic perturbation near the X point, thus for 

different ions, their transport time are the same. 

For D+ and C6+, the only difference is the V// in 

the perturbed magnetic field term. Considering 

the different value of V// as well as the possible 

weights of the two terms, the value of η =
𝜆𝐶6+

𝜆𝐷+
 

should be in the region of (
1

2√2
, 1). The more the 

value of the perturbed magnetic field part is 

weighted, the smaller the value of η becomes. 

The magnetic perturbation term is proved to be 

closely connected with the parallel energy flux 

density. A larger parallel energy flux density will 

help to achieve a larger radial transport due to 

magnetic flutter and the flux density due to ExB 

drift is not affected [41]. Therefore, the larger the 

intra-ELM parallel energy flux density, the more 

the perturbed magnetic field part in equation (18) 

will weight, thus a smaller  is expected. 

 

 

Fig. 14. The time evolution of the perpendicular heat flux 

density on the strike point for the low frequency/large size 

discharge (blue line), mid frequency/mid size discharge 
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(green line) and high frequency/small size discharge (red 

line). 

 

The discharge-averaged intra-ELM heat flux 

density for all these three discharges can be 

derived from the IR camera data, and the time 

evolution of heat flux density on the strike point 

is shown in Figure 14. As shown in Figure 13, 

with the high pedestal top electron temperature, 

the ‘high frequency/small size’ discharge 

(167321) has the biggest peak heat flux density 

during ELMs, i.e., > 4 MW/m2, while the ‘mid 

frequency/mid size’ discharge (167358) has the 

smallest peak heat flux density < 3 MW/m2. Thus, 

the value of  for these three discharges should 

satisfy 𝜂167321 < 𝜂167353 < 𝜂167358 , which is 

consistent with the semi-analytic model fitting 

results showing in Figure 13. 

 

Fig. 15. The intra-ELM W gross erosion rates and 

contributions from energetic C6+ ions and locally 

redeposited C2+ ions for (a) the ‘low frequency/large size’ 

discharge, (b) the ‘mid frequency/mid size’ discharge and 

(c) the ‘high frequency/small size’ discharge. 

 

Figure 15 plots the total W effective sputtering 

yields together with the contributions from 

energetic streaming C6+ and local recycling C2+. 

Due to the low impact energy of D+, the W 

sputtering yield from D+ is much smaller than 

that from carbon and is not shown in this figure. 

The energetic C6+ dominates the W erosion at the 

strike point. However, since the C6+ flux radially 

decays, the contribution from C6+ dramatically 

decreases across the tungsten ring. Therefore, the 

tungsten erosion can be divided into two regions: 

one is the near separatrix region in which the 

tungsten erosion is dominated by the energetic 

C6+ streaming from the pedestal; the other is the 

outer SOL region, where the local recycling C2+ 

dominates the tungsten erosion.  

 

The profiles of the effective sputtering yields 

contributed by local C2+, which is strongly 

related to the local electron temperature, is 

relatively flat. As discussed in [14], the radial 

tungsten erosion profile is determined largely by 

the C6+ concentration much more than the change 

of impact energy. As a result, the width of the C6+ 

dominated region is dependent on two 

parameters: the C6+ concentration at the strike 

point and the relative decay length . Compared 

to other two discharges, the ‘mid 

frequency/small size’ discharge has the largest  

and strike point C6+ concentration, thus leading 

to the widest C6+ dominated region. The ‘high 

frequency/small size’ discharge has the smallest 

, and thus the narrowest C6+ dominated region. 

 

Carbon surfaces have a much lower threshold 

sputtering energy relative to tungsten for both 

deuterium and carbon impacts. The recycling C2+ 

can be created by free-streaming C6+ as well as 
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D+ impinging on the carbon-tungsten mixed 

material. Since the C6+ flux is much lower than 

the D+ and the concentration radially decays, the 

carbon erosion is dominated by the free-

streaming D+ especially in the outer SOL region. 

From the model results, the carbon erosion 

caused by impinging D+ is more than 5 times 

larger than that caused by C6+ at N>1.01 for all 

these three discharges. Therefore, during ELMs, 

the energetic C6+ dominates the tungsten erosion 

near the separatrix, while the free-streaming D+ 

dominates the tungsten erosion in the outer SOL 

region. 

 

 

Fig. 16. The intra-ELM tungsten gross erosion profiles for 

N > 1.0. The solid lines are the experimental data, and the 

dashed lines are the results from the semi-analytic model 

with the carbon fraction on the tungsten surface set to be 

0.3, 0.4, 0.5 and 0.6 for the ‘mid frequency/mid size’ 

discharge. 

 

It is worth noting that in Section 4.1 and Section 

4.2, we found that the inter-ELM W gross 

erosion simulation results are robust to a wide 

range of carbon surface fractions (0.3≤ f ≤0.6) 

and the tungsten erosion is mainly caused by the 

locally eroded carbon flux. However, in contrast 

to the inter-ELM phase, the change of carbon 

surface fraction exhibits an obvious influence on 

the total tungsten erosion during ELMs, 

especially in the near separatrix region, as shown 

in Fig. 16 for the discharge with ‘mid 

frequency/mid size’ ELMs. In that region, the 

tungsten erosion is mainly dominated by the 

streaming energetic C6+. Increasing the fraction 

of carbon means decreasing the tungsten fraction 

on the mixed material, thus decreasing the 

tungsten erosion caused directly by the 

impinging C6+. Therefore, in the intra-ELM 

simulation, the tungsten erosion is sensitive to 

the carbon fraction on the tungsten surface.  

The modeling of the experimental data with the 

semi-analytic model, as shown in Fig. 13, further 

indicates a carbon fraction of 30% on the 

tungsten surface, which is on the lower bound 

found in inter-ELM simulations. 

 

6. Summary and Discussion 

H-mode tungsten erosion processes have been 

investigated for the discharges with varying type 

I ELM sizes (ΔW/W ranging from 3% to 10%) 

and ELM frequencies (18 Hz to 70 Hz) 

conducted during the DIII-D Metal Rings 

Campaign. The one-dimensional FSM model is 

used to analyze the ELM transport time and 

electron density at the target plate. The ELM 

transport time is used to evaluate the charge state 

of C originating from the H-mode pedestal, and 

the divertor electron density is used to accurately 

calculate the effective ionizations/photon (S/XB) 

value of the tungsten influx during ELMs. Then 

a semi-analytical model based on the TRIM.SP 

sputtering code is used to simulate the intra-ELM 

tungsten gross erosion profiles. The OEDGE 

code is employed to calculate the inter-ELM 

impurity distribution and tungsten gross erosion.  

 

The WI imaging experimental data showed that 

the intra-ELM W erosion rate can be 5-10 times 

larger than the inter-ELM phase. Thus, the intra-

ELM W erosion can be comparable to the inter-

ELM phase and even dominate the total tungsten 

erosion, despite the short ELM duration. The 

ratio of W erosion during ELMs to the total W 

erosion can be more than 60%, and increases 
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with the ELM frequency, since increasing the 

ELM frequency usually increases the ratio of 

ELM time to the total discharge time.  

 

Due to the presence of carbon in DIII-D, a 

carbon-tungsten mixed material models are used 

for both inter- and intra-ELM tungsten gross 

erosion simulations. For the inter-ELM phase, 

the modeling results suggest that tungsten is 

mainly eroded by the local recycling carbon flux, 

which mostly originates from the erosion of the 

carbon-tungsten mixed material. The increase of 

the carbon surface fraction increases tungsten 

erosion, which can be, however, offset by the 

coverage of carbon on the tungsten rings. Both 

the OEDGE code and the simple analytic model 

show that the inter-ELM W gross erosion is not 

sensitive to the carbon surface fraction in the 

range of 0.3<f<0.6.  

 

In contrast to the inter-ELM tungsten erosion, the 

intra-ELM tungsten erosion is sensitive to the 

carbon surface fraction, especially in the near 

separatrix region. A carbon surface fraction of 

0.3 can yield a good agreement between 

simulations and experimental measurements of 

intra-ELM W gross erosion profiles for all the 

different H-mode discharges modeled. This 

further indicates that the carbon surface fraction 

on the tungsten ring can be as low as 30%. 

 

The simulations indicate that the streaming 

energetic C6+ originating from the pedestal 

region remain fully stripped when arriving at the 

divertor target during ELMs, causing large 

amounts of tungsten erosion, and dominating the 

tungsten erosion in the near separatrix region. 

However, in the outer SOL region, the C6+ 

concentration decreases, and the local recycling 

C2+ mainly created by the free-streaming 

energetic D+ dominates the tungsten erosion. The 

width of the C6+ dominated region is determined 

by the C6+ concentration at the strike point and 

its decay length relative to that of the deuterium 

ion flux. The C6+ concentration at the strike point 

is assumed to be the same value as that at the 

separatrix at the OMP, which can be inferred 

from CER data. For all the three different 

discharges modeled, the intra-ELM C6+ 

concentrations at the OMP are at the level of 2%. 

The relative decay length of C6+ to D+ has a 

strong relationship with the energy carried by 

ELMs. The higher heat flux density discharge is 

expected to have a smaller relative decay length 

and thus a narrower C6+ dominated region. The 

FSM analysis of the ELM characters in this work 

shows that the high charge state impurities 

originated from in the pedestal region can play 

an important role in W erosion during an ELM 

burst. Thus, it is necessary to accurately evaluate 

the charge state of the energetic impurities during 

ELMs in a mixed-materials environment such as 

in ITER. These findings should have significant 

implications for future rectors, which will have 

mixed material environment, i.e., with mixed 

plasma-facing materials, and/or with impurity 

seeding for the control of heat flux and erosion 

control.  

 

Note that the electron density dependence of W 

S/XB is still not well known, which may thus 

lead to some uncertainty in the analysis. In the 

intra-ELM semi-analytic model, the carbon 

redeposition fraction is assumed to be 0.7 

according to the value of inter-ELM DIVIMP 

simulations. However, due to the high plasma 

density near the target during ELMs, the eroded 

carbon particles may be subject to strong friction 

and thus may have a greater chance to redeposit 

on the target. With an assumption that the 

redeposition fraction is changed from 0.7 to 0.9, 

the W erosion cause by redeposited carbon 

would increase by 40%. However, since the W 

erosion in the near separatrix region is dominated 

by the free-streaming C6+, this will not change 

the main conclusions of this paper.  

 

Note also that during ELMs, the peak impact 
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energy of streaming ions have a strong 

relationship with the electron temperature on the 

pedestal top [24,31]. The average intra-ELM 

impact energy of D+ for the ‘high 

frequency/small size’ discharge is actually higher 

than the other two discharges because of the 

higher pedestal electron temperature. However, 

the D+ impact energy is still too low to give a 

comparable W erosion to the C6+ during ELMs. 

Whereas for future fusion devices, which will 

have a much higher pedestal electron 

temperature, the direct W erosion by the 

streaming energetic D+ may be dominant.  

 

Furthermore, we should mention that the target 

recycling process is not included in the FSM in 

our analysis. As discussed in [15], if the particle 

recycling process is taken into consideration, the 

particle flux carried by ELM should be smaller 

than the Langmuir probe measurements, but the 

energy carried by deuterium should be larger, 

thus offsetting the effect of the flux reduction. 

Furthermore, in contrast to [15], this paper 

focuses on modeling the ELM-averaged target 

tungsten erosion profiles instead of the evolution 

of W erosion during ELMs. Since the ELM-

averaged deuterium impact energy is smaller 

than the peak deuterium impact energy, the 

deuterium impact to the W erosion should be 

further reduced.  
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