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Abstract. An experiment was conducted in DIII-D to compare gross tungsten (W) erosion on 

samples exposed to outer strike point (OSP) sweeps in L-mode plasmas for three conditions. 

These included two phases of resonant magnetic perturbations (RMPs), and a set with no 

perturbations. Upon RMP application, lobe structures indicative of strike point splitting of the 

OSP were evident in divertor camera data and on Langmuir probes. Gross W erosion, inferred 

spectroscopically using the S/XB method applied to the 400.9nm W-I line, was increased in the 

RMP cases by no more than 30% of the level observed in unperturbed discharges. A large 

reduction in gross erosion (50%) was observed in the private flux region (PFR) at the W sample 

for one specific toroidal phase of the RMP field. 

1. Introduction 

One of the challenges faced by ITER is mitigation of the damaging effects of plasma-

material interactions (PMI) [1]. Edge Localized Modes (ELMs), a characteristic instability of H-

mode plasmas, promptly expel edge plasma, and so have the potential to seriously damage 

plasma facing components after just a few ‘type I’ ELM events in a device the size of ITER [2]. 

One of the most promising of a variety of schemes to suppress ELMs is through the addition of 

small 3-D resonant magnetic perturbations (RMPs) to the applied axisymmetric confinement 

fields [3]. However, application of RMP fields perturbs the axisymmetric divertor footprint and 

generates a 3-D plasma boundary [4]. The 3-D boundary for the experiment in this paper is 

depicted in Figure 1a, which shows the result from a field line following calculation. For that 

calculation, 3-D RMP fields were added to the axisymmetric field - the so-called ‘vacuum 

approximation.’ In actual experiments, corrections due to the plasma response are known to 

further modify this structure, even in L-mode [5]. 

When RMPs are applied, the strike point splits into separatrix lobes which are incident on 

the divertor as individual helical finger-like structures, formed from regions of plasma 

transported from the hot interior confined region [6]. Figure 1b shows a typical example of this 

modulation of heat flux as calculated with the 3-D code EMC3-EIRENE. How the application of 

these perturbations could be applied in ITER and beyond depends on their interaction with the 

material surfaces of those devices, which are currently envisaged to be constructed from tungsten 

(W) due to its sputter resistance and heat flux handling capability [7]. Strongly non-uniform 

erosion would necessitate either more frequent replacement of PFCs or spreading of the erosion 
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by, for instance, rotating the RMP fields, increasing coil stresses and thermal cycling of the 

cooling bonds in the divertor [2]. 

Only a few studies have been done to date to examine the impact of RMP ELM 

suppression on the integrity of plasma facing components (PFCs). Previous work in DIII-D [8] 

has shown that chemical erosion yields can be altered significantly within the helical lobes. The 

present experiment extends this discussion by investigating physical sputtering-induced erosion 

of W PFCs through a comparison of cases with and without exposure to RMP. 

 

2. Experiment 

DIII-D is a 1.67 m major radius tokamak with minor radius of 0.67 m with ATJ™ 

graphite plasma facing surfaces. Figure 1a shows a cross-section of the divertor region of DIII-D 

and the diagnostics used in this study for characterization of PMI at the outer strike point (OSP). 

The Divertor Material Evaluation System (DiMES) [9] is an experimental system on the 

divertor shelf in DIII-D capable of between-discharge exchange of samples for exposure to the 

OSP plasma. For this work, the DiMES manipulator, at RDiMES = 1.485 m, was loaded with 5 cm 

diameter ATJ graphite sample substrates that were coated with 40nm of magnetron-sputtered W 

at Sandia National Laboratory.  

 

 
Figure 1: a.) Cross-section of the DIII-D tokamak divertor region, including an example connection length (Lc) plot of a 

discharge from this work, and the DiMES diagnostic suite’s OSP access. b.) Heat flux plot example showing modulated heat flux 

pattern due to RMP applications obtained with EMC3-EIRENE. 

The DiMES diagnostic suite includes, among other diagnostics, floor Langmuir probes 

(LPs) located �� = 18° toroidally away at � = 1.50 m, a multichord divertor spectrometer 

(MDS) [10] with a 3 cm diameter viewing chord centered on the DiMES sample, a divertor 

filtered camera (DiMES TV) [11], and a filtered photomultiplier, or filterscope [12], with a 2.5 

cm diameter view onto DiMES. These diagnostics and their relation to the OSP are shown in 

Figure 1. Figure 2 shows a typical image taken from DiMES TV, centered on the W sample, 

during a discharge from this work. The filterscope view spot is indicated. The radial and 

downfield direction are also shown. The circular mask is the result of a vignetting correction. 
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 The internal magnetic perturbation coils (I-coils) at DIII-D are capable of adding a 

toroidal mode number n=3 perturbation to the usual, nominally axisymmetric, magnetic 

configuration. They were operated for this experiment in the up-down symmetric ‘even 

configuration’ where polarity of the coil current alternates only in the toroidal orientation. This 

allows for 2 phase configurations corresponding to a 60 degree toroidal rotation of the 

perturbation. The so-called ‘60 degree’ and ‘0 degree’ configurations were both used, with a 

current of 3.9kA and allow placement of the DiMES sample at two positions in the helical 

magnetic footprint. [3] 

To avoid the contaminating effect of ELM-induced erosion in H-mode, and because 

RMP-ELM suppression cannot be guaranteed with the OSP on the divertor shelf, the experiment 

was conducted with lower single null (LSN) L-mode plasmas. The discharges under 

consideration had the following parameters: separatrix density ne,sep=5x1019 m-3, and 

input/radiated power Pinput=1.8 MW, and Prad=1.0MW. At the OSP, LP measurements of electron 

temperature were Te = 20-30 eV, so overall W erosion level was low. 

The samples were exposed to a wide region of scrape off layer (SOL) and private flux 

region (PFR). The OSP was swept across DiMES, from 1.42 m, to 1.53 m, and back to 1.42 m, 

over 1.3 s in each direction. Three different magnetic configurations were used – 60 degrees for 

both sweeps (2 discharges), 60 degrees for the sweep out switching to 0 for the sweep back in (2 

discharges), and a set with no RMPs (6 discharges).  

 Gross W erosion was measured using the S/XB method applied to the 400.9nm line of 

neutral tungsten [13], [14]. The S/XB coefficient converts light emission into particle fluxes by 

quantifying the ionization to line emission intensity ratio. When all neutral W originates from the 

surface, the S/XB coefficient gives the atomic flux ΓW−I from the surface per unit photon flux. 

The S/XB coefficient depends on the local Te and ne, and was adjusted according to the plasma 

conditions determined by the probe at 1.50 m. The relatively quiescent L-mode conditions of the 

experiment were in this respect an advantage as the intermittent ELM-induced erosion risk could 

be avoided. Line intensities and background continuum were measured with a spectrometer 

tuned to a range around the 400.9nm line. This was used to calibrate the DiMES-viewing 

filterscope, which was equipped with a 2 nm bandpass filter around 400.9nm, and the a divertor 

camera, which was equipped with a 1.5nm bandpass filter about 400.9nm. 

 

3. Results and Analysis 

The separatrix lobes are clearly visible in the images from the DiMES TV. In Figure 2b 

images processed by difference filtration are shown, in which the leading and trailing frame were 

subtracted from twice the current frame: 

Diff[i] = 2Frame[i] − Frame[i − 1] − Frame[i + 1] 
removing static structures. Integrating pixel values in the toroidal direction and correcting for the 

geometric distortion due to the circular mask produces line profiles shown in Figure 2c. The ~1-2 

cm radial features obtained appear upon application of RMP, and maintain a roughly consistent 

shape through the sweep. When RMP phase is flipped from 60 to 0 degrees after 3100 ms, the 

lobe pattern is observed to obtain opposite phase in the SOL – consistent expectation for a ½ 

period toroidal shift of a purely n = 3 perturbation. The profiles are aligned in Figure 2c so that 

the OSPs, determined with EFIT equilibrium reconstructions [15], coincide.  



 

 
Figure 2: a.) Image from DiMES TV, with a framerate of 10Hz, during a shot. The tungsten sample and filterscope view are 

indicated. b.) Difference filtration of DiMES TV imaging, showing motion of separatrix lobes that appear upon RMP application. 

c.) Line profiles taken from difference imaging, exhibiting consistent structure during each sweep. 

The modulated plasma characteristic of separatrix lobes was also observed with 

Langmuir probes [16]. Probe data vs OSP position from the probe at R=1.50 m is shown in 

Figure 3. For the no-RMP case, Te was higher for the sweep inward than for the initial outward 

sweep. Modulations, particularly in the measured floating potential, exist between no-RMP and 

RMP cases. Modulations in ne and Te are more subtle and approach the level of noise. The Vfloat 

profiles and the divertor camera images confirm the creation of separatrix lobes in L-mode. 

 

 
Figure 3: LP traces of plasma parameters for the noRMP and RMP 60 deg/0 deg cases. Lobe-related modulations are visible for 

the RMP sweeps. 
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An absolutely-calibrated multi-chord divertor spectrometer (MDS) was used to measure 

the 400.9 nm W-I line and nearby continuum with 2 Hz. In Figure 4a, the time-integrated 

spectrum for 12 shots with the spectrometer tuned to this spectral range is shown, corresponding 

to 1.2 minutes of total exposure. The integrated spectrum was used to determine peak locations 

and widths. Those parameters were subsequently held constant for fitting the individual time-

resolved spectra, where only peak amplitudes and background continuum level was fitted, with 

their standard error for propagation in subsequent analysis. An example fit is shown in Figure 4b. 

The two fits to the W-I line indicate the +/- standard error for this fit. 

 

 
Figure 4: a.) Integrated spectrometer time record. b.) Zoom to region of fitted spectrum at W-I line. 

The 3 cm diameter of the MDS view chord spot is not favorable for measuring an erosion 

pattern having features with sizes shown in Figure 2 and Figure 3. Additionally, because spectra 

are taken at 2 Hz, and the structures traverse the spot at ~8cm/s, (4 cm/exposure) each exposure 

of the spectrometer integrates over the lobe structure in time and space. Thus, the MDS 

integrates over modulations that might be expected from the lobes and tends to wash out the 

modulated W-I emission. While time-resolved measurements of individual modulations are not 

expected, time-integrated gross erosion over the entire set of discharges can be estimated, and 

totals 3 nm for both the RMP and no-RMP samples (with 10 exposure to each sample). This is an 

upper bound on net erosion, which agrees with the value from ex-situ measurements using RBS 

of < 1 nm, the detection limit for that technique [17].  

The spectrometer can be used to determine the ratio of the W-I line to background 

continuum, enabling calibration of filtered diagnostics with higher time resolution [18]. After 

calibration, the filterscope and DiMES TV provide a higher-frequency measurement of the W-I 

emission [11]. Calibrations for times between MDS time points were linearly interpolated. 

Standard error from MDS fits was propagated to this calibration factor, and then to the W-I 

measurements, where it is presumed to be the dominant measurement uncertainty. 

The calibrated W-I light was multiplied by the time-evolving S/XB coefficient to produce 

erosion rates from the filterscope and DiMES TV data. Percent change in erosion measured for 

the RMP case vs the no RMP case, computed as 

�(t) = 100 ΓW−I,RMP (t)−ΓW−I,noRMP (t)
ΓW−I,noRMP (t)

     [1] 

was found as a function of distance between the OSP location ROSP and filterscope spot center 

RFSspot for both diagnostics. The data for the 60 degree sweep out was combined for both the 60-

00 sweeps and 60-60 sweeps into a single set for better statistics. Results from the filterscopes 

with propagated error is shown in Figure 5 as a shaded region. 

DiMES TV data within the region of the filterscope view spot was used to calculate 

erosion. In contrast to the filterscope, which integrates over its spot, the higher spatial resolution 
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In discharges with RMP, modulations characteristic of separatrix lobes during strike point 

sweeps were evident on probe traces and in difference-imaging of light from a filtered divertor 

camera. Features were ~2 cm in size. 

Gross erosion changes due to RMP were limited to low 10s of percent of the unperturbed 

gross erosion rate for the conditions in this work, which was near 0.1nm/s at the OSP. Inferred 

gross erosion data possesses features at similar wavenumbers to the lobes, despite higher 

wavenumber features being resolvable. Better statistics would be required to establish a precise 

correspondence between the lobes and these features.  

There was a statistically significant reduction in gross erosion measured in the PFR, 

which reached ~ 50% of the unperturbed value at DiMES in the 60-degree phase. Likewise, 

increased erosion during RMP was measured in the far SOL, particularly for the 0-degree phase. 

While RMP application may have global effects on erosion not depending on phase, the phase 

angle dependence observed in the largest effects on erosion is consistent with a substantially 3-D 

impact. 

Future work should operate in RMP ELM-suppressed H-mode, where closer 

approximation to ITER conditions are obtained, and higher W-I emission will allow more precise 

quantification of RMP erosion effects. The ~ 50% upper limit to changes in the PFR and SOL 

found in this L-mode study may be set by its low ion energies and resulting W physical 

sputtering rates. In H-mode conditions, the ion energy will substantially exceed the W sputtering 

threshold and a stronger impact of the features observed here could exist. 
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