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Recent tungsten (W) divertor experiments in the DIII-D tokamak have made significant progress elucidating
key mechanisms responsible for high-Z erosion, re-deposition, leakage, and scrape-off-layer (SOL) transport.
These results have important implications for ITER and other next-step fusion devices, including insight into
W sourcing during mitigated edge localized modes (ELMs), diagnosing and understanding the net erosion of
W in steady-state and transient phases, and developing a predictive capability for both local and global high-Z
material migration.

The free-streaming plus recycling model (FSRM), a recently developed analytic model for intra-ELM, high-Z
gross erosion’, was validated in ITER-relevant, ELM-mitigated regimes achieved via pellet pacing and reso-
nant magnetic perturbations (RMPs) in DIII-D (Fig. 1). ELM control via pellet pacing reduces W sputtering
by suppressing impurity build-up in the pedestal (by increasing the ELM frequency), resulting in less physical
sputtering of W caused by free-streaming, fully-stripped impurities expelled from the pedestal. Pellet pacing
also decreases the divertor target electron temperature (due to increased edge neutral fueling), leading to less
tungsten sputtering by low C charge states recycled from the divertor.

10 No pellet pacing Pellet pacing (60 Hz) 40 No RMP With RMP, 5 kA, n=3
@ | T 167354.22004400][b) " 167356.2600.4800 © " T 167556.1800.2400[(d) T " 167556.2600.3600
S T. =350eV Te ped = 330€V Te.ped = 840eV Teped = 810V
o gl e.ped i P 1 ® =3.0x1019m3
L Ne ped = 6.9%1019 M3 Nepes = 7.2x1019 m3 30l Ne pea=3.7x1019m-3 || fne ped:4-8; m3 |
S fo pea = 4.5% foped = 2.8% fo ped=4.1% £z e\j
2 61 Tedv=32¢eV Tedv =14 eV 1 Tedv =25 eV ed
c 20} i
2 Model, L, = 6L
= ELM
§ al Model, L, =9Lgy | Model, L, = 9Ly,,, |
123
8 10 F
% 2L 1 \ Exp. Data EXp. Data
2 \ \
o e e v | """l"h-lillmi il Y | — | 1 1 .
-1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4 5

Time relative to ELM start(ms) Timerelative to ELM start(ms) Time relative to ELM start(ms) Time relative to ELM start(ms)

Figure 1: Measurements of tungsten gross erosion compared to the FSRM before (a) and after (b) pellet
pacing is applied for ELM control; before (c) and after (d) resonant magnetic perturbations are applied
for ELM control.

During the application of RMPs for ELM control, however, the peak W gross erosion rate actually increases.
FSRM calculations indicate this is due to a decrease in the intra-ELM magnetic connection length, L |, relative
to the length of the ELM filament, Ler /. The ratio of these two quantities is the only free parameter in
the FSRM. RMPs may cause the formation of a direct path between the strike-points and a reservoir of hot
impurities deep into the plasma core', increasing the effective physical sputtering yield of tungsten from ELM
impacts.

Leveraging newly calculated atomic rate coefficients and a recently developed ultraviolet spectroscopy sys-
tem?, we also present the first detailed, in-situ analysis of the net erosion of high-Z material in a fusion
device. Tungsten gross and net erosion are measured spectroscopically via the ionizations per photon, or
S/XB, method®. W net erosion is nearly equal to gross erosion when the neutral ionization length, A;, is
large relative to the w' gyro-radius, pw, and magnetic pre-sheath width, Asp, due to a lack of W prompt
re-deposition. As \;, decreases, the rate of W net erosion also decreases, with a strong inflection point near
Xiz/pw &= Aiz/Ash ~ 2-3. At the lowest ionization lengths achieved, Ai./pw & Ai>/Ash ~ 0.4, net erosion
drops to as little as ~20% of the gross erosion. Measurements are lower than calculations from analytic prompt
re-deposition models®* when \;, is large. This is attributed to non-local W re-deposition, which is not in-
cluded in the models. When \;. is small relative to pw and Asp, more net erosion occurs than calculated by
the models. ERO simulations indicate that W re-deposition from charge states W’ " and higher (not included
in the simple analytic models) becomes important in this regime.
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Figure 2: Experimentally observed re-deposition profile (symbols) of W on C after a series of repeat
discharges in which toroidally symmetric rows of W-coated tiles were installed in the lower divertor of
DIII-D. WallDYN simulation results using different magnitudes of the ExB drift are overlaid.

Mixed-material, high-Z impurity migration models have also been validated by DIII-D tungsten divertor ex-
periments. Simulations conducted using the coupled DIVIMP-WallIDYN codes indicate E'x B drifts are the
dominant driver of material migration in the divertor region in L-mode discharges with the ion BxV B drift
away from the strike-points. Incorporating Ex B drifts, calculated via integrating Ohm’s law along parallel
field lines, is essential to match the W migration features observed experimentally®. A peak in the W deposi-
tion profile appears many ionization lengths radially outboard of the ring of W-coated divertor tiles (Fig. 2).
The WallDYN model agrees with experimental data within a factor of two over the entire radial extent of the
W re-deposition pattern when E'x B drifts are adjusted to 60% of their calculated value (Fig. 2). This suggests
(a) high-Z material migration involves multiple erosion/re-deposition events before reaching equilibrium, and
(b) effects beyond Ohm’s law, such as SOL currents, may play an important role setting the electric field in
the divertor region.

Finally, the net force on high-Z impurities in the far scrape-off-layer is observed to change dramatically with
ion BxV B drift direction in DIII-D, suggesting strong high-Z entrainment in SOL flows. Tungsten flow
patterns in the low-field side, far-SOL (deduced via a midplane collector probe system”) are observed to be
primarily towards the outer target with the ion BxV B drift away from the outer strike point (OSP), and vice
versa for BxV B drifts towards the OSP. An ad-hoc SOL flow model added to DIVIMP simulations (based
on experimental flow profiles) produced reasonable agreement with measured high-Z flow patterns. This
suggests that background plasma flow patterns may be instrumental in causing the long-hypothesized near-
SOL, high-Z impurity accumulation, which sources impurities into the far-SOL via cross-field diffusion.

Because the atomic physics and surface physics of carbon and beryllium are quite similar, experimentally
validated PMI models on DIII-D significantly advance the field towards a predictive capability for the high-
Z divertor erosion, re-deposition, and leakage in the mixed-material environment of ITER. Such models are
essential to develop/optimize mitigation strategies for minimizing high-Z core contamination and maximizing
fusion gain.
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