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In the National Spherical Torus Experiment (NSTX), the use of lithium-coated graphite

plasma-facing components led to improved confinement and suppression of edge localized

modes (ELMs) in H-mode discharges [1, 2]. As a consequence, carbon and metal impurities

tended to accumulate in the core plasma, resulting in Ze f f ≤ 3−4 and Prad ≤ 1−3 MW. This

motivated experimental efforts aimed at impurity concentration reduction in the core by, e.g.,

triggered ELMs [3] or impurity source reduction by divertor deuterium (D2) injection. This pa-

per discusses interpretation of the latter experiment with the two-dimensional multi-fluid edge

transport code, UEDGE [4, 5, 6]. A qualitative understanding of the effects of D2 injection on

carbon transport behavior in the SOL is sought.

Figure 1: Key diagnostic traces for divertor deu-
terium gas injection experiment. The black and red
curves show data for the reference shot and gas in-
jection shot, respectively.

Experiment Two discharges from the NSTX di-

vertor D2 injection experiment are studied: A ref-

erence shot with no divertor D2 injection, and a

shot with D2 injection (gas puff). Both of these

discharges were lower single-null configurations,

and employed neutral beam injection (NBI) heat-

ing of 4 MW. In the shot with the gas puff, the

valve of the divertor D2 injection system [7] was

opened for 100 ms starting at t = 300 ms. A to-

tal of approximately 1.25×1021 deuterium atoms

were injected at an average injection rate of 2000

atom-amps (1 s−1 = 1.6×10−19 A).

Figure 1 shows the plasma performance of the

two shots. The line density and stored energy were similar for shots, which were both ELM-free

as evidenced by the lack of spikes in the Dα light. Ze f f and radiated power were reduced signif-

icantly for the shot with D2 injection. Charge-exchange recombination spectroscopy (CHERS)

measurements of carbon concentration measurements in the core and near the pedestal (not

shown) indicate reductions of approximately 30%.
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Lithium evaporators (LITERs) were used to apply lithium to the divertor plasma-facing com-

ponents in these discharges. Experimental evidence suggests that significant carbon sputtering

occured at the outer divertor target despite the lithium coating, possibly because of nearly com-

plete erosion of the lithium layer at the strike point.

Modeling results are compared to a variety of NSTX plasma edge diagnostics. At the outer

midplane (OMP), Thomson scattering provides electron temperature and density data and CHERS

measures the density and temperature of fully-stripped carbon (C6+). At the lower/outer divertor

target, an infrared camera was used to measure heat flux, and filtered visible cameras measure

Dα and CII spectroscopic data.
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Figure 2: The computational grid for
UEDGE modeling. Red X’s indicate X-
point locations.

Modeling details UEDGE is used to model the NSTX

edge plasma. The effects of the divertor gas puff are stud-

ied by scanning D2 injection rates (Igas) from 0 to 1200 A.

A multi-species carbon model (C1+−C6+) is used. Physi-

cal and chemical sputtering are included at the divertor tar-

gets, and chemical sputtering is included at the private flux

and vessel wall boundaries. The sputtering models, adapted

from the DIVIMP code [8], assume uncoated graphite sur-

faces. The computational grid, shown in Figure 2, is based

on an LRDFIT equilibrium for the reference shot at 700 ms,

and captures the normalized flux range 0.96 < ψN < 1.028.

The upper X-point prevents extension of the grid to larger

ψN without resorting to a more complicated double-null

grid. Constant, uniform diffusivities are used to model

anomalous perpendicular transport: χi = χe = 1.5 m2/s, and

D⊥=0.5 m2/s. The inner and outer divertor target recycling

coefficients are set to 0.9, simulating ion pumping by the lithium coating. Zero flux boundary

conditions are applied for all carbon species and for neutral deuterium at the core-edge inter-

face. Deuterium ion flux from the core is fixed. The core-to-edge power is 3 MW (allowing

for radiation of 25% of the 4-MW NBI power). An inward pinch, simulating the convective

(blob) transport [10], is applied to the carbon ion species such that the impurity concentration

at ψN = 0.96 is approximately 5% (vpinch =−25 m/s). Drift effects are not included.

Results and discussion Steady-state UEDGE solutions are compared to experimental data at

t ≈ 700 ms. Experimental outer midplane (OMP) temperature and density profiles for shots with

and without divertor gas puff are qualitatively similar. For all scanned values of Igas, UEDGE Te
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profiles are similar to experimental profiles, which are shifted such that the Thomson Te matches

the UEDGE Te at the OMP separatrix (≈ 75 eV). OMP separatrix electron density is near 3×
1019 m−3 in UEDGE vs. 1.5× 1019 m−3 in the experiment, but notably, the UEDGE OMP

separatrix density rises with increasing Igas reaching, e.g., 4.5× 1019 at 1000 A. Dα profiles

on the outer divertor target are in good agreement, with UEDGE intensity agreeing at Igas =

0 A and 1000 A with experimentally measured intensities for the reference and gas puff shots,

respectively, to within 15%. UEDGE CII (658 nm) profiles for Igas = 0 A and 1000 A have peak

intensities 2-3 times higher than the experimental values for the reference and gas puff shots,

respectively. Peak heat flux for the UEDGE 0 A case is ≈6 MW/m2, whereas the experimental

peak heat flux for the reference shot is ≈2.5 MW/m2. For the UEDGE 1000 A case, the peak

heat flux is reduced to ≈2 MW/m2, which is similar to the peak heat flux for the shot with

divertor gas puff.
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Figure 3: Top and bottom panels show carbon
concentration at the outer midplane separatrix,
and sputtered flux, respectively, plotted as func-
tions of simulated gas injection rate.

The primary results of the UEDGE modeling are

presented in Figure 3. As the deuterium injection rate

increases, the carbon concentration at the outer mid-

plane separatrix generally decreases, with 40% re-

duction at Igas=1000 A. Sputtered flux is generated

predominantly at the divertor targets. With Igas=0 A,

sputtered flux from the outer divetor target is com-

posed of 99 A chemical sputtering and 64 A phys-

ical sputtering. With increasing gas injection, the

divertor temperatures drop, and physical sputtering

is reduced to practically zero. Chemical sputtering

increases, roughly compensating the reduction of

physical sputtering.

Figure 4 reveals underlying physics that may play

a role in the carbon concentration reduction. The top

panel shows total carbon density plotted along a field line from the outer midplane (OMP) to the

outer divertor target on the 2 mm flux surface. In the bottom panel, deuterium ion and average

carbon ion flow speeds are shown along the same field line. With no gas injection, the carbon

ion flow is away from the target along most of the field line, but stagnates near the OMP. In

contrast, with 1000 A gas injection, the flow out of the divertor continues past the OMP without

stagnation. This carbon transport modification is probably driven by the dramatic change in the

deuterium flow: instead of flowing strictly from the OMP to the target, the deuterium flow has
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reversed, now flowing toward the OMP from a location significantly below the X-point. In gen-

eral, impurity parallel flow is strongly influenced by the friction force between the deuterium

and impurity flows (which is primarily balanced by the ion temperature gradient force) [11]. Re-

versal of the deuterium flow thus facilitates the reversal of the carbon flow. The resulting carbon

"flow-through" past the OMP seems related to the reduction of peak carbon concentration.
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Figure 4: Carbon ion density and carbon and
deuterium parallel flow speeds as a function of
distance along a field line from the outer mid-
plane to the outer divertor target on the 2-mm
flux surface.

Conclusions These UEDGE results provide indi-

cations of the physical mechanisms behind carbon

concentration reduction via divertor gas injection in

NSTX. The reversal of the deuterium flow at the

outer midplane SOL seems to entrain and prevent

stagnation of the carbon flow, reducing carbon con-

centration despite an essentially constant sputtered

carbon influx. These results form the basis for con-

tinued analysis in future work. In future work, possi-

ble modeling improvements include: grid extensions

both deeper into the core and closer to the outer ves-

sel wall; an improved sputtering model (perhaps ac-

counting for lithium effects); more closely matched

midplane profiles (perhaps by using radially variable

transport coefficients).
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