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1. Abstract
We describe the response of the scrape-off layer (SOL) plasma to variations in the intensity, and

geometry of an intrinsic carbon source in DIII-D. Using the multi species 2-D fluid plasma code

UEDGE we find plasma modes which are similar to those seen experimentally. At high sputtering

coefllcient the plasma discontinuously transitions to a state in which the radiation power exceeds the

input power and no steady state solution is obtained. We believe this corresponds to the MARFE

(Multifaceted Asymmetric Radiation from Edge) state seen experimentally, in which the core

confinement is reduced.

2. Introduction
Recent experiments in divertor physics have focused on studies of detached operation because of the

desirable low divertor heat loads associated with this plasma mode. This mode is achieved by

enhancing radiative power losses through injection of either additional working gas or impurity gas.

Control of this mode depends in part on the ability to minimize the effect of radiation from intrinsic

impurities. The dominant intrinsic impurity in DIII-D is carbon originating from the carbon tiles which

comprise the majority of the plasma facing surfaces in the device. We examine the response of the

divertor plasma to the intensity of carbon arising from physical sputtering at the divertor plates, and

chemical sputtering from the plasma facing walls in this article. We use the 2-D multi-fluid plasma code

UEDGE to simulate the behavior, and compare the simulation results with experimental measurements

obtained with the extensive diagnostic set on the DID-D tokamak.

3. Effect of intrinsic carbon impurity
Two important sources of carbon in a plasma are physical sputtering arising from an energetic ion flux

impinging on a carbon surface, and chemical sputtering from formation of gaseous hydrocarbon
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compounds when deuterium neutrals impinge on a carbon surt”ace[1]. The response or the diverter

plasma is quite different for these sources. We desctibe the simulation results obtained for these.
sources in this section. k all cases, we treat each ionization state of carbon as a separate ion fluid. The

impurity ions respond to the usual parallel forces: thermal and pressure gradients, and friction from

plasma flow. The neutral carbon species is also treated as a fluid, with a diffusion coet%cient

determined by elastic scattering processes. All ion fluids are assumed to have the same local

temperahu-e. The simulation is done for a lower single null plasma with 1.3 MA current, and 3.4 MW

heating power into the SOL. ,.

3.1 Physical sputtering from the divefior plate
We simulate physicrdly sputtered carbon by introducing a local neutral carbon flux which is

proportional to the lmal incident flux of deuterium ions at the divertor plate. We describe the

proportionality constant as the sputtering coefficien~ and ignore tempemture dependence. The neutral

carbon arising from this soqrce emerges horn the plate in a cosine distribution, and has a temperature

equal to the local ion temperate. We find the piate electron temperature decreases with increasing

sputtering cdlkient, leading to a reduction in the ion current and saturation of the total power

radiated. The neutral carbon atoms arising from plate sputtering plate are directed largely toward the

impinging hot SOL plasm+ and are reion.izedin the lowest temperature region near the plate. We find

this geometric effect limits the power radiated horn the carbon impurity to levels well below that seen

in the experiment, even with sputtering coefficients which are an order of magnitude higher than

expected for the 1 to 2 eV plate electron temperature which is obtained in the simulations. We conclude

that physical sputtering is instilcient to expiain the experimental results obtained in DIII-D.

3.2 Chemical sputtering off the plasma facing walls
Chemical sputtering is simulated in the UEDGE code by assuming a neutral carbon flux proportional to

the local neutral deuterium flux at the walls which face the SOL plasma As with physical sputtetig,

we assume the constant of proportionality is spatially constan~ and refer to it as the sputtering

coefficient. There are two relevant “walls” in the UEDGE simulation, the private flux wall which lies

below the X-point and between the inner and outer strike points, and the outer wall which surrounds

the plasma on the common flux side. Neutral carbon emerging from the private flux wall can interact

with the SOL plasma up to the X-point, and thus will be injected into higher temperature regions than

possible for physically sputtered carbon. We fmd several distinct plasma operating regimes as the

sputtering coefficient is increased from zero. The electron temperature at the inner plate is below that

necessary for efficient ionization of the recycling deuterium gas, but the ionization front (say the 5 eV

electron temperature contour) lies vexynear the plate. The electron temperature at the outer plate is

about 10 eV. Since the ionization front lies near the plate, the plate ion currents remain high and the

plasma is attached at both plates. As the sputtering coefficient is increased carbon radiation on the inner

leg moves the ionization front farther off the plate, and the ion current decreases dramatically. The



ionization front moves smoothly horn the plate to the X-point as the sputtering coefilcient is increased

to 4X104. The ion current to the inner leg drops approximately an order of magnitude, and the inner

plasma becomes detached. The electron temperature at the outer plate remains high, for most of this

range, but drops to 2 eV over the last 25% or so. This is indicative of approaching plasma detachment.

The total radiated power remains below that seen in the experiment throughout this range in sputtering

coefilcient. Thus we see the plasma first transitions from an attached plasma to one which is detached

at the imer leg, as seen previously for pure deuterium plasmas[2].

The plasma changes abruptly when the sputtering coefficient is increased to 5X104.We follow this

transition by running UEDGE in a time-dependent mode. The ionization front remains just below the

X-point on the inner leg, and moves from the plate to just below the X-point on the outer leg over a

period of 20 to 30 rns. As the front moves up the outer leg, the ion current decreases, moving the

plasma into a detached phase at both the inner and outer plates. When the ionization front reaches the

X-point on the outside, it moves above the X-point on the inside, and rapid radial transport of the

electron thermal energy cools the plasma on the closed flux surfaces just above the X-point, leading to

the formation of a COEMA.RFE.This low temperature, high density region radiates profusely,

predominately from the carbon impurity. The total radiated power exceeds the heating power into the

calculational domain, and we do not obtain a steady state solution. we expect operation in this mode to

affect the confinement of the core plasm and one would require a coupled core/SOLplasma code to

adequately model the continued evolution of this mode.

4. Comparison with experimental results
Space limitations do not permit detailed comparison of the UEDGE simulation with all of the detailed

diagnostic data available on DIII-D. We use the upstmun Thomson scattering measurement of the

radial electron temperature and density profiles to determine the anomalous perpendicular transport

coefficients which we keep fixed at all sputtering coefficients. The density profile in the SOL matches

the simulation better after detachment at the outer leg, although the radial gradient on the closed flux

surfaces remains higher in the simulation than seen experimentally. We compare the simul~on and

experiment for two diagnostics in F@re 4-1; the total power measured by two bolometer arrays, and

the electron temperature in the divertor region, obtained iiom the diverter Thomson scattering system.

The electron temperature is measured along a vertical line extending to approximately 20 cm from the

divertor plate, just outside the outer strike point. Two UEDGE simulations are shown, one with a

sputtering coedllcient, Y = 3.5xl@, and the second with Y=5x104. The plasma is attached at the

outer plate for the low sputtering coefflcien~ and detached and tmnsitioned to the core MARFE mode at

the higher. The UEDGE solution is in steady state for the low coefficient, but not for the high.



.

5. Discussion
The bolometer data indicates this discharge has

formed a SOL MARFE rather than the core MA.RFE

seen in the simulation. The signals fkomthe outer

SOL (channels 8,9, and 10) remain high while

those from the inner (channels 11, 12, and 13) are

low. In the simulation the outer channels transition

from low to high when the sputtering coefficient is

increased, but the inner channels remain high. We

also see the electron temperature drop to that seen in

the experiment for the first 8 cm off the plate when

the sputtering coefficient is increase~ consistent

with the experiment. The low temperature region

extends farther in the simulation than in the

experiment.

The SOL plasma modes obtained with the UEDGE

simulations are similar to those seen experimentally.

The plasma is tiquently seen to be detached on the

inner plate, especially at lower heating power.

Detachment at the outer plate requires enhancement

of the radiated power. When attached at the outer

plate, there are two dominant radiating zones; one

on the inside near the X-poinL and the second near d
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Figure 4-1 Comparison of UEDGE simulation

results with expen”nwnral measurements of tots

radiated power (top), and electron temperature

in the divertor region (bottom).
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divertor plate on the outside. The radiation zone

.
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moves above the X-point when the outer leg detaches in the experiment. While the radiation zone for

detached plasmas appears as a core MARFE in the simulation it is seen as either a core MARFE or an

SOL MARFE on the outside in the experiment. Experimentiy, a core MARFE always forms with

excessive gas injection. ~s suggests that the transition from a SOL h4ARFE to a core MARFE

depends on the plasma flow, and hence on the pumping conilg’uration of the device. The dominant

puping for the discharge simulated here is fkom wall pumping, a phenomena which is not well

understood. Hence it is not surprising that we are unable to completely simulate a particular discharge.

The similarities we obtain, however, lend conildence in the physics models of the fluid plasma.
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