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ABSTRACT

The UEDGE modeling code has been used to study the effect of varying the carbon
yield from the plasma facing surfaces on the core plasma carbon contamination in
DII1-D. The model of the lower single-null, ELMing H—-mode plasma shows a
remarkably weak dependence of the core carbon concentration over an approximate
factor of two variation in the source. This weak dependence is in agreement with analysis
of spectroscopic data from DIII-D [1]. Examination of the carbon transport shows a
general flow pattern of carbon as follows: (1) parallel flow from the divertors to the near
scrape off layer (SOL) near the separatrix, (2) cross field diffusion from the near SOL to
the far SOL (near the wall), and (3) parallel flow from the far SOL to the far region of the
inner divertor. The carbon flux from the divertors to the near SOL drops as the sputtering
rate is reduced. In the far SOL, background plasma parameters adjust in small ways to
produce an increasing carbon density with decreasing sputtering yield. The increasing
density of carbon in the far SOL is brought about by a reduction in the parallel flow of
carbon back to the outer regions of the strike plates. Since the carbon density near the
separatrix is constant as the sputtering yield is reduced, the increasing density in the far
SOL reduces the radial gradient and therefore the diffusive radial flow. A balance in the
outward radial diffusive flow from the near SOL and the flow from the divertor into the
near SOL maintains carbon density in the near SOL nearly constant, even though the
carbon throughput changes.
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1. INTRODUCTION

This study is motivated by a recent survey of spectroscopic data from DIII-D [1]
showing a decrease in divertor carbon source by a factor of three to four over the past
several years, but little change in typical core carbon concentration during ELMing
H—mode operation. The need to provide the advanced tokamak program on DIII-D with
control of impurities is also a strong motivator of this study. The advanced tokamak
program demands operation at low plasma density (ne/ngw < 0.5), high plasma
temperature, and low Zgtf in order to efficiently control the current profile and optimize
performance (BN * Tg). It is expected that the low-density, high-temperature plasmas will
result in significant backflow of impurity ions along the divertor leg in the region near the
separatrix. Thisresults from the fact the ion temperature gradient force that pulls impurity
ions toward the midplane will increase significantly as the scrapeoff layer (SOL) ion
temperatures just outboard of the midplane separatrix increase. At the same time, as the
recycling flux decreases as density decreases, and as the divertor ion temperature
increases somewhat, the frictional drag force that tends to keep impurity ions confined in
the divertor decreases. Previous theoretical work has shown that strong impurity
backflow can occur when the ion thermal gradient force dominates the frictional force
from the primary ion flow [2—4]. The 2-D modeling described here indicates that these
low density, high performance plasmas result in such a condition. As shown clearly by
Stangeby and Elder [2], such a backflow would lead to a catastrophically high carbon
concentration were it not for radial transport to the far SOL. In these UEDGE results,
transport of carbon in the far SOL is a mgor contributor to the lack of dependence of
core carbon contamination on the sputtering yield.
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2. THE UEDGE MODEL

The UEDGE code is a 2-D multifluid model of the axisymmetric tokamak edge, SOL,
and divertor plasma. It has been described in detail elsewhere [5,6]; we present only a
brief description. A 2-D nonorthogonal grid is produced using the EFIT MHD
reconstruction of an actual DIII-D discharge [7]. Particle continuity and parallel
momentum equations are solved for the deuterium ions and neutrals and for the impurity
neutrals and each ionization state. Parallel transport is assumed to be classical [8], but
flux limits are implemented to reduce anomalous effects of strong gradients. A Navier-
Stokes fluid model [9] is used for the deuterium neutrals, and a diffusive model is used
for the impurity neutrals. The impurity parallel momentum equation is a simple force
balance [6]; inertial terms are ignored. Perpendicular transport is considered diffusive,
with fuel and impurity ion diffusivities, and ion and electron thermal diffusivities were
determined in previous work by comparison to data.

The UEDGE grid used in this study is shown in Fig. 1. The edge of the UEDGE
domain is used as the wall or divertor plate location. The wall can be broken up into
several sections. Multiple boundary conditions are available, but only those used in this
study are described here. The recycling coefficient for ions returning from surfaces as
neutrals is set to 1(0) for deuterium(impurity). The albedo at the side wallsis 0.95(0) for
deuterium(impurity) neutrals. At the divertor the plasma carries particles and energy to
the plate along the B field at the ion-acoustic speed. At the outer boundary, the fuel ions
are assumed to have zero flux, while at the inner boundary the ion density is fixed. The
impurity ions are assumed to have zero flux at both the inner and outer boundary. As a
consistency check, results are also presented for fixed impurity ion densities at the outer
boundary. The power crossing the inner boundary for the ion and electron channelsis set
to match the experiment. The power into each cell along the inner boundary is distributed
according to the local gradient of magnetic flux. No power is assumed to flow into the
outer boundary.

The carbon sputtering yield within UEDGE is calculated based on the incident
deuterium ion and neutral flux, the ion and electron temperatures, and the plate surface
temperature. The Haasz/Davis [10] model is used for chemical sputtering, with a linear
reduction of the sputtering yield for incident ion energies below 10 eV. The Eckstein
model [11] is used for physical sputtering. To scan the carbon yield, we adjust a constant,
Y ¢, which multiplies the sputtering coefficient. Recycled and sputtered species are

assumed to consist of only atomic neutrals, the presence of molecules is ignored. Self-
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sputtering by carbon ions is ignored. The deuterium and impurity neutrals can be
independently assigned to be at the local ion temperature, or assigned a fixed energy. In
all cases presented here, the deuterium neutrals are at the local ion temperature, and the
carbon neutrals are assigned a fixed energy of 2.5 eV (reasonably characteristic of carbon
atoms from physical sputtering or from molecular breakup). The STRAHL rates for

MODELING OF CARBON TRANSPORT IN THE DIVERTOR AND SOL oF DIII-D
DURING HiGH PERFORMANCE PLASMA OPERATION

ionization, recombination, and radiation rates for carbon [12] are used in UEDGE.
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Fig. 1. Lower portion of the UEDGE grid. The core
plasma and divertor plasma regions are filled in black.
The near SOL region is filled in alight gray, and the far
SOL in a darker gray. The white arrows are illustrative of
the general carbon flow pattern discussed in the paper.
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3. UEDGE PLASMA SOLUTIONS AND CARBON TRANSPORT

A DIII-D ELMing H-mode plasma is used as a basis for this study, shot 94002 at
1750 ms. This LSN plasma was heated by 8 MW of injected neutral deuterium beams.
Most of the basic input parameters are shown in Table 1. Theinitia input parameters are
based on a previous UEDGE study of this discharge. This modeling effort is not intended
to match in detail a particular DI11-D plasma, but is intended as an investigation of a
single parametric scan, that is the sputtering multiplier, Y. Because of the inherent
coupling of the impurities in the UEDGE multifluid model, the basic plasma parameters
do change as the carbon influx is changed; however in this case, the only large change
occurred at the outer strike plate. Tables 2 and 3 show the range of variation of a few
important parameters from the UEDGE solutions. Key features are: (1) an attached outer
divertor leg, (2) adetached inner leg, (3) high SOL ion temperature at the midplane.

TABLE 1
EDGE INPUT PARAMETERS USED IN THIS STUDY

Inner Boundary: Power Flow, electrons: 4.0 MW, lons. 4.0 MW

Deuterium lon Density: 3.35 x 1019 m—3
Transport: Particle Diffusivity: 0.1 m2/s (all ion species)
Thermal Diffusivities: lon: 0.36 m2/s, Electron: 0.36 m?/s

Sputtering Yield Multiplier:  Scanned from 0.4 to 1.4

In this study Y isvaried from 0.4 to 1.4, and over this range the resulting core carbon
concentration is virtually unaffected. Since the presence of carbon effects the UEDGE
solution, ion fluxes and incident energies are also affected by a change in the multiplier,
and the net wall carbon flux does not change proportionally. While Y ¢ was varied a factor
of 3.5, the carbon source from the wall and divertor plates changed a factor of 2.4, from 5
to 12 x 1021 C/s. Figure 2 shows the average core carbon concentration as a function of
the carbon source from the wall and divertor plates.

General Atomics Report GA—-A23395

4



W.P. West et al.

MODELING OF CARBON TRANSPORT IN THE DIVERTOR AND SOL oF DIII-D
DURING HiGH PERFORMANCE PLASMA OPERATION

TABLE 2

OUTBOARD MIDPLANE PLASMA PARAMETERS FROM THE UEDGE MODEL OF AN
ELMING H-MODE DISCHARGE. THE RANGE SHOWS THE VARIATION IN EACH PARAMETER

AS THE SPUTTERING MULTIPLIER WAS SCANNED.

Outboard Midplane Inner Boundary Separatrix Outer Boundary
Wnorm 0.96 0.9992 1.08
T (eV) 1118 -1125 488 — 509 83-101
Te(eV) 893 — 906 196 — 205 25-26
Ne(1019m-3) 3.77-3.79 2.67-2.73 0.84-1.08
ni(1019m3) 3.35 232-2.34 0.75-0.82
nc+6(1017/m=3) 6.66 —7.02 5.03-5.69 0.95-2.44

TABLE 3

DIVERTOR PLASMA PARAMETERS FROM THE UEDGE SOLUTIONS

Inner Plate Outer Plate
Max Te (eV) 1.31-1.35 18 -57
Max n ¢ (1020m3) 1.84-2.38 75-10.8
Max T; (eV) 152-156 83-122
12 3.0
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Fig. 2. Midplane carbon concentration in the near
SOL and Carbon flux through the SOL as a function
of the total carbon source from the wall and divertor
plates. The values of the sputtering multiplier, Y,
used in the code are shown along the horizontal axis.
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The genera flow pattern of carbon through the near SOL is illustrated by the white
arrows in Fig. 1. The carbon flows into the near SOL near the separatrix from both diver-
tors, then flows radially outward into the far SOL. In the far SOL, the carbon flows
mostly to the inner divertor. Some of the details of this flow are discussed below.

There is a change in divertor conditions and, therefore, divertor screening in these
cases. The density of carbon along a flux tube just outside the separatrix (Wnorm =
1.0046) as a function of poloidal length away from the outer divertor plate is shown in
Fig. 3. The shape of these curves is similar to that predicted by Stangeby and Elder [2]
with a peak near the outer plate, followed by a region of depletion due to the relatively
strong frictional force near the plate and a region of growth toward the midplane due to
the strong [T; force in this region. These cases do not meet the criterion given by

Stangeby and Elder for good screening, i.e., ne(valley)/n(peak) < 0.1.

=
o

Impurity Density Peak

Total Carbon lon
Density (C/m3) (x10%8)

0 b ‘A ~<—Impurity Density Valley il
0.0 X-point 05 1.0 15
Poloidal Distance from Outer Plate (m)

Fig. 3. Carbon ion density as a function of poloidal
distance from the outer strike plate along a flux
tube at Ynorm = 1.0046.

The change in divertor screening does not completely account for the lack of variation
of the core carbon concentration. The flux of carbon escaping the divertor and fueling the
near SOL does vary significantly with the carbon source. Figure 4 shows the flux of
carbon entering the SOL from the two divertor plates for the case of Y= 0.7 as a
function of Wnorm. In the region near the separatrix from 1.0 < Ynorm < 1.015, the carbon
flows into the SOL from both divertor legs, whereas the region from Uhorm = 1.015 to
the UEDGE boundary has very weak flow in the outer divertor with strong flow of
carbon back to the divertor on the inner leg. The carbon fueling of the near SOL from the
divertor legsis calculated as the total carbon flux through the surfaces defined poloidally
by the X—point and radialy as 1.0 < Ynorm < 1.015 on both inner and outer legs. This flux
is found to balance the outward radial flux of carbon integrated around the SOL portion
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of thel.015 flux surface. This fueling flux is plotted as a function of carbon source in
Fig. 2 and is seen to increase significantly as the carbon source increases.

N

[EEN

C* Flux into SOL
(Cls per cell face) (><1019)

Flowing into Divertor

100 102 104 106 108
LIJ norm

Fig. 4. C*4 flow at the interface between the diver-
tors and SOL for both inner and outer legs for the
case Y. = 0.7. Positive is toward the SOL for both

legs.

In order for the midplane carbon density to remain constant while the carbon flux
through the near SOL is changing, the radial carbon flux from the near to far SOL must
change, as stated above. Since the radial carbon flux is purely diffusive, and the cross
field diffusion coefficient was held constant in this study, this implies a change in the
radial gradient of carbon. The radial profiles of carbon density at the outboard midplane
are shown in Fig. 5. As can be seen, the density of carbon in the far SOL rises as the wall
source decreases and the radial gradient decreases. In these cases, a boundary condition
of zero carbon ion flux is set at the outer wall, so carbon ions must be transported back to
the plate. As seen from Fig. 4, the carbon ions in the far SOL flow to the inner divertor in
these cases. Figure 6 shows that the D* flow velocity in the outer SOL along the inner
wall and to the inner divertor is dropping significantly as the carbon source is decreased.
The frictiona drag on the carbon ionsis aso reduced and the flow velocity of the carbon
is reduced as shown in Fig. 7. This reduced flow velocity is consistent with the increased
carbon density at lower carbon source.

As a check that the zero flux outer boundary condition imposed on these solutions is
not strongly influencing the core carbon concentration, a case was run with a different
boundary condition, i.e., fixed density for the C*6, C*5, and C*4 ionization states at the
outer boundary. The case with Y = 0.7 was used as the starting point. The total density
of the three highest ionization states of carbon at the wall was reduced to about 40% of
the original value. The midplane carbon concentration at the separatrix, 0.023, was
unchanged. A further check was done by increasing the Y to 0.8 with the fixed density
boundary condition. The midplane carbon concentration remained at 0.023.
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Fig. 5. Total Carbon lon density as a func-
tion of radial distance from the separatrix at
the outboard midplane for four carbon
source rates.
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shown as a function of the carbon source as the
sputtering multiplier was scanned from 0.4 to 1.4.
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4. DISCUSSION

The remarkable result that the divertor carbon source on DIII-D has decreased by
about afactor of four over the past several years, yet core carbon concentration in typical
ELMing H-mode discharges has remained approximately constant [1] is seen to be
consistent with UEDGE modeling. These results indicate that attention to SOL transport
is at least as important to the control of core impurity contamination as the reduction of
the direct wall source. Examination of the carbon flows in these solutions suggests that
changes in divertor screening is only partially responsible for the modeling result. Carbon
transport in the far SOL is also seen to be important to the overall flow of carbon through
the SOL.

Many aspects of the UEDGE fluid model are approximations to the tokamak transport
and boundary conditions and may not accurately represent the real plasma. One such
example for the UEDGE model is the source of carbon from the main chamber wall,
which probably arises from charge exchange neutral sputtering. The main chamber wall
neutral sources are not well modeled by UEDGE and neither is the charge exchange
sputtering. These studies demonstrate that the divertor can be a very significant source of
carbon to the core plasma, but should not be construed to imply that the main chamber
wall does not play a role. Additionally, the main chamber wall boundary conditions
imposed in these solutions are also in some question and more work is needed in this
area.

The modeling and the experimental database are from the open lower divertor
configuration in DIII-D. Significant changes in the far SOL can be expected now that
strong baffling and divertor pumping are being applied in DIII-D. Modeling of SOL
flows will serve as a guide for experimental efforts to control carbon contamination of the
core plasma.
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