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A self-contained gas injection system for the Divertor Material Evaluation System (DiMES) on DIII-D, the
porous plug injector (PPI), has been employed for in situ study of chemical erosion in the tokamak diver-
tor environment by injection of CH4 [A.G. McLean et al., these Proceedings]. A new interpretive code, 3D-
DIVIMP-HC, has been developed and applied to the interpretation of the CH, CI, and CII emissions. Partic-
ular emphasis is placed on the interpretation of 2D filtered-camera (TV) pictures in CH, CI and CII light
taken from a view essentially straight down on the PPI. The code replicates sufficient measurements to
conclude that most of the basic elements of the controlling physics and chemistry have been identified
and incorporated in the code-model.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Carbon plasma-facing surfaces in tokamaks are subject to
chemical erosion due to hydrocarbon formation. Laboratory mea-
surements of erosion yields cannot be applied with full reliability
to tokamaks due to various tokamak-specific mechanisms, such
as the prompt redeposition of hydrocarbon fragments. Under-
standing chemical erosion and molecular breakup in current
tokamaks is important for making projections of tritium inventory
in ITER due to codeposition. This understanding can be developed
by applying models of hydrocarbon breakup and transport to the
interpretation of spectroscopic observations of emissions resulting
from hydrocarbons entering the plasma. This task was made easier
by the development of a gas injection system on DIII-D which can
simulate chemical sputtering by introducing a known quantity of
hydrocarbon gas.

A Porous graphite Plug gas Injector (PPI) was developed by
McLean et al. [1] for use with the Divertor Material Evaluation Sys-
tem (DiMES). The objective is to admit methane (or other hydro-
carbon gases) through a porous graphite surface, so that the
molecular interaction with the plasma closely approximates a
hydrocarbon molecule released from a carbon surface by chemical
ll rights reserved.
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erosion. Injecting methane at a known rate provides direct calibra-
tion of spectroscopic signals from the Multichord Divertor Spec-
trometer (MDS) and the DiMES TV camera which view DiMES
from above. The porous surface is designed such that size and spac-
ing of the holes [�1000 holes, 0.25 mm (0.010 in.) diameter,
0.8 mm (0.032 in.) spacing] is on the order of the mean-free-path
of CH4 in an attached divertor plasma. The holes comprise <10%
of the surface area so that the probe closely approximates a solid
surface. Flow rate corresponds to 1–3% D! C erosion yield over
the holed surface area for typical low density, attached conditions
in DIII-D, namely �1–7 � 1017 CH4 molecules/s (0.02 Torr L/s,
�2 sccm). Further details are provided in [2]. A DiMES TV picture
of the PPI in CH/CD light, with puff on, is shown in Fig. 1.

The DIVIMP impurity production and transport code is 2D
(poloidal/parallel and radial directions) [3]. The interpretation of
DiMES impurity experiments requires 3D analysis and 3D-DIVI-
MP-HC has been developed from DIVIMP, including a hydrocarbon
breakup module, and applied to the PPI experiments. 3D-DIVIMP-
HC is a Monte Carlo modeling code which launches individual CH4

molecules uniformly across the holed-portion of the DiMES sur-
face. The particles are tracked in 3D as they experience the breakup
processes tabulated in the Janev–Reiter (JR) [4,5] model/database.
The simulation proceeds using a fixed time step, 10�9 s, which is
chosen to be smaller than the characteristic times of any process
which the particle experience.
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Fig. 3. CH 430 nm band emission 2D simulation from 3D-DIVIMP-HC.
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Fig. 1. DiMES TV view of the PPI in CH/CD light showing the light from the puff, at
the center of DiMES. The bright arc at the upstream edge of the DiMES head is due
to a slight vertical misalignment.
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Fig. 4. CH comparison. Experiment: dot; code: solid. Shot #129689. The CH4 was
launched vertically with speed 650 m/s. D\ = 0.3 m2/s. The same simulation
assumptions are used for Figs. 5 and 6. The spike at T � 0.02 m, due to the
misaligned upstream edge of the PPI, is evident in Figs. 4–6; this effect is not
included in the present modeling.
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Fig. 5. CI comparison. Experiment: dot; code: solid. Shot #129060. Other details as
Fig. 4.
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For charged particles (molecular ionic fragments, C+, etc.), the
3D motion is followed along the field lines allowing for diffusion
(with imposed diffusion coefficients) in the radial and poloidal/dia-
magnetic directions; parallel motion is governed by the friction
force due to collisional-coupling with the background (fuel ion)
plasma flow, the electric field force, as well as parallel diffusion
(impurity pressure gradient force). These forces depend on back-
ground plasma conditions which are input to the code based on
measurements from Langmuir probes and divertor Thomson scat-
tering. The electron and ion temperature gradient forces are not
present in the case presented here due to the constant background
plasma along the magnetic field lines being specified.

In addition to these general plasma forces there are also near-
surface effects that need to be included. 3D-DIVIMP-HC includes
a model for the magnetic pre-sheath (MPS) electric field from work
by Brooks [6]. This electric field can be substantial in the near-sur-
face region and can have a significant effect on loss of atomic and
molecular ions from the plasma. In addition, 3D-DIVIMP-HC imple-
ments a range of surface interaction models for the hydrocarbon
fragments. These options range from the ability to have all frag-
ments stick to surfaces or reflect from surfaces. The experimental
reflection coefficients from Jacob [7] were used here.

To make comparisons with spectroscopic measurements, the
3D spatially distributed emission of the atomic lines and molecular
bands of interest are calculated based on the recorded density of
each state. Photon emissivity coefficients from ADAS [8] for the
atomic emission lines and HYDKIN [9] for the CH 0–0 band are
used to calculate the emission from each cell of the modeling grid.
The calculations here assumed that particles are in the ground
state when excited by electron impact; this is not necessarily the
case since molecular breakup can produce exited states; in future
analysis this aspect will be further investigated. The total emission,
Fig. 2. CD/CH 2D TV picture with the toroidal arc region where the measured and
calculated emission is compared (Fig. 4).
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Fig. 6. CII comparison. Experiment: dot; code: solid (30 eV and 1.7e19 m�3

background) and dash (20 eV and 1.2e19 m�3 background). Shot #129691. Other
details as Fig. 4.



Table 1
Comparison of measured (MDS) and code-calculated absolute emissivities. Measurement uncertainties are a factor of �2.

CH 427.0–431.5 nm CI 909.0 nm CII 426.7 nm CII 514.0 nm CII 658.0 nm

MDS L5 (� 1014 photons/cm2/s/sr) 0.8 0.23 0.22 0.79 0.28
3D-DIVIMP-HC (� 1014 photons/cm2/s/sr) 1.08 0.62 0.076 0.26 0.64
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integrated along the required line-of-sight through the modeling
grid is calculated and compared to the experimental value. The
line-of-sight and viewing cone are chosen to match the experimen-
tal diagnostic.

2. Modeling and results

The 3D-DIVIMP-HC code was used to examine the CH, CI and CII
emissions measured during the 2007 PPI experiment. This experi-
ment was performed in an attached L-mode plasma with Te = 20–
30 eV and ne = 1.2–1.7 � 1019 m�3 at the PPI location. We report
here on (a) the spatial distribution of HC fragments and carbon par-
ticles, and (b) the absolute emission intensity of the following
spectral measurements: CH 0–0 band, CI 909 nm and CII 427 nm,
514 nm and 658 nm. Data from four separate shots, found to be
reproducible within the minimum range of error possible, were
used to gather these data.

The CD/CH distribution measured by DiMES TV in shot #129689
is shown in Fig. 2. The edge of the PPI and the emission from the
puffed CH4 are clearly visible in the middle. In addition, emission
coming from the strike point region where the plasma surface
interaction is the strongest and at tile edges is clearly visible. There
is also an observable emission from the upstream edge of DiMES
due to a small misalignment of the sample holder. This makes it
easy to correctly orient the images for comparison to the modeling
results. The 3D-DIVIMP-HC simulation of the CH 430 nm band
emission is shown in Fig. 3. This result models only the puffed
CH4 and so does not reproduce the band of naturally occurring
emission corresponding to the strike point position or tile edges.
In order to make quantitative comparisons of the toroidal profile
through the center of the emission cloud, a toroidal arc (the black
band in Fig. 2) composed of 8 pixels in the radial direction in the
DiMES TV picture (�6 mm wide) is extracted, averaged and plotted
against the 3D-DIVIMP-HC emission for the same region. In addi-
tion a background signal measured after the discharge is sub-
tracted from the experimental profile prior to comparison. In
Fig. 4, the 3D-DIVIMP-HC result (solid) is seen to match the mea-
sured profile (dot) fairly well.

The CI 909 nm distribution is measured by DiMES TV in shot
#129060. The same process was applied to the analysis of this re-
sult as the CH measurement. The toroidal profile of this emission
(dot) is then compared to the 3D-DIVIMP-HC results (solid) in
Fig. 5. 3D-DIVIMP-HC matches experimental shape fairly well,
although it appears to be somewhat narrower than the measured
experimental profile. Due to the interaction at the upstream edge
it is difficult to determine if the profile is just too narrow or just
does not match the downstream tail of the CI profile. The CII distri-
bution is measured by DiMES TV in shot #129691; in the down-
stream direction some of the CII emission from the puff is ‘lost’
due to the shadow in natural CII emission at the trailing edge
gap of DIMES; to compensate, an increment has been added to
the experimental. Toroidal profiles are compared in Fig. 6. There
are several variables that affect the length of the tail. These include
the efficiency of coupling the C+ to the background plasma flow as
well as the effect of the MPS E-field and the radial and diamagnetic
diffusion coefficients. All of these will affect the loss rate of carbon
particles and the amount of time they have to couple to the back-
ground plasma flow. These dependencies are included in the
model.

Absolute emission intensities of CH, CI 909 nm, CII 427 nm
514 nm and 658 nm were measured using MDS which views a
2.1 cm diameter circle centered on the DiMES sample. The particle
source on DiMES is 3 cm across. As a result, the MDS views only re-
gions which are the source of the puff. MDS background subtrac-
tion used the emission measured simultaneously on another
MDS chord viewing at the same radial location but displaced toroi-
dally. Comparisons with the code are shown in Table 1. The abso-
lute magnitudes agree to within a factor of two for CH, CI and CII
658 nm emissions. The CII 427 nm and CII 514 nm emission mod-
eling give results significantly below the experimental values. The
possibility that the CII 427 nm line and the CII 514 nm line are due
to excited C+ created by the CH4 breakup is being investigated. The
background plasma conditions used in the simulations are spatial
averages of the Langmuir probe and divertor Thomson scattering
measurements; however, ionization rates and photon efficiencies
are fairly sensitive to the local plasma density and temperature.
Thus, relatively small changes in the plasma conditions might have
a significant effect on the absolute emissions as well as the ratios
between the lines. This effect is also currently being investigated.

3. Conclusions

The Janev–Reiter methane breakup model/database, combined
with the neutral and ionic transport modeling in the 3D-DIVIMP-
HC code, successfully replicates a number of the major features
of measurements made using the porous plug injection of CH4 into
an attached divertor plasma in DIII-D. It is therefore concluded that
the most basic elements of the controlling physics and chemistry
have been identified and incorporated in the code-modeling. A
number of significant discrepancies between experiment and
code-modeling have been identified and resolution of these differ-
ences is the focus of continuing experiment and code analysis.
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