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Abstract 
 

Experiments are described which examine the transport and deposition of carbon entering the 

main plasma scrape-off layer in DIII-D.  13CH4 was injected from a toroidally symmetric 

source into the crown of lower single-null detached ELMy H-mode plasmas. 13C deposition, 

mapped by nuclear reaction analysis of tiles, was high at the inner divertor but absent at the 

outer divertor, as found previously for low density L-mode plasmas.  This asymmetry 

indicates that ionized carbon is swept towards the inner divertor by a fast flow in the scrape-

off layer.  In the private flux region between inner and outer strike points, carbon deposition 

was low for L-mode but high for the H-mode plasmas.  OEDGE modeling reproduces 

observed deposition patterns and indicates that neutral carbon dominates deposition in the 

divertor from detached H-mode plasmas. 
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1.  Introduction 

 Plasma interactions with carbon plasma-facing components in the main plasma chamber 

are a source of hydrocarbons to the plasma scrape-off layer where they dissociate and ionize.  

Some of this carbon will deposit near its origin during the molecular breakup process, and 

some will be incorporated as ions into the SOL plasma and will deposit elsewhere along with 

deuterium or tritium.  The rate of carbon erosion and where it deposits impact tritium retention 

and strategies for its mitigation.  Previous studies of erosion and deposition in the DIII-D 

divertor have concluded that with detached divertor plasmas, there is net deposition of carbon 

everywhere in the divertor and that the main plasma chamber is the probable source of this 

carbon [1,2]. 

Here we report experiments which examine the transport and deposition of carbon entering 

the main plasma scrape-off layer.  13CH4 was injected into detached ELMy H-mode plasmas.  

These plasmas are similar to those planned for ITER to reduce divertor heat flux.  Results are 

compared with a previous study in which 13CH4 was injected into low density L-mode plasmas 

in DIII-D [3,4].  In both experiments, the 13CH4 was injected from a toroidally symmetric 

source into the crown of lower single-null plasmas.  This plasma geometry, and a location of 

injection far from the divertor, were chosen to simulate hydrocarbons originating from plasma 

interaction with carbon on the main chamber wall.  Nuclear reaction analysis was used to map 

the resulting coverage of 13C on carbon tiles removed from the vessel.  The fact that the carbon 

deposition occurred during identical and well diagnosed plasmas allows comparison with 

models of impurity transport and deposition [5,6].  Conclusions about mechanisms controlling 

carbon transport and deposition, and implications for tritium retention are discussed. 

 

2.  Experimental procedure 

 13CH4 was injected at a steady rate into 17 identical lower single null plasmas.  Figure 1 

shows an overlay of plasma current and core electron density and temperature as measured by 
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Thomson scattering for all discharges.  Neutral beam heating at 6.6 MW produced H-mode 

plasmas with edge localized mode (ELM) characteristics at a constant frequency of 200 Hz.  

Detached divertor conditions were obtained by deuterium gas puffing.  The line-average 

electron density was 8x1019 m-3. The inner strike point (ISP) and outer strike point (OSP) were 

positioned on the divertor floor at major radii of 1.251 and 1.643 m respectively, and were held 

fixed to within approximately ±0.5cm.  

 Divertor Langmuir probes show little plasma contact with the divertor at the ISP, but 

more plasma contact outboard of the OSP.  Heat flux to the divertor, determined by IRTV, is 

greater at the OSP than at the ISP but reduced and broadened typical of detached plasma 

conditions.  Time resolved imaging using tangential viewing cameras show that emission from 

deuterium and carbon in the divertor are modulated by the ELMs.  Radiation intensity is low at 

the strike points between ELMs, consistent with detached plasmas, but increases during the 

ELMs.  Maps of emission intensity from CH (431.0 nm) CII (514.7 nm) and CIII (465.0) nm, 

were obtained from 2D reconstruction of tangential viewing camera images of the upper 

chamber during methane injection into L-mode and detached H-mode plasmas.  Comparing 

emission from CH, CII and CIII, the emission from the more highly ionized states was (a) 

closer to the separatrix for both L and H-mode, and (b) shifted poloidally towards the inner 

divertor for L-mode but not for H-mode.  The emission was farther from the separatrix for H-

mode than for L-mode, presumably indicating earlier dissociation and ionization by the denser 

H-mode plasma.  Divertor Thomson scattering (DTS) shows that the outboard divertor plasma 

is very cold and dense, with Te <5eV, radially outward from the strike-point into the far SOL, 

and from the divertor target up to about the X-point in height, with no significant gradients in 

density or temperature across the outer divertor separatrix into the private flux region.   

 13CH4 was injected from the upper pumping plenum providing a high degree of toroidal 

symmetry to the 13CH4 flow into the plasma [4].  The 13CH4 was injected for 2 second intervals 

during detached H-mode conditions, at a nearly constant rate of 18.8+/- 0.3  torr-liter/second, 
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chosen to be as high as possible without significantly perturbing the core or divertor plasma 

conditions.  The 13CH4 injection was repeated for 17 consecutive identical plasmas, for a total 

of 2.3x1022 atoms of injected 13C.   Helium glow discharge conditioning was done between 

shots, however, residual gas analysis showed that this removed less than 1% of the injected 

13C.  The 13CH4 injection experiment was done on the last day of the campaign, and no baking 

or cleaning was performed afterwards.  At the beginning of the subsequent machine vent, 64 

carbon tiles were removed for analysis.  The set included 49 tiles within ±15 degrees of the 

same toroidal angle.  To check toroidal symmetry, 6 tiles were included from toroidally 

opposite locations but the same poloidal angles as tiles from the main toroidal set. 

 13C coverage on the tiles was measured at Sandia National Laboratories by nuclear reaction 

analysis using the 13C(3He,p)15N reaction as described in ref [3]. Scans were done along the 

poloidal direction through the center, and near the edges of each tile. In addition, three similar 

scans were done along the toroidal direction on most of the center column tiles. The 13C 

deposition was observed to be toroidally symmetric. The total uncertainty in the measurements 

of 13C coverage is estimated to be ± 2 x1016 atoms/cm2.   Thus the lowest detectable 13C 

deposition is about 2 x1016 atoms/cm2.  For comparison, the injected quantity of 13C distributed 

uniformly over the wall of DIII-D would give a coverage of about 2x1016 atoms/cm2.  The 

depth resolution of this method corresponds to about 0.6 microns of graphite which is thicker 

than the region containing deposited 13C. 

 Proton induced gamma emission (PIGE), using the 13C(p, γ)N14 reaction, was done at the 

University of Wisconsin on selected tiles.  This method uses a narrow resonance for protons at 

1.748 MeV giving a 9.17 MeV gamma (γ).  This measures the concentration of 13C  versus 

depth with a smaller depth resolution and hence lower detection limit for 13C deposited on 

graphite of about 1015 atoms/cm2.  PIGE profiling showed enrichments of 13C concentrations 

from a few percent to a few tens of percent in layers up to a few times 1018 atoms/cm2 thick. 
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3.  13C deposition 

 13C coverage was measured by 3He,p NRA along scans in the poloidal direction through 

the center , and near the edges of each tile.  In nearly all cases the 13C distribution was similar 

for the various scans on a given tile, and for tiles from the same poloidal position but at 

different toroidal angles, indicating that the 13C deposition was toroidally symmetric. 

 Figure 2 shows 13C coverage measured by 3He,p NRA versus poloidal position.  

Deposition was heaviest in the lower divertor, but also measurable on ceiling tiles near the 

region of injection.  13C deposition on all other regions, including center column tiles and outer 

wall and limiter tiles, was below the limit of detection by 3He,p NRA.  Figure 3 shows an 

expanded view of  13C coverage measured on the ceiling tiles for both L and H-mode 

experiments.  The top panel shows the locations of the tiles and magnetic field contours.  In the 

H-mode experiment, about 0.5x1017/cm2 of 13C deposition was observed on tiles 52 and 53 

adjacent to the opening through which the 13CH4 was injected.  Elsewhere, and on the tiles 

from the L-mode experiment, the 13C deposition was at or below the limit of detection by the 

3He,p NRA method, however PIGE showed about 2x1016  13C/cm2 on tiles 51 and 53 from the 

L-mode experiment.  These measurements show that about 8% to 10% of the injected 13C is 

deposited locally, probably as neutral hydrocarbon fragments, during dissociation of the 13CH4.  

The remainder is presumably ionized and transported by the scrape off layer plasma to more 

distant locations. 

 Figure 4 shows an expanded view of 13C deposition in the lower divertor.  For both 

L-mode and H-mode plasmas, 13C coverage was high inboard of the inner strike point, and low 

at the outer divertor.  In the private flux region between inner and outer strike points, carbon 

deposition was low for L-mode but high for the H-mode plasmas.  For H-mode, about 13% of 

the injected 13C was deposited at the inner divertor and about 24% in the private flux region.  

For the L-mode, about 30% of the injected 13C was deposited at the inner divertor and very 

little in the private flux region. PIGE measurements of  13C deposition in the divertor from 
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H-mode (figure 4) agreed with  3He,p NRA results, and also showed no deposition at the outer 

divertor above the lower detection limit of ~1015 atoms/cm2. Thus the asymmetry in 13C 

deposition at inner and outer divertors is greater than two orders of magnitude.   

 In both L-mode and H-mode experiments, approximately 30 to 40 % of the injected 13C 

was deposited in the lower divertor, and about 10% near the region of injection.  The fate of 

the remaining 50-60% is not yet established. Although 13C coverage on plasma-facing surfaces 

of the center column tiles was below the detection limit of 3He,p NRA (see figure 1),  

significant amounts might be present at lower coverage over a large area.  Also, PIGE 

measurements indicate that  13C was deposited on a leading edge of one of the center column 

tiles from the L-mode experiment. The total amount of 13C deposited on the center column is 

uncertain but could be a significant fraction of the injected quantity. 

  

4.  Discussion 

Carbon deposition from detached H-Mode, DiMES and 13CH4 injection experiments 

 Measurements of carbon deposition in the lower divertor of DIII-D with lower single 

null detached ELMy H-mode plasmas have been reported previously [1,2].  Those 

measurement were done using the Divertor Materials Evaluation System (DiMES).  Net 

deposition was found at the ISP and OSP, with deposition decreasing abruptly outside the OSP, 

very similar to the pattern of 13C deposition found in the present study with detached H-mode 

plasmas.  It was concluded that the source of carbon must lie outside the divertor.  In the 

DiMES experiments, net deposition rates at the ISP and OSP were observed to be 1x1016 

carbon atoms/cm2 sec and 2x1016 carbon atoms/cm2 sec respectively.  For comparison, the 

rates of 13C deposition observed from 13CH4 injection into detached H-mode plasmas were 

0.25x1016 atoms/cm2 sec and 0.5x1016 atoms/cm2 sec respectively at the ISP and OSP.  These 

values were obtained by dividing the observed deposition at the strike points (see figure 4) by 

the total time of 13CH4 injection (2 seconds per shot for 17 shots).  Thus the total rate of carbon 
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deposition in the DiMES experiments was approximately four times larger than the rate of 13C 

deposition in the injection experiment.  Assuming the plasmas were similar in the two 

experiments, we infer that the source of carbon from plasma interactions with the wall is about 

four times the rate of 13CH4 injection or 3x1021 atoms (0.06 grams) per second.  The films 

deposited from detached plasmas in DIII-D were experimentally observed [1] to have D/C=1 

as expected for codeposition by low energy neutrals from cold dense plasmas.  The rate of 

deuterium retention by codeposition is therefore also about 3x1021 atoms/second or 36 grams 

per hour of plasma.  This rate of retention would constrain operation in a long pulse high duty 

factor tritium-fuelled machine.  This illustrates the need to develop efficient methods for 

recovering tritium from codeposits, or else to avoid main chamber sources of carbon, for 

example by using metal instead of a carbon wall, in such machines. 

 

OEDGE Modeling 

 The Onion Skin Model EIRENE DIVIMP edge code (OEDGE) has been used to model 

the breakup, transport and deposition of 13C for both the low density L-mode [5] and detached 

H-mode plasmas [7].  These simulations show that two key features are necessary to reproduce 

the pattern of deposition observed in the H-mode experiment. First, a fast parallel flow in the 

scrape-off layer toward the inner divertor is required to obtain deposition at the inner divertor 

and not at the outer divertor as observed.  OEDGE modeling of 13C deposition from L-mode 

plasmas also required a fast parallel flow towards the inner divertor to reproduce the observed 

pattern of deposition [5].  Secondly, a radial pinch is required to transport the 13C toward the 

separatrix.  Without this pinch the fast breakup and ionization in the denser SOL of the 

detached H-mode plasma leaves the 13C ions too far from the separatrix, resulting in 13C 

deposition on the inner wall and inside the inner strike point but not in the private flux region 

as observed. 

 This observation, that carbon deposits in the private flux region from detached H-mode 
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plasmas but not from L-mode plasmas, is a key result.  OEDGE modeling indicates that the 

cause of this difference is the greater extent of the cold dense detached divertor plasma in 

H-mode and resulting shift in the location where parallel flow stops and volume recombination 

occurs[7].  According to the modeling, this region is near the inner divertor target for the low 

density L-mode but is near the X-point for detached H-mode.  The radial pinch transporting 

carbon towards the separatrix, together with volume recombination near the X-point allows 

carbon neutrals to deposit in the private flux region.  The influence of ELMs on transport and 

deposition of carbon in the detached H-mode plasma is presently not yet resolved but is being 

investigated [7]. 

 

5.  Conclusions 

 Injection of methane at the top of lower single null plasmas in DIII-D provides a 

simulation of hydrocarbons entering the scrape-off layer from plasma interactions with the 

main chamber wall.  Use of 13CH4 allows mapping of the resulting carbon deposition by 

nuclear reaction analysis of tiles.  The observed 13C deposition from detached H-mode plasmas 

is consistent with previous studies using DiMES.  From measured rates of carbon deposition in 

the DiMES and 13CH4 injection experiments, the rate of carbon erosion and codeposition was 

estimated to be 0.06 grams/second.  In a long pulse DT fueled machine, tritium inventory from 

this rate of codeposition would soon constrain operation.  This illustrates the need to develop 

efficient methods for recovering tritium from codeposits, or else to avoid main chamber 

sources of carbon, for example by using metal instead of a carbon wall, in such machines. 

 Comparison between observed deposition patterns and models provides new insight 

into physical processes controlling carbon deposition and hence deuterium or tritium 

accumulation by codeposition.  The picture that emerges from this comparison is that in both 

low-density L-mode and detached H-mode plasmas, most of the carbon is promptly ionized 

and is swept towards the inner divertor by a fast parallel flow in the SOL.  This flow results in 
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high deposition at the inner divertor and low deposition at the outer divertor for both L-mode 

and H-mode plasmas.  Modeling indicates that carbon deposits from detached H-mode mainly 

as neutrals formed by volume recombination.  High deposition in the private flux region from 

H-mode but not from L-mode plasmas results from the greater extent of the detached plasma in 

H-mode and the resulting shift in the region of carbon recombination from the outer target 

towards the X-point.  The conclusion that carbon deposits as neutrals from detached plasmas 

has important implications for tritium retention and strategies for its mitigation.  Such 

deposition occurs in regions shadowed from ion flux and is not easily removed by plasma 

conditioning.  However it should now be possible to predict locations of codeposition from 

detached plasmas and optimize the divertor geometry to minimize tritium accumulation in 

inaccessible regions. 
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Figure Captions 

1. Overlays of plasma current and core electron density and temperature as measured by 

Thomson scattering, and pressure in the upper pumping plenum for the plasmas in the 

13CH4 injection shots. 

2. The circles show the average of the various 3He,p NRA scans on each tile.  The horizontal 

coordinate is the distance along the tile surfaces down the center column, out across the 

floor, up the outer wall and in across the ceiling.  Negative values of 13C deposition 

plotted in figure 3 are due to inaccuracies in subtraction of background, and are within the 

estimated uncertainty of the measurement. 

3. The bottom panel shows an expanded view of 13C coverage on the ceiling tiles for 

H-mode (red) and L-mode (black) measured by 3He,p NRA (circles) and PIGE (squares). 

The top panel shows the locations of the tiles and magnetic field contours, black for 

L-mode and red for H-mode. 

4. The bottom panel shows an expanded view of 13C coverage on the lower divertor tiles for 

H-mode (red) and L-mode (black) measured by 3He,p NRA.  The positions of inner and 

outer strike points for the L and H-mode are indicated.  The top panel shows the locations 

of the tiles and magnetic field contours, black for L-mode and red for H-mode. 
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Figure 1 
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