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MONTE-CARLO IMPURITY TRANSPORT SIMULATIONS IN THE EDGE OF THE DIN-D 
TOKAMAK USING THE MCI CODE 

T.E. Evans, G.T. Sager, M.A. Mahdavi, W.P. West 
General Atomics, P.O. Box 85608, San Diego, CA 92186-9784 

G.D. Porter, M.E. Fenstermacher, W.H. Meyer 
Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA 94551 -9900 

A Monte-Carlo Impurity (MCI) transport code is used to follow trace impurities 
through multiple ionization states in realistic 2-D tokamak geometries. The MCI code is 
used to study impurity transport along the open magnetic field lines of the Scrape-off 
Layer (SOL) and to understand how impurities get into the core from the SOL. An MCI 
study concentrating on the entrainment of carbon impurities ions by deuterium 
background plasma into the DIII-D divertor is discussed. MCI simulation results are 
compared to experimental DIII-D carbon measurements. 

Introduction 

A critical consideration in high power tokamaks and stellarators is that of 
controlling energy transport through the boundary region of the device. Heat flux control 
methods in tokamaks have recently focused on the so-called radiative divertor concept. In 
this approach the conducted and convected energy lost to the open field lines is radiated 
over a relatively small fraction of the SOL, in the divertor slots, before it interacts with 
the divertor targets. This is required because the energy flux falling on the diverter target 
plates in a poloidally diverted tokamak power plant must be reduced about a factor of 
five, given practical high heat flux component technology. 

In ITER the goal is to create a cold, highly radiating, plasma which detaches from 
the divertor targets but remains entirely below the X-point region and inside the divertor 
slots. Controlling the precise location and extent of the radiating divertor plasma is 
critical for maintaining adequate ITER performance levels without damaging the divertor 
components. It is not clear that the stability of the radiation zone can be insured under all 
the conditions of relevance for good power plant operations. In addition, highly efficient, 
non-coronal, radiation from non-intrinsic impurities may be required if the approach is to 
work. Thus, it is essential to develop modeling tools, such as the MCI transport code and 
the UEDGE [ 11 plasma fluid code to elucidate the critical physics issues and to assess the 
role of different divertor and magnetic field geometries on the physics of the radiating 
zone. 



Benchmarking these and other simulation codes with data from recent radiative 
divertor experiments is an important part of the development process. 

MCI Code Overview 

The MCI code follows several thousand impurity ions through a fixed background 
plasma which is supplied by the UEDGE [ 11 code. The UEDGE background solution is 
interpolated on to an MCI grid which extends out to the vessel walls and accurately 
conforms to the surfaces of all the major plasma facing components in the DIII-D 
machine. MCI constructs its equilibrium magnetic field from data files supplied by the 
DIII-D EFIT code. Impurity neutrals are typically launched from the divertor strike 
points and followed until they ionize. Subsequently the impurity ions are followed along 
and across the magnetic field lines until they are absorbed at a material surface. As the 
impurity ions traverse the poloidal 2-D grid space they are tallied and variance statistics 
are accumulated for each cell in the grid. Once a steady state distribution is achieved the 
simulation is stopped and the tallies for each of the cells, along with the variance 
statistics, are displayed as of a color calibrated 2-D plot. 

The parallel and perpendicular impurity ion transport equations used in MCI are 
similar to those used in DIVIMP [2]. They take into account forces arising from ion and 
electron thermal gradients along the field lines, ion viscous forces along the field lines, 
parallel electric fields, classical parallel diffusion due to impurity ion pressure gradients, 
anomalous cross-field diffusion, and cross-field pinch flows. Parallel and cross-field 
diffusion dynamics are treated as a Monte-Carlo process along with changes in charge 
state densities due to ionization and recombination. 

MCI uses an averaged single particle approach which reduces, with appropriately 
defined ensemble averages, to an impurity ion fluid momentum equation of the form: 

where Z,1 is the impurity ion slowing down time on the background plasma ions of 
velocity Vbll. This expression highlights the importance of ion thermal gradients over 
electron thermal gradients and suggests that in the absence of large electric fields the 
parallel impurity ion dynamics are determined as a competition between viscous drag due 
to background ions flowing to the divertor targets and background ion thermal gradients 
driving the impurity ions back against the flow (i.e., out of the divertor region up to the 
midplane where they can be transported into the core plasma). 
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Carbon Transport Simulations in Dill-D with the MCI Code 

. 

Carbon transport studies done with the MCI code are compared with 2-D CIII 
emission distributions in the DIII-D divertor. This data is routinely obtained with a 
tangentially viewing visible TV system. The data is deconvolved assuming toroidally 
symmetric plasma condition along the line of sight of the camera and plotted on a 
poloidal plane for comparisons with the MCI simulation results. 

DIII-D XDt Camera Shot 82151 2010ms 

1.0 12 1.4 1.6 1.8 2.0 
R Meters 

Calculated CIII Density Shot 82151 at 2005ms 

(/rnA3/source particlds) 

Fig. 1. (upper)-Experimental Clll (A = 4650 A) emissions, (lower)-MCI Clll results. 

Figure 1 (upper) shows the experimentally measured CIII distribution just prior to 
detachment in a single null, 1.6 MA, plasma with 8 M W  of NBI heating. The emission is 
strongly peaked at Z = -1.26 m, R = 1.30 m just inside and slightly below the X-point 
with a second peak at Z = -1.14 m, R = 1.33 m. MCI results for CIII density distributions 
at t = 2005 ms are also shown in Fig. 1 (lower). The large, vertically oriented, crescent 
shaped region of high density is located at Z = -1.19 k 0.2 m and R = 1.30 f 0.05 m. A 
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smaller higher density CIII spot is also located near the lower peak in the experimentally 
measured CIII emission. Since the electron temperature and density are relatively smooth 
in this region the simulated CIII density probably gives us a pretty good picture of the 
emission distribution predicted by MCI, assuming non-coronal effect do not play an 
important role. While this appears to be in relatively good agreement with the tangential 
TV data, detailed level population modeling and emission calculations need to be done 
before any definite conclusions can be reached. An MCI post-processor will soon be 
available for this. 

Results for the other charge state distributions of carbon indicate that the dominant 
source of radiation from the X-point is CIII. CII is also present in this region. Large CIV 
and CV densities are also found below the X-point region but because of the relatively 
low electron temperatures in these regions those charge states do not appear to contribute 
significantly to the total radiation. A plot of the 2-D distribution of total radiated power, 
obtained with the DIII-D divertor bolometers, shows a strong peak at about the same 
location as the experimentally measured CIII radiation and the simulated CIII density 
shown in Fig. 1. 

Conclusions 

MCI carbon transport simulations have been compared with 2-D CIII emissions 
obtained from the DIII-D divertor using a tangentially viewing TV system. A 
qualitatively good agreement was obtained between the experimental data and the 
simulation results. The results indicate that much of the radiation originates from CIII 
located near the X-point. Detailed quantitative benchmarking is still needed to verify the 
accuracy of the transport physics used in the code and a CIII radiation post-processor is 
being developed for comparing MCI data with experimental measurements. 
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