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Recent tokamak experiments indicate that significant plasma 
contact occurs with the main chamber walls, additional to the 
divertor target. In order to investigate the role of main chamber 
recycling on core fuelling and impurity behavior, the OSM-EIRENE-
DIVIMP (OEDGE) code has been modified to explicitly include 
magnetic field lines that terminate on toroidally-symmetric main-
chamber surfaces. This then allows for simultaneous plasma 
contact with both divertor targets and the wall in the code-modeling. 
This generalization of the computational mesh permits local 
discontinuities in grid elements that represent material surfaces, an 
enhancement made feasible by the 1D nature of the numerical 
methods employed in the OSM plasma solver.  To illustrate, an 
analysis is presented of a low-density, L-mode DIII-D discharge 
operating in the “window-frame” mode, in which the majority of the 
main chamber plasma contact occurs on a toroidally symmetric 
bumper limiter.   

ABSTRACT

PHYSICS MOTIVATION

 
    

For an ideal poloidal divertor geometry, all significant plasma-
surface contact is localized on “target plates”, which are 
remote from the core plasma and designed to handle high heat 
fluxes. 
 
However, observations on several tokamaks (C-Mod , ASDEX-U, 
DIII-D) suggest that plasma fluxes to main chamber surfaces can 
be substantial, resulting in significant levels of “main-chamber 
plasma recycling” (MCR). 
 
MCR affects core impurity levels and fuelling (and therefore 
density control), and first-wall erosion and hydrogen inventory, 
all of which must be accurately characterized in order to optimize 
performance projections for next-generation fusion devices 
such as ITER. 



OBJECTIVES

 PLASMA RECONSTRUCTION  

Core neutral fuelling, which involves neutral transport from the 
plasma boundary to the confined plasma, is modeled using the 
EIRENE Monte-Carlo kinetic neutral code [Reiter].   
 
EIRENE requires 2D profiles of plasma quantities (ne,Te,Ti,v||) as 
input, which are determined in the present study from “plasma 
reconstruction” [Lisgo], where the aim is to build a plasma 
modeling tool that maximizes the amount of experimental data 
used as input to the model (ideally, all of the available data), 
taking advantage of the increasingly large diagnostic data set 
available for the boundary plasma. 
 

 

To aid the interpretation of MCR experiments, the OSM-
EIRENE-DIVIMP (OEDGE) code package has been extended to 
allow the explicit inclusion of MCR in the simulation. 
 

Illustrate recently developed modeling tools for interpreting 
experiments that are designed to investigate the role of main-
chamber recycling (MCR) 
 
Present a preliminary estimate of the core plasma hydrogenic 
ionization distribution (neutral fuelling) for DIII-D discharge 
119925 at 2950 ms – lower single-null, B×∇B toward the x-point, 
〈ne〉=,Ip= 1.1 MA, BT= 2.0 Tesla  –  which was configured to 
achieve a significant level of MCR by reducing the radial gap 
between the separatrix and the upper knee limiter to ∼3 cm (more 
typical values are ∼7 cm) 



Additional objectives include speed, accessibility, and stability, in an 
effort to limit obstacles to code-assisted experimental interpretation 
that arise from the computational tool itself. 
 
Satisfying the above criteria requires simplification of both the 
numerical method and the physical model that are employed 
when calculating the plasma solution.   
 
Numerics →  The “onion-skin method” (OSM) [Stangeby] is used, 
where the transport asymmetry of magnetically confined plasmas is 
used to separate parallel (1D conservation equations) and 
perpendicular transport (anomalous).  Boundary conditions for the 
conservation equations are specified at the targets from 
experimental data, and the full 2D solution is assembled from the 
set of nested 1D solutions (a 1D solution for each ring on the 
magnetic grid). 
 
Physical model →  The current implementation solves only the 
particle and momentum conservation equations self-consistently, 
with the goal of understanding particle and momentum transport 
(for detachment in particular) before also including energy transport:
 
 
 
 
Te (=Ti typically) is specified from experimental data at several 
locations along the magnetic field line (targets and at least one 
upstream location), and then interpolated using a conduction 
energy transport profile for plasma regions with significant parallel 
temperature gradients (near-separatrix): 
 
 
 
and Te constant along the field line for peripheral, low-density 
plasma (“sheath-limited”) far from the separatrix. 
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The plasma 
periphery 
(purple) and 
the site of 
main-chamber 
recycling 
(MCR) 
 
A “sheath-
limited” 
plasma is 
assumed in 
the periphery 
→ Te constant 
on the 
magnetic field 
line, with Te 
set from 
upstream 
reciprocating 
probe data, 
and the ion 
flux to the 
vessel 
surfaces at the 
ends of each 
field line from 
pressure 
balance with 
upstream ne,Te 

Upper “knee” 
limiter Region of the 

boundary 
plasma that is 
typically 
represented by 
the 
computational 
grid by 
modeling  
codes 
(yellow+green) 

THE PERIPHERY OF THE PLASMA BOUNDARY 



Local mesh 
refinement 
implemented 
to sufficiently 
resolve 
parallel 
gradients 

The radial 
extent of the 
magnetic grid 
used in the 
simulation has 
been increased 
in order to 
explicitly include 
plasma 
recycling from 
toroidally 
symmetric 
main-chamber 
surfaces 

Target 
discontinuities 
can be included to 
allow an accurate 
representation of 
vessel structure 

EXTENSIONS TO THE MAGNETIC GRID 



Core radial 
profile 
prescribed 
from core 
Thomson data 
(not shown 
here) 

Density peak in 
inner divertor 
where 
probe+spec. 
experimental 
data indicates 
the plasma is 
partially 
detached 

Radial profile in 
inner periphery is 
under-
constrained, ad 
hoc values with 
short decay 
length applied 
here 

Radial profile 
in outer 
periphery from 
reciprocating 
probe data 

PLASMA SOLUTION: ELECTRON DENSITY



Outer divertor 
attached 

Core profile 
from Thomson 
data (not 
shown) 

PLASMA SOLUTION: ELECTRON TEMPERATURE

Cold inner 
divertor with 
significant 
volume 
recombination, 
Te ≈ 1 eV 



Neutral density 
highest in the 
inner divertor, 
where Te is 
lowest and 
recycling + vol. 
rec. is 
significant 

NEUTRAL SOLUTION: HYDROGEN DENSITY 



Neutral fuelling of the 
core is concentrated 
on the inboard side 
below the mid-plane, 
but there is also a 
significant 
contribution from 
MCR (see 
discussion) 

NEUTRAL SOLUTION: CORE IONISATION



DIII-D BOUNDARY PLASMA DIAGNOSTICS
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[Watkins]
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Te in the periphery from 
upstream reciprocating 
probe data, and the 
assumption that Te is 
constant along the field line – 
a sheath-limited, limiter-like 
plasma 

ION FLUX TO THE TARGET

TARGET ELECTRON TEMPERATURE

Factor ∼2 range in outer jsat 
data from different Langmuir 
probes for this discharge – 
unexplained at present 

OUTER TARGET LANGMUIR PROBE DATA

[Watkins]
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Core Thomson data used to 
supplement RP data, since the RP 
did not penetrate all the way to the 
separatrix 

UPSTREAM RECIPROCATING PROBE DATA

[Rudakov]



ELECTRON PRESSURE BALANCE

DIVERTOR THOMSON DATA 
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DALPHA
(LINE-OF-SITE INTEGRATION THROUGH INVERTED 
CAMERA DATA, SCALED TO FILTERSCOPE DATA) 

DGAMMA
(LINE-OF-SITE INTEGRATION THROUGH INVERTED 

CAMERA DATA, SCALED TO MDS DATA)

[Brooks, Groth]



Recall that these results are preliminary, and are therefore only 
intended to illustrate the tools developed for modeling main 
chamber recycling.   
 
Overall agreement between the model and experimental data is 
satisfactory, although it must be noted that the plasma is not 
sufficiently constrained in all regions, particularly in the inner 
divertor SOL and PFZ, and the inner periphery.  There is also a 
significant discrepancy in the outer divertor between DTS ne and 
target LP jsat, and to a lesser degree between DTS Te and target LP 
Te (although the latter is typical), which are still to be resolved.   
 
The calculated Dα emissions are also a factor ~2 higher than the 
measured values in the outer divertor, and the Dγ in the PFR is 
lower in the model by a factor 2-4.  But while the overall fit to Dα,γ 
is good, particularly in the inner divertor, it must be emphasized that 
this is because the plasma solution for the inner divertor is forced to 
fit the data.  The inner divertor is under-constrained on the whole, 
since a range of ne,Te values can be used to generate a given level 
of line emission (the target is partially detached, see the plot on 
parallel pressure balance, so that jsat is only a weak constraint on 
the conditions in the plasma volume away from the target).  It would 
be very useful to have inner divertor DTS and/or high-n Balmer 
spectroscopy to provide volume data for ne and Te (the latter is in 
progress [Brooks, Hollmann]), in order to further constrain the 
solution.  Limitations aside, the number of Dγ photons emitted per 3-
body recombination event is reasonably constant between 0.5 and 
1.5 eV, so the model may give an acceptable estimate of the 
volume recombination neutral source, assuming molecular assisted 
recombination (MAR) is not significant. 
 
There is also the issue of inaccuracies in the EFIT reconstruction, 
which affects the mapping the machine coordinates of the target 
and upstream data onto the magnetic grid.  These can be  
 

RESULTS AND DISCUSSION 



Computational tools for the modeling of main-chamber plasma 
recycling (MCR) have been demonstrated. 
 
Preliminary results for the simulation of shot 119925, which was 
designed to maximize the level of MCR, suggest that neutrals from 
MCR contribute significantly (∼25%) to core neutral fuelling, 
indicating that future work is warranted.  

CONCLUSIONS

significant, particularly near the separatrix where the radial 
gradients are largest.  For example, in the results presented here 
the ψn coordinate was shifted by +0.008 to improve agreement 
between the shapes of the target and upstream pressure profiles.  
 
The following are the relative strengths of the neutral particle 
sources in the boundary and their contributions to core neutral 
fuelling, for the discharge modeled above: 
 
 

Region 
 

Fraction of Neutral 
Source 

 

Contribution to Core 
Neutral Fuelling 

 
 

Inner divertor recycling 
 

 

38% 
 

44% 
Inner divertor volume 
recombination 
 

15% 17% 

Outer divertor recycling 
 

35% 14% 
Outer periphery main- 
chamber recycling 
 

11% 24% 

 
Neutrals from outer divertor recycling tend to ionize in the hot outer 
divertor plasma before reaching the confined plasma.  Neutrals from 
the inner divertor, and in particular MCR, have a significantly 
higher probability of ionizing in the core. 



Explore the sensitivity of the plasma and neutral solutions to 
variations in model parameters, by varying target and upstream ne, 
Te, and experimental data shifts in ψn, to determine how the 
uncertainties affect the core ionization profile. 
 
Relax the Ti = Te assumption. 
 
Collect surface Langmuir probe data around the upper knee limiter, 
to confirm the ‘sheath-limited’ plasma assumption for the periphery. 
 
Improve the inner divertor and PFZ plasma solution if/when 
additional experimental data becomes available. 
 
Model additional DIII-D plasmas, in particular those with more 
typical magnetic geometries.  Also higher density plasmas, which 
are believed to have disproportionately higher levels of main-
chamber recycling due to increased outboard radial transport 
[Lipschultz, Whyte]. 
 
Incorporate a core radial transport model in the analysis and 
compare the plasma transport parameters (D⊥, v⊥) required to 
match the observed density profile (core Thomson) in the pedestal 
[Mahdavi] [Stangeby].  

FUTURE WORK
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