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Abstract  

This paper presents work to develop benchmarked theoretical models of scrape-off-layer (SOL) characteristics in 
diverted tokamaks by comparing shot simulations, using the UEDGE plasma fluid and DEGAS neutral transport 
codes, to measurements of the DIII-D SOL plasma. The experimental data include the radial profiles of ne, T~, and 
Ti, the divertor exhaust power, the intensity of H,~ emission, and profiles of the radiated power. A very simple model 
of the anomalous perpendicular transport rates produces consistency between the calculated and measured radial 
profiles of the divertor power, and of the midplane densities and temperatures. Experimentally, the measured 
exhaust power is now 80-90% of the input power. The simulated peak power on the outer leg of the divertor floor is 
now within 20% of the measured power. Various sensitivities of these comparisons to model assumptions are 
described. Finally, these benchmarked models have been used to examine the effects of various baffle configurations 
for the radiative divertor upgrade in DIII-D. 

1. Introduction 

Predicting the performance of the divertor has been 
identified as a critical component of the design for 
future high power tokamaks like ITER and TPX. An 
active program is underway in both edge physics code 
development, and in validation of the code models 
against experimental data. Work on the former is de- 
scribed elsewhere [1]. This paper describes efforts to 
validate the complete 2-D solution from the UEDGE 
fluid code [2] against DIII-D experimental data. It also 
describes the application of UEDGE and the DEGAS 
neutral transport code [3] to design analysis for a 
radiative divertor program (RDP) upgrade of the Dil l -  
D divertor. 
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2. Val idat ion of  U E D G E  with DIII-D data 

This effort focusses beyond validation of the code 
solution for a single parameter or profile at a single 
location, in an attempt to simulate multiple diagnostic 
measurements at multiple locations in the SOL and 
divertor in a single code run. Simulation results are 
compared with the extensive SOL data set from DIII-D 
including measurements at multiple locations shown in 
Fig. 1 (eg. n e and T e from Thomson scattering and 
Langmuir probes, T i from charge-exchange recombina- 
tion (CER), ediv from IRTV, and the H a emission 
from a photo diode array). 

A very simple model of anomalous perpendicular 
diffusion for both particles and energy, with spatially 
constant diffusion coefficients, is used to compare the 
UEDGE SOL plasma simulation with the data. These 
diffusion coefficients, D ±, Xi, and Xe, are varied to fit 
the radial profiles of the measured upstream density 
and temperatures. Agreement is obtained with diffu- 
sion coefficients in the range D l ~ (0.02, 0.25), and 
Xe~i) ~ (0.1, 0.5). The simulated midplane density and 
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Fig. 1. SOL-relevant diagnostics on a typical single null dis- 
charge in DIII-D (1.0 cm flux surface spacing at the outer 
midplane). 

included in these UEDGE simulations. A specified 
fraction of impurity atoms is assumed throughout the 
plasma, and the radiative electron energy loss in the 
plasma is self-consistently included. The non-equi- 
librium emissivity is calculated as a function of T~ 
using tabulated data from a series of MIST code runs 
[4]; charge exchange between impurity ions and neutral 
hydrogen is included in the MIST results, so the impu- 
rity charge state distribution and emissivity also de- 
pend on the neutral hydrogen density. 

Including the radiative power loss from a small 
carbon concentration (0.6% for the case shown in Figs. 
2 and 3) increases the in /ou t  power asymmetry by 
more than a factor of 2. The power to the inner strike 
point is reduced by enhanced impurity radiation in the 
high n~, low T~ plasma created by the long connection 
length from the outer midplane to the inner strike 
point. Over half of the remaining UEDGE power to 
the inner plate arises from recombination of the ion 
current in the plate. Experimentally, the plasma at the 
inner strike point is detached with low ion current to 
the plate (and hence very low power there). This effect 

temperature profiles are compared with data for an 
ELMing H-mode discharge in Fig. 2. Agreement exists 
within the uncertainty of the location of the separatrix 
(a few millimeters) except for the density in the very 
outer SOL. 

The SOL plasma parameters are determined by the 
choice of the diffusion coefficients and by boundary 
conditions (eg. measured n e and Te at the innermost 
flux surface, plate recycling coefficients, and wall prop- 
erties). The 2-D plasma solution is compared with data 
at several locations: first the calculated power across 
the separatrix is consistent with that measured (within 
10% for the case of Figs. 2 and 3). Secondly, the 
calculated outer plate power profile agrees well with 
the experiment (Fig. 3a). The peak is somewhat higher, 
but the total power is actually 30% lower, than mea- 
sured. The calculated power profile for the inner leg is 
substantially higher than measured. Finally, the calcu- 
lated H a emission for the outer divertor agrees well 
with the data (Fig. 3b). The H~ at the inner strike 
point is 50% higher than measured but it is lower than 
the data in the private flux region. Langmuir probe 
data near the strike points show higher T e and lower 
n e than calculated (by a factor of 3 at the outer and 
more than an order of magnitude at the inner strike 
point). Combining this with the H a and power data 
suggests that the inner leg is detached experimentally 
while the code solution is still attached. 

The discrepancies at the inner strike point may 
arise from radiation effects; impurities are only crudely 
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Fig. 2. Comparison of UEDGE results with data for the 
midplane density and temperature profiles in an ELM-free 
H-mode discharge. 
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Fig. 3. Comparison of the UEDGE simulation results with 
data, (a) divertor power profile at the outer strike point and, 
(b) H,~ emission profile across the divertor. 

However, 
simulated 
R =  1.0. 

is not seen in present simulations, although it may be 
possible with an improved impurities model recently 
installed in UEDGE [2]. 

The quality of the UEDGE simulations in the areas 
of power balance, peak divertor power and radial pro- 
files has improved significantly over previous work [2]. 
To improve the models in other areas, the sensitivities 
of the simulations to various assumptions have been 
explored. Results are summarized below. 

- The in /ou t  asymmetry of the divertor power is 
increased (inner power reduced) by including the effect 
of parallel currents in the SOL. 

- The H,~ emission in the private flux region is 
increased by increasing the plate recycling coefficient 
(R) from ~ 0.98 (used for the best simulations) to 1.0. 

the agreement between the measured and 
emission near the strike points is poorer with 

- Variation in the UEDGE model of flux limits 
produces changes in the ion temperature near the 
divertor plate, a parameter not measured in the experi- 
ment. 

3. Application to the radiative divertor 

Present plans call for the installation of a new 
radiative divertor configuration in DIII-D in FY96 [5]. 
This should allow advanced divertor (i.e. reduced di- 
vertor heat flux) and advanced tokamak (AT) opera- 
tion (i.e. controlled density in H- and VH-modes) si- 
multaneously in DIII-D. The present ADP ring/baffle 
structure will be replaced with new structures which 
confine neutrals in the divertor region for the high 
triangularity AT shapes. UEDGE and DEGAS have 
been used to simulate the behavior of the plasma and 
neutral hydrogen in various generic shapes, and to 
guide engineering decisions to a conceptual design. 

3.1. Plasma simulations with UEDGE for generic equilib- 
ria 

The lower half of assumed up-down symmetric 
double null divertor configurations is modeled. Radial 
transport is anomalous with constant values for the 
particle and thermal diffusivities. The orthogonal mesh 
extends radially from a flux surface 0.3 cm inside the 
separatrix to a flux surface 3.5 cm outside the separa- 
trix at the outboard midplane. Fixed plasma density 
(3.5)< 1019 m -3) and temperature (175-200 eV) are 
specified on the innermost flux surface to obtain a total 
power flow of 9 MW across the separatrix. Zero-gradi- 
ent boundary conditions are imposed at the outermost 
SOL flux surface and at the innermost private-flux 
surface. At the divertor plates, standard sheath bound- 
ary conditions and unity recycling for the ion particle 
flux striking the plate are applied. Pumping boundary 
conditions for the hydrogen neutrals at the private flux 
wall and outermost side walls of the mesh are specified 
by a fixed albedo of 0.95. 

Three divertor configurations, with different plasma 
shapes characterized by the length of the outboard 
divertor leg (X-point to separatrix strike point) are 
compared: 40 cm, 20 cm and a "reference case". The 
particle and heat flux profiles at the outboard divertor 
plate are shown in Fig. 4. The peak plate electron 
temperatures were 16, 36 and 48 eV for the three 
cases, respectively. The longer slot length yields lower 
divertor plate temperatures, but higher peak heat fluxes 
because of the smaller radial expansion of the flux tube 
(from midplane to divertor plate). 

With sufficient hydrogen gas puffing from the pri- 
vate flux side wall of the outboard divertor leg, a 
plasma "detachment" is observed from the outboard 
plate in the sense that the peak of the recycling ioniza- 
tion region moves upstream toward the X-point with 
increasing gas puff current. Fig. 4 also shows steady 
state results for the 20 cm configuration with moderate 
(1000 A, attached) and strong (2200 A, detached) gas 
puffing. Total (plasma + neutral) parallel pressure is 
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approximately constant along the separatrix, so as the 
plate temperature collapses with increasing gas, the 
plasma and /o r  neutral density rises. The total hydro- 
gen radiation remains small (less than 20%) compared 
to the total power crossing the separatrix even for 
strong gas puffing. The radiative energy loss per ioniza- 
tion event is reduced to less than 5 eV for high density 
(1.0 × 1021 m -3) low temperature (5 eV) plasmas due 
to efficient multi-step ionization processes. Thus, it 
appears that radiation from impurities is necessary to 
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Fig. 4. Profiles on the outer plate calculated by UEDGE for 
the 20 cm, 40 cm and reference cases versus distance from the 
separatrix (mapped to the midplane): (a) particle flux and (b) 
heat flux. 

significantly reduce the total power flow to the divertor 
plates. 

3.2. Neutral transport with DEGAS for the generic equi- 
libria 

The figure-of-merit calculated by DEGAS for com- 
parisons of candidate radiative divertor designs is the 
total ionization source (neutral current) inside the sep- 
aratrix. Two processes contribute to this current: either 
neutrals leak radially out of the SOL in the divertor 
and penetrate the thin SOL plasma at the midplane, or 
a small fraction of the recycling current manages to 
propagate to the core against the divertor plasma flow. 
Scoping studies compared this core ionization source, 
/core, to the neutral beam source in DIII-D (I,b = 300- 
400 particle A at high power). 

The scoping studies focussed on three questions: (1) 
how long must the baffled region be, (2) must the 
baffles be conformal to flux surfaces or would struc- 
tures which slanted into the divertor plasma be suffi- 
cient, and (3) how narrow must the opening be near 
the divertor strikepoints? Baffle configurations used in 
the studies (Fig. 5) included close conformal walls, 
narrower conformal walls for which the recycling source 
at the top of the slot was taken into account, a "gas 
bag" configuration, and a completely open divertor 
(vacuum vessel only). 

Two properties of the UEDGE solutions are impor- 
tant for many of the effects seen in the DEGAS 
simulations. First, for the radial profiles given in Fig. 4, 
a much larger recycled neutral flux occurs on a baffle 
intercepting a 1 cm flux line (mapped to the midplane) 
compared with the 2 cm flux line. Second, the ioniza- 
tion mean free path tends to be nearly a flux function 
except near the strikepoint, so neutrals in the outer 
SOL with velocities directed towards the separatrix 
have a much higher probability of ionization after a 
short flight than those directed along flux lines. 

DEGAS simulations with all four generic baffles, 
using the UEDGE cases for the generic 20 cm and 40 
cm X-point to outer strike point lengths, were com- 
pared (Table 1). As expected, the close conformal slot, 
without any recycling off the side walls or the top of 
the slot, produced the greatest reduction in /core. A 
simple "gas bag" shape was sufficient in the 40 cm 
configuration to reduce the source well below the 
beam source, and was marginal in the 20 cm configura- 
tion. In the narrower slot the recycling off the top of 
the slot was an important source of core influx. This 
study showed that proper shaping of a baffle in a 
20-30 cm configuration would be sufficient to reduce 
the core source below the beam source. 

Conformal slots have many disadvantages including 
limited diagnostic access and reduced operational flexi- 
bility. Also the recycling from the top of the slot can 
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Table 1 
Comparison of the core ionization currents (A) found for 
generic baffle designs with two plasma configurations 

Configuration 20 cm 40 cm 

Open 880-+57 711+_65 
Gas bag 287 + 33 73 + 21 
Close conformal 37 -+ 12 5 _+ 5 
Narrower conformal with recycling 57 _+ 15 92 _+ 23 

produce  a significant core source. For  these  reasons a 
s lanted baffle geometry (Fig. 5) was examined.  The 
surface in tercept ing  plasma flow is s lanted so tha t  the 
emi t ted  neut ra ls  are directed toward the  ho t te r  regions 
of the SOL to be ionized and  en t ra ined  by the plasma 
flow. Baffles with s lanted surfaces crossing flux sur- 
faces from 3.5 cm (outer  boundary  of the U E D G E  
plasma solution) to 2.0 cm off the separatr ix  were 
compared  with t ighter  baffles spanning  the  2.0 to 1.0 
cm flux surfaces. The  shape  of the upper  knee of the 
baffle was also varied. Each of these  baffle configura- 
tions was s imulated with D E G A S  using three  U E D G E  
plasma solutions in the  20 cm configurat ion;  no puff, 
1.0 kA puff  (a t tached)  and 2.2 kA puff  (de tached)  
(Table  2). Puffing does increase leor~ somewhat .  In the 
wider  opening  case, the core source at the maximum 

Table 2 
Comparison of core ionization currents (A) for cases with and 
without deuterium gass puff (20 cm configuration, slanted 
baffle) 

UEDGE 3.5 to 2.0 to 1.0 cm 

plasma case 2.0 cm Unoptimized Partially 

optimized 

No gas puff 63_+15 160_+24 114_+21 
1.0 kA D 2 puff 77-+24 263_+45 207_+40 
2.2 kA D 2 puff 115_+37 264-+57 234_+54 

puff is still well below the  beam source. With  the 
nar rower  configurat ion the source ra te  approaches  the 
beam rate  in the  highest  puffing case, especially when  
the upper  baffle region is not  opt imized,  because the  
surfaces in tercept  regions of h igher  plasma flow (closer 
to the separatr ix)  at locations closer to the X-point .  
Finally, a not iceable  decrease  in the core source was 
observed with only a minor  change  in the  shape  of the 
upper  knee of the  baffle. Two conclusions can be 
made: (1) s lanted baffles are a viable opt ion since all of 
these configurat ions  at least marginally satisfy the  goal 
of reducing /core below the  beam source, and  (2) a 
s lanted baffle extending in to the 2.0 cm flux line is 
sufficiently narrow to control  the  neut ra l  source; t ighter  
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M.E. Fenstermacher et aL /Journal of Nuclear Materials 220-222 (1995) 330-335 335 

baffles produce greater core source due to recycling 
from the upper part of the structure. 

3.3. Analysis o f  the reference RDP configuration 

The studies described above helped guide the devel- 
opment of a reference engineering design for the RDP. 
The reference design has an X-point to outer strike- 
point length of 23 cm, a slanted outer baffle with a 1.0 
cm opening near the strikepoint (chosen to optimize 
pumping performance), careful shaping of the upper 
knee of the baffle, a baffle on the 0.25 cm flux line in 
the private flux region and a cryopump for the private 
flux and inner strikepoint regions (see Ref. [5]). 

The UEDGE result for this configuration is shown 
in Fig. 4. The corresponding DEGAS simulation pro- 
duced a core ionization source of 65 + 15 A, well below 
the beam source. In addition, a case showing the 
beneficial effect of impurity radiation, with carbon 
impurities artificially constrained to the regions near 
the divertor plates, is included in Fig. 4. The total 
power and peak power are significantly reduced (factor 
of 3) by a 3% carbon concentration. For this case the 
electron temperature is low enough that Zef f of the 
plasma remains below 1.5 in the divertor region. 

4. Conclusions and plans for continued work 

A simple model of anomalous perpendicular diffu- 
sion of particles and energy (constant diffusion coeffi- 
cients) produces good agreement between experimen- 

tal measurements and UEDGE calculated plasma and 
heat flux profiles. Agreement within a factor of 2 is 
also achieved between the measured and calculated 
divertor H~ emission. Using this model in conjunction 
with DEGAS showed that the goals of the RDP up- 
grade for DIII-D could be met with a modest X-point 
to outer target length (20-30 cm) and a slanted baffle 
structure. 

Near term plans include installation of algorithms 
for impurity transport and non-orthogonal grids in 
UEDGE [2], validation of DEGAS solutions against 
DIII-D H a and neutral pressure data, benchmarking 
of UEDGE neutrals solutions against DEGAS, and 
continued analysis of optimal configurations for the 
RDP. 
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