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A B S T R A C T

Recent DIII-D experiments on Small Angle Slot (SAS) divertors have confirmed that a combination of divertor 
closure and target shaping can enhance cooling across the divertor target and increase energy dissipation, but 
with significant dependence on BT (toroidal magnetic field) direction. In these novel divertors, the roles of 
closure, target shaping, drifts, and scale lengths are all interconnected in optimizing dissipation, with the sep
aratrix electron density neSEP being the key parameter associated with the level of dissipation/detachment. After 
modifying the original flat-targeted graphite SAS to include a V shape with a tungsten coating on the outer side of 
the divertor (SAS-VW), matched series of discharges were run to compare to detailed SOLPS-ITER modeling. 
Experimentally, when run as designed with the outer strike point at the slot vertex, SAS-VW requires nearly 
identical neSEP for detachment as the original SAS, with little difference in dissipation for the new geometry. This 
is in contrast to (1) earlier modeling predictions that a small change of the SAS geometry to a V shape should 
enhance dissipation at the same neSEP for magnetic configurations having better H-mode access (ion B × ∇B drift 
directed into the divertor), and (2) despite the achievement of significantly higher (2-7x) neutral pressures and 
compression in the SAS-VW slot. Comparisons of experimental density scans to the most recent SOLPS-ITER 
modeling with ExB drifts show reasonable agreement for dissipation/detachment onset when using separatrix 
density as the independent parameter. In order to help understand the discrepancy in modeled vs actual per
formance for the new configuration, additional measurements varying gas injection location and impurity in
jection were undertaken. In-slot D2 gas fueling is more effective (5–22 %) in promoting detachment, in accord 
with modeling. In-slot impurity injection (N2 or Ne) can yield 30 % lower core Zeff and 15 % less confinement 
degradation after detachment compared to main chamber puffing, as well as relatively lower tungsten leakage 
from the divertor. Modeling can also reproduce the improved detachment seen as the strike point moves inboard 
of the slot vertex.

While we can explain the effects of the most important parameters causing energy dissipation in these slot 
divertors, it remains that many aspects of their behavior cannot be accurately modeled using state-of-art codes 
such as SOLPS-ITER. This is of concern for future model-driven designs utilizing similar V-shaped geometries.
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Introduction

Two key remaining issues for the development of steady-state fusion 
devices are the design of highly dissipative divertors and appropriate 
plasma facing materials. This is due to inherent limitations on divertor 
target heat load (q⊥ ≤ 10–15 MW m− 2), and plasma temperature at the 
divertor target plate (Te ≤ 5–10 eV to suppress physical erosion) [1,2]. 
Efficient divertor designs rely on a number of tools, viz. closure (for 
efficient retention of the recycled particle flux for dissipation), target 
shaping (for directing the recycled flux profile to high heat flux regions), 
Te gradient-generated E × B flows [3] (again, optimizing the particle 
flow to regions of higher heat flux), and injection of non-hydrogenic 
impurities (which enhance dissipation by increasing radiative losses). 
The inclusion of E × B drift flows in a closed geometry has two important 
effects: the natural (open) flow patterns can be frustrated or damped by 
small-scale physical structures, and the resulting altered flow patterns 
can enhance or diminish the localized recycling fluxes.

Recent improvements in drift-dependent modeling of the coupled 
edge plasma-neutral region using the SOLPS-ITER code [4,5,6] allow for 
efficient modeling of sophisticated divertor geometries and fueling 
strategies prior to an actual construction; however, it is crucial that these 
codes be validated against specific experimental configurations. Inves
tigating these tools and techniques is critical to assess their feasibility, 
effectiveness, and scalability to a Fusion Pilot Plant (FPP).

This paper covers such a coupled experiment-modeling comparison 
using two different closed divertor geometries on DIII-D. The remainder 
of the paper is organized as follows: in the next section we describe a 
brief history and description of the divertor design, installation, and 
operation on DIII-D along with the progression of associated modeling 
using the SOLPS-ITER simulations of increasing sophistication. In the 
subsequent two sections we cover the results of energy dissipation 
studies on the divertors and point out areas of both agreement and 
disagreement with the modeling results. Finally, we conclude with a 
discussion of the results and some possible areas for improvement of 
future studies.

Experimental setup and modeling

Previous work with SAS

On DIII-D, the original small-angle slot (SAS) divertor [7] was con
structed based on (drift-free) SOLPS-ITER modeling [8,9] which indi
cated the combination of divertor closure with appropriate target 
shaping could be used to enhance neutral cooling across the divertor 
target and increase dissipation compared to a more open divertor. SAS 
was able to demonstrate enhanced dissipation with detachment at lower 
line-averaged densities, consistent with the initial modeling results. 
However, a large asymmetry in detachment behavior was observed with 
respect to toroidal magnetic field direction, where for the ion b × ∇B 
drift into the divertor (the direction favorable to H-mode access) there 
was little benefit for detachment behavior with the slot compared to an 
open divertor configuration [10]. The asymmetric behavior of these 
results can be understood in terms of E £ B drifts interacting with the 
localized recycling in the SAS. Coincident with these initial experi
mental results were advances in the drift implementation in the code, 
such that additional modeling with drifts turned on in SOLPS-ITER 
indicated the poloidal/radial E £ B particle drifts within the slot 
could essentially explain the difference in the SAS detachment behavior 
[11].

SAS VW design and experiment

Subsequently, further design modeling using SOLPS-ITER indicated 
that a small change of the inner slot surface to a V-shape (SAS-V) should 
mitigate the observed drift-dependent asymmetry in dissipation for 
opposite toroidal field directions i.e., for the case of ion B ×∇B drift into 

the divertor the dissipation efficiency for a given upstream density 
should be improved [12,13]. The simulations for both the SAS and SAS- 
VW models were run in a similar fashion and included all charged states 
of deuterium and carbon. Details of the SAS-VW discharge modeling 
setup are described more fully in section 2 of Ref 12. Neutrals are 
modeled kinetically using the EIRENE solver. All simulations are con
ducted in a steady state and correspond to the inter-ELM phase of ex
periments. A fixed upstream separatrix density is used as a boundary 
constraint on each simulation to achieve a modeled density ramp. 
Transport coefficients are estimated by matching upstream Thomson 
scattering profiles towards the start of the density ramp and remain 
unchanged as density increases.

Based on these modeling predictions a new V-shape geometry was 
installed in DIII-D by modifying the inner (inboard) row of carbon tiles 
of the SAS slot. At the same time the existing outer row of tiles were 
coated with a thin layer of tungsten. Details of the divertor design and 
the resultant change in divertor geometry are shown in Fig. 1. The ex
pected flow patterns for the V-shape when the outer strike point is 
placed at the vertex are shown in Fig. 2, where for both drift directions 
we would expect improved density buildup near the vertex and hence 
improved dissipation compared to the original SAS, which allowed for 
significantly more flow out of the divertor in the private flux region due 
to its more open, flat-targeted design.

As in the original SAS research, measurements of energy dissipation 
were conducted for the new geometry by studying the target electron 
temperature Te (measured by an array of single Langmuir probes near 
the strike point) using deuterium fuel density ramping to detachment. 
The SAS plasma shapes and parameters were duplicated for these 
studies. Measurements of neutral (molecular + atomic) deuterium 
pressures inside the slot are made using two separate ASDEX gauges, one 
near the vertex and one farther down the slot on the outer tile row. 
Fueling and/or impurity injection may be done inside the divertor slot, 
or in the main chamber. In the experiments, density feedback control 
was employed using real-time line-averaged density measurements. 
Experimentally, the density dependence can be characterized in terms of 
either the line-averaged density < ne>, determined from interferom
etry, or the upstream separatrix density neSEP. For direct comparison to 
the modeling results a value for neSEP is required. However, many earlier 
experimental studies (including on DIII-D) have relied on a ’surrogate’ 
neSEP value based on some scaled fraction of the line-averaged density 
for convenience. In this study, the experimental upstream separatrix 
density was determined from Thomson scattering measurements and 
power balance determination of the separatrix location assuming flux- 
limited Spitzer conductivity[14]. Additional experimental details are 
covered in Ref [18].

Fig. 1. Cartoon of the DIII-D SAS-VW divertor design showing the graphite 
inner and outer tile rows, and W-coated area. Inset: Poloidal cross section 
indicating the difference in limiter geometry between the SAS and SAS-VW.
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Results on SAS-VW

Comparing the experimental results with the most recent drift- 
dependent modeling for the new geometry [13], we find fairly good 
agreement at early points in the dissipation/detachment process where 
Te is still above ~ 10 eV. (Fig. 3). The divergence between modeling and 
experiment at higher neSEP and lower target Te is partially due to reduced 
Langmuir probe accuracy at the lowest Te (below 2–3 eV for these cases). 
Probably more important are inaccurate modeling assumptions. For the 
density scan modeling shown here, the exact slope and rapid drop of the 
modeled Te from [13] is influenced by the choice of static transport 
coefficients for the density scans. A good fit to the measured densities 
and temperatures was used to infer transport parameters for the point 
around 20 eV (neSEP ~ 1.21 x 10e19 m-3) and the same values were used 
for the other density points. This may be skewing the modeled results at 
both ends of the density scan. Additionally, limitations on gridding in 
the model do not allow for an exact match to the as-built slot. The effect 
of the tungsten coating on the outer side of the SAS-VW divertor is 
believed to be modest because of the strikepoint location on the graphite 
surfaces only, redeposited carbon covers the majority of the tungsten 
surface with little bare tungsten. Subsequent modeling where the carbon 
sputtering was varied along the outer surface resulted in a slight increase 
in target temperature but did not significantly affect the modeling re
sults for these strikepoint locations.

Qualitative agreement with SAS-VW modeling was also found for 
experiments varying the strike point location within the slot, the loca
tion of gas puffing, and the use of low- and medium-z impurity gases to 
enhance energy dissipation. Fig. 4 shows the effect of in-slot gas fueling 
for the ion B×∇B drift into the slot case (Fig. 5A shows the fueling lo
cations). We found that plasma detachment onset occurs at lower line- 
averaged plasma density with in-slot gas fueling compared to main 
chamber fueling, with a ~ 22 % reduction for strike point on the vertex 
and a ~ 7 % reduction for strike point on the (HFS) inner slant. This is a 
consequence of the in-slot puffing in this closed geometry having better 
fuel retention, leading to a higher separatrix density in the divertor and 
hence better dissipation for a given line-averaged density, as can be seen 
from the parametric plot of neSEP vs < ne > on the right. It is evident 
from this plot that the requirement for adequate dissipation in SAS-VW 
is a certain level of neSEP (~2–3 x 1019 m− 3) and not the specific main 
chamber density. The rapid increase in neSEP with < ne > also points out 
the error of using a fixed fraction of < ne > as the independent variable 
when studying dissipation in divertors. The in-slot fueling effect is 
consistent with results seen in earlier SAS experiments [15]. The effect 
persists but is less pronounced (~5%) with ion B×∇B drift out of slot. 
The retention effect is captured by SOLPS-ITER simulations, showing a 
~ 20 % reduction of the upstream separatrix density required to lower 
the target temperature to ~ 10 eV near the strike point with in-slot 
compared to main-chamber fueling.

In-slot N2 (25 TorrL/s) further lowered the upstream separatrix 
density required to reach detachment by ~ 14 % compared to in-slot D2 
puffing. Compared to main chamber puffing, in-slot N2 puffing also led 
to less confinement degradation and lower core Zeff after detachment, 
presumably due to the efficient retention of impurities in the SAS-VW 
geometry (Fig. 5).

Locating the outer strike point on the inner slant (inboard) side of 
SAS-VW results in earlier detachment onset than for the strike point 
located at vertex. Similar experimental results were seen for the strike 
point located on the inner surface of the original SAS [16], although in 
SAS-VW these results are obtained for both drift directions, and agree 
with modeling. SOLPS-ITER indicates the poloidal E × B flux can be up 
to 10X higher in the ion B×∇B drift out of the divertor case for SAS-VW 
versus SAS, enhancing particle flow to the near-SOL and leading to 
better dissipation and a double-peaked Te profile along the target [17].

Discrepancies with modeling

In contrast to the modeling predictions that the drift-dependent 
asymmetry in dissipation would be decreased by ~ 10 % in the new 
geometry [18], this was not the case experimentally (Fig. 6), where the 
preference for detachment in the non-favorable ion B × ∇B drift 

Fig. 2. E £ B particle flux pattern for the two BT directions in the SAS-VW 
divertor from SOLPS-ITER modeling with strike-point at the vertex. Left: With 
ion B×∇B into the divertor (up), the E £ B drift moves particles from the 
common flux region to the private flux region. Right: with ion B×∇B out of the 
divertor (down), the E £ B drift moves particles from the inner divertor to the 
outer private flux region and to the outer common flux region.

Fig. 3. Comparison of drift-dependent modeling [Ref. 13, green curves] of SAS-VW for the ion B × ∇B drift into the divertor. Shown is the target temperature in the 
near SOL (ΨN = 1.007) determined from Langmuir probes as the upstream separatrix density is increased through main-chamber D2 puffing. Agreement is good in the 
Te > 10 eV range when upstream separatrix density is used. (a): shot 190,077 (PINJ = 4 MW); (b): shot 191,460 (PINJ = 8 MW).

D.M. Thomas et al.                                                                                                                                                                                                                             Nuclear Materials and Energy 42 (2025) 101903 

3 



direction (out of the divertor) persists. Here we also plot Te versus the 
line-averaged main chamber plasma density, which shows a cliff-like 
feature for the detachment for the ion B × ∇B drift in direction. This 
feature occurs at the point when sufficient density buildup occurs in the 
divertor for the target temperature to drop below 10 eV, where ioniza
tion and ion-neutral interactions become predominant.

Additional experiment/modeling discrepancies are seen when 
comparing matched discharges between the new and old geometries 
(Fig. 7). Experimentally, detachment onset occurs at about the same 
upstream separatrix density in the SAS-VW divertor as for SAS, in 
contrast to the SOLPS-ITER modeling predictions. This is true for both BT 
directions.

Similar detachment dynamics occur for SAS-VW despite achieving 
significantly higher neutral pressures and compression (Fig. 8) than in 
the earlier geometry. Using ASDEX gauge data to infer neutral pressures 

near the strike point (inlet close to the LP location near the vertex) and in 
the far SOL (inlet farther down the slot), we find the following. For the 
ion B×∇B drift into the slot (reversed BT), the SAS-VW pressure is 3.4X 
higher prior to detachment and the compression 2.6X higher, compared 
to the original SAS. For the ion B×∇B drift out of the slot case (forward 
BT), the SAS-VW pressure is 5X higher than SAS prior to detachment (i.e, 
twice the reversed BT value). Compression in this case is up to 6.5X 
higher than SAS, but drops quickly at higher pressures as more neutrals 
drift to the far SOL prior to detachment.

Discussion

Based on SOLPS-ITER simulations, the expectation for improved 
dissipation in the new SAS-VW is based on the following sequence of 
events: The combination of E × B drifts plus shaping leads to increased 

Fig. 4. (a) Effect of main-chamber (red) and in-slot (blue) puffing on target Te as function of separatrix density (triangles) and line-averaged-density (squares) for the 
same data as show in Fig. 3a. (b) parametric plot of neSEP versus line-averaged density for the two cases. Green lines indicate 1.0 and 0.25 linear scalings for density. 
In slot puffing results in better retention in the divertor and better dissipation (higher neSEP) for a given upstream < ne > .

Fig. 5. Results of nitrogen seeding for main chamber (red) and in slot (blue) puffing. (a) deuterium and nitrogen injection locations for in-slot and main chamber 
fueling (b) N2 injection levels for comparison shots (c) time traces of density, stored energy, zeff and core nitrogen levels demonstrating higher confinement and lower 
core contamination after detachment with in slot injection.
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Fig. 6. Plot of SAS-VW target temperature evolution near the strike point for shots with the ion B × ∇B drift into [red] or out of [black] the divertor for a density 
ramp using main chamber deuterium puffing. Strike point was held steady at the vertex. The data are plotted versus line-averaged density (squares) as well as the 
separatrix density estimated from power balance calculations (triangles). Note the rapid drop into detachment at ~<ne > 6.5 x 1019 m− 3 for the ∇B drift into case 
essentially disappears when the latter density parameter is used. Modeling results from Ref 13 are shown for both ion B × ∇B drift into [green] or out of 
[gray] directions.

Fig. 7. Energy dissipation and detachment onset for matched 1 MA, 4 MW shots for the original SAS (open triangles) and SAS-VW (closed triangles) for both ion B ×
∇B drift directions. Essentially the same separatrix density is required for both geometries. SOLPS-ITER modeling results [Ref 13] for both SAS (green open di
amonds) and SAS-VW (green closed diamonds) are included for the two drift directions.

Fig. 8. Time traces of the neutral pressure measured near the outer strike point at the vertex and in the far SOL for SAS-VW (red) and original SAS (black) matched 
shots, for both drift directions. Also plotted is the ratio of the two neutral pressures as an indication of neutral compression in the slot.
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neutral buildup in the slot compared to the original SAS. The increased 
neutral density increases the energy dissipation in the divertor, which 
decreases the temperature upstream of the target. This decreased tem
perature gradient in turn decreases the electric field, which decreases 
the drive for local flow patterns. This modification of the flow patterns 
has three beneficial effects: (1) the decreased flow in the relatively 
closed divertor should decrease the upstream leakage of particles, 
further increasing the neutral density and dissipation; (2) this decreased 
leakage represents a better decoupling of the divertor from the main 
plasma which manifests in lower upstream densities for detachment; 
and (3) the lessened flow into the private flux region should decrease the 
asymmetry in detachment behavior for the two drift directions. All of 
these effects should enhance the energy dissipation performance relative 
to the original SAS shape.

In the experiment we only observe part of this sequence. As seen in 
Fig. 8, the new divertor shape is effective at increasing neutral density 
buildup for both drift directions compared to the original SAS. However, 
despite significantly higher neutral pressure and compression we find 
similar detachment dynamics for SAS and SAS-VW, resulting in similar 
upstream separatrix densities at detachment. One possibility is that the 
estimated neutral densities required for dissipation from modeling are 
too high, or that the dissipation is occurring in regions where the neutral 
measurements are not made. Integration of the existing pressure mea
surements as a synthetic diagnostic might help understand this 
discrepancy, as might the more complex process of incorporating the 
neutral measurements as a direct constraint on the modeling. Another 
open question is the accurate modeling of the expected decrease in 
shaping efficiency as opacity increases at higher plasma densities and 
collisionalities [13] and it might be that the experiment is in this region. 
This may also partially explain why the drift asymmetry in dissipation 
remains for the new shape, although slightly diminished. Another 
possible complication in comparing the two geometries is the existence 
of tungsten in the outer part of the newer divertor, although for the 
experiments described here the strikepoint is on graphite and the metal 
surface should be predominantly covered with carbon.

While there are a number of improvements that can be made in the 
modeling (incorporating more realistic transport parameters, better 
meshing at the fine scales required for these relatively small geometries, 
addressing long convergence times by migrating to newer and faster 
systems) and the experiment (better signal-to-noise for Thomson density 
measurements in the slot, improved viewing access of the slot for flow 
visualization and other diagnostics), the present lack of fidelity between 
well-converged code runs and a relatively well-diagnosed divertor 
experiment is concerning. SOLPS-ITER is one of the primary design tools 
for future divertors, on machines which will be far more demanding in 
terms of their power handling requirements and the relative difficulty of 
implementing comprehensive diagnostics.

Future work will involve further variation of parameters in the code 
runs, as well as further post-processing of the existing run results to try 
and pin down whether the simulations are being done with adequate 
sensitivity and precision, or whether there is missing physics in these 
simulations. In addition, the DIII-D program plans a series of near term 
divertor upgrades to facilitate performance at higher triangularity and 
plasma volume, negative triangularity, and optimized particle and heat 
control for optimized core–edge integration. Each of these upgrades will 
provide us with additional opportunities in different parameter ranges 
for continued code validation and improvements.
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