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We report on recent DIII-D experiments that successfully applied a radiating divertor
scenario to high performance "hybrid" plasmas [1]. Good hybrid conditions were maintained
(e.g. τE/τITER_89P ≥ 2, n ne GW ≈ 0 65. , β and βN ≅ 2.4), while the peak heat flux at the outer
divertor target was reduced by a factor of 2.5. Values of exhaust enrichment ηexh ≈ 64 were
obtained using argon as the seeded impurity, so that a radiated power fraction PRAD/
PINPUT > 0.6 could be maintained with only a modest contamination of the main plasma by
the argon (nAR/ne < 0.003). (Exhaust enrichment is defined as the ratio of the neutral argon
pressure in the baffle plenum to the atomic-equivalent pressure of deuterium in the baffle
plenum, divided by the ratio of argon density to electron density in the main plasma.)

Hybrid plasmas are characterized by good
confinement and the absence of central sawteeth
activity, which is suppressed by an internal tearing
mode that maintains the central safety factor >1.
Thus, the hybrid removes the sawtooth trigger for the
deleterious 2/1 neoclassical tearing mode, allowing
operation at higher β. In the puff-and-pump approach
[2] used here, argon was injected near the outer
divertor target. Plasma flows into both the inner and
outer divertors were enhanced by a combination of
particle pumping near both divertor targets and
deuterium gas puffing upstream of the divertor
targets. A “dome” structure divided the private flux
region (PFR) between the inner and outer divertors
(Fig. 1).

The table summarizes the response of hybrid H-
mode plasmas to three argon injection rates, ΓAR:
“trace”, “moderate”, and “high”. The deuterium gas
injection rate, ΓD2, was unchanged for these cases. In
general, good hybrid conditions were maintained at
each level of ΓAR. When comparing the high ΓAR
(Case 3) with the trace ΓAR (Case 1), we find that

Entrance to the
Baffle Pumping
Plenum

“Divertor region” is above
the dashed line

Entrance to the
Dome Pumping
Plenum

B x ∇B ⇓Gas Injection Setup

• Enhanced deuterium
flow toward the
divertor by injecting
from the bottom of
the vessel

• Argon injected
directly into the
private flux region

 
Fig. 1. The poloidal locations of the
particle pumping and gas injection, along
with the poloidal cross-section of the
plasma, are superimposed on the vessel
geometry.

between Case 1 and Case 3: (1) The total radiated power fraction PRAD,TOT/PINPUT  increased from 0.45 to
0.63, with approximately 50% of this increase from the main plasma and ≈40% from the
divertor plasma; (2) The peak heat flux at the outer divertor target, √qP,OUT , normalized to
Case 1, fell by a factor of 2.5, while the normalized peak heat flux at the inner target, √qP,IN ,
decreased only ≈20%; (3) The average electron temperature at the outer divertor target,
Te,OUT, decreased from ≈22 eV to ≈10 eV, while the average electron temperature at the
inner divertor target, Te,IN, was unchanged at ≈10 eV for all three cases; and (4) The Type-1
ELM frequency νELM decreased from ≈80 Hz (Case 1) to ≈70 Hz (Case 3). Both inner and
outer divertor legs were “attached” at all times. Exhaust enrichment depended weakly on

*Work supported by U.S. Department of Energy under DE-FC02-04ER54698, W-7405-ENG-48, DE-AC05-
00OR22725, and DE-AC04-94AL85000.
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ΓAR in the three cases considered. While
argon-induced carbon sputtering in the
divertor increased with ΓAR, the increase
in the carbon density in the main plasma,
nC, was <10% between Case 1 and Case
3, and the increase in Zeff was predomi-
nantly from argon.

The differences in the heat flux
reduction between inner and outer diveror
targets was largely due to a much higher
argon concentration near the outer diver-
tor target than near the inner divertor tar-
get (≈6-9 times). Several factors may
have contributed to the asymmetric distri-
bution of argon. First, the argon source
was located in the PFR near the outer
separatrix target. Direct access of injected
argon neutrals to the inner divertor target
was not possible, because the “dome”
obstructed the direct flight of the injected
neutral argon from reaching the inner
divertor target. Second, the leakage of
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argon out of this closed outer divertor was reduced by the enhanced deuterium flow toward
this divertor by upstream deuterium gas injection. Finally, the ERxB-induced ion particle flow
across the PFR was directed away from the inner divertor target toward the outer divertor
target. These results suggest the possibility of independent control over the radiating
properties of the inner and outer divertors under prescribed operating conditions and, by
implication, the possibility of independent control over their respective target heat fluxes.
UEDGE [3] modeling will be used to explore this possibility.

Exhaust enrichment was found to be linear with ΓD2, and ηexh values of ≈60 were
measured at the highest level of ΓD2. However, ηexh was >10, even for ΓD2 near zero. This
suggests that other considerations(s), in addition to enhanced plasma flow, also contributed to
the ηexh. If we compare these results with those from a previous DIII-D puff and pump
experiment where argon was also injected into the PFR of ELMing H-mode plasmas, the
maximum ηexh of the latter [4] was less than half of ηexh reported here. Possible explanations
may be related to the differences between these two experiments, such as the direction of the
ERxB-induced ion particle flow across the PFR and the presence of a “dome” structure
bisecting the PFR.

This puff and pump approach with argon produced tradeoffs between the desired
reductions in heat flux and an unacceptable fuel dilution by argon (≈ZAR nA R/ne). For the
hybrid plasmas discussed here, this tradeoff was favorable, i.e., modest dilution (e.g., ≈2%-
4% for the “high” ΓAR case) and a sharply reduced peak heat flux at the outer divertor target.
The argon accumulation inside the main plasma was nearly linear with ΓAR for fixed ΓD2.
While the argon density profile was more peaked than the electron density profile, the
radiated power emissivity was still strongly peaked toward the edge of the plasma, even in
the high ΓAR case. The m=3, n=2 neoclassical tearing mode may play a role in limiting more
pronounced accumulation of argon near the plasma center.

The response of the hybrid plasma to a radiating divertor environment, as described here,
is particularly relevant, should the hybrid regime be considered as one of the “high
performance” scenarios for ITER. Our results also provide data on the usefulness of
physically dividing the inner from the outer divertor during radiating divertor operation.
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