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Abstract 

This paper presents results from operating helium plasmas in DIII-D in which helium gas 
puffing is used to reduce the peak divertor heat flux by factors of four or more. The threshold 
density for achieving these conditions is nearly the same as for deuterium plasmas, which is 
surprising given the fact that lack of chemical sputtering reduces the carbon concentration in the 
plasma by more than a factor of five. Spectroscopic analysis shows that helium becomes the 
primary radiation in these plasmas, which is possible because, unlike carbon, it is the primary 
species present. These plasmas differ from the usual partially detached divertor (PDD) plasmas in 
that there is no concomitant reduction in target plate ion flux with target plate heat flux in the scrape 
off later outside the separatrix. 



1. Introduction 

In this paper we present results of an experiment to produce detached divertor plasmas in 
DIII-D helium discharges using helium gas injection. Detached, or partially detached divertor 
(PDD) plasmas[ l] are characterized by low target plate heat flux and sputtering which result from 
high radiative losses in the divertor, and are thus an ideal solution for protecting the divertor of 
high power tokamaks. In the partially detached state the divertor heat flux and particle flux are 
sharply reduced near the separatrix, but change little (or even increase) farther out in the scrape- 
off layer. Since in DIII-D we almost always achieve the PDD state, we use detached and PDD 
interchangeably in this paper and take it mean a strong reduction in divertor heat flux only, since 
we do not see a strong reduction in ion current to the target plate. 

Though relatively easy to obtain by gas puffing, the physics of the detachment process is only 
just now becoming more clear[2,3,4,5], and experimental validation is difficult because of the 
complexity of the divertor plasma. Helium plasma operation offers the potential to vary the most 
important physical mechanisms thought to play a role in divertor detachment: the magnitude and 
distribution of radiation loss, impurity generation and transport, neutral transport, and pressure 
balance along field lines. These changes result from the fact that in a helium plasma with helium 
gas puffing, chemical sputtering of carbon is eliminated, ionization mean free paths are much 
longer than for comparable deuterium plasmas, charge exchange and recombination rates are 
much smaller than for deuterium, and there are no molecular effects. \ 

Our present model for how the divertor plasma detaches with deuterium gas puffing involves 
increased divertor density and impurity radiation (either intrinsic or supplemental), reduced 
electron temperature and ionization and ultimately a large fraction of recombination. Table 1 
shows these steps and also indicates how helium operation can change the physics. 

Table 1. Detachment processes and expected changes with He plasma. 
Steps to detachment Expected changes with helium operation 

1. Gas puffing drives radiation fi No chemical sputtering: carbon radiation u 

2. Increased radiation drives T, div b Higher density needed to produce same radiation 

3. Ionization moves toward the x-point Longer ionization mfp means higher T, detachment 

4. Convection carries remaining energy in 

divertor 

5. High density, low T, allow volume 

recombination occurs along the leg 

6. Target plate ion current is reduced 

Reduced CX rates and no molecules mean little or 

no recombination 

Less recombination means no reduction in IValec, 
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Increasing radiative losses is the first and key step in obtaining detached divertor operation. 
Charge exchange is usually a small component in the power balance, and recombination radiation 
requires a cold plasma, so it only works on the residual power. With graphite divertor plates and 
deuterium operation, most of the divertor radiation is due to carbon (mainly the 1550A CIV line 
for typical divertor temperatures and densities[6] ). Deuterium gas puffing increases the radiation 
by increasing the plasma density and lowering the temperature. UEDGE modeling shows [3]-that 
chemical sputtering is the main source of carbon in the divertor plasma, so helium operation, 
which eliminates chemical sputtering, should reduce the carbon concentration significantly. 
Since the impurity radiation is simply nin,L(T), lowering ni will require higher ne to obtain the 
same losses. Typically, detachment in DIII-D deuterium plasma with an initial core carbon 
concentration of 2-4% occurs [l] when the density reaches about 60% of the Greenwald density 
limit; thus, we should expect a much higher threshold density for detachment in helium. 

Plasma neutral interactions comprise the second set of physics which we expect helium 
operation to change significantly. First, since the ionization potential of helium is higher than for 
deuterium, we expect that the divertor should become transparent to neutrals at higher electron 
temperatures, so the movement of the ionization front off the target plate might occur at higher 
Te. Frank-Condon atom production and lower helium charge exchange rates can offset this to 
some degree, however. Second, when the plasma density is high and t-he electron temperature 
drops to low values (1-2eV), volume recombination can be significant. Recombmation rates are 
lower for helium than for deuterium, especially if molecular assisted recombination [4] (MAR) 
plays a role in DIII-D, and so we might expect that the strong reduction in divertor ion flux would 
not be present with helium operation. 

2. Helium Plasma Operation 

These experiments were carried out in single-null DIII-D L-mode discharges with helium 
neutral beam injection heating (P&am _ < 3 MW). Helium fuel gas was injected into the main 

chamber above the plasma midplane. Conversion from deuterium to helium operation was not 
difficult, but did require that the cryopumping panels in the neutral beam injectors be coated with 
argon frost to provide sufficient pumping for gas control. We operated one set of beams with 
deuterium so that we could observe charge-exchange recombination emission from fully stripped 
carbon ions in the plasma. Over the course of the experiment, the reliability of the helium beams 
declined due to gas accumulation in the source region, which limited our injected power to 3MW 
for 2sec pulse lengths. The overall helium fraction was greater than 95% as determined from 
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charge-exchange recombination (CER) measurements in the core, along with Penning gauge 
partial pressure data and He/D visible spectroscopy in the divertor. 

We found that 3MW of auxiliary heating was below the H-mode threshold for helium when 
operating at 1MA with the full toroidal field of 2T and with an x-point height of 20cm. The x- 
point was positioned so as to keep the outer separatrix strike point well away from the divertor 
baffle. We had expected the threshold power to be about 2MW (factor of two higher than in 
deuterium), so finding the threshold above 3MW was surprising. This may be due to the higher 
recycling of helium; indeed, density control was marginal due to the steady particle source from 
the beam combined with the lack of any pumping by the graphite walls. When we did have 
sufficient power to obtain H-mode, the confinement time was no better than that expected from 
the ITER89-P scaling; this same plasma configuration in deuterium normally would yield H- 
mode enhancement factors better than 1.8. 

In order to reduce the divertor heat flux, we increased helium gas puffing rate to about 
1 SOTorr-l/set after the discharge had reached steady state conditions at 1 Ssec, as shown in Fig. 1. 
This is the same prescription as is typically used to produce partially detached divertor plasmas 
with deuterium operation, except that with helium we limited the additional puff to a 700msec 
duration due to the lack of wall pumping (see Fig. 1). The peak divertor heat flux as measured by 
an infrared TV camera, drops by about a factor of three within 500msec of the start of the gas 
puff (Fig. lc). The additional gas was injected at the plasma midplane.since experience with 
deuterium has shown that recycling rather quickly (-200msec) redistributes the gas in the 
machine to the point where the location of the source doesn’t affect the final state. In the case of 
the deuterium reference plasma, the additional gas puff turns on more gradually starting at 2.1 sec. 
While the density in the helium plasma rises steadily throughout the puff to 80% of Greenwald 
density limit for this configuration, that in the deuterium plasma does not increase so strongly, 
though it does finally reach the same level. 

The carbon content of the plasma was significantly reduced by helium operation, as shown in 
Fig. le. Here we plot the fraction of carbon ions in the core plasma as determined from VUV 
spectrometer measurements of the charge exchange recombination with a deuterium neutral 
beam. The beam was modulated with a 50% duty cycle to eliminate background emission and 
thus provide a measurement of the core concentration. Early in discharge, before the additional 
helium puffing cools the edge and divertor plasmas, the carbon concentration is nearly the same 
in helium and deuterium plasmas, which suggests that chemical sputtering is not the main source 
of core carbon at this time. Later, after the gas puff, the carbon concentration drops to negligible 
levels, in contrast to the case of deuterium injection, where the core carbon concentration drops 
by at most a factor of two. 
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3. Divertor Heat Flux, Particle Flux, and Radiative Losses 

Helium gas puffing produces reduced divertor heat flux which is remarkably similar to that in 
deuterium plasmas. Representative profiles are shown in Fig. 2. Before the additional gas 
puffing, both plasmas have similar peak heat flux and heat flux profile widths, though the 
deuterium plasma (#9298 1) exhibits H-mode confinement with 3MW of NBI power (Pbeam=2MW 
for the He plasma). In both cases the peak heat flux is at the outer strike point, just outside the 
separatrix intercept. In the helium plasma there is slightly more heat flux to the inner target than 
for deuterium plasma, but we note that the inner target is usually detached in D plasmas even 
without additional gas puffing. We do not know if this is the case for helium, though the 
radiation profiles are similar. After gas puffing, the peak heat flux at the outer target plate is 
reduced more than a factor of four in each case. Most of this residual heat flux can be attributed 
to divertor radiation. 

In helium discharges with helium gas puffing, the peak divertor heat flux begins to drop when 
the line average density reaches about 60% of the Greenwald density, which is nearly the same as 
observed in deuterium PDD plasmas. This point is indicated by the dots on the density trace (d) 
in Fig. 1. This was unexpected, and held for all of the helium discharges with gas puffing, both 
L-mode and H-mode. However, we were not able to vary the plasma current and verify that the 
threshold did scale with the Greenwald density limit. Neutral gas pressure in the private flux 
region when the heat flux drops (1-3mTorr) is similar to that measured in deuterium PDD 
plasmas at the same power level. 

One dimensional models for plasma detachment predict that reductions in divertor heat flux 
larger than about 50% require substantial reduction in the divertor plasma pressure and target 
plate ion flux[7], which we do not see in the helium discharges presented here. We measure the 
particle flux profile using an array of fixed Langmuir probes mounted in the divertor floor within 
the field of view of the IR camera which measures the peak divertor heat flux. Fig. 3 shows the 
profile of the target plate ion saturation current vs. time for one of the L-mode helium plasmas 
with gas puffing. As indicated, the gas puff begins at 1.5s and continues for 1.0s in this case. 
The location of the separatrix intercepts is indicated by the dotted lines in the figure. Note that 
one probe, at R= 1.2m, is not working and shows zero current. During the gas puff, the particle 
flux at the inner strike point and in the private region (below the x-point between the two divertor 
legs) increases by more than a factor of two. This is confirmed by Thomson scattering density 
measurements[8] in the private region above the target plate. After the heat flux starts dropping 
at 1.5s the particle flux does drop in the private region, but that at the outer strike point, where 
the heat flux was initially high, does not. In fact, it remains higher than before the gas puff was 
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initiated. Thus, it appears that we have lowered the heat flux without a large drop in ion 
saturation current. 

Bolometer measurements show very similar radiation profiles for the deuterium and helium 
plasmas, but the radiating species is quite different between He and D plasmas. Though not 
shown here due to space limitations, the bulk of the radiation comes from the divertor region in 
both types of plasmas, with the peak emissivity located near the x-point. The peak emissivity is 
about 30% higher and the total radiating volume is about twice as large in the helium plasma 
compared to a similar deuterium discharge. Much more radiation comes from the inner leg and 
private region of the helium plasma than a comparable deuterium plasma. The radiating 
constituents are measured using a VUV broadband spectrometer covering the range 300-1700A 
and viewing the divertor along a vertical chord that passes near the x-point for these plasma 
configurations. Typical spectra for deuterium and helium plasmas with gas puffing and heat flux 
reduction appear in Fig. 4; the more significant emission lines are indicated. In deuterium 
plasmas, carbon is responsible for more than 50% of the total radiation, mainly by CIV emission 
at 1550A. In helium plasmas, Fig. 4b, carbon radiation is reduced dramatically so that He’ at 
304A responsible for 90% of the radiation loss in the divertor. 

4. Discussion and conclusions . 

This experiment produced a mixture of expected and unexpected results. The main feature of 
helium operation was the elimination of carbon as an important radiator during gas puffing, 
which we expected due to the removal of chemical sputtering as the primary impurity source. 
This had been predicted by UEDGE simulations and was confirmed by these data. Unexpectedly, 
we did not see such a strong reduction in carbon prior to the gas puff, which may suggest that 
physical sputtering from other divertor surfaces is important in high temperature (T, > 10eV) 
attached plasmas. The role of physical sputtering in the detached case seems minimal given the 
fact that the carbon content in the He plasmas dropped even though the target plate ion flux 
stayed high. The elimination of carbon as a significant radiator should have increased the density 
threshold necessary for producing strong divertor heat flux reduction by gas puffing. It didn’t. 
Strong heat flux reduction occurred at nearly the same fraction (60%) of the Greenwald limit in 
both deuterium and helium plasmas. Also surprising is the fact that the heat flux reduction factor 
was nearly the same in He and D plasmas. 

The VUV measurements showing that helium is the main divertor radiator provide the key 
data for interpreting these experimental results. We must ask how it is that we can obtain nearly 
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the same radiation loss from a helium plasma as from a carbon plasma when the plasma 
emissivities are so different, as shown in Fig. 5a. Here we plot the emissivity per ion per m3 vs. 
electron temperature for carbon and helium, assuming that the ions have sufficient lifetime for 
their charge-state distribution to attain coronal equilibrium; the two curves come closest at about 
7eV, where carbon radiates about 50 times better than helium. Finite impurity lifetime really 
only changes L(T) at higher temperatures, so is not likely to bring the two curves closer together. 

What allows helium to radiate as well as carbon is the fact that it is the primary plasma ion 
instead of an impurity at low concentration. If we assume that carbon in the cold divertor is 
ionized to Z=4 and that helium in the cold divertor exists largely as singly ionized HeII, then we 
can compute the relative radiation loss per m3 for each species. Conversely, we can compute the 
density of a pure He11 plasma needed to radiate as well as a known deuterium plasma containing 
a small, fixed fraction of CIV. Figure 5b shows the ratio of electron density for a pure He plasma 
to achieve the same radiative loss as a deuterium plasma with 5% or 10% carbon; it has a 
minimum of 1.2: 1 (1.6: 1) at 7eV for 10% (5%) carbon concentration; measured Doppler widths 
of the carbon lines in the D plasma indicate ion temperatures in this range. The core carbon 
measurements for a deuterium plasma suggest that the divertor concentration is at least 1.5%, 
though it is likely much higher since most of the source is presumably located in the divertor 
where the ion and neutral flux are highest. If the C concentration is a factor of two higher than in 
the core, then we are close to the values required from the simple model outlined above; we 
would also gain a further factor of the order two or less if we accounted for the increased volume 
of high radiation loss in the helium plasma. So it becomes plausible for helium to replace carbon 
as the main radiator in these plasmas. 

The fact that the peak divertor heat flux is reduced to similar levels in both D and He plasma 
probably results from i) the almost complete radiative dissipation of the heat carried along 
magnetic field lines by electron conduction, and ii) the similar geometry and location of the 
radiative loss near the x-point which is responsible for the residual divertor heat flux. Divertor 
Thomson scattering data for the helium plasma show that low temperatures (2eV) are obtained in 
the scrape-off layer near the x-point, from which we infer that even lower T, exist downstream 
near the target plates (we were unable to sweep the strike point across the Thomson beam due to 
control problems, so we have no data close to the plates). This is the same situation as in 
deuterium plasmas, in which it has been shown that electron conduction is negligible in the PDD 
plasma. 

The behavior of the target plate ion flux is not well understood since there is no 
corresponding drop in ion current when the SOL heat flux drops. There is, however, a drop in ion 
flux to the plates in the private region. We have examined Langmuir probe data from about 10 
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discharges and all exhibit similar behavior. We checked the location of the magnetic separatrix 
against the heat flux measurements, Tangential X-point TV images, and midplane Thomson data 
and found agreement to within the usual lcm error bar, so the ion flux really only changes in the 
private region where the heat flux is small anyway. What is needed is a complete set of 2-d data 
in the divertor from the x-point down to the target plates. Then we could see how the electron 
temperature and pressure vary and we could look at the spectroscopic data to see if the radiating 
species change along the divertor leg. The spectra of Fig. 4 do not show any He1 neutral 
emission lines that would indicate recombination, but the instruments line of sight did not pass 
near the outer strike point. 

In summary, we found that operating in helium and using helium gas injection to reduce the 
divertor heat flux was useful tool for changing the physics of the radiative divertor in DIII-D. 
While we have not fully analyzed the data as yet, it is clear that chemical sputtering plays an 
important role in carbon production in deuterium plasmas. It is also clear that many of the 
features of divertor radiation and heat flux reduction, such as operating density, maximum 
fraction, and spatial distribution, are robust and may be independent of the radiating species and 
details of the plasma-neutral interactions. What is not so clear is the necessary role of 
recombination and pressure balance along field lines. We hope to revisit these questions in future 
helium experiments. 
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Figure Captions . 

Fig. 1. Time history of deuterium (solid) and helium (dashed) plasmas in DIII-D with divertor 
gas puffing. Detachment (sharp drop in heat flux) denoted by markers at 1.65s for He and 2.4s 
for D plasmas. 

Fig. 2. Divertor heat flux profiles for helium and deuterium plasmas. Solid: L-mode with 2MW 
NBI heating. Dashed: same parameters but with gas injection. 

Fig. 3. Divertor ion saturation current profile vs. time. Helium gas puffing, L-mode plasma. 

Fig. 4. UV spectra from vertical chord at R=l.48m during gas puffing. Line-of-sight passes 
through core plasma, private region, and SOL just outside x-point at R=l.30m. 

Fig. 5. Top: Emissivity (coronal equilibrium) for helium and carbon. Bottom: Ratio of He to D 
density needed to obtain equal plasma radiation assuming deuterium plasma has stated fraction of 
C+3. 
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