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ABSTRACT

D2 gem injected into ELMing H-mode discharges in DIII-D reduced total integrated

heat flux to the divertor by _2x and peak heat flux by _5x, with only modest degradation

to plasma stored energy. Steady gas injection without particle pumping resudts in eventual

degradation in stored energy. The initial reduction in peak heat flux at the divertor tiles

may be primarily due to the increase in radiated power from the X-point/divertor region.

The eventual formation of a high density region near the X-point appears to play a role in

momentum (and energy) transfer from the flux surfaces near the outboard strike point to

flux sm_'aces farther out into the scrapeoff. This '.nay also contribute to further reduction

in peak heat flux.
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1. INTRODUCTION
,'

The anticipated heat loads at the divertor plates in next generation tokamaks are

expected to be large enough to cause concern both from the standpoints of mechanical

integrity and erosion rate. For the present International Thermonuclear Experimental

Reactor (ITER) design, peak heat fluxes in the neighborhood of 20 MW/m 2 could occur.

By raising the radiated power level in the divertor, it may be possible to reduce high peak

heat flux values to more manageable levels. A second important benefit of radiative cooling

in the divertor is the reduction of plasma temperature and sheath potential at divertor

strike points, with the resulting lowering of the ion impact energy.

Neutral deuterium gas injection during the discharge has been suggested as one way

of reducing heat flux via radiation and/or momentum transfer and ionization collisions

with the neutral gas [1-5]. This has been demonstrated in JET and in DIII-D [6]. In

this paper, we report on more recent and better-diagnosed experiments dealing with D2

injection into ELMing H-mode discharges.z
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2. OVERVIEWOFTHE ELMingDISCHARGES
DURINGD2 INJECTION

Gaseous divertor experiments were performed on ELMing H-mode discharges in the

parameter range: Ip = 1.0 to 2.0 MA, Bt = 1.4 to 2.1 T, _ < 14 MW, Z_fr < 1.2,

q_5 = 3.2 to 5.8. These plasmas were single-null divertors, where the X-point was located

typically 0.2 m above the graphite tiles of the lower divertor. The ion grad-B drift was

toward the X-point.

ELM.ing H-mode discharges evolved through four distinct phases during D2 injection.

Phase I spanned the time from the start of D2 injection to the point where abrupt changes

were observed in the divertor/X-point region; we refer to this latter time as the "recycling

transition." From the recycling transition to the end of the ELMing H-mode defined

Phase II. During Phase III, the discharge was in L-mode. In Phase IN', the core plasma

had detached from the divertor, i.e., heat flux and recycling activity went essentially to

zero. Continued D2-injection during Phase IV eventually led to a density llmit disruption

[7]. For this paper, the focus is on Phases I and II.

Figure 1 shows a representative example of discharge evolution during a constant D2

injection rate of 150 Torr _/sec. This injection rate was _10% of the "natural" particle

recycling at the divertor plates prior to t = 9.300 ms, and was roughly 10 times the

fueling rate from the neutral beams. This D2 injection case (solid lines) is compared with

a reference shot (dashed lines) without D_ injection, but otherwise identically-prepared.

Both discharges displayed rapid ELMing (> 100 Hz) at t = 2300 ms.

Though D2 injection reduced both the total heat flow onto the divertor tiles (Pdtv)

= and peak heat flt_x on the divertor tiles (Qcuv,pe_), the hnpact was substantially greater

on the latter. Pdlv diverged from the reference shot shortly after _ = 2G00 ms (Phase I)

and was _80% (40_) that of the reference shot by the end of Phase I (Phase II). The

peak heat flux to the divertor tiles (_dlv,pe_) showed a more dramatic drop during D2
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Fig. 1. A dischargewith D2 injection during an ELMing H-mode (solid) is comparedwith a
non-D2 injection referenceshot (dashed). For both cases,lp = 1.5 MA, Be = 2.1 T,
Plnput = 10.2 MW, a = 0.60 m, b/a = 1.8, andqgs = 4.2.
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injection. By the end of Phase I, Qdlv,pe_ was approximately 50% that, of the reference

discharge and fell further to about 20% of the reference shot value during Phase II.

Total measured radiated power (Pr_) started to rise shortly after _ = 2650 ms (as

Pcuv started Lo drop). During the post-transition H-mode, Pr_i was approximately 2.5 MW

above that of the reference case. Fhrther analysis of the bolometric data indicates that

_bout 80% of this raxiiation incre_e w_ outside the separatrix-defined flux surface of the

plasma, Bpecifically in the X-point/divertor region (Pr_i,div). Roughly 40% to 150%of

the radiated power in the X-point/divertor region is believed to be hydrogenic, based on

modeling of a timeslice immediately prior to the end of Phase I [8].

The reduction in peak heat flux was accompanied by only a small drop in energy

confinement. Plasma stored energy (WT) showed virtually no difference between the D_

injection ca_e and the reference c_e dur}ng Phase I. WT fell about 15%to 10% at the onBet

of Phase II, was constant over most of Ph_e II, but fell again near the end of Phase II.

Line-averaged density (Se)incre_ed through Phase I and Phase II, and was approximately

1515%above that of the reference shot by the end of Phase II._

-
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3. PLASMA CORE DURING D2 INJECTION
i

i

Deuterium gas injection had a :much greater impact near the edge of the plasma core

(p/a > 0.9) than in the interior of the plasma core. The initial reduction in plasma stored

energy shown in Fig. 1, for example_ was entirely the result of a drop in Te near the edge

of the plasma core. Figure 2 shows a pronounced drop in electron temperature (T,) near

the separatrix-defmed flux surface (p/a = 0.94) at the start of Phase II. (Electron density

did not show measurable change.) This implies a reduction in electron stored energy at

p/a = 0.94 at the start of Phase II, although electron energy density at a more interior

point of the core plasma (p/a = 0.74) showed no reduction. (The product n_ x T_ has

been normalized to facilitate comparison.) This drop inTe, as measured via Thomson

scattering at a location poloidally-opposite the X-point, was accompanied by a rise in

electron density near the X-point. This is suggested by the increased fractional difference

in line-averaged density chords (A _,e/fie), where A fie is the difference in the line-averaged

density of a CO2 interferometer chord that passed near the X-point and a chord that did

not. Recycling radiation (Da-X-point) and CIII radiation (4647.5/_) near the X-point

also increased at this time. Based on CO2 and other diagnostic measurements [7], we

estimate the line-averaged density through this region is roughly 2 to 3 x 102° m -s. The

radiative and high-density nature of this phenomenon suggests that it was a MARFE

[9-10].

The electron density profiles in the core were generally flat during D2 injection. As

density built up in the core, it also increased in the serapeoff. T_ was typicMly several

times greater than Te near the separatrix, l_br the shots in Fig. 1, electron temperature on

= the separatrix-defined flux surface (opposite the X-point) was ,,_50 eV early in Phase _i_

compared with the 200 to 250 eV of the reference shot.
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4. SCRAPEOFFAND DIVERTORREGIONSDURINGD2INJECTION

There were very pronounced changes in the divertor and X-point regions near the

recycling transition. These changes suggest that momentum transfer across the scrape-off

flux surfaces was occurring.

4.1. RECYCLING

Recycling activity increased sharply on the outboard side of the X-point in the

divertor region following the rise in X-point density. Figure 3 shows a strong increase in

the D= signal on a detector that was mounted from a port vertically opposite the X-point

and had a line-of-sight passing between the X-point and outboard divertor strike point

(D=-OUT). On the other hand, the D,, signal of a detector mounted at the same port

location and monitoring the inboard strike point (D=-IN) showed a reduction in the D=

signal. On both detectors, there was an increase in the ELMing frequency. (The increase

in the ELMIng frequency in Phase II was typical of the D2 injection shots and was Hkely

tied to changes in the density and temperature profiles at the edge of the core plasma.)

While the signature of theELM on the D=-IN signal was characteristic of an ELMing

plasma, the ELM signature on the outboard divertor leg (D=-OUT) in Phase II was not

: typical. This is seen in the time blow-up in Fig. 3. Instead of the expected spike on D_-

OUT following each ELM event, D=-OUT dropped for several milliseconds before rising

abruptly to a higher signal level. In subsequent discussion, it is convenient to refer to

the period immediately following an ELM event as E(LM) stage and to the period when

the D_,-OUT signal returned to relatively higher levels as the R(elaxation) stage. Density

buildup near the X-point (A _,/K.) dropped during the E-stages and recovered during the

R-stages.
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Fig. 3. D= radiation on chords monitoring locations near the inboard strike point (Dc,-,IN) and
along the outboard leg of the divertor (Da-OUT) is shown for the D2 injection shot of
Fig. 1. The timescale near the "recycling transition" is expanded to show the bimodal
behavior in the recycling: E(LM) period and R(elaxation) period. Density buildup near
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4.2. ELECTRONTEMPERATURE AND DENSITY AT THE DIVERTOR STRIKE POINTS

Langmuir probe measurements of electron density ,xud temperature showed that the

inboard leg was virtually detached by the end of Phase I. (For the reference shot, the peak

in the electron density on the inboard side was _,, 1.8 x 1020 m -3 and Te "-_15 eV). Figure 4

shows the evolution of ne and Te along the graphite tiles under the outboard divei_or leg

for the shots in Fig. 1. In the ref:,;ence shot, ne and Te near the outboard strike location,

as determined by the EFITD magnetics code [11], were roughly 0.8 x 102° m -a and 30 eV,

respectively; both profiles decreased monotonically with increasing major radius R. By

the end of Phase I (pre-transition) in the D2 injection shot, he-values across the outboard

divertor had increased sigzfificaatly, and the Tc-value nearest the outboard strike point had

decreased by about a factor of two.

Electron density and temperature behavior at the start of Phase II (post-transition)

was complicated by the bimodal behavior discussed above. Langmuir probe analysis was

° done for both the E-stage (t -- 2766 ms) and R-stage (t = 2771 ms) and the results are

plotted on Fig. 4. Two striking features stand out. First, there was a wide variation in

: electron density near the separatrix strike point between the R- and E-stages. The E-stage

had electron density about an order of magnitude above that of the R-stage, Second, in

either E- or R-stage, both electron density and electron temperature increased away from

the separatrix, unlike the pre-transition profiles, which peaked on the sepaxatrix.

4.3. HEAT FLUX ON THE DIVERTOR TILES

: The peak heat flux of 4.2 MW/m 2 just prior to the start of D2 injection had fallen to

about 2.5 MW/m 2 by the end of Phase I, as shown in Fig. 1. After the recycling transition,

" Qdiv,p_,k continued to decrease, but the profile broadened significantly. In particular, heat

flux well outside the separatrix intercept in fact increased. Continued D2 injection erased

: virtually all evidence of the initial beat flux peak by t = 2880 ms.
_
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4.4. PLASMA PRESSUREIN THE MID-PLANE SCRAPEOFFAND DIVERTOR REGIONS

The pressure balance equation derived from the continuity and momentum fluid

equations can be written [12]:

ne,m (Te,m-_" Tl,m) == 2ne,d (Te,d + _r],d) ,

where the d-subscript refers divertor values and the m-subscript refers t;o the corresponding

values found on the mldplane on the same flux surface. The above equation assumes

highly subsonic flow. Since there was no Ti measurement at the divertor, we also assume

_/l,d = Te,d. Measurements of Te,m (by Thomson scattering) and _/l,rn (by charge-exchange

recombination) showed that Ti,m was typically 2 to 6 times Te,m.

In Fig. 5, the midplane plasma pressure profile (solid) is matched with the corre-

sponding plasma pressure profile along the divertor tiles (d_hcd) for (a) pre-puff, (b) pre-

transition, and (c) post-transition. In the pre-puff case, both profiles were peaked. Late

in Phase I (pre-transition), both pressure profiles were still peaked. In the post-transition

(early Phase II_ the radial pressure profile in the midplane remained peaked, although

the profile in the divertor had lost its peaked character (E- and R-stages). These results

suggest that during Phase II there was a momentum sink along the outboard scrape-off

flux surfaces near the separatrix, and a corresponding momentum source farther away.

I
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S. DISCUSSION

The measured increase in radiated power to the divertor/X-point region during D2

injection was generally comparable to the reduction in total integrated heat flux on the

divertor tiles. The reduction observed in peak heat flux near the outboard separatrix strike

point late in Phase I could be attributable to increased radiated power in the vicinity of the

X-point/divertor region. Modeling of the divertor and plasma scrapeoff at a time shortly

before the end of Phase I indicates that s substantial fraction of this radiation (40% to

50%) was deuterium-related line radiation. The bulk of the radiation could be due to

increased impurity radiation (mainly carbon) resulting from the rise in divertor fueling.

We have no way to measure Z_. in the divertor and scrapeoff, although Zefr in the core

plasma of this discharge was <1.2. This suggests that D2 injection generated a significant

amount of boundary radiation without compromising the cleauliness of the core plasma. •

A dramatic change in the divertor and X-point conditions took place at the start of

Phase II. During the R-stage, we observed a sharp rise in both recycling and density near

the X-point. The rise in the density near the X-point coincided with the drop in density

and temperature downstream near the outboard divertor strike point and a rise in electron

density and temperature moving outward from the strike point. This suggests that thez

: density buildup (MAt_E) near the X-point early in Phase II not only reduced heat flow

on the scrape-off flux surfaces passing near the X-point via radiation, but also created

a momentum sink for plasma flow along flux surfaces nearest the outboard strike point,

transferring some of this "lost" momentum (and energy) farther out into the scrapeoff.

This momentum transfer process was likely responsible for the broadening in the heat flux
z

profile occurring at this time.
=

The mechanism (or mechanisms) responsible for this transfer of momentum will not

be resolved in this paper. In addition to several atomic and molecular processes with

14



comparable reactivities for the temperatures and densities measured in the divertor, such

as electron impact ionization, charge-exchange, molecular dissociation, and elastic ion-

neutral collisions, the highly dynamic nature of ne and Te in the divertor during Phase II,

coupled with the periodic appearance (and disappearance) of the upstream MARFE, does

not 1end itself to standard modeling methods. One can surmise, however, that neutral

atomic and molecular species are an importa.nt ingredient. Neutral presmrre measured

from a floor location under the X-point was typically 3 to 5 retort prior to the recycling

transition and is well above these values during Phase II. These pre-transition pressures

correspond to a room temperature molecular density of 1-2 x 102o m -s. Thus, the outboard

separatrix flux surface from the X-point down to the strike point was exposed to significant

numbers of molecular and atomic neutrals. Under these conditions, we estimate that even

fairly energetic ions are likely to scatter many times before traversing the distance from

the X-point to the strike point (,-,5 m in D/II-D).

|
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@.CONCLUSIONS

D2 injection into ELMing H-mode plasmas in D III-D was effective in reducing the

peak heat flux on the divertor tiles by several times. Both enhanced radiated power and

momentum transfer played roles in this reduction. In addition, D2 injection was effective

in reducing the peak heat flux without significant cost to the core plasma confinement,
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