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Abstract. A collaborative program has bee.,i initiated to measure helium (He) transport and
exhaust on DIII-D in L-mode, ELM-free H-mode, and ELMing H-mode. These diverted

plasmas operating in enhanced confinement regimes should provide valuable information for
the International Thermonuclear Experimental Reactor (ITER). To simulate the presence of
He ash in DIII-D, a 50 ms He puff is injected into a DIII-D plasma, resulting in a He
concentration of- 15%. The time dependence of the He density profiles in the plasma core is
measured with charge-exchange recombination spectroscopy and the He spatial distribution
on the divertor floor is studied with an impurity monitor array. The dependence of core
transport diffusivities as a function of ELM frequency have been studied and the first
demonstration made of He exhaust from an H-mode plasma in a diverted tokamak. The
exhaust rate of He from these ELMing H-mode plasmas appears to be within the acceptable

range for a fusion reactor, like ITER, based on a measured value of X*He/XE = 14.

1. INTRODUCTION

There would be substantial benefits in plasma performance if next-generation tokamaks, such as the
International Thermonuclear Experimental Reactor (ITER), could be designed to operate in the enhanced
confinement or H-mode regime. One possible difficulty, however, is that the core plasma He particle
confinement time is expected to be longer than that for L-mode (ITER Physics 1991). For burning fusion
devices, continuous purging of the helium (He) ash is essential. Estimates (Reiter el al 1990) show that newly
created He ions must be removed within 7 to 15 energy confinement times to maintain a continuous burn

(X*He/XE< 7 - 15). The ratio Z*He/'CEis a global figure of merit for a reactor, where 'C'He= XHe/(I-R), R is the
global He recycling coefficient, XHeis the helium particle confinement time, and XE is the energy confinement
time. Recent measurements (Hillis et at 1990, Hillis et at 1991, Synakewski et at 1990, Nakamura et at 1991,
Sakasm et al 1993) on TEXTOR and other tokamaks have demonstrated that He can be readily transported
from the plasma core in L-mode plasmas. The TEXTOR L-mode measurements (Hillis et at 1991) yielded

values of Z*He/_E = 9-20, which appear to be in the acceptable range for reactor ash control. More recent
measurements on TEXTOR with ALT-II pumping (Hillis et al 1992) investigated an enhanced confinement
regime (similar to an "ELM free" H-mode) which is produced by an edge polarization electrode

(Weynants el al 1991). In the polarization-induced enhanced confinement regime the ratio X*He/_Eincreases to
about 70, as compared with the L-mode value of 9-20. These measurements suggest that He removal may be
more difficult for high confinement regimes in burning plasmas; however, ELMing H-mode conditions were
not investigated in TEXTOR. A way to meet reactor ignition requirements could be realized if the helium
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density in the core could be regulated by low-level edge-localized modes (ELMs) and sawtooth activity,
without undue adverse effects on energy confinement. However, if He confinement in the core is too good in
H-mode, even the most efficient particle removal scheme will not remove the He ash quickly enough.

Thus, a key task in H-mode physics is to determine and quantify the processes which govern the rate
at which helium can be exhausted from ELMing H-mode plasmas. The successful execution of this task
requires determination of the intrinsic transport properties of He in the core plasma under a wide range of
conditions, the description of the influence of ELMs on the core transport rate, and the determination of the rate
at which He can actually be exhausted from H-mode plasmas by pumping.

In this paper recent results from DIII-D experiments are presented which give an encouraging
preliminary view of the suitability of the H-mode for reactor plasmas in each of these aspects. The core
transport rate has been studied as a function of ELM frequency (and/or neutral beam power), the role of ELMs
in directly transporting He to the SOL has been observed, and the first demonstration of He exhaust from an H-
mode plasma in a diverted tokamak is presented.

2. DIH-D EXPERIMENTAL SETUP AND METHOD

To simulate the presence of He ash in DIII-D, concentrations of 15% He (relative to ne) are puffed (~ 50 ms)
into the plasma during an otherwise steady-state phase of an H-mode discharge. This gas is generally
introduced approximately 300-400 ms after the L-H transition, providing enough time for the density and
temperature profiles to come into equilibrium. For these experiments a lower, single-null divertor
configuration was used with a toroidal magnetic field of 2.1 T, and a major radius of 1.67 m, and a plasma
current Ip = 1.6 MA. The vacuum vessel walls were conditioned via boronization and periodic helium glow
discharge cleaning (He GDC) between shots. Helium introduced into the vacuum vessel walls during He GDC

results in an ambient helium level of approximately ~ 3% (relative to ne) during the plasma discharge. No He
pumping is present for these discharges.

The transport of the He is monitored by measuring the temporal evolution of the helium density
profile in the plasma core with a high resolution spectroscopy system, which uses the techniques of charge-
exchange recombination (CER) spectroscopy in conjunction with neutral beam (NB) injection. The DIII-D
CER system consists of 32 viewing chords, which span the entire plasma cross section (Gohil et al 1992).
Helium density profiles are derived from measurements of the intensities of the He II (n = 4--03) transition at

4686 A. Absolute calibration of the sensitivity of each chord has been accomplished using standard calibration
lamps and injection of the neutral beam into a gas-filled torus.

2.1. DIII-D experiments in H-mode without helium pumping

A typical ELM-free H-mode discharge on DIII-D is shown in figure 1 along with the Dot and He signals
(measured by a photomultiplier array which views the divertor floor at the strike point of the divertor flux). To
induce the H-mode, 10.4 MW of neutral beam power is injected for 200ms. To maintain an ELM-free H-mode,

the beam power is then reduced to 4.4 MW for the remainder of the discharge. For the ELM free discharge of
figure 1, an ELM free H-mode period of about 0.5 s is achieved. Just after the 50 ms He puff at 2.0 s, the line

averaged electron density increases and both the He and Dot photomultiplier signals increase dramatically.
From 2.1 to 2.5 s in figure 1, an ELM free H-mode is maintained, before the appearance of 6 giant ELMs.
During the ELM-free period the electron density continues to rise until 2.5 s when the fu'st giant ELM appears;
a slight drop in the density occurs with each of the subsequent giant ELMs.

In figure 2 the He density prof'de for the ELM-free period (t = 2.36 s) is plotted versus the normalized
radius, p, and compared to the electron density profile measured via Thomson scattering. During this ELM-
free period, both profiles have similar flat central profiles and steep edge gradients. The shape of the electron
density profile and the He density profile are essentially the same. During this ELM free period the energy
confinement time xE is about 200 ms. To investigate the influence of ELMs on the He density profile, the He
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profileis displayed in figure3 for theperiod of time just before (t = 2.66 s) and during the giant ELM at 2.68 s.
The He density profile indicates tha, lie is lost from the edge plasma (p > 0.5) during the giant ELM, while the
profile is unaffected forP < 0.5. The He photodiodesignals of figure 1 shows that the He+ line emission from
the divertorincreasesabruptly when .Vieis purgedfrom the coreplasma edge, suggesting a sharpincrease in the

divertorHe content. If pumping were provided
1.20.1electrondensity _ I in the baffle region of DIII-D, then the He

(.,o2o.,.3) I purged during the ELM event could be

I' _,. ,, _ removed.
0.00 "_ ................. *!

In figure 4, a comparison of the He

0.|o-t , i i t k,t, I density profiles is presented for a typical
A. U IL._._._.a_J_. _a_ [ L-mode and a typical H-mode discharge on

0" t _;.._'._ DIII-D. The H-mode discharge shown inoa -- figure 4b has an ELM frequency of = 40 Hz.
0_ Unlike the ELM-free H-mode, He density

-,- profile which has a very steep edge gradient, the
..*-_ L-mode and ELMing H-mode discharge He

--- density profiles fall off more slowly near p = 1.
o The data of figure 4 have been modeled with the0.00, .........,.........,.........,.........,.........,.........,.........,.........,........., .........

1.8 _,_ 2.8 3.0 3., a.8 MIST impurity transport code (Hulse et al
Tlme (s) 1983), which has been modified to include the

Figure 1. An H-modedischargewithan ELM-freeperiod DIII-D non-circular geometry. MIST uses as
of 500ms (2.0 - 2.5s)followedby a seriesof giantELMs. input the experimentally measured ne and Te
Displayedare ne and the divertorDotandHe (4686 A,) (Thomson scattering) profiles as a function of
signals, measuredwith photomultipliersthat view the radius and time, and ELM effects axe found to
regionnearthedivertorstrikepoint, be well represented by the parametrization of

the Helium flux in terms of a pinch term based
on ne. The helium particle flux Fotis described by an anomalous diffusivity, DHe, and a pinch coefficient, Cv,
where the pinch velocity, Vot,is definedby:

n,V_ ( r) = C,D H,(r )_r
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Figure 2. Typical electron and He density profile for Figure 3. Helium density profile measured with
the ELM-free period shown in figure 1. The points CER spectroscopy just before and after a giant
with error bars are CER measurementsof the He ELM event during the H-mode discharge of
density,and the solid line is a splinefit throughthe figure1.
Thomson scattering measurement of the electron
density.
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In an equilibrium state, the pinch coefficient has the form Cv = Ln e / Lnot where Lne and Lnot are the electron
and helium density gradient scale lengths, respectively. Hence, if the helium and electron density profiles have

the same shape, Cv =1.0, indicating no preferential accumulation or dilution of helium in the discharge.

The code requires as input a spatially dependent anomalous diffusivity, DHe(core) - 0. I m2/s to
DHe (edge) -- 0.9 m2/s, a pinch coefficient Cv, and a global recycling coefficient RHe, which is 1 for these
cases without He pumping. The value of DHe and Cv is then determined by finding the best comparison
between the simulation and the measured profiles through iterative runs of the MIST code. The MIST results
are shown in figure 4 as solid or dashed lines for comparison with the He data points. The transport

coefficients needed to match the He profile evolution of the ELMing H-mode case are DHe =-0.9 m2/s and
Cv = 1.0. For the discharges studied thus far on DIII-D (L-mode, ELM-free H-mode, and ELMing H-mode),

6.0 . . . , . . . , . . . , . . . , . . . , ....... 2.5 . . . , ....... , . . . , . .. , . . .

L-mode f] ELMingH-Mode
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Figure 4. Helium density profiles measured during L-mode and ELMing H-mode at lp = 1.6 MA along with

curves showing the sensitivity to variation of the pinch coefficient C v. The curve corresponding to C v = 1.0 is

the normalized electron density profile derived from Thomson scattering measurements.

the pinch coefficient Cv is very close to unity, thus suggesting that enrichment of helium in the core of a fusion
reactor may not be a significant problem.

2.2 Effects of ELMs on helium transport

Several experiments have shown that impurity accumulation is not as prevalent in ELMing H-mode discharges
with ELMs (Luxon 1991). As is demonstrated in figure 3, the ELMs purge a significant amount of He from
the plasma edge (for p > 0.5). ELMs also have an effect on global energy and particle confinement. Previous
studies on DIII-D have shown that ELMs only slightly modify the global energy confinement time from similar
quiescent H-mode discharges (= 20%) (Schissel et al 1992). Since the ELMs are quite effective in removing
helium from the edge of the plasma, it is conceivable that by controlling the ELM frequency, one may

be able to lower ¢*He/'CE without compromising a great deal on energy confinement (or, alternatively,
DHe/7,,eif, where Xeff is the thermal conductivity). To experimentally determine the value of x He requires
active He exhaust, which was not available for our core transport measurements; therefore, the quantity
DHe/Zeff is determined for the steady state phase of the discharge as was done for recent TFTR transport
experiments (Synakowski et al 1993).

To investigate the influence of ELM frequency on He transport in Dill-D, the ELM frequency was
varied during successive discharges by changing the neutral beam injection power while the plasma current was

held fixed at 1.6 MA. In this manner, the ELM frequency was varied from 0 Hz (PNBI = 4.0 MW) to 120 Hz
(PNBI = 12.5 MW). During this scan, the global energy confinement time decreases by a factor of 3 (due to an

increase in injected power), while MIST analysis indicates an almost eight-fold increase in DHe. The quantity
DHdXe ff for these ELMing H-mode discharges is plotted versus the ELM frequency in figure 5. Here Xeff is
determined from the DIII-D - ONETWO transport code using the experimental profiles from Thomson
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scattering, electron cyclotron emission, Ti, Zeff, and radiated power. The value of DHe/7,,eff increases from a
value of - 0.4 for an ELM free H-mode (0 Hz) to - 1.3 for an ELM frequency of 120 Hz. This suggests that a
favorable trend exists for enhancing helium transport relative to energy transport as the ELM frequency is
increased and makes an ITER scenario based on ELMing H-mode conditions more feasible.

2.3 DIII-D experiments in H-mode with active He pumping

Recently, the first active He pumping experiments were performed on DIII-D using the advanced divertor
program (ADP) eryo-pump (reference), which was conditioned with an Ar frost layer to provide He pumping
(Kim et al 1990). During the active He pumping phase of the experiment the ADP cryo-pump was conditioned
with an Ar frost layer of - 1500 tort-liters of Ar between shots, which provides a He pumping speed of about
12,000 liters/s. Figure 6 shows two identical DIII-D discharges: one without active He pumping (no
conditioning of the cryo-pump with Ar frost), and a second discharge with active He pumping. These
discharges were similar to the discharges described earlier, but the plasma current was 1.0 MA. For these
discharges in figure 5, feedback control on the external D gas fueling was used to keep the electron density of

the background plasma approximately constant, ne = 4 x 1019 m"3 during the NB phase. In figure 5 the He
density rises sharply just after the He gas puff (t = 1.5 s), and the He appears in the core plasma (p = 0.3) within
100 - 200 ms. For both of the discharges the outer strike point is well removed from the pumping baffle
until 2.0 s, when the outer strike point is moved into the optimum pumping location near the ADP pump (major
radius, R = 1.71 m). For the case without pumping, the He density remains constant after the initial rise,

indicating full recycling (RHe = 1.0) of the He. With active He pumping, which begins at 2.0 s, the He density
drops rapidly and - 70% of the He found in the discharge is exhausted within ~ 2 s. This discharge is an
ELMing H-mode discharge with an ELM frequency of ~ 40Hz. The active removal of He from this ELMing
H-mode discharge is very similar to the results found on TEXTOR for an L-mode discharge (Hillis et al 1990).
Utilizing the decay of the He density versus time during the pumping phase, the He particle confinement time,

X'He in the vacuum vessel is '_*He = 2.5 s. Diamagnetic measurements provide estimates of the energy
confinement time, xE ==0.180 s. For the ELMing H-mode discharge of figure 5, this yields a X*HJX ---14,
which is in the acceptable range for a fusion reactor. This data is for an ELM frequency of only 40 Hz and,
based upon the data of figure 4, as one goes to higher ELM frequencies ("grassy" like ELMs), one can expect

an even more optimistic value for X*HJXE.

1.6 ---,---w---,...,..-,.--v.--,... 10 ', • • • , .... , .... v .... v .... , .....
1.4 P = 0.4 o NoHeliumPumping

P = 0'3_.T_T_ • with HeliumPumping
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Figure $. Scaling of the parameterDHe/Zeff as the Figure 6, He density (p = 0.3) measured with CER
ELM frequency is varied from 0 Hz (ELM-free) to spectroscopy versus time both with and without He
120 Hz. The ELM frequency is variedby increasing pumping on DITI-Daftera short50 ms He puff at 1.5 s.
the inputneural beam power,which is indicatedabove
the ELM frequency.
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3. SUMMARY AND CONCLUSIONS

In these DIII-D experiments, a f'u'st look at the effects of ELMs on H-mode He transport has been presented.
During a giant ELM event, the He is purged from the plasma edge for p > 0.5; it is observed in the divertor as
evidenced by an increase in a He photodiode measurements in the divertor chamber. It is also observed that as

ELM frequency is increased the ratio of the He particle diffusivity and the heat conductivity, DHdXe ff also
increase. This is strong evidence that higher ELM frequencies will expel He more efficiently from the

discharge into the divertor where it can be removed by an active exhaust system. Finally, these experiments
have shown that He can be exhausted efficiently from an H-mode plasma in a diverted tokamak with a value of

"C*He/'_E = 14, which appears to be within the acceptable range for a fusion reactor, like ITER. Future

experiments on DIII-D will investigate this ratio over a larger operational space and for higher ELM
frequencies, as well as employ He neutral beam injection to provide a central source of He.
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