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ADVANCED TOKAMAK PHYSICS EXPERIMENTSON DIII-D T.S Taylor & The DIII-D Team

ABSTRACT

Significant reductions in the size and cost of afusion power plant core can be
realized if simultaneous improvements in the energy confinement time (tg) and
the plasma pressure (or beta Bt =2 pg < p>/B$) can be achieved in steady-
state conditions with high self driven bootstrap current fraction. In addition,
effective power exhaust and impurity and particle control isrequired. Significant
progress has been made in experimentally achieving regimes having the required
performance in all of these aspects as well as in developing a theoretical
understanding of the underlying physics. We have extended the duration of high
performance ELMing H—-mode plasmas with By Hggp ~ 10 for 5 1 (~1 s) and
have demonstrated that core transport barriers can be sustained for the entire 5-s
neutral beam duration in L—mode plasmas. Recent DI11-D work has advanced the
understanding of improved confinement and internal transport barriers in terms of
ExB shear stabilization of micro turbulence. With the aim of current profile
control in discharges with negative central magnetic shear, we have demonstrated
off-axis electron cyclotron current drive for the first time in atokamak, finding an
efficiency above theoretical expectations. MHD stability has been improved
through shape optimization, wall stabilization, and modification of the pressure
and current density profiles. Heat flux reduction and improved impurity and
particle control have been realized through edge/divertor radiation and
understanding and utilization of forced scrape off layer flow and divertor baffling.
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|. INTRODUCTION

The viability of atokamak as an economically and environmentally attractive power
plant requires for ignition margin, sufficient energy confinement time (tg), for adequate
fusion power density, sufficient volume average toroidal beta, B = 2 pg[PIB2, and for
low steady-state recirculating power, sufficient self-driven bootstrap fraction. An energy
confinement enhancement, Hgop = TE/TE |TERS9P 2 2, Or Hogy = TE/TE |TER9gY =1, and
anormalized beta, BN = B/(1/aB) = 2.5%-m-T/MA, are considered sufficient for ignition,
and engineering testing in ITER.1 Tg |Tersopis the ITER L—-mode energy confinement
scaling,?2 and T g |TER9gy iS the thermal energy confinement scaling for ELMing
H-mode.l A number of short pulse tokamak experiments have obtained confinement
with Hggp ~ 34, and high normalized beta, BN ~ 4-6, have been observed in some
cases.3 If this factor of near two improvements in performance can be maintained in
steady-state conditions, an approximate factor of two reduction in size, capital cost, and
cost of electricity for afusion power plant could be gained.4>

The DIII-D research program is aimed at developing the scientific basis for
advanced modes of operation which can enhance the commercial attractiveness of the
tokamak as an energy producing system. Features that improve the attractiveness of the
tokamak as a fusion power plant are those mentioned above, high (3, high 1g, and high
bootstrap fraction, as well as adequate divertor heat removal, particle and impurity
control. The study of tokamak operational scenarios which simultaneously achieve these
features has become known as "advanced tokamak" (AT) research.

This manuscript is areport of progressin the AT research in DIHI-D. In Section I,
we report on the progress toward increasing the duration of high performance discharges
on DI1I-D, and NCS discharges as a steady-state scenario, In Section Il1, we discuss the
progress in understanding the transport and transport barriersin DIl1-D, and initial results
of off-axis current drive with electron cyclotron current drive (ECCD). Our present
understanding and progress in stability are given in Section |V, including the effects of
the pressure profile, neoclassical tearing modes, and wall stabilization. In Section V, we
report progress in high density discharges, the impact of flows on impurity enrichment
and the understanding of convection and recombination in radiative divertor plasmas. In
Section VI isashort summary.
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II. PROGRESS TOWARDSINTEGRATED,
STEADY-STATE, IMPROVED
PERFORMANCE PLASMAS

In order to establish their future relevance for fusion, improved performance sce-
narios must demonstrate a path towards ultimate steady-state operation. This requires
demonstrating that improved confinement plasmas can be sustained for long pulses at
high beta values as well as developing the tools which will be needed for steady state
operation.

Figure 1 demonstrates our progress during 1998 in moving towards steady-state
improved performance discharges. In this figure, we measure our approach to steady
state with tquration/TE, the duration of the high confinement phase divided by the energy
confinement time. We measure advanced tokamak performance through the product of
normalized beta, By = B (aBt/lp), and the confinement enhancement factor H relative to
the ITER confinement scaling law. For ELMing H—mode, we will use Hggy, which is
defined relative to the most recent scaling for thermal energy confinement time in
ELMing H-mode.l An example of such an improved performance discharge is shown in
Fig. 2.6 Linesindicating the By and Hogy values required for ITER and the ARIES-RS
reactor study® are also shown, indicating that this discharge exceeds the ARIES-RS
requirements on the By Hogy product. A By Hogy product exceeding 6 is sustained for 1 s

(51E).

Two approaches have been taken to improve plasma performance and duration asis
illustrated in Fig. 3. One approach is more aggressive in pushing high power to reach
high Bn while the second has emphasized more the long pulse aspects. Both utilize the
technique of an early neutral beam injection during the current ramp that was developed
over the past several years in developing the negative central shear scenario and
producing core transport barriersin DIlI-D,78 JET,9 JT60-U,10 and TFTR.1112 A key
feature in sustaining the good performance in these discharges is the absence of sawteeth
and q(0) 2 1. Neither shot shows the rapid, localized change in temperature gradient
characteristic of a strong, localized core transport barrier; however, transport analysis
indicates improvement in ion thermal diffusivity over most of the discharge relative to
standard ELMing H—mode.
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Fig. 1. Plot of the B H product versus normalized discharge duration for DIlI-D
prior to 1998 (triangles) and more recent shots (squares). The shaded region shows
our progress during 1998. All these discharges are H—modes; accordingly, the
confinement enhancement factor Hggy relative to the H-mode scaling is used.
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Fig. 2. Time evolution of a high performance DIII-D discharge. The 1 s duration is
comparable to the current profile relaxation time scale. Some parameters of interest
during the high performance phase are: 3 ~ 4.5%, ng/ngr ~ 0.5, q(0) ~ 1, gg5 = 4.4, Tth ~
0.21 s, and fg ~ 50%, where ng, is the Greenwald density and f,g is the bootstrap fraction.
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Fig. 3. Time histories and radial profiles of two recent DIII-D shots emphasizing long pulse high
performance. Shot 95983 (a) reached By Hogy about 7 for 3 Tg while 96202(b) achieved By Hggy around 3
for 25 te. (The corresponding By H products using the ITER89P L—mode scaling are 10 and 5
respectively.) The high performance phase of shot 96202 was terminated only when the neutral beam
power was turned down while that of 95983 degraded due to the onset of neoclassical tearing modes. Shot
95983 was at 2.1 T toroidal field and had aline averaged density 5.4x101° m=3 during the high performance
phase while shot 96202 was at 1.9 T toroidal field and had aline averaged density of 2.7x1019 m3.

High performance is obtained in these discharges with modest bootstrap current:
the bootstrap fraction is approximately 50%. Alignment of the bootstrap current at high
bootstrap fraction requires a slight modification of the current profileto a hollow current
profile and a region of negative magnetic shear.13-16 This regime has been obtained
experimentally on many tokamaks, and highest performance in DI11-D17 and JT-60U18
has been transiently obtained in the negative central magnetic shear (NCS) scenario.
There are a number of advantages to the NCS scenario including, bootstrap alignment at
high bootstrap fraction, the potential for high beta with wall stabilization, and proven
high confinement with an internal transport barrier (ITB). The challenge remains to
develop transport understanding, transport barrier control and current profile control to
extend the NCS regime to steady state.
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[11. UNDERSTANDING AND CONTROLLING
CORE TRANSPORT

In order to extend the improved performance results from present machines to
future devices with confidence, we must finally develop a predictive understanding of
tokamak transport and transport barriers. In addition, improved performance scenarios,
especially in self-heated burning plasmas, will require development of new tools to con-
trol transport.

In the NCS regime, an ITB is often observed in the ion thermal and particle trans-
port, and sometimes in the electron thermal transport. The ITB is observed as a rapid
change in the gradient of the ion temperature, and the rotation velocity on DII1-D.19 In
NCS discharges with an H-mode edge, the ion transport is observed to be near the neo-
classical level across the entire discharge. Although, an ITB is often observed in theion
channel in discharges with weak positive magnetic shear, the ITB is most clearly repro-
ducibly obtained with negative shear. An ITB in the electron thermal channel is only
observed with negative magnetic shear. A comparison of the transport of two discharges,
one with weak positive shear, and a second with negative magnetic shear is shown in
Fig. 4. In Fig. 4(a), the ion transport is near the neoclassical level across the entire
discharge, and the electron transport is not much changed (it is reduced near the boundary
asin most H-mode discharges). In Fig. 4(b), a discharge with large negative shear in the
core, exhibits a clear reduction in both the ion and electron transport channel .20

The reduction of transport is consistent with sheared ExB flow stabilization of
microturbulance.19-22 Elevated g(0) and the negative magnetic shear stabilizes MHD
turbulence. Sheared ExB flow decorrelates the turbulent eddies, reducing transport.
Complete stabilization is predicted when the measured ExB shearing rate, wexp, exceeds
the calculated maximum linear growth rate, ymax. The measured reduction in transport;,
the measured reduction in density fluctuations from far infrared scattering, beam emission
spectrometry, and reflectometry; and the condition wexg > Ymax are well correlated in
space and time.

Although the creation of ion thermal and angular momentum transport barriers has
been connected with ExB shear stabilization of turbulence both theoretically and
experimentally, the physics governing the electron channel is less well understood.
Electron thermal transport barriers are much more difficult to form in DIII-D than ion
barriers and seem to require much greater magnetic shear.20,23,24 Electron heating with
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Fig. 4. Calculated thermal diffusivities from measured profiles from (a) a weak
positive shear discharge with an H—-mode boundary, and (b) an L—-mode NCS
discharge. Xe, solid; X;, dashed, and X, (neo), dotted.

either ECH or fast waves has been used to probe the physics of core transport
barriers.24.25 For reasons that are not completely clear, central electron heating during
the end of the core ion barrier formation phase tends to weaken the ion barrier, resulting
in some reduction in core ion temperature and core ion rotation. This effect occurs only
within the core barrier region with the ion profiles outside this region remaining
unchanged by the additional electron heating. Both ion and electron thermal diffusivities
increase after the application of the core electron heating, with the electron diffusivity
rising almost an order of magnitude.20.24 The changes in the ion channel in these
discharges are consistent with change in the ExB shearing rate relative to the low k
turbulence growth rates.20.24 The decreased ion rotation gives a decreased ExB shear
while the growth rate changes little. However, the physics of the electron channel in
these plasmas remains unexplained.20.24 Recent FIR scattering measurements of short
wavelength turbulence at k = 12 cm—1 have shown measurable turbulence whose onset is
correlated with the start of the electron heating, which suggests high k turbulence may be
affecting electron transport.

The core transport barriers can be sustained for long durations. In modest current,
and relatively low density of 2x1019 m—3, L—mode edge discharges; core ion transport
barriers have been run for the full 5 second neutral beam duration as shown in Fig. 5.
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Fig. 5. Long pulse, L-mode edge discharge 94777 run at 1.9 T toroidal field;
(a) temporal evolution of discharge parameters, (b) profiles shown at 4500 ms.
Dischargeincluding q profileis essentially reached steady state at 4500 ms, g(0) = 1.6.

The transport barrier formed early in the discharge, t = 0.7 s, when g(0) ~ 3.5, and the q
profile was quite flat near the core. Before the end of the discharge the current profileis
fully penetrated [Fig. 5(a)] and is no longer evolving, with g(0) ~ 1.6. Asseenin Fig. 5,
parameters such as Tj(0), Ng, and BnHgop are nearly stationary for the last 2 seconds of
the discharge. Such a discharge demonstrates that it is possible to create an ion transport
barrier which can last indefinitely. The core transport barriers with such long duration
are so far obtained at modest current. A necessary condition for maintaining the transport
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barrier is keeping q(0) above 1.0, preventing destruction of the core transport barriers by
sawteeth and removing this trigger of neoclassical tearing modes. To keep g(0) above
one and maintain a weak shear or negative central shear discharge requires off axis
current drive.

Because of the need for current profile control for advanced tokamak operation,
investigation of electron cyclotron current drive (ECCD) is a key portion of the DIII1-D
research. In the past year, we have demonstrated off-axis ECCD on DIlI-D for the first
time in any tokamak.2é Electron cyclotron wave power at 110 GHz, which is resonant
near the second harmonic of the electron cyclotron resonance, can be steered over arange
of minor radii by tilting the launching mirror in the poloidal direction. The waves are
launched with a toroidal angle so they interact with electrons traveling in a preferred
toroidal direction, generating toroidal current. Analysis was carried out using motional
Stark effect measurements of the internal magnetic field, allowing the local driven current
density to be determined.2” A 4-point vertical scan of the deposition location was made,
covering the range of 0.1 to 0.5 in normalized minor radius p. Figure 6(a) shows the
profile of ECCD which is driven at a normalized radius of p = 0.5 by 1 MW of electron
cyclotron power. The integrated net current driven is 35 kA. The gross behavior of the
plasma — the evolution of the internal inductance, the time duration before the entry of
the g=1 surface into the plasma as signified by the start of sawteeth — is consistent with
the effects expected from the measured current drive for the different locations of the
power deposition. The magnitude of the driven current exceeds the value calculated by
linear (TORAY) or quasi-linear (CQL3D) codes. Asis shown in Fig. 6(b), the theoretically
predicted fall off in normalized efficiency with minor radius is not observed; the
normalized efficiency at p = 0.1 and p = 0.5 are about the same. This result suggests that
trapping of the heated electrons is much weaker than theoretically expected under the
experimental conditions. These results strongly support the use of higher power ECCD as
a means of sustaining current profiles with the optimized magnetic shear needed for
advanced tokamak plasmas.
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Fig. 6. (a) Profile of current density driven by ECCD for a case with power deposition at
about half of the minor radius. (b) Normalized efficiency for ECCD as a function of the
minor radius coordinate p. The experimental (diamonds) current drive efficiency n has
been normalized by the local electron temperature to remove the theoretically expected
temperature dependence. The experimental results are compared to the linear TORAY
calculations (triangles) and show little decrease in normalized efficiency with p, contrary
to theoretical expectations.
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V. PLASMA STABILITY

The key to steady state high performance is increasing stability limit at high beta,
specifically, operation at high normalized betais required. High power density, requires
operation at high toroidal beta, and high bootstrap fraction requires operation at high
poloidal beta, Bp . Steady state high performance requires both high power density and
high bootstrap fraction, or since Bp x Bt [ Bﬁ, high normalized beta is needed. Also,
the steady-state energy gain depends very strongly on Bn; Qss = Prus/Pcp DB,Z\,/qg5/
(1 — EAY2qg5BN), where € is profile dependent factor of the order of 0.02, and A is the
aspect ratio. Note that & significantly increases for NCS q profiles compared to
monotonic q profiles.

There are number of important methods for increasing By on DIII-D. These
include strong plasma shaping, relatively broad pressure profiles, avoidance or stabiliza-
tion of neoclassical tearing modes, and wall stabilization. The strong shaping, broad
pressure profiles, and wall stabilization are synergistic effects, and these three effects
taken together are needed for high betain AT plasmas.28

The dependence of the stability limit on peaking of the pressure profile for DIII-D
shaped discharges (k ~ 1.8, & ~ 0.7) is shown in Fig. 7. The stability boundaries are
calculated for hollow current density profiles, and as shown the resistive interchange
mode limit is typically 10%—20% below the ideal 1imit.2829 |n DIII-D discharges with
peaked pressure profiles, modes that are identified as resistive interchange and ideal
modes are both observed.2® Note that the dashed curve for the L-mode NCS reaches a
stability limit and By dlightly greater than. In Fig. 7(b,c), the effect of broadening the
pressure profile by programming an L— to H—-mode transition is shown. At the L-H
transition, the pressure profile broadens, and the discharge can continue stably to higher
values of beta. Approximately afactor of 2 increase in B\ is obtained by broadening the
pressure profile, in otherwise similar discharges, and 3 > 4 is obtained.

In long pulse H-mode discharges, modes identified as neoclassical tearing modes
limit the duration of high performance. Asisshown in Fig. 3(a), the performance in shot
95983 is degraded after 2.7 seconds by the onset of neoclassical tearing modes. This
problem with neoclassical tearing modes is a common feature of many high performance
discharges.8 These modes are metastable, requiring afinite-size magnetic island to trigger
further growth. Finite-sized, seed islands can be triggered transiently, for example, by
other MHD instabilities in the plasma, (e.g. sawteeth, ELMs or fishbones). Asis shown in
Fig. 8, the absence of sawteeth in shots like those in Fig. 3 removes one of the possible
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Fig. 7. Dependence of beta limit on pressure profile peaking; (@) By vs. P(0)/0PL] dashed
trace is the evolution of an L-mode NCS discharge in this parameter space, and the solid
trace is the evolution of an H—-mode NCS; (b) normalized beta, and (c) density peaking.
In (b) and (c) the dotted trace is an L-mode NCS and discharge represented by the solid

trace begins the same as the L-mode NCS, but makes a transition to H—mode at the
indiacated time.

sources of seed islands for the neoclassical tearing mode and thus allows operation at a
higher betavalue.30 Negative magnetic shear is stabilizing to these modes. An attractive
feature of the NCS discharges is the avoidance of these modes by negative shear,

eliminating low order rational surfaces, and by eliminating the seed for the island, such as
sawteeth.
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Fig. 8. The measured beta value for discharges similar to those in Fig. 2
(sguares) significantly exceeds the neoclassical tearing mode limit
established for sawtoothing discharges. The horizontal axis is the scaling
value established in Ref. 30 while the line through the circular points is the
best fit to the data for sawtoothing discharges. These neoclassical tearing
modes are amix of m/n = 3/2 and 2/1 cases.

Equilibria with broad pressure profiles, broad current profiles and strong shaping,
such as have been developed as NCS target equilibria, are strongly coupled to the plasma
wall. Ideal stability calculations indicate that B ~ 3—3.5 with no wall stabilization, could
be increased to BN > 5 with a conducting wall at ry/a = 1.5.28 However, with a finite
conducting wall, the resistive wall mode (RWM) is predicted to be unstable. We are
evaluating the stabilization of the RWM by two techniques, plasma rotation, and active
stabilization with external n=1 feedback coils.

We have developed a double current ramp technique to reliably and reproducibly
make plasmas where the B values achieved indicates that wall stabilization of MHD
modes is important.31.32 |n addition, improved diagnostics have allowed us to make a
direct identification of the resistive wall mode (RWM) mode structure in the plasma
interior using ECE spectroscopy. Using these shots, we have achieved a new physics
understanding of wall stabilization. We have produced rotating, wall stabilized dis-
charges with the ratio of B to the no wall By limit (Ey) = 1.4:0.05. For example, in
shot 92544, E,y exceeds unity for 200 ms, which is >30 tw (Fig. 9). The time constant
Tw is the n =1 time constant of the wall ~5.8 ms. The plasma rotation slows as the beta
increases beyond the no wall limit, and the RWM becomes unstable when the rotation
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Fig. 9. Resistive wall mode stabilized by plasma rotation; (a) normalized beta,
experimental solid curve, calculated ideal limite with no wall, dotted cureve; (b) plasma

rotation measured by charge exchange recombination; (c) mode amplitude shown in
toroidal angel vs. time, indicating mode rotation.

near the q = 3 surface falls below approximately 1 kHz, Fig. 9(b). The unstable mode
grows with a much slower rotation frequency than the plasma rotation frequency
[Fig. 9(c)]. In some cases the critical plasma rotation frequency is ~6 kHz, while the
mode rotation frequency remains very slow, <60 Hz. The growth rate of the mode for
this case is approximately (8 ms)—1, approximately the inverse wall time, as predicted by
theory.31,32

Active means of avoiding the RWM are being pursued by controlling either the
plasma rotation or the RWM directly. Asis shown in Fig. 10, preliminary results from
open loop RWM control experiments have demonstrated that the RWM is suppressed by
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Fig. 10. Time history of discharges with (96633) and without (96625) pro-active control
of the RWM (a) By, (b) current in the C-coil, (c) perturbed radia field measured on the
saddle loops, (d) ECE measurement of the electron temperature at R = 2.1 M, (€) plasma
rotation at the g=3 surface. Note that the perturbed radial field grows without bound in
the case with constant C-coil current but is stabilized by stepping up the C-coil current
with the proper toroidal phase.

the application of an appropriate correction field using an external coil set located far
outside the plasma. A series of discharges with reproducible RWM onset were run, but
one discharge used an n = 1 (C-coil) perturbation which was proactively programmed to
turn on at the time of the RWM onset with a phase opposing the mode (Fig. 10). As
observed from plasma rotation and Te profiles near g = 3, the RWM started to grow but
was suppressed and the plasma recovered when the opposing field was applied. The n=1
radial field soaking through the vacuum vessel wall was measured by a saddle loop array.
Asis shown in Fig. 10, this field grows without bound in the reference shot without the
external n=1 field but remains at a low level with the external field applied, indicating
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that control was achieved. New experiments in DII1-D with new active feedback power
supplies are planned next year to pursue this further.

Another factor in obtaining steady-state improved performance discharges is control
of edge transport and stability. Both theoretical expectations34.35 and the DII1-D results
indicate a connection between the edge pressure pedestal height and the overall energy
confinement.36 In addition, edge stability affects ELM frequency and amplitude, which
have a major impact both on core transport barriers and on the divertor. Although there
has been considerable speculation that the edge pressure gradient just before an ELM is
limited by high-n ballooning, detailed measurements on DIlI-D have shown that the
pressure gradient exceeds this limit by at least a factor of two.36 The bootstrap current,
driven by the large edge pressure gradient, opens up a ballooning second stable region at
the plasma edge. Accordingly, the edge pressure is not limited by high-n ballooning but
rather by other, lower n MHD modes which are driven unstable by the large pressure and
current gradients that ballooning stability allows.29.:37.38 Modes with toroidal mode
numbers 3 < n < 5 have are calculated ideal unstable by the GATO code. It is conjectured
that these lower n instabilities couple more effectively to the core at high beta, making it
more difficult to develop an ITB with large ELMs.
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V. DIVERTOR PHYSICS
AND THE DENSITY LIMIT

A tokamak density limit scaling of the form ne [ Ip/a2 has been reported by several
authors39.40 where I is the plasma current and a is the minor radius. However,
extrapolation of this scaling to reactors can be misleading because the underlying
physical processes have not been determined. We have conducted a series of experiments
on DIII-D to determine the density-limiting processes in tokamaks.41.42 Using the
understanding gained through these experiments, we have succeeded in obtaining high
confinement plasmas at densities above the limit of the Hugill-Greenwald scaling.4243 A
key result of these studies is that the n=0, m=1 MARFE condensation instability
criterion44 is in quantitative agreement with high resolution edge measurements on
DIlI-D.45> Additionally, we have shown that the MARFE instability condition combined
with ITER89P confinement scaling yields an edge density limit scaling of the form:

crit Ig'% -0.1150.4350.1750.04[,, 2 2417022
Ne DFE Phea R BT | K (L+KY) )

where ¢j is the impurity concentration and K is the plasma elongation. Except for a
moderate power dependence this scaling is remarkably similar to the Hugill-Greenwald
scaling. The insensitivity to all plasma parameters except |p and minor radius a derives
from the fact that the MARFE density threshold for low Z impurities (e.g. oxygen or
carbon) for an electron temperature range of 10-100 eV increases with the fourth power
of Te. Accordingly, a MARFE nearly always occurs at the same boundary temperature
(~20 eV). Therefore, the trade off between density and temperature in the stored energy
determines the density scaling. Thus, we conclude that future devices with high fusion
power producing high edge temperatures should access densities well above the nominal
Hugill-Greenwald limit.

Experiments on DIII-D have obtained high density discharges, ng/ng ~ 1, with
good H—-mode confinement, by a technique employing strong deuterium puffing, impurity
Argon puffing and at the same time, strong pumping in the divertor.46 Ascan be seenin
Fig. 11, energy confinement remains high during the argon injection. For this discharge,
ne/ng ~ 0.75. These are partially detached discharges, and the strong pumping is
required to maintain thermal stability of the plasma edge. Note in Fig. 11(b), that the
electron pressure pedestal does not significantly decrease during the argon injection. In
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Fig. 11(c), and 11(d) are shown the energy confinement time as the total radiated power
fraction increases toward unity and ng/ng approaches unity: no significant decrease in
the confinement enhancement is noted. These results indicate high confinement at high
density is possible, and suggest further research of the density limiting mechanism.

Te/TireRosH
H

T T T T
|(

Argon Injection
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RN U U U U U U U U U | LR
Electron Pressure "Pedestal" (b)
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Fig. 11. Energy confinement at high density; (a) temporal evolution of
confinement enhancement and argon injection; (b) temporal evolution of
electron pedestal pressure, (¢) confinment enhancement vs. radiaton fraction, (d)
confinement enhancement vs. ng/ng.
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Through experiments on DI11-D47-30 we have demonstrated the efficacy of using
induced scrape-off-layer (SOL) flows to preferentially enrich impurities in the divertor
plasma. These SOL flows are produced through simultaneous deuterium gas injection at
the midplane and divertor exhaust using cryopumping. Using this SOL flow, an
improvement in enrichment (defined as the ratio of impurity fraction in the divertor to
that in the plasma core) has been observed for all impurities in trace-level experiments
(i.e., impurity level is non-perturbative), with the degree of improvement increasing with
impurity atomic number. In the case of argon, exhaust gas enrichment using a modest
SOL flow isas high as 17. Using this induced SOL flow technique and argon injection,
radiative plasmas have been produced that combine high radiation losses (Prag/Pinput >
70%), low core fuel dilution (Zeff < 1.9), and good core confinement (T 2 T, | TER98HYy)-

DIl1-D measurements clearly indicate that convection plays a dominant role in the
heat particle transport in detached plasmas. Parallel thermal conduction based on
measured divertor density and temperature profiles in detached plasmas is too small to
account for the divertor heat flux. A one-dimensional interpretive model of the detached
divertor plasmal has been developed for further understanding of the experimental
observations. The model calculates the parallel heat flux in the divertor plasma by
integrating plasma radiation, obtained from an inversion of the bolometer data, from the
target to a point in the divertor plasma and using the target heat flux, measured by an IR
camera, as the boundary condition. The difference between this heat flux and the
conduction heat flux, obtained from the measured Te profile, yields the convective
component of the heat flux. It isfound that in attached plasmas, with measured electron
temperatures of approximately 20 eV just in front of the plate, the conduction component
accounts for nearly all the heat flux. In contrast, in the detached case, with electron
temperatures 1-2 €V near the divertor plate, the conduction channel is insignificant
compared to the total heat flux and convection at approximately the sound speed is
required to account for most of the heat flux.

Experimental results and UEDGE modeling®2 indicate a broad regions of Mach ~0.4
flow and copious volume recombination near the target plate in detached plasmas
(Fig. 12). Visible and UV line ratio measurements°3.54 show direct evidence of volume
recombination [Fig. 12(b)]. Plasma parallel flow speeds at or near the sound speed are
also observed by spectroscopy [Fig. 12(c)]53 as well as a Mach probe.>> From Langmuir
probe potential measurement,>6 we also deduce poloidal E(xBT flows. The flow direc-
tion depends on the direction of the toroidal field and heat and particle flux associated
with it is estimated to contribute significantly to particle exchange between the two diver-
tor strike points and could explain the field-dependent divertor in-out asymmetry.

We have recently installed a divertor baffle and cryopump®6 at the upper divertor
whose shape is matched for particle control in high triangularity plasmas (6 ~ 0.7).

GENERAL ATOMICS REPORT GA-A23029

23



24

T.S Taylor & The DIII-D Team

ADVANCED TOKAMAK PHYSICS EXPERIMENTSON DIII-D

Measurements and UEDGE and DEGAS calculations indicate a decrease in core
ionization of afactor ~2.5 for the baffled divertor discharge compared otherwise similar
unbaffled discharges. With the upper cryopump turned on, we achieved active density
control with ng/ngy = 0.27, which is similar to the 0.22 achieved with the lower pump.
This establishes an important particle control tool for high triangularity plasma operation
in DIT-D. In 1999, we will install athird divertor cryopump for the purpose of pumping
the inner strike point in the upper divertor.96 In addition, a structure in the private flux
region which protects the inner pump will serve also as a baffle to further reduce core
ionization an additional factor of 2 and isolate the two strike points.
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VI. SUMMARY

The research program on DIII-D is aimed at developing the scientific basis for
advanced modes of operation which have the potential of enhancing the commercial
attractiveness of a the tokamak as an energy producing system. We have demonstrated
integrated, high performance ELMing H—mode plasmas with BN Hggp ~ 10 (Bn Hogy) ~ 6
for 5tg (~1s). We have shown that the core transport barrier can be sustained fully with
steady profiles, limited only be the duration of the neutral injection, with no sign of
deterioration of the barrier. The ion transport inside an ITB often reaches that predicted
for neoclassical, but there is often little or no reduction in the electron transport. An1TB
in the electron thermal transport is observed only in discharges with significant negative
shear. Although the ion transport barrier continues to be well explained by sheared ExB
flow stabilization of drift wave turbulence, drift wave turbulence together with ExB flow
does not provide an explanation of electron transport. With the aim of current profile
control in NCS discharges, we have demonstrated off-axis ECCD with an efficiency
above theoretical predictions.

Experiments and theory have shown the sensitivity of the beta limit on the pressure
profile, indicating the advantage of broad pressure profiles in shaped discharges. The
stability limit against neoclassical tearing modes has been increased in long pulse
discharges, by keeping g(0) > 1, avoiding sawteeth and eliminating the seed islands.
Discharges with beta significantly above the ideal no wall limit have been reproducibly
obtained showing clear evidence of stabilization of the resistive wall mode by plasma
rotation. Initial experiments with non-axisymmetric coils have delayed the onset of the
RWM and are promising for future planned active feedback experiments.

We have developed and tested a model of the density limit which agrees with the
Hugill-Greenwald scaling and which scales favorably to larger hotter devices. In DIII-D,
discharges with deuterium and argon puffing together with strong divertor pumping
approach the Greenwald density limit with little or no deterioration in confinement.
Strong edge plasma flows have also been used to increase the edge and divertor radiation
and increase the divertor enrichment. The DIII-D experiments have measured divertor
electron temperatures of 1-2 €V, which together with the measured heat flow clearly
indicate the role of convection in heat and particle flow. The predicted Mach level flows
and recombination radiation have been measured.

The DIII-D future research continues to remain focused on the optimization of the
tokamak. On athree year time scale, we are aiming at an integrated demonstration of
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advanced tokamak operation sustained for five seconds. Important new control tools will
include an upper private flux baffle with a cryopump, an increase in ECCD power to a
6 MW system, and an 18 coil set for active feedback of the resistive wall mod. In the
nearer term, our experiments will emphasize expanding the spatial extent of internal
transport barriers, regulating edge bootstrap currents, stabilizing neoclassical tearing
modes, feedback stabilizing high-beta resistive wall modes, and devel oping the basis for
radiative divertors in both single and double null configurations.
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