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IAEA CN-53/A-1-4
DIII-D RESEARCH PROGRAM PROGRESS*

ABSTRACT

A summary of highlights of the research on the DIII-D tokamak
in the last two years is given. At low g, toroidal beta (8r) has reached
11%. At high g, €0, has reached 1.8. DIII-D data extending from one
regime to the other show the beta limit is at least 87(%) > 3.5 I/aB (MA,
m, T). Prospects for using H-mode in future devices have been enhanced.
The discovery of negative edge electric fields and associated turbulence
suppression have become part of an emerging theory of H-mode. Long
pulse (10 second) H-mode with impurity control has been demonstrated.
Radial sweeping of the divertor strike points and gas puffing under the
X-point have lowered peak divertor plate heat fluxes a factor of 3 and
2 respectively. T; = 17 keV has been reached in a hot ion H-mode.
Electron cyclotron current drive (ECCD) has produced up to 70 kA of
driven current. Program elements now beginning are fast wave current
drive (FWCD) and an advanced divertor program (ADP).

1. INTRODUCTION

The DIII-D research program has as its long range goal the
integrated demonstration of high 3 operation with good confinement and
non-inductive current drive to provide a basis for tokamak progress to-
ward steady-state reactors. This goal is pursued through several lines of
research which are also important for their contributions to basic tokamak
physics. We describe these areas and recent research accomplishments in
them.

Plasma cross-section shaping and profile control are employed to
probe G limits and increase 5. Recently in the low g regime ggs ~ 2.6,
Br = 11% in a highly elongated (x = 2.35) double-null divertor plasma
was achieved [1], demonstrating the tokamak can sustain @ considerably
in excess of that planncd in future devices. The A1 part of the integrated
demonstration referred to above has been met with 8p = 5% reached at

*This is a report of work sponsored by the Department of Energy under
Contract No. DE-AC03-89ER51114.



full Br = 2.1 T [2]. The scaling of 8, Br (%) > 3.5 I/aB (MA, m, T), and
detailed analyses continue to be well in accord with theory, laying a solid
foundation for future device design {2,3]. At higher g, the normalized
beta, By = Br/(I/aB), has reached 5 [2,3] and at still higher ¢, 8, =
5.1 and €8, = 1.8 have been reached [4]. These results, achieved in the
regime where bootstrap current can be large, are favorable for current
driven reactor designs [5].

For enhanced confinement, DIII-D contributes to providing a
basis for the use of H~mode in future devices {6]. A scaling for ELM-
free H-mode confinement was worked out by a joint team from JET and
DIII-D {7]. Considerable progress was made on elucidating the physics
basis of H-mode. A sudden increase in edgec poloidal rotation, corre-
sponding to an increased negative edge electric field was discovered on
DIII-D [8]. Subsequently detailed investigations have not conclusively
shown edge 1otational effects cause the L-H transition [9], but substan-
tial evidence points to increased shear in edge rotation as the mechanism
for edge turbulence suppression [10]. H-mode with flat density profiles
has been shown able to sustain a hot ion regime; T; = 17 keV has been
reached [11). Theory suggests two fundamental prescriptions for scaling
confinement results to future devices, the Bohm or gyro-Bohm prescrip-
tions depending on whether the turbulence is long scale (a) or short scale
(ps) respectively. An experiment comparing dimensionally similar dis-
charges was done to distinguish between these two possibilities [12]; the
gyro-Bohm model is favored.

For long pulse impurity control and heat flux handling, two impor-
tant results were obtained. A 10 sec long nearly stationary H-mode [13],
was produced by using ELMs to control impurity levels [14]. Two meth-
ods, radial sweeping of the divertor strike points and gas puffing under the
X-point to encourage a radiative divertor plasma, were each shown able
to lower time average peak heat fluxes a factor of 3 and 2 respectively [15].
These methods could be applied in combination.

For non-inductive current drive, two rf methods are being devel-
oped: electron cyclotron current drive (ECCD) and fast wave current
drive (FWCD). A first result, up to 70 kA of driven current, has been pro-
duced using 1 MW of 60 GHz (fundamental) waves launched in X-mode
from the inboard side [16]. The rf program also seeks to develop ECH
as a heating tool; important transport results, ELM suppression studies,
and H-mode studies have been carried out [17]. Near term plans call for

ECH to provide some current drive and also the high 7, regime in which
FWCD can be efficient.
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2. RECENT MODIFICATIONS

In the last two years, the following facility modifications, which are

important in the results to be described, were implemented.

1.

Neutron Shielding was added around the entire DIII-D machine pit.
The resulting shielding factor of 300 allowed routine D° — D% op-
eration. The improved confinement from the isotope dependence
g ~ /M; was important in reaching high beta and high per-
formance plasmas.

Deuterium Neutral Beam Operation enabled the output power of the

four beamline system to be increased from 14 MW H° to 20 MW D°,
also an important factor in attaining higher beta and stored energy.

Carbonization of the vacuum vessel wall (half graphite and half
Inconel) was done by means of a glow discharge in a mixture of
helium and deuterated methane. Subsequent glow in pure helium
was used to desorb deuterium from the carbon film. The result
was a reduction in metallic impurity levels by a factor of 30. The
carbonization enabled an increase in the plasma current at which
we could reliably operate divertor discharges from 2 MA to 3 MA
with H-mode, an increase in the peak achieved stored energy from
2.6 MJ to 3.6 MJ, and an increase in the ion temperature from 11
to 14 keV in hot ion H-mode in corresponding conditions. Peaked
density profiles (n(0)/f. = 2) were produced in H-mode and the
ELM frequency was doubled [18].

Ion Bernstein Wave Heating (IBW) was initiated to get a local ion
heating system for manipulation of H-mode plasmas that potentially
did not produce ion tails and avoided the loading problems with fast
waves and H-mode [19]. A 30-60 MHz, 2 MW generator feeding a
pair of cavity type end fed loop antennas oriented aiong the toroidal
field was used. Unfortunately, central ion heating was never seen and
the loading (~5 Ohms) was one to two orders of magnitude greater
than theoretical prediction and never displayed any of the expected
resonances at ion cyclotron harmonics. Edge electron heating was
observed. Edge ion heating was correlated with increased amplitudes
of parametric decay spectra. Impurity influx was customary, except
with carbonization. This program has been discontinued.
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Fig. 1. Cross section of DIII-D. The equilibrium is from the 11% Br discharge. The
divertor ring has only just been installed.

5. A four strap fast wave current drive antenna has been installed in
place of the IBW antenna. It is designed to handle 4 MW; the 2 MW
generator will be used in initial tests of heating and current drive.

6. A baffle and ring electrode structure has recently. been installed
(Fig. 1) to enable particle and energy confinement experiments with
divertor biasing and pumping.

3. HIGH TOROIDAL BETA gr AND NORMALIZED BETA (n

The situation in regard to maximal S limits is summarized in Fig,. 2.
Certainly the envelope of the data supports the conclusion that the beta



limit is at least as high as Gy = 3.5; however, this conclusion is couched
as an “at least” statement because the achieved Br in most cases on this
plot was limited by the product of available heating power and confine-
ment time (W = P x 7g) rather than disruptive instabilities. Discharges
identified as large open circles have been identified as clear candidates for
external kink disruptions as evidenced by the m/n = 2/1 locked mode pre-
cursor with fast growth time. Wall stabilization should be ineffective for
locked modes (merely limiting the growth time to the vessel wall time con-
stant, ~3 msec in DIII-D) and so it is not surprising that our low-n mode
stability calculations agree with those of Troyon on a limiting An = 2.8
in these cases of free boundary kinks with no wall stabilization [20]. For
a conducting wall at 1.5a from the plasma surface and nominal profiles,
we find the low-n ideal limit at about Gy = 4 [2,21].
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Fig. 2. Equilibrium fit 3 versus I /aB for DIII-D. The lines at 87 = 3.5 (5.0) I/a B
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Recently we have found that if in addition to the nearby conducting
wall, profiles are optimized, the low-n limit can be raised to By ~ 5.5 [22].
This possibility was first made clear in the calculations shown in Fig. 3.
For broader pressure profiles, but more peaked current profiles (¢; ~ 0.93),
access to N ~ 5.5 was predicted for ggs = 3.2 and qo = 1.05. Quite
independently, an experimental campaign succeeded in producing stable
discharges at Oy = 5.0 at about Iy = I/aB = 1-1.5 (ggs ~ 4-5) as shown
in Fig. 2. Stability calculations at that g value (4-5) [2] also predict
an optimized profile path to low-n ideal stability and so we have drawn
the short curve segment in the figure representing our calculated low-n
stability limit with optimized profiles. Further calculations are needed
- to see the range of Iy for which By ~ 5.5 can be stable. For high-n
modes, our ideal MHD calculations in the ballooning representation have
predicted an optimized profile limit of Gy ~ 4.5 [21], in good agreement
with Sykes’ result [23). It remains to be seen whether these high values of
BN can be reached over a broad range of I/aB and so redefine the expected
beta limit up to By ~ 5. Such an outcome could be important since it
may allow future devices to be designed for operation at Oy ~ 3.5 [5]
instead of the now customary cautious choice of Sy ~ 2.

With a beta limit scaling of the form fn < constant, the task of
maximizing the absolute value of @1 becomes that of maximizing the nor-
malized plasma current Iy subject to the constraint qgs > 2 and providing
sufficient power and confinement time. Using single-null divertor plasmas
a maximum [/aB = 2.3 was reached and a maximum B = 7.4%. Double-
null discharges allowed about the largest divertor plasma cross-section
that would fit in the vacuum chamber and increased triangularity which
allowed a larger I/aB = 3.3 and a maximum G of 9.3%. This 9.3% value
was reached in a 60 msec long ELM-free phase following the L-H transition
and the subsequent ELMs clamped 87 to 8% for 0.9 seconds [2].

4. HIGH ELONGATION AND HIGHEST fr

Since the largest cross-section plasma in DIII-D has x ~ 2, in or-
der to further increase I/aB, it was necessary to decrease a in order to
increase k. Studies of the axisymmetric stability limits in DIII-D found
that the ideal axisymmetric limits coincided with the predictions of GATO
to within a few percent [24]. Between x = 2 and 2.5, the simple rigid body
shift model (m = 1) becomes inadequate and both the experiment and
the calculations show that the vertical stability limit at & ~ 2.5 has a
large m/n = 3/0 component in the plasma motion. It was found that
coils near the inboard midplane are optimal for vertical feedback control,
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Fig. 3. The calculated ideal, n = 1 mode stability boundaries (i) versus internal
inductance £; for the pressure (i) and pressure gradient profiles (iii) shown versus
normed volume radius p. Mode displacement vectors peak near the edge for “axter-
.ial" modes and near the center for “internal” modes.

since they have minimal interaction with the passive image current flow
patterns in the vacuum vessel which dominate the vertical stability [24].
The principal importance of these studies was close (within a few percent)
agreement between experimentally observed vertical stability limits and
theoretically predicted limits (GATO).

With this basis of understanding and control system improvements,
plasmas with a = 0.56 m and s = 2.35 were operated at low By = 0.75 T to
assess their 3 capability. With Pnpr = 19 MW, 87 = 11% was reached [1].
Plasma current was 1.29 MA; I/aB = 3.1 and gg5 = 2.56. The equilib-
rium for this discharge is shown in Fig. 1. Various measures of B were

equilibrium fitting (10.7%), diamagnetism (10.8%), and kinetic profile

integration with the fast ion contribution computed by standard meth-
ods (11.3%). Besides the higher NBI power, the proximate cause why this
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discharge reached such high beta seems to have been the absence of saw-
teeth on the beta rise. Kinetic profile data show the thermal beta on axis
to be 20%; standard beam deposition codes estimate the fast ion beta on
axis to be an additional 20%. These results raise the issues of FLR effects
and fast ion stabilization of interior modes, subjects of current investiga-
tion. However, this result does establish that the tokamak can contain an
absolute value of A1 (11%) much in excess of that planned in CIT and
ITER (Br ~ 4%-6%).

5. ATTACHED EQUILIBRIA

Vertical instabilities in highly elongated plasmas have produced very
large forces on the vacuum vessel in DIII-D and JET. The vertically un-
stable plasma drifts down at a speed limited by vessel image currents,
limiting on the bottom of the vessel and shrinking in cross-section until
it disrupts. We have found that while drifting the equilibria are “at-
tached” to the vessel in the sense shown in Fig. 4. In a 1 MA discharge
up to 0.3 MA flows on the open field lines, outside the last closed flux
surface, completing the circuit through the bottom of the vacuum vessel.
These attached currents have been detected both by equilibrium fitting
of magnetic data and directly by the resistive shunts under the divertor

| ~ tiles and divertor tile Rogowski coils with excellent agreement between

the two methods. The force arising from the poloidal component of this
current crossed with B accounts for the observed up/down motien of the
vacuum vessel [14]. Such large wall currents must be carefully considered
in future machine designs.

6. HIGH BETA POLOIDAL

Probing for the possible existence of a second stable regime, at very
high q (ggs = 18, I = 0.54 MA, at By = 2.1 T), 14 MW NBI was used
to produce the very high value of 8, = 5.1 and ¢8p = 1.8 [4]. These
plasmas are approaching the equilibrium limit, with a magnetic axis shift
of 0.22 m out of a = 0.61 m equal to the inverse aspect ratio 0.36 and
the poloidal field on the inboard side weakened to 1/3 of the value on the
outboard side. The high 8, and confinement equal to 2.3 x ITERP-89
are realized during the ELM-free phase. During ELMs, confinement is
reduced and €fp was maintained near 1.0. High-n stability calculations
show, as was the case for previous results along this line [25)], that with the:
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Fig. 4. “Attached” equilibrium (a) during a vertical instability prior to the dis-
'ruption. Arrows show the poloidal direction of flow of currents flowing partly in
the scrape-off layer and partly in the vacuum vessel wall. Directly measured cur-
rents into divertor tiles agree with currents inferred from equilibrium fitting (b).

motional Stark effect measured qo = 1.3-2.0, most of the plasma cross-
section, except the very center, is in the transition region from first to
second stability.

7. CONFINEMENT SCALING

In the last two years, JET and DIII-D carried out a joint program
of H-mode confinement scaling studies aimed at discovering the depen-
dence on machine size [7]. Both devices operated carefully designed single-
null divertor plasmas with the same shape (x = 1.8) and toroidal field
(2-2.5 T). Confinement was studied in the ELM-free phase to avoid diffi-
cult to quantify effects of ELMs on confinement. Because both machines
have the same aspect ratio 2.7, separate dependences on a and R were not



determinable, the result is quoted in terms of a choice of linear dimension.
Dimensionally correct scalings are discussed in Ref. 7. In engineering
~ variables, the result is

T'E(SCC) = UI;.OB#D.OT PI:«D.«}G:L‘O‘OO LIAB:ﬂ:0.0B (MA,MW,m) ’

'C =0.106 £ 0.01) for L. = R
= 0.441 + 0.044 for L = a

In another approach to deducing fundamental aspects of transport
scaling, it has been shown that almost all magnetized plasma diffusion
mechanisms can be cast in the form of a gyro-Bohm (gB) or Bohm (B)
scaling, depending on whether the normative length scale in the problem
is the short length pg or the long length a respectively [12]. Local diffusiv-
ities can be written as x5 = (cs/a)p% Fgp or xp = cs ps Fs, the form fac-
tors F depending only on dimensionless parameters. Any two discharges
for which the dimensionless parameters are the same, and therefore F,
are said to be dimensionally similar and in that case one should observe
either the local scaling x5 & B~1a"%/2 or xg o B~*/®4'/3, Two di-
mensionally similar L—~mode discharges were constructed in DIII-D with
a=065m, 4 =27 k=170, qes = 3.8, the same 8 == 1.96%+0.03%,
and the same M = 0,128 % 0.001, but varying B = 1.05 T (1 MA) to
B = 21T (2 MA). The experimental results of local transport analyses
for a single fluid x are given as the smooth curves in Wig. 5. The curves
given by symbols are the predictions of the 2 T result based on scaling the
1 T result according to either the gyro-Bohm or Bohm prescriptions. The
gyro-Bohm scaling is in Letter agreement with the experimental result at
2 T than the Bohm sculing.

8. HOT ION H-MODE

At modest currents (~1 MA) and with helium glow wall condition-
ing, it is possible to keep the Ohmic plasma density low, ~1 x 10'® m?,
The application of strong beam heat’'~g results in a prompt L-H transi-
tion. In the subsequent long ELM-free period, although the density is
risinig, it remains lcw enough that electron-ion coupling is not large and
the ion temperature readily pulls away from the electron temperature. In
this hot ion H-mode regime, T;{0) as high as 17 keV has been reached;
profiles for that discharge are in Fig. 6. The hot ion H-mode has produced
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Fig. 5. The solid lines are the single fluid diffusivities calculated from experimental
data versus normed volume radius p for B = 1 T and 2 T dimensionally similar plas-
mas. Based onthe 1 T result, the predicted 2 T result for Bohm (o) and gyro-Bohm
(®) scaling.

the highest DD neutron rate of 2.7 x 10®/sec corresponding to @pp =
0.00026.

In going from similar limiter L-mode discharges to hot-ion H-mode
discharges, transport analysis showed [11}:

1. xe improves the most, about a factor of three;

2. x¢ and x. improve equally and are about equal for p > 0.3;
3. x; improves only inside p < 0.5;
4. x; is significantly less than x. inside p = 0.5 and is within error bars

of neoclassical.

9. L-H TRANSITION PHYSICS

Besides the usual H, drop, two additional clear signatures of H-mode
were found, an abrupt increase in edge plasma poloidal rotation speed
and an abrupt drop in edge plasma turbulence levels (Fig. 7) [26,27]. The
drop in turbulence levels occurs within 100 microseconds of the transition

11
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Fig. 6. lon and electron temperature and electron density profiles in the highest T,
hot-ion H~-mode discharge.

and is seen in both magnetic fluctuations and density fluctuations de-
tected by a microwave reflectometer system [28]. The change in poloidal
rotation speed (vp,x Br term) is the dominant factor in an increasingly
negative radial electric field via the force balance equation [8): E. =
oz VP - (Vi % B); (Fig. 7). The theory of Shaing [9] suggests the
sudden increase in rotation speed arises from a bifurcation in the poloidal
flow equation in which edge ion orbit loss is the mechanism to charge the
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plasma negatively; in which case the enhanced rotation should penetrate
a few poloidal ion Larmor radii into the plasma. These observations also
prompted the theory suggestion that shear in rotation could suppress tur-
bulence by shearing apart turbulent eddies [10]; in which case one expects
overlap between the region of enhanced shear and turbulence suppression.
We upgraded our edge Charge Exchange Recombination system to pro-
vide 1.5 cm edge spatial resolution and added a continuously variable
frequency refiectometer system to make detailed edge measurements. Re-
sults to date show good agreement between the location of the rotational
shear layer and the zone of improved confinement [29]. On the question
of causality, we have some cases where the rotation change begins a few
msec before the L-H transition, but no cases in which the rotation change
follows the edge turbulence drop.
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Fig. 7. Dominant ¥ X B term in the radial electric field becomes more negative at
L-H transition (¢ = 1500 msec) and less negative at each ELM (arrows). Magnetic
and density fluctuations drop abruptly in H-mode.

10. EDGE LOCALIZED MODES (ELMs)

Three kinds of ELMs have been identified on DIII -D, presented in
reverse order of their identification as a sub-species but in increasing order
of the severity of their effects on the discharge. The existence of diffcrent

13
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types of ELMs has complicated our studies of whether ELMs are primarily
pressure or current driven instabilities.

Type lll. These are small amplitude ELMs which occur when the
NBI power is just above threshold. As the power is increased, their
frequency decreuses and they disappear. The edge pressure gradient
for Type III ELMs is well below the n = oo ideal ballooning limit.

Type li. These are high frequency, low amplitude ELMs which ap-
pear when the edge plasma region is put into the connection region
between the first and second stable ballooning regimes by increased

elongation and/or triangularity in low to moderate current plasmas
{I,/Br < 0.5) [30].

Type . Popularly called “giant ELMs,” these play the major role in
H-mode discharges. The edge pressure gradient prior to these ELMs
is consistently at the ballooning limit [31]. Their frequency (f) in-
creases with power and decreases as current is raised [32]. We have
also found that ECH applied at the plasma edge can significantly
affect the ELM frequency [17]. The role of ELMs in confinement
is still a subject of controversy. In many discharges, a brisk rise in
stored energy in the ELM-free phase appears to be completely ar-
rested by the first ELM, implying the ELMs play a dominant role
in H-mode confinement [33]. However, diamagnetic loop measure-
ments show that the energy loss per ELM (6 E') decreases with power
and increases with current such that the ELM power = f X § E is
roughly constant at a low level 0.5-1.0 MW compared to input power
>4 MW. These results were confirmed in a few cases by infrared TV
measurements at the divertor plate [15].

11. TEN SECOND H-MODE

The efficacy of giant ELMs in conjunction with flat to hollow den-
sity profiles in preventing impurity accumulation has been well docu-
mented [34]. The ELM frequency can be continuously adjusted through
plasma shape, current, and input power. An outstanding example is the
10 second long H-mode in Fig. 8; impurity levels are decreasing slowly
in time [14]. The confinement enhancement over ITERP-89 is 1.4 at late
times in the discharge when the ELM frequency is high, compared to
an average enhancement factor of 1.7 for the DIII-D data in the ITER
H-mode data base. The density is rising at a rate about 1/10 of the

14
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Fig. 8. Ten second H~mode impurity control via ELMs.

NBI particle input .rate, indicating substantial particle absorption into
the graphite.

12. HIGH RECYCLING DIVERTOR

Previous studies [35,36] have shown that the DIII-D divertor plasma
operates in the high recycling regime (ion flux at the divertor plate/ion flux
out of the core plasma > 10, n¢,div > 7, sep, and Te iy < Te sep). Recent
B2 code modelling agrees with previous ONETWO/DEGAS modelling
that the density evolution in H-mode requires an inward pinch term and
a ratio of D/V ~ 0.05 m. The strong density rise in H-mode is accounted
for by a factor of 2 improvement in Tp but also by about a factor of 2
increase in the core plasma fueling rate. DEGAS calculations show this
surprising result to arise from a factor of 2 reduction in divertor recycling
flux being overcome by about a factor of 3-4 increase in the penetration
of neutrals through the scrape-off layer because that layer is much thinner
in H-mode compared to L~mode [36)].

15



13. RADIATIVE DIVERTOR AND X-POINT SWEEPING

The high local heat fluxes at the separatrix strike points are difficult
design issues in CIT and ITER. Previously, we had shown that the X-point
could be swept sufficiently to lower the peak heat flux by a factor of
3 without affecting other aspects of the plasma operation. The £6 cm
sweeping heat flux pattern on the divertor plates as viewed from above
" by an IR camera is shown in Fig. 9(b). Recently, we have employed"
gas puffing in the region between the separatrix strike points to make
the divertor plasma more radiative. Deuterium gas injected at a rate of
120 torr 1/sec into a discharge with 14.5 MW NBI lowered the peak heat
flux from 4 MW/m? to 2 MW /m? [Fig. 9(a)] with very little other effect
on the plasma. Nitrogen injection was also fairly successful. With 20 MW
NBI, the nitrogen injection reduced the target Leat flux from 3 MW /m? to
less than 1.5 MW /m? with only a 5%~15% drop in 75 and Z.g increasing
from 1.8 to 2.4 [15]. The combination of the radiative divertor and X-point
sweeping is no doubt possible. '

DIVERTOR-TILE
SURFACE TEMPERATURE

Patar = 16 MW (a) mT
1 Iy w 1.2 MA o
By=20T S
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% INJECTION
;.
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MAJOR RADIYS (m)

| S

Fig. 9. (a) Heat fluxes across the single-null divertor target showing the reduction
caused by deuterium gas injection between the separatrix stril.: points. (b) IR
camera image of the outer separatrix strike point swept &6 c¢m in major radius.
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14. ELECTRON CYCLOTRON CURRENT DRIVE (ECCD)

The first step in the rf current drive program was taken with the
observation of up to 70 kA of ECCD [16]. About 1.0 MW of 60 GHz
rf power was launched in the fundamental X-mode from the high field
side of DIII-D into discharges with Ohmic plasma current between 200
and 500 kA. These experiments were the first to be done in plasmas with
strong single pass absorption (99%) and slowing down times for the current
carrying superthermal electrons which are much shorter than the energy
confinement time. Experiments were done with waves launched both with
and against the plasma current. The loop voltage drops at constant cur-
rent were compared to plasma resistivity changes using ONETWO. The
bootstrap contribution was less than 10% of the total current. The loop
voltage changes in excess of the resistive part give the black dot symbols
in Fig. 10 for the experimentally determined driven current. The experi-
mental I,y exceeds that predicted by Fokker-Planck calculations with no
remaining electric field (open circles). Fokker-Planck calculations estimat-
ing tail enhancement by the remaining electric field show this effect may
account for the increased ECCD efficiency.

15. ADVANCED DIVERTOR PROGRAM (ADP)

A baffle and ring electrode structure has just been installed in DIII-D
(Fig. 1). The outer leg of the separatrix can be rested on this ring and
current driven into or drawn from the scrape-off layer from a power supply
(600 V, 20 kA). This current can either aid or oppose the main plasma
current. An increase in the edge plasma current density is expected to pro-
duce local second stability and so possibly to stabilize ELMs [31,37]. Out-
ward cross-field transport in the scrape-off layer may be either increased
or decreased depending on the sign of the applied E,x By drift, perhaps
affecting particle confinement or at least the scrape-off layer width [38].
Helicity injection current drive can be tested. The gas baffle between the
ring and the wall enables divertor pumping experiments. Initially, studies
of neutral pressure buildup will be made positioning the outer separatrix
strike point either near or on the ring and puffing gas under the baffle.

A cryo-pump to supply 50,000 1/sec under the bafle is being designed in
collaboration with JET.
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Fig. 10. Current driven by ECH measured (®) and Fokker-Planck predictions with
(X) and without (o) electric field effects on the electron distribution function. By =
21T, 1 x 10" m™2 < i, <25 % 10*® m™3, 200 kA < I, < 500 KA.

18. CONCLUSIONS

In high beta research the achieved beta values in divertor discharges
have been pushed up to Or = 11% in the low g regime and 4, = 5.1
(eBp = 1.8) at high ¢. At intermediate g, Bn as high as 5 has been found
stable and is theoretically expected to be stable for optimized profiles.
The near term high leverage issue is to seek to establish whether the
beta limit for optimized profiles rather generally lies at Sy > 5. Such a
possibility would enhance prospects for current driven reactors operating.
at moderate to high gq.

H-mode confinement in the high recycling open divertor geometry
of DIII-D is about 1.7 times L-mode as represented by ITERP-89 scaling.
Local transport studies favor a gyro-Bohm rather than the Bohm funda-
mental scaling prescription. In the hot ion H-mode regime, T; = 17 keV
has been reached and transport analysis reveals the principal improve-
ment in H-mode from L-mode is a reduction of x.. DIII-D results favor
the idea that the H-mode originates from a sudden increase in poloidal
plasma flow at the edge, consistent with an increased negative E-field, and
resulting in sufficient shear in the flow to stabilize turbulence. Sufficient
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understanding of the physics and phenomenology of ELMs exists to utilize
ELMs for impurity control, which has resulted in 10 second long H-mode
and continuously declining impurity levels. Divertor X-point sweeping
and radiation enhancement by both fuel and impurity gas puffed between
the X~points have been shown able to lower peak divertor heat fluxes by
factors of 3 and 2 respectively. Carbon blooms have not been observed in
DIII-D despite local peak heat fluxes on the divertor tiles of 4 MW /m?
and 50 MJ total heating energy injected. These results provide support
for the effective use of H-mode in future devices and demonstrate that
techniques are available to reduce divertor plate peak heat loads.

A clear observation of electron cyclotron current drive up to 70 kA
has been made and is in accord with theory calculations. Methods of
“holding low density H-mode are being developed. The Advanced Divertor
Program has installed a biasable ring and gas baffle structure for density
control experiments. An in-vessel cryo-pump is being designed in collab-
oration with JET. Ion Bernstein wave heating did not produce central
heating; only edge heating, parametric decay, and impurity influx were
observed. The IBW antenna has been replaced with an ICRF fast wave
current drive antenna as a first step toward full current drive by fast waves
and EC waves with ECH (2 MW at 60 GHz and 2 MW at 110 GHz) used
to produce the high temperatures needed for efficient current drive. An
additional 5 MW, 110 GHz ECH system is being planned in cooperation
with JA¥RI. An 8 MW ICRF fast wave system is also planned.
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