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Transport and performance in DIII-D discharges with weak or negative 
central magnetic shear 
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Discharges exhibiting the highest plasma energy and fusion reactivity yet 
realized in the DIII-D tokamak [Plasma Physics and Controlled Nuclear 
Fusion Research, 1986 (International Atomic Energy Agency, Vienna, 1987), 
Vol. I, p. 1.591 have been produced by combining the benefits of a hollow or 
weakly sheared central current profile [Phys. Plasmas 3, 1983 (1996)l with a 
high confinement (H-mode) edge. In these discharges, low power neutral 
beam injection heats the electrons during the initial current ramp, and “freezes 
in” a hollow or flat central current profile. When the neutral beam power is 
increased, formation of a region of reduced transport and highly peaked 
profiles in the core often results. Shortly before these plasmas would 
otherwise disrupt, a transition is triggered from the low (L-mode) to high 
(H-mode) confinement regimes, thereby broadening the pressure profile and 
avoiding the disruption. These plasmas continue to evolve until the high 
performance phase is terminated nondisruptively at much higher & (ratio of 
plasma pressure to toroidal magnetic field pressure) than would be attainable 
with peaked profiles and an L-mode edge. Transport analysis indicates that in 
this phase, the ion diffusivity is equivalent to that predicted by Chang-Hinton 
neoclassical theory over the entire plasma volume. This result is consistent 
with suppression of turbulence by locally enhanced 3 x flow shear, and is 
supported by observations of reduced fluctuations in the plasma. Calculations 
of performance in these discharges extrapolated to a deuterium-tritium fuel 
mixture indicates that such plasmas could produce a DT fusion gain 
@T =0.32. 
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I. INTRODUCTION 

An important challenge in magnetic fusion research is the development of an advanced 
configuration capable of achieving conditions of high reactivity in a compact, economical 
device. Recent experiments in the DIII-D tokamak,l a modest size ( R  = 1.67 m) low 
magnetic field ( BT = 2.1 T) device, have demonstrated progress in this direction, achieving 
high fusion power PDD 5 28 kW in deuterium plasmas, which extrapolates to DT fusion 
power gain up to &T = 0.32. 

This enhanced performance is obtained via a combination of factors. First, stability at high 
& is improved by combining a region with a hollow or weakly sheared current profile in the 
core with broad pressure profiles (stability of these discharges is discussed in detail in a 
companion paper by Strait et al. ). Second, transport is reduced to neoclassical3 values 
throughout most of the plasma cross-section which results in high confinement, allowing the 
plasma to take advantage of the high beta limits with relatively low (<20 MW) applied 
heating power. The results with these simple profile control tools are impressive, and give 
reason for optimism when more sophisticated tools become available in the future. 

2 

Enhanced performance has been previously reported in DIII-DM in plasmas with weak or 
negative central magnetic shear and a low confinement (L-mode) edge. In these experiments, 
the aforementioned region exhibiting a hollow or flat current profile was used to improve 
performance in the core. However, these plasmas typically have peaked profiles, and 
invariably disrupt at moderate PN I 2  ( PN = a&rpT/ lp )  where a is the plasma minor radius 
in m, % is toroidal magnetic field in T, Zp is pllasma current in MA, and & is normalized 
beta in m-TMA). 

In recent experiments, controlled transitions from Gmode to the high confinement (H-mode) 
regime were used to broaden the pressure profile and stabilize the magnetohydrodynamic 
(MHD) activity which leads to a disruption.237 This allowed the plasmas to cQntinue to 
evolve, reaching higher & and higher reactivity before the high performance phase 
terminates in a non-disruptive fashion. These plasmas, which can reach PN = 4and H = 4 
(confinement time relative to the ITER-89P8 scaling relation), tend to exhibit neoclassical ion 
transport over nearly their entire cross section. 

In Section II of this paper, we will discuss the global results of experiments targeted at 
optimizing performance by combining the two effects of central magnetic shear and the 
H-mode edge. In Section 111, detailed transport analysis of discharges with or negative 
central magnetic shear will be shown, along with evidence to support the paradigm of 
turbulence stabilization by sheared E X velocity as the primary effect responsible for the 
enhanced performance once the second stability regime is accessed in the core. In Section IV, 
we will present the results of studies of extrapolation of these discharges to DT plasmas. 
Finally, the work will be summarized in Section V. 

General Atomics Report GA-A22517 1 
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II. PERFORMANCE OPTIMIZATION 

As has previously been reported& high fusion performance plasmas with weak or negative 
central magnetic shear and sufficient neutral beam power have been observed to develop a 
region of improved stability and confinement in the core. Plasmas heated by rf are discussed 
in Ref. 9. Such plasmas are formed by heating the electrons with neutral beams during the 
initial current ramp, in order to reduce the core resistivity and “freeze in” the current profile. 

In these experiments, the highest levels of fusion performance (factor of two increase from 
the highest performance VH-mode plasmaslo) observed in DIII-D were established in 
plasmas with an Gmode edge and a region of reduced transport corresponding to the region 
of reversed magnetic shear in the core. However, these plasmas invariably disrupt due to the 
very high central pressure gradient.11 In such cases, performance is limited by MHD 
instabilities. 

Predictions based on ideal MHD12 anticipated that such disruptions could be avoided by 
broadening the pressure profiles to reduce the peak value of p’= ap/aw,  as typically occurs 
following transition from the low to high confinement regimes (L-H). When an L-H 
transition is initiated prior to the disruption, the consequent broadening of the pressure profile 
leads to avoidance of the instability, and the plasma continues to evolve to further enhanced 
performance (Fig. 1) .  In such experiments in DIII-D, up to 28 kW of DD fusion power 
was produced. 

In order to perform the experiment, a control algorithm was developed to effectively switch 
the plasma between L- and H-mode. Rapid motion from a nominally double-null divertor 
shape biased toward the upper poloidal field null with the ion VB drift pointing away from 
the controlling X-point, to one with a bias toward the lower poloidal field null with the ion 
VB drift pointed towards the controlling X-point [Fig. (2a)] results in a swift reduction in 
the H-mode power threshold.13 Such motion is often followed immediately by an L-H 
transition which broadens the pressure profile and allows the discharge to continue to evolve 
(Fig. 2).  One interesting feature of these transitions is that in the presence of a pre-existing 
internal transport barrier in the L-mode phase, the threshold power becomes elevated. This 
appears to be a consequence of the fact that a large portion of the applied power is contained 
in the core, reducing the power flow across the boundary which is needed to obtain the 
tran~iti0n.l~ In order to successfully utilize the L-H transition as a profile control tool, the 
neutral beam power in the highest performance discharges was raised in two steps (Fig. 3), 
with the L-H transition triggered at the intermediate power level. 

7 
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Fig. 1 .  The broader density (and therefore pressure) profiles in plasmas with an H-mode edge 
result in higher reactivity and fewer disruptions. The highest neutron rates in DIII-D 
have been produced in discharges with broad density profiles, indicated here by a low 
ratio of the densities measured at two locations by Thomson scattering. Note that the 
character of many of the disruptions with broad density profiles, including the two 
highest reactivity disruptive discharges shown, is different from those with more highly 
peaked density profiles. 
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Fig. 2. Comparison of similar discharges with and without the stimulated L-H transition. 
(a) Boundary shapes before and after the transition; (b) pressure profiles during L- and 
H-mode phases; (c) time evolution of the two discharges. 
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Fig. 3 .  Time evolution of a discharge with high fusion gain: (a) PNBI; (b) vertical position; 
(c) D, emission; (d) PN and H factor; (e) measured and calculated (TRANSP 
thermonuclear, beam-plasma and total) neutron rates. Shot 87937, I p  = 2 .2  MA, 
&r =2.1 T. 
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111. TRANSPORT ANALYSIS 

Throughout the following discussion, the term “transport barrier” is used to describe a region 
of reduced transport extending over the entire region between the magnetic axis and the barrier 
location. Except where otherwise noted, where diffusivities are shown, we refer to the total 
diffusivity 

for ions (xi or electrons (xe). This formulation of the diffusivity avoids the difficulties of 
separating the conductive and convective heat loss terms. There is considerable uncertainty in 
this decomposition due to the difficulty of accurately determining the of the particle sources in 
the divertor configuration. Additionally, the value of the coefficient of the convective term is 
the subject of some controversy14 which is avoided by treating the data in this way. This 
diffusivity can be treated as an upper limit to the purely conductive diffusivity. 

In each of the analyses below, the MHD equilibria were reconstructed using the E ~ T  equi- 
librium code15 including data from external magnetic measurements and motional Stark 
effectl6 (MSE). Significant radial electric field effects on the MSE datal7 have been corrected 
for in this analysis. The radial electric field can approach 200 kV/m in the highest per- 
formance discharges. Measured profiles of electron density from Thomson scattering and 
C 0 2  laser interferometry, electron temperature from Thomson scattering and electron 
cyclotron emission, ion temperature from charge exchange recombination, impurity density 
from charge exchange recombination, plasma rotation from charge exchange recombination, 
and radiated power from bolometry, as well as results from the aforementioned equilibrium 
reconstructions were used as input to the TRANSP~* and ONETWO19 analysis codes. 

1II.A. Internal transport barrier formation 

In shot 89943 ( Zp = 1.6 MA, PT = 2.1 T), a discharge with an L-mode edge and a region of 
negative magnetic shear in the core (Fig. 4), a region of reduced transport appears in the core 
at t = 0.65 s, shortly after the initial application of 5 MW of neutral beam power at 
t = 0.35 s. These conditions evolve slowly until the applied power is incremented to 7 M W  
and the plasma current reaches its full value at 1.37 s. After this time, the transport barrier 
region rapidly expands, with further reductions in both the electron and ion transport channels 
evident over the entire region p < 0.7 (Fig. 5) .  

During this interval, both far infrared scattering (FIR, k = 2 cm-’) and beam emission 
spectroscopy (BES, k 5 2 cm-’) detect gradually decreasing levels of density fluctuations 
over a broad region of the plasma, with the ion diffusivity exhibiting a similar decrease 
(Fig. 4). The observation of decreased fluctuations in a region outside of the transport 

General Atomics Report GA-A225 17 7 
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0 I 2 
time (sec) 

Fig 4. (a) Ion temperature at several different positions in the plasma indicates transport 
barrier growth starting at 0.7 s and increasing after the beam power steps up at 1.37 s; 
(b) total ion diffusivity (shown on a logarithmic scale) calculated by TRANSP. 
Fluctuations measured by (c) FIR scattering (viewing the region r/a =O. 8f0.5)  and 
(d) BES indicate a slow, continuous drop in turbulence [with a similar decrease in the 
ion diffusivity, shown on a linear scale in (c)] rather than a fast drop at the transitions. 
(e) Neutral beam power. Shot 89943, I, = 1.6 MA, &r = 2.1 T, L-mode. The 
initial transport barrier formation, evidenced by a sudden increase in ion temperature at 
p = 0.25 and a decrease in ion diffusivity in the same region, occurs betwen the first 
two marked timeslices, at approximately t = 0.65 s. The marked timeslices at 1.4 
and 1.5 s, just prior to and during the rapid transport barrier growth phase, are 
examined in detail in Fig. 5. 

barrier appears to be a common feature in discharges in DIII-D, and will be the subject of 
further study. The reduction in turbulence seen in the FIR scattering data at the transition after 
1.37 s (Fig. 5) appears to be more a part of this general trend than a sudden event, however, 
it is possible some of the detail here was lost after the end of the mR scattering data record 
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Fig. 5. (a) Shearing rate W E ~ B  and maximum calculated growth rate rmax at 1.4 and 1.5 s 
indicate growth of the region where microturbulence is expected to be stabilized in the 
core; (b) kma, the wavenumber at which ym,occurs; (c) both the ion and electron 
diffusivities decrease when uExB > y-; (d) safety factor profiles at several times 
during the discharge. Shot 89943, Ip = 1.6 MA, BT = 2.1 T, L-mode. 

(more rapid reductions are often seen in the FIR scattering data at higher beam power). The 
lack of a further decrease seen in the BES data may be due to the fact that the fluctuation 
spectrum has become dominated by Doppler broadening due to strong plasma rotation, and 
the signal can no longer be resolved (the BES diagnostic is currently being upgraded to 
alleviate this situation for future experiments). 

The transport behavior in this discharge appears consistent with the paradigm of stabilization 
of microturbulence by g x i flow shear.20 The x 5 shearing rate mExBis calculated from 
Eq. (2): 

General Atomics Report GA-A22517 9 
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with the radial electric field given by radial force balance: 

The impurity ion velocity and pressure is determined from charge exchange recombination, 
and the magnetic equilibrium from the reconstruction discussed above. 

This shearing rate can be compared to theory-based predictions of turbulence growth rates 
made using a 3-D ballooning mode linear gyrokinetic stability code ( G K S ~ ~ )  in the electrostatic 
limit. In these calculations, the maximum growth rate ymax is computed as the larger of the 
growth rates of the ion temperature gradient (ITG) and dissipative trapped electron modes 
(TEM). A comparison of the shearing rates and calculated growth rates is shown in 
Fig. 5. Although the theories do not specify a hard threshold for transport reduction at 
U E ~ B  = ymax, in practice we often observe sharp decreases in transport when this condition 
is exceeded in DIII-D. Prior to the transition, at t = 1.4 s, the 2 x 13 shearing rate is insuf- 
ficient to overcome the calculated growth rates over most of the plasma. The relatively 
narrow region where U E ~ B  slightly exceeds ymax coincides with the region in which the 
transport barrier began to form at 0.7 s. Note that the feature in the calculated growth rates at 
p < 0.4 at this time appears to be due to TEM imodes, while the outer feature is consistent 
with ITG modes. 

After the transition, at t = 1.5 s, the TEM feature previously seen has completely vanished 
due to increased separation of the ion and electron temperatures Ti(0)/Te(O) has increased 
from slightly above 2 prior to the transition to about 3 at this time. The growth rates for the 
ITG mode are still finite, but now significantly smaller than the newly increased Ex 
shearing rate over much of the region 0.4 < p < 0.7 , corresponding to the region of further 
reduced transport. 

Note that at this time, ion transport ap ears to be reduced below the theoretical “irreducible 
minimum” Chang-Hinton neoclassical value for p < 0.45. This apparent discrepancy may 
be explained by considering that these plasmas violate the basic assumption of small ion orbits 
made in developing the neoclassical theory in the central region. Although work has been 
done on extending the theory for such cases22723 as these, no such correction has yet been 
applied to this analysis. 

fl 

1II.B. Extension of the transport barrier to the entire plasma 

As shown above, plasmas with an L-mode edge and weak negative magnetic shear in the core 
are observed to exhibit a region of reduced transport in the core. These plasmas can exhibit 
very high performance compared to previous experiments in DIU-D, lo but invariably disrupt 
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at high power.2 As discussed in Section 11, the disruption can be avoided by stimulating an 
L-H transition shortly before the disruption would occur. 

Figure 6 shows a pair of similar discharges which undergo an L-H transition at t = 2.106 s 
and continue to achieve high performance (the difference between these discharges will be 
discussed in Section 1II.C). For this discussion, we will concentrate on shot 87937. 
Figure 7 shows profiles shortly before the H-mode transition, and later during the ELM-free 
phase. The ion temperature and rotation profiles, which were peaked in the Gmode phase, 
become broadened. The total ion diffusivity [shown to indicate an upper limit to the 
diffusivity, Eq. (l)] drops to zero (TRANSP indicates slightly negative values, but well within 
any reasonable error estimate of zero) in the outer half of the plasma during H-mode, while 
remaining near, but still above neoclassical in the core. The purely conductive ion diffusivity, 
already near neoclassical in the core during L-mode, decreases to essentially zero throughout 
the plasma in H-mode. Transport calculations indicate that at this time there is no significant 
conducted power flux in the ion channel anywhere in the plasma. 

20 
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Fig. 6.  Time evolution of a pair of H-mode discharges with weak (87937) and negative 
(87953) central magnetic shear. (a) P ~ I  ; (b) q(0) - qmin ; (c) D, emission; (d) PN ; 
and H factor; (e) measured and calculated (TRANSP) neutron rates. I p  = 2.2 MA, 
B, =2.1 T, PNBI =20.4 MW, tL-H z2.106 S. 
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Fig. 7 .  (a) Ion temperature, (b) rotation, (c) total, and (d) purely conductive diffusivity 
profiles at the beginning of the high power phase, shortly before the L-H transition 
and during the ELM-free H-mode phase. Shot 87937, Zp = 2.2 MA, BT = 2.1 T ,  
PNBI =20.4 MW, ~ L - H  = 2.106 S .  

As in the L-mode case of the previous section, these results are consistent with the paradigm 
of stabilization of microturbulence by ,!? x flow shear. Comparison of the calculated 
growth rates to the shearing rate show that after the L-H transition, W E ~ B  > ymax every- 
where in the plasma (Fig. 8b). Based on this observation, one might expect microturbulence 
to be suppressed everywhere in the plasma. Indeed, FIR scattering indicates that prior to the 
L-H transition in these discharges, core turbulence has already been reduced to undetectably 
small levels. The remaining fluctuations vanish after the L-H transition.24 

1II.C. Dependence of transport on magnetic shear 

The two discharges shown in Fig. 6 are similar in nearly every respect except that the target 
conditions, at the beginning of the high neutral beam power phase of shot 87953, were 
developed with slightly higher beam power in the early phase, resulting in a target plasma 
with negative central magnetic shear [ S = (2 V/q)dq/dV, where V is the volume enclosed by 
a flux surface and q is the safety factor]. Shot 87937, with less power in the early phase, 
produces a target with almost no shear in the center (Fig. 8). Although there are clearly dif- 
ferences in the stability of these two discharges,% the diffusivities are quite similar. Each of 
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p I =I . *  ...;.. ion n e o x  
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Fig. 8. (a) H-mode edge discharges with negative magnetic shear (87953) and weakly positive 
magnetic shear (87937) in the core. (b) The Doppler shift shearing rate mExB is 
greater than the turbulence growth rate ymaX at all radii for the discharge with weakly 
positive shear (similar results are obtained for the discharge with negative central 
shear). (c, d) Dependence of ion and electron diffusivity on magnetic shear is not 
indicated. I p  = 2.2 MA, BT = 2.1 T, PNBI = 20.4 MW. 

these discharges is predicted by the procedure given above to be stabilized against micro- 
turbulence throughout the entire plasma. 

The L-mode discharges contrast the behavior of the H-mode discharges. A comparison of a 
pair of L-mode discharges with differing amounts of magnetic shear in the core (Fig. 9) 
shows that in this case, the plasma with more strongly reversed central shear exhibits a lower 
central diffusivity. Whether this is a consequence of lower neoclassical levels in this 
discharge is as yet unknown, since we do not yet have an accurate means of determining the 
neoclassical values in this region (see discussion in Section III.A). Differences in I? x 8 flow 
shear alone are insufficient to explain this difference, since both discharges are calculated to 
have nearly identical levels of flow shear. 

None of this should be taken to negate the importance of shear in the formation of these 
discharges, however. The target conditions, prior to the application of high neutral beam 
power, are calculated to be MHD unstable with strongly positive central magnetic shear. With 
weak or negative shear, however, the core region can access the second stable regime for 
ballooning modes, allowing the central pressure gradients to increase to the levels necessary 
for significant I? x 8 flow shear to occur. 
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Fig. 9. (a) L-mode edge discharges with strongly (87003) and weakly (8703 1) negative central 
magnetic shear (b) During the early formation of the transport barrier the turbulence 
growth rate ymax exceeds the Doppler shift shear rate aExB. (c)  xi is reduced from 
before (early at 5 MW) the transport barrier to after (late at 10 MW) the transport 
barrier formation. For fixed conditions xi is reduced for larger magnetic shear. (d) 
After the transport barrier formation ymax < mExB in the region of reduced ion 
transport. 
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IV. EXTRAPOLATION TO DT OPERATION 

The highest fusion gain discharge (87977, see Table I and Fig. 3) was used as the basis for 
calculations of the performance of an equivalent discharge fueled with a 5050 deuterium- 
tritium mix at the same level of neutral beam power. In this computational modeling, the 
density, temperature, and rotation profiles were all held constant in the DT plasma as 
measured in the DD plasma. The DT mixture was adjusted by varying the relative concen- 
trations of deuterium and tritium in the working gas and neutral beam. Due to the relatively 
poor penetration of the tritium beams, over half of the neutral beam power must be applied 
from tritium beams, but with the proper choice of the initial mixture, a steady core mixture can 
be obtained [Fig. lO(a)]. Starting the discharge in pure deuterium, with neutral beams being 
the sole source of tritium, results in low DT gain, since these discharges are too transitory for 
the beams to replace half of the deuterium with tritium before the high performance phase 
terminates. 

Table I. Parameters of highest performance H-mode discharges with weak central magnetic 
shear. 

87977 87980 
Plasma current Zp 2.2 MA 2.4 MA 
Toroidal magnetic field BT 2.1 T 2.1 T 
Neutral beam power P ~ I  17.5 MW 20.2 MW 
Stored energy WMHD 4.2 MJ 4.5 MJ 
Toroidal beta PT 6.8% 7.2% 
Normalized PN 4.0 %-m-TMA 3.9 %-m-TMA 
Confinement time ZB 0.5 s 0.4 s 
Normalized confinement time H 4.0 3.5 
DD neutron rate S, 2.2 x 10l6s-' 2.4 x 10l6s-l 
Fusion power PDD 26 kW 28 kW 
Equivalent fusion power PDD 

Equivalent DT fusion power efficiency QDT 

5.8 MW 6.0 MW 

0.32 0.30 

equivalent 

Fusion power efficiency &D 1.5 x 1.4 x 1 0 - ~  
equivalent 

Under these conditions, the predicted DT fusion power PDTis calculated to be about 215 
times greater than the calculated PDT (Fig. 10). Applying this factor to the measured fusion 
gain, using the measured rather than the calculated value of PDD to eliminate systematic 
errors, of the highest yield DD discharge (&D = 1 . 5 ~ 1 0 ~ )  in DIU-D results in 
pxecvalent ~ 0.32 and pfjyvalent = 6 MW. The calculated multiplier value of 215 is a 
robust result that has survived several reanalyses of this discharge. Similar values have been 
calculated for several other discharges as welll. Comparable multipliers have also been 
calculated for plasmas in the Joint European Toms ( ET)25 with similar parameters.26 
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Fig. 10. (a) Central particle densities calculated in a discharge modeled after 87977 with a 
5050 deuterium-tritium mix; (b) Neutron rates from the same discharge; (c) The ratio 
of DT to DD fusion power PDTIPDD calculated by TRANSP based on (delete a) 
his run and a second "analysis mode" run directly modeling the same discharge; 
(d) @Dyivdent versus time. 

We note that the ratio PDTIPDD is higher than published predicted multipliers for the 
Tokamak Fusion Test Reactor (TFTR).27 Supershots computed via a similar procedure.28 
This is not unreasonable given the differences between these discharges and Supershots. 
Although the cross sections for DT fusion reactions are larger under TFTR Supershot condi- 
tions, where Ti(0) = 35 keV and Em1 = 110 kV, than in DIII-D discharges with 
Ti(0) = 18 keV and  ENS^ = 80 kV, the ratios of the DT cross sections to the DD cross 
sections are smaller. The higher central ion temperatures in Supershots result in a 
considerably lower ratio (SV)DT/(SV)DD (by about 25% on axis), and therefore of the 
thermonuclear reactivity multiplier. The higher neutral beam voltages in TFTR lead to a 
reduction of about 10% in the ratio CTDT~CTDD and therefore of the beam-plasma reactivity 
multiplier. Also, the fractional contributions of thermonuclear and beam-target fusion 
reactions is very different for the two regimes, with Supershots having higher fast ion 
populations. 

Projecting fusion performance from a deuterium discharge to a DT is not without uncertainty. 
In DT Supershots in TFTR, measured fusion performance has been lower than calculations 
based on similar deuterium discharges would indicate.29 However, simulations based on 

16 General Atomics Report GA-A22517 



Transport andpegomance in DIII-D discharges with weak or negative central magnetic shear 
Greenfield et al. 

deuterium hot-ion H-mode discharges in JET accurately predict the reactivity of comparable 
discharges with small amounts of tritium added.26 These plasmas, with broad temperature 
and density profiles and central ion temperatures of about 20 keV, are similar in many 
respects to the DIII-D discharges. We cannot be certain, of course, that the performance in 
JET will continue to behave as predicted with higher concentrations of tritium. The 
experience with other devices serves most of all to point out the uncertainty in such 
calculations; nevertheless, this is a valuable exercise in benchmarking the progress made in 
these experiments. 
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V. SUMMARY AND CONCLUSIONS 

By combining the favorable properties of discharges with weak or negative central magnetic 
shear in the core with the enhanced edge of the H-mode, we have produced plasmas which 
obtain levels of performance significantly above that previously achieved in DIII-D. In order 
to achieve this, a method of obtaining a stimulated L-H transition by controlling the plasma 
position in a nominally double-null divertor geometry was developed. Following the G H  
transition, a high performance plasma which would otherwise have disrupted continues to 
evolve with broadened profiles to still higher levels of stored energy, confinement and 
reactivity. 

These discharges build on an L-mode target plasma which exhibits neoclassical levels of 
transport in their core. This transport, near the (omit “irreducible minimum”) level predicted 
by neoclassical theory, is made possible by nearly complete stabilization of microturbulence in 
this region by sheared flows in the plasma, and is consistent with theoretical predictions. As 
the region of reduced transport develops, density fluctuations measured by both FIR 
scattering and BES are seen to decrease, with unmeasurably small levels of turbulence in the 
core when high power is applied. 

After the L-H transition, the profiles broaden, and the ion transport over the entire cross 
section of the discharge becomes comparable to neoclassical values. These plasmas continue 
to evolve until the high performance phase terminates with high levels of MHD and density 
near the boundary. The discharges typically continue in an H-mode state with edge located 
modes (ELMS). 

The discharge with the highest fusion gain reached &D = 1.5 x and produced 26 kW 
of DD fusion power. Projections of the power that could be produced by replacing half of the 
deuterium in the discharge with tritium indicate a factor of 215 increase in output power, and 
project that a device with similar parameters to DIII-D could obtain fusion power gain 
@T 0.32. 

During the past year, this effort has resulted in a factor of two increase in fusion power 
produced in DIII-D. These experiments utilize rather simple profile control tools: early 
neutral beam heating to set up the current profile, and triggered L-H transitions to broaden the 
pressure profile. With future advances in profile control tools, such as fast wave rf and 
electron cyclotron heating, we hope to be able to not only further improve performance, but to 
sustain the high performance phase for longer periods of time, as well. With such tools, this 
regime holds great promise for future accomplishments. 
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