VOLUME 77, NUMBER 13 PHYSICAL REVIEW LETTERS 23 BPTEMBER1996

Higher Fusion Power Gain with Current and Pressure Profile Control
in Strongly Shaped DIII-D Tokamak Plasmas
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Fusion power has been increased by a factor of 3 in DIII-D by tailoring the pressure profile to avoid
the kink instability in H-mode plasmas. The resulting plasmas are found to have neoclassical ion
confinement. This reduction in transport losses in beam-heated plasmas with negative central shear is
correlated with a dramatic reduction in density fluctuations. Improved magnetohydrodynamic stability
is achieved by controlling the plasma pressure profile width. In deuterium plasmas the highegt gain
(the ratio of fusion power to input power), was 0.0015, corresponding to an equivalen0.32 in a
deuterium-tritium plasma. [S0031-9007(96)01257-4]

PACS numbers: 52.55.Fa

A critical milestone in the development of controlled H-mode plasmas are characterized by a transport barrier
fusion is the production of plasma conditions with strongat the plasma edge leading to a broader pressure profile.
fusion self-heating, leading to a sustained fusion ignitiorHowever, NCS plasmas with ah-mode edge exhibit
condition. The ratio of fusion power to input pow@ris  strongly peaked pressure profiles and invariably disrupt at
roughly proportional to the square of the plasma pressurbeta values about a factor of 2 less than the values achieved
and generally increases with the mean strength of tham H mode [9]. ThisL-mode beta limit is consistent with
confining toroidal magnetic fiel@, and the size of the ideal MHD stability limits, and broadening the pressure
plasma, or major radiu®. In the DIII-D tokamak, strong profile is predicted to enhance stability and resultin a large
shaping [1] of the plasma improves stability and allowsincrease in plasma reactivity for strongly shape plasma
operation at high8 with good confinement, which also cross sections [10]. The key result from Ref. [10], relating
increases). Here 83 is the ratio of plasma pressure to 8* to the width of the pressure profile, is shown in
magnetic field pressure. Fig. 1. The ratio of the rms-average plasma pressure to

In this paper we report a significant increase in the
fusion power gain in deuterium plasmas@g, = 0.0015.

This value of Q,; corresponds to an equivale@ in 10
a deuterium-triti.um plasmaQ,, = 0.32. _Record levels O m D-shaped
of plasma reactivity for DIII-D are obtained through the 8 - /
achievement of a neoclassical level of ion transport over O

most of the plasma volume. This is accomplished by 0O
control of the current profile in the target (plasma prior to — 6
application of high-power neutral beam heating) combined &2
with improved magnetohydrodynamic (MHD) stability @
limits through control of the plasma pressure profile during .
the high-power heating phase in strongly shaped plasmas. / Circular

Recent calculations [2—4] predict that a central region 2 0O
with negative shear in the safety factor will enhance plasma Co O
stability. The safety factoy is the number of toroidal
transits of a field line for one poloidal transit, and the 0
shear is(2V/q)dq/dV whereV is the volume enclosed 2 3 4
by the flux surface. Both fusion reactivity and plasma Po’(")
Istablllty gre sen5|t|vf_e to thet for_?1 of thet_pressu:e IprOg"eFIG. 1. The highests* ideally stable to the: = 1 (kink)
mproved core confinement with negative central Sheafy,qe ys the pressure peaking factey/(p) for a form factor
(NCS) has been observed in bdtimode [5] and?-mode  , = p(1 — p2)". Shown are the results for a circle and a D
[6] DIlI-D plasmas, as well as in JET [7] and TFTR [8]. shape with elongation 1.7 and triangularity 0.7.
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the magnetic field pressu@® = 2u(p2)'/2/B% is more  shifting the plasma down, making the dominahtpoint
representative of plasma reactivity than Figure 1 makes the one in the direction of the ioWB drift. Also shown is
the point that the effects of the pressure profile in shapethe plasma responsg) for the outer surface. Initially the
plasmas are much different than in circular plasmas wherplasma is shifted upwards, suppressing thenode. The
there is little sensitivity of the3™ stability limit to the  pressure profile broadening after the transition is shown
pressure profile, consistent with other work [11]. Thein 3(c) by the decrease ipy/(p), and the concurrent
results of the computational study shown in Fig. 1 wererise in 3*. The termination of the enhanced performance
a strong motivating force for these experiments. Thg2.42 s) is correlated with the onset of low toroidal mode
experimental tool used to control the pressure profile imsumber MHD activity. In this case, mode numbers 2
the timing of theL-H transition, with the transition t&/  and 3 predominate, though= 1 is often observed. In
mode serving to broaden the pressure profile. general this onset of MHD activity is correlated with
This controlled transition has led to record reactivity fora time when with central neutral beam deposition is
DIlI-D plasmas, withQ,, reaching values comparable to reduced as a result of increased plasma densif-ofode
those in the larger, higher magnetic field tokamaks, JEPplasmas. Prior to this MHD activity the neutral beam
[12], JT-60U [13], and TFTR [14]. Before discussing the deposition profile is quite peaked, comparable to TFTR
details of the experiment and analysis we present a survesupershots [17].
of the results in Fig. 2 where neutron rafg is plotted We turn to 87977 (shaded large circle in Fig. 2) for
against heating power. The symbols distinguish the which we have more complete fluctuation data to discuss
and H-mode plasmas. The-mode plasmas consistently the transport and fluctuation signatures observed in these
produce a lowelS,, and terminate in a disruption. The H-mode plasmas. The transport analysis of 87977 is done
pressure ratiopg/(p) of the L-mode plasmas is in the using therRANSP[18] analysis code. The dominant power
range 4-5 while foH-mode plasmas this ratio is typically flow is from the neutral beams to the ions with the domi-
2. The data points (shots 87937 and 87977) indicated agant loss terms being the convection and collisonal transfer
larger circles will be discussed in the remainder of thisto the electron channel. We will define an effective ther-
paper. Also shown as a triangle is shot 78136 [18]/&  mal diffusivity y'* asy/* = 0! /n;VT;. This effective
mode plasma with the highest reactivity achieved prior tdon thermal diffusivity avoids the difficulty of separating
the development [16] of the NCS target. the ion heat loss into convective and conductive parts. The
The experiment is straightforward; a target NCS plasm&nowledge of the particle sources in tokamaks is incom-
is created and allowed to remain ih mode until it plete making the decomposition uncertain. Additionally,
disrupts. The discharge is repeated. About 100 ms beforthere is some controversy as to the numerical coefficient
it would have disrupted af/-mode transition is induced, of the convective term [19], and in this way we avoid pre-
allowing the plasma to evolve. scribing a value. In the very center the neoclassical cal-
In Fig. 3 we show the time evolution of selected culations is known to be in error because the ion orbits are
quantities from 87937. The Demission 3(a) shows the
L-H transition; also shown here are the heating power 30
and neutron rate evolution. In 3(b) is the control signal
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FIG. 3. The time evolution of selected quantities from 87937:
0 - (@) D, emission from the lower divertor region showing the
25 L-H transition at 2.12 s and the comencement of edge localized
Neutral Beam Power (MW) modes at 2.32 s. Also shown are the staging of the heating

power and the evolution of,. (b) The averaged vertical
FIG. 2. Results from this experiment displayed as peakplasma position used to time tiieH transition and the control
neutron rate,S,, vs neutral beam power. The solid squaressignal (a.u.) for this position. (c) The evolution of the pressure
are L-mode plasmas and the open circles afemode. The profile width represented ag,/(p), and rise inB™ resulting
large open circle is 87937, discussed in Fig. 3, and the largéom the L-H transition, which correlates with risin§,. The
shaded circle is 87977, discussed in Figs. 4 and 5 and Table Iplasma shape and limiting surface are shown as an inset.
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FIG. 4. lon thermal diffusivity vsp, square root of the nor-
malized toroidal flux. The solid lines are the experimentF|IG. 5. Comparison of the experimental ion heat flux (solid
and the dashed lines are the calculated neoclassical valudme) for 87977 at 2.58 s with the prediction of the HS
(a) Representative time during tiemode phase. (b) Diffu- neoclassical formulation (dashed line).
sivity during theH-mode phase.

jecting the reactivity of a deuterium-tritium plasma un-
too large for the ordering of the calculation to be satisfiedder these conditions. The evolution of 87977 is similar
At the edge an error is introduced because some ion orbite 87937 shown in Fig. 3. The procedure for calculating
will leave the confined region. an equivalen®,; closely follows that applied to deuterium

In Fig. 4(a) we compare the effective ion diffusivity dischargesin TFTR [24]. No isotropic transport improve-
xi"* to the Chang-Hinton formula [20] for neoclassical ments were assumed. The experimental profiles (tempera-
diffusivity at a representative time during themode tures, densities, toroidal rotation) were maintained with
high-power phase. The formula is derived in the limit of the assumption of no transport differences between deu-
circular flux surfaces at finite aspect ratio with a correctionterium and tritium ions. The DT simulations for 87977
accounting for an impurity concentration. The dramaticpredictQ,, = 0.32. The valueS, = 2.2 X 10'° s! was
reduction in ion transport during thH#-mode phase is measured with a calibrated scintillator. ValuesSyf=
shown in Fig. 4(b). x;* over the entire plasma is now 2.3 x 10! s~! measured with a fission product counter
comparable to the neoclassical level. The chosen time isnds, = 2.5 X 10'% s™! from calculations using the ex-
50 ms prior to the peak neutron rate, wheris in excess perimental temperature and density profiles provide con-
of 6%. This time is just prior to the onset of= 2 MHD  fidence in these results. Plasma parameters are shown in
activity when y/*" begins to rise again. Table I.

In Fig. 5 the ion transport is compared to a multiple Density fluctuation spectra show good correlation with
ion species implementation [21] of the neoclassical forcehe observed behavior of the ion transport. In Fig. 6 we
balances using the formulation of Hirshman and Sigmashow the power spectra of density fluctuations observed
(HS) [22] with the perpendicular viscosity of Shaing via far-infrared scattering at a wave number2oém™!.
et al.[23]. This calculation is done in the equilibrium The diagnostic views a large scattering volume and
geometry. In comparing to HS we continue to avoidspatial resolution results from the Doppler shift in the
the decomposition into conductive and convective partplasma which has significant shear in the toroidal rotation
and simply compare total heat flux from the experimentselocity. Thus the highest frequencies correspond to the
to total neoclassical heat flugff,g = Qi\fﬁd + %FNCTi inner region(p = 0.3) while frequencies near zero result
where yNCn,; VT; is the dominant conductive term. This from light scattered from the plasma edge. A beam
is shown in Fig. 5. With this more complete treatmentemission spectroscopy diagnostic observes the density
the experimental results are above, but still comparabl8uctuations falling below a detectable level, placing the
to, the neoclassical result. The disagreement is less thaamplitude at less than 0.1% of the local density.
the experimental uncertainties. In conclusion, control of the pressure profile has been

This plasma reached the highest fusion gain achievedccomplished by selective timing of thie H transition.
in DINI-D (Fig. 2) and was used as the basis for pro-The resulting increase j* is consistent with expectations

TABLE |I. Parameters of 87977 at the time of the peak neutron rate.

1, =225 MA S, = 2.2 X 10'® neutrongs
B, =215T W=42MJ, 7. =04 s
Rmajor = 1.67 M Pxg1 = 17.75, dW /dt = 7.4 MW
Fminor = 0.61 M T;(0), T,(0) = 18.1, 7.5 keV
k=215 6 =09 n.(0), np(0) = 10.0, 8.5 X 10" m™3
vV, =22m re/TTER — Q9P =45
B =67%, B* =15 qos = 4.2, Ze =~ 2 (carbon)
p(0) = 0.33 MPa Thermonuclear neutron fraction: 0.6
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