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Reliable operation of discharges with negative central magnetic shear has led to significant increases
in plasma performance and reactivity in both low confinement, L-mode, and high confinement,
H-mode, regimes in the DIII-D tokamak@Plasma Physics and Controlled Nuclear Fusion Research
1986 ~International Atomic Energy Agency, Vienna, 1987!, Vol. 1, p. 159#. Using neutral beam
injection early in the initial current ramp, a large range of negative shear discharges have been
produced with durations lasting up to 3.2 s. The total noninductive current~beam plus bootstrap!
ranges from 50% to 80% in these discharges. In the region of shear reversal, significant peaking of
the toroidal rotation@f f~0!;30–60 kHz# and ion temperature@Ti~0!;15–22 keV# profiles are
observed. In high-power discharges with an L-mode edge, peaked density profiles are also observed.
Confinement enhancement factors up toH[tE/tITER-89P;2.5 with an L-mode edge, andH;3.3 in
an edge localized mode~ELM!-free H mode, are obtained. Transport analysis shows both ion
thermal diffusivity and particle diffusivity to be near or below standard neoclassical values in the
core. Large pressure peaking in the L mode leads to high disruptivity withbN[bT/(I /aB)<2.3,
while broader pressure profiles in the H mode gives low disruptivity withbN<4.2. © 1996
American Institute of Physics.@S1070-664X~96!94805-6#

I. INTRODUCTION

The development of a tokamak plasma with good mag-
netohydrodynamic~MHD! stability properties while main-
taining high confinement, highbT (bT[^p&2m0/BT

2, where
^p& is the volume averaged pressure andBT is the toroidal
field!, and a large fraction of noninductive bootstrap current,
is an essential step toward making the tokamak a more at-
tractive energy source.1,2 It has been proposed that a plasma
discharge with negative central magnetic shear~NCS! may
meet these objectives@magnetic shear is defined asS5(2V/
q)(dq/dV), whereq is the safety factor andV is the flux
surface volume#. NCS discharges hold the promise of simul-
taneously achieving improved stability to high-n ballooning
modes due to second stability access in the core and a boot-
strap current density profile that is well aligned with the total
~hollow! current density profile J(r ). Numerical
simulations3–5 indicate that this configuration can be main-
tained in steady state at high normalized beta
[bN[bT/(I /aBT), whereI is the plasma current anda is the
minor radius# and large bootstrap fraction with a small
amount of additional localized noninductive current drive.
Calculations also show that negative magnetic shear is stabi-
lizing for trapped particle drift-type microinstabilities,5–7

which are a leading candidate for the anomalous transport
observed in tokamaks. Thus, reduced transport is expected in
the region of shear reversal.

Long-wavelength MHD stability to ideal kink and infer-
nal modes, as well as various resistive modes, is not guaran-
teed in the NCS configuration and must be evaluated care-
fully for given pressure andq profiles. For example, in
simulations3,4 it is found that at highbN , stability to low-n
kink modes requires stabilization from an external conduct-
ing shell under conditions of continued plasma rotation. Sta-
bility to resistive double tearing modes, which arise with
nonmonotonicq profiles, may require stabilization through
strong plasma flow shear.8

There is mounting experimental evidence that both sta-
bility and confinement properties are improved in plasma
discharges with NCS. Many early experiments reported
peaking of the central pressure,9–12 implying an internal
transport barrier. In most of these cases, however, the evi-
dence for NCS was indirectly inferred due to the lack of
detailed poloidal field measurements. Improved stability in
NCS has also been shown previously on DIII-D,13 where
bT~0!544% andbT511% was achieved in a negative shear
configuration.9 NCS discharges with strong density and pres-
sure peaking have also been reported recently on the Toka-
mak Fusion Test Reactor, TFTR.14

The recent development of inductive and noninductive
techniques to shape theq profile, and accurate diagnostics to
measure theq profile, has led to controlled experiments to
study the confinement and stability of NCS discharges with
high-confinement~H-mode! and low-confinement~L-mode!
edge conditions in DIII-D. In these experiments, the inverted
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q profile is established using neutral beam injection in the
co-current direction early in the initial current ramp.15 Al-
though current profiles produced in this manner are transient
~evolving toroidal electric field!, typical current diffusion
times are;10 s, so the invertedq profile can generally be
maintained for the duration of the experiment~;4 s! on
DIII-D. This is adequate for studying the transport and sta-
bility properties of the NCS configuration.

Initial NCS experiments using early beam injection in
DIII-D in the edge-localized mode~ELM!-free H mode16

obtained confinement enhancement factorsH[tE/tITER-89P
;3.3 ~tE is the energy confinement time andtITER-89P is the
ITER L-mode scaling law17! andbN;4. Significant peaking
of the central ion temperature@Ti~0!;15–20 keV# and tor-
oidal rotation@f f~0!;50 kHz# inside the minimumq ~qmin!
radius was observed. In NCS discharges that maintain an
L-mode edge,18 H52.5 and bN52.3 were reported, and
peaking ofTi , f f , and electron densityne was observed
inside the radius ofqmin . At the time, these discharges pro-
duced the record deuterium~DD! neutron ratesGn on DIII-D.

The purpose of this paper is to provide an overview of
the NCS experimental results on DIII-D, including recent
experiments, to present results from transport and stability
analysis, and to propose a path for future research. The em-
phasis will be on comparing NCS results in the L and H
mode, which have significantly different density, pressure,
and beam deposition profiles, to determine the advantages
and disadvantages of each regime. The paper is organized as
follows. In Sec. I we describe the formation of a long pulse
ELMing H mode and high-performance L- and H-mode NCS
discharges, illustrating the temporal evolution and profiles
for typical discharges. In Sec. II we discuss bootstrap current
profiles and alignment. Transport analysis is presented in
Sec. III, and the stability of NCS discharges is discussed in
Sec. IV. We conclude with a summary of the achievements in
NCS discharges and discuss plans for future research. Fur-
ther analysis of transport and stability of these discharges is
presented in a companion paper by Laoet al.19

All discharges described in this paper were performed in
a double-null configuration with elongation;2 and triangu-
larity ;0.85. The beam and neutral gas fueling is deuterium,
and the normal beam energy is 75 keV. The toroidal field is
2.1 T unless indicated otherwise.

II. PROFILE EVOLUTION IN NCS DISCHARGES

NCS discharges are produced on DIII-D using codirec-
tional neutral beam injection early in the initial current
ramp.15 A low target density of 1–1.531019 m23 gives high
central electron temperatures ofTe~0!;4 keV early in the
current ramp. Characteristic core current diffusion times are
;4 s with early beam injected powerPnbi compared to 0.3 s
without. Thus, earlyPnbi effectively freezes inJ~0! at a low
value, forcing a hollow current density profile to develop as
the plasma current ramps up. Off-axis beam and bootstrap
currents additionally reinforce the invertedq profile.

Some degree of shot-to-shot control ofq(r ) is obtained
by varying target density, early beam power, and timing. Us-
ing these techniques,q profiles with 2<q0<10, 1<qmin<3,
and 0.2<rqmin<0.75 can be obtained~r is an effective radius

defined as the square root of the toroidal flux normalized to
the value at the separatrix, andrqmin is the radius of mini-
mumq!. Programming an H-mode transition during the cur-
rent ramp is especially effective at raising the edge tempera-
ture and hence broadening theJ(r ) profile giving higher
qmin , largerrqmin , and lower internal inductance,l i .

To sustain invertedq profiles produced in this manner
for long pulses requires longL/R times, low MHD activity,
and a reasonably well-aligned bootstrap current profile.
These criteria are satisfied in the ELMing H-mode NCS dis-
charge shown in Fig. 1, where negative central shear is main-
tained for the duration of the beam heating phase. Here, 5
MW of beam power is injected at 0.3 s into the initial current
ramp, generating the early invertedq profile. A higher-power
~13 MW! phase begins at 1.0 s, still during the current ramp.
A short ELM-free period is followed by an ELMing H mode,
which lasts until the beam power is shut off at 3.2 s. Profiles
of q are determined byEFIT20 with MSE measurements21,22

of the internal field pitch angle profile. From the time history
of q~0! andqmin shown in Fig. 1~c!, we see that theq profile
is inverted and, during theI p flat top, evolving slowly. The
MSE vertical fieldBz measurements and correspondingq
profile are shown for a time slice at 2.8 s just prior to the end

FIG. 1. Time evolution of~a! I p ,Pnbi ; ~b! q0 ,qmin ; and~c! Da emission for
discharge 83724, illustrating that the NCS configuration~indicated by
q0.qmin! produced by early beam injection can be maintained for long
pulses in an ELMing H mode. The vertical field andq profiles at 2.8 s
determined fromEFIT with MSE data are shown in~d! and~e!, respectively.
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of beam heating. The flattening of the poloidal field near the
magnetic axis seen in the MSE data is characteristic of the
hollow current density profile. Typical error bars onqmin and
q~0! are also shown.

The key to the longevity of this NCS discharge is the
avoidance of MHD. Once ELMing begins, this discharge is
otherwise free from MHD activity. The ELM-free period is
relatively short due to the highPnbi phase beginning during
current ramp at 1.0 s, which is earlier than usual NCS dis-
charges, where the high-power phase might begin between
1.5–2.0 s. The short ELM-free period prevents a large in-
crease in stored energy and subsequentb collapse that often
follows. The calculated noninductive beam and bootstrap
current is approximately 50% of the total in this discharge,
and the surface loop voltage is 0.15 V. We note that if the
bootstrap current was large and poorly aligned with the total
current, then it would not be possible to achieve these near
steady-state conditions. The line-average density is high
~;831019 m3! and thene(r ) profile is relatively flat, char-
acteristic of H modes. The H factor is;2 during the later
phase of the discharge, typical of standard ELMing H modes
with monotonicq profiles. Because of the high edge density
in this discharge, over 50% of the beam power is deposited at
r.0.5. Our experience to date indicates that enhanced core
confinement in the NCS region is not easily achieved unless
heating power is more concentrated in the core.

Several key features of the high-performance NCS re-
gime are elucidated by comparing an L-mode NCS discharge
84682 with an H-mode NCS discharge 87072. The temporal
evolution of these discharges is compared in Fig. 2. Both
have a low target density of 1.331019 m23, centrally peaked
beam power deposition, and strong core plasma rotation.
They begin withPnbi55 MW at 0.3 s into the current ramp
and remain in the L mode until the high-power heating phase
begins at 1.4 s. Shortly after this time, 87072 is programmed
to transition into an ELM-free H mode, while 84682 main-
tains an L-mode edge until 1.9 s. The early beam power of 5
MW exceeds the H-mode threshold for standard double-null
diverted plasmas on DIII-D, so avoiding the H mode in these
discharges requires either displacing the plasma toward the
upper null ~opposite the ion“B drift direction! or limiting
the plasma on the inner wall.

During the early phaset,1.4 s, both discharges show a
confinement enhancement factor ofH;1, which is charac-
teristic of the L-mode regime with monotonicq profiles.
During the high-power phase, discharge 84682 shows an in-
crease inH from 1 to 2.5 while still maintaining the L-mode
edge. This represents the largest confinement enhancement
factor yet observed on DIII-D with an L-mode edge. Peak
normalized beta reachesbN'2.2 at 1.9 s. Large peaking of
theTi andne occurs shortly after the high-power phase be-
gins, resulting in a DD neutron rate ofGn'631015 n/s. Peak-
ing of the density can been seen from the rapid rise in the
central channel@Fig. 2~d!# at 1.4 s, while the edge channel
@Fig. 2~e!# remains low. The abrupt drops in density are due
to short MHD bursts, which will be discussed later.

Discharge 87072 transitions into the H mode att51.6 s,
as seen by the drop in Da @Fig. 2~b!# and the rapid rate of rise
of the edge density@Fig. 2~e!#. An H factor of 3.0 and

bN'3.2 is obtained during the ELM-free phase between 1.6
and 1.82 s. TheH factor drops to;2.3 when ELMing be-
gins. It is interesting to note thatH is similar for the two
discharges at 1.9 s, even though the H-mode discharge has
improved edge confinement and the L-mode discharge does
not.

A comparison of the fitted profiles ofTe(r), Ti(r),
ne(r), and toroidal rotation frequencyvf~r! for these two
discharges is shown in Fig. 3. Measurements ofTe and ne
over the range 0.3,r,1.0 are provided by Thomson scatter-
ing, while electron cyclotron emission and a CO2 interferom-
eter give additional measurements in the core. A 32 channel
charge exchange recombination~CER! system23 gives Ti ,
toroidal and poloidal rotation, and carbon impurity density
~used forZeff! measurements. From these profiles the total
pressure is calculated using theONETWO24 transport code,
including the effects of neutral beam generated fast ions. The
pressure profile is then used, along with MSE and magnetic
field measurements, as input toEFIT to reconstruct theq(r )
profile shown in Fig. 3. The profiles for the L-mode dis-
charge 84682 are taken at a time when the density peaking is
building ~1.6 s!, while for 87072 we show a time slice ap-
proximately 100 ms after the L–H transition. Discharge
84682 shows a large peaking ofTi andne , with the radius of
maximum“Ti and“vf localized close torqmin and the ra-
dius of maximum“ne localized somewhat insiderqmin . For
87072, the density profile is flatter, butTi again shows a
rapid increase nearrqmin similar to the L-mode edge case.
TheTe profiles show a small increase in the NCS region for

FIG. 2. Time evolution comparison of NCS L- and H-mode discharges
84682 and 87072:~a! neutral beam power,~b! stored energyW, ~c! confine-
ment enhancement factorH, ~d! electron density nearr;0.3, and~e! elec-
tron density nearr;0.8.
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both discharges, but the effect is not as dramatic as the other
profiles. The strong peaking ofTi with NCS is typical for L-
and H-mode discharges, as long as adequate central beam
heating is maintained. The density peaking appears to be
unique to the L-mode regime, and only appears withPnbi>8
MW.

All of the edge quantities are higher in the H-mode case,
resulting in a significantly broader pressure profile, as shown
in Fig. 3. We note that as these discharges continue to evolve,
the L-mode pressure profile becomes even more peaked due
to continued density peaking~until a stability limit is
reached!, while the H-mode pressure profile becomes
broader as the edge density rises and the beam deposition
broadens.

These results, plus earlier experimental results from
DIII-D 16,18 and TFTR,14 indicate that NCS is necessary but
not sufficient to achieve enhanced profile peaking and re-
duced transport in the core. On TFTR, where the enhanced
performance is seen primarily as a reduction in particle and
ion thermal diffusivity, there appears to be a very clear power
threshold at about 18–25 MW. On DIII-D, performance also
increases with NBI power, however, a clear and consistent
power threshold is difficult to identify. As discussed in Ref.
16, rapid peaking of the ion temperature is often seen in NCS
discharges with only 5 MW of early beam power. This trans-
port barrier can develop with no change inPnbi , indicating
that theq(r ) profile evolution is important. The increase in
Ti is almost always seen withPnbi.7 MW in both the L and

H mode, provided the target density is reasonably low~few
31019 m23!. Peaking of the central density is only observed
in NCS L-mode discharges forPnbi.8 MW, as seen in Fig.
2. TheH factor in L-mode discharges, while rising slowly
during the low power phase, takes a dramatic jump to;2.5
whenPnbi is increased. The current working hypothesis on
DIII-D is that, in addition to the NCSq profile, E3B flow
shear in the core plays an important role in stabilizing
turbulence.19 NCS discharges have strong pressure andvf

peaking in regions of low poloidal field, which leads to large
Er /RBp shear in the core. The magnitude and radial extent of
this shear would be expected to increase withPnbi and may
explain the observed power dependence.

III. BOOTSTRAP CURRENT ALIGNMENT

A large bootstrap fraction that is well aligned with the
total current is a primary objective of the NCS scenario.
Bootstrap current density profiles are calculated for the ki-
netic profiles shown in Fig. 3 using theONETWO24 transport
code~Hirshman model!.25 The results are as shown in Fig. 4.
The L-mode case has a approximately 75% noninductive
current~beam and bootstrap!, peaking atr;0.28, while the
H-mode case has a 60% noninductive current, peaking at
r;0.25. The large bootstrap fraction in the L-mode case is
rather remarkable, considering that beta poloidalbp;0.8 is
lower than the H-mode case, wherebp;1.2. But because the

FIG. 3. Comparison of the profiles ofq,ne ,vf ,Ti ,Te , and pressure for the
L- and H-mode NCS discharges shown in Fig. 2 at 1.6 and 1.7 s, respec-
tively.

FIG. 4. Comparison of the measured total current density~solid! and calcu-
latedONETWO bootstrap current density~dashed! profiles for the~a! L-mode
and~b! H-mode time slices shown in Fig. 3. The L-mode discharge has 75%
total noninductive current and the H-mode discharge has 60% noninductive
current at these times.
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bootstrap current scales asJbs'(Ae/Bp)(dp/dr), we see that
largedp/dr in a region of highq ~low Bp! can lead to very
large bootstrap current densities.

As seen in Fig. 4~a!, the calculated bootstrap current for
84682 is peaked atr'0.28, and is causing a second peak to
develop in the measured total current. Earlier in time, before
the development of theJbs peak, the measured^Jf& peaked at
r'0.5 and dropped smoothly toward the magnetic axis. The
existence of theJbs peak has also been confirmed by obser-
vation of a large depression in the local parallel electric field
determined by the time rate of change of MSEBvert
measurements.18 If left in this state for a time comparable to
the current diffusion time, the largeJbs peak would lead to a
decrease inqmin andrqmin.

This leads to an important conclusion regarding boot-
strap current alignment. The central deposition ofPnbi com-
bined with the enhanced core confinement created by the
NCS q profile, results in a strongly peaked pressure profile
with maximum“p and“ne occurring near or insiderqmin.
While a peaked pressure profile is advantageous for achiev-
ing high reactivity, and high bootstrap fractions, it does not
give a well-aligned bootstrap current~with large rqmin! that
can be maintained in steady state. A broader pressure profile
is more desirable in this respect.

Even though the pressure profile is broader for 87072,
Jbs is still peaked at too small a radius, as seen in Fig. 4~b!.
However, the magnitude of peakJbs is closer to the target
current density, so the target profile can be maintained for
longer durations. An ELMing H mode, such as discharge
83724 shown earlier in Fig. 1, has an even broader pressure
profile, and somewhat better bootstrap current alignment
~with INI/I TOT;50%!, as evidenced by the slowly evolving
NCS profile. Note that in all these discharges, increased pres-
sure gradient and bootstrap current is required in the region
0.4,r,0.7. If further control over the pressure profile can
be achieved through control of theq(r ) andE3B shear pro-
files, a more optimized alignment may be obtained.

IV. TRANSPORT ANALYSIS

Transport analysis has been performed usingONETWO

for several L-mode discharges that show peaking in bothTi
andne . We note that the NCS discharges push the validity
limit of the standard transport models used inONETWO in
many ways:~1! the core plasma velocity can reach a large
fraction of the thermal velocity, which dramatically affects
the fast ion slowing down time;~2! low plasma density re-
sults in large fast ion populations and charge-exchange
power loss;~3! becauseq is large~low Bpol! and“Ti is large
in the core, theTi gradient scale lengthLi[Ti /(dTi /dr) be-
comes comparable to the ion poloidal gyroradius~banana
width! e1/2riu . Thus, standard neoclassical expressions
should be modified in the plasma core. Although the impor-
tance of these effects is being evaluated, the transport analy-
sis presented here uses the standard neoclassical models.26

Analysis of reduced transport in the region of NCS is
most easily demonstrated in discharges that develop a trans-
port barrier with no change in beam power. An example of
such a discharge is shown in Fig. 5~a!. Here a rapid rise in

Ti~r'0.3! is observed at 1.05 s with constantPnbi55 MW.
The current ramp for this discharge is complete at 1 s, with
I p51.6 MA andBT51.6 T.

The change in thermal diffusivitiesxi andxe across this
transition is shown in Figs. 5~b! and 5~c!. Empirical thermal
diffusivities are calculated fromqe,i5ne,ixe,i ]Te,i /]r ,
whereqe,i is the radial energy flux due to conduction for
each species andr 5 (F/BT0

p)1/2 whereF5toroidal flux.
malized!. Classical electron–ion energy exchange is assumed
and only diagonal transport coefficients are considered. In
Fig. 5~b!, centralxi drops by a factor of 10 after the transi-
tion to below standard neoclassical values. Herexe also
shows a drop of;50%, but the drop is probably within
statistical uncertainties; also, there may be a systematic un-

FIG. 5. ~a! Time evolution ofTi at three radial locations for an L-mode NCS
discharge 84736, showing an improvement in confinement at 1.05 s;~b! ion
thermal diffusivity and~c! electron thermal diffusivity before the transition
at 1.0 s~dashed! and after the transition at 1.1 s~solid!. Neoclassical ion
thermal diffusivity is also shown in~b! for comparison.
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certainty in calculating the electron–ion energy exchange.
Recent results with direct electron heating using fast wave
current drive~FWCD! also indicate about a 50% drop inxe
with less uncertainty. We note that transport analysis of
higher-power discharges, such as those shown in Fig. 2, in-
dicate a much larger drop inxi , often going negative. Be-
cause of the uncertainties in the models mentioned above, we
are continuing an analysis of this result.

Particle diffusion has been analyzed for the L-mode dis-
charge with density peaking shown earlier in Fig. 2. During
the density peaking phase, the beam fueling source rate is
essentially equal todne/dt, as shown in Fig. 6~a!. The error
bars in particle source rate were determined by varying the
edge fueling rate. The source rate in the core region of inter-
est is unaffected by edge fueling assumptions and is domi-
nated by beam fueling. The uncertainty in the coredne/dt
~shaded region! is due to the lack of Thomson scattering data
insider;0.25. The best fit to Thomson and CO2 interferom-
eter data is shown, along with a lower limit, assumingne is
flat in the region 0,r,0.25.

In Fig. 6~b!, the electron particle diffusivityDe is calcu-
lated for an early time with none peaking, and a later time
with ne peaking. Neoclassical diffusivity is shown for com-
parison. The experimental particle diffusivity is calculated
from

De5
21

Hr ~]ne /]r !
E
0

r SS2
]ne
]t DHr dr ,

whereS is the electron source andH is a geometric factor.
As expected from the particle balance in Fig. 6~a!, the par-
ticle diffusivity drops to near zero during the density peaking
phase. Even the curve labeled upper limit~flat density inside
r;0.25! shows particle diffusivity below neoclassical.

The reduction in core transport in NCS discharges is
additionally supported by far-infrared scattering measure-
ments, which indicate a substantial drop in core fluctuations
with NCS. We have two working hypotheses to explain the
improved confinement.19 First is stabilization of electrostatic
toroidal drift modes by NCS.7 Second is increased shear in
Er /RBp , which is observed in these discharges, and has pre-
viously been demonstrated to play a role in the improved
confinement observed in the VH mode on DIII-D.27

V. STABILITY

To take full advantage of the NCS configuration, MHD
stability must be demonstrated for both ideal ballooning,
low-n ideal kink modes, and low-n resistive modes at high
b. One key advantage of the NCS configuration is that the
plasma is ideally stable to high-n ballooning modes in the
region of shear reversal. Ballooning stability has been evalu-
ated using CAMINO28 for typical L- and H-mode NCS dis-
harges. In Fig. 7 we plotdp/dr vs r for each discharge,
along with the calculated region of instability to ideal bal-
looning. Both discharges have complete second stability ac-
cess insider;0.8. When stability is evaluated for these dis-
charges with a forced monotonicq profile equilibria, they are
found to be ballooning unstable. In the L-mode case, this
pressure gradient corresponds to a peaked normalized pres-
sure gradient ofa [ m0AV/(2p2R0)p8(c)V8(c)/(2p2)
; 7.5, which is the highest value yet observed on DIII-D, and
is far beyond the first stability limit. Because of the low-
pressure gradient at the edge, the L-mode discharge is well
below the region of ballooning instability at the edge. In the
H-mode case, the pressure gradient for two times is shown:
one early in the ELM-free H-mode period~solid! and one
near the termination of the ELM-free period~dashed!. The
value of dp/dr in the core is lower than the L-mode case
due to the broader pressure profile, but still exceeds the sta-
bility limit that would have existed with a monotonicq pro-
file. Note that the edge value ofdp/dr rises close to the
stability limit near the end of the ELM-free period.

The termination of the high-performance NCS phase of
these discharges is distinctly different in the L mode versus
the H mode. The L-mode NCS discharges are characterized
by large pressure peakingp(0)/^p&;5 and almost always
terminate atbN < 2.3 in a complete disruption triggered by
rapidly growingm/n53/1 orm/n52/1 modes localized in
the plasma core. Typical growth times areg2150.120.4 ms,
and the mode rotation frequency measured by Mirnov probes
matches the core plasma impurity rotation, as measured by
CER. Analysis of soft x-ray emission and MSE perturbations
indicates the mode is localized near the insideq53 surface,
where the magnetic shear is negative.

FIG. 6. ~a! Source rate anddne/dt for the L-mode NCS discharge 84682 at
1.6 s;~b! experimental particle diffusivityDe before density peaking at 1.39
s and after density peaking at 1.6 s, and neoclassicalDe ~dashed!. The
shaded regions indicate the range of uncertainty due to the lack of Thomson
scattering measurements insider,0.25.
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The H-mode discharges do not suffer disruptions. Usu-
ally the neutron rate andbN suffer a slow saturation or roll
over due to the development of low-n edge kink/ballooning-
type MHD, or in some cases Alfve´n eigenmodes. These in-
stabilities do not appear to be a consequence of the negative
shear, since they are also observed in VH-mode discharges
with monotonicq profiles.

The difference in disruptivity between L- and H-mode
discharges is illustrated in the Fig. 8 scatter plot, where we
plot a density peaking parameterne(r;0.3)/ne(r;0.8) vs
neutron rateGn , at the time of maximumGn . The3 symbols
represent discharges with a hard disruption, while the circle
symbols denote a soft beta collapse. Most discharges with an
ne peaking factor less than 2 are in the H mode and those
greater than 2 are in the L mode. Clearly, the L-mode dis-
charges with large density peaking are highly disruptive. Al-
though pressure peaking is the key parameter here, we chose
to plot density peaking because it is the primary difference
between the L- and H-mode discharges, and is responsible
for the difference in pressure peaking. The few nondisrupting
discharges with large density peaking avoided disruption by
making a transition to the H-mode shortly after the time slice
plotted and evolving to a broader density profile.

One candidate for the cause of the L-mode disruptions is

infernal modes triggered whenqmin crosses rational values.
But we have a large database of discharges, which indicate
that the disruptions occur at various values ofqmin between
1.5 and 3.0. Furthermore, calculations performed with the
ideal MHD stability codeGATO,29 indicate that the L-mode
discharges are ideally stable. Equilibria for stability calcula-
tions are reconstructed using the measured pressure profile,
internal field pitch profile~MSE!, and external magnetics.

Stability calculations with the linear resistive code
MARS30 indicate these discharges are unstable to localized
pressure-driven resistive interchange modes,31 which are lo-
calized to the inner low-order rationalq surfaces. The pre-
dicted mode number~usually 3/1! and location~inner q53!
agree with experimental observations. These modes are de-
fined as resistive interchange in the sense that the parameter
DR @see Eq.~115! in Ref. 31# is positive. Note that for resis-
tive modes, shear stabilization is no longer applicable, since
resistivity allows field line reconnection. A more global
double tearing mode is also found to be marginally unstable,
but can be stabilized by sheared toroidal rotation8 and a re-
sistive wall. The local resistive mode is not stabilized by
toroidal rotation and is not sensitive to fine details of theq
profile. According toMARS calculations, the local mode be-
comes unstable atbN;2, independent ofqmin , as qmin is
varied from 1.1<qmin<2.7. However, the mode is found
both experimentally and in simulations to be sensitive to the
local pressure gradient in the NCS region.

The disruption of L-mode NCS discharges is believed to
be a consequence of this resistive interchange. The strong
dependence ofbN on pressure peaking and the weak depen-
dence onqmin are consistent with experimental evidence. The
growth of the local interchange mode, while not directly re-
sponsible for a disruption, can couple to the more global
double tearing mode, or to a nearby ideal mode, which is
calculated to be unstable when pressure is increased 20%
above the experimental value. The local mode is also ob-

FIG. 7. Ballooning stability analysis for~a! L-mode and~b! H-mode NCS
profiles. In ~b!, the solid curve is early in the ELM-free period and the
dashed curve is near the end of the ELM-free period.

FIG. 8. Density peaking versus neutron rate for many NCS discharges with
complete disruptions~3! and with no disruptions~circle!. L-mode NCS
discharges generally have peaking factors.2, while H-mode NCS dis-
charges have peaking factors,2.
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served to reduce the rotational shear, which tends to destabi-
lize the double tearing mode. The local interchange may also
destabilize global modes by local profile modification.

One piece of experimental evidence that strongly sup-
ports the resistive mode hypothesis comes from analysis of
MHD bursts that often precede the L-mode disruptions.
These bursts are observed in most NCS L-mode discharges
with peaked pressure. The precursor mode numbersm/n
53/1 and growth rates are similar to that of the mode that
grows just prior to the disruption. The precursor mode
clearly rotates with the rotation of the core plasma, an indi-
cation that it is localized in the core. Analysis of soft x-ray
emission also indicates the mode is localized inside of
rqmin. From the time history of the MSE pitch angle signals,
we note a sawtooth-like step in the poloidal field that is
correlated with the MHD burst, as shown in Fig. 9. An in-
version radius for the perturbation occurs between channels
atR51.93 m andR51.98 m, which lie on either side of the
innerq53 surface at this time. Thus, the mode appears to be
localized to the insideq53 surface where the negative mag-
netic shear and pressure gradient are strong.

With this new understanding of the L-mode disruptions,
additional experiments were performed to improve plasma
performance by programming an H-mode transition to occur
before the pressure peaking reaches a critical level. The
H-mode transition broadens the pressure profile allowing the
discharge to achieve higherbN . This technique was success-
ful and resulted in DIII-D’s highest reactivity discharges with
Gn51.231016 n/s.

VI. DISCUSSION

The NCS configuration is a promising regime for im-
proved performance of tokamaks. Robust and reliable forma-
tion of the NCS profile has been demonstrated using early

beam injection in DIII-D discharges. DIII-D record values of
many important parameters have been obtained in NCS dis-
charges, and are summarized in Table I. The peak ion tem-
perature of 22.5 keV is just slightly above that previously
high obtained in a hot-ion VH mode, but with NCS the ion
temperature remains high over a broader region of the core
inside ofr<0.3. This gives higher plasma reactivity in NCS
discharges, with both L-mode and H-mode edge conditions,
and has led to a 70% increase in deuterium–deuterium~DD!
reactivity over the previous highest value obtained in the
hot-ion VH mode—a clear indication of the increased perfor-
mance potential.

The increased performance in the NCS regime is a con-
sequence of the formation of a transport barrier in the region
of shear reversal. With sufficient heating power there is a
clear increase in centralTi , with a corresponding drop inxi
to near or below standard neoclassical levels. Direct electron
heating with FWCD shows a similar increase in centralTe
and a corresponding drop inxe by 50%. In discharges with
an L-mode edge, clear density peaking is observed, giving a
particle diffusivity near or below neoclassical values.

The peaked pressure profiles that result in NCS dis-
charges with an L-mode edge give high reactivity and high
bootstrap current~;50%!, but have serious limitations. First,
Jbs is peaked at a location insiderqmin and is significantly
larger than the target current density. In a longer pulse, this
would lead to a decrease inqmin andrqmin, and an eventual
collapse of the NCS profile.

Low b limits constitute the second limitation of the
strongly peaked pressure profiles. Experimentally,bN<2.3 is
observed with strong pressure peaking ofp(0)/^p&;5. This
limit is independent of the details of theq profile, and is
consistent with the resistive interchange mode, which is
driven by the pressure peaking. The reduced stability limit
and the unfavorable bootstrap current alignment will make
developing high-performance steady-state scenarios with
peaked pressure profiles extremely challenging.

The H-mode NCS configuration provides some improve-
ment. The highest DD reactivity of 1.231016 n/s and NCS
normalized betabN;4.2 have been obtained in this regime.
The peak inJbs is still localized to a radius inside ofrqmin,
but is sufficiently close to the target not to cause a rapid
collapse. The steep edge pressure gradient and resultant
bootstrap current are destabilizing to the edge kink, which
leads to a more gentleb collapse. Active means to control
this steep gradient are under investigation at DIII-D.

Improved control of the pressure profile is the next step
toward developing steady-state high-performance NCS sce-
narios. Increased pressure gradient in the region of 0.5,r

FIG. 9. Time history of MSE signals during MHD activity in an NCS
L-mode discharge with highly peaked pressure. An inversion radius is ob-
served at the innerq53 surface where shear is negative.

TABLE I. Record DIII-D parameters obtained in NCS discharges.

DD neutron rateGn 1.231016 n/s
Ti~0! 22.5 keV
Toroidal plasma rotation frequencyfV 60 kHz ~vf5650 km/s!
Te~0! with FWCD 8 keV
Pressure peakingp(0)/^p& 5.0
H factor with L-mode edge 2.5
Normalized pressure gradienta 7.5
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,0.8 is required for improved bootstrap alignment. Different
heating, momentum, and particle sources may contribute to
improved control. Also, we propose that the pressure gradi-
ent can be moved out by increasing the radius ofqmin using
noninductive current drive sources.

The negative central magnetic shear regime has led to a
substantial increase in plasma performance on DIII-D in a
short time with limited experimental effort. We believe this
regime holds great promise for steady-state high-
performance tokamaks.
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