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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 tokamdRlasma Physics and Controlled Nuclear Fusion Research
1986 (International Atomic Energy Agency, Vienna, 198%ol. 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 cufbem plus bootstrap

ranges from 50% to 80% in these discharges. In the region of shear reversal, significant peaking of
the toroidal rotation[f 4(0)~30-60 kHZ and ion temperaturg¢T;(0)~15-22 ke\ profiles are
observed. In high-power discharges with an L-mode edge, peaked density profiles are also observed.
Confinement enhancement factors ugHtes 7/ 7i1gr.gop—2.5 With an L-mode edge, artd~3.3 in

an edge localized mod€éELM)-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 gyjta 8+/(1/aB)<2.3,

while broader pressure profiles in the H mode gives low disruptivity v@g=4.2. © 1996
American Institute of Physic§S1070-664X96)94805-§

I. INTRODUCTION which are a leading candidate for the anomalous transport

The development of a tokamak plasma with good mag_observed in tokamaks. Thus, reduced transport is expected in

. - . ; ; the region of shear reversal.
netohydrodynamiqdMHD) stability properties while main- . . . .
taining high confinement, higBy (Br=(p)2o/B2, where Long-wavelength MHD stability to ideal kink and infer-

(p) is the volume averaged pressure @is the toroidal nal modes, as well as various resistive modes, is not guaran-
field), and a large fraction of noninductive bootstrap current,teed in the NCS configuration and must be evaluated care-

is an essential step toward making the tokamak a more afully for given pressure andj profiles. For example, in

tractive energy source? It has been proposed that a p|asmas?mulation§'4 it is found that at highgy, stability to lown
discharge with negative central magnetic Sh@€S) may !(lnk modes requires 'stab|I|zat|on.from an external gonduct—
meet these objectivdsnagnetic shear is defined 8s(2v/ N9 shell un(_je_r conditions of c_ontlnued plasm_a rotation. S_ta—
q)(dg/dV), whereq is the safety factor an¥ is the flux bility to re5|§t|ve dquble tearing modes, y\(hlch arise with
surface volumg NCS discharges hold the promise of simul- "onmonotonioq profiles, may require stabilization through
taneously achieving improved stability to highballooning ~ Strong plasma flow_sheér. _ _

modes due to second stability access in the core and a boot- There is mounting experimental evidence that both sta-
strap current density profile that is well aligned with the totalb!“ty and confmement properties are 'mpf_oved in plasma
(hollow) current density profile J(r). Numerical discharges with NCS. Many early experiments reported
simulation~5 indicate that this configuration can be main- Peaking of the central pressute;? implying an internal
tained in steady state at high normalized betalfansport barrier. In most of these cases, however, the evi-
[ By=B1/(1/aB;), wherel is the plasma current arais the dence for NCS was indirectly inferred due to the lack of
minor radiug and large bootstrap fraction with a small detailed poloidal field measurements. Improved stability in
amount of additional localized noninductive current drive.NCS has also been shown previously on DIlkDwhere
Calculations also show that negative magnetic shear is stabfir(0)=44% andp;=11% was achieved in a negative shear

lizing for trapped particle drift-type microinstabiliti€s’ ~ configuratior’ NCS discharges with strong density and pres-
sure peaking have also been reported recently on the Toka-

*Paper 5A4, Bull. Am. Phys. Sod0, 1747(1995 mak Fusion Test Reactor, TFTR.
iovited speaker. ' The recent development of inductive and noninductive
L awrence Livermore National Laboratory, Livermore, California 94551. techniques to shape tlagprofile, and accurate diagnostics to

::CO_Iumb_ia University, New York, New York 10027. measure the profile, has led to controlled experiments to

o University of Maryland, College Park, Maryland 20742. study the confinement and stability of NCS discharges with
University of California, Irvine, California 92717. . . .

90ak Ridge National Laboratory, Oak Ridge, Tennessee 37831. hlgh-conﬂr!e'men'(H-mode and Iow—conflpemen(L—qué

DUniversity of California, Los Angeles, California 90024. edge conditions in DIII-D. In these experiments, the inverted
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g profile is established using neutral beam injection in the 2.0 ' v ' . v . 20
co-current direction early in the initial current rarHipAI— 15k < |p (MA)/ (“)_
though current profiles produced in this manner are transient ' J
(evolving toroidal electric fielg typical current diffusion Pnbi (MW) 110
times are~10 s, so the inverted profile can generally be — 4
maintained for the duration of the experiment4 9 on _ ) ) . ) b
DIII-D. This is adequate for studying the transport and sta- v v ' - v )
bility properties of the NCS configuration. 15k q(0) 4
Initial NCS experiments using early beam injection in '
DIII-D in the edge-localized modéELM)-free H modé® 10f 7
obtained confinement enhancement factdrs r=/7ter-gop 5 Gmin =
~3.3 (7 Is the energy confinement time amggr.ggopiS the 0 \_\’“ -
ITER L-mode scaling law) and 8y~4. Significant peaking .
of the central ion temperatufd;(0)~15-20 ke\] and tor- - Do emission -
oidal rotation[f ,(0)~50 kHz] inside the minimung (qm,) - e
radius was observed. In NCS discharges that maintain an - -
L-mode edgd® H=2.5 and 8,=2.3 were reported, and R J
peaking ofT;, f,, and electron density, was observed A . , A
inside the radius ofj,;,. At the time, these discharges pro- 0 05 10 15 20 25 30 35
duced the record deuteriu(®D) neutron rate§, on DIII-D. time (sec)
The purpose of this paper is to provide an overview of 0.1 28 sec 6

the NCS experimental results on DIII-D, including recent  o.o} err (@), g [p Safety factor @,
experiments, to present results from transport and stability.'g‘ 0.1} mag. ol
analysis, and to propose a path for future research. The em+ -0.2} /
phasis will be on comparing NCS results in the L and H &' -0.3} MSE 3r
mode, which have significantly different density, pressure, -0.4} data™ 2r
and beam deposition profiles, to determine the advantages -0.5 - 1

14 16 1.8 20 22 24 00 02 04 06 08 1.0

and disadvantages of each regime. The paper is organized as R (m)

follows. In Sec. | 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 profilesrc. 1. Time evolution ofa) 1y,Prpi; (b) o, Gpmin; @NA(C) D,, emission for

for typical discharges. In Sec. Il we discuss bootstrap currentischarge 83724, illustrating that the NCS configuratigmdicated by

profiles and alignment. Transport analysis is presented iflo~dmn) produced by early beam injection can be maintained for long

S lII. and the stability of NCS discharaes is discussed irgulses in an ELMing H mode. The vertical field andprofiles at 2.8 s
ec. I, _y g ) “'determined froneriT with MSE data are shown ifd) and(e), respectively.

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 idefined as the square root of the toroidal flux normalized to

presented in a companion paper by letaal 1 the value at the separatrix, apg _ is the radius of mini-

All discharges described in this paper were performed ifmym q). Programming an H-mode transition during the cur-
a double-null configuration with elongation2 and triangu-  yent ramp is especially effective at raising the edge tempera-

and the normal beam energy is 75 keV. The toroidal field igy . largerp,_, and lower internal inductance,.

2.1 T unless indicated otherwise.

p

To sustain inverted) profiles produced in this manner
for long pulses requires long/R times, low MHD activity,
and a reasonably well-aligned bootstrap current profile.
NCS discharges are produced on DIII-D using codirec-These criteria are satisfied in the ELMing H-mode NCS dis-
tional neutral beam injection early in the initial current charge shown in Fig. 1, where negative central shear is main-
ramp2® A low target density of 1-1.810'° m™3 gives high  tained for the duration of the beam heating phase. Here, 5
central electron temperatures ©f(0)~4 keV early in the MW of beam power is injected at 0.3 s into the initial current
current ramp. Characteristic core current diffusion times areamp, generating the early invertgcrofile. A higher-power
~4 s with early beam injected powé,,; compared to 0.3 s (13 MW) phase begins at 1.0 s, still during the current ramp.
without. Thus, earlyP,,, effectively freezes iJ(0) at a low A short ELM-free period is followed by an ELMing H mode,
value, forcing a hollow current density profile to develop aswhich lasts until the beam power is shut off at 3.2 s. Profiles
the plasma current ramps up. Off-axis beam and bootstrapf q are determined bgrIT?° with MSE measuremerfts®2
currents additionally reinforce the invertgdprofile. of the internal field pitch angle profile. From the time history
Some degree of shot-to-shot controlaifr) is obtained of q(0) andq,,, shown in Fig. 1c), we see that the profile
by varying target density, early beam power, and timing. Usis inverted and, during thg, flat top, evolving slowly. The
ing these techniquesj profiles with 2<q,=<10, 1=q;;s=<3, MSE vertical field B, measurements and corresponding
and 0.2 Pq,,,<0.75 can be obtaineg@ is an effective radius profile are shown for a time slice at 2.8 s just prior to the end

Il. PROFILE EVOLUTION IN NCS DISCHARGES

1984 Phys. Plasmas, Vol. 3, No. 5, May 1996 Rice et al.
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of beam heating. The flattening of the poloidal field near the 12 r
magnetic axis seen in the MSE data is characteristic of the _ g | 2 Pnbi ——gzg;g
hollow current density profile. Typical error bars gg;, and 2, =
g(0) are also shown. 0 f_—
The key to the longevity of this NCS discharge is the 5
avoidance of MHD. Once ELMing begins, this discharge is 15} bW
otherwise free from MHD activity. The ELM-free period is 210}
relatively short due to the higR,,; phase beginning during 05 |-
current ramp at 1.0 s, which is earlier than usual NCS dis- 90
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 subsequeotllapse 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 &
(~8%10' m® and theny(r) profile is relatively flat, char-
acteristic of H modes. The H factor is2 during the later
phase of the discharge, typical of standard ELMing H modes . : -
with monotonicq profiles. Because of the high edge density 0 0.5 1.0 15 20
in this discharge, over 50% of the beam power is deposited at time (sec)
p>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. gL(gSZZ 'I;;me evolution comparison of NCS L- and H-mode dlspha_lrges
and 87072a) neutral beam poweth) stored energyV, (c) confine
Several key features of the high-performance NCS rement enhancement factét, (d) electron density neas~0.3, and(e) elec-
gime are elucidated by comparing an L-mode NCS dischargton density neap~0.8.
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 1AL0*° m™3, centrally peaked Bn~3.2 is obtained during the ELM-free phase bgtween 1.6

beam power deposition, and strong core plasma rotatior?nd 1.82 s. Thed factor drops to~2.3 when ELMing be-

They begin withP,,;=5 MW at 0.3 s into the current ramp 9INS- It is interesting to note thad is similar for Fhe two

and remain in the L mode until the high-power heating phas&ischarges at 1.9 s, even though the H-mode discharge has

begins at 1.4 s. Shortly after this time, 87072 is programmedMProved edge confinement and the L-mode discharge does

to transition into an ELM-free H mode, while 84682 main- "ot , , _

tains an L-mode edge until 1.9 s. The early beam power of 5 A comparison of the fitted profiles oTe(p), Ti(p),

MW exceeds the H-mode threshold for standard double-nuffe(P). @nd toroidal rotation frequency,(p) for these two

diverted plasmas on DIII-D, so avoiding the H mode in thesediScharges is shown in Fig. 3. MeasurementsTpfand n

discharges requires either displacing the plasma toward tHa/€r the range 0:8p<1.0 are provided by Thomson scatter-

upper null(opposite the ioriVB drift direction) or limiting Ing, W,h”e elec_:t.ron cyclotron emission and a Qgxerferom-

the plasma on the inner wall, eter give additional measurements in the core. A 32 channel
During the early phase<1.4 s, both discharges show a char.ge exchange_ recomb_lnatu()ﬁER) systerﬁ gives i .

confinement enhancement factor léf-1, which is charac- toroidal and poloidal rotation, and carbon impurity density

teristic of the L-mode regime with monotonig profiles.

(used forZ.;) measurements. From these profiles the total
. . 4

During the high-power phase, discharge 84682 shows an jfressure 1S calculated using tesiETwG™ transport code,
crease irH from 1 to 2.5 while still maintaining the L-mode

Including the effects of neutral beam generated fast ions. The
. . ssure profile is then used, along with MSE and magnetic
edge. This represents the largest confinement enhancemﬁﬁd measurements as inout Eewt% reconstruct th (r?
factor yet observed on DIII-D with an L-mode edge. Peak ’ P €
normalized beta reachgg~2.2 at 1.9 s. Large peaking of

profile shown in Fig. 3. The profiles for the L-mode dis-
the T, andn, occurs shortly after the high-power phase be_charge 84682 are taken at a time when the density peaking is
gins, resulting in a DD neutron rate Bf~6x10'° n/s. Peak-

building (1.6 9, while for 87072 we show a time slice ap-
ing of the density can been seen from the rapid rise in th%

roximately 100 ms after the L—H transition. Discharge
central channe[Fig. 2(d)] at 1.4 s, while the edge channel 4682 shows a large peaking'Bf andn,,, with the radius of
[Fig. 2(e)] remains low. The abrupt drops in density are due

c)H

&) nglp ~ 0.3)

o

-
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~
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©) ng(p ~ 0.8)
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maximumVT; and Vw, localized close tgp,  and the ra-

to short MHD bursts, which will be discussed later. dius of maximumvn, localized somewhat insidey,_ . . For
Discharge 87072 transitions into the H mode=atl.6 s, 87072, the density profile is flatter, bl again shows a

as seen by the drop inQFig. 2(b)] and the rapid rate of rise rapid increase neas, similar to the L-mode edge case.

of the edge densitfFig. 2e)]. An H factor of 3.0 and TheT, profiles show a small increase in the NCS region for

Phys. Plasmas, Vol. 3, No. 5, May 1996 Rice et al. 1985
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FIG. 3. Comparison of the profiles gin,,w4,T;, T, and pressure for the  FIG. 4. Comparison of the measured total current derfsitlid) and calcu-

L- and H-mode NCS discharges shown in Fig. 2 at 1.6 and 1.7 s, respedated oNeTwo bootstrap current densitglashed profiles for the(a) L-mode

tively. 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.

both discharges, but the effect is not as dramatic as the other

profiles. The strong peaking @f with NCS is typical for L- - H mode, provided the target density is reasonably (taw
and H-mode discharges, as long as adequate central beam o'® m~3). Peaking of the central density is only observed
heating is maintained. The density peaking appears to bg NCS L-mode discharges fd®?,,>8 MW, as seen in Fig.
unique to the L-mode regime, and only appears Wit§=8 2 TheH factor in L-mode discharges, while rising slowly
MW. during the low power phase, takes a dramatic jump-&5

All of the edge quantities are higher in the H-mode casewhen P, is increased. The current working hypothesis on
resulting in a significantly broader pressure profile, as showi)||-p is that, in addition to the NCSj profile, ExB flow
in Fig. 3. We note that as these discharges continue to evolv@hear in the core plays an important role in stabilizing
the L-mode pressure profile becomes even more peaked dggbulence!® NCS discharges have strong pressure and
to continued density peakinguntil a stability limit is  peaking in regions of low poloidal field, which leads to large
reachegl while the H-mode pressure profile becomesg /RB, shear in the core. The magnitude and radial extent of
broader as the edge density rises and the beam depositighis shear would be expected to increase VAl and may

broadens. . _ explain the observed power dependence.
These results, plus earlier experimental results from

16,18 14 00 ;
DIlI-D . and TFTR., indicate that NCS is necessary but Il BOOTSTRAP CURRENT ALIGNMENT

not sufficient to achieve enhanced profile peaking and re-

duced transport in the core. On TFTR, where the enhanced A large bootstrap fraction that is well aligned with the
performance is seen primarily as a reduction in particle andotal current is a primary objective of the NCS scenario.
ion thermal diffusivity, there appears to be a very clear poweBootstrap current density profiles are calculated for the ki-
threshold at about 18—25 MW. On DIII-D, performance alsonetic profiles shown in Fig. 3 using tteneTwo?™ transport
increases with NBI power, however, a clear and consistentode(Hirshman modél?® The results are as shown in Fig. 4.
power threshold is difficult to identify. As discussed in Ref. The L-mode case has a approximately 75% noninductive
16, rapid peaking of the ion temperature is often seen in NC8urrent(beam and bootstrappeaking atp~0.28, while the
discharges with only 5 MW of early beam power. This trans-H-mode case has a 60% noninductive current, peaking at
port barrier can develop with no change R, indicating  p~0.25. The large bootstrap fraction in the L-mode case is
that theq(r) profile evolution is important. The increase in rather remarkable, considering that beta polojfat0.8 is

T is almost always seen with,,>7 MW in both the L and lower than the H-mode case, wheg~1.2. But because the

1986 Phys. Plasmas, Vol. 3, No. 5, May 1996 Rice et al.
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bootstrap current scales dg~(/e/Bp)(dp/dr), we see that
largedp/dr in a region of highg (low B,,) can lead to very
large bootstrap current densities.

As seen in Fig. @), the calculated bootstrap current for
84682 is peaked gt=~0.28, and is causing a second peak to
develop in the measured total current. Earlier in time, before
the development of th&, peak, the measured ;) peaked at
p~0.5 and dropped smoothly toward the magnetic axis. The o L= 1 H |
existence of thelys peak has also been confirmed by obser- 05
vation of a large depression in the local parallel electric field time (sec)
determined by the time rate of change of M3E,,
measurement$ If left in this state for a time comparable to
the current diffusion time, the largk, peak would lead to a
decrease i, and P

This leads to an important conclusion regarding boot-
strap current alignment. The central depositiorPgf; com- o
bined with the enhanced core confinement created by the § 440
NCS q profile, results in a strongly peaked pressure profile &
with maximumVp and Vn, occurring near or insidgqmm.

While a peaked pressure profile is advantageous for achiev- 1¢-1
ing high reactivity, and high bootstrap fractions, it does not
give a well-aligned bootstrap currefwith large p, ) that
can be maintained in steady state. A broader pressure profile 102
is more desirable in this respect.

Even though the pressure profile is broader for 87072,
Jps is still peaked at too small a radius, as seen in Fip).4
However, the magnitude of peak is closer to the target 10!
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 pressured 10° [
profile, and somewhat better bootstrap current aIignmentNE
(with 1/l 1o0r~50%), as evidenced by the slowly evolving

oL @Titkev)

cedecendeccrccrananad

[ PRI . NP

f—

-
o
—h
[¢,]

10!

T TTT00m [T VOO ¥ o T ooy T 7T

NCS profile. Note that in all these discharges, increased pres- 10 == ====eeee t=1.0sec

sure gradient and bootstrap current is required in the region — =11 sec

0.4<p<<0.7. If further control over the pressure profile can

be achieved through control of tligr) andExB shear pro- 102 T IS RS I E—
files, a more optimized alignment may be obtained. 0.0 02 04 0 0.6 08 1.0

IV. TRANSPORT ANALYSIS FIG. 5. (a) Time evolution ofT; at three radial locations for an L-mode NCS
Transport analysis has been performed usingrrwo ¢ eESe T ST T8 o iy before the ransidon

for several L-mode dlscharges that show peakmg n E'ch at 1.0 s(dashed and after the transition at 1.1(solid). Neoclassical ion

andn,. We note that the NCS discharges push the validitythermal diffusivity is also shown ifb) for comparison.

limit of the standard transport models useddRETWO in

many ways:(1) the core plasma velocity can reach a large

fraction of the thermal velocity, which dramatically affects Ti(p~0.3) is observed at 1.05 s with constaPf,=5 MW.

the fast ion slowing down time2) low plasma density re- The current ramp for this discharge is complete at 1 s, with

sults in large fast ion populations and charge-exchangé,=1.6 MAandB;=1.6 T.

power loss|(3) because;l is |arge(|ow Bpol) andVTi is |arge The Change in thermal dlﬂ:USIVltle/ﬁ andxe across this

in the core, theT, gradient scale length,=T,/(dT,/dr) be-  transition is shown in Figs.(6) and c). Empirical thermal

comes comparable to the ion poloidal gyroradibsnana diffusivities are calculated fromqe;=ne;xe; dTe/dr,

width) €2p,,. Thus, standard neoclassical expressiongvherede; is the radial energy flux due to conduction for

should be modified in the plasma core. Although the impor-€ach species and= (®/By m)"/? whered=toroidal flux.

tance of these effects is being evaluated, the transport analyralized. Classical electron—ion energy exchange is assumed

sis presented here uses the standard neoclassical Mddels.and only diagonal transport coefficients are considered. In
Analysis of reduced transport in the region of NCS isFig. 5b), centraly; drops by a factor of 10 after the transi-

most easily demonstrated in discharges that develop a trangen to below standard neoclassical values. Hggealso

port barrier with no change in beam power. An example ofshows a drop of~50%, but the drop is probably within

such a discharge is shown in Figiah Here a rapid rise in statistical uncertainties; also, there may be a systematic un-

Phys. Plasmas, Vol. 3, No. 5, May 1996 Rice et al. 1987
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X1 B o B I
E (a) discharge 84682
25 t=16s

] -1 r dng
] D=7~ S— ——|Hr dr,

e:Hr(&ne/ar) 0 ot

whereS is the electron source artd is a geometric factor.
As expected from the particle balance in Figa)6 the par-
ticle diffusivity drops to near zero during the density peaking
phase. Even the curve labeled upper liffiat density inside
p~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
S — improved confinemerit First is stabilization of electrostatic

toroidal drift modes by NC3.Second is increased shear in
E,/RBy, 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 DIIID.
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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- resistive modes at high
B. One key advantage of the NCS configuration is that the
plasma is ideally stable to high-ballooning modes in the
region of shear reversal. Ballooning stability has been evalu-
ated using CAMING? for typical L- and H-mode NCS dis-
FIG. 6. (a) Source rate andn,/dt for the L-mode NCS discharge 84682 at harges. In Fig. 7 we plotip/dp vs p for each discharge,

1.6 s;(b) experimental particle diffusivityp, before density peaking at 1.39 anng with the calculated region of instability to ideal bal-

s and after density peaking at 1.6 s, and neoclasficaldashedl The : . .
shaded regions indicate the range of uncertainty due to the lack of Thomsd@ONing. Both discharges have complete second stability ac-

cess insidg~0.8. When stability is evaluated for these dis-
charges with a forced monotonicprofile equilibria, they are
found to be ballooning unstable. In the L-mode case, this
pressure gradient corresponds to a peaked normalized pres-

certainty in calculating the electron—ion energy exchangesure gradient ofe = uo\V/(27°R)p’ (H)V' () (27?)
Recent results with direct electron heating using fast wave- 7.5, which is the highest value yet observed on DIII-D, and
current drive(FWCD) also indicate about a 50% drop ja  is far beyond the first stability limit. Because of the low-
with less uncertainty. We note that transport analysis opressure gradient at the edge, the L-mode discharge is well
higher-power discharges, such as those shown in Fig. 2, irbelow the region of ballooning instability at the edge. In the
dicate a much larger drop ig;, often going negative. Be- H-mode case, the pressure gradient for two times is shown:
cause of the uncertainties in the models mentioned above, wene early in the ELM-free H-mode periodolid) and one
are continuing an analysis of this result. near the termination of the ELM-free periddashed The
Particle diffusion has been analyzed for the L-mode disvalue ofdp/dp in the core is lower than the L-mode case
charge with density peaking shown earlier in Fig. 2. Duringdue to the broader pressure profile, but still exceeds the sta-
the density peaking phase, the beam fueling source rate Hlity limit that would have existed with a monotonég pro-
essentially equal tdn,/dt, as shown in Fig. @. The error file. Note that the edge value afp/dp rises close to the
bars in particle source rate were determined by varying thstability limit near the end of the ELM-free period.
edge fueling rate. The source rate in the core region of inter- The termination of the high-performance NCS phase of
est is unaffected by edge fueling assumptions and is domthese discharges is distinctly different in the L mode versus
nated by beam fueling. The uncertainty in the cdre/dt  the H mode. The L-mode NCS discharges are characterized
(shaded regionis due to the lack of Thomson scattering databy large pressure peaking(0)/{p)~5 and almost always
insidep~0.25. The best fit to Thomson and ¢{@terferom-  terminate a8y < 2.3 in a complete disruption triggered by

eter data is shown, along with a lower limit, assumimgis  rapidly growingm/n=3/1 or m/n=2/1 modes localized in
flat in the region 6£p<<0.25. the plasma core. Typical growth times are'=0.1-0.4 ms,

In Fig. 6(b), the electron particle diffusivit, is calcu-  and the mode rotation frequency measured by Mirnov probes
lated for an early time with na, peaking, and a later time matches the core plasma impurity rotation, as measured by
with n, peaking. Neoclassical diffusivity is shown for com- CER. Analysis of soft x-ray emission and MSE perturbations
parison. The experimental particle diffusivity is calculatedindicates the mode is localized near the ingige3 surface,
where the magnetic shear is negative.

diffusivity (m2 s-1)

scattering measurements insig€0.25.

from
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? " \ FIG. 8. Density peaking versus neutron rate for many NCS discharges with
3 complete disruptiongx) and with no disruptiongcircle). L-mode NCS
€ 05 discharges generally have peaking factorg, while H-mode NCS dis-
§' B charges have peaking factor.
]
- infernal modes triggered wheuy,,,, crosses rational values.
= But we have a large database of discharges, which indicate
0.0 that the disruptions occur at various valuesggf, between
0.0 1.5 and 3.0. Furthermore, calculations performed with the

ideal MHD stability codecato,?® indicate that the L-mode
discharges are ideally stable. Equilibria for stability calcula-
FIG. 7. Ballooning stability analysis fdia) L-mode and(b) H-mode NCS j“ons are, reCOnStrUCteq using the measured pressur.e profile,
profiles. In (b), the solid curve is early in the ELM-free period and the internal field pitch profilfMSE), and external magnetics.
dashed curve is near the end of the ELM-free period. Stability calculations with the linear resistive code
MARS®® indicate these discharges are unstable to localized
pressure-driven resistive interchange motteshich are lo-
calized to the inner low-order rationgl surfaces. The pre-
The H-mode discharges do not suffer disruptions. Usudicted mode numbetusually 3/2 and location(inner g=3)
ally the neutron rate an@,, suffer a slow saturation or roll agree with experimental observations. These modes are de-
over due to the development of lovedge kink/ballooning- fined as resistive interchange in the sense that the parameter
type MHD, or in some cases Alfveeigenmodes. These in- Dy [see Eq(115 in Ref. 31] is positive. Note that for resis-
stabilities do not appear to be a consequence of the negatitiwe modes, shear stabilization is no longer applicable, since
shear, since they are also observed in VH-mode dischargessistivity allows field line reconnection. A more global
with monotonicq profiles. double tearing mode is also found to be marginally unstable,
The difference in disruptivity between L- and H-mode but can be stabilized by sheared toroidal rotdtiand a re-
discharges is illustrated in the Fig. 8 scatter plot, where wesistive wall. The local resistive mode is not stabilized by
plot a density peaking parameteg(p~0.3)/n.(p~0.8) vs  toroidal rotation and is not sensitive to fine details of the
neutron ratd’,,, at the time of maximunh’,,. The X symbols  profile. According toMARS calculations, the local mode be-
represent discharges with a hard disruption, while the circleomes unstable gBy~2, independent ofj,in, @S dmin IS
symbols denote a soft beta collapse. Most discharges with araried from 1.:q,,<2.7. However, the mode is found
ne peaking factor less than 2 are in the H mode and thosboth experimentally and in simulations to be sensitive to the
greater than 2 are in the L mode. Clearly, the L-mode disiocal pressure gradient in the NCS region.
charges with large density peaking are highly disruptive. Al-  The disruption of L-mode NCS discharges is believed to
though pressure peaking is the key parameter here, we chobe a consequence of this resistive interchange. The strong
to plot density peaking because it is the primary differencadependence o8y on pressure peaking and the weak depen-
between the L- and H-mode discharges, and is responsibldence org,,,;, are consistent with experimental evidence. The
for the difference in pressure peaking. The few nondisruptinggrowth of the local interchange mode, while not directly re-
discharges with large density peaking avoided disruption byponsible for a disruption, can couple to the more global
making a transition to the H-mode shortly after the time slicedouble tearing mode, or to a nearby ideal mode, which is
plotted and evolving to a broader density profile. calculated to be unstable when pressure is increased 20%
One candidate for the cause of the L-mode disruptions isbove the experimental value. The local mode is also ob-
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TABLE I. Record DIII-D parameters obtained in NCS discharges.

_ 1} R=1.88m - 84682 ]
§’ 2k ; DD neutron ratd’,, 1.2x10% n/s
2 3t T,(0) 22.5 keV

! RPN

Toroidal plasma rotation frequendy, 60 kHz (v ,=650 km/3
53 ! T.(0) with FWCD 8 keV
§ -4 i gq>8 Pressure peaking(0)/{p) 5.0
-5 p : H factor with L-mode edge 2.5

N o N Normalized pressure gradieat 7.5
5 5} R=1.98m | g<3 ! P 9
8 14 ' J
~— -7 o

6} R=2.04m 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

ccnnde

(deg)
oy

Y i ¥

- 15} Mi Activi .
g :(5, i imov Adtvty min=3/1 high obtained in a hot-ion VH mode, but with NCS the ion
§ 5t A A temperature remains high over a broader region of the core
12 ) y inside of p<0.3. This gives higher plasma reactivity in NCS
. . 1.6 1.8 2.0 . . .
Time (sec) discharges, with both L-mode and H-mode edge conditions,

and has led to a 70% increase in deuterium—deute(Di)
reactivity over the previous highest value obtained in the

FIG. 9. Time history of MSE signals during MHD activity in an NCS Rhot-ion VH mode—a clear indication of the increased perfor-
L-mode discharge with highly peaked pressure. An inversion radius is ob-

served at the inneq=3 surface where shear is negative. mance p_otentlal. . . .
The increased performance in the NCS regime is a con-

sequence of the formation of a transport barrier in the region

served to reduce the rotational shear, which tends to destatftf Shear reversal. With sufficient heating power there is a

lize the double tearing mode. The local interchange may als6l€ar increase in centrd,, with a corresponding drop ig;
destabilize global modes by local profile modification. to near or below standard neoclassical levels. Direct electron

One piece of experimental evidence that strongly suph€ating with FWCD shows a similar increase in ceniral
ports the resistive mode hypothesis comes from analysis ¢i"d @ corresponding drop jg. by 50%. In discharges with
MHD bursts that often precede the L-mode disruptions@n L-mode edge, clear density peaking is observed, giving a
These bursts are observed in most NCS L-mode discharg@&rticle diffusivity near or below neoclassical values. _
with peaked pressure. The precursor mode numbais The peaked pressure profiles that result in NCS dis-
—3/1 and growth rates are similar to that of the mode thafharges with an L-mode edge give high reactivity and high
grows just prior to the disruption. The precursor modeboo.tstrap currer(t~50%),_but_haye serious I!mltgthqs. First,
clearly rotates with the rotation of the core plasma, an indi-Jbs IS Peaked at a location inside, . and is significantly
cation that it is localized in the core. Analysis of soft x-ray larger than the target current density. In a longer pulse, this
emission also indicates the mode is localized inside ofvould lead to a decrease @y, andp,_ , and an eventual
Pq,,;,- From the time history of the MSE pitch angle signals, collapse of the NCS profile.
we note a sawtooth-like step in the poloidal field that is ~Low g limits constitute the second limitation of the
correlated with the MHD burst, as shown in Fig. 9. An in- strongly peaked pressure profiles. Experimentgys2.3 is
version radius for the perturbation occurs between channef@oserved with strong pressure peakingd¢0)/(p)~5. This
atR=1.93 m andR=1.98 m, which lie on either side of the limit is independent of the details of thg profile, and is
innerq=3 surface at this time. Thus, the mode appears to beonsistent with the resistive interchange mode, which is
localized to the inside=3 surface where the negative mag- driven by the pressure peaking. The reduced stability limit
netic shear and pressure gradient are strong. and the unfavorable bootstrap current alignment will make

With this new understanding of the L-mode disruptions,developing high-performance steady-state scenarios with
additional experiments were performed to improve plasma#€aked pressure profiles extremely challenging.
performance by programming an H-mode transition to occur ~ The H-mode NCS configuration provides some improve-
before the pressure peaking reaches a critical level. Th&ient. The highest DD reactivity of 1x210" n/s and NCS
H-mode transition broadens the pressure profile allowing th&ormalized betgy~4.2 have been obtained in this regime.
discharge to achieve highgk, . This technique was success- The peak iy is still localized to a radius inside qf;
ful and resulted in DIII-D’s highest reactivity discharges with but is sufficiently close to the target not to cause a rapid
I',=1.2x10% n/s. collapse. The steep edge pressure gradient and resultant
bootstrap current are destabilizing to the edge kink, which
leads to a more gentlg collapse. Active means to control
this steep gradient are under investigation at DIII-D.

The NCS configuration is a promising regime for im- Improved control of the pressure profile is the next step
proved performance of tokamaks. Robust and reliable formatoward developing steady-state high-performance NCS sce-
tion of the NCS profile has been demonstrated using earlparios. Increased pressure gradient in the region o£p.5

VI. DISCUSSION
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