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Abstract. The quiescent H (QH) mode, an edge localized mode (ELM)-free, high-confinement mode, combines
well with an internal transport barrier to form quiescent double barrier (QDB) stationary state, high performance
plasmas. The QH-mode edge pedestal pressure is similar to that seen in ELMing phases of the same discharge,
with similar global energy confinement. The pedestal density in early ELMing phases of strongly pumped
counter injection discharges drops and a transition to QH-mode occurs, leading to lower calculated edge boot-
strap current. Plasmas current ramp experiment and ELITE code modeling of edge stability suggest that QH-
modes lie near an edge current stabilty boundary. At high triangularity, QH-mode discharges operate at higher
pedestal density and pressure, and have achieved ITER level values of Bpgp and v+. The QDB achieves perform-
ance of ByHgg ~ 7 in quasi-stationary conditions for a duration of 10 1g, limited by hardware. Recently we
demonstrated stationary state QDB discharges with little change in kinetic and q profiles (qg > 1) for 2 s, com-
parable to ELMing “hybrid scenarios’, yet without the debilitating effects of ELMs. Plasma profile control tools,
including electron cyclotron heating and current drive and neutral beam heating, have been demonstrated to
control simultaneoudly the q profile development, the density peaking, impurity accumulation and plasma beta.

1. Introduction

The achievement of a high-performance ELM-free H-mode [1,2,3] has important
implications for burning plasma devices such as ITER. ELMs represent a serious operational
limit for ITER, In today’ s tokamaks, long-pul se stationary-state plasmas are produced which
meet or exceed the plasma performance, in normalized parameters, needed for ITER to meet
its goals. In most cases, these high performance plasmas are accompanied by repetitive edge
collapses, caled ELMs, which produce large particle and heat pulses that propagate rapidly to
the divertor strike plates. Empirical scaling studies of ELMs [4], supported by edge
magnetohydrodynamic (MHD) theory [5], indicate that on ITER these heat pulses could be of
sufficient intensity to ablate or melt any plasma facing material. The QH-mode is a
demonstration that high performance plasmas with pedestal pressures equal to those in
standard high confinement mode plasmas, yet with no ELMs, can be produced in stable,
stationary-state conditions. When combined with an internal transport barrier to form a
quiescent double barrier (QDB) discharges, performance levels comparable to the ELMing
“hybrid” scenarios are achieved [6].

In this paper we will report on: 1) properties of the QH pedestal and the progress made on
QH-mode edge profile stability analysis, leading to an indication that ELM suppression
results from a reduction of the edge bootstrap current compared to ELMing phases, 2) the
observation of a deep and narrow radial electric field well at the edge of the plasma during
QH-mode and 3) the advances in performance of the QDB discharges, including
demonstrations of plasma profile control.

2. The QH-M ode Pedestal and Edge Stability

Research on the QH pedestal on DII1-D has focused on determining the reason for ELM
stabilization. The QH edge was previously shown to have a pressure and pressure gradient
very similar to ELMing H-mode but it has different density and temperature gradients
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compared to ELMing H-mode, and these lead to a significantly lower calculated edge boot-
strap current in QH. This lower edge current is a strong candidate for the stabilization of
ELMs, a hypothesis supported by edge current perturbation experiments. Preliminary model-
ing of the edge stability to coupled peeling/ballooning modes using the measured electron and
ion density and temperature profiles in high resolution equilibrium reconstructions including
the edge bootstrap current indicates that QH-mode is near marginal stability. Edge stability
experiments and modeling will be discussed in more detail in the remainder of Section 2.

2.1. QH-Mode Pedestal Profiles

Plasma profiles from the vicinity
of the pedestal are shown in Fig. 1
from a strongly pumped upper single-
null QH discharge with average tri-
angularity, ~0.46. Edge electron den-
sity and temperature profiles are mea-
sured with very good spatial resolu-
tion in the region of the separatrix and
H—mode pedestal using the DIII-D
Thomson scattering system [7]. The
profiles of C*6 temperature, toroidal
and poloidal rotation, and density are
measured with good spatial resolution
using the DIII-D charge exchange
recombination (CER) system [8].
Because QH-mode is a quiescent and
stationary operating state, data can be
taken from an extended period of time o] .
for a precise profile fit. Figure 1 (a,b) 080 100 110 080 100 110
shows fits to data from a 200 ms Wnorm Wnorm

window centered at 3000 ms in shot k|G, 1. Edge density and pressure profiles and their

106919 [9]. The electron density and  gradients and the resulting Jgoot during QH and

function [10] while the ion tempera-
ture data are fit to a cubic spline. The mapping of the spatial location of the Thomson and
CER channels to the magnetic flux function ( is done using the equilibrium reconstruction
code, EFIT [11]. The fits from the QH phase are compared to fits from the ELMing phase of
this discharge at 1210 ms, approximately half way between two ELMs. The pressure profiles
for the ELMing and QH phases are very similar, but the density is lower in the QH phase and
the temperatures are higher. The density behavior reflects the general trend that QH—mode is
initiated from an ELMing phase as the density drops due to strong pumping.

In discharges with an H-mode-like pedestal, the edge current is comprised primarily of the
neoclassical bootstrap current [12,13], JgooT, driven by the sharp edge gradients in density
and temperature.

_ . ong N dTe N 0T

Jsootr = O op B Ip y p «y
The gradients are taken with respect to the toroidal flux coordinate, p, and the coefficients
a, B, andy are functions of the plasma shape and collisionality. Typicaly, a >3 >y, i.e., the
density gradient is the strongest driver for the edge current. Edge gradients are shown in
Fig. 1, dong with the calculated edge bootstrap current for the ELMing and QH phases of this
discharge [9]. While the pressure gradients are essentially identical, the edge bootstrap
current, driven mostly by the density gradient, is much larger in the ELMing phase. Since
high and medium n coupled peeling/ballooning modes with a dominant peeling like character

are known to be driven unstable by increasing edge current, this result led to the hypothesis
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that the ELMs in the early phase of this discharge are a current driven instability, and the
reduction in edge bootstrap current due to the reduced edge density gradient is responsible for
the stabilization of ELMs.

2.2. Edge Stability Modeling

The nonlinear growth of coupled peeling/ballooning modes [6] is the |eading candidate for
the underlying MHD mechanism governing ELMs. ELITE-code [6] modeling has been initi-
ated to evaluate the linear growth rate of these modes in QH-mode discharges. Equilibria with
high resolution pressure and current profiles near the separatrix are produced using the
CORSICA code [14], which includes the NCLASS model [15] to calculate the edge bootstrap
current. A high triangularity, 6=0.8, high elongation, k=2, double null QH discharge with
relatively high edge pedestal density (2.9 x 1019 m-3) and pressure (1.8x 104 kPa) has been
studied. These highly shape QH discharges routinely result in higher pedestal density and
pressures compared to upper single null QH-modes with lower average triangularity of 0.46
[1,16]. The edge current profile and pressure gradient from the CORSICA equilibrium is
shown in Fig. 2a). ELITE modeling indicates the equilibrium to be marginally stable to
peeling/ballooning modes. To evaluate the proximity of the equilibrium to a stability limit,
several equilibria with small perturbations of the pressure and current profiles away from the
initial equilibrium were constructed using CORSICA. A stability diagram derived from
ELITE modeling of these equilibriais shown in Fig. 2b). The ‘X’ in the diagram is the loca-
tion of the experimental case, and is stable. Solid blue squares represent perturbed cases that
are shown to be stable, while solid yellow, orange, and red cases are unstable with progres-
sively larger predicted linear growth rates. CORSICA equilibria produced with a jegge above
that of the experimental case exhibit a magnetic shear reversal in the edge which complicates
the stability analysis. Current ramp experiments discussed in the next section suggest that QH-
modes operate just below the jedge Stability limit, as indicated by the upper location of the
line. The stability limit in this discharge extends to high jedge and p” due to the strong shaping.
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FIG. 2. The edge current density and pressure gradient, (a), from the CORSICA equilibrium for a
high shaped QH-mode discharge used as the basis for the stability diagram shown in (b). The grey
line in (b) shows that stability boundary. The upper limit at high jedge is suggested by the current
ramp experiments discussed in Section 2.3.

2.3. TheEHO and ELMsDuring Current Ramps

Inductive ramps of the plasma current, carried out during QH-mode operation as a method
to test the stability of QH-mode to perturbation of the edge current, indicate that QH-mode
lies near an edge current stability boundary. Since the edge of QH-mode plasmas are low
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density and hot, the resistivity islow and inductive I, ramps transiently alter the edge current
density without having a significant effect on the interior current. Inductive ramps, both
increasing and decreasing |, magnitude, have been carried out in discharges after establishing
QH-mode operation. Ramp rates were varied from 0.1 to 0.5 MA/s. A return to an ELMing
state was observed during ramps of

increasing Ip magnitude, but ELMs %g Ip(MA) 118743

did not appear during the downward ;[ |

ramps. Uy

Time traces of the plasma current, oIan %

chord integrated density, B probeand 318 . £

divertor Do monitor for a downward aF vertor D Total Thermal18¥207 2

lp ramp at 0.5 MA/s are shown in 2 chmZ/ygrLfV/“\VEre&urei S e

Fig. 3. ELMs are apparent in the Dy 0 deiL "><1022 =

monitor prior to 1400 ms, but disap- ~ 20{B|P T/s g
X

o

pear when the QH-mode starts. QH is
accompanied by continuous MHD  -20 1500 2000 2500

activity, usually a coherent mode with

multiple harmonics known as the FIG. 3. Time traces of a magnetic B probe, divertor Dy
edge harmonic oscillation (EHO), monitor, chord averaged density, and edge pressure at
apparent in the B signal prior to the  ¢=0.91 during a ramp down of I

current ramp. Within 40 ms after the

start of the downward I ramp, the 15
EHO changes nature and decreases 13 1p(MA) 115096 ]

significantly in amplitude. After :é-éf .

200 ms the EHO activity reappears 0250 _ - i
but disappears after another 200 ms. 0217 ARSI (1020 m-3 1
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. 0.150
sent, th_e chorql integrated |_oI asma. den- 20 o (1016 ph/cm 2/5/str) La
sity isincreasing, shown in Fig. 3. A 104 [1
close examination of the plasma den- 0.0 ” C el ||
sity and temperature profiles indicate 207
that in the vicinity of the pedestal O

-20

(Wnorm ~ 0.95) thereislittle changein 1500 2000

the plasma density, temperature and 575 [ Dy (1016 ph/cm2/s/str) g
pressure or their gradients. However — 0.250 - L_
inside the pedestal, starting at Wnorm  9:388 C ]

< 0.91, the plasma pressure increases 40 L B Probe (T/9) 7
significantly. The total kinetic pres- _48 K ]
sure near Ynorm ~ 0.91 is shown as a 20855  2086.0 20865 2087.0 2087.5

function of time in Fig. 3. In the ab-
sence of the EHO, the plasma pres- FIG. 4. Timetraces of a magnetic B probe, divertor Dy

sure rises until Dy activity increases ~ monitor, chord averaged density, during a ramp up of Ip.
dightly and the EHO reappears. The B probe, divertor D, monitor are shown at higher

Data from an upward I, ramp at  timeresolution in the bottom two panels.

0.15 MA/s is shown in Fig. 4. Again

the EHO is apparent prior to the ramp, and remains vigorous for about 50 ms, but then is
suddenly terminated by an ELM. The EHO returnsin just several ms, but is again terminated
by an ELM. The B signal at higher time resolution is shown in the vicinity of an ELM in Fig.
4. The EHO is constant in size and frequency until the sudden growth of magnetic disturbance
during ~250 us resulting in the ELM. Similar behavior is seen in discharges with 0.2 and 0.5
MA/s upward ramps. Chord integrated density is not changing during the early EHO-ELM-
EHO cycles, but detailed profiles are not well resolved on this time scale by available
Thomson and CER data.
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These experiments support the conclusion from Sec. 2.1 that the QH-mode is residing
very near a current driven stability limit, leading to the placement of the stability boundary at
high jedge shown in Fig. 2.

2.4. Pedestal lon Callisionality and B

The motivation to understand how ELMs are stabilized, and to develop ELM-free high
performance scenarios comes from the ITER design effort, since standard high performance
scenarios exhibit ELMs, which may be very destructive to the first wall. It is especially
interesting that QH-mode has simultaneously achieved pedestal collisionality [17] and 3
values equal to those expected in the ITER g=5 scenario, as shown in Table 1. These values of
pedestal ion collisionality and 3 were achieved in the high triangularity double-null shapes
with relatively high pedestal density as discussed in Section 2.2.

Table 1
Shot vi Bped HITER-89P Zeff Ve
115056 0.085 1.96 1.61 1.99 0.23
118820 0.077 1.55 1.82 211 0.20
ITER 0.084 1.59 1.8 1.65 0.11

3. Radial Electric Field Well During QH-mode

A narrow and deep radial electric field, Ey, well is observed at the edge of QH-mode
discharges [1]. Although the theory of the role of edge rotation on edge stability is not well
developed, this strong E, well may play some role in the edge stability. In addition, evidence
of prompt fast ion loss to the outer wall has been reported [18,19], and modeled for these
counter injected discharges. Recent experiments have demonstrated that prompt loss is not a
key element of QH-mode or of the E; well. Prompt loss due to the outwardly directed banana
orbits of beam ions birthed in the edge of the plasmais expected for four of the seven neutral
beam injectors on DIII-D, which we denote as tangential, or T-beams. lons from the other
three neutral beam injectors, which inject at more somewhat more perpendicular direction (P-
beams), are not promptly lost [20]. QH-mode discharges with long duration of only P-beam
injection were recently demonstrated [9]. QH-mode was initiated and sustained for significant
(>1 s) duration during P-beam only injection.

The edge radial electric field well was measured during QH-discharges with T-beam only
and P-beam only injection [16]. We take advantage of the fact that QH-mode can be
stationary for long durations to enhance the already excellent special resolution of the CER
system by slowing scanning the edge of the plasma across the CER viewing chords. The
radial electric field well during both T and P beam injection is shown in Fig. 5. These
measurements demonstrate that the prompt fast ion loss calculated for T-beam injection does
not play a dominant role in either the radial electric field, or in the formation of QH—mode.
However it was observed that QH-mode formed more readily and lasted longer in T-beam
dominated discharges.

4. TheHigh-Performance Quiescent Double Barrier

In addition to studies of the QH-mode edge, QDB operation has been investigated, with
emphasis on plasma profile and impurity control [1-3,21,22]. Near-steady QDB plasma
conditions have been maintained on DIII-D for upto 4 s, asindicated in Fig. 6, corresponding
to greater than 35Tg. In general, QDB discharges exhibit relatively high stored energies with
BN < 3 and neutron production rates Sy, < 5.5x1016 s'1. DIII-D QDB plasmas have been
included in a recent international study of high-performance hybrid and AT regimes from
AUG, DIII-D, JET, JT-60U and TS [6], where the results demonstrate that QDB performance
is highly competitive in terms of fusion gain [(HgoXBn)/ 03] and normalized duration (Tp/Tg).
Near-steady, high performance QDB discharges allow us to address issues of critical
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FIG. 5. Theradial electricfield, Er, in T and P dominated discharges.

importance to maintenance and optimization < O00[ 112935 114950 112047

of ITB discharges, such as current profile = 98/ ' )
modification to maintain ¢ >1, and pressure ;‘l Y —
profile modification for impurity profile = 15 ]
control, using control tools such as electron O — NEy |
cyclotron heating (ECH) and current drive 3 8* ‘ ECr -
(ECCD). Injection of EC power inside the s 10

ITB region successfully raised qo and gmin, $ o5} W . |
and also reduced the density peaking from & O,OMJ}LLMI QDB e L
ngdMell = 2 to 1.5, accompanied by a 2.0 e ”
significant reduction in the core carbon and =° 15} W% 1
high-Z impurities [3,22]. However, there was 1.0 . : . 1 |

also adrop in total plasma stored energy with 0 1 2 3 4 5 6
ECH application; while Te increases, there is Time (s)

a reduction in T; a slowing of the toroidal  F|G. 6. Comparison of the evolution of g for a

rotation (Vj), resulting in an overall drop in
stored energy. Transport analysis indicates
that both the electron and ion thermal

QDB discharge with (114947) and without
(114935) ECCD (2 MW). Also shown is 114950
with 2 MW ECCD and increasing NBI during

diffusivities increase with the injection of EC
power [23,24].

In more recent experiments the g-profile control has been demonstrated using ECCD. As
shown in Fig. 6, the application of 2 MW of co-ECCD can arrest the secular decline of qg,
such that that g remains constant and above 1.5 for ~2 s during the EC pulse (Qmin behaves
similarly but is not shown). Maintaining an elevated qg and gmin is beneficial for increasing
both the bootstrap fraction and plasma stability. As also shown in Fig. 6, with the application
of higher neutral beam power qg is raised above 1.5, primarily due to the added neutral beam
counter current drive that is peaked near the axis [3]. The current profile modification
observed with EC/ECCD application is in agreement with modeling. The EC deposition
radius and CD characteristics were systematically scanned inside the ITB, so asto explore the
effects on the pressure and current profiles. The change in transport was found to depend
weakly on the radial location of the resonance. Localized electron heating allows control of
the electron temperature profile while aso changing the density inside the barrier. The current
drive modification is dependent on both the ECCD direction, e.g., co-, counter- or radial (no
current drive) and on the radial deposition location. By separately aiming different EC
antennas, current drive versus electron heating can be optimized. The magnitude of the
change in transport, as evidenced by the change in density, is dependent on the injected power
providing some control over profile modification. Similarly, by broadening the EC-deposition
profile, control can be obtained of the magnetic shear and electron temperature profiles and
stabilization of MHD has been observed [3].

the EC pulse.
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The degradation of plasma density and stored energy due to the application of EC can be
overcome using increased neutral beam injection (NBI). As shown in Fig. 7, increased neutral
beam heating during the EC injection phase can recover EC-induced losses in several plasma
parameters. With the application of an
additional 2.5 MW of neutral-beam heat-

- 15
ing, plasma conditions (By;, Vi, and T;) gg 1o£ﬁ335l$1950—-—\ |
return to near pre-EC values. An addi- e 5F Ec 1
tional ~5 MW of neutral-beam power g -« 028 . '
pushes Te, Ti, By and the neutron rate g-‘% 8E 0.20 ]
above their pre-EC values, while the ©2 3 015
line-average density returns to its initial 25
value of 2.2x101° m-3 without a signifi- & 20 M
cant rise in core impurities. Finally, we 15 _
note that these QDB discharges are quite g 25 W
robust to large changes in the injected g 15 1
power with no loss in the QH-mode N 05 : .

N
o

character even with a 50% increase in >0 Time () *

the neutral beam heating and up to an _
addition of 3 MW of EC power, i.e. the FIG. 7. Comparison of plasma performance param-
plasma remains in a steady QDB state  eters for discharges with constant and increasing

without returning to ELMing H-mode  NBI during the application of ECH for control of
conditions. density, impurity, and current profiles.

0 50

5. Discussion and Conclusions

The QH-mode is a robust high-confinement mode of tokamak operation that exhibits no
impulsive wall heat loading due to ELMs. This mode has been observed and investigated on
most major tokamaks, including DIlI-D, ASDEX-Upgrade [25], JT-60U [26] and JET [25].
When combined with an internal transport barrier to form the QDB-mode, long-pulse, near
stationary-state operation is achieved with performance levels comparable to the ELMing
“hybrid” mode. The quiescent long pulse character of this mode is ideal for some tokamak
physics experiments, including the demonstration of profile control, both density and current
control, using ECH/ECCD aong with NBI. Recently other tokamak physics experiments, not
discussed here, have taken advantage of the quiescent nature of the edge plasma to explore
important core plasma physics that may be masked by the perturbative effects of ELMs, e.g.,
astudy of cascade effectsin core Alfvén wave activity [27].

The stability properties of the QH edge are just beginning to be explored. Stability
modeling using the ELITE code to calculate the growth rate of coupled peeling/ballooning
modes indicates that QH-mode lies near a current limited stability boundary at high jedge and
p". Edge current perturbation experiments, as well as comparisons between QH and ELMing
phases of the same discharge, indicate that the QH-mode is very near a current driven stability
boundary, and small increases (decreases) in the edge current will provoke an ELM
(temporarily relax the EHO). To date, QH-mode has only been observed in discharges with at
least some counter injection. There are also observations of significant prompt fast ion lossin
some QH-mode discharges, however the demonstration of QH-mode in discharges where
prompt fast ion loss is not expected indicate no strong connection to QH-mode. A very
narrow, deep radial electric field well exists just inside the separatrix in QH-mode. These
observation suggest that the edge rotation and electric fields may be contributors to ELM
stabilization in QH-mode, however the theory of edge stability is only beginning to
incorporate the effects of rotation. QH studies on JT-60U [26], which has the capability of
wide variation in the net momentum and energy input from their beam injection system, have
shown arelationship between ELM rate and edge rotation.

QH- and QDB-modes remain both technically and scientifically interesting. The
stabilization of ELMsin a high performance regime is of direct interest to ITER. The fact that
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QH-mode is achieved at ITER relevant values of pedestal collisionality and 3 is a strong
motivator for future QH-mode studies.
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