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Abstract. Tokamak plasma experiments on the DIII-D device [J.L. Luxon, et al.,
Fusion Sci. and Tech. 48 (2005) 807| demonstrate high-performance, negative central
shear (NCS) equilibria with enhanced stability when the minimum safety factor gmin
exceeds 2, qualitatively confirming theoretical predictions of favorable stability in the
NCS regime. The discharges exhibit good confinement with an L-mode enhancement
factor Hgg = 2.5, and are ultimately limited by the ideal-wall external kink stability
boundary as predicted by ideal MHD theory, as long as tearing mode (TM) locking
events, resistive wall modes (RWMs), and internal kink modes are properly avoided or
controlled. Although the discharges exhibit rotating TMs, locking events are avoided
as long as a threshold minimum safety factor value ¢y, > 2 is maintained. Fast
timescale magnetic feedback control ameliorates RWM activity, expanding the stable
operating space and allowing access to fOn values approaching the ideal-wall limit.
Quickly growing and rotating instabilities consistent with internal kink mode dynamics
are encountered when the ideal-wall limit is reached. The RWM events largely occur
between the no- and ideal-wall pressure limits predicted by ideal MHD. However,
evaluating kinetic contributions to the RWM dispersion relation results in a prediction
of passive stability in this regime due to high plasma rotation. In addition, the ideal
MHD stability analysis predicts that the ideal-wall limit can be further increased to
On > 4 by broadening the current profile. This path toward improved stability has
the potential advantage of being compatible with the bootstrap-dominated equilibria
envisioned for advanced tokamak (AT) fusion reactors.
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1. Introduction

Fusion reactor design studies indicate that next-step devices based on the advanced
tokamak (AT) concept will require a significant bootstrap current fraction fgs in excess
of 0.8 and normalized beta values near Sy =~ 5 in order to meet performance goals
[1, 2, 3]. Here, we define Oy = /(I,/aB), with § the ratio of the plasma to magnetic
field pressure (%), I, the plasma current (MA), a the minor radius (m), and B the
magnetic field (T). The combination of high fgs and high Sy can potentially lead to
unfavorable MHD stability. For example, the high bootstrap fraction is expected to
result in a broad current density profile, and the Oy limit for ideal MHD stability
typically scales with the normalized internal inductance ¢; (a measure of the peakedness
of the current density profile) in the absence of a perfectly conducting wall. Thus, the
success of future AT devices will likely depend on maximizing passive MHD stability,
through careful design of the equilibrium shape and profiles, and may require active
stability control.

Theoretical calculations have identified profile characteristics expected to result in
improved passive stability for bootstrap-dominated AT scenarios: (a) a safety factor
profile ¢(r) > 2 everywhere eliminates resonances leading to poloidal and toroidal
mode number (m,n) = (2,1) and (3,2) tearing mode (TM) instabilities, and (b) a
region with negative magnetic shear dg/dr near the plasma core makes the shear at the
remaining higher order rational g-surfaces large except for in a small localized region
[4, 5]. In addition, a core transport barrier is expected to result, leading to improved
confinement. We will refer to this equilibrium paradigm as the negative central shear
(NCS) configuration.

Some of the expected benefits of the NCS configuration have been confirmed
experimentally. Early experiments in the DIII-D [6] and TFTR [7| tokamaks showed
that predicted floor of neoclassical transport levels could be obtained in the NCS
configuration. The DIII-D discharges accessed 3.5 < By < 6, but encountered n = 1
internal modes when the minimum safety factor ¢, dropped below 2. In addition,
NCS experiments have demonstrated high values of fgs and equivalent fusion power
[8, 9, 10], high poloidal beta /3, [11, 12], and quasistationary operation [13|. Subsequent
DIII-D experiments transiently accessed a high confinement, high performance NCS
regime characterized by an L-mode confinement enhancement factor Hgg = 2.5, On = 4,
and fgs > 0.6 by ramping the toroidal field By to drive off-axis plasma current [14].

In the recent DIII-D experiments described here, we investigated the role of the
current density profile in the stability of the previously established B; ramp scenario,
using off-axis neutral beam injection (NBI) to broaden the current and pressure profiles.
We will describe the equilibrium formation technique and profiles in section 2, and
example discharge waveforms, profiles, and cross-section shape are shown in figure 1
and figure 2. Off-axis NBI was previously used to demonstrate steady-state, high guin,
monotonic shear discharges, with the finding that performance was limited by transport
rather than stability [15]. In contrast, a key result from the new experiments is that
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confinement is consistent with the previous B; ramp data set, and performance is limited
by the onset of long wavelength MHD instabilities that cause collapses of the plasma
stored energy (i.e. [-collapses) and, in some cases, disruptions of the plasma current.
We will describe the instabilities leading to [-collapses in more detail in section 3, and
compare the conditions associated with the instability onsets with ideal MHD theory
and modification by kinetic contributions [16], in section 4. Finally, we will discuss
MHD stability optimization and control strategies in section 5.

2. Equilibrium formation technique

NCS discharges were created by inductively driving off-axis current using toroidal field
ramps and by using off-axis NBI to further broaden the current density and pressure
profiles. Waveforms from an example discharge are shown in figure 1. The toroidal field
coil power supply voltage is brought to zero at time ¢ = 500 ms, bringing about a ramp
down of By with a decay time constant of 6.74 sec. NBI heating is applied early in the
discharge, starting at t = 50 ms, to heat the plasma core and improve the efficiency of
the By ramp current drive. Approximately 3.5 of the total 11 MW of NBI power is aimed
16.4 deg below the midplane (i.e. off-axis). The early heating brings about a transition
to high-confinement mode (H-mode) at ¢ = 640 ms, characterized by the emergence of
pedestals in the edge electron temperature and density profiles and the onset of edge
localized mode (ELM) activity. Approximately 1 MW of electron cyclotron (EC) power
for current drive is applied at mid-radius. However, the EC current constitutes a small
fraction of the total current during the high gy phase due to the movement of the
resonance location to the cold outer region of the plasma with the diminishing toroidal
field.

Example equilibrium current density and pressure profiles are shown in figure 2.
The B; ramp inductively drives poloidal plasma current, resulting in a broad parallel
current density profile [figure 2(a)| that is peaked at a normalized plasma minor radius
of p = 0.6. Here, p = \/¢/d(a) with ¢ the toroidal magnetic flux. The fraction of
parallel current driven by the B; ramp is 0.22 at the time shown, t = 1925 ms. In
contrast, the total beam driven current fraction is 0.17, with 0.056 from off-axis NBI,
and the bootstrap current fraction is fgs = 0.37. The B; ramp current drive is obtained
by calculating the electric field associated with the changing poloidal flux of the ramp,
and evaluating Ohm’s Law parallel to the equilibrium field using neoclassical resistivity
as in Ref. [17]. The bootstrap and NBI contributions to the current are calculated
using the TRANSP and NUBEAM codes [18, 19]|. The total measured current density is
obtained from equilibrium reconstructions constrained by motional stark effect (MSE)
polarimetry [20], magnetic |21], and kinetic profile data.

The thermal contributions to the pressure profile p [figure 2(b)| are obtained from
Thomson scattering measurements [22| of the electron temperature and density, and
measurements of the carbon impurity temperature and density from charge exchange
recombination (CER) spectroscopy [23]. The main (deuterium) ion density is inferred
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from the electron and carbon density measurements using the known charge state of
the carbon ions and assuming quasineutrality. The contribution to the pressure from
fast neutral beam ions is simulated using NUBEAM. The pressure profile in figure 2(b)
has a peaking factor f, = p(0)/(p) = 2.4. Here, (-) denotes a volume-average. The
elevated pressure profile gradient in the region 0.5 < p < 0.6 may consistent with an
internal transport barrier (ITB). However, the more detailed transport analysis required
to definitively prove the existence of an I'TB is beyond the scope of the present work. The
pressure peaking factors obtained during H-mode typically ranged from 2.4 < f, < 3.4,
and this range is compatible with the previous DIII-D experiments where a definitive
identification of ITB formation was made [14].

The increasing heating power and B; ramp also bring about a steady increase in
Bn. The By trajectory is interrupted by an ELM-free interval followed by a large ELM
at t = 1364 ms, and again at ¢ = 2832 ms by an internal kink mode. Nonetheless, an
interval lasting approximately 400 ms with Sy &~ 4 and Hgg ~ 2.5 is obtained (shaded
region in figure 1). For comparison, the energy confinement time during this interval is
g ~ 120 ms. In addition, fgg reaches 0.6 during the high Sy interval. This performance
is comparable to that obtained in previous DIII-D B; ramp experiments [14].

Although the previous DIII-D B; ramp experiments described in Ref. [14] were
used as a starting point for the stability investigations described here, several important
departures from the previous equilibrium formation technique that should be mentioned.
First, off-axis NBI was used and the direction of the toroidal field was reversed in order
to maximize the current drive from the off-axis beam [24]. The plasma shape was then
altered to bias the divertor balance toward the lower divertor because B and therefore
the ion B x VB drift changed direction. In addition, the I, evolution was adjusted to
try to maintain qp;, > 2 for a longer time interval, and gas fueling was increased to try
to shorten the ELM period. These changes may have affected fine details of the edge
current profile, and therefore the global stability.

A final difference from the previous DIII-D experiments is that core EC heating was
applied during the impurity burn-through phase (first 100 ms) on several discharges to
investigate the impact of the early current profile on access to the high Sy phase. This
technique has previously been shown to increase the early stored energy and reliability
of the I, ramp up in DIII-D ITER demonstration discharges [25]. We found that the
application of EC heating in this early phase of the discharge allowed for a slower I,
ramp rate, resulted in less high frequency n = 1 MHD activity, and led to higher
(min compared with the ohmic only ramp up. However, the ¢u;, evolution began to
align well with that of the ohmic ramp up discharges after approximately 1500 ms, and
little difference in the current profile was observed at the highest Sy values later in the
discharge.
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3. [-collapse and disruption precursor modes

It was found that the ultimate performance limits were determined by the onset of
MHD instabilities rather than transport. All of the 26 discharges in the data set
experienced at least one significant collapse of the plasma stored energy precipitated
by an MHD instability. Furthermore, 4 of the 26 discharges suffered full disruptions of
the plasma current within 100 ms or less of an MHD instability onset, and an additional
9 of the 26 discharges terminated in a disruption that was delayed more than 100 ms
from the final -collapse. The DIII-D plasma control system (PCS) was configured
to initiate an early ramp down of the discharge if there were significant departures
of I, from the target or, in the final 13 discharges, if large poloidal magnetic field
dB,/dt fluctuations were detected. Early ramp downs were initiated in three shots when
these tests failed, and it is possible that more disruptions could have been avoided with
better tuning of the settings. However, the result that MHD stability determines the
performance limit stands in contrast to the experience in DIII-D high ¢, off-axis NBI
experiments with lower density, stationary B, and monotonic magnetic shear, where
fast ion transport driven by Alfvén eigenmode activity limited the attainable normalized
pressure to Oy & 3.5 [15], motivating further analysis of the observed instabilities. Ideal
MHD stability analysis of the previous monotonic shear discharges yielded a predicted
ideal-wall limit of 4 5 f\lvfhm < 5 [15], suggesting that MHD stability may have posed a
limitation if more heating power had been available.

Example timeseries from instabilities leading to [§-collapses are shown in figure 3—
figure 5. Cases where a rotating tearing mode (TM) locked preceded 29% of the
collapses, and were characterized by a rotating precursor mode, usually with dominant
poloidal and toroidal harmonics (m,n) = (3,1), that gradually slowed over several
hundred ms (figure 3). The mode rotation frequency was consistent with the plasma
ion rotation at the mode rational surface ¢ = m/n throughout the evolution to locking.

An additional 52% of the S-collapses were due to instabilities that were born locked
or nearly locked in rotating plasmas, with mode rotation frequencies ranging from < 1
to 240 Hz (figure 4). The magnetic fluctuations of these born-locked modes had growth
timescales of ~ 1 ms, close to the DIII-D wall eddy current decay timescale 7,. Although
the modes lacked a coherent rotating precursor, they were preceded in many cases
by intervals of damped magnetic response following ELM crashes. This behavior is
consistent with close proximity to the resistive wall mode (RWM) marginal stability
point, and edge-localized mode (ELM) crashes have previously been observed to drive
RWNMs in DITI-D |26, 27|. Although the majority of the RWM-driven collapses were due
to n = 1 modes, two cases of dominantly n = 2 RWM activity were observed as well,
during time intervals when the n = 1 RWM was controlled using magnetic feedback
performed on a fast timescale comparable to 7, (see section 5). In the example case
shown in figure 4, the mode growth was observed during a time interval when slow time
constant (7 = 50 ms) magnetic feedback control of the perturbed n=1 field was applied.
The slow feedback technique, sometimes referred to as “dynamic error field correction”,
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ameliorates the plasma response to any residual n=1 error field [28], thus making it
unlikely that error field amplification is the cause of the unstable mode.

Furthermore, quickly rotating modes with growth timescales < 1 ms preceded 7%
of the (-collapses. An example of such a quickly growing and rotating instability is
shown in figure 5. The mode is born at a frequency consistent with the core plasma
rotation, and rapidly chirps down in frequency. A > 40 G n = 1 excursion in the
measured poloidal field occurs prior to the S-collapse, despite the use of n = 1 RWM
feedback control. These dynamics are consistent with the evolution of an internal kink
mode [29, 30|, and the chirping behavior is also compatible with that of fast particle-
driven off-axis fishbone modes observed in monotonic ¢ discharges [31]. The poloidal
dependence of the mode field measured at the DIII-D vessel wall was analyzed using
a stochastic subspace identification technique [32], revealing a structure that is highly
localized at the low field side midplane with a phase reversal on the high field side.
This type of “phase-folded” structure is consistent with previous observations of internal
MHD mode activity [33|. In addition, analysis with the GATO ideal MHD stability code
[34] reveals an unstable n = 1 eigenmode that is strongly peaked in the region of zero
shear near p = 0.5 with a small, but non-zero component in the vacuum region. The
predicted mode remains unstable when an ideally conducting wall at the location of the
DIII-D vacuum vessel is included in the GATO calculation.

Finally, 12% of the collapses were associated with large ELMs preceded by long
(~ 100 ms) ELM-free periods occurring early in the discharge following the H-mode
transition. The occurrences of the TM locking, RWM, internal kink, and ELM /-
collapse precursor modes are summarized in table 1.

4. MHD stability analysis

The stability of this group of NCS discharges is dependent on equilibrium characteristics
(figure 6). For example, S-collapses due to RWM instabilities were primarily encountered
when the approximate empirical ideal MHD no-wall limit scaling 53", = 44; [35] was
approached and exceeded. (One RWM was driven by an ELM at low gy = 1.2 and
¢; = 0.5, outside the regime where the empirical no-wall limit scaling law is expected to
apply [35].) On the other hand, cases of rotating TMs that lock are largely independent
of B, but only occur when ¢n;, < 2. Finally, incidences of internal kink mode onset
occur when ¢, &~ 2, consistent with observations from previous NCS experiments on
DIII-D and JT-60U [6, 8]. The complete parameter space covered by the experiment
(grey lozenges in figure 6) was obtained by time-averaging [y, 4, and i, waveforms
from all discharges over 50 ms intervals.

4.1. Ideal MHD (y-limits

The Py limits predicted by ideal MHD theory are consistent with the observed stability.
The ¢; and q,;, dependencies of the limits shown in figure 6 were evaluated systematically
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by scaling the current density profile of an experimental equilibrium by a factor
1+ a(yp — 0.5) with ¢ the normalized poloidal flux and —0.5 < o < 0.5. The original
and scaled parallel current density and safety factor profiles are shown in figure 7. The
O limits were then calculated by scaling the equilibrium pressure until a sign change
was identified in the perturbed potential energy 0W predicted by the DCON code [36],
for cases without (nw) and with (iw) an ideally conducting wall in the calculation.

It is important to emphasize that the stability analysis is based on a scaled family
of equilibria that are derived from a single experimental equilibrium. This technique
has the advantage of producing a smooth series of curves representing the stability
limits in parameter space. However, the scaled profiles from the study may not be
exactly consistent with experimental equilibria that have matching integral properties,
such as fy and ¢;. Nonetheless, the predicted stability limits of the scaled equilibria
are compatible with the [-collapse data set. The majority of the collapses due to
RWM events are above the predicted no-wall limit, and the predicted ideal-wall limit
is consistent with the highest accessed [y values. In two cases, internal kink modes
were encountered at the predicted ideal-wall limit when the RWM was stabilized using
magnetic feedback.

In addition, a weakening of the stability is predicted by the scaling study as
Gmin drops below 2, coincident with a drop in the critical Sy value for RWM events.
This strong sensitivity of the stability to the existence of an internal ¢ = 2 surface
is consistent with previous theoretical investigations of the critical wall position for
stabilizing external kink modes in DIII-D NCS equilibria [37].

4.2. Kinetic contributions to RWM stability

Resistive wall mode activity contributed to the largest fraction of -collapses described
in section 3 and appears to be largely bounded by the no-wall and ideal-wall Sy limits
predicted by ideal MHD theory. An additional question remains as to whether the
theory of kinetic modifications to ideal MHD stability [16] can yield a more precise
understanding of the marginal stability point.

Neglecting the perturbed kinetic energy 0K, the dispersion relation for the low-
frequency (i.e. sub-Alfvénic) RWM growth rate v and rotation rate w can be written
as
 OWay + 0 (1)

Wiy + Wy

where 7y, is the characteristic wall eddy current decay timescale and W) represents the

(v +iw)Ty =

kinetic contributions to the perturbed potential energy [16]. Equation (1) is valid when
ideal MHD predicts an instability without a wall (6W,, < 0) that can be stabilized
by the presence of an ideally conducting wall (6W;, > 0), and it has been successful
in explaining the onsets of unstable RWMs in NSTX [38] and the damping rate of the
driven, stable RWM in several devices [39, 40, 41, 42]. DIII-D and JT-60U experiments
have demonstrated passively stable operation in rotating discharges with W, < 0, and



Stability of negative central shear discharges 8

the stability has been attributed to the rotational stabilization of the RWM [43, 44, 45].
The kinetic dispersion relation can be understood to include the stabilizing influence
of a torque between a rotating plasma and the RWM [46], and thus can presumably
explain the observed DIII-D and JT-60U cases of passive RWM stability.

Key stabilizing contributions to dWy include the influences of plasma collisionality,
fast ion motion, and resonances between the plasma I x B rotation wg and the trapped
ion precession drift frequency wp and bounce frequency harmonics lwy, [38, 47]. The
evolution of the wg profile for a discharge with RWM feedback control is shown in
figure 8. This discharge reaches the ideal-wall Sy limit at approximately ¢ = 2600
ms and suffers a (-collapse due to an internal kink mode shortly thereafter. Example
Wk, Wp, wp and electron—ion collision frequency profiles for this discharge and a lower
By companion case without RWM feedback are shown in figure 9. In both cases, wg
is comparable in magnitude to w;, at mid-radius, and the resonance between wg and
harmonics of wy, is primarily responsible for the kinetic stabilization. The profiles in
figure 9 can be contrasted with those in Ref. [40], wherein wg was swept through the wy,
and wp resonances.

The kinetic effects are sufficient to yield a prediction of RWM stability even near the
ideal MHD ideal-wall limit 3y, Solutions for the RWM growth rate y obtained using
the MISK code [38] are shown in figure 8(c). The code uses a perturbative approach for
solving (1) in which v and w terms are omitted from the expression for 6Wy. In addition,
the stabilizing contributions from fast ions were neglected. The ideal MHD and kinetic
calculations of v are not shown for ¢ > 2650 ms because the the ideal MHD stability
calculation predicts that the discharges becomes unstable with a wall (W, < 0) after
this time, and therefore the RWM dispersion relation given in (1) is no longer valid.
Because of the strong plasma rotation, the kinetic contributions arise mainly from the
resonances between wg and harmonics of wy,.

Proximity to the marginal stability point was assessed by artificially scaling the wg
profiles for the two experimental cases in figure 9. The growth rate from the scaling
study is shown as a function of the scaled value of wg at the magnetic axis in figure 10.
The lower By case reaches the marginal point when the wg rotation on axis reaches 43
krad/s, corresponding to a 72% reduction in the rotation profile, indicating that a large
change is needed in the experimental rotation to reach the marginal point.

The MISK simulations predict that the kinetic effects exert a strong stabilizing
influence throughout the wall-stabilized regime. Figure 11 shows the ideal MHD
and kinetic contributions to the perturbed energy and growth rates as a function of
s = (BN —B¥im) / (Bim — O¥Tim)- The calculations are based on experimental equilibria
and kinetic profiles for four different cases with 1.9 < guin < 2.1. The ideal MHD 6W
terms decrease with cg, leading to a strong increase in the ideal MHD growth rate.
However, in these cases, the kinetic effects are sufficient to confer stability across the
entire range of cg values.
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5. MHD stability optimization and control

The dependencies of the precursor modes leading to S-collapses shown in figure 6 indicate
that many of the collapses can be avoided through careful choice of the current density
profile. Specifically, collapses due to TM locking and internal kink events are avoided
when ¢nin > 2, and a reduction in the critical Sy for RWM events and a weakening of
the predicted ideal MHD stability are observed when ¢,;, crosses 2 from above. This
overall weakening of the stability is likely related to the introduction of a low order
rational surface ¢ = m/n = 2 in a region of zero magnetic shear. If the collapses due
to TM locking and internal kink modes can be passively avoided, the final remaining
instability is the RWM.

Fortunately, the RWM is amenable to control with magnetic feedback [48, 49]. In
what has now become a standard approach for DIII-D, fast timescale n = 1 magnetic
RWM control was applied in the NCS experiments using a proportional gain feedback
algorithm incorporating the internal non-axisymmetric coils (I-coils) and internal B,
sensors on the low field side midplane [figure 2(c)]. In addition, a feedforward, quasi-
dc correction for the known DIII-D intrinsic error field was superposed with the I-coil
feedback commands. This approach facilitated access to a regime of high Sy values close
to the predicted ideal-wall limit (figure 12). (Similar to figure 6, the data points shown
in figure 12 were obtained by time-averaging waveforms from all discharges over 50 ms
intervals. The slower timescale, “dynamic error correction” feedback case referred to in
the discussion of figure 4 in section 3 is not counted as RWM feedback in figure 12,
since this slowed feedback would not be expected to suppress an unstable RWM.)
However, RWM instabilities were not fully eliminated for the following reasons: (a)
some RWMs occurred early in the discharges, before active feedback was enabled; (b)
in several instances RWM instabilities grew despite the use of feedback; and (c) RWMs
that occurred during feedback sometimes caused the feedback power supplies to exceed
their current limits and trip off, allowing the growth of an additional RWM following a
recovery to a high [y state later in the discharge. In the cases where an RWM occurred
during feedback, there were two instances of n = 2 mode growth that could not be
controlled by the n = 1 feedback scheme, and 5 cases where the mode grew quickly
enough to bring the power supplies to their limits. Thus, it may be possible to further
ameliorate the RWM-induced S-collapses by extending the feedback control to n > 1 and
by improving robustness, for example by using a state-space control algorithm [50, 51].

6. Conclusions

DIII-D experiments have uncovered a class of elevated quin, NCS equilibria that exhibit
favorable performance and confinement (Sy = 4, Hgg = 2.5) and access the ideal-wall
Bn limit predicted by ideal MHD theory. The onset of TM locking, RWM, and internal
kink instabilities determines performance limits, but these modes can largely be either
avoided, through optimization of the current profile, or controlled. Specifically, collapses
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of the plasma stored energy due to TM locking events and the onset of internal kink
modes are avoided if ¢;, remains greater than 2 and Sy remains below the predicted
ideal-wall limit.

In addition, collapses due to RWMs are ameliorated using magnetic feedback
control, although the control fails in some instances, indicating the need for improved
robustness. The observed instability onsets are compatible with the predictions of
ideal MHD theory, inasmuch as a weakening of the stability is predicted when quin
crosses 2 from above, and as most of the RWM events occur at [y values between
the predicted no-wall and ideal-wall limits. Thus, the optimization of passive stability
and the improvement of active instability control are paramount for improving the
performance of NCS discharges.

Although the onsets of RWM events are largely bounded by the no-wall and
ideal-wall Sy limits predicted by ideal MHD, calculations that incorporate kinetic
contributions to the ideal theory predict stability for some cases across this regime.
The kinetic stabilization is mainly attributed to a resonance between the plasma wg
rotation and the bounce frequency of trapped ions wy,. The simulation results appear to
be at odds with the interpretation of this class of S-collapse precursors as RWMs, and
with the demonstrated benefit of RWM feedback in facilitating access to the ideal-wall
limit. One possible explanation for the apparent contradiction is that the equilibrium
and profile analysis, conducted at 40 ms intervals based on the availability of MSE data,
does not have sufficient time-resolution to capture profile fluctuations that transiently
violate the marginal stability threshold. This shortcoming could be addressed by more
careful programming of the neutral beam waveforms needed for the MSE and CER
profile measurements prior to RWM events, and active MHD spectroscopy may also
prove useful in measuring the stable RWM damping rate for quantitative comparisons
with the kinetic theory, as in Refs. [39], [40], and [41]. In addition, it is likely the case
that using RWM feedback helps improve the passive stability by quickly damping the
plasma response to transient events such as ELMs as in Ref. [44], thereby minimizing
rotation braking associated with the response. A third possible explanation is that
additional physics is needed in the simulations. For example, recent comparisons of
current-driven kink mode simulations with experimental mode onsets have uncovered
the need to include resistive effects [52].

The maximum ideal-wall limit, 8\, ~ 4.5, yielded by ideal MHD simulations
of the scaled current profile equilibria is significantly lower than the ideal-wall limit
uncovered in previous studies of similar DIIT-D discharges, 5 5 A\, < 6 [14]. A
possible reason for this discrepancy is that there are some minor differences in the
discharge programming from the previous experiments, including the I, waveform and
gas fuelling, described in more detail in section 2. It may be that these differences
affected the edge current profile gradients, and thereby the global MHD stability. More
careful comparisons between the new and previous experimental equilibria may help
resolve this discrepancy and yield important insights into the optimization of passive

MHD stability.
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This work does not independently address the impact of pressure profile shape
effects, such as a the formation of I'TBs, for stability. The data set of MHD-driven -
collapses obtained does not exhibit a strong sensitivity to the pressure peaking factor f,,
and we note that a correlation between f, and ¢; has been previously observed in high-
P, high-gpi, DIII-D discharges [53]. However, the influence of pressure profile shape
is included in the MHD simulations with which this data set was compared, and has
previously been investigated in the study of a larger NSTX data set and in simulations
of ITER steady-state discharges [54, 55].

In addition to demonstrating the importance of maintaining ¢, > 2, ideal MHD
stability analysis of scaled current profile equilibria indicates that the ideal-wall limit
begins to exceed the experimentally accessed [y values as ¢; is decreased (figure 6).
It is worth pointing out that the no-wall limit predicted by the scaling study exhibits
the opposite trend, that is, it increases as ¢; increases. However, the success of RWM
feedback in facilitating access to the ideal-wall limit makes ¢t the limit of primary
concern. The high ideal-wall limit regime with elevated ¢u;, > 2 and low ¢ < 0.65
was not explored at high Sy because the discharges naturally evolved toward lower ¢,
and higher ¢; as the heating power was increased (figure 6). Heating and current drive
upgrades, such as increasing the amount of available off-axis NBI power, may help to
sustain a low-/;, high-¢,;,, NCS current profile at high Sy in steady-state. This path
toward improved stability has the potential advantage of being compatible with the
broad current profile, bootstrap-dominated equilibria envisioned for advanced tokamak
fusion reactors.
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Table 1. Occurrences of -collapse precursor modes in 26 NCS discharges.

Type Number Fraction
TM locking 17 29.3%
n=1RWM 28 48.3%
n =2 RWM 2 3.4%
Internal kink 4 6.9%
ELM 7 12.1%

Total 58




Stability of negative central shear discharges 16

158020
1.5F (a)7 2.5
1.0*IP(MA) 12.0
0.5F <— B, (T) 115
0.0 — 1.0
15F Heating power (MW) (b)3
10Fpyg, E

5f PNB1,off-axis E

0 Pec—

(c)]

6 Ymin o5

4l ]

2

4 4[ ~ Bm[.m BN

2 . 4

: ,t: C arb) t

0 ....L |. LA.hﬂhllll il “.. (..|J.

*F Hee ©

2 I\VI\VA\IA ¥

0 500 1000 1500 2000 2500 3000
Time (ms)

Figure 1. (Color online) Timeseries from DIII-D discharge 158020 showing (a) plasma
current [, and toroidal field By, (b) total NBI, off-axis NBI, and EC heating power,
(¢) minimum safety factor gmin and safety factor at the 95% flux surface gg5, (d)
normalized beta, Oy, the approximate no-wall limit scaling of four times the normalized
internal inductance, and deuterium-a emission intensity, and (e) L-mode confinement
enhancement factor Hgg.
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Figure 2. (Color online) Equilibrium (a) current density profile, showing contributions
from total NBI, the off-axis NBI portion, toroidal field ramp induced, and bootstrap,
(b) safety factor and pressure profiles, showing the total and fast ion pressure, and (c)
shape for DIII-D shot 158020 at ¢ = 1925 ms.
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Figure 3. (Color online) Timeseries from the locking of an (m,n) = (3,1) TM
showing (a) a spectral decomposition of dB,/dt signals colored by n-number, (b)
carbon impurity rotation data from CER spectroscopy channels spanning the plasma
minor radius, and (¢) RMS amplitude of integrated dB,,/d¢ fluctuation measurements
(red) compared with the amplitude of the final n = 1 locked mode (blue).
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Figure 4. (Color online) Timeseries from a born-locked instability showing (a) a
spectral decomposition of dB),/dt signals colored by n-number, (b) carbon impurity
rotation data from CER spectroscopy channels spanning the plasma minor radius,
(c) edge D, emission, and (d) the n = 1 fluctuation amplitude from integrated Bp
measurements.
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Figure 5. (Color online) Timeseries from a quickly growing and rotating internal
instability showing (a) an example dB,,/d¢ measurement, (b) a spectral decomposition
of dBj,/dt signals colored by n-number, (c) carbon impurity rotation data from charge
CER spectroscopy channels spanning the plasma minor radius, and (d) the n = 1
fluctuation amplitude from integrated B, measurements.



Stability of negative central shear discharges 21

L B I L I L I L B L L L L L B L L B AL R AL LR T
oo g A ]
: W ]
; All shots |1f All shots |1
b > TM locks |1f > TM locks | ]
F vV n=1 RWM|{f V n=1 RWM|
F An=2 RWM|1f An=2 RWM| 1
r EELM 1 EELM bl
F @ Internal |} @ Internal |}
E i v,
F El3 158020 E
EAAAl “““““ | N Losaa i | Laisaaaaaa lu“(ﬁ)“ RN S S S S S ST S S S S S S ST S ST S ST | IS S S S S S S NS S S ST S R (b)lz
05 06 07 08 09 1.0 1 2 3 4 5
E| min

Figure 6. (Color online) 50 ms time-averages of the parameter space (lozenges)
accessed by DIII-D NCS experiments in terms of (a) Sy vs ¢ and (b) AN VS Gmin,
with S-collapses due to TM locking events (right-pointing triangles), and n = 1 and
n = 2 RWMs (downward and upward triangles), ELMs (squares) and internal kink
modes (circles), as well as no- and ideal-wall Sy-limits predicted by ideal MHD based

on scaled experimental equilibria (dashed and dotted curves), and the evolution of
DIII-D discharge 158020 (solid curves).
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Figure 7. (Color online) Experimental (black curves) and artificially scaled (colored
curves) parallel current density (a) and safety factor (b) profiles used for ideal MHD

On limit calculations.
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Figure 8. (Color online) Timeseries of (a) Oy (solid curve) and ideal MHD no-wall
(dot-dashed) and ideal-wall (dashed) limits, (b) wg rotation at selected radii across
the plasma cross section, and (¢) the RWM growth rate predicted with (squares) and
without (solid) curve kinetic contributions to the ideal MHD dispersion relation.
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Figure 9. (Color online) Profiles of wg rotation (solid curves), effective electron—ion
collision frequency veg (dot-dashed), and the bounce wy, (dashed) and precession drift

wp (dotted) frequencies of trapped ions for two experimental cases.
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Figure 10. (Color online) RWM growth rate predicted by the kinetic dispersion
relation as a function of scaled wg rotation at the magnetic axis for two cases. The

square symbols indicate the original, experimental rotation values.
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Figure 11. (Color online) Dependence on the normalized distance cg between the no-
wall and ideal-wall Sy limits of (a) ideal MHD no-wall (squares), ideal MHD ideal-wall
(triangles), and real and imaginary kinetic (circles and lozenges) perturbed potential
energies; and (b) RWM growth rates from the ideal MHD only (squares) and kinetic
(circles) dispersion relations. The two lower cg cases are from DIII-D discharge 156795
at t = 2205 and 2245 ms, and the two higher cg cases are from discharge 158020 at
t = 2445 and 2645 ms.
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Figure 12. (Color online) 50 ms time-averages of experimentally accessed (a) On
vs ¢; and (b) BN VS ¢min values, with (squares) and without (circles) RWM feedback
control, S-collapses due to n = 1 RWM events (triangles), and no-wall (dashed curve)
and ideal-wall (dotted curve) ideal MHD Sy limits obtained from scaled experimental

equilibria.



