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ABSTRACT

The Enhanced Pedestal (EP) H-mode regime is an attractive wide-pedestal high-bp scenario for the National Spherical Torus Experiment
Upgrade (NSTX-U) and next-step devices as it achieves enhanced energy confinement (H98y,2 > 1.5), large normalized pressure (bN > 5),
and significant bootstrap fraction (fBS > 0.6) at Ip/BT ¼ 2 MA/T. This regime is realized when the edge ion collisionality becomes sufficiently
small that a positive feedback interaction occurs between a reduction in the ion neoclassical energy transport and an increase in the particle
transport from pressure-driven edge instabilities. The EP H-mode was most often observed as a transition following a large edge-localized
mode in conditions with low edge neutral recycling. It is hypothesized that the onset of pressure-driven instabilities prior to the full recovery
of the neutral density leads to a temporary period with an elevated ion temperature gradient that triggers the transition to EP H-mode.
Linear CGYRO and M3D-C1 calculations are compared to beam emission spectroscopy and magnetic spectroscopy in order to describe the
evolution of the edge particle transport mechanisms during the ELM recovery and the saturated EP H-mode state. The observations are con-
sistent with the hypothesis that the onset of pressure-driven edge instabilities, such as the kinetic ballooning mode and kink-peeling mode,
can be responsible for the increased particle transport in EP H-mode.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011614

I. INTRODUCTION
The size and capital cost of a tokamak fusion reactor are pro-

jected to be reduced by realizing compact plasma confinement devices
that operate with a large fusion power density and low recirculating
power.1,2 The fusion power density is the ratio of the fusion power
(Pfus) over the plasma volume (VP), and it scales strongly with the
toroidal magnetic field strength (BT) and the plasma toroidal bT (bT
¼ 2l0hpi/BT2): Pfus=VP / B4

Tb2
T / ph i2, where ph i is the average

plasma pressure. The desire to maximize ph i in compact reactors
favors operating at a significant fraction of the Greenwald density limit
(fGW ¼ ne/nGW ¼ pa2ne/Ip). Achieving the necessary reduction in the
recirculating power requires plasma confinement regimes with energy
confinement that significantly exceeds standard H-mode confinement
(H> 1.5), suitable particle transport to remove plasma impurities, and
a large fraction of self-driven toroidal current (i.e., bootstrap current
fraction or fBS). Furthermore, the target regimes must not have large

edge-localized mode (ELM) instabilities (i.e., ELM-free) in order to
avoid damage to the plasma facing components (PFCs) from large,
transient heat fluxes.

The spherical tokamak (ST) reduces the aspect ratio of the mag-
netic geometry (A¼R/a< 2) in order to increase stability at larger bT

at the expense of the achievable BT for a fixed plasma volume com-
pared to conventional-A tokamaks (A" 3). A key mission of the
National Spherical Torus Experiment (NSTX) and the follow-on
device under construction (NSTX-U)3 is to contribute critical data
required to optimize the aspect ratio of future tokamak reactors. A
unique characteristic of the ST geometry is the realization of regimes
that simultaneously achieve high bT and high bP (bp ¼ bTBT

2/Bp
2)

with a low central safety factor (q0). These regimes provide a promis-
ing route for realizing a compact tokamak fusion reactor with a large
fusion power density, enhanced energy confinement, and large fBS
(fBS" bp/A

1/2).
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High bp regimes on conventional-A tokamaks realize enhanced
energy confinement via the stabilization of ion-temperature-gradient
(ITG) driven transport by the large edge magnetic shear with increased
flux compression at the outboard midplane due to a large Shafranov
shift (D=r / bp=A).

4,5 Substantial experimental and theoretical work
has demonstrated that the suppression of ITG instabilities in tokamaks
leads to ion energy transport that approaches the theoretical minimum
established by neoclassical transport.6 High bp regimes on
conventional-A devices have demonstrated enhanced energy confine-
ment (H98y,2> 1.5) at large fGW and fBS, with bT on the order of 2%.7,8

Reducing the aspect ratio of the magnetic geometry accesses the attrac-
tive high bp regime with bT on the order of 20% in STs. Operating at
larger bT has the potential to reduce the size of a fusion reactor based
on the high bp regime.

Experimental and theoretical work for STs has shown that ion
thermal transport is often consistent with neoclassical theory in the
region of large magnetic shear in H-mode.9–11 The agreement with
neoclassical theory is attributed both to the suppression of ITG insta-
bilities and the enhancement of neoclassical transport due to wide
trapped particle orbits. Conversely, electron energy transport is dic-
tated by either electrostatic or electromagnetic drift-wave, energetic
particle and magneto-hydrodynamic (MHD) instabilities.

The Enhanced Pedestal (EP) H-mode regime12 on NSTX is an
attractive regime for compact, steady-state, tokamak reactor concepts
since it achieves enhanced confinement (H98y,2 as large as 1.8

13) in an
ELM-free regime at large volume-averaged values for bT (bT " 20%),
Greenwald density fraction (fGW > 70%), and bp (bp " 1.6%). The
defining feature of EP H-mode is a dramatic increase in the magnitude
of the ion temperature gradient (rTi) near the plasma edge that leads
to larger core plasma temperatures. At the same time, the particle con-
finement is degraded such that the secular rise in the plasma density
typical of ELM-free operation is reduced or completely arrested. This
paper presents evidence that the improved energy confinement
observed in EP H-mode is due to a reduction in the neoclassical ion
diffusivity (vi,neo) with smaller ion collisionality (!i

#), while the
degraded particle confinement is attributed to pressure-driven MHD
instabilities that act to maintain a constant edge pressure profile as
rTij j increases.

The largest lever for reducing the edge !i
# on NSTX is the mitiga-

tion of wall recycling. Maingi et al. first described an EP H-mode dis-
charge (117820) produced on NSTX in 200512 that occurred early in
an experiment with deuterium plasmas that followed extended opera-
tions with helium plasmas. The helium plasma operation reduced the
inventory of deuterium gas within the carbon plasma facing compo-
nents (PFCs) resulting in low deuterium wall recycling conditions for
the first few deuterium plasma discharges of the experiment. This per-
mitted access to EP H-mode without the use of lithium wall coatings.

The first use of inter-shot solid lithium coatings on the carbon
PFCs in 2008 increased the occurrence of EP H-mode in NSTX opera-
tions. A paper by Maingi et al. compares the first highly shaped dis-
charges with lithium wall coatings,14 and the dataset includes an EP
H-mode discharge (132588) that was described in detail in a subse-
quent paper.15 The connection between EP H-mode and low wall
recycling conditions was reinforced in a publication by Maingi et al.13

describing an EP H-mode discharge (134991) with large normalized
energy confinement (H98y,2 ¼ 1.8) that occurred during operations
with routine lithium wall coatings in 2009. One unique feature of this

discharge is that most of the active neutral fueling is provided by the
supersonic gas injector,16 which improves the fueling efficiency and
significantly reduces the neutral pressure in the vacuum region com-
pared to the standard fueling valves on NSTX. Access to low edge !i

#

also benefits from a reduction of the edge Zeff; consequently, EP
H-mode was more likely to occur in conditions that reduced the impu-
rity content in the edge region.

A number of observations concerning EP H-mode were
described by Gerhardt et al.17 by examining about 50 different dis-
charges with H-mode and EP H-mode phases. The analysis demon-
strated that EP H-mode could occur over a broad range of magnetic
geometries (plasma boundary shape, Ip, BT, and q95), with and without
the application of non-axisymmetric non-resonant magnetic fields,
and with different PFC conditioning (boron and lithium surface coat-
ings on carbon PFCs). Furthermore, it was shown that EP H-mode
could occur at different times within the discharge evolution and was
most often observed experimentally following a large ELM. The EP
H-mode phase persisted after the ELM recovery provided the dis-
charge remained within stability limits as the stored energy increased.
It was also found that in EP H-mode the core Ti/Te ratio typically
increases compared to standard H-mode regimes, the location of
steepest rTij j could occur at different positions within the pedestal,
the magnitude of the carbon rotation gradient ( rvCj j) increased con-
currently with the increase in rTij j, and that the location of the maxi-
mum rvCj j and radial electric field gradient ( rErj j) occurred more
inboard of the steepest rTij j.

The work presented in this paper builds on the previous obser-
vations and analysis by presenting a more detailed description of
the transport processes responsible for the enhanced confinement
in EP H-mode. Section II presents a detailed comparison between
H-mode and EP H-mode on NSTX in order to review the defining
features of EP H-mode. Section III demonstrates that the improved
thermal confinement in EP H-mode is due to the reduction of neo-
classical ion thermal transport as the edge !i

# is reduced.
Specifically, at low deuterium collisionality (!i

# < 0.3), the banana-
regime neoclassical thermal transport decreases rapidly with lower
collisionality. This is demonstrated using a database of H-mode dis-
charges on NSTX and a simple 1D transport model assuming
purely ion neoclassical thermal transport. Section IV characterizes
the role of an ELM in initiating a bifurcation where the edge density
decreases to maintain a nearly constant pressure profile as rTij j
increases with smaller !i

#. A key feature of the bifurcation is the
presumed existence of a pressure-driven MHD-like instability that
has a larger fractional impact on the total particle transport com-
pared to the total energy transport within the pedestal. Section V
uses pedestal measurements compared to linear gyrokinetic and
resistive fluid MHD calculations to gain insight into the pedestal
transport mechanisms in the wide-pedestal and EP H-mode
regimes. The data and analysis support the proposed bifurcation
mechanism where the particle transport increases as the nature of
the ion-scale instabilities becomes more MHD-like in EP H-mode.
Section VI briefly describes the global stability properties of EP
H-mode and discusses the opportunity for accessing and optimiz-
ing EP H-mode on NSTX-U and higher-field devices. The final sec-
tion, Sec. VII, presents a brief summary and proposes activities
required for confident extrapolation of EP H-mode to long-pulse,
enhanced-confinement scenarios in high-bp regimes.
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II. COMPARISON OF WIDE PEDESTAL H-MODE AND EP
H-MODE ON NSTX

A wide-pedestal H-mode regime was routinely achieved on
NSTX by reducing the deuterium wall recycling of the carbon PFCs
using inter-shot helium glow discharge cleaning followed by evapora-
tive lithium coatings.14,18–20 Interpretive analysis of discharges with
and without lithium conditioning on NSTX established that the recy-
cling rate decreased from about 0.98 with boron wall coatings to about
0.9 with solid lithium wall coatings.21 The reduction in the edge neu-
tral density leads to a wider density gradient region with a smaller
plasma density gradient, altering the nature of the dominant anoma-
lous thermal and particle transport mechanisms in the pedestal. Most
notably, the electron temperature (Te) pedestal width expands as
micro-tearing (MT) instabilities are suppressed in the regions with
appreciable density gradients, and rTej j increases to a level set by the
onset of hybrid trapped electron mode (TEM) and kinetic ballooning
mode (KBM) instabilities.15,20 The TEM-KBM hybrid instabilities
share some defining features with the theoretical descriptions of each
instability that may indicate that there is a competition between differ-
ent branches of modes.15 Electron temperature gradient (ETG) insta-
bilities also contribute to the electron energy transport at the bottom
of the pedestal and are most likely responsible for maintaining a nearly
stiff rTej j near the plasma boundary. The reduction in the particle
source and the changes to the anomalous transport characteristics in
the wide-pedestal regime leads to an inward shift of the pressure gradi-
ent facilitating ELM-free operation. The reduction of neutral fueling
resulting in an inward shift of the pressure pedestal and improved
ELM stability is consistent with conventional-A devices in regimes
where the electron density pedestal location is in inside the tempera-
ture pedestal location.22 While the wide pedestal H-mode regime
demonstrated improved global energy confinement (H98y,2> 1), a sig-
nificant drawback was the secular rise in the impurity density and
radiated power if the regime was sustained without ELMs.23,24

EP H-mode was observed when the edge density was reduced
even further resulting in enhanced energy and momentum confine-
ment compared to the wide-pedestal H-mode regime. The red trace in
Fig. 1 shows an example of discharge with a 300ms EP H-mode phase
(gray shading) compared to a nearly matched ELM-free wide-pedestal
H-mode discharge (blue). These discharges have a similar near-
double-null shape, Ip ¼ 0.9 MA, BT ¼ 0.45T, PNBI ¼ 3MW, and q95
"9 (see Figs. 4 and 7 in Ref. 17) and inter-shot lithium wall condition-
ing. The most significant operational difference between the two dis-
charges is that the amplitude of an applied non-resonant 3D magnetic
field is 25% larger in 141133 (red) compared to 141125 (blue).
Previous analysis of EP H-mode focused on comparing pre- and post-
ELM time periods in order to compare H-mode and EP H-mode
states. The analysis throughout this paper uses the matched discharges
shown in Fig. 1 in order to facilitate comparisons at matched line-
averaged density over longer time-averaging windows.

EP H-mode phases were usually observed following the recovery
from a large ELM, as demonstrated in Fig. 1. In 141133 (red traces),
two large ELM events deliver heat pulses to the PFCs and liberate
bursts of neutral gas from the material surfaces as inferred from the
Da emission from the divertor [Fig. 1(b)]. Following the second ELM
(0.65 s), the confinement time increases [Fig. 1(a)] to a larger level
compared to the H-mode discharge (blue) during similar ELM-free
and MHD quiescent [Fig. 1(c)] periods. The EP H-mode phase ends

with the appearance of core MHD typically associated with the onset
of a 2/1 mode coupled with a 1/1 kink as the central q decreases
toward unity.25 Figure 1(d) illustrates that the enhanced thermal con-
finement occurs concurrently with a beneficial reduction in the rate of
density accumulation during the ELM-free phase, particularly in the
edge of the plasma where the solid line shows the line-averaged mid-
plane electron density (ne) while the dashed line shows the ne near the
edge (wN ¼ 0.9) at the outboard midplane. The improvement in
energy confinement time and the normalized energy confinement
between the wide pedestal H-mode (H98y,2 "1.2) and EP H-mode
(H98y,2 "1.35) is not as dramatic as other examples of EP H-mode;13

however, the modest increase in the core pressure is conducive to
maintaining a long EP H-mode period that remains below MHD sta-
bility limits with bN " 5 and bN/li " 10 using a fixed PNBI and no
active bN or resistive wall mode (RWM) control.

FIG. 1. Shaded region compares an EP H-mode phase (red) to a matched wide
pedestal (WP) H-mode (blue) where the (a) global energy confinement is elevated.
The comparison is made in a phase without (b) ELMs and (c) large-scale MHD. (d)
The line-averaged density (solid) increases at a slower rate in the EP H-mode
phase due to a reduction in the edge density (dashed).
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The two discharges shown in Fig. 1 have a constant non-
resonant n¼ 3 field in addition to the odd-n error field correction
(EFC) field26 applied using six ex-vessel window-frame coils at the
outboard midplane after 0.4 s. The blue and red traces have a non-
resonant n¼ 3 field applied using a maximum amplitude of 400A and
500A on the window-frame coils, respectively. Increasing the n¼ 3
current amplitude in the window-frame coils to 600A resulted in a
discharge with regularly spaced ELMs. Thus, the 500A case (red) is
close to the threshold for consistently inducing ELMs that would oth-
erwise prevent the evolution of the pedestal to the EP H-mode state.
Previous work has found that the ELM onset on NSTX is attributed to
edge-current-driven low-n kink-peeling modes.19,27 The close proxim-
ity of the 3D field strength to the level needed to induce regular ELMs
suggests that the two example discharges in Fig. 1 operate near a kink-
peeling stability boundary.

Non-resonant n¼ 3 fields alter the edge transport and provide a
useful actuator for altering the properties of the pedestal on NSTX.24

Figure 2 presents midplane profiles for the two discharges in Fig. 1
(red and blue) in addition to a third matched discharge that only

applies 3D fields for EFC (black). The three matched discharges are
from the same experiment, and the 70ms time-ranges used for the
profile comparisons are chosen to match the line-averaged density
(within 3%) during ELM-free and MHD-quiescent phases. All of the
profiles are plotted versus the normalized poloidal flux derived from
kinetic equilibrium fits with a constraint on the separatrix Te.

The left column of Fig. 2 presents experimental measurements
made using the Multi-Point Thomson Scattering (MPTS) diagnostic28

[Figs. 2(a) and 2(b)] and the Charge-Exchange Spectroscopy system
(CHERS) diagnostic measuring fully stripped carbon29 [Figs.
2(c)–2(e)]. Both diagnostics image the plasma at the device midplane.
The analysis in this paper assumes that the ion temperature (Ti) is
equivalent to the measured carbon temperature [Fig. 2(c)]. The carbon
poloidal flow29 (not shown) is measured to be small (within 61 km/s)
across the pedestal profile. The shaded region indicates the pedestal
region as determined from the electron temperature profile.

The right column of Fig. 2 shows profiles derived from the fits to
the measurements within the shaded range in the left column. The
radial electric field [Fig. 2(f)] is derived from force-balance using the
CHERS measurements. The deuterium density (nD) [Fig. 2(g)] and
effective ion charge, Zeff [Fig. 2(h)], are derived assuming that the only
impurity ion is fully stripped carbon since the lithium content of plas-
mas on NSTX is found to be much smaller than the carbon content in
the wide-pedestal regime.30,31 Figure 2(i) shows the electron pressure,
Pe (dashed), and the sum of Pe plus the ion pressure (solid). The final
panel, Fig. 2(j), shows the difference between the ion and electron
temperature.

The impact of non-resonant fields below the ELM triggering
threshold on the pedestal structure in wide-pedestal H-modes on
NSTX is highlighted by comparing the blue and black traces. The
imposed fields have the largest impact around wN ¼ 0.9 with a reduc-
tion of the carbon toroidal rotation (vC,tor) [Fig. 2(e)] and Er due to
neoclassical toroidal viscosity. Another significant impact is the inward
shift of the carbon density pedestal (nC) [Fig. 2(d)] and a broadening
of the inferred nD that reduces the edge Zeff for wN > 0.7. The Te pro-
files [Fig. 2(a)] in the blue and black discharges are very similar, and
the Ti profile exhibits lower separatrix temperatures with the applied
field, but matched core Ti [Fig. 2(c)].

The red traces demonstrate the defining characteristics of EP H-
mode, particularly compared to the blue traces where both discharges
have finite non-axisymmetric field offset from the level needed for
EFC. At the bottom of the pedestal (wN > 0.8), the Te profile is rela-
tively stiff, and the average ion temperature gradient is larger, while, at
the top of the pedestal (0.6 < wN < 0.8), the average Te gradient is
larger. The increase in the edge Te and Ti temperature gradients in the
EP H-mode discharge results in larger core temperatures and a larger
difference in the core Ti and Te as shown in Fig. 2(j). The electron
[Fig. 2(b)], carbon [Fig. 2(d)], and deuterium [Fig. 2(g)] densities are
reduced in the edge region, implying a more peaked density profile
with a larger density in the core since the line-averaged density is
matched for all three discharges. The lower edge density and larger
temperatures result in a similar pressure profile for wN > 0.7 [solid
lines in Fig. 2(i)]. The minimum in the Er shifts inward, increasing the
Er gradient near wN ¼ 0.85, consistent with previous comparisons of
H-mode and EP H-mode discharges.12,13,17

Figure 3 further summarizes the properties of the EP H-mode
discharge (red) compared to the wide pedestal H-mode (blue and

FIG. 2. Comparison of midplane profiles for an EP H-mode phase (red) with non-
resonant n ¼ 3 fields to wide-pedestal H-mode discharges with (blue) and without
(black) non-resonant n ¼ 3 fields. Plots in the left column include diagnostic mea-
surements with error bars (points) and a fit (solid lines): (a) electron temperature,
(b) electron density, (c) carbon temperature, (d) carbon density, and (e) carbon
toroidal rotation. Plots in the right column are derived from the measurement fits
within the gray region: (f) radial electric field, (g) inferred deuterium density, (h) Zeff,
(i) electron pressure (dashed) and sum of ion and electron pressure (solid), and (j)
difference in ion and electron temperature.
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black) using the same discharges as Fig. 2. The electron density profile
is more peaked in the EP H-mode discharge due to a reduction in
$rne near the separatrix and an increase near the top of the pedestal
[Fig. 3(a)]. The EP H-mode phase achieves metrics beyond what is
typical for H-mode operations on NSTX: the maximum $rTi is
greater than 0.1 keV/cm [Fig. 3(b)], and the ion collisionality
[Fig. 3(c)] in the pedestal is below 0.3. The lower collisionality near
wN¼ 0.9 is driven by the lower density, while farther inside the
collisionality is lower due to the larger Ti at the top of the pedestal.
Figure 3(d) shows the absolute value of rEr to illustrate that the peak
in $rTi occurs in a region of small jrErj as noted in previous publi-
cations.17 This observation reinforces that the differences in rTi are
not driven by a local change to the E % B shear. However, as will be
shown in later sections, the increase in jrErj for 0.7 < wN < 0.8 may
contribute to the larger $rne at the top of the pedestal that contrib-
utes to a more peaked density profile. The final panel, Fig. 3(e), shows
that the reconstruction of the q-profile that is constrained by the MSE
diagnostic32 is similar for the three discharges highlighting that the

changes in the transport are not attributed to changes in the magnetic
shear.

The motivation for the analysis described in this paper is to better
understand the changes in the edge transport that give rise to the
larger edge temperature gradients and improved thermal confinement
with the concurrent decrease in the particle confinement in 141133
(red) compared to 141125 (blue). The next section will demonstrate
that the improved energy confinement is due to a marked reduction in
the ion neoclassical diffusivity due to a reduction in the edge ion
collisionality.

III. NEOCLASSICAL ION THERMAL TRANSPORT AT
LOW EDGE ION COLLISIONALITY

The increase in the ion temperature gradient in the plasma
edge with lower collisionality is consistent with banana-regime
neoclassical transport being the dominant energy transport
mechanism for the deuterium ions in the pedestal region. Previous
analysis has demonstrated that the large edge ion temperature gra-
dients measured in EP H-mode exceed the maximum gradients
predicted using analytical neoclassical theory and the experimen-
tally inferred ion heat flux.17 The over-prediction of the neoclassi-
cal heat flux compared to the experimentally inferred heat flux
provides further confidence that anomalous ion thermal transport
is significantly less than the neoclassical ion thermal transport in
the range of collisionality considered.

Demonstration of quantitative agreement between the measured
and predicted ion neoclassical heat flux is an on-going activity where
the primary focus is to examine the sensitivity of the assumptions used
in calculations. For example, the impact of multi-species, non-local,
and non-Maxwellian effects on the neoclassical predictions is under
consideration. Also, effort is directed at understanding the impact of
assumptions typically made to infer the experimental heat flux. For
example, recent measurements of the deuterium temperature (TD) at
DIII-D have demonstrated that Te< TD< TC in the H-mode pedestal
leading to larger inferred ion energy flux (due to smaller i-e collisional
energy transfer) compared to calculations that assume TD¼ TC.

33 The
focus of this section is to demonstrate that the increased magnitude of
rTi at low ion collisionality (!i

#) in the EP H-mode pedestal is consis-
tent with the predicted scaling of neoclassical theory where vi,neo/ !i#.
Thus, the transition to the EP H-mode can be independent of the
details of the anomalous ion energy transport.

Analytical neoclassical theory predicts the leading order term of
the ion thermal diffusivity for a single ion species in the banana regime
is

vi;neo /
e$

3
2 q2 q2

i

si
; (1)

where e is the inverse aspect ratio, q is the local safety factor, qi is the
ion Larmor radius, and si is the ion-ion collision time. Assuming dif-
ferent Maxwellian ion species with disparate Z and M, vi,neo scales as

34

vi;neo /
q2

e3=2
niZ2

i

M1=2
i

þ
ffiffiffi
2
p X

Z

nZZ2
Z

M1=2
Z

 !
Mi

B2

ln Ki

T1=2
i

; (2)

where subscript i describes a single ion species and subscript Z
describes all of the other ion species. In Eq. (2), B is the ensemble-
averaged magnetic field and lnKi is the Coulomb logarithm.

FIG. 3. (a) Electron density gradient, (b) ion temperature gradient, (c) deuterium
collisionality, (d) the magnitude of the radial electric field gradient, and (e) the q-
profiles for the same discharges as Fig. 2.
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The total ion neoclassical heat flux from all ion species is

qi;neo ¼ $
X

i

nivi;neo
dTi

dR
: (3)

Substituting Eq. (2) into Eq. (3) and assuming that Ti and rTi are the
same for all ion species, deuterium and fully ionized carbon are the
primary ion species and enforcing Zeff < 3, it is found numerically
that

qi;neo ¼ $rTi

X

i

nivi;neo / $
dTi

dR
q2

B2 e3=2
Zeff n2e
T1=2
i

: (4)

With a fixed plasma shape, Eq. (4) approximately scales as

qi;neo / $rTi
Zeff n2e
I2p T

1=2
i

/ $rTi
Zeff

T1=2
i

ne
nGW

" #2

; (5)

where nGW is the Greenwald density limit. Equation (5) demonstrates
that for a fixed plasma geometry and neoclassical ion heat flux (qi,neo),
$rTi increases with Ip and with smaller ne or a more pure plasma
(Zeff! 1).

Figure 4(a) plots the terms on the right-hand side of Eq. (4) for
the three discharges shown in Figs. 2 and 3. The profiles are similar for
wN > 0.85 indicating that the differences in the edge ion temperature
gradients [Fig. 3(b)] are consistent with the neoclassical scaling with
the edge Zeff ne

2 Ti
$1/2 [Fig. 4(b)]. In other words, the increased$rTi

in the EP H-mode phase (red) near wN ¼ 0.9 is consistent with the

expected scaling of banana-regime neoclassical transport with reduced
edge ne.

Further evidence for the agreement of the scaling ofrTi with the
leading-order neoclassical scaling is demonstrated using a large data-
base from NSTX. The database is formed by identifying the location of
the maximum edge $rTi in every CHERS profile measured when the
neutral beam injection power is at least 2MW during the operations
on NSTX from 2004 to 2010. The CHERS diagnostic did not undergo
hardware changes (such as number of channels or channel alignment)
over this time period that would have altered the interpretation of the
measurements used in the database. The database is conditioned to
only include times during the Ip flattop, select profiles where the edge
Ti and rotation gradients are well resolved, and only consider entries
with Zeff< 3.

Figure 5(a) summarizes the dependence of the edge$rTi on the
leading order terms of qi,neo as stated in Eq. (5). The Zeff, ne, and Ti

terms are evaluated at the same spatial position as the location of the
maximum$rTi using data from the CHERS and Thomson scattering
diagnostics. Zeff is calculated assuming that the deuterium density is
nD ¼ ne – 6nC, and the units of ne, Ti, and Ip are 10

19 m$3, keV and
MA, respectively. The dashed and dashed-dotted curves indicate con-
tours of$rTi using Eq. (5) and assuming a constant qi,neo. The colors
in Fig. 5 provide an indication of the most common regimes of opera-
tion in NSTX H-modes. The x- and y-axes are divided into 20 incre-
ments, and the color contours indicate the number of database entries
within each of the 400 cells. The red-orange-yellow region surrounded
by the thickest black line (>512 entries) contains 83% of the database
and is representative of typical H-mode operation where the maxi-
mum edge $rTi are below 0.15 keV/cm. The blue and red squares
correspond to database entries for the discharges shown in Figs. 1–4
where blue is 141125, an ELM-free wide-pedestal H-mode, and red is
141133, an example of EP H-mode. The orange points are from two
EP H-mode discharges (13499113 and 13258814,15) with large normal-
ized confinement (H98y2 > 1.6) that do not apply non-axisymmetric
fields.

The database supports that the largest edge $rTi is realized in
regimes that achieve low ne and Zeff, as shown in Fig. 5(a). The four
discharges of interest (square points) illustrate that a small reduction
of ne

2Zeff can result in a large increase in$rTi at nearly constant qi,neo
in regimes below 0.5 on the x-axis. Conversely, the database indicates
that the edge $rTi scales weakly with ne

2Zeff for values greater than 1
along the x-axis.

As shown in Fig. 3, the maximum $rTi in EP H-mode is nearly
aligned with a local minimum in the Er gradient. It is of interest to
investigate if the magnitude of$rTi is related to the depth of the local
Er well surrounding the local rEr minimum. Figure 5(b) compares
the magnitude of $rTi with the maximum $rEr realized directly
inside (i.e., at smaller wN) of the location of the maximum$rTi using
a database plot similar to Fig. 5(a) where, for each profile, the maxi-
mum $rEr was identified between the location of the top of the car-
bon toroidal rotation pedestal [Fig. 2(e)] and the location of the
maximum $rTi [Fig. 3(b)]; this region typically spans a few centi-
meters within the pedestal. The dashed line in Fig. 5(b) is drawn to
guide the eye to the approximate linear relationship between the two
parameters within the database. The orange datapoints illustrate that
the discharges that achieve uniquely large $rTi also achieve the larg-
est $rEr. The shape of the colored contours in Fig. 5(b) implies that

FIG. 4. (a) Leading terms of the neoclassical heat flux in Eq. (4) and (b) the variation in
the edge Zeffne

2/Ti
1/2 for the same discharges and time ranges as Figs. 2 and 3.
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the largest $rTi will always be accompanied by a large $rEr inside
the location of the maximum $rTi, but the converse relationship is
not as likely. This may imply that a large jrErj is necessary for pro-
ducing the peaked density profiles with low edge ne that facilitate the
largest $rTi by suppressing anomalous particle transport near the
top of the pedestal. The impact of E % B shear on the anomalous trans-
port will be examined in more detail in Sec. V.

The sensitivity of the edge ion temperature gradient to the edge
density at low ion collisionality is further demonstrated using a simple
1D-model as shown in Fig. 6. The model solves the time-independent
energy transport equations,

qi;neo ¼ Qi $ nD!e=ie Ti $ Teð Þ; (6)

$ne verTe ¼ Qe þ nD!e=ie Ti $ Teð Þ; (7)

where Q is the heat flux from all energy sources and sinks excluding
ion-electron collisional coupling, which is represented by the right-
hand term in both equations (nD!

e=i
e Ti $ Teð Þ). The model uses a fixed

Q for both species assuming a constant net energy density (MW/m3)
from the magnetic axis to R¼ 1.36 where the magnitude for the ions
and electrons is chosen to be consistent with interpretive TRANSP
analysis. The magnetic geometry profiles (q, B, j, etc.) are derived from
a magnetic equilibrium from 141133.

The initial ne and nC profiles are determined by fitting experi-
mental data [solid black traces in Fig. 6(a)] where the red data points
are from EP H-mode phase in discharge 141133 (similar to red data
points in Fig. 2). The Te profile [Fig. 6(b)] is formed assuming a fixed
Te,sep and an increase inside the separatrix governed by an inverse
scale length (a/LTe) until the top of the pedestal, which is defined as
the first point where Te/Ti> 0.9.

The Ti and core Te profiles are found through an iterative pro-
cess. On the first iteration, the ion-electron coupling term is set to

zero. In all iterations, Ti at the separatrix is defined to be proportional
to qi,neo at the separatrix. The full Ti profile [Fig. 6(c)] inside the sepa-
ratrix is formed by integrating inward from Ti,sep using a simple ana-
lytical expression for banana-regime neoclassical qi,neo that is
proportional to the large-aspect-ratio approximation given in Ref. 35,
similar to Eq. (4). Using the Ti profile, the location of the top of the Te

pedestal is defined and the core Te profile is computed by integrating
inward from this point assuming a constant ve. Finally, the ion-
electron coupling term is computed using Ti – Te and the temperature
profiles are recomputed with a non-zero coupling term. The iterations
continue until the profiles converge to a self-consistent solution.

The simple model has a number of free parameters that can be
tuned to get suitable agreement between the modeled temperature
profiles (black traces) and the measured profiles (red points). The util-
ity of the model is demonstrating the impact of changing the shape of
the density profile using the same assumptions including that the ion
energy transport is proportional to the neoclassical thermal transport.
A series of calculations were completed for a variety of density profiles
where the location and width of the electron density pedestal are
changed incrementally [black to red in Fig. 6(a)]. The amplitude of
each density profile is adjusted to maintain a constant line-averaged
density. Thus, as the density pedestal location shifts outward, the core
density is reduced and the density profile becomes broader. The Zeff
profile used to compute the black traces is used for all of the other cal-
culations, resulting in similar broadening of the carbon density profiles
[Fig. 6(a)]. The iterative process for finding self-consistent temperature
profiles is repeated for each choice of the ne profile.

Peaking the density profiles (red to black) increases the edge
$rTi [Fig. 6(d)] while the core$rTi is largely unaffected. The model
illustrates that the edge $rTi and core temperatures are increasingly
sensitive to small changes in the edge density profile as the edge den-
sity decreases. Furthermore, the difference between the Ti and Te

FIG. 5. Database of maximum edge ion temperature gradient versus (a) leading order terms of neoclassical prediction and (b) maximum Er gradient inside the location of max-
imum Ti gradient. Thick black contour encompasses 83% of the database entries. Light blue, red and orange square symbols highlight discharges of interest. The colors of the
symbols do not correlate with the contour shading. Dashed and dashed-dotted lines in (a) provide contours of Eq. (5) with constant qi,neo. Dashed line in (b) shows approximate
linear relationship.
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profiles [Fig. 6(e)] becomes larger as the density profile becomes more
peaked, consistent with experimental observations [Fig. 2(j)].

Figure 7 reproduces the database plot [Fig. 5(a)] using the profiles
from the simple model (solid black) where the dashed and dashed-
dotted lines are repeated from Fig. 5(a). The colored vertical dotted
lines correspond to the trace colors used in Fig. 6. As the edge density
decreases (red to black vertical lines), the qi,neo in the edge region
decreases as more of the ion energy is collisionally transferred to the
electrons as Ti $ Te increases in the core. Consequently, the results
from the simple model qualitatively match the trend of the database
results where the maximum of each colored region “falls away” from
the dashed-dotted line at smaller values along the x-axis. This qualita-
tive agreement is achieved in the model when including the impact of
collisional energy transfer with an increasing Ti $ Te as the edge den-
sity is reduced.

Previous publications have noted that the transition between
H-mode and EP H-mode is marked by a significant increase in the ion
temperature gradient, and a decrease in the edge carbon toroidal rota-
tion.10,11,15 The profiles shown in Fig. 5 are consistent with this obser-
vation, although the difference in the edge rotation between H-mode
and EP H-mode is not as large as other examples. The simple model
can be used to illustrate that the change in the edge carbon toroidal
rotation at the outboard midplane with a larger ion temperature gradi-
ent is consistent with a change in the diamagnetic velocity. The black

trace in Fig. 6(f) is chosen to approximately fit the measure carbon
toroidal rotation (red points). If the assumption is made that the Er
profile is fixed (purely for illustrative purposes), the carbon toroidal
rotation at the outboard midplane varies with the change in the dia-
magnetic velocity that is driven by the pressure gradient, as shown
with the colored traces. As the edge density is reduced (red to black),
the magnitude of the toroidal velocity is reduced, qualitatively similar
to what has been reported previously. In reality, as shown in Fig. 5, the
Er profile will most likely vary as the edge density and ion temperature
profiles change and contribute the observed differences in the edge
carbon toroidal rotation.

The $rTi derived from the 1D model shown in Fig. 6(d)
peaks about 2 cm inside the separatrix. The location of the maxi-
mum $rTi relative to the separatrix is most sensitive to the details
of the Zeffne

2 profile [rapidly decreasing toward the separatrix as
shown in Fig. 4(b)] and the safety factor (q) profile [rapidly increas-
ing toward the separatrix as shown in Fig. 3(e)] since the form of
Eq. (4) has rTi / Zeff/(q ne)

2. The location is also influenced by the
decrease in qi,neo as the ions collisionally transfer energy to the
colder electrons and the flux-surface volume increases when mov-
ing closer to the edge. Discharges that achieve the maximum $rTi

farthest inside the separatrix (for example, see Fig. 5 in Ref. 17)
have the smallest edge density gradients, and thus minimize the
product of qne in a region of smaller q.

FIG. 6. Results from a 1D transport model
compared to EP H-mode datapoints from
141133 (red points). Each color trace is a
single calculation where the (a) electron
and ion density profiles are defined and
the self-consistent (b) Te and (c) Ti profiles
are computed using assumptions
described in the text. The edge (d) ion
temperature gradient can increase rapidly
for small reduction in the edge density
when assuming purely neoclassical ion
thermal transport. (e) The difference in the
ion and electron temperature profiles
increases as the edge density is reduced.
(f) Assuming a fixed Er profile, the carbon
toroidal rotation velocity decreases in the
edge as the edge density is reduced.
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This section presents evidence that the improved edge ion tem-
perature gradient and energy confinement observed in EP H-mode are
a consequence of accessing low edge ion collisionality, particularly by
reducing the edge density. Unlike the L-H transition, the improvement
in the thermal confinement does not require a change to the nature of
the anomalous ion energy transport. However, the next section will
demonstrate that the details of the anomalous particle transport can
play a key role in setting the edge ion collisionality and can lead to a
bifurcation in the pedestal solution.

IV. BIFURCATION TO EP H-MODE FOLLOWING AN ELM
EP H-mode was most often observed as an ELM-free period fol-

lowing a large type-I ELM, as shown in Fig. 1. The increase in the
global energy confinement evolves over a transport timescale during
the ELM recovery to a value that exceeds comparable H-mode condi-
tions. The improvement in the energy confinement is due to the edge
density evolving to a new, lower state that drives an improvement in
the ion neoclassical confinement. Although EP H-mode was most
often observed following a large ELM, examples exist on NSTX of
accessing EP H-mode in small ELM or ELM-free periods (see, for
example, Fig. 8 of Ref. 17). The discharges that entered EP H-mode in
ELM-free regimes typically occur at the largest values of Ip where the
lower edge q meant the edge density did not need to be as small to
achieve a critically low edge collisionality. Thus, the ELM can help
access a state with lower edge collisionality, particularly at lower Ip, but
is not a requirement for realizing EP H-mode.

The hypothesis presented in this section is the onset of pressure-
driven edge instabilities prior to the full recovery of the neutral density
following an ELM can temporarily produce a pedestal solution with
lower edge density and larger edge ion temperature gradient. At suffi-
ciently low edge ion collisionality, this temporary solution can produce
a bifurcation to a new pedestal state that persists even after the full
recovery of the neutral density. Figure 8(a) shows the Da emission
[same traces as Fig. 1(b)] for the EP H-mode discharge (red) and com-
parable wide-pedestal H-mode (blue). The transient heat flux from

two ELMs in discharge 141133 (red) liberates neutrals from the PFCs,
resulting in a spike in the neutral density and Da emission. Following
the large ELMs, the net wall pumping rate increases as the wall deute-
rium inventory rebuilds resulting in a lower neutral density for about
150ms after the ELM event as indicated by the dip in the red Da traces
after each ELM.

Recent work has demonstrated that measurements of the pas-
sive C5þ emission on NSTX can be used to produce an upper
bound for the neutral deuterium density (N0) profile.36 This
upper limit has been shown to be 1.6 6 0.4 greater than the N0

derived from Da signals37 at Te ¼ 100 eV inside the last-closed-
flux-surface. The black points and solid trace in Fig. 8(b) shows
the ratio of this upper limit at the location where Te ¼ 100 eV
(wN " 0.95) between the two discharges, while the green dashed
line shows the ratio of the divertor Da signals [red and blue traces
in Fig. 8(a)]. The agreement in the timescale of the recovery of
both ratios from values near 0.75 to approaching unity provides
confidence that the neutral density is temporarily lower for about
200ms following a large ELM as the wall inventory rebuilds.

The evolution of the local plasma parameters at wN ¼ 0.9
(Te " 140 eV) for the two discharges shown in Fig. 1 are shown in
Fig. 9. The aim of the figure is to identify the timescales for recovery of
pedestal parameters from a large ELM in order to provide insight into
the pedestal transport and the onset of instabilities. The vertical gray
bands in Figs. 8 and 9 highlight two phases of the ELM recovery in the
EP H-mode discharge (red traces). During the first phase (light gray),
the magnitude of the total pressure gradient [Fig. 9(a)] and ion tem-
perature gradient [Fig. 9(c)] are increasing. The electron temperature
gradient [Fig. 9(d)], electron pressure gradient [Fig. 9(b)], and density
gradient scale length [Fig. 9(e)] recover quickly after the ELM and are
roughly constant during the light gray phase. The evolution of the den-
sity gradient scale length prior to this phase is driven primarily by the

FIG. 7. Reproduction of Fig. 4(a) using the 1-D model results. The vertical dotted
lines correspond to the colored traces in Fig. 6. The solid line is the model results
and the dash and dashed-dotted lines are reproduced from Fig. 5.

FIG. 8. (a) Divertor Da emission for EP H-mode (red) and H-mode (blue) dis-
charges. (b) Ratio of maximum neutral density at Te ¼ 100 eV for the two dis-
charges following the second ELM (black) and the ratio of the divertor Da shown in
panel (a) (green dashed). Vertical gray bands highlight two time ranges of interest
during the ELM recovery in 141133.
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decreasing density [Fig. 9(g)] since the density gradient [Fig. 9(f)] near
the bottom of the pedestal is largely unaffected by the ELM.

Within the second period (dark gray), the local pressure gradient
saturates [Fig. 9(a)], indicative of the onset of a pressure driven mode.
The density gradient ($rne) decreases in this phase to maintain a
nearly constant rP as the $rTi [Fig. 9(c)] continues to rise. The EP
H-mode phase in 141133 begins at 0.8s (after dark gray phase) when
the Da emission and local Ti [Fig. 9(h)] are fully restored and the edge
ne decreases to a value lower than the H-mode case. In this period,
both the local density and the density gradient are reduced to maintain
a comparable inverse density scale length to the H-mode discharge
[Fig. 9(e)].

Figure 9(i) demonstrates that the leading terms of qi,neo [Eq. (5)]
are similar for the two discharges after 0.8 s due to the trade-off in the
ion temperature gradient and local density. The local Zeff [Fig. 9(j)]
derived from the measurements of ne and nC is similar for both dis-
charges. The concurrent increase in the local $rTi and reduction in
the edge density at nearly constant qi,neo is consistent with the analysis
presented in Sec. III.

The proposed hypothesis is that the onset of a pressure-driven
edge-localized MHD instability before the neutral density has fully
recovered leads to a bifurcation in the pedestal transport state (dark
gray phase). After the initial saturation of rP, the rTi recovery

“overshoots” compared to the pre-ELM and H-mode levels. This over-
shoot may occur because the temporarily lower neutral density leads
to a lower charge exchange loss, and thus a larger ion heat flux that
must be transported through the edge. The presumed onset of edge-
localized MHD instabilities ensures rne decreases during the rTi

overshoot in order to maintain rP consistent with the expectation
that the MHD-like modes have an outsized impact on the particle
transport compared to the energy transport in the pedestal.38 This is
due to the assumption that neoclassical ion energy transport and
anomalous electron energy transport driven by ETG and microtearing
modes (MTM) instabilities account for significant energy transport in
the pedestal with minimal particle transport while MHD-like instabil-
ities have comparable impact on all channels of transport and most
likely account for the bulk of the anomalous particle transport. The
lower edge density reinforces the larger$rTi such that the changes in
the temperature and density gradients are “locked in” even after the
neutral density recovers (t> 0.8 s).

The density profile required to initiate a positive feedback
interaction between the neoclassical ion energy transport and an
MHD-driven particle transport is illustrated in Fig. 10. The results in
Fig. 10 are produced using the simple 1-D transport model described
in Sec. III where, for simplicity, the calculations only consider the bot-
tom of the pedestal (wN > 0.85) where the Te is assumed to be

FIG. 9. Evolution of edge parameters at
wN ¼ 0.9 for EP H-mode (red) and
H-mode (blue): (a) negative thermal pres-
sure gradient, (b) negative electron pres-
sure gradient, (c) negative ion
temperature gradient, (d) negative elec-
tron temperature gradient, (e) absolute
value of the inverse electron density scale
length, (f) negative electron density gradi-
ent, (g) electron density, (h) ion tempera-
ture, (i) leading terms of neoclassical heat
flux from Eq. (4), and (j) Zeff. Vertical gray
bands highlight two time ranges of interest
during the ELM recovery shown in Fig. 8.
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constant as defined by Te,sep and an inverse scale length a/LTe.
Therefore, the model is only solving Eq. (6), where qi,neo is propor-
tional to a simple analytical expression for the neoclassical transport
and Qi is a net energy flux source. For the purpose of the simplified
edge calculation, a fixed Qi (MW/m2) is assumed at wN ¼ 0.85. The
calculations consider a range of edge density profiles by defining both
ne,sep and rne and assuming Zeff ¼ 2 where fully stripped carbon is
the only impurity. For each definition of the ne profile, the Ti profile
for wN> 0.85 is computed using the same process described in Sec. III
where Ti,sep is proportional to qi,sep. The converged temperature pro-
files are used to compute a baseline pressure profile.

Following the baseline calculation, Qi is increased by 1% and a
new Ti profile is computed (Ti,over) using the same density profiles to
simulate a transient increase in the heat flux. Then, using Ti,over, the
density profile is lowered in order to maintain a constant pressure pro-
file (ne,lower). Finally, using ne,lower and the original unperturbed Qi, a
third Ti profile is computed (Ti,new). If Ti,new is larger than Ti,over, then
the small temporary increase to Qi initiates a positive feedback with
increasing Ti and decreasing ne. The important aspect of this interac-
tion is that the density decreases in order to maintain a constant pres-
sure profile at the bottom of the pedestal.

The shaded region in Fig. 10 indicates the density profiles where
a small temporary increase in Qi can initiate a positive feedback. The
dotted diagonal lines are contours of constant line-averaged density
within wN> 0.85 and the solid line is a contour of constant total pres-
sure at wN ¼ 0.85. At large ne,sep, the pressure contour (solid black)
follows the constant line-averaged density contours (dotted) since the
temperature profiles do not vary strongly with density in this regime.
However, when approaching the right-hand boundary of the bifurca-
tion regime, a constant pressure profile can only be maintained by
reducing the average density as the ion temperature gradient becomes
sensitive to small changes in the edge density. At sufficiently low ne,sep,
the right-hand boundary of the bifurcation regime is encountered
where a transient increase in Qi leads to a positive feedback condition.

The left-hand boundary of the bifurcation regime is produced by
enforcing a maximum local $rTi; without this arbitrary constraint,

the simple model would not predict a stable pedestal solution after
entering the bifurcation regime across the right-hand boundary (in
other words, the entire left side of the plot would be shaded). A num-
ber of mechanisms, not considered rigorously in this simple model,
could damp the positive feedback interaction and produce a stable
solution on the left-hand boundary. One mechanism is the growing
separation between the core Ti and Te profiles that leads to larger colli-
sional losses from the ions to the electrons in the core and reduces the
edge ion neoclassical heat flux. A second possible mechanism is that
the anomalous ion energy flux becomes on the same order as the neo-
classical transport and limits the increase inrTi. A third consideration
is that the new profiles could lead to an increase in the critical rP
and/or Pped for the onset of the MHD instabilities responsible for the
particle transport allowing stable solutions at higher pedestal pressure.
Finally, an increase in the edge Zeff or magnetic geometry changes in
the EP H-mode could damp the positive feedback.

The diamond points are representative of the H-mode (blue) and
EP H-mode (red) operating points discussed in Fig. 2. The discharges
have similar pressure profiles with different trade-offs in the edge tem-
perature and density. The gray arrow indicates the evolution of the dis-
charge along the contour of constant pressure to a new stable state
after crossing the right-hand boundary of the bifurcation regime.
Repeating the calculations and comparison for locations at smaller wN

produces similar agreement with the caveat that some of the assump-
tions, such as a constant density gradient, are less valid.

To summarize: this section examines the time evolution of pedes-
tal parameters to describe the role a large ELM event can play in trig-
gering a bifurcation of the pedestal to a lower collisionality state. The
hypothesis is that the recovery of the pedestal pressure before the
recovery of the neutral density can lead to a brief overshoot of $rTi

and a reduction in the edge density due to the onset of MHD-like
instabilities. This temporary reduction in the edge density can initiate
a bifurcation in the pedestal state where the neoclassical ion transport
and anomalous particle transport interact to increase the net particle
transport and decrease in the net energy transport. The next section
will examine the particle transport mechanisms in the wide-pedestal
H-mode that support that MHD-like (KBM and kink-peeling) insta-
bilities are possible mechanisms that can increase the particle transport
in the bifurcation process.

V. ANOMALOUS TRANSPORT IN THE WIDE-PEDESTAL
AND EP H-MODE

Linear gyrokinetic and resistive MHD calculations demonstrate
that the discharges of interest have similar stability properties com-
pared to previous analysis of ELM-free wide-pedestal H-mode on
NSTX.15,17,20 The results are summarized in Fig. 11 where the mea-
surements and calculations are completed for the profiles shown in
Fig. 2 (i.e., the saturated EP H-mode phase) and the corresponding
time ranges for 141125 (H-mode, blue) and 141133 (EP H-mode, red).
Figure 11(a) shows the normalized ion-scale density perturbations
(dn/n) at the outboard midplane peak near the bottom of the pedestal
as measured by the Beam Emission Spectroscopy (BES) diagnostic.39

The BES diagnostic is configured with a single row of eight channels
imaging 10 cm above the device midplane and a single column of four
channels imaging near wN " 0.85 between the horizontal row and the
device midplane. Each channel has a full-width half-max collection
diameter of about 3.75 cm, equating to DwN " 60.1 in the radial

FIG. 10. Bifurcation regime (gray) computed with the simple 1-D model using a
range of density profiles defined by the separatrix ne (x-axis) and ne gradient
(y-axis). Dotted lines are contours of average edge density and solid line is a con-
tour of constant mid-pedestal pressure. Diamonds are representative of wide-
pedestal (blue) and EP H-mode (red) discharges.
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dimension due to the high degree of flux compression at the outboard
midplane.

Linear single-fluid resistive MHD calculations with the M3D-C1
code40 predict a wide range of unstable kink-peeling (K-P) modes up
to n¼ 20 for both discharges. The normalized eigenfunctions for a
sampling of unstable modes in the single-fluid calculations are pre-
sented in Fig. 11(b). The n¼ 1 mode (solid) peaks near the boundary
while higher n modes have broader eigenfunctions. The magnitude of
the eigenfunctions for the lowest n modes (n¼ 1, solid to n¼ 4,
dashed) increases rapidly near the bottom of the pedestal (wN > 0.9).

The normalized eigenfunctions for the EP H-mode case (red) are
broader than the H-mode case (blue). Initial two-fluid calculations
with M3D-C1 indicate that the frequency of the K-P modes is on the
order of n % 11 kHz in the lab frame and propagates in the ion dia-
magnetic drift direction within the lab and plasma frame.

Linear, local gyrokinetic stability calculations using the CGYRO
code41 identify a number of unstable microinstabilities as summarized
in Figs. 11(c)–11(e). A spectrum of modes is calculated spanning ion
to electron gyroradius scales (khqs¼ 0.05–100). There is a broad spec-
trum of unstable electron temperature gradient (ETG) modes at high
wavenumbers for wN > 0.85. Scans varying the electron temperature
gradient are used to calculate a linear threshold (ge,crit" 1.3 – 1.5) that
is below the experimental ge, as shown in Fig. 11(c), and thus predicted
to be linearly unstable.

At khqs < 0.1, there are unstable microtearing modes (MTM)
or kinetic ballooning modes (KBM), while a broad spectrum of
unstable TEM exist up to and beyond khqs " 1 across the entire
pedestal width. As shown in Fig. 11(d), the growth rates of the
TEM are comparable or larger than the MTM growth rates in the
edge region. The TEM growth rates are comparable to the local
E % B shearing rates (solid lines) for wN < 0.85 and considerably
larger near wN ¼ 0.95. The inward shift of the Er well for 141133
(red) compared to 141125 (blue) leads to a wider region where the
TEM growth rates exceed the local E % B shearing rate.
Furthermore, the enhanced local shearing rate in 141133 (red) in
the region of 0.8 < wN < 0.85 may lead to the suppression of TEM
instabilities that support largerrTe.

Both MTM and ETG instabilities are expected to contribute pre-
dominantly to electron thermal transport. Previous nonlinear simula-
tions using GS242 in NSTX H-modes20 illustrate that ETG turbulence
can contribute up to a "1MW to electron energy transport in similar
discharges, suggesting that ETG may play a role in the similarity of the
Te profile outside wN > 0.85 in all three discharges [Fig. 2(a)]. In con-
ventional tokamak discharges, nonlinear simulations using GENE
indicate that MTM can also contribute electron heat flux levels on the
order of the observations38,43,44 where the nonlinear simulations sug-
gest that MTM is not sensitive to E% B shear suppression. TEM is
expected to contribute to electron thermal transport in addition to
particle and ion thermal transport. The ratio of quasi-linear fluxes pre-
dicted for TEM (D/ve ¼ 0.1 – 0.3, vi/ve ¼ 1 – 2) from the CGYRO
analysis suggests that TEM could only contribute a fraction of the total
electron thermal transport in order to remain consistent with previous
interpretative analysis for edge transport in wide-pedestal H-mode
using SOLPS where D/ve< 0.1.20

The entire width of the pedestals in H-mode and EP H-modes is
found to be within 10% of the local KBM threshold [Fig. 11(e)].
Transport due to KBM turbulence is expected to produce a stiff pres-
sure gradient through a contribution to all transport channels, where
the CGRYO analysis finds that the quasi-linear ratios are similar to the
TEM ratios. The KBM threshold shown in Fig. 11(e) is identified by
varying electron b in Ampère’s equation while keeping the local equi-
librium quantities fixed and converting the threshold into the equiva-
lent aMHD ¼ $2l0q

2Rrp/Bunit2. It is noted that if the calculations are
repeated with the pressure gradient in the local equilibrium expan-
sion45 scaled consistently with electron b, the profiles are near second
stability where the KBM is completely stabilized, as found in previous
analysis in NSTX20 and other tokamaks.46,47 Future work is planned

FIG. 11. (a) Average dn/n measured by BES corresponding to time range of Fig. 2.
Calculations using profiles of Fig. 2: (b) sample of eigenfunctions for unstable
modes calculated by single-fluid M3D-C1. CGYRO calculation of (c) experimental
ge (solid) compared to ETG criticality (crosses), (d) linear growth rate of TEM
(crosses) and MTM (Xs) compared to E % B shearing rate in normalized units of
cs/a (solid), and (e) experimental aMHD (solid) compared to KBM onset (crosses).
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to investigate the self-consistent global KBM stability in the edge of
wide-pedestal discharges on NSTX.

The hypothesis presented in Sec. IV is that the particle transport
near the bottom of the pedestal (wN > 0.9) plays a critical role in
establishing and sustaining EP H-mode. The BES diagnostic indicates
that the normalized ion-scale density perturbations [Fig. 11(a)] are
larger in the edge region compared to the core, consistent with the
localization of TEM [Fig. 11(d)] and K-P modes [Fig. 11(b)].
Furthermore, the entire pedestal may operate near a KBM onset
threshold [Fig. 11(e)] that limits the local pressure gradient. Energetic
particle and MTM instabilities most likely play a role in transport in
the core up to the top of the pedestal, while ETG and MTM instabil-
ities are likely responsible for regulating the electron energy transport
at the bottom of the pedestal. The linear calculations (Fig. 11) indicate
that the stability of the EP H-mode pedestal is similar to wide-pedestal
H-mode; thus, the difference in the particle transport is most likely
associated with a change in the non-linear interactions rather than a
change in the linear mode stability.

Further insight into the nature of the edge instabilities is provided
by inspecting the evolution of the density and magnetic fluctuations
during the ELM recovery leading to EP H-mode and contrasting these
measurements to the wide-pedestal H-mode. Figures 12(a) and 12(c)
compare spectrograms of the normalized deuterium density perturba-
tions (dn/n) measured by a BES diagnostic channel imaging near wN

¼ 0.85 for the ELM-free wide-pedestal [Fig. 12(a)] and the EP
H-mode discharge [Fig. 12(c)]. Figures 12(b) and 12(d) present a com-
parison of the toroidal n number of coherent poloidal magnetic field
oscillations determined from a toroidal array of magnetic sensors
at the outboard midplane. All of the strongest coherent magnetic
perturbations propagate co-Ip, which is in the same direction as the
measured toroidal flow and in the ion-diamagnetic direction in the
laboratory frame. Both discharges have a core tearing mode that begins
around 1.1 s with the lowest harmonic near 12 kHz.

The strongest coherent modes in the wide-pedestal H-mode dis-
charge (141125) are below 10 kHz [Fig. 12(a) and 12(b)]. These edge-
localized low-n low-frequency modes have been described in previous

publications27,48,49 and are shown to peak in amplitude near the sepa-
ratrix and induce scrape-off layer (SOL) width broadening in wide-
pedestal H-mode. The origin of these modes remains an open ques-
tion, but they have been shown to correlate with a critical edge rotation
(or Er) gradient48 in ELM-free discharges. In this example, several
n> 3 coherent modes are detected, while in other manifestations, a
single, strong coherent low-frequency mode is observed.

The light and dark gray shading in Figs. 12(c) and 12(d) high-
lights the two ELM recovery periods shown in Figs. 8 and 9 for the EP
H-mode discharge. Early in the ELM recovery (light gray box), the
strongest coherent modes are observed below 20 kHz on both the BES
and magnetic diagnostics. The onset of this activity correlates with the
saturation of rTe, rPe, and 1/Lne. Later in the ELM recovery (dark
gray time range), the mode amplitudes below 18 kHz abruptly
decrease on the BES spectrogram while the mode amplitudes between
18 and 35 kHz increase, which persists into the EP H-mode phase
(t> 0.8 s). The magnetic analysis identifies diffuse harmonic modes
with n% 7 kHz persisting in the EP H-mode phase and the ELM-free
H-mode as illustrated by the arrows to the right of Fig. 12(d). This fre-
quency spacing is roughly consistent with the preliminary two-fluid
calculations using the M3D-C1 that predicted unstable K-P modes
would have a frequency spacing of n% 11 kHz.

The spectrograms of the density and magnetic fluctuations share
some common features with ELM-free regimes on conventional-A
devices where edge modes provide sufficient particle transport to
achieve stationary density profiles with good energy confinement. The
detection of a broadband harmonic oscillation (EHO) in the magnetic
measurements is similar to the edge-localized modes observed in the
wide-pedestal ELM-free QH-mode regime on conventional-A
devices;50 however, no strong signature of these modes is detected on
any of the BES channels for the presented discharges, limiting a defini-
tive localization to the edge region. The observation of two frequency
bands in the density fluctuations observed in the EP H-mode dis-
charge [Fig. 12(c)] shares some similarities edge-localized modes in
the I-mode regime51 on Alcator C-Mod and ASDEX Upgrade. The
broadband density perturbations near 20 kHz in the EP H-mode

FIG. 12. (a) Spectrogram of BES channel imaging near wN ¼ 0.88 and (b) toroidal mode spectrum from a poloidal magnetic field array for wide-pedestal H-mode. Panels (c)
and (d) show similar data for EP H-mode where the gray shading indicates two phases of the ELM recovery. The arrows at the right of the image illustrate a 7 kHz spacing of
toroidal harmonics.
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example may share some connection to the Weakly Coherent Mode
(WCM) observed in I-mode that is observed with a low edge density
gradient concurrently with large temperature gradients in the pedestal.

The most notable difference between the EP H-mode phase and
the ELM-free H-mode discharge is the absence of coherent and broad-
band low-frequency (<18 kHz) activity. Figure 13 compares the aver-
age spectra over specific time ranges in the two discharges for the
channel imaging near wN ¼ 0.85 (solid lines). The light gray shaded
region highlights the significant decrease in the mode amplitudes
below 18 kHz in the EP H-mode phase (red) compared to the H-mode
example (blue), while the spectra between 18 and 35 kHz is similar
(dark gray band). The dashed lines in Fig. 13 show the average spectra
for the neighboring BES channel imaging near wN ¼ 0.75. The signifi-
cant reduction of the broadband modes below 80 kHz on this channel
localizes these fluctuations to wN > 0.85. A small sample of EP
H-mode discharges with BES measurements supports that a common
feature for these is discharges is the absence of the coherent
low-frequency modes and a reduction in the broadband spectrum
below 18 kHz relative to the spectrum between 18 and 35 kHz.

Figure 14 presents information derived using the vertical array of
four BES channels for the H-mode (blue, left column) and EP H-
mode (red, right column) discharges near wN ¼ 0.85. The solid lines
with diamond points describe the low-frequency density fluctuations
between 3 and 18 kHz, while the dashed lines with the square points
describe the mid-frequency density fluctuations between 18 and
35 kHz. The vertical gray bands in the panels for discharge 141133
(red) correspond to the ELM recovery phases described with Figs. 8, 9,
and 12.

The top panel [Fig. 14(a)] shows the evolution of the normalized
magnitude of the deuterium density fluctuations (dn/n). The low-
frequency (solid) perturbations are larger than the mid-frequency per-
turbations (dashed) in the H-mode discharge (blue) and in the early
the ELM recovery of the EP H-mode discharge (red). The dn/n for the
low-frequency modes drops to the level of the mid-frequency values
near the transition to the later ELM-recovery phase and persists into
the EP H-mode phase.

The average poloidal wavenumber [kh, Fig. 14(b)] for the mid-
frequency perturbations is 2–3 times larger than the low-frequency
perturbations. The exception is during the ELM recovery where the
poloidal wavenumbers are comparable. The poloidal correlation length
[Lh, Fig. 14(c)] of the low-frequency perturbations is greater than the
mid-frequency Lh. The Lh during the EP H-mode phase is lower than
the H-mode discharge for both frequency ranges. This is consistent
with previous ELM-free wide-pedestal H-mode database analysis that
illustrated that the poloidal correlation length decreases with larger
rTi, smaller ne, and smaller !i

# in the steep gradient region.52

Figure 14(d) shows the group velocity (vg) of the density pertur-
bations where positive velocity corresponds to the ion-diamagnetic
direction (co-Ip) in the laboratory frame. The vertical black lines in
Fig. 12(d) shows the average BES E% B Doppler shift over the collec-
tion region of the BES channel where the height of each line represents
the uncertainty. The large flux compression at the outboard midplane
increases the sensitivity of the position of the BES sightlines within the

FIG. 13. Average BES cross-power spectra over two separate time ranges for the
discharges of interest. Solid lines are for a channel near wN ¼ 0.87 while the
dashed lines are for a channel near wN ¼ 0.75. Gray bands indicate two frequency
ranges of interest.

FIG. 14. Characteristics of the density perturbations measured by the vertical array
of the BES diagnostic near wN ¼ 0.87. Blue and red traces are for the H-mode and
EP H-mode discharges, respectively. Solid and dashed lines are for the low- and
mid-frequency ranges, respectively. (a) Normalized deuterium density perturbations,
(b) poloidal wave number, (c) poloidal correlation length, and (d) group velocity
compared to the ExB Doppler velocity (dashed black). Vertical gray bands highlight
ELM recovery phases.
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pedestal to small changes to the boundary location. The boundary
position for discharge 141133 (red) shifts inward a few millimeters rel-
ative to 141125 (blue) during the saturated EP H-mode phase.
Therefore, the vertical BES array is centered near wN ¼ 0.87 for dis-
charge 141133 while it is further inside (wN ¼ 0.84) for discharge
141125 [see data points in Fig. 11(a)]. The vertical array of BES chan-
nels is near a region of larger jrErj; thus, the small shift leads to a dif-
ference in the E% BDoppler velocity.

The group velocity in the H-mode discharge (blue) is similar for
both frequency bands and is, on the average, 10 km/s more negative
than the Doppler shift velocity, indicating that the density fluctuations
propagate in the electron diamagnetic direction within the plasma
frame, consistent with TEM and MTM activity. The group velocities
during the EP H-mode phase (red traces when t> 0.8 s) have a similar
magnitude to the H-mode discharge, but are closer to the Doppler
shift velocity, suggesting the fluctuations propagate more toward the
ion-diamagnetic direction in the plasma frame, consistent with a
greater contribution fromMHD-like modes. Furthermore, the low fre-
quency perturbations (red solid lines) propagate more toward the ion
diamagnetic drift direction than the higher frequency perturbations
(red dotted lines) in the EP H-mode phase, whereas the propagation
direction and velocity are similar for both frequency bands in the
wide-pedestal H-mode (blue).

The hypothesis presented in Sec. IV is that an overshoot of$rTi

in the dark gray phase of the recovery leads to an increase in the parti-
cle transport necessary to maintain a constant rP. The inferred
change in the group velocity in the plasma frame by the BES diagnos-
tic is consistent with the onset of TEMs early in the ELM recovery and
the onset of an MHD-like instability (KBM and/or kink-peeling) coin-
cident with the saturation of rP. However, some of the experimental
observations appear, at first glance, to counter the presented hypothe-
sis that the particle transport rate increases in EP H-mode. For exam-
ple, the density fluctuations below 20 kHz and the poloidal correlation
length are reduced coincident with the reduction in the density gradi-
ent. Furthermore, no low-frequency coherent modes are detected in
the EP H-mode phase in contrast to wide-pedestal H-mode discharges.
This may imply that subtle changes in the nature or interaction of the
instabilities, such as the cross-phase, are more important in setting the
density transport than the mode amplitude. Furthermore, the low-
frequency modes have been shown to alter the SOL and the suppres-
sion of these modes may lead to a change in the interaction of the SOL
and pedestal. Thus, while the presented measurements and calcula-
tions indicate that the nature of the pedestal instabilities impacting
particle transport do evolve to a new state in EP H-mode, these results
do not yet paint a full picture of the role that different transport mech-
anisms play in the reduction of the edge density.

VI. POTENTIAL FOR EP H-MODE IN NSTX-U
Access to the largest values of normalized confinement in EP H-

mode also depends on the plasma stability as the core temperatures
increase. For example, the global bN for the simple model shown in
Fig. 6 is approximately five times the central Ti in keV. Therefore, for
the black trace in Fig. 6, Ti,core " 1.1 keV and bN " 5.5. As suggested
by the model, a further reduction of the edge density would lead to
rapid gains in the core Ti and an increase in the core pressure, increas-
ing the probability of the onset of a global instability if the plasma
heating remained constant.

The role of local and global MHD stability in accessing the largest
confinement regimes on NSTX is reflected in Fig. 15. The data points
are reproduced from Fig. 10(a) in Ref. 17 where the normalized global
confinement (H98y,2) is plotted vs the q95 for a database of discharges.
The database includes two entries for every discharge: one time point
in the presumed EP H-mode phase following an ELM recovery (red
and orange points) and one time point from the H-mode phase
preceding the ELM (blue points). The previous analysis identified EP
H-mode phases using a critical threshold in the maximum edge ion
temperature gradient: $rTi > 0.09 keV/m. However, a threshold that
reflects the expecting scaling of the gradients with Ip

2 [consistent with
Eq. (5)] is found to better identify the highest confinement discharges,

$DTi keV=cmð Þ > 0:145 Ip MAð Þ2
h i

: (8)

The red points in Fig. 15 exceed this more restrictive threshold, while
the orange points were considered EP H-mode discharges in Ref. 17,
but do not satisfy this new criterion and are considered H-mode dis-
charges using the threshold in Eq. (8). The red dotted line in Fig. 15 is
provided to guide the eye as an approximate minimum for the red
points for q95 < 10. The maximum normalized confinement of the
H-mode discharges increases with q95, indicative of the weaker scaling
of the energy confinement with Ip compared to the H98y,2 confinement
scaling that was observed on NSTX.9,53

The cloud of blue and orange entries with q95 " 6.5 illustrates
that operating at large Ip provided consistent access to large ion tem-
perature gradients in H-mode, consistent with the neoclassical scaling
in Eq. (5). These discharges are realized at Ip> 1 MA with the appear-
ance of the large $rTi early in the discharge before the q-profile has
relaxed. The maximum energy confinement in EP H-mode discharges
(red points) with q95 < 8 tends to be limited by tearing-mode MHD
that appears with the entry of low-order rational surfaces (q¼ 3/2 or
1). Figure 2 of Ref. 17 presents examples of these early, short-lived EP
H-modes that terminate after the appearance of MHD activity.

Conversely, operating at q95 > 10 with Ip < 0.85 MA showed lit-
tle difference in the maximum confinement compared to H-mode.
These EP H-mode scenarios were less reproducible since they required
uniquely lower edge density in order to achieve the significant increase
in the ion temperature gradients at lower Ip. These EP H-mode phases
were more likely to end with the appearance of an ELM or a global
instability as the central pressure and bN increased, leading to a return
to H-mode edge gradients. For these reasons, the highest normalized

FIG. 15. Database of normalized confinement plotted against q95, adapted from
Ref. 15.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 27, 072511 (2020); doi: 10.1063/5.0011614 27, 072511-15

Published under license by AIP Publishing



confinement in EP H-mode discharges occurs with q95 " 9 where Ip is
large enough that the discharges remain below pedestal and global sta-
bility limits at elevated confinement and small enough to delay the
entry of the q0 ¼ 1 surface until near the end of the discharge.
Discharge 141133 (red traces, Fig. 1) is an example of an EP H-mode
discharge with Ip[MA]/BT[T]¼ 2, q95¼ 9 and H98y,2" 1.35 that oper-
ates in this range.

A number of enhancements to NSTX-U compared to NSTX are
projected to increase the flexibility for accessing and sustaining EP
H-mode. NSTX-U will improve the coverage of evaporative lithium via
the addition of an upward-facing evaporator for the upper divertor that
has the potential to improve the control of the edge neutral density,
particularly in double-null shapes, and will also add a real-time lithium
powder injection system. Furthermore, an improved PFC baking sys-
tem and installation of fish-scaled divertor tiles may reduce the impu-
rity influx. In addition, an expansion of the 3D field coil power supplies
will increase the flexibility in tailoring the field spectrum as an actuator
for edge transport and stability control.

NSTX-U will approximately double the toroidal field strength
(1T) and Ip (2 MA) compared to the EP H-mode discharges with the
largest normalized confinement on NSTX (0.45T, 0.9 MA).
Consequently, the target q-profiles for high-performance discharges on
NSTX-U with Ip/BT ¼ 2 MA/T are consistent with the best EP
H-mode discharges on NSTX. However, NSTX-U will be better
equipped to achieve the high confinement state concurrently with a
relaxed q-profile that is stable to global MHD due to the addition of a
second, more tangential neutral beam injection (NBI) system on
NSTX-U that will broaden the beam-driven current profile and assist
in maintaining q0> 3/2. Additionally, improved alignment and rigidity
of the central column on NSTX-U will reduce the magnitude of error
fields that were conducive to seeding low-order MHD as qmin! 1.

The doubling of the plasma current requires roughly doubling
the core temperature and operating with a similar Greenwald den-
sity fraction in order to achieve a similar bN to NSTX. Using the
simple 1-D model with twice the magnetic field, heating and den-
sity suggests that the EP H-mode bifurcation could be accessed at
larger values of edge Greenwald fraction (i.e., less peaked density
profiles) due to the decreasing collisionality with larger edge Ti

(vi
#"Ti

$1/2). Furthermore, the model suggests that there is
increased potential for exceeding the normalized confinement of
EP H-mode on NSTX through additional peaking of the density
(for example, maintaining a similar edge density, but doubling the
core density).

Although the potential for achieving EP H-mode on NSTX-U
appears promising, there remain a number of open questions in the
projections. One question is whether the maximum edge$rTi will be
limited by anomalous transport as the neoclassical thermal diffusivity
continues to decrease at lower collisionality. Another question is how
the anomalous electron thermal transport will scale as the field
strength increases and the electron collisionality decreases. Within the
simple model, the eventual maximum normalized confinement is dic-
tated by the choices in the electron thermal transport since the core Ti

and Te are tightly coupled at large fGW. Finally, the variation of the
structure of the Er profile with changes to the field strength, aspect
ratio and mix of neutral beam injection, and the role of Er % B on the
energy and density transport is an important unknown aspect of the
projections for NSTX-U.

A significant challenge for future compact tokamak reactor
designs is dealing with the large heat flux delivered to the PFCs. The
leading technical solution is to operate at sufficient divertor neutral
pressure to achieve a detached divertor leg. This requirement may be
at odds with the EP H-mode requirement that aims to minimize the
edge density relative to the core. The next generation of MA-class ST
experiments are pursuing technical solutions that may accommodate
the competing requirements for managing divertor heat flux and
maintaining a peaked density profile. NSTX-U aims to transition the
device within the decade to test an open divertor with liquid lithium
PFCs that offer combined resilience to steady-state and transient heat
flux while pumping hydrogenic species and limiting the sputtering of
high-Z surfaces. MAST-U will operate with highly baffled divertors,
permitting the decoupling of the large divertor neutral pressure needed
for detachment from the main chamber neutral pressure.54

VII. SUMMARY AND FUTURE RESEARCH
EP H-mode is a promising regime for compact tokamak con-

cepts since it achieves enhanced thermal confinement in an ELM-
free regime with increased edge particle transport. One unresolved
challenge is demonstrating EP H-mode with stationary density
and current profiles. The new capabilities on NSTX-U, such as a
more tangential NBI, higher field, improved evaporative lithium
coverage, and longer inductive pulses will provide new opportuni-
ties to resolve this challenge and further evaluate if EP H-mode is
an attractive regime for a compact fusion reactor. A second chal-
lenge is gaining sufficient understanding of EP H-mode to confi-
dently design and operate future devices that optimize access and
sustainment.

This paper presents evidence that the improvement in the ther-
mal confinement in EP H-mode is driven by the reduction in the ion
neoclassical thermal transport at sufficiently small edge density. EP H-
mode was most often observed on NSTX following a large ELM where
the pedestal recovers to a larger value compared to a matched ELM-
free discharge. The transition to a new transport solution is attributed
to a positive feedback interaction between a reduction in the neoclassi-
cal ion thermal transport and an increase in MHD-driven particle
transport. This bifurcation process is in contrast to the L-H transition
where the suppression of anomalous transport concurrently improves
particle and energy transport. It is hypothesized that the important
feature in the ELM recovery is the onset of the MHD-like instability
prior to the full recovery of the neutral density after the ELM.

Section V describes the anomalous processes that can play a role
in the particle transport, including MHD-like instabilities such as
KBM and kink-peeling (K-P) instabilities. The linear calculations and
ion-scale turbulence measurements by the BES system support that
the dominant ion-scale instabilities in the edge transition from being
TEM-like to MHD-like in the EP H-mode phase. This is consistent
with the “transport fingerprints”38 where MHD-like instabilities have
a larger impact on the electron and deuterium diffusivity compared to
TEM. Future work will leverage non-linear gyrokinetic calculations
and non-linear, two-fluid MHD calculations to further clarify this
hypothesis. In addition, improved resolution and coverage of fluctua-
tion diagnostics, such as BES, on NSTX-U will provide critical mea-
surements for validating the calculations.

Some parallels between the wide-pedestal and EP H-mode on
NSTX can be drawn to enhanced confinement regimes on
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conventional-A devices. The enhanced ion thermal confinement is
similar to high-bp regimes on conventional-A tokamaks. In both cases,
ITG modes are stabilized by flux compression from large magnetic
shear resulting in large-radius ITBs that are independent of E% B shear
leading to ion thermal transport being reduced to the neoclassical level.
These high-bp regimes exhibit enhanced thermal confinement concur-
rently with density near the Greenwald density limit and broad pres-
sure profiles that support high edge bootstrap current fraction.

The ELM-free H-mode and EP H-mode states also share some
similarities with stationary ELM-free regimes, such as QH-mode.
QH-mode achieves a stationary ELM-free state via particle trans-
port from either a coherent EHO or broadband turbulence where,
at low edge collisionality, a saturated kink-peeling instability is pre-
dicted to contribute to the transport.50 The discharges presented in
this paper hint at a saturated EHO-like instability in the magnetic
measurements (Fig. 12) with about 10 kHz frequency separation
between the harmonics. The existence of saturated K-P modes in
the ELM-free wide-pedestal and ELM-free regimes is consistent
with the linear resistive MHD calculations using M3D-C1 shown
in Fig. 11(b). These modes may be responsible for the enhanced
edge particle transport predicted to play a role in sustaining EP H-
mode. The nature of the EHO on conventional-A devices is sensi-
tive to the E % B shear; therefore, the improved control over the
edge rotation shear on NSTX-U using the new, more tangential
neutral beams and improved 3D field coils will facilitate the opti-
mization of ELM-free regimes on NSTX-U.

Operation at a low aspect ratio provides a route to a compact fusion
reactor system by simultaneously achieving the high-confinement and
bootstrap properties of high-bp operation with operation at large-bT.
EP H-mode is the realization of enhance ion thermal confinement
with a rapid reduction of neoclassical diffusion with !i

# in a regime
with suppressed ITG instabilities. The resulting increase in the edge
ion temperature gradient can lead to a positive feedback interaction
with a pressure-driven edge instability that lowers the edge density
and further reduces !i

#. The next generation of ST devices, including
NSTX-U, will access a wider range of operational conditions to pro-
duce regimes with low edge ion collisionality and investigate if EP H-
mode can be accessed and sustained in stationary scenarios without
large ELMs.
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