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In a series of high performance diverted discharges on DIII-D, we demonstrate that strong negative
triangularity (NT) shaping robustly suppresses all edge-localized mode (ELM) activity over a wide
range of plasma conditions: ⟨n⟩ = 0.1 − 1.5 × 1020 m−3, Paux = 0 − 15MW and |Bt| = 1 − 2.2T,
corresponding to Ploss/PLH08 ∼ 8. The full dataset is consistent with the theoretical prediction that
magnetic shear in the NT edge inhibits access to ELMing H-mode regimes; all experimental pressure
profiles are found to be at or below the infinite-n ballooning stability limit. Our present dataset also
features edge pressure gradients in strong NT that are closer to an H–mode than a typical L-mode
plasma, supporting the consideration of NT for reactor design.

Magnetic fusion energy reactors must achieve signif-
icant plasma pressures alongside sufficiently high en-
ergy confinement times in order to achieve the high fu-
sion gain (Q ∼ 20 − 30) needed for net energy pro-
duction. The predominant approach employed to meet
these requirements involves tokamak operation in a high-
confinement (H-mode) scenario with positive triangu-
larity (PT), which features a region of steep pressure
gradients near the plasma edge called the pedestal [1].
While strong pedestals raise the core plasma pressure,
they also beget violent instabilities called edge-localized
modes (ELMs) that periodically connect the hot core
plasma to the cooler edge region and deposit tremendous
heat fluxes on the machine wall [2, 3]. In a reactor, it
is expected that ELMs will be powerful enough to cause
significant and potentially fatal damage to plasma-facing
components [4], necessitating development of a reactor
scenario that operates at high performance while simul-
taneously remaining completely ELM-free [5].

Numerous ELM avoidance strategies have been pur-
sued as potential solutions to this power-handling prob-
lem. These include quiescent H-mode (QH-mode) [6],
ELM suppression with resonant magnetic perturbations
(RMPs) [7], the quasi-continuous exhaust (QCE) regime
[8], improved-confinement (I-mode) [9], highly radiative
low-confinement (L-mode) [10] and enhanced Dalpha H-
mode [11], among others. Each of these techniques
achieves ELM suppression through the introduction of
an additional transport-inducing process in the plasma
edge that prevents access to standard ELMing H-mode
operation, often at some (manageable) expense in over-
all plasma performance. While it is hoped that some
of these techniques will be applicable during high perfor-
mance plasma operation on machines like ITER, they are
each subject to different access criteria that are difficult
to robustly extrapolate towards reactors [5, 12].

Recently, extensive work on the TCV [13–15], DIII-
D [16, 17] and AUG [18] tokamaks has renewed inter-
est in an alternative ELM-avoidance strategy involving
operation with negative triangularly (NT) shaping [19].
The plasma triangularity (δ) is defined as the average
of the upper and lower triangularities δu,ℓ ≡ (Rgeo −
Ru,ℓ)/aminor, where Rgeo is the geometric major radius,
Ru,ℓ are respectively the major radius of the highest and
lowest points along the plasma separatrix, and aminor is
the minor radius of the plasma. Early experiments in this
regime [13, 14, 16, 17] have been able to achieve strong
core performance (confinement factors [20] of H98y2 > 1
and normalized pressures of βN > 2.5) but do not enter
ELMing H-mode beyond a critical average triangularity
δ < δcrit, optimistically indicating that NT shaping could
offer a solution to the power-handling problem faced by
tokamak plasmas and relax constraints on the auxiliary
heating systems for reactors [21, 22].

In this Letter, we comprehensively analyze new data
from a high-power NT campaign on the DIII-D tokamak
to demonstrate that robust ELM and H-mode avoidance
are fundamental properties of the NT edge and that it
does not inhibit access to high core pressure. A unique
set of carbon plasma-facing components is installed in the
DIII-D tokamak that allows for strongly-shaped, diverted
NT operation at record heating powers and densities [23].
Throughout this new dataset, δ < δcrit robustly prevents
ELMs, as the inherent nature of these NT plasmas is not
to enter H-mode. A particular class of magnetohydrody-
namic (MHD) instability, the ideal ballooning mode, is
identified as a fundamental gradient-limiting mechanism
in the NT edge that allows for pedestal formation while
avoiding the instability limits responsible for triggering
ELMs, confirming theoretical predictions from previous
work [24]. The analysis presented here indicates that
the NT edge is fundamentally different from standard L-
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FIG. 1: Calculation of the infinite-n ballooning (dashed line)
and peeling-ballooning (blue-red) limits for a typical

high-performance NT plasma on DIII-D.

mode plasmas in PT even at matched power, being able
to access relatively high edge pressures. As such, we pro-
pose that it is more accurately described as an “NT edge”
than as “L-mode.”

The leading understanding of H-mode behavior iden-
tifies coupled, finite-n peeling-ballooning (PB) modes as
the fundamental MHD instability responsible for trigger-
ing ELMs in the plasma edge [3]. Peeling-ballooning
instabilities are destabilized both by strong edge cur-
rent (jedge) and by strong normalized pressure gradients
(α), thereby setting a hard upper limit on the conditions
achievable in the plasma edge. Here α is defined as

α =
µ0

2π2

∂V

∂ψ

(
V

2π2R0

)1/2
dp

dψ
, (1)

where V is the volume enclosed by each flux surface,
ψ the poloidal flux, p the plasma pressure and R0 the
plasma major radius. To avoid triggering ELMs, addi-
tional edge transport must be induced in order to en-
sure that jedge and α are held some distance below the
PB limit. This is achieved, for example, through the
edge harmonic oscillation (EHO) in QH-mode plasmas
[6], magnetic island chains in plasmas with RMP [25]
and the weakly coherent mode (WCM) in I-mode [9].

In NT plasmas, the ideal (infinite-n) ballooning mode
has been proposed as the ultimate gradient-limiting mode
responsible for ensuring that the PB instability is not
reached [24, 26]. As described in reference [24], the local
magnetic shear s has a peak near the separatrix x-points
for tokamak plasmas and a minimum on the outboard
midplane. Notably, the shear stabilization for ballooning
modes is proportional to s2 [27]. In NT, the x-points are
radially farther from the machine center than the equi-
librium magnetic axis, localizing the maximum in s to
the destabilizing “bad curvature” region of the plasma.
This means that NT geometries force a null-crossing in s
to appear in the bad curvature edge region, which desta-

−0.15
−0.10
−0.05

0.00
±avg(a)

DIII-D #194371

ELM-free ELMy H-mode

0

2

4

(M
W

) Pinj (b)

 (a
.u

.) D®(c)

0
1
2
3
4

(M
W

/m
2 ) qOSP(d)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Time (s)

0
10
20
30
40
50

(k
Hz

)

fB (fast magnetics)(e)

FIG. 2: As the triangularity (a) is varied at constant input
power (b), the plasma transitions smoothly from an

ELM-free state (blue) to an ELMing H-mode regime (red)
through a oscillatory transition (yellow). Measurements of

the Dα line emission (c) and divertor heat flux (d)
demonstrate that peak power incident on the machine walls

is strongly reduced during operation at strong NT. (e)
Inspection of high-frequency magnetic fluctuations during
this time reveals enhanced turbulent activity during the

ELM-suppressed periods.

bilizes ideal ballooning modes at the so-called “1st stabil-
ity limit” [19, 24]. In conventional PT geometries, these
modes are stabilized throughout the entire bad curvature
region, opening a window to a 2nd stability region that
supports gradient growth typical of an H-mode pedestal.
For a typical high-performance NT plasma on DIII-D
with δ ∼ −0.5, the ideal ballooning and PB limits are
calculated using the MHD stability codes BALOO [28]
and ELITE [29], respectively, and plotted in figure 1.
Notably, the ideal ballooning limit appears at a lower α
than the PB limit, preventing the triggering of ELMs by
limiting edge gradient growth via the same mechanism as
the QCE ballooning mode [30] and in a manner akin to
the QH-mode EHO and I-mode WCM. Additionally, the
existence of this gradient limit means that NT plasmas
do not enter H-mode [19, 24, 26, 31]. In the context of
reactor implementation, this implies that, unlike in PT,
a certain level of power crossing the separatrix may not
be needed to maintain good core confinement, thereby
reducing the demands on the auxiliary heating systems.
A further discussion of this feature of NT plasmas is in-
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FIG. 3: Within experimental error bars, DIII-D discharges
with strong NT (δ < −0.3, blues) are limited by the 1st

ballooning stability limit. For comparison, a selection of
ELMy H-modes with weaker δ and access to the 2nd

stability region are shown in red. Inset: profiles (all with
Paux ∼ 8MW) are compared for representative NT
ELM-free, weak NT H-mode and PT L-modes.

cluded in the appendix.

To demonstrate the sensitivity of NT ELM suppression
on the plasma shape, in figure 2 the triangularity δ is
varied in time at constant heating power (Pinj ≈ 2MW).
Small changes in δ near δcrit ∼ −0.12 prompt smooth
transitions from an ELM-free regime to an ELMy H-
mode with slightly elevated βN. In contrast to the ex-
pected behavior in PT plasmas, the transition between
the ELM-free state and the ELMy H-mode state is not re-
alized experimentally as an abrupt phase transition, but
rather evolves smoothly through a transitional dither-
ing phase [17] as the stability window is slowly widened.
This is evidenced by the slowly evolving Dalpha emission
measurement shown in figure 2(c). The evolution of the
outer strikepoint heat flux (qOSP, measured with infrared
thermography) is plotted in figure 2(d). As compared
to the ELMy H-mode phase, the ELM-free phases show
(a) a decrease in the peak heat flux due to the absence
of ELMs and (b) a corresponding increase in the steady-
state heat flux as compared to the inter-ELM phases such
that the time-averaged power remains the same. The ab-
sence of large transient heat fluxes supports the idea that
NT configurations may ameliorate the power-handling
problem presented by ELMs [4, 31–33]. Fourier analysis
of high-frequency magnetic measurements shows strong
broadband fluctuations in the ELM-free state when heat-
ing power is introduced (figure 2(e)), consistent with en-
hanced turbulence when the ballooning stability limit is
reached. Notably, no strong hysteresis effect is observed
when entering or leaving the ELM-free state, consistent
with physics dominated by ideal MHD activity.

Unlike the gradient-limiting mechanisms responsible
for ELM suppression in other regimes, destabilization of
the ideal ballooning mode is a direct consequence of the
magnetic geometry and is thus entirely robust to changes

in plasma conditions. To demonstrate the simplicity of
this effect, we utilize recent developments in automatic
kinetic equilibrium reconstructions [34] to visualize ideal
ballooning stability on a dataset level. Over 7500 equi-
librium reconstructions from 265 representative equilib-
ria with δ < −0.3 are analyzed and presented in fig-
ure 3. These data cover a wide range of plasma conditions
spanning the new diverted NT dataset space on DIII-
D, including heating powers from 0 < Paux ≲ 15MW,
volume-averaged densities of ⟨n⟩ = 0.1− 1.5× 1020 m−3,
applied torques of Tinj = −4 to 10N-m, plasma cur-
rents of 0.3 < Ip < 1.1MA, on-axis magnetic fields of
1 < |Bt| < 2.2T, and both attached and detached diver-
tor configurations.

In figure 3, the distance between the equilibrium α
and the minimum α required for ballooning mode desta-
bilization is plotted as a function of the edge pressure
pρ=0.95, where ρ =

√
(ψ − ψaxis)/(ψseparatrix − ψaxis) is a

normalized radius, and colored by applied power. The
strong NT discharges cover a range of edge stability,
with some degradation in edge pressure appearing at
the highest Paux. Importantly, no ELM-free discharges
support larger gradients than allowed by ideal balloon-
ing stability. This behavior shows that, while particu-
lar discharges in this dataset may be limited by addi-
tional physics mechanisms (potentially including electron
temperature gradient modes [19, 35], kinetic ballooning
modes [31], micro-tearing modes [36] and/or zonal flow
screening [37]), the infinite-n ballooning mode sets an
absolute upper limit on the pressure gradient in the NT
edge. For comparison, a selection of strong ELMy H-
mode discharges (from [17, 26]) are also shown in figure 3.
In these cases, which require weak δ, the plasma is able to
access the 2nd stability region through additional growth
of the density pedestal. The ELMy H-mode plasmas
therefore achieve normalized gradients well above the 1st

stability limit that dominates behavior at strong NT. The
inset of figure 3 shows a comparison of the pressure pro-
files for representative NT ELM-free and weak NT ELMy
H-mode shots, as well as an L-mode profile from a PT dis-
charge (from [5]), all at matched Paux = 8MW. Though
the H-mode case has the largest pedestal (even larger
pedestals may be achieved in PT with δ ≳ 0.2 [38], as
seen in the RMP and QH-mode data presented below),
the ELM-free NT edge still features a significantly en-
hanced edge pressure gradient compared to the more typ-
ical PT L-mode profile. This example also demonstrates
that the strong NT edge does not limit total plasma per-
formance, as the ELM-free NT edge enables higher pres-
sure gradients throughout the core region despite a lower
pedestal compared to H-mode. We note that, to remain
in L-mode at Paux = 8MW, the PT L-mode included in
the inset of Figure 3 includes significant core radiation.
Comparisons of PT L-mode profiles with NT profiles at
matched lower power show similar (though slightly less
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FIG. 4: (a) For the entire NT dataset on DIII-D, the
H-mode threshold power fraction fLH is shown as a function
of δ. ELMy H-modes are colored in red, dithering periods in

yellow, and ELM-free periods in blue. (b) The
volume-averaged density ⟨n⟩ and separatrix power Ploss

reveal the breadth of the ELM-free space. (c) The edge
pressure (at ρ = 0.8) and (d) βN show no degradation at

strong δ < 0, despite the suppression of ELMs.

exaggerated) trends.
In figure 4, we further characterize the edge behav-

ior by examining instantaneous time slices every 20ms
throughout 890 separate discharges (the entire DIII-D
NT dataset, ∼ 85% of which uses the new machine con-
figuration). Figure 4(a) shows access to the NT ELM-
free state as a function δ and H-mode threshold power
fraction fLH = Ploss/PLH08, where

Ploss = Paux + POhmic − Prad,core −
dWMHD

dt
(2)

is a measure of the power crossing the separatrix and

PLH08 = 0.0488n0.717B0.803
t S0.941 (3)

is the typical threshold power needed for H-mode ac-
cess based on the scalings in reference [39]. Here the
line-averaged plasma density n is given in [1020 m−3],
Bt in [T], and the plasma surface area S in [m2]. The
vast majority of this data resides at effective charges of
1.5 < Zeff < 2.5, though ∼ 2% include significant intrin-
sic or seeded impurities with Zeff up to 6. ELM-free oper-
ation is regularly achieved on DIII-D below a critical tri-
angularity of δcrit ∼ −0.15, and dithering regimes (from
figure 2) only exist at δ ≳ −0.3, even when heating the
plasma with upwards of eight times the expected H-mode
threshold power PLH08. In figure 4(b), we show a tradi-
tional view of the L-to-H transition space expected for
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pressure pped for ELM-free NT discharges (blue), PT RMP
ELM-suppressed H-modes (magenta) and PT QH-modes
(black) on DIII-D are compared. ELMy H-mode (red) and
dithering regimes (yellow) at weak NT are also shown.

PT discharges by comparing the volume-averaged den-
sity to the total power crossing the separatrix (Ploss). It
is readily observed that the ELM-free operating space oc-
cupies a broad parameter space, highlighting that ELM-
suppression in NT is insensitive to control parameters
and thus inherently different than in PT.

In addition to demonstrating robust ELM suppression
across the entire operational space, figure 4(c) shows how
the edge pressure pe (measured at a normalized radius
of ρ = 0.8) is impacted by the ELM-free NT edge. H-
mode access predictably leads to enhanced pe at small
|δ|, before the ideal ballooning physics takes effect at
more pronounced NT. However, the lack of H-mode at
stronger negative δ does not prevent the ELM-free sce-
narios from reaching or exceeding edge pressures achieved
by H-modes in weaker shapes. Normalized measures of
global performance tell a similar story over the DIII-D
NT operational space, as shown in figure 4(d). Nei-
ther βN nor H98y2 is hindered by the ELM suppression
mechanisms of NT. Instead, as will be elaborated in fu-
ture work, a large portion of the new DIII-D NT dataset
meets reasonable reactor targets of H98y2 > 1, βN > 2.5
and Greenwald fractions fGW > 1 at triangularities of
δ ∼ −0.5, reinforcing the exceptional NT performance
previously reported in [16, 17, 40]. Indeed, the highest
performing NT discharges achieved to date on DIII-D are
completely ELM-free.

The high performance achieved by the ELM-free NT
edge is also demonstrated in figure 5, which compares
the volume-averaged pressures ⟨p⟩ and edge pressures
pped ≈ 2 × pe,ped for the ELM-free NT dataset and the
DIII-D RMP ELM-suppressed and QH-mode datasets
(both in PT, from reference [5]). As expected, both
the RMP and QH-mode discharges feature significantly
larger pedestal pressures than the NT configurations due
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to their H-mode characteristics. However, the maximum
achievable ⟨p⟩ between all three regimes remains quite
comparable, highlighting that the ELM-free NT edge
does not inhibit steep profile gradients from forming in
the core region where fusion power will be concentrated.
So while the NT regime relieves physics risk from integra-
tion issues, it increases the burden on core confinement
to achieve sufficiently high plasma performance despite
lower pped. We note here that many of the RMP and QH
mode discharges included in figure 5 access an ELM-free
regime for only a portion (≲ 30%) of the full shot, while
NT discharges included are entirely ELM free for the full
discharge duration. This extremely robust nature of NT
ELM avoidance is a unique and promising feature among
potential ELM suppression techniques.

Finally, we would like to reiterate that the traditional
relationship between L-mode and H-mode as established
by decades of experience in PT does not apply to dis-
charges with strong NT. Negative triangularity plasmas
are not kept out of H-mode via a lack of power crossing
the separatrix, as is typically assumed of L-mode plas-
mas in PT: no evidence of an LH transition threshold
power in plasmas with strong enough NT shaping has
yet been encountered. Further, ELM-free scenarios in
NT can have pressure profile gradients (and resulting Er

shear) similar to those observed in ELMy H-mode scenar-
ios at null or weakly negative triangularity. These plas-
mas occupy a unique space in the operational domain for
tokamaks (naturally ELM-free operation at high normal-
ized performance) and are held there regardless of plasma
conditions due to a unique physical mechanism (gradient
limiting via ideal ballooning modes in the plasma edge).
As such, we refer to these plasmas not by “L-mode” as
suggested by the current literature, but rather propose
that they be categorized simply as having an ELM-free
NT edge.
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Appendix on the role of heating power. — Another in-
teresting question that can be asked of this dataset con-
cerns the role of heating power in setting the edge phe-
nomenology and the core performance in NT scenarios.
To supplement the discussion of figure 4, which shows
that access to the ELM-free state does not depend on
heating power as long as δ < δcrit, figure 6 shows both
pe,ρ=0.8 and ⟨p⟩ as explicit functions of Paux. In both
cases, the pressures attainable in the ELM-free NT state
can match or even exceed those encountered in weak NT
(δ > δcrit) ELMy H-modes at similar powers. This occurs
as a result of the non-stiff nature of transport in the edge
region (ρ ≳ 0.8) of NT plasmas, which allows for gradient
growth in the NT edge even without accessing H-mode
values [43]. Notably, this also holds at low power where
H-modes typically exceed L-mode confinement.

Figure 6 also illustrates a potentially important ad-
vantage of NT configurations over PT H-modes in terms
of reactor implementation. While PT H-mode reactor
scenarios rely on maintaining a certain level of power
(≳ PLH08) crossing the separatrix to maintain good core
confinement, NT plasmas are not subject to this power
constraint. This favorable property of NT plasmas could
potentially alleviate control issues encountered during
the L-H plasma state bifurcation in PT, relax constraints
placed on an auxiliary heating systems in a reactor en-
vironment, and allow for high edge pressures at low Psep

where the power exhaust problem is ameliorated.
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