
 

Achievement of Reactor-Relevant Performance in Negative Triangularity Shape
in the DIII-D Tokamak

M. E. Austin,1,* A. Marinoni,2 M. L. Walker,3 M.W. Brookman,3 J. S. deGrassie,3 A.W. Hyatt,3 G. R. McKee,4

C. C. Petty,3 T. L. Rhodes,5 S. P. Smith,3 C. Sung,6 K. E. Thome,3 and A. D. Turnbull3
1The University of Texas at Austin, Austin, Texas 78712, USA

2MIT-Plasma Science and Fusion Center, Cambridge, Massachusetts 02139, USA
3General Atomics, San Diego, California 92186, USA

4University of Wisconsin-Madison, Madison, Wisconsin 53706, USA
5University of California-Los Angeles, Los Angeles, California 90095, USA

6Lam Research Corp., Fremont, California 94538, USA

(Received 27 November 2018; revised manuscript received 21 January 2019; published 18 March 2019)

Plasma discharges with a negative triangularity (δ ¼ −0.4) shape have been created in the DIII-D
tokamak with a significant normalized beta (βN ¼ 2.7) and confinement characteristic of the high
confinement mode (H98y2 ¼ 1.2) despite the absence of an edge pressure pedestal and no edge localized
modes (ELMs). These inner-wall-limited plasmas have a similar global performance as a positive
triangularity (δ ¼ þ0.4) ELMing H-mode discharge with the same plasma current, elongation and cross
sectional area. For cases both of dominant electron cyclotron heating with Te=Ti > 1 and dominant neutral
beam injection heating with Te=Ti ¼ 1, turbulent fluctuations over radii 0.5 < ρ < 0.9 were reduced by
10–50% in the negative triangularity shape compared to the matching positive triangularity shape,
depending on the radius and conditions.
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In order for ITER and other future fusion reactors to be
successful, the devices must operate with sufficiently long
energy confinement times and high plasma pressure. The
energy confinement time τE is typically defined in terms of
global scaling laws extrapolated from data from many
devices, and discharges are judged by their confinement
scaling factors H ¼ τE=τ

scaling
E . Common scalings are H89P

[1] andH98y2 [2]; good confinement is considered achieved
whenH89P > 2 orH98y2 > 1. Plasma pressurep is generally
described by β, the ratio of p to the pressure exerted by the
magnetic field B, β≡ p=B2=2μ0. Early studies of tokamaks
found an inherent limit to the achievable plasma beta based
on magnetohydrodynamic (MHD) stability; the resulting
bound is referred to as the Troyon beta limit [3]. This limit
depends on the plasma current I,minor radiusa andB; hence
a normalized beta is often used, βN ¼ β=I=aB, to allow
comparison between different tokamak devices.
To demonstrate high fusion gain, Q ∼ 10, the ITER

reactor will require plasmas with βN > 1.8 andH98y2 > 1.0
[4]. Up to now attainment of these conditions required
operation in high-confinement mode or H mode [5], as
opposed to low-confinement mode or Lmode. Values of τE
are usually a factor of 2 higher in H-mode plasmas, which
are characterized by low energy and particle transport at the
edge. However, these edge conditions result in high
pressures at the periphery that make the discharge suscep-
tible to edge-localized modes or ELMs [6], which eject
energy at levels that could damage reactor walls. Hence

much current research is devoted to developing H modes
absent of ELMs, either with regimes that are inherently
ELM free like QH mode [7] or with ELMs suppressed with
edge-resonant magnetic fields [8].
Access to the H-mode regime generally is obtained with

sufficient levels of auxiliary heating power and is aided by
plasma shaping, with noncircular shapes with a diverted
boundary tending to have lower power thresholds for
transition. Stretching the plasma vertically and forming a
D shape have been found to reduce energy transport and
increase the β limit for an MHD instability to cause a
disruption [3,9]. Experiments on TCV showed that creating
an inverse D, or “negative triangularity,” shape reduced
transport even more than the normal D shape and that
global confinement could approach H-mode levels [10].
However, those experiments were done with dominant
electron cyclotron heating (ECH) and low density, in a
regime where the electron temperature Te exceeded the ion
temperature Ti (Te=Ti ¼ 2) and at low plasma beta
(βN ¼ 0.7). In this Letter, we report on recent experiments
in the DIII-D tokamak with a negative triangularity shape
and with dominant neutral beam heating (NBI) that led to
discharges with Te ¼ Ti, which simultaneously achieved
reactor-relevant beta levels andH-mode-level confinement,
while maintaining a low edge pressure so as to be
inherently ELM free.
For the experiments in DIII-D [10], a negative triangu-

larity shape was developed within the constraints of the
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plasma shaping coils and vacuumvessel. A shapewith fairly
high triangularity, δ ¼ −0.4, with a volume filling 70% of
the maximum, was successfully created and is shown in
Fig. 1(a). For comparison, a matching positive triangularity
shape, shown in Fig. 1(b), was created with the same
triangularity but opposite sign, and the same elongation
(κ ¼ 1.3), yielding a plasma with the same cross sectional
area. All experiments were done with a toroidal field of
BT ¼ 2.0 T and plasma current Ip ¼ 0.9 MA with plasma
major radius R0 ¼ 1.7 m, minor radius a ¼ 0.59 m. Due to
lower average BT across the shape, the −δ discharges had a
somewhat lower edge safety factor than theþδ, q95 ¼ 3.5 vs
4.0. Also, due to the geometry, the−δ discharges have about
9% larger volume, 14 m−3 vs 13 m−3 for þδ.
The plasmas were heated with up to 10 MW of NBI

power and up to 3 MWof ECH power. The discharges were
limited on the inner wall of the vessel to mitigate the heat
flux that could come through the divertor legs and strike the
DIII-D outer wall in regions not adequately shielded to
handle the power outflow. Line-averaged density n̄e ranged
from 3.1–5.3 × 1019 m−3 (Greenwald fraction n̄e=nG ¼
0.38–0.64 where nG ¼ Ip=πa2 is the Greenwald density
limit for tokamaks [11].) The dominant impurity was
carbon, with typical values of Zeff ∼ 2.
In the first negative triangularity attempts, the early

phase of the discharges were used to investigate the ECH-
dominant conditions. The latter half of the discharges were
heated with increasing levels of NBI power to look for the
threshold for transition toH mode or the beta limit. Neither
was found. Instead, plasmas with confinement factors
approachingH98y2 ¼ 1 and βN > 2were observed, without
edge pressure pedestals or ELMs. Subsequently, dedicated
−δ shots with up to 13 MW of combined NBI and ECH
were achieved. As shown in a typical shot in Fig. 2, the
discharges attained βN ¼ 2.7 and H98y2 ¼ 1.2, sustained
for almost 2 s. These discharges were terminated because of
energy throughput limitations due to outer-wall-heating

concerns or volt-second limits, and not by a disruption. The
sustained level of βN is the highest ever for a DIII-D
L-mode discharge.
Experimental operation at elevated beta in negative

triangularity plasmas, in the range of ITER operating
scenarios (1.8 < βN < 3.0), is a surprising result.
Historically the −δ shape has been considered to have
low β stability limits to ballooning modes due to the
fraction of plasma volume with bad field line curvature.
However, a recent study of the −δ shape found a limit βN >
3.0 is possible [12]. Moreover, a study of growth rates of
n ¼ 1 kink modes using the GATO code [13], employing
scaled DIII-D experimental profiles, found a beta limit
βN ¼ 3.1, so the notion of low β limits in this shape is not
borne out in modeling or experiment.
The incremental addition of NBI sources in the negative

triangularity discharges, e.g., as depicted in Fig. 2, allowed
an examination of the plasma response to increased input
power. Figure 3 displays the total stored energyWtot vs total
input power Ptot calculated from experimental profile data
plus ONETWO [14] code runs for Ohmic power and fast ion
content. The stored energy increases linearly over the range
of coupled heating power from 2 to 12 MW.
Shown for comparison is the stored energy expected

according to H89P scaling (BT , Ip, δ, and R0 were the same
for all; n̄e increased from 3.1 to 5.3 × 1019 m−3 over the
power scan). Clearly the negative triangularity discharges
do not exhibit the degradation in energy confinement
typical of L-mode plasmas. Instead, the nearly constant
slope indicates the energy confinement time τE ∼Wtot=Ptot
is unvarying with heating power, a feature normally seen
only in high performance H-mode discharges [15].

(b)(a)

FIG. 1. Cross sections of the DIII-D vessel with flux plots of the
(a) negative triangularity (−δ) shape and (b) matching positive
triangularity (þδ) shape for the DIII-D experiments with δ ¼ �4
and elongation κ ¼ 1.3.

FIG. 2. Time history of a negative triangularity discharge with
up to 9.2 MW of NBI and 2.3 MW ECH showing high beta and
confinement in the high power phase.
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In the experiments comparing matched negative and
positive triangularity shapes in the L-mode state, with the
same heating power and density, the −δ discharges out-
performed the þδ ones in terms of stored energy and
confinement time. For shots with 3 MWof ECH plus 10-ms
beam blips to obtain Ti and rotation data, central temper-
atures Te ∼ 3 keV and Ti ∼ 1.5 keV were seen.
In this Te > Ti case, the negative triangularity dis-

charges had 25% higher stored energy (W ¼ 0.20 MJ vs
0.16 MJ) and 26% higher electron energy confinement time
(τE ¼ 88 ms vs 70 ms) as determined by analysis with
ONETWO. Also for these matched discharges, reduced
turbulent fluctuation levels were observed in the −δ shots
compared to the þδ.
The magnitude and location of the reduced fluctuations

are important for understanding how the improved trans-
port comes about in negative triangularity. In Fig. 4 the two
cases are compared with ne fluctuations measured by the
phase contrast imaging (PCI) diagnostic [16] and þTe
fluctuations measured with the correlation ECE (CECE)

diagnostic [17]. The PCI system measures line-integrated
ñe over a chord that covers 0.4 < ρ < 1.0, where ρ is the
normalized radius (square root of a toroidal flux), and k
ranges of 1.5 < kR < 25 cm−1, and indicates a ×2 reduc-
tion in the fluctuation level. The CECE measurement,
covering kθ < 1.8 cm−1, is over six radial locations and
shows a reduction of 10–15% in T̃e varying with radius.
These results are similar to the reduced fluctuations seen in
comparing Ohmically heated TCVþ δ and −δ discharges
[18]. However, the DIII-D fluctuation measurements are the
first for negative triangularity discharges with substantial
NBI heating combined with ECH.
Other comparison discharges were performed with

higher matched heating power, obtained by adding up to
7 MWof NBI to the 3 MWof ECH. In these NBI-dominant
conditions, the positive triangularity shots went into H
mode, while the negative triangularity shots stayed in L
mode, as evidenced by the presence or absence of an edge
pedestal and ELMs. Interestingly, both shapes attained
nearly the same normalized β, βN ∼ 2.1–2.2 and same H
factor, H98y2 ¼ 1.1, as shown in Fig. 5. Transport analysis
from ONETWO indicates that during the high power
phase with 10 MW of heating (NBIþ ECH), the two
discharges had approximately the same stored energy
(W ¼ 0.62 MJ − δ, 0.60 MJþ δ) and confinement times
(τE ¼ 59 ms − δ, 58 msþ δ).
Analysis of fluctuation data shows that the negative

triangularity L-mode discharges had somewhat lower ñe
levels than the positive H-mode ones. Figure 6 shows a

FIG. 3. Total stored energy vs coupled input power for negative
triangularity discharges (triangles) and predicted stored energy
from H89P scaling (pluses). All discharges had an L-mode edge.
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FIG. 4. Comparison of fluctuation levels between matched
negative (blue) and positive (red) triangularity shots for (a) PCI
diagnostic measuring the spectrum of ñe and (b) CECE diag-
nostic measuring the Te fluctuations profile.

FIG. 5. Time history of matched negative (blue) and positive
(red) triangularity discharges with dominant NBI heating. The
heating was identical for the two shots up until 2.2 s. The þδ
discharge went intoH mode at 1.4 s; the −δ discharge retained an
L-mode edge throughout.

PHYSICAL REVIEW LETTERS 122, 115001 (2019)

115001-3



comparison for the beam emission spectroscopy (BES)
diagnostic [19] a 30% reduction for this local measurement
at ρ ¼ 0.7. PCI data over the same time period indicated a
reduction of 50% for this line-averaged measurement.
To identify the turbulent modes active in the DIII-D

discharges, linear gyro-kinetic simulations have been car-
ried out with the CGYRO code [20]. They indicate that the
trapped electron mode (TEM) is the dominant mode in all
cases. It is confirmed that the TEM are weakened in −δ
compared to the matched þδ case, as previously shown for
low beta, Te > Ti plasmas [21]. Nonlinear gyro-kinetic
runs to obtain turbulent heat fluxes are in progress, and
these along with a comparison with experimental fluxes
will be presented in a future publication.
A profile comparison between the matched discharges in

the NBI-dominant case shows improved transport for ρ <
0.95 in the negative triangularity case makes up for the low
edge pedestal. Figure 7 shows profiles of ne, Te, Ti, and
impurity rotation (carbon) for the two shapes during the
time window of 6 MW NBI plus 3 MW ECH. The profiles
attain the same central values with Teð0Þ ¼ Tið0Þ ¼ 4 keV
with the þδ shape showing clear edge pedestals indicative
of H mode. The fact that the −δ discharges, with profiles
without a pedestal, attained the same high βN and H98y2

challenges the notion that a pedestal is required for high
performance in tokamak discharges.
The results of the first relatively high beta discharges

with negative triangularity shaping presented here have
significant implications for tokamak energy confinement
and future fusion-relevant devices. The improved confine-
ment of −δ due to lower turbulent fluctuation levels, first
observed in TCV, has been confirmed in DIII-D for the case
of Te=Ti > 1, and demonstrated for the first time for the
case Te=Ti ∼ 1. The lower turbulence means reduced
transport and higher stored energy for given conditions
in negative triangularity discharges.
The attainment of high pressure plasmas and H-mode-

level confinement, without a pedestal, changes the idea that

a fusion reactor has to operate in standard H mode. One
could hope to configure a high-β negative triangularity
plasma with unfavorable ion ∇B drift to discourage a
transition to H mode. However, in a −δ burning plasma
there could be sufficient fusion power for an H-mode
transition to occur nevertheless. For this case it has been
shown in TCV that going fromþδ to −δ changes the ELMs
dramatically—they transition to high-frequency, low-
energy types [22] with much lower heat flux to the walls.
Either way, running in ELM-free L mode or with high
frequency, low energy ELMs in H mode, the reactor
prospects are better than for conventional þδ shapes.
Besides confinement, negative triangularity has other

good characteristics for a reactor [23], such as an advanta-
geous position of the divertor at a large major radius,
providing a larger deposition area for heat flux with easier
construction. We note that a recent paper reports for one
type of plasma shape, that power scrap-off widths decrease
by a factor of two when the upper half goes from þδ to −δ,
supposedly reducing the benefits of a negative triangularity
shape [24]. However for the shape studied, with an inner
wall strike point, the divertor leg displaying narrower heat
deposition is relatively short, and the shape in general is far
from that expected for a reactor. Overall this identifies the
need for more experiments with negative triangularity, with
specific configurations relevant to next step fusion devices,
e.g., outboard diverted shapes.
The key finding of this Letter is that a strongly heated

negative triangularity shaped tokamak discharge has low
energy transport such that even with a low-confinement-
type edge it overall has high level energy confinement.
Moreover the DIII-D results verify experimentally that the
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FIG. 6. Comparison of a local measurement of ñe from the BES
diagnostic at ρ ¼ 0.7 for a negative triangularity L-mode dis-
charge (blue) and a positive triangularityH-mode discharge (red),
both with 6 MW of NBI and 3 MW of ECH.

FIG. 7. Profiles of ne, Te, Ti and impurity rotation for negative
(blue) and positive (red) triangularity discharges. The profiles are
an average of 23 time slice fits in the phase 1.5–2.5 s, with
constant heating power of 6 MW NBI and 3 MW ECH. Typical
data points for one time slice in negative triangularity are shown
(gray with error bars).
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shape is capable of significant, reactor-relevant plasma
pressure without disruptive instabilities. This combined
with the potential geometric advantages of the shape in
terms of heat deposition and construction economy
strongly suggest considering negative triangularity toka-
maks for future fusion reactors.
DIII-D data shown in this Letter can be obtained in

digital format by following the links in Ref. [25].
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