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Abstract This review is devoted to tokamak plasmas with a cross sectional shape featuring
negative triangularity, which appear to hold great promise as a candidate reactor config-
uration owing to their improved confinement. A brief historical perspective of its role in
the worldwide magnetic fusion program is offered before reviewing theoretical predictions
and experimental results on both magneto-hydrodynamic stability and turbulent transport.
The material covers more prominently the confined plasma region, while limited work in
the published literature is devoted to the scrape-off layer and plasma-wall interactions. A
discussion on the suitability of this plasma shape in future reactors concludes the paper.
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2 A. Marinoni - O. Sauter - S. Coda

Fig. 1 Cartoon illustrating the equilibrium of a plasma in a tokamak configuration. The toroidal and poloidal
components of the confining magnetic field are denoted as Bt and Bp, respectively, while the magnetic axis is
represented by a dashed line. For illustration purposes, external coils are reduced to four toroidal field coils.

1 Introduction

The Tokamak is presently the leading candidate for an economically viable magnetically
confined nuclear fusion reactor. Tokamaks, conceptualized in the 1950s by Soviet physicists
I. Tamm and A. Sakharov [1], make use of an intense magnetic field and an electric current
to confine plasmas in the shape of a torus. The spatial coordinate around the axis of sym-
metry of the torus is called toroidal, while the plane orthogonal to the toroidal direction is
referred to as the poloidal plane. The equilibrium, a cartoon of which is displayed in Fig. 1,
is composed of nested surfaces over which a number of quantities, viz. pressure and current
density, are approximately constant; the innermost surface degenerates into a toroidal line
and is referred to as magnetic axis [2]. For any given flux surface, the radial distance of its
centroid from the axis of symmetry of the device is called major radius, while its half-width
on the mid-plane is referred to as minor radius.

Many of the early tokamaks, starting with the first-ever-built device T-1, employed a
near-circular poloidal cross section, which was the natural choice one would make when
folding the cylindrical plasma employed in linear devices into a torus. The fusion com-
munity began exploring non-circular cross sections in the late 1960s to early 1970s with
the goal of either increasing the maximum limit to the current density [3,4,5,6] above the
Kruskal-Shafranov limit [7], or to find configurations that would allow the confinement time
to exceed the Bohm scaling [8]. It is instructive for the reader not familiar with plasma shap-
ing to visualize a number of poloidal cross sections, some of which will be often referred to
in the following, in Fig. 2.

The highest quality of confinement steadily achievable in tokamaks is contingent on op-
eration in scenarios free from the most virulent Magneto-Hydro-Dynamic (MHD) instabili-
ties. As noted by H.P. Furth [9], the radial profile of the electron temperature is determined
both by turbulence through the heat transport equation and by MHD stability via the shape
of the current density radial profile entering Ohm’s law. The overall electron heat diffusivity
can then be modelled as the sum of the MHD induced macroscopic contribution, χmhd , and
that due to microscopic fluctuations, χturb, which generally dominates in the outer part of the
poloidal cross section. In the late 1970s-early 1980s, while MHD theory matured to a level
sufficient to quantitatively estimate the linear stability for given radial profiles of plasma
pressure and current density, the theory of turbulent transport was still very preliminary. In
particular, the observation that radial temperature profiles tend to fall within a narrow range
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Fig. 2 A few examples of poloidal cross sections used in tokamaks, in arbitrary units, with the axis of sym-
metry of the torus on the left of each figure. (a) circular, (b) elongated, (c) oblated, (d) dee or positive trian-
gularity, (e) reverse-dee or negative triangularity, (f) bean.

due to the onset of strong turbulence driven transport beyond a given threshold had just
been formulated as the Principle of Profile Consistency [10], nowadays known as plasma
stiffness, but no quantitative prediction could be made at that time.

It has to be noted that, even to this day, it is generally harder to predict anomalous trans-
port than MHD stability due to the significantly larger computational resources needed. It
was apparent, therefore, that a viable way to improve the overall plasma confinement was
to minimize the core diffusivity via an optimization of the MHD configuration; additional
improvements could be obtained if one was able to reduce turbulence near the plasma edge,
thereby creating an insulating layer. The basic idea that guided the MHD optimization prin-
ciple was to deform the poloidal cross section in a way as to allow one to increase the
pressure content of a given plasma while maintaining MHD-quiescent operation. In partic-
ular, it was discovered that ballooning modes, a localized pressure driven instability, can
be stabilized at higher pressure than that at which they first become unstable [11,12,13]: a
phenomenon known as second stability. This resulted in the adoption of dee-shaped cross
sections, also commonly referred to as positive triangularity (PT) shape; bean-shaped con-
figurations [14] were also considered (positive triangularity+indentation to provide 2nd bal-
looning stability conditions) before being later abandoned as their confinement properties
proved to be inferior to those of dee shaped plasmas. Cross sectional shapes characterized
by a reversed-dee configuration, also known as negative triangularity (NT), were examined
and quickly dismissed on grounds of poor MHD stability.1 Plasmas at positive triangularity
were also attractive on technological grounds because, according to the Princeton D-coil
design [15], toroidal field (TF) coils are subject to pure tension from J ∧B forces when
they are shaped as a dee: the coil is essentially the analogous to the catenary formed by a

1 A number of early papers referred to this configuration as inverse-dee or inverse-triangularity
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4 A. Marinoni - O. Sauter - S. Coda

hanging chain for currents in a magnetic field whose strenght is inversely proportional to
the distance from the axis of symmetry of the torus.2 The ability of the dee shape to sustain
a stable plasma to higher performance was reported by numerous devices worldwide [17,
18,19,20] thus providing overwhelmingly convincing validation of the MHD theory. The
discovery of the H-mode in the early 1980s [21] provided a robust way of creating the edge
insulating layer dubbed Edge Transport Barrier (ETB), where turbulence is stabilized by
flow-shear [22,23], thereby paving the way to the achievement of the conditions necessary
for self-sustained nuclear fusion.

In H-mode plasmas the confinement level is strongly correlated to the height of the edge
pedestal which, as successfully explained by the theory of peeling-ballooning modes [24],
increases with positive triangularity. Although it is beneficial to maximize the core confine-
ment to reduce the capital cost of a power plant for a given power output, other constraints
apply. More specifically, the main operational challenge intrinsic to the H-mode regime is
that the power flow crossing the plasma edge must remain above the L→H power threshold
for the high confinement state to persist. However, parameters in future reactors are such
that the power density that will be convected to the vessel will travel along a very narrow
channel and will thus be much too large for Plasma Facing Components (PFC) to with-
stand. Therefore, intense research is being conducted worldwide to obtain stable H-mode
regimes in which most of the power is radiated by impurities seeded near the plasma edge,
thereby shielding PFCs in a configuration called detachment [25], in which a large fraction
of the power crossing the plasma edge is radiated by seeded impurities [26]. This strategy
is, however, complicated by the fact that impurities are advected inside the plasma through
the main ion density gradient in the pedestal, thereby affecting its stability. The L→H power
threshold, therefore, gives rise to conflicting requirements dictated by the core and the edge
of the plasma, which has recently resulted in a new line of research known as core-edge
integration. In addition, detached regimes may not be easily controlled experimentally as
their operating point is a sensitive function of parameters giving rise to transitions between
attached and partially detached conditions known as detachment cliff [27]. It has been re-
cently predicted that the detachment cliff is made more severe by steepening radial gradients
near the separatrix, due to enhanced poloidally driven plasma flows, which typically hap-
pen in the H-mode regime [28]. As a consequence, if reactors were to be maintained in a
detached state, it would be easier to control the plasma if it was operated in the L-mode
regime, as opposed to H-mode, provided that the global confinement was sufficient to sus-
tain the desired pressure level.

Pedestals, due to their low turbulent levels, also give rise to other issues hampering the
H-mode regime. The extremely low transport coefficients characterizing ETBs are such that,
at fixed values of energy and particle fluxes, pedestals develop radial pressure gradients large
enough to trigger bursting instabilities known as Edge Localized Modes (ELMs). Large and
uncontrolled ELMs cannot be tolerated in future reactors because, in the absence of a large
expansion of the heat flux footprint on the wall, the energy and particle fluxes they convect
to the wall are projected to significantly decrease the lifetime of PFCs [29]. Therefore,
unless stable ELM-free H-modes are found, if reactors are to operate in the standard H-
mode regimes ELMs will have to be suppressed or mitigated by active techniques such
as Resonant Magnetic Perturbations (RMPs) or ELM pacing via pellets or periodic vertical
movement of the plasma column [30]; whereas, for obvious safety reasons, the use of passive
techniques would be much preferred in reactors. Finally, the high particle confinement that

2 When considering stresses out of the plane of the coil, the Princeton D-coil shape is no longer an optimal
solution [16]
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characterizes the H-mode regime causes significant impurity retention, thereby lowering
fusion performance due to excessive dilution of the main ion species.

All these issues have recently been made part of the fusion community question whether
the H-mode regime is the optimal or, in the worst case scenario, even a viable candidate for
operation in future fusion reactors, although it is commonly agreed that H-mode levels of
confinement are necessary for a viable DEMO reactor. As a result, alternative magnetic
configurations are being explored , or revisited, to look for optimal solutions using the more
advanced numerical tools that are now available.One of the most prominent of such alte-
native configurations is the Negative Triangularity which, as will be explained in Sec. 3,
modifies the poloidal cross sectional shape from standard to reversed-dee in an effort to
improve confinement by reducing χturb rather than χmhd .

This paper reviews past and recent experimental and theoretical work on plasmas with
a Negative Triangularity shape: the MHD stability properties of this configuration are dis-
cussed in Sec. 2 while transport properties are the subject of Sec. 3; fast-ion and exhaust
physics aspects are reviewed in Sec. 4 and Sec. 5, respectively, conclusions and future per-
spectives are offered at the end.

2 Magneto-hydro-dynamic stability

Most of the negative triangularity stability analyses performed until recently relate to the
predictions of ideal MHD, which will be the focus of this Section. Ideal MHD is relevant to
predicting the overall operational limit in terms of vertical stability for control and in terms
of local and global modes for β -limits, i.e. the largest pressure the plasma can stably sustain
for a given confining magnetic field. The paper by Medvedev [31] is actually an excellent
review of the expected ideal limits of a negative triangularity tokamak and we shall follow
in large part this work for the recent results.

We first postulate an equilibrium with the plasma boundary typically defined as follows
when designing new tokamaks [32,33]:

R(r,θ) = R0(r)+ r cos{θ +δ (r) sin(θ)−λ (r) sin(2θ)}
Z(r,θ) = Z0(r)+κ(r)r sin(θ), (1)

where (R0,Z0) are the coordinates of the centroid of the surface, r is the half-width of the
surface at the elevation of the centroid and θ is the angle around the poloidal direction, while
κ , δ and λ are shaping coefficients that describe the elongation, triangularity and square-
ness of the surface, respectively; higher order shaping coefficients can be used to further
generalize the description. Other types of representations, such as Fourier expansion in the
poloidal angle, are sometimes used depending on the application considered. From the usual
definition of triangularity [33], δ should be replaced by arcsin[δ ] in Eq.1 as is performed
in Miller’s equilibrium [34], however this leads to less than 10% differences for the typi-
cal values |δ | < 0.6 used so far in experiments: the simplification arcsin(δ ) ' δ will thus
be adopted. A first question regarding a target equilibrium is the engineering difficulty and
complexity of the toroidal-field and shaping coils. The design of a DEMO negative triangu-
larity tokamak (NTT) has been actively pursued in recent years, thanks to the work of [35,
36,37,38]. A positive triangularity (PT) naturally leads to TF coils with a curved outer shape
which is best to reduce stresses. On the other hand, negative triangularity (NT) requires an
over-sized design or a long straight TF portion at the LFS, hence potentially increased local
curvature at the top/bottom LFS corners and reduced life cycle. This is in part why the early
NTT designs used a large number of TF coils [35], however ongoing developments indicate
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6 A. Marinoni - O. Sauter - S. Coda

that this may not be required. The remainder of this section describes the stability properties
of axysimmetric (n = 0) and non-axysimmetric (n > 0) toroidal mode numbers in plasmas
at δ < 0 and how they generally compare to more familiar configurations at δ > 0 .

2.1 The n = 0 ideal stability

The next question relates to the control of such NT plasmas and in particular to the ver-
tical growth rate of the ideal n = 0 mode, with and without wall stabilization. It has been
shown [31] that a DEMO sized NTT can have n = 0 growth rates in a range that can be
controlled with modern feedback control systems. However [31] also showed that NT plas-
mas have typically higher growth rates than PT and that a double-null up-down symmet-
ric DEMO-NT has even higher growth rates. Vertical stability was first analyzed using a
rigid displacement model, before full numerical codes were developed at the end of the
70’s-beginning of 80’s. Around the same time, non-circular shape tokamak plasmas were
studied including positive and negative triangularity, also called “triangularization” or nor-
mal/standard and reversed/inverse-dee (D) shapes. For example the original work of Reb-
han [39,40,41,42], computing rigid displacement stability, analyzed elliptic and triangular
Solovev-type equilibria [43] (p′ = cst and T T ′ = cst). Rebhan scanned the parameter Q of
the Solovev equilibria which essentially determines the triangular deformation leading to
elliptical shapes for Q ≈ 0.5 (for aspect ratio A = R0/a = 3), PT for Q ≈ 0 or smaller and
NT for Q > 1. This work also showed that elongation is the main limiting factor, through
vertical displacements, for the stability of axisymmetric equilibria and first found that “small
aspect ratio and strong triangular deformation (both positive and negative) are favourable”
[39], assuming rigid vertical displacements.

A subsequent work [41] found that “slip” modes (m = 1,n = 0) were destabilized by
triangularity and that feedback control was necessary [42]. The study was extended in [44],
using the ERATO code [45], and in [46], using AXISYM. and it was shown that triangu-
larity is destabilizing for n = 0 modes (Fig. 2 of [44] and Fig. 3 of [46]) when considering
general n = 0 deformations. This was also found in [47] using the PEST code [48]. PEST
calculations were also shown to compare well with experimental results of the Tokapole II
experiments, with an increased n = 0 growth rate with increasing |δ −0.1| [49].

The first experimental results on NT plasmas had shown that reverse-dee shapes are
more unstable than “square” (δ = 0) shapes [50]. Later, experimental results in PDX showed
that NT n = 0 growth rates were much larger (about three times) than for PT, but could be
feedback controlled, confirming also the role of the magnetic decay n-index [51]. The differ-
ence between the rigid displacement model and full ideal MHD is particularly true for Q < 0
and Q > 0.8, that is strong PT or NT, including when a conducting wall is considered [44].

This also shows that present studies of NT should be careful when using a rigid dis-
placement model for feedback control design in particular. The eigenfunction approach
also explains well the differences between plasma shapes [44]. Elliptical plasmas feature
an essentially vertical displacement (n = 0), PT have a maximum amplitude along the HFS
straight side while NT plasmas tend to move preferentially towards the strong curvature of
the plasma surface, towards the X-point(s). This may explain in part why diverted NT plas-
mas have a larger n = 0 growth rate than PT, and why a PT wall can be stabilizing for NT
plasmas if the wall can be close to the NT “X-point(s)” (see e.g. early studies like in [52]) .

Plasma pressure can also influence vertical stability and it was first shown in [40] that
PT was more favourable than NT in this respect. This was extended using NOVA-W [53] in
[54,55] were a strong destabilization of NT plasmas with βp (ratio of the kinetic pressure

6            
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Fig. 3 (a) Example TCV PT and NT shapes, with R flipped around Rgeom. (b) to (f) using H-mode-like
profiles (inspired by PT-H-mode profiles): Istar =< jφ/R > / < 1/R >, q, magnetic shear, elongation and
normalized Shafranov shift, ∆/a = (R0(r)−R0(a))/a.

to that of the poloidal magnetic field, volume averaged, βP ≡ 2µ0〈P〉V/〈B2
p〉V ) was found

despite the presence of a resistive conformal wall, contrary to PT (Fig. 4 in [55]). This was
linked to the Shafranov shift increasing with plasma pressure and squeezing flux surfaces
near the LFS nose of PT shapes, effectively reducing elongation in the core. On the contrary,
elongation is high in the core of NT plasmas (as shown in Fig. 3(e)) and can increase with
βp, leading to strong destabilization of the n= 0 mode [55]. Note that this effect is important
for other modes as well and for the magnetic well, as will be discussed below, and also for
turbulence transport (Sec. 3).

In the more recent studies, motivated by the more clear confinement improvement ob-
served in TCV L-mode plasmas, as described in Sec. 3, KINX [56] with a resistive wall
was used to compare vertical growth rates between top/bottom positive and negative tri-
angularity [57]. It was found that already a δtop < 0 with δbottom > 0 yields much higher
γn=0 (∼ 300 s−1 vs 150 s−1 for δtop > 0) and even more so with δtop < 0 and δbottom < 0
(γn=0 ≈ 1500 s−1). It was also found that γn=0(NT ) was very sensitive to the distance to
the LFS wall, as well as to holes in the wall due to ports [58]. NT n = 0 modes were also
shown to be more sensitive to elongation [58]. Optimization can reduce the growth rates to
controllable values but in some cases a LFS distance of less than 0.1a− 0.2a (∼ 2− 5cm
in TCV) is required [31]. For example a double-null with strong δ < 0 was shown to be
compatible with the TCV PF-coil limit and to feature a controllable γn=0 ∼ 500 s−1 with a
small LFS gap [59]. In [60], δ < 0 plasmas in RFX-mod2 are considered and compared with
PT DEMO-like shapes. They find a similar vertical growth rate, within controllable range
of their control system and mainly sensitive to elongation. In this case, similar growth rates
are found for single- and double-null. This shows that global trends are recovered and can
be reviewed here. However, specifics of the assumed current density profiles and of the ma-
chine layout are important for quantitative analyses. Let us also mention another very recent
study, using the DINA code [61], [62] that analyzed hot vertical displacement events (VDE)
based on HL-2M plasmas. They also find a higher growth rate for δ < 0 , with a faster VDE
evolution and higher Halo currents in the LFS vacuum vessel, requiring special engineering
attention, in particular near the X-point(s) [62].
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2.2 The stability of n > 0 modes

Once we have equilibria that can be feedback controlled and kept vertically stable, the main
operating limits are determined by n > 0 ideal modes, and mainly by the global n = 1 exter-
nal kink. We will also discuss internal kink and local modes up to n = ∞ ballooning modes
[63], in particular related to edge stability limits in H-mode like plasmas. In all of these
cases, it was recognized early on that NT plasmas are more unstable because of the absence
of a magnetic well (favourable average curvature); which is why PT has been the main line
of research for tokamaks from the mid-1980’s. However, viable solutions for demonstration
fusion power reactors are projected to exist even at β ' 3 [64,65,66] which, as it will be
explained in Sec. 3, is a value that has already been achieved in δ < 0 plasmas. As such, the
MHD stability of configurations at δ < 0 is deemed to be sufficient for a reactor, although
the β limit is still believed to be lower than the maximum value achievable in δ > 0 plasmas..
The magnetic well is important for edge localized modes and the peeling-ballooning stabil-
ity limit [68]. In [69] analytical equilibria were obtained with a deep magnetic well and high
shear with vertically elongated PT as well as with horizontally elongated NT (κ < 1, comet
shape). It was confirmed in [70] that non-circular plasmas have a higher ballooning-β limit
with either PT and κ > 1 or NT and κ < 1. As discussed in [68] the existence of a magnetic
well (dM < 0) can be related to the ideal Mercier term [71]

dM = s2

α
DM, (2)

with DM the ideal Mercier term (criteria: stable if DM < 1/4 or also−DI =−DM+1/4 > 0),
s the magnetic shear and α the ballooning parameter proportional to the pressure gradient
[63]. In this context it is useful to use the dominant triangularity and elongation dependence
of DM [72]. Let us first write the relation obtained by [72] (Eq. (7)) in terms of κ , δ and
Λ = d∆/dr ≈ βp + li/2:

DM =− 2r p′

s2 B2
0

{
1 − q2 + 3q2

4

[
κ−1 + κ ′r

2 (1−2Λ)

− (κ−1)δ

3ε
(5+ δ ′r

δ
+ κ ′r

4(κ−1) (9−3 δ ′r
δ
)

]} (3)

Assuming κ ′ = 0 and (δ/r)′ = 0 (which allows to write rδ ′ = δ , we obtain (without assum-
ing q = 1 as in [72]):

DM ≈− 2r p′

s2 B2
0

{
1 − q2 + 3q2 (κ−1)

4 (1 − 2δ

ε
)
}
, (4)

with r an equivalent minor radius and ′ = d/dr. It should be noted that δ/ε is about 2δa
(cst) up to mid-radius and increases to 4δa at the edge, with δa = δ (LCFS) and for TCV
aspect ratio, thus it is not small over the whole radius. Note that early analytical expressions
obtained by expanding with respect to elongation and triangularity led to analysis showing
favourable dependence on negative triangularity [73]. We see from Eq. 4 that DM changes
sign if triangularity is .−0.2 and κ > 1 or if κ < 1.

As will appear within this short review, DM is related to the stability of the peeling-
ballooning modes [68,74], of the local modes in general but also of the n = 1 internal
kink [72,75] and of the global modes through the link with the magnetic well. This ex-
plains why, after the early studies up to∼1980, two main types of plasma shapes were stud-
ied: D-shaped PT (most MHD stability research from mid 80ś) and comet-shape NT with
κ < 1 (e.g: [76,70], as well as [77] for “horizontal” stability), directly linked to the main
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dependence of DM , Eq. (4). The work of [78] showed that the form of the pressure pro-
file also plays a role in the Mercier stability, in addition to PT. The overall proportionality
of plasma β with plasma current Ip [79,80], yielding the normalized pressure performance
βN = β [%]/(Ip[MA]/a[m]B0[T ]), led naturally to the focusing on D-shape plasmas with high
elongation and high current, and in large part to the design of the TCV tokamak in partic-
ular [81,32]. On the other hand, recent studies of DEMO-like NTT plasmas [31] show that
βN ∼ 3 can be stable and these values have also been reached experimentally in DIII-D ex-
periments [82,83]. This is related to the difference between the Mercier-Ballooning pressure
profile optimization and the limit related to low-n external kink modes. Mercier modes are
easily stabilized by non-ideal effects [84], so are not considered for stability boundaries (al-
though DM influences the stability and global extent of low and high n modes as mentioned
above [72,68,31]). The optimized pressure profile obtained with p′ near the ballooning limit
is usually at significantly higher values than the ones limited by the n = 1 external kink. This
is why the effective operating boundary is obtained from the n = 1 stability limit, see e.g.
[32] for the TCV design, especially for PT D-shaped plasmas. The reduced ballooning sta-
bility of NT plasmas mainly reduces the difference with the n = 1 limit but not necessarily
reduce the operating boundary significantly. On the other hand, the absence of a magnetic
well influences the access to the 2nd ballooning stability region at low shear, high α which
is important for ELM physics [74].

2.2.1 Ballooning modes

The ballooning stability limit (n = ∞ modes) [63] and related high n modes have been ex-
tensively studied and we shall not attempt to review these results here. We will focus on the
studies related to negative triangularity. Present-day tokamak studies focus on the access to
the 2nd stability region and its effect on the edge stability of H-mode plasmas with large
edge pressure gradient and finite edge current density [74,68]. This access was shown to
exist with a sufficiently deep magnetic well (dM sufficiently negative, dM .−0.6) [74].

Before reviewing early studies on the effect of shape on ballooning modes, it is in-
structive to look at the profiles of the ideal Mercier DM and the magnetic well dM for two
examples, inspired by TCV experiments, with a positive and negative triangularity SND and
a current density profile with an edge bootstrap current density and large edge pressure gra-
dients typical of H-modes. The two shapes are shown in Fig. 3(a), with |δ | ≈ 0.5 and the
LCFS chosen symmetric in R around R = R0(LCFS). The equilibria have been computed
with the CHEASE code [85] with q0 = 0.95,βN ≈ 1.6 and the same H-mode like pressure
and I∗ =< jφ/R > / < 1/R > profiles. The latter is shown in the top panel of 3(b). The
resulting q profiles (c) show the typical difference with qNT < qPT according to the value
of triangularity (Eq. (36) [33]). The (average) magnetic shear s (d) is not very different, in
particular the dip towards s ≈ 0 is also present in the NT case. Note a stronger increase in
shear near the LCFS for the PT case. We show also the profiles of elongation (e) and Shafra-
nov shift (f) with differences between PT and NT which are typical as mentioned above for
the n = 0 stability and the role of elongation. Increasing β pushes the flux surfaces to the
low field side. With PT, this requires that the flux surfaces be compressed vertically, which
explains why the elongation on axis is smaller in PT than in NT, as is the Shafranov shift
(∆/a < 5% vs > 10% in NT). To show that this is a generic feature of NT’s, we also plot
the profiles obtained with zero pressure in NT (dashed red line). We see that the Shafranov
shift is still much larger than the high β PT case. In addition the elongation remains high
up to the magnetic axis. As mentioned above, this has an effect on the n = 0 growth rate
and mode structure. It also increases DM ∝ κ−1 and leads to more unstable intermediate n
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Fig. 4 (a) Mercier term DM [72], (b) magnetic-well term dM .

internal modes [31] and n = 1 internal kink [72,75,86,87,88]. On the other hand, increased
elongation is favourable for reducing radial turbulent transport and could play a role in the
global confinement improvement of NT, as well as the larger Shafranov shift (see Sec. 3).

Using these two equilibria, CHEASE also computes the Mercier term DM , plotted in
Fig. 4 (top panel) along with the magnetic well term dM (bottom panel). It clearly shows
that DM(PT )<DM(NT ) everywhere, yielding the wide unstable core region with DM > 1/4
related to the destabilization of the internal kink (see below). We also clearly see the opposite
peak near ρψ ∼ 0.9 in the dip of the magnetic shear. DM is positive, destabilizing, in NT
and negative, stabilizing, in PT. This leads to an overall positive dM , unfavourable average
curvature, for NT and the presence of a magnetic well reaching the “deep well” values
dM < −0.6 at the edge in PT. The simplified analytic formula, Eq. (4), assumes κ ′ = 0
and (δ/r)′ = 0, which is mainly valid in the core and for internal kink studies, but not
near the edge. To check the direct effect of triangularity, we computed the full analytic
formula given in Eq. (3) which is shown as dashed lines in Fig. 4(b), which follow well
the exact calculations (solid lines, using Eq. 19 of [85]). We also show the result using the
NT parameters inside Eq. (3), but reversing the sign of the terms proportional to δ . This is
the dotted red line in Fig. 4(b) which uses the same parameters as the red dashed line (NT
case) but with (−δ ) instead of (δ ) in the analytic formula. We see that it yields a profile
very close to dM(PT ), demonstrating that the flip from positive to negative dM is only due to
the sign of δ over the whole radius. Note that the term related to the Shafranov shift in Eq.
(3) is not significant because of the factor cancelling the κ − 1 term leaving only the small
contribution from κ ′.

The bad curvature on the LFS is not the only drive for ballooning modes. It was shown
in [89] that the local shear also plays an important role. A low or negative local shear is
stabilizing [90]. This was confirmed in a series of studies [91,92,93] where the ballooning
stability near the separatrix was calculated analytically in the case of a divertor, or more
precisely of a “bulge” on the LCFS with a much stronger local radial curvature as near
the X-point of a single-null (SN) diverted shape. In [89] it is shown that the first stability
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Fig. 5 Separation between good vs bad curvature regions and contours of local magnetic shear in (a) PT (b)
NT.

region for ballooning modes is influenced mainly by the length along the flux surface with
bad curvature. However the 2nd stability region is obtained if the local shear is small or
negative over the whole region of bad curvature. The work in [91,92,93] showed that this
can be obtained if the bulge is on the inside (HFS) of the LCFS (Rbulge < R0, i.e. θbulge
in the 2nd or 3rd quadrant). However, when the X-point is on the LFS equatorial plane
(θbulge = 0), then the negative local shear cannot extend to the good curvature region and no
access to the 2nd stability region is found, even with finite edge current. It was proposed [91,
92,93] that this was the main cause of the difficulty experienced by JT-60 in achieving H-
mode [94], since it had such a LFS X-point on the outer mid-plane. These results were
confirmed by numerical calculations [95,96] which showed that for |θbulge| < 3π/8 ≈ 70o

there was always a positive local shear region inside the bad curvature region, along the
relevant flux surfaces, explaining the lack of 2nd stability access.

In order to demonstrate this important difference between PT and NT, Fig. 5 shows the
results from CHEASE of the location of zero curvature (good curvature on the HFS of the
blue stars line, bad curvature on the LFS) for the same PT and NT cases shown earlier, as
well as the contour of the local shear S. We see that for PT the local maximum of S near
the LCFS is in the good curvature region, while it is in the bad curvature region in NT,
preventing S < 0 over the whole bad curvature region of a given flux surface. Note that this
is consistent with the difficulty observed in TCV [97] and DIII-D [98] in entering H-mode in
NT plasmas as predicted by [91,92,93]. Fig. 5 explains why the 2nd stability region cannot
be obtained in NT. This is also consistent with the pedestal height decreasing significantly
as triangularity is decreased [99] and with the H-L transition occurring when the top δ

decreases below -0.2 in TCV after the ELMs becoming smaller [100]. Note that -0.2 is also
consistent with the value of δ mentioned above below which dM becomes always positive.
This confirms the implications of the results of [99], showing an order of magnitude smaller
pedestal height for δ <−0.2 as compared to δ > 0.4 (see Fig. 10 of [99] and Fig. 3 of [35]
for a normalized form).

Let us mention that another shape was studied as a result of the quest for 2nd ballooning
stability effects. This is the bean shape, which can lead to a fully accessible 2nd stability
region with sufficient indentation [101,102,103,104,14] – the opposite case with respect to
NT plasmas, for which the access to 2nd stability is closed instead. The bean shape was also
shown to be related to extending the negative local shear outside the bad curvature region.
The negative local shear at the LFS is due to the local increase of the poloidal magnetic field,
itself required to equilibrate the increased pressure gradient when squeezing flux surfaces to
the LFS. Using a bean shape, the idea is to squeeze these surfaces even further, increasing
Bp in the outer LFS region and changing the local shear further. This was already discussed
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Fig. 6 Sawtooth period response to additional central ECH in terms of elongation and triangularity and
related marginal ideal Mercier criteria for two βp values at q = 1 [75].

in [11], when analyzing the local criteria of the 2nd kind. This also showed that the criterion
of the first kind (ideal Mercier criterion) is a limiting case of the criterion of the 2nd kind
(ballooning mode criterion). Finally, [105] studied the 1st region of ballooning stability,
comparing triangularity, bean shape and squareness. This work found that the βN limit can be
compared with the Troyon limit, even with only the 1st stability region, adding a favourable
triangularity dependence. It also found that squareness was not favourable.

2.2.2 The n = 1 ideal internal kink

TCV experiments demonstrated a striking difference in the behaviour of sawteeth to addi-
tional central ECH (electron cyclotron heating) [75,106,107,108]. For small κ and/or large
δ , the sawtooth period τsaw increases with ECH power (solid triangles in Fig. 6), while for
large κ and/or small/negative δ τsaw decreases with increasing central ECH (open triangles
in Fig. 6). We also see that these different behaviors are consistent with the discharges be-
ing stable or unstable with respect to the ideal Mercier criterion which depends on both κ

and δ as seen in Eq. (4). Another characteristic difference is the fact that the first group
(on the stable side of the Mercier term) has peaked pressure profiles in between sawtooth
crashes with βp1 increasing with ECH power (with βp1 = (< p >1 −p1)/(B2

p/2µ0)), while
βp1 stays small and constant, with flat pressure profiles inside q = 1, for the 2nd group in the
unstable Mercier zone (Fig. 7 of [75]). This was shown to be consistent with a significant
change of the ideal internal kink, using KINX calculations. At small elongation and/or large
PT, the ideal internal kink is stable up to βp1,crit > 0.3− 0.35 consistent with standard ex-
pected values [109]. However for high κ and/or negative δ , the internal kink can be unstable
even at βp1 = 0, that is p should remain constant inside q = 1 [75,87,110]. This confirms
the link between the Mercier term and the ideal n = 1 internal kink growth rates [72]. This
change of behavior is associated with sawteeth being triggered by the ideal trigger condition
at low/negative δ instead of the resistive one [111,112,87]. Extending these experiments
to more negative δ values, the sawtooth period was seen to exhibit a minimum at slightly
negative δ , consistent with a maximum in the n = 1 ideal growth rate [87,110]. This non-
monotonic behavior was predicted by the derivation of the dominant dependencies of the
potential energy of the ideal internal kink with respect to ε,κ and δ [86], which shows
terms proportional to δ and δ 2 [86,87]. The derivation of [86] also shows explicitly that
the Mercier term contributes directly to the internal kink δW . Using many KINX simula-
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tions, [87] modified the formula used for the ideal kink growth rate to be used for sawtooth
modeling (Eq. (16) of [87], for ε(LCFS)∼ 1/3):

γ τA = 0.44 ε1 κ1
1+7ε1 s1

(βp1−β c
p1),

β c
p1 = 0.9− (0.6+0.1s1)κ1,

(5)

with the growth rate normalized by the Alfven time τA. This shows the significant depen-
dence of βp1,crit on elongation and to a lesser extent on shear. An interesting result of these
analyses is that the above formula reproduces well the non-monotonic behavior with respect
to δ even without an explicit δ dependence in the fit. As discussed in [87] this is due to the
different penetration of elongation with triangular shapes. Therefore the κ1 term in Eq. (5)
includes the dependence on δ in a self-consistent equilibrium. It is also noted that the cur-
rent profile alters κ(ρ) as well, which is why s1 enters in β c

p1, although as a smaller effect.
It is important in the case of high elongation, positive δ , which naturally leads to low li and
where sawteeth are observed to disappear [106,113] and be replaced by a continuous in-
ternal mode [113]. The sawteeth were already observed to “disappear” or change behavior
at NT, leading then to more unstable q profiles with respect to tearing modes [114]. In [87]
it was found that the elongation profile κ(ρ) changes again at much stronger negative tri-
angularity, contributing to the overall non-monotonic behavior, i.e. κ(q = 1)/κ(edge) has a
maximum near δ ∼ 0 (yielding a maximum ideal n=1 growth rate at slightly NT, see Fig. 17
of [87]). This also shows that full consistent equilibria are required in order to understand
these dependencies, even of an internal mode like the n=1 internal kink, which is neverthe-
less relatively global. A similar change of sawtooth behavior has been observed between
bean and elliptical shapes [115].

We shall discuss later the link between MHD and transport, but let us note here the
results of [116] which found a similar degradation of the confinement time with respect to
ECH power in positive and negative triangularity plasmas. In the same paper, they compare
the effect of sweeping the ECH deposition from off-axis to on-axis in a NT and a PT plasma.
In this case the confinement is much higher in NT than in PT, but also the relative increase
of the scaling factor when heating is deposited inside q = 1 is higher for NT. In addition, it
shows that the q = 1 radius is more central in NT than PT plasmas [116]. Since the q = 1
radius can vary when changing the input power, and its radius can be quite central, one has to
be careful to not change the relative deposition with respect to the inversion (or near q = 1)
radius, since it can change significantly the plasma thermal energy and bias the transport
studies. The difference in confinement between the low shear region just outside q = 1 in
NT and PT has not been studied yet.

2.2.3 Resistive modes

Most of the “old” studies were related to the study of the resistive interchange criterion
[117], stable if DR < 0 with:

DR = DI +(H− 1
2 )

2 = DM +H2−H (6)

Combining the ideal Mercier (Sec. 2.2) and resistive interchange criteria:

DM− 1
4 < DR < 0, (7)

which defines the overall local stability conditions (Ballooning modes have been discussed
in Sec. 2.2.1). We see that one needs to be significantly stable to the ideal criterion in order
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to be stable to the resistive interchange criterion. The resistive interchange is also a local
criterion and, if violated, does not necessarily mean that a finite island [neoclassical] tear-
ing mode ([N]TM) is unstable. However it remains a good indication of the local stability.
Therefore, since we have seen that DM is more unstable for NT plasmas (higher than in PT),
DR is also more unstable. We can look at the triangularity dependence as we did for DM and
dM in Sec. 2.2 using the same two equilibria, as well as the analytical expansion. Lütjens
also derived the main shaping dependencies of DR in Eq. 5.24 of [118] (transposed here in
terms of κ and δ ):

DR = DM(Eq. 3)− 2r p′

s2 B2
0

sq2
{

1
8 (κ−1+ rκ ′) − Λ [1− 3

4 (κ−1+ rκ ′)]

+ κ−1
16

δ

ε
[3− rδ ′

δ
− rκ ′

κ−1 (1+
3rδ ′

δ
)]

}
.

(8)

For completeness, if we use the same approximation as for Eq. 4, κ = cst and δ/r = cst, we
get (Eq. 5.25 of [118]):

DR = DM(Eq. 4)− 2r p′

s2 B2
0

sq2
[

κ−1
8 (1+ δ

ε
) − Λ (1− 3(κ−1)

4 )

]
, (9)

which yields, including Eq. 4:

DR =− 2r p′

s2 B2
0

sq2
{

1 − q2 + 3q2 (κ−1)
4

[
1 − 2δ

ε
+ s

6 (1+
δ

ε
)− sΛ ( 4

3(κ−1) −1)
]
)
}
. (10)

We plot the results using CHEASE of DR(ρ) in Fig. 7, in the same way as for dM in Fig.
4. As expected, DR(PT ) is stable while NT is not (in the core and near the edge). It also
shows that the analytic expression, Eq. 8, reproduces quite well the exact evaluation (Eq. 20
of [85]). We also show (dotted red line) the result of using the NT equilibrium with Eq. 8
but where the sign in front of the δ only terms have been changed. As in the case of DM
and dM , the sign of DR is changed from positive to negative (unstable in NT to stable in
PT). In particular the “bump” near the edge, where there is a large pressure gradient and
a low shear, changes sign. Thus the absence of a magnetic well also results in an unstable
resistive interchange situation. Note that the dotted red line in Fig. 7 over-estimates the
equivalent blue dashed line Danal

R (PT ), contrary to Fig. 4, bottom panel. This is because the
term proportional to Λ (independent of δ ) has the (κ − 1)/2 term being cancelled for DM ,
Eq. 4, while it adds up for DR leading to a much larger contribution of the Shafranov shift
term: Λ ≈ βp + li/2. This also means that NT can become more unstable with increasing
βp, contrary to our standard expectations from PT.

Experimentally, it is not clear yet if there is a fundamental difference between NT and
PT for tearing mode stability, or if the latter is indirectly related to the electron tempera-
ture profile and whether sawtooth activity can be sustained or not. Early NT experiments
already pointed to the appearance of tearing modes when sawteeth disappeared [114]. The
only study computing the dependence of the classical tearing mode index ∆ ′ on negative tri-
angularity that we are aware of is in Ref. [119], which shows essentially a quadratic depen-
dence ∆ ′ ∼−δ 2 (see [120] for more details on the model and the triangularity dependence).
Clearly more systematic experimental and theoretical studies on the tearing mode stability
in NT are needed.
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Fig. 7 Resistive interchange parameter DR and its analytical approximation (Eq. 6 from Eq. 5.24 of [118]).

2.2.4 Global MHD limit

Several theoretical and experimental studies, including triangularity dependence, look at the
various aspects of plasma stability, from n = 0 to high n, with the aim of determining the
global stability boundaries of a given tokamak shape. We shall review them in this Section
with the focus on the effective “β”-limit, that is the lowest β -limit determined by ideal
MHD n ≥ 1 modes, and ideal modes which can limit fusion performance. As mentioned
earlier this usually means the β -limit defined by the external n = 1 kink, where “internal”
modes mean modes still unstable with an ideal wall on the plasma surface and “external”
modes, those fully stabilized by a wall on the LCFS. Note that internal modes can still have
a finite edge displacement for the most unstable eigenfunction, like the n = 1 internal kink,
but the growth rate is only decreased (typically a factor of two for the internal kink) when a
wall is added on the LCFS. Related to these definitions, the “no-wall” stability limit, is the
β -limit obtained when the ideal wall is placed very far, practically at more than 10 times the
plasma minor radius (in all directions).

Recent experimental results from DIII-D show that βN ∼ 2.7 can be sustained in NT
plasmas [82,83] without tearing activity. Within the power available to the DIII-D exper-
iment, the ideal limit has not been reached. Numerical calculations, carried out with the
GATO [121] and DCON[122] codes, based on a DIII-D discharge estimate βN ∼ 3.1 as the
ideal limit without profile optimization [123,83]. As discussed earlier, wall stabilization was
predicted to increase the βN limit by less than 10%, likely due to the L-mode edge yielding
small edge currents. DEMO-size NTT also predict ideal limits near or above 3 [31] for in-
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ductive type profiles. With reverse shear and bootstrap-aligned current density profile, it is
shown in [31] that the magnetic well can be partially recovered, however low shear leads to
a lower global low n limit of about βN ∼ 2.1. Note that PT steady-state plasmas also have
a lower βN-limit than inductive-type monotonic profiles, which is why they rely on wall
stabilization. This has not yet been studied in detail for NT shapes. We mentioned the pio-
neering Asian DEMO-NTT studies described in [35] and refs therein. The EU-DEMO team
now also studies NT plasmas, following the conclusion that only a no-ELM regime can be
compatible with DEMO requirement [124]. In this respect an L-mode edge NT plasma with
a confinement time similar to an equivalent PT H-mode plasma would be ideal. According
to predictions by [99] and preliminary experiments on TCV [100], a NT H-mode is charac-
terized by a shallow edge pedestal, resulting in small and frequent ELMs which, in case of
transient H-mode transitions, might be tolerated long enough for the control system to safely
ramp-down the discharge or return the plasma to the nominal L-mode operation. In addition,
as discussed in Sec. 2.2.1, if min(δtop,δbottom) . −0.25 one would not expect H-modes to
be triggered. We note that the L→H power threshold may have a triangularity dependence
due to fast ions orbit losses, as explained in Sec. 4. The systems-code BLUEPRINT has
now been extended to include NT plasmas and will be used for DEMO studies [126]. A
preliminary target equilibrium has been generated by the EU-DEMO team, although with
a very low q0 assuming significant fast particle stabilization of the internal kink. This was
used to study the internal kink limit, including kinetic effects, in comparison to a PT DEMO
plasma [127]. No significant difference in the internal kink stability was found between
these NT and PT EU-DEMO plasmas, except a larger growth rate in NT consistent with
the earlier results [87,110]. Sawteeth can lead to significant fast ion transport and reduce
fusion performance, therefore these studies are important. Other modes which can reduce
fusion power, although not reducing the overall β -limit, are fast ion modes, which will be
discussed in Sec. 4.

Regarding ideal stability limit simulations, there is of course too much interesting work
to review fairly here. We shall mention a subset with the main bias of looking at trian-
gularity effects. It is interesting to note the blossoming of papers at the 6th international
conference on plasma physics and controlled nuclear fusion research in Berchtesgaden in
1976 (published in 1977) studying ideal MHD stability for non-circular plasmas, most of
them considering the triangularity dependence down to zero or negative values [128,129,
130,131,132]. This was followed by an interesting workshop in Varenna in 1977 on “finite
Beta Theory” [133] and a review paper in [134]. These papers show that equilibria with a
wide variety of shapes and β values are possible, but mainly tested their stability against
local modes as a first application of the ideal MHD stability codes being developed. Several
of these early findings remain valid, such as PT being stabilizing, squareness less favourable
and the peakedness of the profiles having significant effects. In the following 2-3 years, the
first numerical results on the limit set by the n = 1 external kink, including the effects of a
conducting wall, were obtained confirming the favourable properties of PT [44,135,52] and
leading to the studies for JET-shape plasmas [136] (doublets were also studied [46] but are
outside the scope of this review). The next major result confirming the advantage of elon-
gation combined with PT to obtain stable high β equilibria was the increasing β -limit with
increasing plasma current (up to the q = 2 limit) (now known as the Troyon limit [79,80]).

Apart from the bean shape [103], it is only around the time of the design of TCV that
new thorough series of standard PT or racetrack shapes up to very high elongation and high
current were studied [32,137]. This further confirmed the advantage of PT over racetrack
and similar studies focusing on high current and high β [138]. Note the new findings dur-
ing the TCV design phase showing that the stability boundary shrinks and differs from the
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Troyon limit at very high elongation (κ ≥ 2.5) [32] (the boundary was later confirmed ex-
perimentally in TCV with cases up to κ ∼ 2.8 [139]). These new numerical studies were
aiming at using the codes to find the optimum shape, instead of the operating range of a
given shape/experiment, albeit solely in regard to the ideal MHD limit. Integrated perfor-
mance started to be increasingly important with studies for reactor-size tokamaks [140] and
the start of the ITER project in March 1987 [141]. As such, the required confinement prop-
erties were used as a driver for finding the optimal shape [76]. This leads to a geometry
reducing the effects of trapped particle modes thanks to drift reversal and thus to an NT
plasma, where most of the trapped particles have their bounce tips in the good curvature
region [142,76], see Sec. 3. This led to a comet shape yielding drift reversal even at zero β

[76], when maximizing J =
∫

v‖dl with plasma shaping [143]. This shape was found stable
up to βN ≥ 2 in [144] which also confirmed the favourable role of NT on trapped parti-
cle modes (extended to low aspect ratio as well [145]). Note that this was also associated
with lower ITG growth rates in NT plasmas [146], so the 1990’s started to have MHD and
transport studies integrated to provide a combined physical picture of an “optimum” per-
formance. The transport aspects are detailed in Sec. 3, but we just note here that MHD and
transport started to be integrated experimentally in NT plasmas at the same time with the
first TCV results showing important differences between NT and PT for both transport and
MHD [147,114].

Regarding ideal global stability boundaries, the main recent results from the last 20
years come from the series of studies conducted by Medvedev et al, first focusing on TCV
experimental discharges [57,58,59] and then to DEMO-NTT size plasmas [59,31,35]. First
H-mode like profiles were also considered, but with the goal of an L-mode DEMO-NTT,
studies concentrated on L-mode like profiles. The main results are presented in [31] and
show stable DEMO-NTT with βN ≥ 3.

Another important result is the inefficient wall stabilization because of the coupling be-
tween internal and external modes, itself related to the lack of magnetic well and to DM
being more unstable in NTs as discussed in Sec. 2.2. This could have an impact for steady-
state profiles and resistive wall modes (RWM), since [31] also showed that reverse shear q
profiles have a lower limit, βN ≥ 2, due to the coupling with infernal modes (similar to but
possibly more significant than for PT reverse shear q profiles). RWM with advanced sce-
nario q-profiles are of particular interest for steady-state DEMO-NTT studies. At this stage
a detailed comparison between NT and PT plasmas with a “standard” monotonic q-profile
was performed in [148]. It was also found that the wall-stabilization is less effective for NT
than PT, leading to a narrow window for RWMs. Otherwise assuming a wall radius of 1.10a
for NT and 1.5a for a PT DEMO-size case and using MARS-F and MARS-K, [148] found
similar behaviour in terms of ideal/resistive wall, plasma flow and drift kinetic effects due to
thermal trapped particles. The lack of wall stabilization depends on the effective eigenfunc-
tion. In these cases they also find the n = 1 ideal kink mode amplitude to be quite localized
near the “X-points”, similar to the n = 0 eigenfunction mentioned earlier and in a similar
location as the large positive local shear discussed earlier as well, important for ballooning
modes. These effects might be responsible for a stronger coupling observed between local
and global modes in NT. Non-linear analyses should provide more insights.

3 Transport

As described in Sec. 2, plasmas with a negative triangularity shape have not received ex-
tensive theoretical or experimental attention, at least compared to their standard-dee shaped
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Fig. 8 Mode frequency (ω) and growth-rate (γ), normalized to the electron diamagnetic frequency (ω∗), for
trapped electron drift modes as a function of triangularity (Reproduced from [142], with the permission of
AIP Publishing).

counterparts, on the grounds that they were expected to have poor MHD stability properties.
However, as pointed out by T. Okhawa, the transport characteristics of elongated dee-shaped
plasmas are, in general, not significantly better than those of circular configurations once the
indirect benefit of having a larger toroidal current is factored out. Instead, Okhawa proposed
an oblate configuration at negative triangularity in an effort to improve confinement by re-
ducing the fraction of trapped particles that orbit in the bad curvature region [149]. Further
analysis work, particularly of MHD stability properties, on such configurations, also termed
comet shapes, ensued [144]. It is interesting to note that, even before trapped particle insta-
bility theories were widely accepted, based only on stability considerations outlined in [4],
an oblate shape at negative triangularity was adopted for a detailed design of a power plant
edited by R.G. Mills in 1974 [150]. Such design work, however, appeared to have been
abandoned in favor of dee-shaped plasmas, which became the prominent configuration in
the late 1970s.

3.1 Thermal transport and turbulence

The first work in the realm of transport investigating the effect of δ < 0 can be found in the
analysis performed by Rewoldt [142] who, among other classes of instabilities, considered
the kinetic linear stability of the trapped-electron drift-wave regime using an electromagnetic
code interfaced with a general magneto-hydro-dynamic equilibrium solver. Although the
effect of δ < 0 was found to be stabilizing, as shown in Fig. 8, the actual decrease in the
growth rate was a factor 3−4 smaller than that due to an increase in elongation, which was
therefore deemed to be a more important parameter to focus on in future optimizations.

Negative triangularity configurations were experimentally investigated in the late 1970s
on the Poloidal Divertor eXperiment (PDX) tokamak, which was designed to create dis-
charges with a poloidal cross section having standard or elongated dee shapes, as well as
with square and reversed-dee configurations. The control system was such that, by pro-
gressively varying the radius of the magnetic axis by modifying the vertical magnetic field,
plasmas could be moved from one configuration to another continuously. The main design
parameters of the PDX tokamak were major radius R = 1.3−1.5 m, minor radius a = 0.4 m,
confining magnetic field BT = 2.5 T and plasma current IP = 0.5 MA for a typical pulse
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length of one second duration. Plasmas were characterized by line averaged density in the
range 〈ne〉= 2−4 ·1019 cm−3 and on-axis electron temperature Te ≤ 1 keV. All surfaces in
contact with the plasma were made from 99% pure titanium. The PDX team reported that
the confinement properties of δ < 0 plasmas were quantitatively similar to those measured
in more standard configurations, both in ohmic and neutral beam heated discharges [151].

Reversed-dee configurations were also realized in the late 1970s on the Tokapole II
tokamak, although research work investigating the impact of triangularity appears to have
focused on vertical stability, as discussed in Sec. 2.

3.2 Experiments on the TCV tokamak

After early work in the 1970-1980s, δ < 0 configurations essentially disappeared from the
radar of the fusion community until dedicated experiments on the TCV tokamak began in
the mid 1990s. The electron energy confinement time of Ohmically heated L-mode plasmas
in a wide range of shapes, featuring 1.06 < κ < 1.86, −0.41 < δ < 0.72, was measured
to improve with increasing elongation and degrading rather strongly with positive triangu-
larity [152,114]. However, the fact that the inferred thermal conductivity was found to be
rather independent of plasma shaping led to interpreting the observed confinement improve-
ment as mainly due to a variation of the real space electron temperature gradient due to
flux surface compression. More specifically, as displayed in Fig. 9 a large fraction of the
shape dependence was removed from the confinement time upon normalization to a shape
enhancement factor (SEF), defined as the ratio of the confinement time of a shaped plasma
to that of the reference cylindrical plasma (see Eq.1 in [152]). This result appears to be
consistent with experiments on the PDX tokamak [151] for which confinement was not
observed to strongly depend on the sign of triangularity. It has to be noted, however, that
the experiments on PDX appear to have been run at moderate values of triangularity and in
a somewhat collisional regime, i.e. in conditions for which the stabilizing effect of negative
triangularity is not expected to be apparent.

Fig. 9 (Left) Electron energy confinement time as a function of triangularity, sorted by electron density and
edge safety factor. (Right) Same data-set with normalization using the shape enhancement factor (Reprinted
figure with permission from [152], Copyright by the American Physical Society).

19            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      

20 A. Marinoni - O. Sauter - S. Coda

Shortly thereafter, however, Ohmic confinement studies were extended to strong nega-
tive triangularity (to δ ∼−0.5) at lower density in MHD-quiescent conditions, and a strong
increase in confinement with negative triangularity was observed [153]. This improvement
could not be explained by the SEF. At the same time, a refurbishment of the TCV wall
allowed the safe utilization of auxiliary heating in δ < 0 discharges, although only in inner-
wall limited (IWL) configurations. Subsequent experiments explored the dependence of the
electron energy confinement time on plasma shaping in L-mode plasmas with applied cen-
trally deposited electron cyclotron heating (ECH). The effect of plasma shaping was studied
by varying the elongation and triangularity of the last closed flux surface (LCFS) in the
range 1.1 < κ < 2.15 and−0.65 < δ < 0.55, for values of the engineering safety factor cor-
responding to 1.7 and 3. The central electron density was maintained below 2.5×1019 m−3,
in contrast to the initial ohmically heated experiments previously described, for which the
central density was 2− 3 times larger. A clear improvement of confinement with negative
triangularity was documented also in these conditions. The overall scaling of the energy
confinement time on triangularity was cast in the form [107]

τE ∝ (1+δ )−0.35±0.3, (11)

which illustrates the beneficial impact of δ < 0 on the overall confinement.
Based on these early results, the TCV program embarked on a large set of experiments

aimed at studying the dependence of confinement on triangularity while disentangling other
factors that are predicted to affect the underlying turbulence, such as safety factor, collision-
ality, electron temperature, density as well as their spatial scale lengths. Experiments were
limited to L-mode plasmas because that would make it easier to extract the dependence of
core transport on triangularity. Indeed, as in PT H-mode the pedestal height was expected
to depend on triangularity, as was later experimentally confirmed [100] and quantified by
modeling [99], the direct triangularity dependence of the overall confinement would be en-
tangled with the confinement dependence on the edge pedestal height. More specifically, the
dependence of the electron heat diffusivity was probed with respect to the electron temper-
ature and its radial gradient, as well as to density within values compatible with near full
EC first pass absorption, by varying the amount of ECH coupled power and its deposition
location. The electron heat diffusivity was observed to significantly decrease at negative
triangularity, even when normalizing values to a T 3/2 gyro-Bohm dependence to account
for local variations of the electron temperature. Notably, in δ > 0 and δ < 0 plasmas with
matched values of elongation and absolute value of triangularity at the LCFS, the same
electron density and temperature profiles were obtained when half the EC power was cou-
pled into the latter case, thus demonstrating that δ < 0 L-mode plasmas sustain an H-mode
level of confinement [154,155]. The observed dependence of the mid-radius electron heat
diffusivity on the electron temperature, density and effective charge was cast in a unique de-
pendence on the plasma effective collisionality, as displayed in Fig. 10. This was found to be
consistent with linear simulations performed with the GLF23 model [156] which indicated
trapped electron modes (TEM) as the dominant instability at play in those discharges [157].
Later experiments compared δ < 0 to δ > 0 configurations in terms of the characteristics
of turbulent fluctuations measured by the correlation electron cyclotron emission (CECE)
and tangential phase contrast imaging (TPCI) [158] diagnostics. In ohmic discharges, the
intensity of electron temperature fluctuations is strongly reduced at δ < 0 in the outer half
of the plasma volume, while at mid-radius the δ < 0 broadband fluctuation level falls below
the instrumental noise floor, precluding a quantitative assessment of the difference between
the two cases there. Additionally, a threshold behavior was observed in the outer half of
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Fig. 10 Mid-radius electron heat diffusivities vs inverse collisionality for a number of EC heated IWL
discharges at varying values of triangularity of the LCFS (Reproduced from [157], with the permission of
IAEA Publishing) ).

Fig. 11 Relative density fluctuation amplitude as a function of the reciprocal of effective collisionality for
plasmas with triangularity values at the LCFS equal to δ = 0.5 (red) and δ = −0.4 (blue), Ohmic (open
symbols) and ECH L-mode (full symbols) TCV discharges ( c© IOP Publishing. Reproduced with permission
from [161]. All rights reserved).

the minor radius only at δ > 0 , suggesting that, at least in the ohmic cases considered, the
δ < 0 case was characterized by a higher threshold for the onset of the instability [159,160].

Similar results were obtained when monitoring electron density fluctuations using the
TPCI diagnostic in EC heated discharges. More specifically, the absolute intensity of fluc-
tuations was observed to halve at δ < 0 as compared to δ > 0 , along with a reduction of
the spectral index. As opposed to the ECE measurements in ohmic discharges, the TPCI
diagnostic could resolve δ < 0 fluctuations well into the core, and showed that the reduction
at δ < 0 extends to mid radius, despite the fact that the local value of δ therein essentially
vanishes [161,162]. The stabilizing effect of the effective collisionality was also observed
with TPCI measurements, as displayed in Fig. 11, consistent with results reported in [157,
163].
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These investigations of core turbulence were recently complemented by measurements
of turbulence in the scrape-off layer (SOL) with both wall-mounted Langmuir probes and a
gas puff imaging system. There too, a strong reduction in fluctuation amplitudes is observed
for δ <−0.25, accompanied by nearly full suppression of plasma interactions with the first
wall [164]. An analysis of different possible correlations and causations points at the shorter
connection length in δ < 0 plasmas as possibly the most crucial element behind this phe-
nomenon. It should be noted that a negative-triangularity TCV plasma features among a set
of shapes that were used for validation of SOL turbulence simulations by the GBS code by
means of reciprocating probe measurements [165]. More recently, thanks to the installation
of a neutral beam heating system, the TCV team started exploring the impact of triangularity
on confinement in regimes where the ion temperature is close to or higher than that of elec-
trons, thereby complementing earlier results for which Ti� Te. Comparison discharges with
edge triangularity δ =±0.4 were executed at elongation κ = 1.4 and line averaged density
〈ne〉 ' 2×1019 m−3. It was chosen to approximately match the safety factor between the
two plasma shapes, with q95 ' 3.4, thereby increasing the plasma current in the δ > 0 dis-
charge by about 18%; this is a conservative choice when it comes to comparing confinement
improvements at δ < 0 because of the positive correlation between stored energy and plasma
current which is generally observed in tokamaks. Improved confinement was demonstrated
both at fixed auxiliary power, which yielded higher stored energy at δ < 0 , and with matched
profiles, which required lower coupled power at δ < 0 . Consistent with the improved con-
finement, the intensity of electron temperature fluctuations measured by the CECE system
was always observed to decrease at δ < 0 at comparable values of collisionality, electron
to ion temperature ratio, and density and temperature inverse scale lengths [166,160]. With
NBI, the highest performances have been achieved on TCV in terms of both βN and confine-
ment enhancement H98,y2, reaching, respectively, 2 and 1.3 with 0.5 MW power, albeit in a
non-stationary manner [167]. Among the latest reported developments on TCV is also the
establishment of a fully diverted shape in the upper part of the chamber, which, with Ohmic
heating, confirms the favorable properties of negative triangularity [167] (Fig. 12). Studies
of H-mode δ < 0 plasmas were also conducted in TCV using hybrid diverted shapes with
positive lower triangularity and upper triangularity varying from positive to negative [100].
Discharges where heated using EC system with 500− 700 kW at the third harmonic (X3)
for distributed core heating, and 300−900 kW of second harmonic (X2) for heating local-
ized near the ρ = 0.9 surface close to the X-point. The resulting mid-radius collisionality
was close to unity which, based on results from [157], is expected to result in a modest sta-
bilizing effect of δ < 0 . Correspondingly, global confinement was found to be reduced in
such scenarios, compared with standard δ > 0 cases, and this could be imputed to the 20%
lowered edge pedestal pressure. The lower pedestal height resulted in a concomitant passive
mitigation effect on ELMs, as discussed in Sec. 2.

3.3 Theoretical studies

A non-linear gyro-kinetic analysis carried out using the flux-tube GS2 [168] code confirmed
that the TCV ECH L-mode discharges were TEM dominated, and quantitatively reproduced
the dependence of the core electron heat diffusivity both on triangularity and collisional-
ity [163,169], as displayed in Fig. 13. However, agreement with experiments within error
bars was found only in the outer part of the poloidal cross section, with the predicted sta-
bilizing effect of δ < 0 progressively vanishing towards the magnetic axis. Such result was
interpreted to be due to the modest radial penetration length of triangularity (at ρ = 0.7 it is
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Fig. 12 (Left) Positive- and negative-triangularity diverted TCV plasmas and (right) comparison of plasma
current (top), normalized β (middle), and H98,y2 confinement-enhancement factor (bottom)

Fig. 13 Predicted electron heat diffusivity as a function of the inverse effective collisionality for δ > 0 TCV
discharge #28014 (- -) and δ < 0 counterpart #28008 (-), computed for identical density and temperature pro-
files of all kinetic species ( c© IOP Publishing. Reproduced with permission from [163]. All rights reserved).

one-half the value at the boundary), which causes the flux tube simulations to fail to discern
significant differences between the two scenarios as the flux surfaces progressively approach
the shape of an oval at inner radii. This result suggested that profile shearing effects might
be important in determining the overall stability of these discharges [163]. Subsequent stud-
ies carried out with the flux tube version of the GENE non-linear gyro-kinetic code [170]
confirmed the GS2 results [171,172]. In the GENE simulations, the impact of triangularity
on micro-stability was evaluated also near the LCFS, where the largest stabilizing effect of
δ < 0 was found, consistent with the largest absolute variation of triangularity. Addition-
ally, by varying the density and temperature scale lengths and taking linear extrapolations
with respect to the driving gradient, it was estimated that the critical temperature gradient in-
creases at δ < 0 , while no significant impact of the density inverse scale length was found in
either equilibrium. The fact that the largest impact of δ < 0 was found, from a gyro-kinetic
stand-point, near the LCFS is qualitatively consistent with dedicated experiments, reported
in [173], designed to obtain high resolution electron and density profiles by executing repeat
discharges at slightly different vertical positions in the vacuum chamber so as to effectively
enhance the spatial resolution of the electron pressure profiles measured by the Thomson
Scattering diagnostic. While the plasma region within 60-70% of the total volume featured
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a rather constant logarithmic temperature gradient for both triangularities, indicating a high
degree of profile resiliency, the outer region was characterized by a constant gradient, with
the δ < 0 case exhibiting steeper radial profiles for very similar heat flux values.

Further insights into the GS2 modeling revealed that, at fixed density and temperature
profiles, the stabilization observed at negative triangularity is due to a combined effect of
the perpendicular drifts and of the ballooning eikonal, which reflects the effect of magnetic
shear and can be interpreted as the perpendicular wave-vector k⊥. More specifically, the
overall stabilization is a result of the modification exerted by triangularity on the toroidal
precession drift of trapped electrons. This is intuitively in agreement with the basic desta-
bilization mechanism of the collisionless TEM which, as first derived in [174], is given by
the resonance between a given wave (e.g. a pressure driven drift wave) and the toroidal pre-
cession drift of trapped electrons, with the resulting dispersion relation in a pure plasma
being (

1
Te

+
1
Ti

)
φ̃ =
√

ε

(
1
Ti

ω−ω∗,i
ω−ωD,i

+
1
Te

ω +ω∗,e
ω +ωD,e

)
〈φ̃〉. (12)

In Eq. 12, Tx is the temperature of the generic plasma species x, ω∗,x and ωD,x are, re-
spectively, the diamagnetic drift and the toroidal precession drift angular frequencies, ε

the inverse aspect ratio of the machine, φ̃ the perturbed electrostatic potential, and the an-
gular bracket refers to averaging along the bounce trajectory of the trapped particle. In
the particular case of perfect equipartition, i.e. Te = Ti, so that ω∗,i = −ω∗,e ≡ −ω∗ and
ωD,i =−ωD,e ≡ ωD, Eq. 12 reduces to

ω
2 = ω

2
D +
√

εωDω∗, (13)

from which it is apparent that a necessary condition for the instability to arise is that the
toroidal precession drift and the diamagnetic drift have to be oriented in opposite directions.
In the limit of a circular plasma at large aspect ratio and low β , the toroidal precession drift
of a trapped electron of mass m and velocity v orbiting on a given flux surface ψ can be
written as [174]

ωD,e =
m
2e

∂J
∂ψ

/
∂J
∂v2 ∝ G(s,κ)v2 (14)

where J is the second adiabatic invariant, s the magnetic shear, κ a modified pitch angle
variable and G is defined as

G(s,κ)≡
[

2
E(κ)
K(κ)

−1
]
+4s

[
E(κ)
K(κ)

−1+κ
]
, (15)

where E(κ) and K(κ) are the complete elliptic integrals of the first and second kind, re-
spectively. The shape factor G(s,κ), which is displayed in Fig. 14 as a function of the pitch
angle variable κ, does not depend on the magnetic shear in the limits of deeply and barely
trapped particles, i.e. limκ→0,1 G(s,κ), and is monotonically decreasing across the entire
pitch angle space for decreasing values of the magnetic shear. Based on Eq. 13, TEM modes
are expected to be weakened or suppressed at negative values of the magnetic shear, a con-
dition often associated with reduced turbulence characterizing Internal Transport Barriers
(ITB) [175]The physics of ITBs is not the subject of this paper; we note, however, that tur-
bulence quenching mechanisms in ITBs have also been widely associated to other factors,
of which the most common is increased flow shear. A general analytic expression for the
toroidal precession drift in general geometry and finite pressure was derived in [176], in
which the impact of elongation and triangularity on the toroidal precession drift were eval-
uated for the IWL TCV discharges described above [157]. While triangularity is found to
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Fig. 14 Pitch angle dependence of the G(s,κ) factor from Eq. 15 for a few values of the magnetic shear s.

have a negligible effect on passing electrons, the impact on trapped electrons is far greater.
More specifically, the drift increases at δ < 0 across most of the pitch angle space, whereas
deeply trapped electrons drift more slowly when the triangularity is negative. This is con-
sistent with the pitch angle dependence of the non-linear energy flux computed by GS2 and
reported in [163] for which, when comparing δ < 0 to δ > 0 equilibria, deeply trapped
electrons are on average closer to the resonance condition in Eq. 12, while they are fur-
ther away everywhere else in the pitch angle space, resulting in a net overall stabilization.
It is interesting to note that, consistent with the drift precession predictions [176], also the
GS2 non-linear gyrokinetic simulations found a negligible stabilization exerted by negative
triangularity on passing electrons [163].

The interpretation based on the modification of the toroidal precession drift is valid lo-
cally, meaning that the extent of the induced stabilization depends on the triangularity value
of the given flux surface under consideration. Indeed, while the experimental results reported
in [157] reconstructed a uniform reduction of the electron heat diffusivity across the plasma
cross section, non-linear local gyro-kinetic modeling work [163,171] recovered the exper-
imental results only in the outer part of the cross section, consistent with the local value
of triangularity quickly decreasing towards the magnetic axis. While it was immediately
realized that such discrepancy hinted at global effects, such impact has only been very re-
cently demonstrated using gradient driven global non-linear gyro-kinetic simulations, which
found quantitative agreement across a large fraction of the minor radius between predicted
non-linear fluxes and the corresponding experimental values derived from a power balance
analysis [177]. In that work it was also concluded that global effects appeared important for
the δ < 0 case but not for the δ > 0 case, for which flux-tube simulations yielded adequate
results.

The stabilizing effect of δ < 0 is not restricted to TEM dominated turbulence, as ev-
idenced by non-linear gyrokinetic simulations of the more recent TCV discharges which,
being NBI heated, are characterized by mixed TEM/ITG [178]. This is consistent with NBI-
EC heated DIII-D discharges, reported in Sec. 3.4, and the corresponding gyrokinetic mod-
eling [83]. It is interesting to point out that, even in the case of ITG dominated turbulence
that will likely characterize future reactors, the overall transport level is expected to be re-
duced by decreasing the strength of the sub dominant TEM, as long as their drive is not
negligible. The fact that ITG modes are strengthened in the presence of sub dominant TEM
turbulence appears to be a rather general property of plasmas in various configurations and
has been obtained by a number of authors with both gyro-fluid and gyro-kinetic simula-
tions [179,146]. This may have beneficial consequences for a δ < 0 reactor, for which the
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sub dominant TEM are expected to be weakened by the effect exerted by plasma shape,
although this effect has yet to be quantified.

3.4 Experiments on the DIII-D tokamak

In 2016 the DIII-D team began a series of experiments aimed at validating the results ob-
tained on TCV. All plasma discharges were carried out, as on TCV, in an IWL configuration
because portions of the outer-wall on DIII-D are not armored to withstand the power flux
at the strike locations at any power level. Plasmas were designed to be up-down symmetric
with the LCFS featuring moderate triangularity δ =−0.4, while coil positioning on DIII-D
is such that plasma elongation was fixed at κ = 1.33. Comparison discharges at δ > 0 were
made by developing a mirrored shape with identical elongation but opposite value of tri-
angularity, resulting in the two shapes having the same cross sectional area. In order to
establish a link with the TCV results, experiments were first carried out with pure electron
heating, resulting in δ < 0 configurations featuring about 30% improved confinement as
compared to δ > 0 counterparts at matched values of plasma current, confining magnetic
field, line averaged density and auxiliary power. The confinement improvement was signifi-
cantly lower than that observed in [157], consistent with the fact that, due to the much lower
power per particle available in these EC-only heated discharges on DIII-D as compared to
those on TCV, plasmas were operated in an intermediate collisionality region, corresponding
to νe f f ' 0.5 near mid-radius, where the beneficial effect of δ < 0 is marginal [154,180].

Auxiliary power from the Neutral Beam Injection (NBI) system was subsequently grad-
ually increased, contingent on no sign of overheating of the outer-wall. At the maximum
power level allowed, NB heating resulted in discharges sustaining H-mode grade confine-
ment and pressure levels equal to βN ' 3 and H98,y2' 1, respectively, for several energy con-
finement times, despite relaxed edge pressure profiles typical of an L-mode regime [82,83].
The persistence of the L-mode regime at auxiliary power levels that far exceed the expected
H-mode power threshold is attributed, as explained in Sec. 2, to the stability of ballooning
modes [181]. An example of the time evolution of a typical plasma discharge is displayed
in Fig. 15, where high confinement is sustained with an L-mode edge as evidenced by the
ELM–free Dα signal. The fact that the confinement enhancement factor seen in Fig. 15 im-
proves with increasing auxiliary power is understood in terms of a power degradation of
thermal confinement that, although finite, is weaker than that expected from conventional
power scaling laws. When the fast ion energy is accounted for, these δ < 0 discharges dis-
played a near-zero power degradation of total confinement [82,83]; this is in contrast to the
ITER-89P scaling law that features a total stored energy proportional to the squared root of
the auxiliary coupled power.

Linear gyro-kinetic and gyro-fluid analysis performed with the CGYRO [182] and TGLF
[183] codes, respectively, showed that TEM is the dominant ion scale instability both in EC-
only and mixed EC-NB heated discharges, with decreased growth-rates at δ < 0 consistent
with results exposed in Sec. 3.2 [83]. Nevertheless, the use of both beam heating and the
more collisional regime in which the DIII-D discharges were operated even in the EC-only
heated phase, as compared to the collisionless discharges on TCV, lowered the Te/Ti ratio:
this caused ETG modes to be linearly unstable even in the core, whereas modeling of the
TCV discharges indicated no such feature [163,171].

The impurity confinement time was estimated by ablating suitable Aluminium targets
using the Laser Blow-Off system, yielding a particle to energy confinement time ratio,
τP/τE , of order unity [83]. As opposed to H-mode regimes, for which such ratio is typi-

26            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      

A brief history of negative triangularity tokamak plasmas 27

0

5

10

0

1.5

3 2.7

1

0

0.5

1 1.2

1 2 3 4

Time [s]

0

9

18

Fig. 15 Time evolution of DIII-D discharge #176283. From top to bottom, auxiliary power (NBI-ECH),
normalized pressure βN and internal inductance li, confinement enhancement factor H98,y2, Dα signal (Re-
produced from [83], with the permission of AIP Publishing).

cally measured in the range 2− 4, this scenario makes impurity retention less problematic
although fueling might be more difficult in large devices depending on how the main ion par-
ticle transport scales compared to that of impurities. The low τP/τE value is believed to be
due to the absence of a density edge barrier, rather than to the negative value of triangularity,
as it is consistent with results in the I-mode regime [184]. The intensity of fluctuations was
monitored by the phase contrast imaging [185] (PCI), the beam emission spectroscopy [186]
(BES) and the CECE [187] diagnostics. All systems consistently detected a decreased in-
tensity of fluctuations in δ < 0 plasmas as compared to matched δ > 0 discharges at fixed
conditions, consistent with lower transport coefficients [83]. While the radial dependence of
the reduction of the intensity of fluctuations appears to differ between the BES and CECE
systems (see Figure 5 of [83]), no dedicated study was executed trying to determine whether
the beneficial effect of δ < 0 on the intensity of fluctuations is uniform across the minor
radius or decreases towards the axis following the finite penetration length of triangularity.
As a consequence, due to the paucity of data for which both the BES and the CECE systems
were simultaneously measuring the same plasma region with good signal to noise ratio, it
is not possible to determine whether the observed difference is real or, rather, is an artifact
caused by uncertainties in the measurements.

4 Energetic particles

In order to assess whether a given cross sectional shape is beneficial for confinement, its
impact on the transport coefficients must be evaluated both for thermal and for supra-thermal
species. Indeed, if fast ion modes caused enhanced anomalous transport in δ < 0 plasmas,
this could potentially reduce the impact of the turbulence stabilization discussed in Sec. 3.1.

At present, only one published work [188], whose main findings are summarized here-
after, has reported on a DIII-D experiment dedicated to fast ion physics in δ < 0 plas-
mas. Inner-wall limited (IWL) plasmas with opposite values of triangularity were compared
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while holding actuators such as line averaged density (〈ne〉), plasma current (IP), toroidal
field (BT ) and auxiliary power the same. Fast ion modes were probed using beam heating
during the current ramp-up phase, which is the reference scenario used on DIII-D [189]
for fast ion studies because it slows down the current penetration, thereby creating a re-
gion with reverse magnetic shear, and generates a good fraction of energetic ions. The
discharge evolution is such that the LCFS in plasmas at δ > 0 converges more slowly
to its final form than its δ < 0 counterpart, resulting in 12% larger elongation for the
former. All experiments reported in the DIII-D work were carried out with BT = 2.0 T,
〈ne〉 <5×1019 m−3, IP <1 MA as well as electron and ion temperatures below 5 keV. All
δ < 0 plasmas with early beam heating display numerous Alfvén eigenmodes (AE), includ-
ing Beta induced Alfvén Acoustic Eigenmodes (BAAEs) [190], Beta induced Alfvén Eigen-
modes (BAEs) [191], Reversed Shear Alfvén Eigenmodes (RSAEs) [192] and Toroidicity
induced Alfvén Eigenmodes (TAEs) [193]. The number of unstable Alfvén modes as well as
their amplitude was found to increases in power scans, as expected. Additionally, the ampli-
tude of the AE is quantitatively comparable between the two shapes, consistent with the fact
that, although the fraction of thermal particles that are trapped is larger in δ < 0 configura-
tions, the fraction of fast ions that are trapped does not significantly depend on triangularity.
However, as displayed in Fig. 16, many of the modes in δ < 0 plasmas, especially BAEs and
RSAEs, feature a quasi-coherent or chirping frequency evolution which, on DIII-D, is more
typically found in H-mode plasmas. Some authors argue that such behavior is attributable to
a lower intensity of fluctuations in the background plasma which, by decreasing the amount
of stochastic scattering energetic particles are subject to, allows coherent structures in phase
space to shine through the background noise [194]. Values of fast ion transport were deduced
using a dedicated beam modulation technique [195] and comparing the corresponding re-
sponse measured by fast ion diagnostics to that expected by classical calculations from the
TRANSP code [196]. The measured modulated neutron emission signal departs from the
TRANSP predictions at increasing auxiliary beam power, consistent with the fact that AEs
trasnport beam ions faster than the classical expectations. However, by comparing the in-
ferred transport levels of δ < 0 discharges to those computed for oval plasmas at similar
values of auxiliary power, no dependence on triangularity was found despite a large differ-
ence in the spectra; this could be a manifestation of the fact that local fast ion gradients relax
to a marginally unstable value [188]. Based on such findings, at least in the cases examined,
fast ion transport does not appear to worsen at δ < 0 . As a result, the improved thermal
confinement displayed by δ < 0 plasmas is not expected to be deteriorated by the fast ion
population in a greater amount than the δ > 0 counterpart.

Fast ions losses entail a number of potential issues in any tokamak, both under safe
operation and physics standpoints, and are briefly discussed below. In order to establish
safe protocols for operation in δ < 0 plasmas, prompt losses were predicted in [188] to be
quantitatively similar between the two IWL shapes at δ < 0 and δ > 0 to be run on DIII-
D, although differences were found in the region of the vessel in which power would be
deposited. More recently, ion orbit losses were computed in the case of double-null diverted
configurations in [125], where it was found that, in contrast to δ > 0 plasmas in which
fast ions typically complete their banana orbits, δ < 0 plasmas are expected to suffer from
enhanced losses primarily due to the X-point diverting trapped fast ions to the inner plate.
The subsequent creation of edge electric fields is argued to inhibit the formation of H-mode
pedestals in diverted δ < 0 configurations. This mechanism, however, would not explain
the higher L→H power threshold observed in IWL δ < 0 configurations when compared to
δ > 0 counterparts [83].
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Fig. 16 ECE spectrograms displaying the time evolution of a variety of Alfvén modes in the current ramp-up
phase of δ > 0 DIII-D discharge #170680 (a-c) and δ < 0 discharge #170660 (b-d). (Reproduced from [188],
with the permission of IAEA Publishing).

5 Power exhaust

Comparatively little work has been performed to date on characterizing the power exhaust
properties of negative-triangularity plasmas. In fact, to our knowledge there is a single pub-
lished article on the subject, which examined some features of this issue in TCV [197].

This work focused on the SOL power fall-off length, λq, and in particular on its depen-
dence on triangularity in L-mode. The scenario used in this study featured a lower-single-
null diverted shape with lower positive triangularity and varying upper triangularity δup,
from -0.28 to 0.47. The value of λq at the outer target was found to decrease monotonically
with δup going from positive to negative, independently of the direction of the magnetic ∇B
drift and of the main ion species being deuterium or helium. By contrast, the inner power
fall-off length features a maximum at δup ∼ 0 and decreases with finite triangularity of either
sign [197].

The value of λq, particularly at the outer target which generally features a larger heat
flux, is of great importance in a reactor as it directly affects the heat load on a reactor’s first
wall, smaller values being increasingly worrisome. The decrease of the outer fall-off length
with negative triangularity can thus be seen as a detrimental effect. However, the values
of power fall-off lengths are related to the spatial scale lengths of pressure profiles which,
in turn, are set by the turbulence levels for a given flux. As such, δ < 0 discharges with
improved confinement over matched δ > 0 counterparts are characterized by shorter λq.
However, the TCV team reported that δ < 0 L-mode plasmas with H-mode grade confine-
ment are characterized by wider λq [197] than δ > 0 plasmas with comparable core perfor-
mance [198]. Similarly, it has been recently reported on DIII-D that the SOL power fall-off
length in δ < 0 L-mode plasmas characterized by H-mode grade confinement and pressure
levels (H98,y2 ' 1, βN ' 3) exceeds by 50% values from the ITPA scaling law [199]. This
result is understood by considering that, as explained above, λq widens with stronger turbu-
lence near the edge, as is typically measured in L-mode vs H-mode plasmas. When evaluat-
ing the requirements relative to exhaust power in L-mode δ < 0 vs H-mode δ > 0 plasmas,
for similar values of global confinement, such observations add further to the merits of the
former scenario vs the latter.

To conclude, we note that δ < 0 plasmas are also particularly attractive from a power
exhaust stand-point because the strike points naturally impinge on the divertor on the low
field side of the machine. As such, for a given value of λq on at the separatrix, the heat flux
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foot print is wider than that in δ > 0 counterparts by the ratio of the major radii at which
strike points impinge on the divertor in these two configurations.

Conclusions and future perspectives

The negative-triangularity tokamak is a concept that has existed for over five decades and has
been actively explored experimentally for twenty-five years. Yet, in some ways it can be said
to be in its infancy because, for most of this time, it has been a fringe configuration studied
as little more than a curiosity from a theoretical standpoint and investigated experimentally
with perseverance only on the TCV tokamak.

Indeed, based on initial MHD estimates, plasmas at negative triangularity were not ex-
pected to achieve reactor relevant pressure levels. Furthermore, although early experiments
did succeed in controlling NT plasmas [50,151,51]), plasmas were most probably too colli-
sional and not sufficiently triangular, or elongated, to observe the confinement improvement
that was much later obtained on TCV and DIII-D [157,82]. As such, negative triangular-
ity plasmas, along with other non standard configurations like the bean-shaped [104], could
not compete with promising results obtained in standard-dee plasmas. The discovery of the
H-mode regime [21], which happened at about the same time, understandably steered the
fusion community towards configurations at positive triangularity.

As the realm of energy and particle confinement began to be experimentally explored
and theoretically developed, it was realized that tokamak performances are mostly curtailed
by confinement properties and density limits, rather than by ideal MHD boundaries, obvi-
ously provided the latter are above the target equilibria. Thus, between the counteracting
properties of better confinement and decreased stability in NT plasmas, the former began to
have a dominant role. High β equilibria that benefited from an improved confinement due to
stabilization of micro-instabilities from banana tips being in the good curvature region were
proposed in the mid-1990s [200,76,144], but failed to attract vast interest worldwide.

Only with the recent development of integrated scenarios that need to simultaneously
optimize all aspects of a reactor, from pressure levels sustained in the core to wall exhaust,
has the fusion community started to realize the immense challenges that a reactor based on
conventional scenarios will face. Indeed, an optimal design of a reactor should by definition
be near all the related limits, taking into account the respective risks, and should not favor
a particular parameter, e.g. MHD limit with respect to exhaust. Consequently, the need for
alternative options for DEMO has lately caused a decisive paradigm shift in how negative
triangularity is perceived by the fusion community. The important additional contributions
of DIII-D and the very recent developments on HL-2M [62] and on ASDEX Upgrade [201]
bear witness to a renewed worldwide interest and the option of a negative-triangularity re-
actor is now being looked at very seriously indeed [35].

There is every reason to believe that the coming decade will see rapid progress towards a
thorough characterization of the negative-triangularity tokamak concept, and bring us close
to a proper reactor feasibility assessment.
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