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Abstract
Linear magnetohydrodynamic (MHD) simulations for the SMall Aspect Ratio Tokamak
(SMART) have been carried out for the first time, for both positive (PT) and negative
triangularity (NT) shaped plasmas using the MARS-F code. The MHD stability of projected
SMART plasmas against internal kinks, infernal modes and edge peeling-ballooning modes
have been analyzed for a wide range of realistic equilibria. A stabilization of internal kinks and
infernal modes is observed when increasing the safety factor profile and reducing plasma beta.
PT shaped plasmas are more stable against both internal kinks and infernal modes than their
counterpart NT shaped plasmas. Toroidal flows have little impact on the MHD stability of the
internal kinks, but they have a strong stabilizing effect on infernal modes, which can be further
mitigated in NT shaped plasmas. The MHD stability of peeling-ballooning modes is reduced in
NT shaped plasmas, as observed in conventional tokamaks.
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1. Introduction

Spherical tokamaks (STs) are a promising concept
towards commercial fusion due to their compact form,
cost-effectiveness and high power densities [1–3]. STs are
characterized by having small aspect ratios, A= R/a≲
1.2− 2.0 (a,R are minor and major radius, respectively).
Compared to the conventional high-aspect ratio (A≳ 3) toka-
maks, STs have shown high bootstrap current fractions [3, 4],
improved stability against pressure-driven [2] and particle-
driven instabilities [5, 6]. These benefits are generally attrib-
uted to enhanced plasma β (β = p/B2

0/2µ0, i.e. ratio between
kinetic and magnetic pressures) and, additionally, are thought
to arise from the strong flow shear present in low aspect ratio
plasmas [7, 8].

Not only low-aspect ratio plasmas show beneficial effects
as those above mentioned, but the plasma shape is known to
have a strong impact on the pressure and current limits [9,
10]. In conventional high-aspect ratio tokamaks, the effects of
elongation and triangularity have been widely studied. Prior
works showed that highly elongated and triangular plasmas
have positive effects on the energy confinement time [11–13],
electron heat transport [10], core stability [14] and edge sta-
bility in low and high confinement mode (L-mode and H-
mode, respectively) plasmas [15, 16]. Negative Triangularity
(NT) plasmas have shown H-mode plasma performance des-
pite of being operatedwith L-mode-like edge pressure profiles,
with low turbulence levels and a plasma edge devoid of Edge
Localized modes (ELMs) [17–29], which supports the viabil-
ity of an L-mode scenario for future fusion reactors [30].

Although NT high-aspect ratio plasmas have shown posit-
ive and encouraging results, little is known about the plasma
shaping effects on plasma transport and stability in low-aspect
ratio plasmas. The SMall Aspect Ratio Tokamak (SMART)
[31–34] has been designed to study the prospects of non-
conventional shaping, including NT for a ST based fusion
power plant. Recently, reference scenarios for SMART [35]
have been computed with the 1.5D transport code ASTRA
[36] coupled with the equilibrium code FIESTA [37] to pre-
dict the temperature and density profiles, which are needed to
foresee the expected SMART performance within basic mag-
netohydrodynamic (MHD) stability limits. A thorough MHD
stability analysis, and its impact on the expected SMARToper-
ational regimes, has not been carried out yet.

This paper shows the first MHD stability analysis of pro-
jected SMART plasmas and is organized as follows. Section 2
presents the computational model employed to study theMHD
stability of SMART. Section 3 shows the simulation results.
Section 4 discusses the simulation results and their implica-
tions for the performance of SMART. The paper ends with the
conclusions in section 5.

2. Computational models

In this work, the ideal MHD linear stability has been stud-
ied with the MARS-F code [38]. MARS-F solves the stand-
ard, linearized MHD equations in a generic toroidal geometry,

and can include additional physical effects such as the toroidal
equilibrium flowV0 = RΩeφ, whereV0 is the flow velocity,Ω
is the toroidal rotation angular frequency and eφ is the unitary
vector along the toroidal angleφ. The extended fluid equations
including the toroidal equilibrium flow are shown below.

(λ+ inΩ)ρ1 =−∇ · (ρv) ,
(λ+ inΩ)ξ = v+(ξ ·∇Ω)R2∇φ, (1)

ρ(λ+ inΩ)v=−∇p+ j×B+ J×Q

+ ρ
[
2Ω∇Z× v− (v ·∇Ω)R2∇φ

]
(2)

+ ρ1Ω∇Z×V0, (3)

(λ+ inΩ)Q=∇× (v×B)+ (Q ·∇Ω)R2∇φ, (4)

(λ+ inΩ)p=−v ·∇P−ΓP∇· v. (5)

Here, ρ, B, J and P are the equilibrium plasma density, mag-
netic field, plasma current density, and pressure, respectively.
The perturbed quantities, which are related to the eigenfunc-
tion of the mode, are the perturbed plasma density ρ1, the
plasma displacement ξ, the perturbed velocity v, the per-
turbed magnetic field Q, the perturbed plasma current dens-
ity j=∇×Q and the perturbed plasma pressure p. The
eigenvalue is λ and, generally, is a complex number (we
use i to denote the imaginary unit); λ= γ+ iω, where γ is
the growth rate and ω is the mode frequency. The toroidal
mode number is denoted by n, which will take the values
n= 1, · · · ,10. Finally, Γ = 5/3 is the ratio between the spe-
cific heats for the MHD closure. MARS-F solves the one-
fluid MHD equations in a magnetic flux coordinate system
(s,χ,φ), with s≡ ρpol =

√
(Ψ−Ψ0)/(ΨLCFS −Ψ0) the nor-

malized poloidal flux coordinate [here, Ψ is the poloidal flux;
Ψ0 andΨLCFS denote the poloidal flux at the magnetic axis and
at the Last Closed Flux Surface (LCFS), respectively], χ is a
generalized poloidal angle and φ denotes the toroidal angle.
The grid resolution is Ns×Nχ = 240× 960.

The reference scenarios computed with ASTRA [35] are
the Ohmic Baseline Scenario (OBS) and the Neutral Beam
Injection Heated Scenario (NBIHS). In the NBIHS, the
injection power is PNBI = 1MW and the injection energy
is ENBI = 25keV. In these scenarios, the toroidal magnetic
field, plasma current, elongation, triangularity, major radius
and minor radius are Bt ∼ 0.4T, Ip ∼ 0.2MA, κ∼ 1.95,
δ ∼ 0.35, R0 ∼ 0.526m and a∼ 0.265m, respectively. The
normalized plasma beta, defined as βN = β (%)× a(m)×
Bt (T)/Ip (MA)[39, 40], is βN ∼ 1.4 (∼ 4.4) in the OBS
(NBIHS). Both scenarios are characterized by amonotonically
increasing safety factor profile q which we note has q0 < 1,
q0 being the value at the magnetic axis. Figure 1 shows the
thermal plasma profiles for the OBS andNBIHS, together with
the safety factor profile. To scan the effects of the triangular-
ity δ, we prescribe the plasma boundary using the following
formula,

R= R0 + acos(θ+ δ sinθ) , (6)

Z= aκsinθ, (7)

where θ is the geometric poloidal angle. To obtain the MHD
stability limits of SMART, the fixed boundary Grad-Shafranov
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Figure 1. Electron density (black), electron temperature (blue), ion
temperature (red), safety factor profiles (grey) and pressure
(magenta) for the OBS (continuous) and NBIHS (dashed).

Table 1. Variables used throughout this paper and their
normalization factors. Note that ωA is the on-axis Alfvén frequency.

Symbol Magnitude Normalization

p Pressure B2
0/µ0

I∥ Parallel current density B0/(µ0R0)

Ψ Poloidal magnetic flux B0/R
2
0

γ Linear growth rate ωA

ω Frequency ωA

solver of CHEASE [41] is used to modify the equilibrium
parameters. The elongation remains the same in all the equi-
libria examined in this work. Table 1 shows the normalization
employed for the variables discussed in this work. Note that
ωA is the Alfvén frequency at the magnetic axis, ωA = vA/R0

and vA = B0/
√
µ0mHn0 as we are studying a hydrogen plasma.

3. Simulation results

3.1. Core MHD stability

The ideal MHD stability analysis of SMART at the plasma
core for the parameters of the OBS described above has been
performed and is shown in this section. Figure 2 shows the lin-
ear growth rate of n,= 1, · · · ,10mode of the investigated scen-
ario. The results indicate that the n= 1 internal kink [42–44]
and the n= 2, · · · ,10 (except n= 3) infernal modes [45, 46]
are linearly unstable. The internal kink mode is an instabil-
ity that takes place at the plasma core and is mostly driven
by the plasma current. However, in tokamak plasmas, the
internal kink is partly driven by the plasma pressure, in vir-
tue of the Bussac criterion [43]. Infernal modes can be con-
sidered MHD instabilities driven both by the plasma pres-
sure and plasma current, whose resonant surface is inside the
plasma in a region where the magnetic shear is low and the

Figure 2. Linear growth rate of internal kink (n= 1) and infernal
modes (n= 2, · · · ,10) in the OBS case.

Figure 3. Spatial structure of n= 1 internal kink. (a) Radial profile,
(b) 3D reconstruction. Black contours show the LCFS.

pressure gradient is large around the resonant surface, so that
the pressure and current gradients drive are enough to com-
pensate the stabilizing effect of the field-line bending [46,
47]. Figure 3(a) shows the radial profile of the n= 1 internal
kink, together with a 3D reconstruction in figure 3(b). The
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Figure 4. Spatial structure of n= 5 infernal mode. (a) Radial
profile, (b) 3D reconstruction. Black contours show the LCFS. From
left to right, the black vertical dashed lines represent the resonant
surfaces qr = m/n= 1.0,1.2,1.4, respectively.

internal kink has a strong (m,n) = (1,1) component, as well as
a weak (2,1) component. As an example of an infernal mode,
figure 4(a) shows the radial profile of the n= 5 infernal mode,
accompanied with its 3D reconstruction in figure 4(b). Infernal
modes typically take place near q= m/n≈ 1 and when q
is rather flat, which is the case under consideration. Both
figures show

∣∣ξ 1
∣∣, where ξ1 = Jξ ·∇ρpol, and J is the Jacobian,

J= [∇ρpol × (∇χ×∇φ)]
−1.

In the following, parameter scans are carried out to under-
stand the MHD stability limits of these modes, using a mod-
ified OBS equilibrium (unless otherwise specified) in which
βN is increased to βN = 2.2 to make the n= 3 mode unstable
and study its stability limits. We use the CHEASE code to pre-
pare all these equilibria. CHEASE uses I∥ and p′ (or, equival-
ently, dp/dΨ) profiles as input. The increase of βN is achieved
by multiplying p′ profile by a constant. Additionally, we will
remove any features at the plasma edge from I∥ and p′ pro-
files by making both of them go to zero. This is done to guar-
antee that peeling-ballooning modes are not simulated when
other quantities such as βN are scanned, since this section
is focused on the MHD stability in the plasma core. To cla-
rify the starting point for the parameter scans, tables will be

Figure 5. (a) q-profile, (b) normalized I∥ and (c) p′ profile during
q0 scan.

included alongside the corresponding section if needed. The
equilibrium mass density profile is given by ρ= mHne. The
equilibrium electron density profile, ne, used in all the simu-
lations always corresponds to that of the OBS to simplify our
analysis.

3.1.1. Safety factor profile scan The effects of the safety
factor profile are now addressed. Figure 5(a) shows the dif-
ferent q profiles used for the scan. These profiles are con-
structed by increasing q0 by steps of 0.1. As the equilibria
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Table 2. Reference values for equilibrium parameters used in the
safety factor profile scan, see section 3.1.1.

Equation parameter Value

δ 0.35
Ip 0.20 MA
q0 0.75
qa 5.44
βN 2.20, 1.40

Figure 6. Linear growth rate γ vs toroidal mode number for each q
profile for βN = 2.2 (a) and βN = 1.4 (b).

are calculated self-consistently for each case, a change in the
q-profile also implies a change in the current density profile,
as shown in figure 5(b). The p′ profile does not change when
modifying q during this scan and is shown in figure 5(c). We
start from q0 = 0.75, which corresponds to the case labeled as
‘q1’ and represents the starting point for this scan (the refer-
ence parameters are listed in table 2), and the case labeled as
‘q10’ has q0 = 1.65. The current density and q profiles for ‘q1’
case are those of the original OBS.

The MHD stability of these equilibria are calculated and
the linear growth rate for each toroidal mode is shown in
figure 6 for βN = 2.2 (a) and βN = 1.4 (b). The linear growth
rate of the n= 1 internal kink decreases for increasing q0
and, for the ‘q5’ (a) [‘q4’ (b)]) case, it becomes stable. For
n⩾ 4 infernal modes, increasing q0 has always a stabilizing
effect as observed in figures 6(a) and (b), with the exception
of n= 8 in figure 6(b) in the transition from ‘q1’ to ‘q2’. In
figure 6(a), themodes are stable for ‘q10’, whereas at βN = 1.4
they are already stable in the ‘q5’ case. Note that n= 2,3
modes become more unstable when q0 increases from ‘q1’
to ‘q2’ in figure 6(a). Additionally, note that n= 3 mode is

Figure 7. Radial profile for n= 3 (a) and n= 10 (b) modes for some
of the q profiles scanned with βN = 2.2. Only most unstable m
poloidal mode number is shown for each case.

more unstable when q0 increases from ‘q4’to ‘q5’. This can
be understood if we examine how the mode profile changes
with the q profile. Figures 7(a) and (b) show the n= 3 and
n= 10 profiles for βN = 2.2 and for several of the q profiles
scanned. The different poloidal modes of n= 3 peak at q =
1.20 (‘q1’), 0.97 (‘q2’), 0.99 (‘q3’), 1.32 (‘q4’) and 1.32 (‘q5’)
for m= 3,3,3,3,4, respectively, whereas n= 10 peaks at q =
0.80 (‘q1’), 0.9 (‘q2’), 1.1 (‘q3’), 1.2 (‘q4’) and 1.3 (‘q5’) for
m= 9,10,13,14,15, respectively. With regards to n= 3, the
mode is more unstable in ‘q2’ than in ‘q1’ because the |∆q|
decreases (here, ∆q= qpeak − qr, qpeak is the value of q at the
peak location and qr = m/n is the value at the resonant sur-
face), reducing the field-line bending stabilizing effect. From
‘q2’ to ‘q3’, the mode moves to an inner radial location where
the current gradient drive at the resonant surface is smaller,
reducing the drive and, therefore, reducing the growth rate.
From ‘q3’ to ‘q4’, the mode moves to an outer radial loca-
tion where |∆q| increases, which increases the field-line bend-
ing stabilizing effect. Finally, at ‘q5’ we get a smaller |∆q|,
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Figure 8. (a) Safety factor q profile for different triangularities. (b)
Normalized I∥ and p′ profiles used for the δ scan.

and the mode peaks at an inner radial location, where the cur-
rent gradient is smaller. For n= 10, the field-line bending does
not change so much between ‘q1’ and ‘q2’. Additionally, the
mode peaks at similar locations in both simulations, therefore
the pressure and current gradient drives should be very sim-
ilar. However, the unstable m increases from 9 to 10, and that
could have a stabilizing effect, as the growth rate scales with
1/m2 [46, 48]. For the rest of cases, ∆q takes similar values
and m increases, which has a stabilizing effect.

3.1.2. Triangularity scan. We analyze now the MHD stabil-
ity of the internal kink and infernal modes for several values
of δ. Figure 8(a) shows the q-profile for the different δ values
examined here. The q-profile is modified mostly at the edge
of the plasma. In this scan, I∥ and p′ take the values of the
modified OBS equilibrium with βN = 2.2, previously labelled
as ‘q1’ in the q scan, and both go to zero at the plasma edge,
as shown in figure 8(b). Table 3 summarizes the equilibrium
parameters of the starting point of this scan. Figure 9 shows the
linear growth rate of the n= 1 internal kink and n= 2, · · · ,10
infernal modes for each δ. In general, the decrease of the tri-
angularity makes the plasma more linearly unstable against
these modes, which suggests that the internal kink and infernal
modes have a reducedMHD stability boundary in NT SMART
plasmas.

We analyze the triangularity effects in more detail.
Figure 10(a) shows (m,n) = (4,5)mode profile for δ =±0.5,

Table 3. Reference values for equilibrium parameters used in the
triangularity scan, see section 3.1.2.

Equation parameter Value

δ −0.50
Ip 0.20MA
q0 0.75
qa 3.78
βN 2.80

Figure 9. Linear growth rate of core n= 1, · · · ,10 modes for
different δ values.

which corresponds to the pair of modes (m, n) most unstable
for n= 5, peaking close to the resonant surface qr = 0.8.
As we can observe, the mode moves radially inwards when
δ =−0.5, where the pressure is larger; note that the growth
rate of infernal modes is proportional to β2

p [48]. This might
explain the increasing growth rate for medium-n infernal
modes.

For high-n infernal modes, we observe the opposite. In
figure 10(b), we plot the n= 10 mode profile for the most
unstable m for both δ =±0.5. In this case, the mode moves
radially outwards when δ =−0.5. The value of∆q/qr is very
similar for both cases, and the pressure slightly decreaseswhen
the modemoves radially outwards. The most plausible explan-
ation is found in the shape of each individual flux surface. The
flux surfaces for both δ =±0.5 are shown in figure 11. When
approaching the plasma core, the triangularity of the flux sur-
faces tend to decrease. Therefore, the destabilizing effect of
increased curvature brought by NT will become more pro-
nounced for modes that are localized radially outwards. For
n= 5, the mode peaks at flux surfaces with similar shape.
However, n= 10 mode peaks at ρpol ≈ 0.32 (0.45) for δ =
+ (−)0.5, therefore wemight expect some additional destabil-
izing effect on the infernal mode. This could also explain why
n= 1 is more unstable in NT, as the internal kink can extend
to ρpol ≈ 0.5 as shown in figure 3.

3.1.3. Plasma beta scan. We have analyzed the βN limit
of the SMART tokamak due to the internal kink and infernal
modes. In the βN scan, the q-profile slightly changes, as shown
in figure 12(a). In this scan, we start from the modified OBS
equilibrium labeled as ‘q5’ in figure 5 and table 4 summar-
izes the equilibrium parameters of such a case. Figure 12(b)
shows the linear growth rate of the n= 1 internal kink and
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Figure 10. Mode (m,n) = (4,5) (a) and mode n= 10 (b) profiles
for δ =±0.5 (left axis, full line), safety factor (right axis, colored
dashed lines). Colored vertical dashed lines are used to highlight the
value of q at the corresponding mode peak location. Only most
unstable poloidal mode numbers are shown for each case.

Figure 11. Flux surfaces labelled by ρpol in the poloidal plane
zoomed at the plasma core, for δ =+0.5 (dashed) and δ =−0.5
(full).

n= 2, · · · ,10 infernal modes for several values of βN. It is
observed that the infernal modes are linearly unstable from
βN ⩾ 2. Notice that, according to the result shown in figure 12,

n= 1, · · · ,10 modes will be linearly unstable in the NBIHS
due to the larger βN compared to the OBS.

3.1.4. Ideal MHD stability analysis with MEGA. The linear
ideal MHD stability analysis of internal kink and infernal
modes has also been performed using the MHDmodule of the
MEGA code without non-ideal physical effects and without
energetic particles [49]. We consider the equilibrium case with
δ =−0.5 shown in figures 8(a) and (b). The linear growth rate
of n= 1, · · · ,10 modes calculated with MEGA and MARS-F
is shown in figure 13. The largest relative difference between
the growth rates obtained with both codes is 14%. The dif-
ference probably comes from the mapping of the equilib-
rium from the flux-coordinate system to the rectangular box
of (R,z). Since the differences between MARS-F and MEGA
simulation results are small, we conclude that both calcula-
tions reasonably agree.

3.2. Toroidal flow effects on internal kink and infernal modes

Toroidal rotation flow shall be considered in this subsection.
For this study, we consider two different toroidal rotation fre-
quency profiles, which is the input we give to MARS-F. The
analytical formula we use to construct the toroidal angular
rotation profile is

Ω

ωA
=

1
2
Ω0

ωA

[
1− tanh

(
ρpol − ρ0

σρ

)]
, (8)

where ρ0 and σρ are the parameters we use to modify the flow
shear, and Ω0

ωA
controls the amplitude of the profile. Figure 14

shows two different profiles of the normalized toroidal rotation
frequency profile, labelled as ‘p1’ and ‘p2’. The parameters
are

p1 : ρ0 = 0.45,σρ = 0.1, (9)

p2 : ρ0 = 0.15,σρ = 0.3, (10)

and, for both kind of profiles, we will consider different values
of Ω0

ωA
. In this work, the equilibrium calculation ignores the tor-

oidal flows. This assumption is reasonable, since the toroidal
flows considered here are much smaller than the sound speed
[50–53].

We study the effects of the toroidal rotation frequency in
both positive and negative triangularities, taking δ =±0.5
examined previously in the triangularity scan. The maximum
amplitude of rotation considered in this work are in the range
of those observed in a MAST plasma discharge [54]. The
rest of equilibrium profiles and parameters are taken from
the modified OBS equilibrium with βN = 2.2 and q0 < 1.
Figures 15(a)–(d) show the linear growth rate of n= 1, · · · ,10
modes and figures 15(e)–(h) their frequency for δ= 0.5 and
δ =−0.5, respectively. According to our simulation results,
the effect of the toroidal rotation frequency on the linear
growth rate can be stronger for δ =−0.5 than for δ= 0.5. One
can see that, for the ‘p1’ rotation profile, the linear growth
rate of the infernal modes n⩾ 5 decreases faster in NT plas-
mas compared to Positive Triangularity (PT) plasmas. For
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Figure 12. (a) q-profile for each βN examined. (b) Linear growth rate for the n= 1 internal kink and n= 2, · · · ,10 infernal modes for
several values of βN.

Table 4. Reference values for equilibrium parameters used in the
plasma beta scan, see section 3.1.3.

Equation parameter Value

δ 0.35
Ip 0.15MA
q0 1.15
qa 8.95
βN 4.60

Figure 13. Linear growth rate of core n= 1, · · · ,10 modes
calculated with MEGA and MARS-F, for the δ =−0.5 case.

instance, the highest linear growth rate observed in NT plas-
mas is reduced by a factor of 62.5%, whereas it is reduced
by a factor of 16.7% in PT plasmas. This is expected since
figure 10(b) showswhere the high-nmodes peak in PT andNT.
The high-n infernal modes peak at the radial location where
the flow gradient is large for the ‘p1’ case in NT, whereas in
PT peak at an inner radial location, where the flow gradient is
smaller. It can also be observed that the most unstable mode
number, in the presence of toroidal flows, is n= 1 in NT plas-
mas, but higher-nmodes still remain as the most unstable ones
in PT plasmas. The ‘p2’ rotation profile, on the other hand,

Figure 14. Toroidal rotation profiles normalized by ωA for
Ω0
ωA

= 0.10.

has a weaker effect on the mode stability. Notice that, for the
‘p2’ case, the impact on the n= 4 linear growth rate is stronger
than that observed for the ‘p1’ case, while for n= 3 the obser-
vation is the opposite. It is also worth noting that the toroidal
flow practically does not affect the linear growth rate of low-n
modes (n= 1,2), having a veryweak destabilizing effect. Note
that the frequency of the modes is affected in the presence of
toroidal flows. We see that the modes have a larger frequency
for the ‘p1’ rotation profile than for ‘p2’ case for both trian-
gularities examined here. For high-n infernal modes, note that
ω ∼ nΩ(ρpol), however this does not hold for lower-n modes,
as these are less localized. Note that Ω(ρpol) corresponds
to the local rotation frequency at the radial location of the
mode.

Figure 16 shows a βN scan with and without toroidal flows
(the case with toroidal flows considers the ‘p1’ profile and
Ω0/ωA = 0.10), for both δ =±0.5. In the ideal MHD simu-
lation, the modes are always more unstable in NT. However,
in the presence of toroidal flows, most of the infernal modes
are completely suppressed at βN = 1.4, which is the value
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Figure 15. Linear growth rate (a)–(d) and frequency (e)–(h) of n= 1, · · · ,10 modes in the presence of toroidal flows for δ =−0.5 (left
column) and δ= 0.5 (right column). Panels (a) [(c)], (b) [(d)], (e) [(g)] and ( f ) [(h)] correspond to p1 (p2) case.

for the OBS, being n= 2,5,6 the infernal modes remain-
ing unstable, with a larger growth rate than in the PT
plasma.

3.3. MHD stability of peeling-ballooning modes

Peeling-ballooning modes are driven by the pressure gradients
and current densities at the plasma edge and are thought to
describe the ELM onset [55]. An example of such modes at
the plasma edge of SMART is shown in figures 17(a)and (b),
which depicts the 3D structure of n= 10 mode for δ= 0.5
and δ =−0.5, respectively. Here, we study how the peeling-
ballooning MHD stability boundary of SMART is affected by

the triangularity. A set of equilibria with different pressure
gradient and current densities at the plasma edge are gener-
ated for different values of δ. The pressure gradient and current
density are modified as follows,

p ′
mod = p ′

old −Cp exp

[
−
(
ρpol − ρ0

σ

)2
]
, (11)

I∥mod
= I∥old

+Cj exp

[
−
(
ρpol − ρ0

σ

)2
]
. (12)

Here, the subindices ‘mod’ and ‘old’ stand for the mod-
ified profile and the profile without any feature at the edge,
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Figure 16. Plasma beta effects without (a) and with (b) toroidal
flows, using ‘p1’ profile with Ω0/ωA = 0.10, for δ =−0.5 (full)
and δ =+0.5 (dashed).

respectively, and ρ0 = 0.96, σ= 0.02, thus the modification
is directly applied at the plasma edge by creating a (Cp,Cj)
matrix that ranges from [(4− 0) ,(0− 3)]. The ‘old’ p′ and
I∥ profiles are those labelled as ‘q1’ in the safety factor pro-
file scan shown in figure 5, and the equilibrium parameters
used there (see table 2) correspond to the starting point of this
study, except for the triangularity, as will be clarified shortly.
The peeling-ballooning MHD stability diagram will be shown
in (αmax, jped/⟨j⟩) coordinate space, since they are the drivers
for the peeling-ballooning modes. They represent the normal-
ized pressure gradient and current density, respectively, and
are defined as [56, 57]

α=
µ0

2π2

∂V
∂Ψ

(
V

2π2R

)0.5 dp
dΨ

,αmax =max(α) , (13)

jped
⟨ j⟩

=
max

(
I∥
)

⟨I∥⟩
, (14)

where V is the volume of a flux surface and ⟨(·)⟩ means aver-
age with respect to the poloidal flux of (·). Figures 18(a)
and (b) represents the peeling-ballooning MHD stability dia-
gram in SMART for triangularities δ =±0.3, respectively.
The figure is colored according to the linear growth rate of the
most unstable mode number at the corresponding grid point
of the (αmax, jped/⟨j⟩) mesh. The dark regions correspond to
grid points of the (αmax, jped/⟨j⟩) mesh in which no peeling-
ballooning mode is observed to be linearly unstable. The sim-
ulation results indicate that NT plasmas are prone to be more
limited by peeling-ballooning modes, since for δ =−0.3 the
stable region has a smaller area compared to plasmas with
δ= 0.3.

Figure 17. 3D illustration of an n= 10 mode at the edge of SMART
for δ= 0.5 (a) and δ =−0.5 (b). Black contours show the LCFS.

In addition, we have computed the linear MHD stability
diagram of peeling-ballooning modes for a configuration of
SMART with higher aspect ratio. This will allow us to address
the question of whether a conventional tokamak would show
better MHD stability properties against peeling-ballooning
modes compared to STs. The aspect ratio is increased to
A= 3 by increasing R0 while fixing a. The magnetic field
has also been changed, so that the plasma beta and total cur-
rent are as close as possible to the original spherical case.
The matrix (Cp,Cj) ranges from [(13− 0) ,(0− 5.5)] in this
case. Figures 18(c) and (d) illustrates the MHD stability dia-
gram for δ= 0.3 and δ =−0.3 with A= 3, respectively. For
a plasma with aspect ratio A= 3, the plasma is more prone to
develop peeling-ballooning modes compared to the spherical
case. Notice that, for a conventional tokamak, the NT configur-
ation also shows a reducedMHD stability boundary compared
to its positive counterpart.

Additionally, we have performed a triangularity scan while
fixing p′ and I∥ as observed in figure 19, which shows how the
q, I∥ and p′ are taken for this scan. In such a case, αmax ≈ 12

10



Nucl. Fusion 64 (2024) 126028 J. Dominguez-Palacios et al

Figure 18. Peeling-ballooning MHD stability diagram for aspect
ratio A= 1.98 (top row) and A= 3 (bottom row). In the figures,
δ= 0.3 (a), (c) and δ =−0.3 (b), (d). The color corresponds to the
linear growth rate of the most unstable mode number at the
corresponding grid point of the (αmax, jped/⟨ j⟩) mesh.

and jped/⟨j⟩ ≈ 1.8, while q changes as a consequence of chan-
ging the triangularity, as observed in the inset of figure 19(a).
Figure 20 depicts the simulation results for this scan, with
a large pressure gradient at the edge, and we observe that
the linear growth rate of finite-n peeling-ballooning modes
is strongly impacted when the triangularity changes (this can
also be inferred from figure 18). For lower triangularity, and
especially for δ < 0, we see that the linear growth rate of
n= 1, · · · ,10 increases. In addition, while keeping fixed I∥
and p′ during the scan, the most unstable mode number shifts
to a lower one. As it can be observed, n= 10 is the most
unstable mode for δ= 0.3, whereas n= 5 becomes the most
unstable one for δ =−0.3. Therefore, changing the trian-
gularity not only impacts the stability diagram for peeling-
ballooning modes but can also shift the most unstable mode
number.

The p′ (and therefore α) for this scan is deliberately chosen
to be large (well into the unstable region of figure 18) to
test the behavior of unstable peeling-ballooning modes as
plasma triangularity is modified. Infinite-n ballooning stabil-
ity, calculated with the codes BALOO [58] and ballstab (a
module of GS2 [59]), for the δ scan of figure 20, shows
the expected behavior from reference [60], and consistent
with figure 18, that when δ decreases the plasma is balloon-
ing unstable for a wider range of α values. As shown in
figure 21(a), the peak α is predicted to be in the second stabil-
ity region, but there is no open window of stability in (α,ρpol)
space to support the steep H-mode like pedestal assumed in
figure 19, even at the highest triangularity. Figure 21(b) shows
the ballstab calculation of s vs. −dβ/d(r/a) for four flux
surfaces, where s= (r/q)(dq/dr) is the magnetic shear and
−dβ/d(r/a) is a quantity similar to α. The figure confirms

Figure 19. (a) q profile for the δ scan of peeling-ballooning modes.
Inset shows a zoom in the pedestal region. (b) Normalized I∥ and p′

for the δ scan of peeling-ballooning modes.

Figure 20. Linear growth rate of peeling-ballooning n= 1, · · · ,10
modes for different δ.

that flux surfaces interior to the peak p′ are stable, around the
peak p′ are unstable, and at the peak are in the second stability
region. However, the s value is too large for an open win-
dow to second stability which would allow this steep pressure
profile.
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Figure 21. (a) α vs ρpol as calculated by the BALOO code. The α
profile in grey corresponds to the p′ profile in figure 19, while the
colored lines represent the first and second stability boundaries. (b)
s vs. −dβ/d(r/a) as calculated by the ballstab code for the δ= 0.3
case. The markers show the location of the individual flux surfaces
indicated, while the lines represent the stability boundaries, with the
left being the first stable region, inside the lines being unstable, and
the right the second stable region.

4. Discussion

We analyze here the implications of the simulations presented
in the previous sections on both the OBS and NBIHS. At the
plasma core, the internal kink and infernal modes are expected
to appear in the OBS. We have observed that elevating
the q-profile while keeping a flat profile shape leads to an
improvement on the stability against these modes. Increasing
βN has a destabilizing impact on n= 1, · · · ,10 modes. In

particular, for βN ∼ 4.4, the internal kink and infernal modes
are linearly unstable, and so they are expected to appear in
the NBIHS. However, in the experiments, NBI induces a tor-
oidal rotation [61] that, according to our analysis, may have a
strong stabilizing effect on infernal modes (through the same
physical mechanism by which they can stabilize high-n bal-
looning modes [62, 63]) if the flow gradient at the mode loc-
ation is large, whereas they have very little effect on low-n
(n= 1,2) modes, probably because of the global character that
these modes have. Although there is still no prediction of the
expected plasma rotation in SMART, we believe that the tor-
oidal flows will not be enough to stabilize the infernal modes
in scenarios with flat q-profiles. We have examined a case
(not shown here) with a monotonically increasing q-profile
in which q0 > 1 and βN = 3.65. In such a case, the toroidal
flows could not stabilize the infernal modes. Therefore, for the
NBIHS with βN ∼ 4.4 and q0 < 1, we should not expect mit-
igation of infernal modes in the presence of toroidal flows. On
the other hand, the exact impact of the toroidal flows on the
mode stability, according to our analysis, will depend on the
toroidal flow gradient at the mode location. For the q0 > 1 and
βN = 3.65 case, we observed that the impact of the toroidal
flows is stronger in PT plasmas than in NT plasmas. The dif-
ferent quantitative impact observed in our simulations is due
to the fact that the mode location differs between NT and PT
plasmas, which is also modified by the q profile and β.

We have found that the triangularity has a significant impact
on the MHD stability of the internal kink and infernal modes
found in SMART. In NT plasmas, such modes are more
unstable than in PT plasmas, in agreement with other works
[64–70]. Nevertheless, we have also observed that toroidal
flows might reverse the situation, meaning that NT plasmas
could show better MHD stability properties than PT plasmas,
assuming the toroidal flow gradient at the mode location is
large enough. The SMART experiments should prove the pos-
sibility of obtaining such rotation profiles.

Regarding the peeling-ballooning modes, the normalized
pressure gradient and current density in the NBIHS areαmax ≈
7 and jped/⟨j⟩ ≈ 2.4, whereas αmax ≈ 3.5 and jped/⟨j⟩ ≈ 1.6 in
the OBS, respectively. Therefore, peeling-ballooning modes
are marginally unstable in the NBIHS with moderate PT,
whereas the OBS remains stable against these modes.

According to our simulations, peeling-ballooning modes
have a reduced MHD stability boundary in NT-shaped plas-
mas. The calculations performed with MARS-F help us to
understand in which regions of the (αmax, jped/⟨j⟩) coordinate
space peeling-ballooning modes can develop. We may infer
from our calculations that NT plasmas might have better con-
sequences for SMART performance compared to PT plas-
mas, in terms of the peeling-ballooning modes examined here.
When the plasma crosses the peeling-ballooning MHD stabil-
ity boundary, peeling-ballooning modes will develop and sat-
urate, reducing the driving sources, making the plasma bounce
back towards the stable region. Thismeans that, in a real exper-
iment, the plasma cannot be found at any arbitrary point of the
(αmax, jped/⟨ j⟩) coordinate space. Since in NT configurations
we need less αmax and jped/⟨j⟩ to make peeling-ballooning
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modes unstable, we would expect less particle and heat trans-
port due to these modes in NT plasmas. The effects of the tri-
angularity on peeling-ballooning modes observed for SMART
are consistent with previous modeling works carried out for
conventional tokamaks [28, 64, 71, 72].

The MHD instabilities explored here may have detrimental
consequences for the performance of projected SMART plas-
mas. Nonlinear MHD simulations of such cases, carried out
with the MHD module of the MEGA code, show that the
nonlinear saturation of the internal kink and infernal modes
lead to a strong plasma pressure collapse at the plasma core,
decreasing the plasma pressure almost by a 50% of its initial
value [73]. On the other hand, the plasma edge can be unstable
against peeling-ballooning modes at sufficient pressure gradi-
ent and current densities, which could eventually drive ELMs.
ELMs cause the intermittent relaxation of the edge kinetic pro-
files, degrading the transport barrier. To ensure high plasma
performance, SMART should be equipped with real-time con-
trol systems, as they can help to stabilize MHD instabilities
and tailor magnetic and kinetic profiles [74–86]. Exploration
of natural ELM-free regimes [87], as well as of the recently
proposed ELM-free NT edge plasmas [29], should also be pur-
sued. From the modeling side, we have currently designed
advanced tokamak MHD equilibria characterized with high
reverse shear and very elevated q-profile (q0 ∼ 5) and, in the
presence of an ideal wall, the MHD stability against n= 1,2
modes significantly improves, allowing to obtain plasmas with
βN ∼ 6 without triggering those modes at the plasma core.
Such work will be the focus of a future publication, and will
address the coupling of the core modes observed here with
external kinks [88]. Another subject left for future work is the
vertical stability analysis, which can be of concern with high
elongation and significantly changing triangularity as shown
in [89].

5. Conclusions

In this paper, we have presented the first MHD stability calcu-
lations for the SMART tokamak performed with the MARS-F
code. TheMHD stability analysis has been carried out for both
the plasma core and the plasma edge of SMART.

In the plasma core, we have found that the plasma can be
linearly unstable against the internal kink (n= 1) and infernal
modes (n= 2, · · · ,10). Different parameter scans have been
carried out to understand their stability limits. We have seen
that the modes are more stable when increasing q, decreas-
ing βN and increasing δ. The MARS-F simulation results
show reasonable agreement with respect to the linear ideal
MHD stability analysis with the MHD module of the MEGA
code.

The impact that toroidal flows have on theMHD stability of
the internal kink and infernal modes has also been addressed.
Low-n modes (n= 1,2) become slightly more unstable in the
presence of such flows, but the effect is very weak. The n=
3, · · · ,10 infernal modes become more stable in the presence
of toroidal flows. The stabilizing impact of the toroidal flows

on the infernal modes will depend on the strength of the flow
gradient at the corresponding mode location.

The MHD stability of peeling-ballooning modes in the
SMART tokamak has been studied in this paper. The sim-
ulations indicate that the peeling-ballooning MHD stabil-
ity boundary is reduced when decreasing the triangularity.
The reduced peeling-ballooning MHD stability boundary in
NT plasmas could be a path of avoiding the large pres-
sure gradients of the H-mode while keeping a substantial
plasma β. In addition, we have checked that a hypothet-
ical conventional SMART tokamak with A= 3 has a reduced
peeling-ballooning MHD stability boundary in comparison
with A≈ 2, which is the aspect ratio of the SMART reference
scenario [35]. The infinite-n ballooning stability analysis at the
plasma edge presented here is consistent with that shown in
reference [60].

The impact of the NBI on the MHD stability has been
studied in terms of the normalized plasma beta and tor-
oidal rotation in the plasma core, and normalized pressure
gradient and current density at the plasma edge. With NBI,
the plasma is linearly unstable against the n= 1 internal
kink and n= 2, · · · ,10 infernal modes, and the toroidal rota-
tion is not expected to fully stabilize the infernal modes;
additionally, the peeling-ballooning modes are marginally
unstable in PT plasmas with moderate triangularities with
NBI. Notice that fast-ion driven modes might appear as a
consequence of the NBI, which are out of the scope of this
work.
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