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Abstract. The paper discusses edge stability, beta limits and power handling issues for
negative triangularity tokamaks. The edge MHD stability is the most crucial item for the power
handling. For the case of negative triangularity the edge stability picture is quite different from
that for conventional positive triangularity tokamaks: the 2nd stability access is closed for
localized Mercier/ballooning modes due to the absence of magnetic well, and nearly internal
kink modes set the pedestal height limit weakly sensitive to diamagnetic stabilization just
above the margin of localized mode Mercier criterion violation. While negative triangularity
tokamak is thought to have low beta limit with its magnetic hill property, it is found that
plasmas with reactor relevant values of normalized beta By > 3 can be stable to global kink
modes without wall stabilization with appropriate core pressure profile optimization against
localized mode stability and also with increased magnetic shear in the outer half radius. The
beta limit is set by n=1 mode for the resulting flat pressure profile. The wall stabilization is
very inefficient due to strong coupling between external and internal modes. The n>1 modes
are increasingly internal when approaching the localized mode limit and set a lower beta in
case of peaked pressure profile leading to Mercier unstable core. With the theoretical
predictions supported by experiments, a negative triangularity tokamak would become a
perspective fusion energy system with other advantages including larger separatrix wetted area,
more flexible divertor configuration design, wider trapped particle free SOL, lower background
magnetic field for internal poloidal field coils and larger pumping conductance from the
divertor room.

PACS numbers: 28.52.-s, 52.55.Fa, 52.35.Py

1. Introduction

Negative triangularity tokamak plasmas are subject of an increased interest both in existing
experiments and in studies of core physics as well as power handling relevant to fusion demonstration
power reactors [1-5]. The plasma shape optimization with positive triangularity tends to lead to the
stabilization of high-n modes such as ballooning modes through entering into the second stability
regime. Then, the limiting edge MHD instabilities become medium-n peeling-ballooning and low-n
peeling modes, which result in severe ELM activity damaging the divertor plates. For the case of
negative triangularity, the 2nd stability access is closed for ballooning modes [6]. The destabilization
of a whole range of fixed boundary medium- and low-n modes takes place for pedestal heights just
above the values for which the Mercier criterion for localized modes is violated, implying possible
changes in the ELM characteristics as compared to positive triangularity configurations: as a matter of
fact, H-mode discharges with upper negative triangularity in TCV demonstrate increased frequency
and significant mitigation of type | ELM peak power losses [4]. This is consistent with lower edge
stability limits for the pedestal. Double null negative triangularity configurations feature quite high
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stable pedestals in the 1st region of ballooning stability provided that the pedestal current density is
low. Internal modes (unstable already with fixed boundary condition but localized in the pedestal
region) set the pedestal height limit, which is much less sensitive to pedestal profile variations but also
to diamagnetic stabilization than conventional peeling-ballooning mode limits [8].

While negative triangularity plasma has some favorable MHD property regarding ELM behavior, the
beta limit is relatively low. That is connected with the absence of magnetic well for elongated plasma
cross-sections. In Ref. [9] the oblate negative triangularity (comet) plasma cross-section was proposed
to restore the magnetic well at negative triangularity but with low-n external kink limited normalized
beta value By~ 2. Recent MHD stability calculations for the negative triangularity plasma extend the
investigation of TCV tokamak beta limits and edge stability [6-8] to double null shapes, lower aspect
ratio, negative shear and Mercier unstable plasma core. For the case of negative triangularity, a well-
defined Mercier/ballooning limiting pressure gradient profile exists under fixed parallel current
density or safety factor profiles in the positive shear region. The external kink mode stability limit can
be obtained by rescaling the limiting profiles. Negative triangularity tokamak configurations with
optimized pressure gradient profiles can be stable for By >3 at moderate elongation k¥ =1.5 and
internal inductance value I; = 0.9, even in the absence of the magnetic well, with Mercier modes
stabilized by magnetic shear. However, wall stabilization is very inefficient for such plasmas due to
strong coupling between global internal modes and external kink modes. Reverse shear configurations
allow for larger pressure gradient in the core stable against localized modes and larger bootstrap
current fraction but coupling to infernal modes leads to lower By~ 2 and further profile optimization is
needed. The LHD experiments showed that plasma beta much above Mercier stability limit can be
achieved [10]. This suggests that for negative triangularity tokamaks, the pressure gradient in the core
as well as in the pedestal might not be limited by localized Mercier modes. It opens more freedom for
plasma profile optimization, in particular maximizing bootstrap current fraction.

Apart from ELM mitigation, negative triangularity tokamaks feature other potential advantages for
power handling such as a naturally increased separatrix wetted area and a more flexible divertor
configuration using poloidal (PF) coils made of NbTi superconductor inside the toroidal field coil in
the low field region [3]. Negative triangularity experiments in TCV [11] show a reduction in electron
heat transport by a factor of two compared with positive triangularity D-shaped configurations, which
is partly explained by nonlinear gyrokinetic simulations [12]. This configuration also allows the
inboard ECRF launching to have higher density limit for the ECRF propagation and better pumping
accessibility due to larger conductance [3]. The SOL width may also be modified especially in the
case of double null configuration with almost vertical magnetic surfaces at the low field side [2].

The remainder of this paper is structured as follows. In section 2, negative triangularity shaped
tokamaks are examined from the point of view of their power handling capabilities. The magnetic well
properties and their link to localized mode stability are presented in section 3. Beta limits are studied
in section 4, examining various profiles and also oblate cross-sections. Edge stability of negative
triangularity plasmas is examined in section 5 and vertical stability in section 6. Discussion and
conclusions are presented in section 7.

2. Perspectives as fusion energy system

To reconcile a challenging situation with power handling, a large reduction in the heat flux compared
with the standard D-shaped X-point divertor tokamak would be needed. The proposed tokamak
configuration with strong negative triangularity provides a possible operating scenario [2]. Standard
first stability tokamak reactor designs [13] such as steady state tokamak reactor (SSTR) or ARIES-I
utilize moderate normalized beta (By=3.2-3.5) and the ‘“core-the-first” design philosophy —
optimization for the core confinement with many drawbacks for the power handling in the fusion
power system, which leads to an excessive uncontrolled heat flux up to ~ 70 MW/m’, close to the
radiation heat flux at the surface of the Sun. Even with a sophisticated radiative cooling scheme in the
core and the edge, the typical heat flux is ~ 10 MW/m’ [14]. Since the maximum heat fluxes for
conventional power plants are ~ 0.3 MW/m’ for coal-fired plants and ~ 1 MW/m’ for fission plants,
such high steady state heat flux casts a doubt on the operational reliability of the fusion power station,
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even if a plasma facing component is developed to withstand such a high heat flux. While a significant
effort has been made to realize such a divertor control during the last two decades, no good success
has been reached with the standard “core-the-first” design. The use of snowflake (SF-divertor) has
been proposed to expand the heat flux width more than in standard X-point divertor tokamak by a
factor of F'=1.5—3 [15-16], but this configuration requires too large PF coil currents for the standard
D-shaped tokamak reactor. Recent studies [17] show that internal poloidal field coils are necessary to
realize the snowflake configuration and the required Ampere-turn value is higher than 100 MA *¢ for
the plasma current of 16.7 MA.

The strongly D-shaped plasma leads to the divertor position to have smaller major radius than the
plasma major radius, Rq, < R, and the heat flux at the divertor plates is correspondingly enhanced.
Accordingly, some countermeasures to reduce the transient and steady divertor heat loads in a
tokamak reactor should be adopted such as the resonant magnetic perturbation (RMP) [18] and the
pellet pace-making [19] for the ELM and the enhanced radiative-cooling in the core and the edge
plasmas, while RMP may produce lobe structure (homoclinic tangle) [20] near the separatrix and
induce 3D heat flux problem.

Three geometries are shown in figure 1 with a positive triangularity (6 = 0.8) single null (SN) (figure
1a), a negative triangularity & =-0.8 with SF-divertor (figure 1b) and a negative triangularity (6 =—
0.9) double null (DN) (figure 1c); R, =7 m, A=R,/a, = 2.6. With positive triangularity, the divertor
position is Ryy(6>0) = 4.0 m. On the other hand, R, (6<0) = 10.0 m. The power handling area for the
divertor is Sgy ~ 27Rgy (FA), where A is effective width of the heat flux at the divertor plate for a
standard X-point configuration including the effect of inclination of the divertor target, and F is the
enhancement factor due to the SF flux expansion. Since Rgi(8<0)/Rgi(6>0)=2.5 and F=15-3 is
expected [16], negative triangularity SF-divertor tokamak may have an effective area enhancement 4 —
7 over the standard D-shaped tokamak. If such an enhancement factor is realized, the solution to the
power handling in the tokamak reactor may be technically more feasible by changing the uncontrolled
heat flux from 70 MW/m? to 10 MW/m? To achieve the heat flux qqy, ~ 10 MW/m® at Rg, = 10 m, the
heat flux width has to be FA ~ 0.5 m. Negative triangularity DN may also have such an enhancement
factor but has issues related to the axisymmetric instability and the reduction of the tritium breeding
ratio (TBR) due to the reduction of the coverage of the blanket, while there are some merits.
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Figure 1. Equilibrium configurations and SOL flow patterns for (a) standard D-shaped
tokamak, (b) negative triangularity SF-divertor tokamak, (c) negative triangularity DN
tokamak (VB drift away from X-point for SN cases), and (d) magnetic system for negative
triangularity DN with internal PF coils.

Two obvious merits of the negative triangularity tokamak are: 1) lower background magnetic field for
internal poloidal field coils and 2) larger pumping conductance from the divertor room. Other reactor
studies such as slim central solenoid (CS) for implementing snowflake divertor [17] show that it is
necessary to place the snowflake shaping coils inside the toroidal field coils. With or without
snowflake, it is also true that the internal poloidal field coil system makes the divertor configuration
robust against plasma perturbations. Then there is a significant merit for the negative triangularity
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tokamak, since By is much weaker at the snowflake shaping coils and NbTi superconductors can be
used for the shaping coils. At high background magnetic field, use of NbsSn superconductor is
necessary and the wind-and-react on machine has a lot of technical issues. In case of NbTi, it is quite
robust against bending and much better suited for the internal poloidal field coils. Figure 1d
demonstrates that radiation shielding for superconducting coil system with a thickness ~1m can be
compatible with the PF coil design. In the standard D-shaped tokamak reactor design such as SSTR,
the pumping duct design is a difficulty since thick 14 MeV neutron shielding reduces the net pumping
conductance from the inboard divertor room. In case of negative triangularity, the divertor room is in
the outboard side, where there is a wider slot for horizontal and vertical pumping ducts. Without
snowflake, pumping duct design is even easier. Periodic replacement of the divertor cassette may be
much easier as well.

3. Magnetic well and localized mode stability

The depth of magnetic well is a figure of merit for magnetic confinement system optimization related
to localized pressure driven mode stability [21]. The ideal MHD Mercier stability criterion

1/4-D,, >0 [22] provides a constructive definition of a magnetic well parameter d,, =Dy, S%/a ,

where S =2V (dq/dV)/q is the magnetic shear and « =2xy(dp/d¥)(dV /d¥),V /(27z2R0) I(47%)
is the normalized pressure gradient, and V' is the volume enclosed by magnetic surface ¥ = const.
Negative values of d,, corresponds to the existence of a magnetic well, and a weak shear and/or
large absolute values of d, provide 2nd stability access for high-n ballooning modes [23]. On the
opposite, positive values of d,, mean that localized mode stabilization is only possible with finite
shear and the 2nd stability access is closed. Larger values of safety factor ¢ lead to restoration of the
magnetic well despite unfavorable geometrical properties of the magnetic field geometry.

The dependence of magnetic well on the plasma cross-section shaping was the subject of an analysis

in Refs. [24, 25]. In the vicinity of magnetic axis the following relation holds for a critical value of the
axis safety factor g, beyond which the magnetic well is established:

1
2
> 5
o L3 =D ~2512)
(3 +1)(x? +1)

(1)

where x is the tokamak plasma cross-section elongation, & is the triangularity and & is the
inverse aspect ratio. It readily follows from the condition (1) that the magnetic well near magnetic axis

exists for g, ~1 if either x>1 and §>k%12 or x<1 and S<k’cl2. So either high

elongation and large positive triangularity or oblate cross-section and negative triangularity are
favourable combinations for the localized mode stability. As mentioned above, the former
combination was a general direction of the tokamak plasma optimization, eventually leading to strong
type-I ELM crashes. The alternative of comet shape tokamak with oblate (elongationx <1) cross-
section and negative triangularity has not demonstrated a potential for high beta plasma stability [9].
On the other hand, the experimental data on enhanced plasma confinement with elongated cross-
section and negative triangularity [11] poses a question on the beta limits in the absence of magnetic
well.

4. Beta limits

Stability calculations for elongated negative triangularity plasmas in the TCV tokamak showed a beta
limit degradation with decreasing triangularity [6]. Beta limits for the reactor scale configuration with
Ro=7m,a=27m(A=26), k=15, 6 =-0.9 were optimized. The analytic plasma boundary shape
with double X-points [26] was used. An iterative procedure was employed to obtain negative
triangularity equilibria with ballooning/Mercier optimized pressure profiles [27]. There is no access to
the 2nd ballooning stability at all plasma radii, and a well defined limiting pressure gradient
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p'=dp/d¥ exists for fixed profiles of parallel current density <j-B>/<B-V¢>. Several
iterations are sufficient to get self-consistent equilibria with limiting p’ profile. A particular case
with monotonic g-profile and internal inductance value I;=0.9 is shown in figure 2a. It gives By
=p[%])/In =34, B=2uy<p>y /B? for the normalized current Iy = I,[MA]/(a[m]B[T]) = 0.9,

I, =15MA, B=6.2T (in figure 2a and in the similar plots further on the dashed lines show the
bootstrap current density in the low collision frequency regime and the limiting p' in the

corresponding frames). Let us note that the limiting pressure gradient is determined by the Mercier
criterion in the plasma core \/; < 0.5, where  is the normalized poloidal magnetic flux, and at the

very edge of the plasma \/; > 0.995. Elsewhere, localized ballooning modes go unstable while the

Mercier criterion is satisfied. The inverse situation is impossible as the Mercier stability is a necessary
condition for the ballooning stability [28].

To determine the stability limit against external kink modes, the p’ profile is proportionally reduced

in a series of fixed boundary equilibria. The stability calculations with the KINX code [29] give n=1
beta limit of By = 3.2 without wall stabilization (lowest value for toroidal mode numbers n = 1-5). The
corresponding mode structure (level lines and radial profiles of harmonics in straight field line (SFL)
flux coordinates for plasma displacement normal to magnetic surfaces) is presented in figures 2b and
2c. The wall stabilization gives very little increase in the beta limit because of strong coupling of
internal modes to external kink modes: with the wall proportional to the plasma boundary a,/a = 1.3
By = 3.3 for n = 1 mode while for n > 2 internal modes set the limit at By < 3.5 very close to the
ballooning/Mercier limit. Decreasing shear (lower [;) leads to lower By in accordance with the Mercier
criterion in the absence of magnetic well. The result of the ballooning/Mercier pressure gradient
optimization for the profiles with bootstrap current in the pedestal and I; =0.75 is the equilibrium with
By = 2.7 (figure 3). The n =1 external kink limit in the equilibria with rescaled pressure profile is By =
2.4 (By = 2.6 with a,/a = 1.3 wall), and the n > 1 internal mode limits are very close to the
ballooning/Mercier limit. However, the n =1 external kink limit just marginally enhances for higher
li = 1.3 at lower plasma current Iy = 0.4 (q, > 1) with the limiting value By = 3.3.

p=0.031;1,=0.9; B =3.4 B =3-4; toroidal mode number n=1

10 10 4 . . . . -
a
@ © 4
o5 o 5 U 3 | x 10° 02 054 08 08 1

% 05 1 8 1 15 1 £

w

N 1 1 /
5 05
g 05 & ’ N 0 |
A A 0
o o
v .. At
% 0.5 1 %5 1 1.5
0.01 0.04 2 \
=000 o002 3 ‘ o o0z 04 _ 08 08 1
sart(y)
-4 . . . . :
% 0.5 1 8s 1 15 5 6 7 8 9
sqri(y) RIR0 R

Figure 2. (a) Plasma profiles in the equilibrium with Mercier/ballooning limiting
pressure gradient, I; = 0.9, (b) and (c) - the most unstable n = 1 mode structure, growth rate
71wp =0.003.
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Figure 3. (a) Plasma profiles in the equilibrium with Mercier/ballooning limiting
pressure gradient, I; = 0.75, (b) and (c) - the most unstable n = 1 mode structure, growth rate

ylwa =0.004.

The ballooning/Mercier limited case shown in figure 2 features relatively flat pressure profile due to
p'=0 at the magnetic axis with the pressure peaking factor p,/< p >=2.15. The bootstrap current
fraction is f,s = 0.7, but the current density is not aligned with the bootstrap current density due to large
pressure gradient values at the edge in high shear region. The pressure gradient profile with finite p’
at the axis and better alignment near the edge is used to check the sensitivity of beta limits to the
pressure profile variations (figure 4). The Mercier criterion is violated in the plasma core, but localized
modes are readily stabilized there by kinetic effects under realistic conditions [10, 31]; the pressure
peaking is py/ < p >=2.9 and the bootstrap fraction is f,s = 0.5. The value of normalized current is
chosen to be Iy = 0.86 to keep the value of safety factor at the axis g,=1.05. Despite g, >1 the
n = 1 external mode limited By = 2.75 is lower than in the optimized pressure case due to m =1 mode
coupling. Moreover, n > 2 internal modes are driven unstable at By = 2.3, well correlated with high-n
ballooning mode destabilization in the middle of the plasma, 0.4 <,/iv < 0.8. The internal n =5 mode

structure is shown in figure 5.
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BN=3.O; toroidal mode number n=1

10

<JB>/<BV¢>
o
(]

05
% 05 1 8
0.02 0.04
200l N 2002
% 05 1 85 1 15 5 6 7 8 9
sqri(y) RIR R

0

sari(y)

Figure 4. (a) Plasma profiles in the equilibrium with peaked pressure,
[i=0.9, (b) and (c) The most unstable n = 1 mode structure, growth rate y/w, =0.01.
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BN=3.0; toroidal mode number n=5
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Figure 5. The n = 5 internal mode structure, growth rate y / w, = 0.049.
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Figure 6. Magnetic well parameter d, (&) (d,, <0 corresponds to magnetic well) and the Mercier
stability term D,, (b) (1/4—D,, >0 for stability) at magnetic surfaces for DN negative triangularity
equilibria (figures 2, 3) and for the oblate cross section (figure 7) and reversed shear cases (figure 8).

The comet shape negative triangularity plasmas with oblate cross-section (elongation k < 1) provide a
possibility to restore the magnetic well [9] and take an advantage of the good kinetic stabilizing
properties of negative triangularity [32] which could be further enhanced at high beta [33]. The DN
comet configuration with the same plasma radii but with x = 0.75 and 6 = —0.975 was used to check a
possible enhancement of the beta limit due to better Mercier stability. Indeed the magnetic well exists

for /v <0.8 but not near the edge (figure 6). In figure 6a the profiles of the magnetic well parameter
d,, are shown for the equilibria corresponding to figures 2 and 3 and for the oblate and reversed shear
cases presented below. The value of D, in the Mercier mode criterion 1/4—Dy, >0 is given in

figure 6b demonstrating that optimized pressure profiles for the elongated equilibria are Mercier
limited in the core and at the very edge. In figure 7a ballooning optimized plasma profiles are shown
for Iy =0.41 and g, = 1.05 for the equilibrium with oblate cross section (Mercier modes are stable in
the whole plasma). The local ballooning limiting pressure gradient is still over the equilibrium one,

indicating the existence of a magnetic well and the 2nd stability access in the plasma core \/;< 0.8.

Indeed the pressure peaking for the equilibrium with By=2.8 is quite high: p,/<p> = 3.2

(f,s = 0.6). However, in accordance with [9], the n = 1 external kink limit is By = 2.0, while n> 1
mode limits coincide with the high-n ballooning limit: By < 2.8. The wall stabilization remains very
inefficient: with the ideal wall a,/a =1.3 the limit is By = 2.3 for the n =1 mode probably due to
coupling to both m = 1 mode for peaked pressure profile and internal kink modes. On the other hand,
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significant enhancement of the axisymmetric n = O stability can be expected for the case of oblate
plasma cross-section as compared to the elongated negative triangularity plasmas (see section 4).
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Figure 7. (a) Plasma profiles in the equilibrium with Mercier/ballooning limiting
pressure gradient, comet shape, ;=0.8, (b) and (c) the most unstable n = 1 mode structure, growth rate
vl =0.021.

For reverse shear g-profiles ballooning/Mercier stable pressure gradients are larger in the negative

shear region \/; ~ 0.5 where the magnetic well is re-established (figure 6a). However, large values of
p’ in the vicinity of the low shear region lead to the destabilization of so-called infernal modes.

Approximate bootstrap current alignment with total parallel current density in the core was chosen to
limit p’ there but was adjusted to the 1st stability limit in the positive shear region resulting in
By = 3.55, fys = 1.1 (figure 8a). Rescaling the pressure gradient gives the global n = 1 mode stability
with By <2.1. Note that qmi, > 2 was maintained for better infernal mode stability due to lower
normalized current Iy = 0.7. The mode structure is shown in figure 8b and figure 8c.
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Figure 8. (a) Plasma profiles in the equilibrium with Mercier/ballooning limiting

pressure gradient [;=0.77, reverse shear, (b) and (c) - the most unstable n = 1 mode structure, growth
rate y/wp =0.041.

Another interesting feature of low aspect ratio negative triangularity plasmas is significantly lower gos
values for the same normalized current Iy because of lower toroidal magnetic field flux @ :qu)dS,
B, = Faia/ R In particular, close to the current limit, force-free plasmas with gos below 1 can be stable

against external n = 1 kink mode. For the considered configuration with A=2.6, k = 1.5, § =-0.9 the
current limit corresponds to Iy ~3, provided that I; < 0.7 and g,>0.5 to avoid the internal m/n=1/2
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mode instability. However, it does not mean that the maximal normalized current Iy increases for
negative triangularity: with the triangularity changed to positive & = 0.9 the current limit is higher
IN "‘4.

5. Edge stability

The edge kink-ballooning mode stability limits usually follow the changes in the high-n limit
behavior. Worse localized mode stability leads to lower pressure pedestal height attainable in the
negative triangularity configurations and can potentially result in different ELM behaviors for positive
and negative triangularity configurations, respectively. Indeed, changing the upper triangularity in
TCV plasmas from positive to negative brings an increase in Type | ELM frequency and lower
expelled power per ELM [4]. In the negative triangularity double null configuration, higher pedestals
can be stable in the 1st ballooning stability region due to high edge shear. Plasma profiles similar to
TCV pedestal profiles [30] were used to explore the edge stability limits. In figure 9 edge stability
diagrams calculated with the KINX edge stability package including diamagnetic effects are
presented. The normalized pressure gradient « and parallel current density J,/<J>, where

<J>=1,/§, is the averaged current density, are estimated at the maximum across the pedestal
region. A simple model of the diamagnetic stabilization based on the estimate for the ideal MHD
growth rate yyup <@« /2 was used, where . is the ion diamagnetic drift frequency, and the ratio
of Alfvén and ion  cyclotron  frequencies  w,/wg entering  the  expression

a)k/a)A=n(a)A/a)Bi)(R§/B)uo pi, was chosen as for ITER deuterium plasma typical parameters

op | o =5.2.10" with the maximal pressure gradient in the pedestal. Note that in fact internal

n>5 modes set the edge stability limit (compare figure 9a and figure 9b) and diamagnetic
stabilization is very inefficient for them. Only low-n mode limits significantly change with the free
boundary. In contrast to the internal n > 1 modes going unstable when the pressure gradient is beyond
the ballooning limit in the region with relatively high shear in the middle of the plasma (section 4), the
edge modes go unstable in Mercier unstable regime due to low shear in the pedestal with large
bootstrap current. Typically there are several unstable modes for each toroidal mode number n (figure
10).

J”/<J>

bootstrap

ballooning
0] 1 2 3 4 0 1 2 3 4
o o

Figure 9. Edge stability diagrams for the negative triangularity double null plasma; normalized
pressure gradient « and parallel current density J;/<J > are estimated at the maximum across

pedestal region at \/; =0.984. The ratios of the edge to the maximal values of pressure gradient
and parallel current density are 0.48. (a) Free boundary and (b) fixed boundary cases. Green circle
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corresponds to initial pedestal parameters. Thick red dashed lines show y/(a/2)=0.5,1.0,1.5 level
lines for the most unstable mode, color solid lines show y /(. /2) =1 limits for modes with

individual toroidal mode numbers, the most unstable mode numbers are also given along the stability
boundary, red crosses mark ballooning/Mercier instability.

toroidal mode number n=5

@

0.9
sari(y)

Figure 10. Unstable modes for «=2.72, J;/<J >=1.16. (a) and (b) most unstable n = 5 mode

structure shown for y >0.8, growth rate y/w, =0.067; (c) SFL harmonics of the normal plasma

displacement for the second unstable mode, growth rate y/w, =0.032. The absolute values of the

complex amplitudes are shown.
For comparison the edge stability diagram for a typical single null TCV equilibrium with positive
triangularity is shown in figure 11a. For the plasma parameters Rp = 0.88 m, a = 0.22m (A =4),

K = 1.75, Sup/ Sgoun = 0.05/0.86, B=1.4T, I, = 0.3 MA, By =1.1, N, =3.5-10°m™ the ratio of Alfvén

and ion cyclotron frequencies is wp/ @g; = 6.2:1072. Assuming p/=p’ leads to unrealistically
strong diamagnetic stabilization governed by ypup < @+/2 due to low ion pressure, and only 5 times

lower thresholds, which correspond to the ion pressure 4 times lower than the electron pressure, seems
to provide experimentally relevant stability limits. The peeling-ballooning mode structure is presented
in figures 11b and 1lc. For high edge current density Jeqqe/Jy =0.42 (the parallel current density

profile is the same as in figure 3a) the coupling to the peeling mode is quite strong and the maximum
of normal displacement is reached at the edge in contrast to the most unstable mode in the negative
triangularity equilibrium with the displacement being maximal at the maximum pressure gradient
location in the pedestal (figure 10b).

Comparison of the « limits at low values of current density for double null negative triangularity
(figure 9a) and positive triangularity (figure 11a) cases shows significantly higher pressure gradient set
by high-n ballooning modes in the 1st stability region due to high edge shear. Note that the
diamagnetic stabilization leads to a significant increase of the pressure gradient in the 1st stability
region for the positive shear case in contrast to the edge stability diagrams for the negative
triangularity equilibrium in figure 9. The distance between the level lines of the normalized growth
rate y/(w«/2)=0.1,0.2,0.3 in the parametric plane (thick dashed lines) is much larger as compared

to the negative triangularity case which corresponds to much slower increase of the growth rates of the
most unstable modes with increasing pedestal height due to the effect of the 2nd stability access for
ballooning modes. However electron drift acoustic wave effect can lead to cancellation of the
stabilizing ion diamagnetic drift effect and result in the pressure gradient limits approaching that of
high-n ideal ballooning mode (crosses) in the stability diagram [34]. Sheared plasma rotation in the
pedestal might also destabilize high-n modes [35].
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toroidal mode number n=5

*ta)
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.

J"I<J>

0.5¢
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pallooning . “0_1 ).
0 1 2 3 4

Figure 11. Edge stability diagram for free boundary TCV single null plasma (a): thick red dashed
lines show » /(e /2) =0.1,0.2,0.3 level lines for the most unstable mode, color solid lines show

y (e 12)=0.2 limits for modes with individual toroidal mode numbers, the most unstable mode

numbers are also given along the stability boundary. (b) and (c): n=5 mode structure for o = 2.63, J;/<
J>=0.93, growth rate y/w, =0.083.

6. Axisymmetric stability

The vertical stability of elongated TCV plasmas with different combinations of positive and negative
upper/lower elongations was investigated in [6]. The negative/negative triangulation was found to be
the most unstable case with the proximity to the outer vacuum vessel wall being a critical parameter
for stability.

Plasma vertical control should be investigated for negative triangularity double null configurations.
Even for moderate elongation x = 1.5, a conducting wall at a,/a < 1.25 is needed to provide ideal n =0
stability for an equilibrium with 1;=0.9, By=3.4. With 6 cm thick steel wall at a,/a=1.2, the
corresponding n = 0 growth rate is 95 s (figure 12a) and active feedback control should be assessed.
In accordance with the result for the TCV tokamak [6] the proximity of plasma to the LFS wall is a
critical parameter for the vertical stability of negative triangularity plasmas, and, in principle, good
conducting outer wall alone, located close to the plasma, can provide the vertical stabilization.  The
n = 0 stability looks better for oblate comet shape plasmas: the ideal wall limit is a,/a < 1.6 for I;= 0.8,
By = 2.8. However, there are two unstable modes featuring mainly vertical and horizontal plasma
displacements with growth rates 12 s and 8 s™ (the value of adiabatic index I'=5/3 matters for the
case with up-down symmetric normal displacement), respectively, for the same resistivity wall with
an/a =1.2 (figures 12b and 12c).
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n=0;y=12s"

21 ()
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Figure 12. Level lines of the normal plasma displacement for n=0 modes: (a) elongated cross-section
(b) “vertical” mode for oblate cross-section and (c) “horizontal” mode for oblate cross-section.

7. Discussion and conclusions

Negative triangularity tokamak configurations with optimized pressure gradient profiles can be stable
for reactor relevant values of normalized beta By > 3. Wall stabilization is very inefficient due to
strong coupling between internal and external kink modes. Reverse shear configurations allow for
larger pressure gradient in the core and larger bootstrap current fraction but coupling to infernal modes
leads to lower By ~ 2 and further profile optimization is needed.

Pressure profile in the core might not be limited by localized Mercier modes. It opens more freedom
for plasma profile optimization with better bootstrap alignment of parallel current density and possibly
larger bootstrap current fraction, but hardly results in enhancement of low-n external kink stability
limits beyond the cases with optimized and relatively flat pressure profiles.

Internal modes (unstable already with fixed boundary condition but localized in the pedestal region)
set the pedestal height limit, which is much less sensitive to diamagnetic stabilization and pedestal
profile variations than conventional peeling-ballooning modes. Double null negative triangularity
configurations feature quite high stable pedestals in the 1st region of ballooning stability provided that
pedestal current density is low. Though these results from linear MHD theory imply changes in the
ELM characteristics as compared to positive triangularity configurations, nonlinear studies are really
needed. In order to achieve a soft edge beta limit there is also the need to understand Mercier mode
turbulence — a kind of ideal interchange electromagnetic turbulence.

The n=0 stability optimization for the negative triangularity tokamaks is also an interesting subject to
investigate since the mode is not rigid. An option of placing additional passive stabilizing plates close
to plasma at the LFS side should be considered as the wall position at a,,—a = 0.2a = 0.54 cm is only
marginal for shielding.

The TCV tokamak with very flexible plasma shape control is very well suited for negative
triangularity plasma experiments covering the whole range of principal problems related to the
confinement, ELM regimes, scrape-off layer thickness and vertical stability control [4-5], [8].
Together with supporting experiments from other machines and integrated modeling of reactor
relevant scenarios, new experimental campaigns on TCV would provide a substantial ground for the
negative triangularity tokamak as innovative confinement concept.

With the theoretical predictions supported by an experiment, a negative triangularity tokamak would
become a perspective fusion energy system with other advantages including larger separatrix wetted
area, more flexible divertor configuration design, wider trapped particle free SOL, lower background
magnetic field for internal poloidal field coils and larger pumping conductance from the divertor
room. The experimental evidence of the confinement enhancement in negative triangularity plasmas
[5,11] provide a ground for optimism in reaching the reactor relevant normalized beta values > 3.
Bridging the central plasma conditions needed for fusion burning to the associated edge plasma
properties would require more theoretical and experimental investigations of both the core and the
edge plasma performance as well as reactor studies for negative triangularity tokamaks. In particular, a
study of radiation shielding performance for a superconducting magnet system with internal poloidal
field coils, e.g. as for the helical DEMO reactor [36], would be needed.
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