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The TCV experimental campaign aims at studying H-mode plasmas and ELM behavior in

various diverted configurations including equilibria with negative triangularity [1] and snowflake
divertor. Although the TCV tokamak is capable of generating plasma cross sections with a large
variety of shapes, certain combinations are excluded by technical constraints. In particular, for
diverted configurations, the strike points should be placed in regions covered by graphite tiles,
which can support the local power densities.
A second order null divertor (snowflake) has been successfully created and controlled in the
TCV tokamak [2]. Variations of the edge stability for the snowflake equilibria at different values
of triangularity are investigated.
1 Stability of negative triangularity equilibria
The values of the n = 0 growth rates are very high for the negative (both upper and lower) triangularity equilibria in the TCV tokamak presented in [1] with a reference elongation κ = 1.75:
∼ 1500 s−1 . The growth rate is further increased when taking into account the ports (modeled
as very high resistivity axisymmetric pieces of the wall): ∼ 3000 s−1 in the reference plasma
position and even can go ideally unstable when the plasma is shifted inside farther from the
LFS wall. It confirms the conclusion about the high sensitivity of vertical stability for negative
triangularity configurations to the distance between the outer wall and the plasma. A lower elongation is needed for negative triangularity configurations to be vertically controllable. Growth
rates of axisymmetric modes were computed for fixed boundary equilibrium series with negative triangularity and elongation κ = (κup + κdown )/2 varied from 1.4 to 1.75. The up-down
non-symmetric plasma boundary was prescribed keeping the ratio κup /κdown = 0.75 and with
triangularity δup = δdown = −0.65. The dependence of the n = 0 growth rates is close to linear
in (κ − 1) and the growth rate value doubles when κ varied from 1.4 to 1.75. The elongation

κ = 1.4 corresponds to a reasonable growth rate ∼ 700 s−1 without ports (a factor of 2 larger
with axisymmetric openings in the place of ports). The upward shifted (away from the LFS
port) plasma is more vertically stable, however the issues related to the separatrix strike point
positions at the LFS wall are to be solved in this case.
With an elongation increased up to 1.5 − 1.6, the divertor strike points can be placed in full
toroidal coverage zones with graphite tiles at the LFS wall. The SPIDER free boundary equilibrium code was used to compute series of equilibria using the control plasma shape with elongations κup = 1.2, κdown = 1.8; δdown = −0.65 and varying δup to be matched by the ψ /ψsx =
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0.995 surface. Additional control points were used to place the separatrix legs at the LFS tiles.
For the resulting free-boundary equilibria the value of the elongation is about κ = 1.6, upper triangularity varies from 0.3 to −0.4 and lower triangularity of the ψ /ψsx = 0.95 surface is around
−0.65 (Fig.2). The n = 0 growth rates are in the range of 400 −700 s−1 (700 −1000 s−1 with 2D
openings) with a minimum attained for zero upper triangularity (Fig.3a). The vertical growth
rates of the negative triangularity equilibrium are rather sensitive to the plasma proximity to the
LFS wall and the presence of the ports (Fig.3b).

(a)

(b)

(c)

2500

2500

2000

2000

growth rate [1/s]

growth rate [1/s]

Figure 2. Poloidal flux level lines for free boundary equilibria in TCV tokamak calculated with
the SPIDER code. Plasma elongation κ ∼ 1.6. Upper triangularities (a) 0.3, (b) 0.0, (c) −0.4.
The positions of full toroidal coverage zones with graphite tiles are shown by thick red lines.
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Figure 3. Vertical instability growth rates for the TCV equilibria with elongation 1.6 and
negative lower triangularity versus (a) upper triangularity and (b) plasma center radius for
upper triangularity −0.4 (Fig.2c, marked by triangles). Dashed lines correspond to the growth
rates with 2D axisymmetric openings in place of ports in the TCV wall.

The pedestal profiles from [3] and the plasma boundaries from Fig.2 a),b),c) were taken to
generate the basic equilibria for edge kink/ballooning stability studies. The value of normalized
current IN = 0.9 was chosen to provide the safety factor on axis q0 ∼ 1.1. The stability diagrams
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were obtained by the KINX stability code using equilibrium series with independently rescaled
parallel current density and pressure gradient in the pedestal. The edge stability is mainly determined by the negative lower triangularity: the second stability access in the pedestal region is
eliminated [1]. This can lead to different type of ELMs triggered by high-n ballooning modes
at relatively low values of pressure gradient and current density in the pedestal. The low-n
kink/ballooning modes n = 1, 3 were found more unstable with either positive or negative upper
triangularity compared to zero upper triangularity case.
2 Equilibrium and stability of snowflake configurations
The free-boundary equilibrium code SPIDER (reconstruction mode) has been modified to
compute equilibria with a snowflake divertor. An option to maintain the second order null in
the prescribed position was added to the standard prescription of "limiter" points at the plasma
boundary and a set of control points approximately specifying the target plasma shape while
minimizing the sum of squared values of the coil currents. Let us note that it is sufficient to
impose only two additional conditions, ∂ 2 ψ /∂ Z 2 = 0 and ∂ 2 ψ /∂ R∂ Z = 0, besides vanishing
first derivatives at the second order null. Then the third one, ∂ 2 ψ /∂ R2 = 0, is satisfied due
to ∆∗ ψ = 0 for the poloidal flux function ψ in vacuum, where ∆∗ = R(∂ /∂ R)(1/R)(∂ /∂ R) +

∂ 2 /∂ Z 2 is the Grad-Shafranov operator. Using the reconstructed boundary for the TCV snowflake shot #36151 as a target shape, a variety of free boundary equilibria with different profiles
and positions of the snowflake point has been obtained (Fig.4).

(a)

(b)

(c)

(d)

(e)

Figure 4. Poloidal flux level lines for free boundary snowflake equilibria: (a) fit to the shot
#36151 boundary δup = 0.2, (b) increased upper triangularity δup = 0.4, (c) large snowflake
point triangularity δdown = 0.8, (d) snowflake on the floor of the TCV vacuum vessel; (e)
snowflake boundary from Fig.4b (blue) compared to the X-point boundary (red) and to the
snowflake boundary with large pedestal current density (dashed).

The edge stability diagrams for the snowflake and standard X-point equilibria, also with the
profiles from [3], are compared in Fig.5. The presence of the second order null leads to an
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enhancement of the maximal attainable normalized pressure gradient α = 2µ0 d p/d ψ dV /d ψ
p
V /(2π 2R0 )/(4π 2 ) especially in combination with the upper triangularity. Larger edge shear
in the snowflake equilibrium results in a monotonic q profile maintained at larger values of the
parallel current density J|| = max < j · B > (normalized by the cross-section averaged current
pedestal

density < J >= I p /S) in the pedestal. However the current driven modes set the stability limit
at approximately the same value of J|| / < J >∼ 1 with the current driven mode n = 1 behaving
much like n = 3 − 5 due to the higher density of rational surfaces q = m/n in the pedestal region
as a consequence of larger shear. Another feature of the free boundary snowflake equilibria is the
significant sensitivity of the plasma shape in the vicinity of the snowflake point to the current
density in the pedestal. In Fig.4e the plasma boundary for quadruple values of the pedestal
current density and pressure gradient compared to the reference case is shown by the dashed
line. The plasma boundary deformation leads to a further increase of the shear thus preventing
its reversal even for very high values of pedestal current density. However, it does not give a
significant edge stability limit enhancement.
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Figure 5. Comparison of the edge stability diagrams for snowflake (a) and X-point (b) equilibrium (the shapes shown in blue and red in Fig.4e respectively). The crosses and red lines
show the high-n ballooning mode stability boundaries. The shear is reversed above the solid
black line. The dashed black line shows the collision-less bootstrap current density in the
pedestal. Colored lines give the stability boundaries for medium n = 5 − 40 kink/ballooning
modes (toroidal wave numbers are shown). Light blue lines show the stability boundaries for
the global modes n = 1, 3. The green circle corresponds to the pedestal parameters for the
reference equilibrium.

As a conclusion, the edge stability of snowflake equilibria is enhanced compared to a standard X-point divertor plasma especially in a combination with increased upper triangularity: the
values of the pedestal poloidal beta normalized by the pedestal width ∆ (in the units of normalized poloidal flux [4]) that can be reached in the TCV snowflake configurations increases from
βθ ,ped /∆ = 4.5 to 5.5 (∆ = 0.06 for the considered profiles). The value for ITER Scenario 2 is

βθ ,ped /∆=7-8.
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