
The effect of plasma triangularity 
on turbulent transport: 

modelling TCV experiments by 
linear and non linear gyrokinetic 

simulations



Motivation
Negative triangularity improves electron heat 

transport in low density L-mode plasmas
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OUTLINE

Electron heat transport

• Linear analysis

• Non-linear simulations

• Insight on particle drifts
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Linear simulations

Less unstable

Negative delta 
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Linear simulations

Negative delta 

Less unstable
Shorter perpendicular 

wavelengths
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Linear simulations

Reduced transport

Shorter perpendicular 
wavelengths
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Non linear simulations

Satisfactory agreement only close to the plasma edge



Non linear simulations

Satisfactory agreement only close to the plasma edge

finite penetration depth of triangularity?



Non linear simulations

Satisfactory agreement only close to the plasma edge

finite penetration depth of triangularity?
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TEM and collisionality
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TEM and collisionality
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Phase space
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Particle drifts

TEM are destabilized by the resonance between the  
fluctuation and the toroidal precessional drift of trapped 

electrons

B. B. Kadomtsev and O.P. Pogutse, Zh. Eksp. Teor. Fiz. 51 (1966), 1734 
[Sov. Phys. JETP 24 (1967), 1172]
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Conclusions
• Negative triangularity modifies the toroidal precessional drift thus stabilizing TEM
• Collisionality stabilizes TEM irrespective of triangularity
• Effect of edge shape on core transport through Zeff profile modifications?

Particle drifts
• Same stationary electron density profile ⇒ same electron fluxes
• How do ions react to plasma shape? Can they behave differently in the 2 cases in such a way

to produce the same electron fluxes?

⇒Quasilinear scan in Zeff and ions’ density profiles, match quasilinear electron particle fluxes
between positive and negative δ, find range of possible solutions ⇒ deduce ∇Zeff and propa-
gate it towards the magnetic axis to reconstruct its radial profile.
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• Higher Zeff in the center would imply a fur-
ther stabilization for negative δ, however it
doesn’t seem sufficient to explain transport
data

• Consistent with slightly higher Ti of nega-
tive δ, to be confirmed by transport codes

• Make use of the linear bounce-averaged gyro-kinetic equation to estimate fluxes
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• The pitch angle dependence of these linear fluxes compares well to its counterparts from
linear and non-linear GS2 simulations

• Effective stabilization is a complex interplay of deeply and barely trapped electrons which
react in opposite ways to triangularity

• The origin is the shape dependence of the toroidal precessional drift as a function of the
bouncing angle of trapped particles

Investigation of instability drives
• Linear and non-linear simulations performed replacing specific drives in the GK equations

indicate the curvature and ∇B drifts, together with the gradient of the ballooning eikonal, as
responsible for the difference between positive and negative triangularity cases

δ = 0.17 δ = -0.17 ωd ωd +∇⊥ ωd +∇// ∇⊥ ∇⊥ +∇// ∇//
1 0.77 0.90 0.74 0.92 0.82 0.84 0.98
1 0.59 0.55 0.58 0.53

Diffusivity estimated from Mixing-length (top) and non-linear runs (bottom), normalized to
the positive triangularity case, for a number of linear GS2 simulations performed after

replacing individual drive terms of the positive triangularity equilibrium with the
corresponding terms of the negative triangularity case.

• Magnetic drifts make the difference other parameters being equal (e.g. scale lengths)
• TEM are driven by the toroidal precession drift
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• Satisfactory match reached only close to plasma edge due to finite triangularity penetration
length

• Collisionality has an overall stabilizing effect and lowers the relative difference between pos-
itive and negative triangularity

• Experimental collisionality dependence is roughly reproduced by the simulations, with nu-
merical values of the same order of magnitude of the experimental ones
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Gyro-kinetic modelling
Simulations performed with the GK code GS2[2]
The impact of negative triangularity is observed in linear simulations in two ways:

• lower instability
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• Larger spatial scales |k⊥|2 = |&∇S|2 = n2
0|&∇(α + qθ0)|2 (< |k⊥|2 >|φ|2
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• Non-linear effects increase the triangularity impact
Blue rectangle: range in which lies the ratio
of experimental electron thermal conductivi-
ties, as a function of the square root of the
normalized volume, between discharges with
edge triangularities equal to ±0.4. The area
does not include the regions where the EC
power was deposited (ρ < 0.4) and where the
impurity ray emission is too large, thus spoil-
ing the measurement (ρ > 0.7). Red points:
same ratio simulated by GS2; the mean val-
ues are calculated in the saturated phase of
the simulation.

Experimental evidence
The Tokamak à Configuration Variable in EC heated L-mode plasmas showed [1]

• χe increases with δ and 1/νeff

• τE doubles when passing from δ = 0.4 to δ = -0.4, keeping the same electron density and
temperature profiles and halving the EC power
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Conclusions
• Negative triangularity modifies the toroidal precessional drift thus stabilizing TEM
• Collisionality stabilizes TEM irrespective of triangularity
• Effect of edge shape on core transport through Zeff profile modifications?

Particle drifts
• Same stationary electron density profile ⇒ same electron fluxes
• How do ions react to plasma shape? Can they behave differently in the 2 cases in such a way

to produce the same electron fluxes?

⇒Quasilinear scan in Zeff and ions’ density profiles, match quasilinear electron particle fluxes
between positive and negative δ, find range of possible solutions ⇒ deduce ∇Zeff and propa-
gate it towards the magnetic axis to reconstruct its radial profile.
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• Higher Zeff in the center would imply a fur-
ther stabilization for negative δ, however it
doesn’t seem sufficient to explain transport
data

• Consistent with slightly higher Ti of nega-
tive δ, to be confirmed by transport codes

• Make use of the linear bounce-averaged gyro-kinetic equation to estimate fluxes
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• The pitch angle dependence of these linear fluxes compares well to its counterparts from
linear and non-linear GS2 simulations

• Effective stabilization is a complex interplay of deeply and barely trapped electrons which
react in opposite ways to triangularity

• The origin is the shape dependence of the toroidal precessional drift as a function of the
bouncing angle of trapped particles

Investigation of instability drives
• Linear and non-linear simulations performed replacing specific drives in the GK equations

indicate the curvature and ∇B drifts, together with the gradient of the ballooning eikonal, as
responsible for the difference between positive and negative triangularity cases

δ = 0.17 δ = -0.17 ωd ωd +∇⊥ ωd +∇// ∇⊥ ∇⊥ +∇// ∇//
1 0.77 0.90 0.74 0.92 0.82 0.84 0.98
1 0.59 0.55 0.58 0.53

Diffusivity estimated from Mixing-length (top) and non-linear runs (bottom), normalized to
the positive triangularity case, for a number of linear GS2 simulations performed after

replacing individual drive terms of the positive triangularity equilibrium with the
corresponding terms of the negative triangularity case.

• Magnetic drifts make the difference other parameters being equal (e.g. scale lengths)
• TEM are driven by the toroidal precession drift
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• Satisfactory match reached only close to plasma edge due to finite triangularity penetration
length

• Collisionality has an overall stabilizing effect and lowers the relative difference between pos-
itive and negative triangularity

• Experimental collisionality dependence is roughly reproduced by the simulations, with nu-
merical values of the same order of magnitude of the experimental ones
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simulated electron heat diffusivity.
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increasing collisionality
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Gyro-kinetic modelling
Simulations performed with the GK code GS2[2]
The impact of negative triangularity is observed in linear simulations in two ways:

• lower instability
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TEM dispersion relations from linear GS2 simulations for TCV shots 28014 (δLCFS = 0.4)
and 28008 (δLCFS = −0.4) (growth rate on the left, real frequency on the right).

• Larger spatial scales |k⊥|2 = |&∇S|2 = n2
0|&∇(α + qθ0)|2 (< |k⊥|2 >|φ|2
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a) Ratio of k⊥ for TCV shots 28008 and 28014 as a function kθρi . b) Mixing length estimate of
the electron heat flux. All the calculations are performed at ρ = 0.7.

• Non-linear effects increase the triangularity impact
Blue rectangle: range in which lies the ratio
of experimental electron thermal conductivi-
ties, as a function of the square root of the
normalized volume, between discharges with
edge triangularities equal to ±0.4. The area
does not include the regions where the EC
power was deposited (ρ < 0.4) and where the
impurity ray emission is too large, thus spoil-
ing the measurement (ρ > 0.7). Red points:
same ratio simulated by GS2; the mean val-
ues are calculated in the saturated phase of
the simulation.

Experimental evidence
The Tokamak à Configuration Variable in EC heated L-mode plasmas showed [1]

• χe increases with δ and 1/νeff

• τE doubles when passing from δ = 0.4 to δ = -0.4, keeping the same electron density and
temperature profiles and halving the EC power
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Resonance?
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Sheath calculations during TCV glow discharge

The geometrical configurations of the first mirrors is depicted in figure 1. The mirror clamps
are connected to the vacuum chamber, thus they have the same electrostatic potential of this
latter, while a gap separates each of them from the Mo coating; this gap assures electrical
insulation of the coating provided that it is larger then the ion sheath. According to [1] the

Figure 1: Horizontal view of first mirrors in TCV.

ion sheath width is a decreasing function of the plasma collisionality, which means that,
for designing purposes, it is enough to take the limit of a collisionless plasma. In this case
about ten debye lengths are enough to guarantee a drop of the potential by a factor of 20.
In TCV the glow potential is equal to 400 V, while the energy threshold of He sputtering
on a Mo target is estimated in 47.5 eV[2]; thus, to avoid the risk of ion sputtering on the
Mo coating, it is sufficient to have a gap larger than about 10 debye lengths. During the
glow the debye length is about 2.3·10−7 m which means that 1 mm is largely enough for the
electrical insulation purpose.

n0 < ϕ̇ >

ω(n0)
(1)
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0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.150

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

µB0/E

Barely Trapped Deeply Trapped

δLCFS=0.4
δLCFS=−0.4

Thermal electrons 
are more 

unstable in the 
negative delta case

At which energy the instability is more effective?

Sheath calculations during TCV glow discharge

The geometrical configurations of the first mirrors is depicted in figure 1. The mirror clamps
are connected to the vacuum chamber, thus they have the same electrostatic potential of this
latter, while a gap separates each of them from the Mo coating; this gap assures electrical
insulation of the coating provided that it is larger then the ion sheath. According to [1] the

Figure 1: Horizontal view of first mirrors in TCV.

ion sheath width is a decreasing function of the plasma collisionality, which means that,
for designing purposes, it is enough to take the limit of a collisionless plasma. In this case
about ten debye lengths are enough to guarantee a drop of the potential by a factor of 20.
In TCV the glow potential is equal to 400 V, while the energy threshold of He sputtering
on a Mo target is estimated in 47.5 eV[2]; thus, to avoid the risk of ion sputtering on the
Mo coating, it is sufficient to have a gap larger than about 10 debye lengths. During the
glow the debye length is about 2.3·10−7 m which means that 1 mm is largely enough for the
electrical insulation purpose.

n0 < ϕ̇ >

ω(n0)
(1)
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Particle drifts
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Conclusions
• Negative triangularity modifies the toroidal precessional drift thus stabilizing TEM
• Collisionality stabilizes TEM irrespective of triangularity
• Effect of edge shape on core transport through Zeff profile modifications?

Particle drifts
• Same stationary electron density profile ⇒ same electron fluxes
• How do ions react to plasma shape? Can they behave differently in the 2 cases in such a way

to produce the same electron fluxes?

⇒Quasilinear scan in Zeff and ions’ density profiles, match quasilinear electron particle fluxes
between positive and negative δ, find range of possible solutions ⇒ deduce ∇Zeff and propa-
gate it towards the magnetic axis to reconstruct its radial profile.

!"# !"$ !"% !"& !"' !"(
)"$

*

*"$

#

+

+

!"# !"$ !"% !"& !"' !"(
)"$

*

*"$

#

,
-
..

!"# !"$ !"% !"& !"' !"(
)

*

#

!
"

#
/012

3!!"#

#
/012

3!"#

• Higher Zeff in the center would imply a fur-
ther stabilization for negative δ, however it
doesn’t seem sufficient to explain transport
data

• Consistent with slightly higher Ti of nega-
tive δ, to be confirmed by transport codes

• Make use of the linear bounce-averaged gyro-kinetic equation to estimate fluxes
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• The pitch angle dependence of these linear fluxes compares well to its counterparts from
linear and non-linear GS2 simulations

• Effective stabilization is a complex interplay of deeply and barely trapped electrons which
react in opposite ways to triangularity

• The origin is the shape dependence of the toroidal precessional drift as a function of the
bouncing angle of trapped particles

Investigation of instability drives
• Linear and non-linear simulations performed replacing specific drives in the GK equations

indicate the curvature and ∇B drifts, together with the gradient of the ballooning eikonal, as
responsible for the difference between positive and negative triangularity cases

δ = 0.17 δ = -0.17 ωd ωd +∇⊥ ωd +∇// ∇⊥ ∇⊥ +∇// ∇//
1 0.77 0.90 0.74 0.92 0.82 0.84 0.98
1 0.59 0.55 0.58 0.53

Diffusivity estimated from Mixing-length (top) and non-linear runs (bottom), normalized to
the positive triangularity case, for a number of linear GS2 simulations performed after

replacing individual drive terms of the positive triangularity equilibrium with the
corresponding terms of the negative triangularity case.

• Magnetic drifts make the difference other parameters being equal (e.g. scale lengths)
• TEM are driven by the toroidal precession drift

〈ϕ̇〉(ψ, E, µ) =
1

e

∂I‖/∂ψ

∂I‖/∂E
= f (ψ, µ, shape)
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• Satisfactory match reached only close to plasma edge due to finite triangularity penetration
length

• Collisionality has an overall stabilizing effect and lowers the relative difference between pos-
itive and negative triangularity

• Experimental collisionality dependence is roughly reproduced by the simulations, with nu-
merical values of the same order of magnitude of the experimental ones
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Effect of collisionality on the non-linearly
simulated electron heat diffusivity.
The impact of triangularity diminishes with
increasing collisionality
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Gyro-kinetic modelling
Simulations performed with the GK code GS2[2]
The impact of negative triangularity is observed in linear simulations in two ways:

• lower instability
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TEM dispersion relations from linear GS2 simulations for TCV shots 28014 (δLCFS = 0.4)
and 28008 (δLCFS = −0.4) (growth rate on the left, real frequency on the right).

• Larger spatial scales |k⊥|2 = |&∇S|2 = n2
0|&∇(α + qθ0)|2 (< |k⊥|2 >|φ|2
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a) Ratio of k⊥ for TCV shots 28008 and 28014 as a function kθρi . b) Mixing length estimate of
the electron heat flux. All the calculations are performed at ρ = 0.7.

• Non-linear effects increase the triangularity impact
Blue rectangle: range in which lies the ratio
of experimental electron thermal conductivi-
ties, as a function of the square root of the
normalized volume, between discharges with
edge triangularities equal to ±0.4. The area
does not include the regions where the EC
power was deposited (ρ < 0.4) and where the
impurity ray emission is too large, thus spoil-
ing the measurement (ρ > 0.7). Red points:
same ratio simulated by GS2; the mean val-
ues are calculated in the saturated phase of
the simulation.

Experimental evidence
The Tokamak à Configuration Variable in EC heated L-mode plasmas showed [1]

• χe increases with δ and 1/νeff

• τE doubles when passing from δ = 0.4 to δ = -0.4, keeping the same electron density and
temperature profiles and halving the EC power
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Conclusions
• negative triangularity stabilizes L-mode TEM 

dominated  plasmas through perpendicular 
drift and effective perpendicular size of 
perturbation

• Non-linear terms are important for 
quantitative comparisons

• Interplay of collisionality and triangularity

• Toroidal processional drift and triangularity: 
peculiar effect in the phase space

• Finite penetration length?


