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Rational surfaces 

Introduction and motivations 

Fast ions physics 

Great importance to describe heating and

predict burning plasma scenarios.

In tokamak plasmas, turbulence suppression is essential to reach reactor-relevant scenarios (high  

𝑇 and 𝑛) and increase the plasma confinement time.

Many factors influence the suppression. Among these: 

o Zonal flow (ZF) generation by turbulence self-

interaction [Volčocas 24, Di Giannatale 25] 

o Fishbone destabilization   (kink-mode  fast 

ions) [Brochard 25]

o ZF generation by EP modes [Chen 12]

o Thermal profiles dilution [Tardini 07]

o Quasi-resonant effect [Di Siena 21]

o Zonal flow enhancement [Hahm 23, Choi 24]
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Introduction and motivations 

Great importance to describe heating and

predict burning plasma scenarios.

In tokamak plasmas, turbulence suppression is essential to reach reactor-relevant scenarios (high  

𝑇 and 𝑛) and increase the plasma confinement time.

Many factors influence the suppression. Among these: 

o Zonal flow (ZF) generation by turbulence self-

interaction [Volčocas 24, Di Giannatale 25] 

o Fishbone destabilization   (kink-mode  fast 

ions) [Brochard 25]

o ZF generation by EP modes [Chen 12]

o Thermal profiles dilution [Tardini 07]

o Quasi-resonant effect [Di Siena 21]

o Zonal flow enhancement [Hahm 23, Choi 24]

Interplay studied via 

GENE simulations 

Rational surfaces 

Fast ions physics 
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o Low 𝑇𝑓 values

• Linear fast ions physics
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o High 𝑇𝑓 values
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Tools: the GENE code

All results described are obtained via the eulerian 𝛿𝑓 gyrokinetic code GENE [Jenko 00, Görler 11]. 

o Solves the perturbed Vlasov-Maxwell system 

in the 𝒙, 𝒚, 𝒛, 𝒗||, 𝝁  phase space  

o Field aligned coordinates: 𝑥 radial, 𝑦 binormal 

coordinate and 𝑧 follows 𝑩

o Electrostatic and electromagnetic paradigm.

o Flux-tube and global approach  

o Linear (single-mode) and non-linear simulations

All simulations reported are performed in 

a global, electromagnetic setup 
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Plasma profiles and setup 

Analytical 𝒏, 𝑻 and 𝒒 profiles are designed to 

maximize the impact of fast ions at 𝒒 = 1.

o 𝑛𝑖 = 𝑛𝑒 − 𝑛𝑓

o Flat 𝑇𝑒  and 𝑇𝑓 profiles. 𝒂/𝑳𝑻𝒊
 and 𝒂/𝑳𝒏 peak at 𝒒 = 1

o 𝛽𝑒 = 0.075%, 𝜌∗ = 0.006, 𝐵𝑇  = 1 T                   

Concentric geometry with 𝜀 = 0.1

ො𝑠 =
𝑟

𝑞

𝑑𝑞

𝑑𝑟
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Plasma profiles and setup 

Analytical 𝒏, 𝑻 and 𝒒 profiles are designed to 

maximize the impact of fast ions at 𝒒 = 1.

o 𝑛𝑖 = 𝑛𝑒 − 𝑛𝑓

o Flat 𝑇𝑒  and 𝑇𝑓 profiles. 𝒂/𝑳𝑻𝒊
 and 𝒂/𝑳𝒏 peak at 𝒒 = 1

o 𝛽𝑒 = 0.075%, 𝜌∗ = 0.006, 𝐵𝑇  = 1 T                   

Concentric geometry with 𝜀 = 0.1

o Ion temperature gradient (ITG) mode 

is the dominant instability

o No 𝒏 ≠ 1 EP-driven mode

o The 𝒏 = 1 FB appears for 𝑇𝑓 ≳ 40 keV

A scan in 𝑻𝒇 is perfomed in the setup

ො𝑠 =
𝑟

𝑞

𝑑𝑞

𝑑𝑟
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Low 𝑇𝑓 values – Linear fast ions physics   

o Inclusion of FI (𝑇𝑓 = 40 keV) leads to a stabilization

of the ITG (𝜔 > 0) branch



I M PA C T  O F  FA S T  PA RT I C L E S  AT  R AT I O N A L S U R FA C E SM A X - P L A N C K - I N S T I TU T F Ü R  P L A S M A P H Y S I K  |  D AV I D E  B R I O S C H I  |  2 3 - 3 - 2 0 2 6  1 2

Low 𝑇𝑓 values – Linear fast ions physics   

o Inclusion of FI (𝑇𝑓 = 40 keV) leads to a stabilization

of the ITG (𝜔 > 0) branch

o Setting FI as a dilution species shows that this is due 

to thermal profiles dilution [Tardini 07] 
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Low 𝑇𝑓 values – Linear fast ions physics   

o Inclusion of FI (𝑇𝑓 = 40 keV) leads to a stabilization

of the ITG (𝜔 > 0) branch

o Setting FI as a dilution species shows that this is due 

to thermal profiles dilution [Tardini 07] 

o Lowering 𝑇𝑓, an increase in γ is observed

o ITG / FI quasi-resonant interaction (𝜔𝑑,𝑓 = 𝜔𝐼𝑇𝐺) is 

maximized for 𝑇𝑓 ≈ 2 keV [Di Siena 21]

Lowering 𝑇𝑓 (orange arrow) we increase the energy 

exchanged between FI and wave

ITG gets destabilized 

n = 25
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Low 𝑇𝑓 values – Turbulence analysis  

Nonlinear simulations are performed including modes 𝒏 = (0,1,…,47) at different 𝑻𝒇 ≤ 40 keV.   

o The quasi-resonant effect explains the global decrease in heat fluxes with increasing 𝑻𝒇

o A pronounced reduction of fluxes is observed at 𝒒 = 1 (gray region). This stabilization increases with 𝑻𝒇

FI included
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Low 𝑇𝑓 values – Turbulence analysis 

o The stabilization at 𝑞 = 1 is linked to the generation of an 𝒏 = 0 shearing structure

𝛾𝐸×𝐵 = −𝑟𝜕𝑟

𝜕𝑟 𝜙

𝑟𝐵

o 𝜸𝑬×𝑩 > 𝜸𝑰𝑻𝑮 for the 𝑇𝑓 values where the stabilization 

is observed 

o The shearing structure is strongly localized at 𝒒 = 1

Nonlinear simulations are performed including modes 𝒏 = (0,1,…,47) at different 𝑻𝒇 ≤ 40 keV.   
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Low 𝑇𝑓 values – Turbulence analysis 

o The stabilization at 𝑞 = 1 is linked to the generation of an 𝒏 = 0 shearing structure

𝛾𝐸×𝐵 = −𝑟𝜕𝑟

𝜕𝑟 𝜙

𝑟𝐵

o A run with shifted ෥𝒒 (𝑟𝑞=1 = 0.47 → 𝑟෤𝑞=1 = 0.75) is performed  

o 𝜸𝑬×𝑩 > 𝜸𝑰𝑻𝑮 for the 𝑇𝑓 values where the stabilization 

is observed 

o The shearing structure is strongly localized at 𝒒 = 1

෥𝒒 = 1𝒒 = 1

Nonlinear simulations are performed including modes 𝒏 = (0,1,…,47) at different 𝑻𝒇 ≤ 40 keV.   
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Low 𝑇𝑓 values – Turbulence analysis 

o The stabilization at 𝑞 = 1 is linked to the generation of an 𝒏 = 0 shearing structure

𝛾𝐸×𝐵 = −𝑟𝜕𝑟

𝜕𝑟 𝜙

𝑟𝐵

As ෥𝒒 = 1 is shifted, the 

shearing layer disappears

Maximum of the gradients (ITG drive) coincides with 𝑞 = 1 → 𝛾𝐸×𝐵 generation → 𝑄𝑡𝑜𝑡 reduction

How do we explain this?

Nonlinear simulations are performed including modes 𝒏 = (0,1,…,47) at different 𝑻𝒇 ≤ 40 keV.   
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Low 𝑇𝑓 values – ZF through turbulence self-interaction  

Turbulent eddy self interaction – The mode 𝑛 interacts with itself to generate the 𝑛 = 0 ZF by

«biting its own tail» after traveling around the torus. This process efficiency is maximized on lower

order rational surfaces [Volčocas 24, Di Giannatale 25].

𝑞 = 1

Adapted from [Tzanis 20]

Three wave 

interaction

𝒏 + 𝟎 = 𝒏
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Low 𝑇𝑓 values – ZF through turbulence self-interaction  

Correlation between 𝑧 = -π and 𝑧 = 0: how much 

does the eddy «sense» itself along the field line?

𝐶 𝒙1, 𝒙2 =
𝜙𝑁𝑍 𝒙1 𝜙𝑁𝑍 𝒙2 𝑡

𝜙𝑁𝑍
2 𝒙1 𝑡 𝜙𝑁𝑍

2 𝒙2 𝑡

o 𝐶 𝑦 peaks at 𝑞 = 1 , 𝑞 = 2 and where ො𝑠 ≈ 0 

(𝑙|| ~ ො𝑠−1), both with and w/o FI

Turbulent eddy self interaction – The mode 𝑛 interacts with itself to generate the 𝑛 = 0 ZF by

«biting its own tail» after traveling around the torus. This process efficiency is maximized on lower

order rational surfaces [Volčocas 24, Di Giannatale 25].
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Low 𝑇𝑓 values – ZF through turbulence self-interaction  

Turbulent eddy self interaction – The mode 𝑛 interacts with itself to generate the 𝑛 = 0 ZF by

«biting its own tail» after traveling around the torus. This process efficiency is maximized on lower

order rational surfaces [Volčocas 24, Di Giannatale 25].

𝐶 𝒙1, 𝒙2 =
𝜙𝑁𝑍 𝒙1 𝜙𝑁𝑍 𝒙2 𝑡

𝜙𝑁𝑍
2 𝒙1 𝑡 𝜙𝑁𝑍

2 𝒙2 𝑡

o 𝐶 𝑦 peaks at 𝑞 = 1 , 𝑞 = 2 and where ො𝑠 ≈ 0 

(𝑙|| ~ ො𝑠−1), both with and w/o FI

o When ෥𝒒 = 1 is shifted, also 𝐶 𝑦 peak moves

We have self-interaction at 𝑞 = 1. How do fast ions enter the picture?

Correlation between 𝑧 = -π and 𝑧 = 0: how much 

does the eddy «sense» itself along the field line?
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Low 𝑇𝑓 values – FI enhancement of ZF generation 

The role fast ions play in the nonlinear zonal flow physics is investigated. 

o NL term (∝ 𝑣ത𝜉) is removed from FI Vlasov equation → no effect 

o 𝒏𝒇 profile is flattened → no effect 

o 𝒏𝒇 is halved → stabilization vanishes → hint of a threshold in FI density
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Low 𝑇𝑓 values – FI enhancement of ZF generation 

o FI set as a dilution species → Stabilization at 𝑞 = 1 recovered independently on 𝑇𝑓

FI dilution effect on ZF generation – For, 𝑘𝑦
2𝜌𝑠

2 ≪ 𝑘𝑦
2𝜌𝑇𝑓

2 , FI considered a passive species in the 

turbulence + zonal flow system → ZF destabilization threshold scales as (1 − 𝒏𝒇/𝒏𝒆) → Higher 𝑛𝑓

enhances the ZF trigger [Hahm 23, Choi 24].
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Low 𝑇𝑓 values – FI enhancement of ZF generation 

o FI set as a dilution species → Stabilization at 𝑞 = 1 recovered independently on 𝑇𝑓

o ZF growth rate scales as 𝒏𝒇 in the linear phase

Linear fit

FI dilution effect on ZF generation – For, 𝑘𝑦
2𝜌𝑠

2 ≪ 𝑘𝑦
2𝜌𝑇𝑓

2 , FI considered a passive species in the 

turbulence + zonal flow system → ZF destabilization threshold scales as (1 − 𝒏𝒇/𝒏𝒆) → Higher 𝑛𝑓

enhances the ZF trigger [Hahm 23, Choi 24].
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High 𝑇𝑓 values – Linear FB destabilization 

A case with 𝑻𝒇 = 180 keV is now considered.

o The 𝒏 = 1 mode is destabilized around 𝒒 = 1

𝝎𝒏=𝟏
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High 𝑇𝑓 values – Linear FB destabilization 

A case with 𝑻𝒇 = 180 keV is now considered.

o The 𝒏 = 1 mode is destabilized around 𝒒 = 1

o Dominant 𝒎 = 1 contribution in the 𝜙 envelope

o High-frequency mode resonates with passing FI 

precessional frequency [Brochard 19]

𝝎𝒏=𝟏

𝒎 = 1
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High 𝑇𝑓 values – Turbulence analysis 

A nonlinear simulation is perfromed and compared with the «low 𝑇𝑓» ones. 

o Phases with high 𝑸𝒕𝒐𝒕 (A) alternate to phases with low 𝑸𝒕𝒐𝒕 (B)

o A strong flattening (decr. 𝜔𝑛𝑖 ,𝑇𝑖
) of the thermal profiles is detected during phase A
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High 𝑇𝑓 values – Turbulence analysis 

A nonlinear simulation is perfromed and compared with the «low 𝑇𝑓» ones. 

o Phases with high 𝑸𝒕𝒐𝒕 (A) alternate to phases with low 𝑸𝒕𝒐𝒕 (B)

50% stabilization at 𝒓/𝒂 ≈ 0.62 due 

to  new shearing layer generation.                          

𝑄𝑡𝑜𝑡 increase in A at 𝒓/𝒂 ≈ 0.7.

90% stabilization at 𝒒 = 1 due 

to ZF from eddy self-interaction 

(same 𝑄𝑡𝑜𝑡 and γ𝐸×𝐵) 
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High 𝑇𝑓 values – ZF generation by FB mode  

The zonal mode characteristics are studied for the 𝑇𝑓 = 180 keV setup.   

o Around 𝒓/𝒂 ≈ 0.62, 𝜸𝟎 = 𝟐𝜸𝟏 holds. This is not true at 𝒒 = 1 (where the mechanism for ZF

generation is different)

𝛾 computed with linear fit

-- 𝜸𝟎 = 0.092 

– 𝜸𝟏 = 0.046

-- 𝜸𝟎 = 0.059

– 𝜸𝟏 = 0.049𝒒
=

 1
𝒓

=
 0

.6
2

Phase 2𝒓/𝒂 = 0.62𝒒 = 1
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Presentation outline

o Tools: the GENE code

o Plasma profiles and setup

o Low 𝑇𝑓 values

• Linear fast ions physics

• Turbulence analysis

o High 𝑇𝑓 values

o Conclusions

• Linear FB destabilization

• Turbulence analysis
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Conclusions 

o The influence of fast ions in a setup where thermal gradients peak at 𝑞 = 1 has been 

investigated

o Zonal-flow generation via turbulence self-interaction has been studied.                           

This effect is independent on fast ions

o ZF enhancement via FI dilution is very efficient in reducing turbulent fluxes 

o When a FB is destabilized, fluxes are further reduced via beat-driven ZF

Interaction between FI and rational surfaces is a fundamental 

topic for the study of turbulence suppression 

o Modeling of an AUG scenario with strong FB activity is ongoing

o Comparison between GENE and ORB5 [Lanti 20] for this case

…Future work 
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Thank you for your attention!
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Low 𝑇𝑓 values – Nonlinear simulations time traces  

All analyzed quantities are time-averaged in an interval in which turbulence is saturated.

𝑇𝑓 = 40 quantities 

averaged here

Backup
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Low 𝑇𝑓 values – Particle fluxes 

𝑇𝑓 scan 𝑇𝑓 scan 𝑇𝑓 scan

𝒒 vs ෥𝒒 𝒒 vs ෥𝒒 𝒒 vs ෥𝒒

Backup
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Low 𝑇𝑓 values – Different 𝒏𝒎𝒊𝒏 runs  

Runs with 𝒏𝒎𝒊𝒏 ∈ {1,2,3,5} are performed.                                   

Modes included are 𝒏 = (𝒏𝒎𝒊𝒏,2𝒏𝒎𝒊𝒏,…,(𝒏𝒌𝒚
-1)𝒏𝒎𝒊𝒏).

o We confirm that low-𝑛 modes do not contribute to the physics 

o For 𝑛𝑚𝑖𝑛 = 5: 𝒏 = 10 is enough to trigger the self-interaction ZF    

At 𝒒 = 1 we have 𝜸𝟎 ≈ 𝟐𝜸𝟏𝟎  

Backup
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Low 𝑇𝑓 values – General picture 

Reference setup w/o FI

o Dilution of thermal profiles – 𝜸↓ with FI

o Quasi-resonant effect – 𝜸↓ as 𝑇𝑓 increases

o ZF enhancement – 𝜸𝑬×𝑩↑ as 𝑇𝑓 increases (𝑘𝑦
2𝜌𝑠

2 ≪ 𝑘𝑦
2𝜌𝑇𝑓

2 ) 

o ITG-dominated

o ZF generation via turbulence self-interaction at lower order 

rational surfaces (𝑞 = 1)

With FI

ZF threshold reduction by FI is a very efficient way to suppress 

turbulence via shearing 

Backup
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High 𝑇𝑓 values – Nonlinear simulations time traces  

𝒏𝒎𝒊𝒏 = 1 𝒏𝒎𝒊𝒏 = 2

(ph. A) (ph. B)

o Dashed vertical line: outer buffer region increased from 

Δ𝑟/𝑎 = 0.025 to Δ𝑟/𝑎 = 0.05

o 𝜹𝝎𝑻𝒊
= Τ|𝜔𝑇𝑖

− 𝜔𝑇𝑖0| 𝜔𝑇𝑖0 𝑟/𝑎

Backup
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High 𝑇𝑓 values – Heat and particle fluxes 

Heat fluxes

Particle fluxes

Backup
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