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The energiesof energeticions
ÅTo keep the thermal plasma at constant temperature, a steady source of bulk plasma 

heating must be provided

ÅAuxiliary ion heating methods
ÅIon Cyclotron Range of Frequencies (ICRF) ḐρππkeV (minority heating) up to ḐρMeV (second, 

third harmonics and three-ion scheme)
ÅNeutral Beam Injection (NBI) Ḑςπ ρψπkeV (positive ions, in most present devices) up to 870 

keV (negative ions in LHD, JT-60U, ITER)

ÅNuclear fusion reactions generate alpha particles at 3.5 MeV

ÅNeed to be sufficiently well confined to transfer their energy to the thermal plasma

ÅAnalysis of the range of energies from ḐςπkeV up to the 3.5 MeV birth energyof 
alpha particles

ÅManymore detailson energeticparticlescan be found in [SalewskiNF 2025] (and 
1336 references therein)
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Orbit width of EP ḻorbit of thermal ions
The motion of a charged particle in a tokamak is quasi-periodic around the magnetic field lines and in 
the poloidal and toroidal directions Ÿ we define a set of action-angle variables
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ᵼ╙are motion invariants associatedto the three periodicdirections

Deviationfrom the flux surfaces Ÿ Orbit width
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ɝ ȟḐρυϷto υπϷof the minor radius in ITER and JET, respectively
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Characteristic frequenciesof ‌particles

Ὁ = 500 keV 1 MeV 3,5 MeV

ɱȟ 130 kHz 180 kHz 340 kHz

ɱȟ 260 kHz 360 kHz 680 kHz

ɱȟ 50 kHz 70 kHz 130 kHz

ɱȟ 10 kHz 20 kHz 60 kHz

Stagnation

Potato

Linear resonance: ‫ ὲɱ ὲɱ π(NL resonancesonly for large perturbations [Sanchis PPCF 2018, 
Kramer PRL 2012]) 
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Frommicro- to macroscopictransport
MicroscopicrandomƪƛŎƪǎ ҦMacroscopictransport

ᵔStatisticsof micro-scalemotion governsthe nature of transport

Kick = i.i.d. randomvariables ὼҦ Total displacementὼ Вὼ

V ὼȟὼ Њ ВὼͯDŀǳǎǎƛŀƴ t5C  5ƛŦŦǳǎƛƻƴ

V ὼȟὼ Њ Вὼͯ[ŞǾȅ t5C          Anomalousdiffusion

ɝὼ Ḑὸȟ‎ ρɝὼ Ḑὸ
From[HeidbrinkPoP2020]
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Diffusion Ÿ Exponentialdecayὖ ḐὩ

ÅThe simplest model for radial transport in toroidal geometry

The radial diffusion equationfor the particle density ὶ

ÅProbability of exit time ὖ ὸand the mean exit time ὸ exhibit the local diffusive scalings

ὸ ὖ ͯ Ὡ ἂ ἃ

ὥ
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ÅToroidalAcceleratedPArticle Simulator
ÅGuiding-centre (GC, 5D) & full-orbit (FO, 6D)

ᵔGC solvedusingRK4
ᵔFO solvedusingBoris algoritm

ÅCollision operator(deterministic+ stochastic)
ÅSource of energyand particles(NBI)
ÅRealisticgeometries
ÅAcceleratedon GPU, includingthe 3D B-spline

interpolations
ÅAllows for large numberof particles(Ḑρπ
ÅCoupledto externalcodes (FAR3d, GYSELA) to 

use 3D perturbations
ÅAppliedto DIII-D (and currentlyto JET 

discharges).

TAPAS to studythe transport of EP

[H. Betar, D. Zarzoso et al NuclearFusion 2024]
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Couplingwith FAR3d code to model EP transport
FAR3d solves the reducedMHD equationsfor the thermal plasma and the densityand parallelvelocityequations
for the EP population usinga two-pole closuremodel [Varela Frontiersin Physics2024]

Applied to the discharge#159243 of DIII-D with‍ σϷusingthe modes ὲ πά ρτȟȣȟρτȟὲ
σά ςπȟȣȟςπȟὲ φ υςȟȣȟυς

RSAE excitedby passing Deuterium(tangentialNBI), with
presenceof zonal flows and burstybehaviourin the inner
part of the plasma, correlatedwith the location of the 
Alfvénactivity

Monoenergeticbeamexhibitslossesnearthe prompt 
lossesregion[BetarNF 2024]
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Magnetic islandsŸ EP transport and losses

ÅTearingmode
ÅLarge scaleMHD mode drivenunstableby the radial gradient of the plasma current

(ή-profile)
ÅModifies the magnetictopology(presenceof magneticislands)
ÅDegradesconfinement and canresult in disruptions [Sauter PoP1997]

ÅCan have negativeimpact on energeticparticleconfinement [MynickPoFB1993, 
CarolipioNF2002, Garcia-MuñozNF2007, Yu AIPAdvances2021, Zarzoso PPCF 2022, Martinell PoP2025]

ÅObservedexperimentallyin TFTR, DIII-D, AUG and EAST.
ÅConfirmednumericallyusingORBIT
ÅChaos in EP trajectories
ᵔSignificantlosseswith tearingmode

W/o tearingmode

With tearingmode

From[Garcia-MuñozNF2007]
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Transition to chaos

Ὁ υkeV Ὁ σȢυMeV

Trajectories of fusion-born‌particles(3.5 MeV) integratedusingGC approach(and FO approachfor comparison)

Islandsin trajectoryPoincaré mapsare distorted followingthe orbit drift of particles.

Existence of overlapof main and secondaryislandsas the orbit drift increases, as reported in [MynickPoFB1993, 
CarolipioNF2002, Garcia-MuñozNF2007].

Ὁ ρMeV
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Mainlypassing particlesare affectedby the magneticisland

Significant losses, but lesspronouncedthan in [BonofigloNF 2025], with mild stochasticitydue to the 
absence of higherorder harmonicsand different initializationof ‌particlepopulation.

Lossesincreasewith the width of the island(as expected), more important for passing than for trapped
particles

Further analyses are requiredto assessthe impact on the ‌confinement duringthe wholeslowing-down 
process.
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Magnetic islandinducedtransport isnon-diffusive

Non-exponentialdecayof the PDF of exit timeO Non-diffusive transport
Algebraicdecaydependson the class of particleand the amplitude of the perturbation, with an 
averagedexponentfor all particlesofπȢψ ‘ ρȢπ

Similarbehaviourobservedfor oscillatingradial electricfield [Zarzoso&del-Castillo-NegreteJPP2020] 
linkedto Lévy flightsŸ Difficulty to model the transport usingsimple diffusion models



18

Impact of rotation on the lossesof particles

‫ π‫ π

A magneticislandrotatesin the plasma frame, exceptwhenit is locked

We introducea rotation in the ion direction (‫ π) or in the opposite direction (‫ π)

Losses are increasedfor trappedparticlesand for co-passing particlesfor ‫ π

Losses are reducedfor counter-passing particlesfor ‫ π
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Effectsof resonanceson the lossesof particles

‫ π‫ π ‫ π

Resonancesmainlypresentin the co- and counter-passing regionsŸ Lossesof passing particlesare more pronounced

Negative rotation frequencyŸ Resonancesare pushedtowardsthe innerpart of the counter-passing regionand towardsthe outer
part of the co-passing regionᵼCounter-passing particlesare more affectedby islandswith‫ π

Positive rotation frequencyŸ Resonancesare pushedtowardsthe trappedregionᵼTrapped particlesare more affectedby islands
with‫ π
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Effectsof resonanceson the lossesof particles
Resonancesmainlypresentin the co- and counter-passing regionsŸ Lossesof passing particlesare more pronounced

Negative rotation frequencyŸ Resonancesare pushedtowardsthe innerpart of the counter-passing regionand towardsthe outer
part of the co-passing regionᵼCounter-passing particlesare more affectedby islandswith‫ π

Positive rotation frequencyŸ Resonancesare pushedtowardsthe trappedregionᵼTrapped particlesare more affectedby islands
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The location of the resonancesiscorrelatedwith the probabilityof losses, similarto [Sanchis PPCF 2018]

‫ π‫ π ‫ π
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FiniteLarmor radius effectsthroughfull-orbit simulations
Need to performsimulations in full-orbit, following[Martinell PoP2025]
ᵔEnergies characteristic of NBI heating(10 keV and 50 keV)
ᵔSimilar behaviour due to island rotation ( resonanceseffect)
ᵔBut GC lesssensitive to magneticislandrotation than FO
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FiniteLarmor radius effectsthroughfull-orbit simulations

Analyse JET dischargesusingeither an equivalentMaxwellianor duringthe slowing-down process with an ‌
particlesource (ongoingwork with J. Varela and J. Garcia)

Need to performsimulations in full-orbit, following[Martinell PoP2025]
ᵔEnergies characteristic of NBI heating(10 keV and 50 keV)
ᵔSimilar behaviour due to island rotation ( resonanceseffect)
ᵔBut GC lesssensitive to magneticislandsthan FO
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Transport remainsnon-diffusive 
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Absenceof turbulence-inducedEP transport in experiments

ÅTFTR: passing MeV fusion productsexhibitedὈ πȢρά Ⱦί, smallerthan thermal 
diffusivity[ZwebenNF1991], especiallyin DT plasmas [ZwebenNF1995] unlikelydue 
to plasma fluctuations [ZwebenPoP1994], but mainlyto ripple effects[Yavorskij
NF1998]. For beamEP, there isno clearconclusion [Ruskov NF1995, Ruskov 
PRL1995]. No significantEP anomaloustransport and losseswereobservedin TFTR.

ÅSimilarresultsfor JT-60U(EP transport in reversedshearoperationsdue to ripple
effects[TobitaNucl. Fusion 1997]) and JET(agreeementbetweenmodellingand 
experimentsby setting Ὀ ḺὈ [BaranovPPCF2009]). No significantEP 
anomaloustransport and losseswereobservedin JT-60U and JET.

ÅSimilarresultsfor on-axis NBI in DIII-D [Pace NF 2011]. EP transport inducedby 
turbulence is too smallto beexperimentallyrelevant [Pace PoP2013]
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Evidenceof turbulence-inducedEP transport in experiments

ÅAUG: for realistic experimental conditions, Ὀ ḐὈ and the 
experimental results indicate a redistribution of EP driven by turbulent 
[Günter NF2007]

ÅDIII-D: off-axis NBCD gave a peakof Ὀ Ḑρά Ⱦίfor Ὁ τπkeV, 
decreasingwithὉȾὝ(transport beyondὉȾὝḻρπisnegligibleand 
turbulence affects equallypassing and trappedions [HeidbrinkPRL 
2009]).

ÅTORPEX (SMT): Suprathermalion turbulent transport isnondiffusive, 
rangingfrom subdiffusiveŸ superdiffusivedependingon the interplay
of turbulent structures and ion orbits [GustafsonPRL 2012, Bovet PRL 
2014, FurnoPPCF 2015]
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Turbulence-inducedEP transport in simulations and theory

- Electrostatic simulations with GYRO: turbulence-induced ‌transport exhibits 
significant values for typical parameters in ITER, due to the curvature drift 
[Estrada-Mila PoP2006]

- Electrostaticsimulations with GKW: the ‌particles are transported only for 
small values of ὉȾὝ, no EP transport occurs above the slowing down 
critical energy [AngioniPoP2008].

- Electrostaticsimulations with GTC: diffusivitydecreasesdrasticallyat high 
particleenergyw.r.t. plasma temperaturedue to gyro-averagingeffectsand 
the probability density function of the ion radial excursion is found to be very 
close to a Gaussian, indicating a diffusive transport process[Zhang PRL 2008, 
Zhang PoP2010, Zhang PRL 2011]. Ὀ ȟ ḐὉ andὈ ȟ ḐὉ , 
basedon quasi-lineardiffusion calculationsincludingthe resonance‫
ὲɱ ὲɱ .
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Turbulence-inducedEP transport in simulations and theory

- Electromagnetic simulations with GENE: orbit averageisnot validunder
genericconditions and perpendiculardecorrelationleads to Ὁ decayof 
electrostaticdiffusivity. Separatingelectrostaticfrom magneticseemsto be
important, sincethe magneticdiffusivityis independentof Ὁ[Hauff PRL 2009, 
Jenko PRL 2011]. Ὀ ȟ ḐὉ andὈ ȟ ḐὉ Ⱦ

- Quasi-linear modellingwith TGLF, DEP and NUBEAM: transport of EP due to 
coherentfluctuations isconsiderablylargerthan that due to micro-turbulence 
[Pace PoP2013]

- Semi-analyticalapproachbasedon the decorrelationtrajectorymethod: 
fusion-born‌particletransport isexpectedonlyat ὉḐρππkeV [CroitoruNF 
2017]

- Direct numericalsimulation usinga givenspectrum: nonlinearcoupling
betweenturbulence and RMPsenhancesradial diffusion [Palade PoP2021]
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Examplesof somescalingsreportedin gyrokinetics

[FromHauff et al PRL 2009][FromZhang et al PRL 2008]

ὈḐὉ for passing

ὈḐὉ for trapped
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Ion TemperatureGradient driventurbulence
GYSELA [Grandgirard CPC 2016] solves the full-F gyro-kineticequationin flux-drivenand gradient-drivenconfigurations, 
with collisions, coupledto the quasi-neutralityequationand !ƳǇŝǊŜΩǎlaw.

We use herea standard electrostaticITG simulation with adiabaticelectrons, flux-driven(source), collisions, parabolicq-
profile from 1.1 to 4.5, ϳὙὒ ωȟϳὙὒ ςȢυand buffer regionsin the outer boundary

Reference values are Ὕ υkeV, ὄ σT, Ὑ σm, ά ςά , ὤ ρ.

Initialize mono-energetic ‌particlesinsidethe turbulent regionwithςυ ϳὉ Ὕ φππ, withɝὸrequiredto get good 

conservation propertiesfor ϳὉὝ φππ(check thatɝὉ Ὠ᷿ὸὩὤ○ẗ‰)



32

Energy diffusion coefficient decreaseswithὉȾὝ

No ‌particlelossesfor deeplypassing/trappedbelow ϳὉ Ὕ ρππ. Lossesof 1-2% peakedat ὉȾὝ ςυπ
(trapped) and ὉȾὝ σππ(passing). Differencelikelydue to the orbit widthsof trapped/passing.

The effect on the kineticenergyof particlesremainssmall. The diffusivitydecreaseswithὉȾὝ.

‫ ὲɱ ὲɱ πᵼὲɱ ὲɱ π, especiallyfor high energiesŸ Changes in the kineticenergyare small
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Non trivial behaviourof the radial dynamics
Considering all the particles, the diffusivitydecreaseswith the energyas Ὀ ḐρȾὉ , withρ ‌ σȾς.
Significantdifferencesappearwhenclassifyingthe particlesin passing and trapped.

ᵔThe scalingisὈ ḐὉ for smallenergies(Ὁ ρππὝfor trappedand Ὁ ςππὝfor passing).
ᵔBeyond thoseenergies, the diffusivityexhibitsa local maximum
Samebehaviourfor the meanradial velocity
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Possible reasonsfor the observedscaling

ÅParticles with‗ πȢφ(counter-passing) and πȢσ ‗ π
(trappedclose to the prompt lossesregion) are lost.

ÅThe energyremainsalmostconstant ‫ ὲɱ ὲɱ
ὲɱ ὲɱ π
ÅPresenceof resonancesfor the turbulent modes that can lead to the 

observedlosses.

ÅFurtheranalyses are requiredto assessthe diffusive nature of 
the transport
ÅFor small energies, the PDF of displacements exhibits a Gaussian 

behaviour

ÅFor larger energies, the PDF departs from a Gaussian

ÅSuperdiffusionoccurs when turbulent structures are relatively static with 
respect to the ions beyond a given threshold in turbulence amplitude 
[Gustafson PRL 2012]
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Future directions

ÅRadial dependenceof Ὀ

ÅDifferent regimesof turbulence (amplitude, size of the machine)

ÅDifferent regimesof heating
Å‌particleheating: analyses for a distribution function(insteadof mono-energetic

simulations) and duringthe slowing-down process
ÅNBI (and ICRH): use the ionization(and RF) module of TAPAS in realistic

configurations togetherwith the collision operator

ÅPerformlonger simulations
ÅWith a 3D non evolvingpotential (‫ Ḻɱȟɱ for high energies).
ÅWith syntheticturbulence usinggenerativedeep-learning[Clavier PRE 2025, Clavier 

PoP2025, Liu PhysRevFluids2025](seeposter by B. Clavier)
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Summary

ÅComplexityof the dynamicsof energeticparticles

ÅUse of the ToroidalAcceleratedParticleSimulator (TAPAS) to studyEP 
transport phenomena(usedfor DIII-D RSAE case)

ÅAnalyses of different cases show a non-diffusive behaviourof EP 
transport
ÅShort times and radial scalesŸ Nondiffusive Diffusive

ÅNeed to extent the modelsfor long time regimesinvolvingseveralspatial scales

ÅFurtherstudiesare requiredto assessthe diffusive/no-difffusive
transport dependingon the regimes
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BACK-UP SLIDES
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Motion invariants to characteriseEP trajectories

We definean equilibriumHamiltonianὌ ╙ Ὠ᷿♪Ὄ♪ȟ╙
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Motion invariants to characteriseEP trajectories
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Motion invariants to characteriseEP trajectories

We definean equilibriumHamiltonianὌ ╙ Ὠ᷿♪Ὄ♪ȟ╙
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Fundamental and high order resonances

If ɱ ḻ‫ᵼὲ πᵾ ḂÄ• ᵼ Linearresonance: ‫ ὲɱ ὲɱ π

Nonlinearresonancesshouldalsobeconsideredif the amplitude of the perturbation issufficientlylarge 
to stronglymodify the unperturbedtrajectories[Sanchis PPCF 2018]

— ‏ ‌ —ɡ‌ ȟ‪ ‪ ‪ɧ‌ withɡȟɧperiodicfunctionsof ‌
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Fundamental and high order resonances
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If ɱ ḻ‫ᵼὲ πᵾ ḂÄ• ᵼ Linearresonance: ‫ ὲɱ ὲɱ π

Nonlinearresonancesshouldalsobeconsideredif the amplitude of the perturbation issufficientlylarge 
to stronglymodify the unperturbedtrajectories[Sanchis PPCF 2018]
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Computingthe diffusion coefficient from microscopicdisplacements

ɝὼὸ ὼὸ ὼπᵼDisplacementin arbitrarydirection: Lagrangian velocity: ὺ ὸ

¢ŀȅƭƻǊΩǎ ŜȄǇǊŜǎǎƛƻƴ ǊŜƭŀǘŜǎ ǘƘŜ Lagrangianvelocityautocorrelationfunction to the rate of change 
of the variance of the displacement„ ἂɝὼ ɝὼ ἃ

Ὠ„

Ὠὸ
ς ἂὺ πὺ ὸἃὨὸᴂ

If the autocorrelationdecaysfast enough, ÌÉÍ
ᴼ
᷿ἂὺ πὺ ὸἃὨὸᴂexistsand the diffusion coefficient is

Ὀ ÌÉÍ
ᴼ

ἂὺ πὺ ὸἃὨὸᴂᵼ„ Ḑὸ

In general„ Ḑὸ

‎ ρᵼ
‎ ρᵼ
ρ ‎ ςᵼ
‎ ςᵼ

Subdiffusive
Diffusive
Superdiffusive
Ballistic
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Collision operatorin TAPAS
Collisions of energeticparticleson a Maxwellianbackground, ὲȟὝ, with electronsand ions

Essential for long time simulations, modellingthe slowing-down of EP for alphas, NBI and ICRH

[H. Betar, D. Zarzoso et al NuclearFusion 2024]
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Larmor radius of ‌particles
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Someexamplesof EP transport reviewedin this presentation

Axi-symmetricmodes  or oscillatingradial electricfield (EGAM)

Non axi-symmetricmodes, both staticand rotating (tearingmodes)

Ion-tempraturegradient (ITG) driventurbulence

ᵔElectrostatic large scale άȟὲ πȟπ, ‫ ‫ π

ᵔPurely magneticlarge scale άȟὲ ςȟρ, ‫Ḻπ

ᵔElectrostaticwith a broad spectrum άȟὲȟὯ
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Oscillating ὉŸ Anomaloustransport and losses

Reducedmodel for the potential‰ ‰ ὶ ‰ ὶÓÉÎ—ÃÏÓ‫ὸ

○ ẗ♩► π No convective transport

Oscillatingradial electricfield

[NazikianPRL 2008]

[Fisher NF 2012]


