Energetic particle transport in theory, modelling and
experiments in magnetically confined plasmas

D. Zarzoso
Aix Marseille Univ, CNRS, Centrale Med, M2P2 UMR 7340, Marseille, France

Acknowledgments

H. Betar, D.del-CastilloNegrete B.
Clavier, IMavrogiannis J. Varela
Rodriguez, L. Garcia Gif-Pradalier
V. Grandgirard, FDonneland X. Du

BN s AIMAEP Project (ANR-CE360018),
‘ ' RSt Jy);\f funded by the French National
Research Agency (ANE

,,,,,
\\\\\\\\\\

LIRS
\\\‘ 4 )

&£ 7
> .

\,\'\

) 7 \V
/ )\"’,\*,\z /\“

/3

/-
\~\

Marseille Université



eeeeeeeeeeeeeeeeeeeeee

Outline of the presentation

Fundamentaphysicof energeticparticlesin tokamaks and basics on transport

ToroidalAcceleratedPArticleSimulator (TAPAS)

~ Example of application torealistic experimental case
Nonaxisymmetricmodes,both staticandrotating (tearingmodes)

"~ Purely magneticlargescale(d ) «c¢cip,] L m

lon-temperaturegradient (ITGglriventurbulence

" Electrostaticwith abroad spectrum & REhQ
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Outline of the presentation

Fundamentaphysicof energeticparticlesin tokamaks and basics on transport
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Theenergiesof energeticions

ATo keep the thermal plasma at constant temperature, a steady source of bulk plasm
heating must be provided

AAuxiliary ion heating methods

A lon Cyclotron Range of Frequencies (ICRF)r keV(minority heating) up td) p MeV (second,
third harmonics and thre@on scheme)

A Neutral Beam Injection NH%C Tt E eV (positive ions, in most present devices) uBiD
keV(negative ions in LHD,-80U, ITER

ANuclear fusion reactions generate alpha particle8.&tMeV
ANeed to be sufficiently well confined to transfer their energy to the thermal plasma

AAnalysis of theange of energies fror® ¢ 1keV up to the 3.5 MeYirth energyof
alphaparticles

AMany more detailson energeticparticlescanbe found in [SalewskNF 2025[and
1336 references therein)
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Orbitwidth of EFR orbit of thermal 1ons

The motion of a charged particle in a tokamak is gpasiodic around the magnetic field lines and in
the poloidal and toroidal directiong we define a set of actiocangle variables

t lare motion invariant@ssociatedo the three periodicdirections

V) d—‘ D00 O O o v ‘8 0 k 0 Q[ a—u
Y
Deviationfrom the flux surface®y’ Orbit width
3 Dcn 3 D¢ AT

3 K Dp v louv 1 fthe minor radius in ITER and JESpectively
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Characteristicfrequenciesof\ particles

Linearresonance] em € mnm T1(NLresonance®nlyfor large perturbationgSanchis PPCF 2018,

Kramer PRL 201R]
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Frommicro- to macroscopidransport

Microscopicandom] A O {Mé&croBgopidransport

Mm2P2 anr’

- . . , PR, pQ, . as n
~ Statisticof micro-scalemotion governsthe nature of transport @) Em an 3w (3w) a
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From[HeidbrinkPoP2020]
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DiffusionY Exponentiaecay0 D Q

A The simplest model for radial transport in toroidal geometry

The radial diffusion equaticfor the particle density— —— (‘1 —)

A Probability of exit tim&  (0) and the mean exit timéd ) exhibit the localbiffusivescalings

0 a a

‘_ '?’X
(0 ) L X

Numerical results for different R and diffusivities

1 10°
0.5 .. 107
Tokamak =
. Q0
poloidal i
cross-section o+ 6‘0_ 1072
§ Exponential 5
'_E diffusive scaling
-0.5 1073t
Boundary .~
with minor
d, (14 -1 1 10-4 1 ! ! 1 1 1
radius () 0 1 2 3 4 5 6 7

-1 -0.5 0 0.5 1 exit time/T
mean



eeeeeeeeeeeeeeeeeeeeee

Outline of the presentation

ToroidalAcceleratedPArticleSimulator (TAPAS)

~ Example of application torealistic experimental case



amU @ “IM2P °
Aix Marseille Université ‘-‘:;:'-':_.':‘::':’! M2 2 an r

TAPAS tstudythe transport of EP

A Toroidal AcceleratedP Article Smulator
A Guidingcentre (GC, 5D) & fulirbit (FO, 6D)
~ GCsolvedusingRK4
~ FOsolvedusingBorisalgoritm
A Collisionoperator (deterministic+ stochastig
A Source oknergyand particles(NBI)
A Realistiqjeometries
A Acceleratecbn GPUincludingthe 3D Bspline
Interpolations
A Allows for largenumberof particles(D p T
A Coupledto externalcodes (FAR3d, GYSELA)
use 3D perturbations
A Appliedto DIIFD (andcurrentlyto JET
dischargek

Simulation time(s)

n

—_
T

* OCPU time
” BGPU time
\ s Acceleration

1 2
10 Number of nodes 10

11

Acceleration

OcCPU

= CPU (ideal)

OGPU

— GPU (ideal) P

10’ 10?
Number of nodes

[H.Betar, D. Zarzoset al NuclearFusion2024]
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Couplingwith FAR3d code to model EP transport

FAR3d solves theducedMHDequationsfor the thermal plasma and theéensityand parallelvelocityequations
for the EP populatiomsinga two-pole closuremodel[VarelaFrontiersin Physic2024]

Applied to tiledivschgrge#159243v ofVDHD with
o (a CcBh e ¢ vBhuc
=E}=FE,, = By(t,p = 0.2) —By(t,p = 0.4)

(t
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RSAEXxcitedby passindeuterium(tangentialNBI),with
presenceof zonal flows andurstybehaviourin theinner
part of the plasmacorrelatedwith the location of the
Alfvénactivity

Monoenergetichbeamexhibitslossesnearthe prompt
lossegegion[BetarNF 2024]
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Outline of the presentation

Nonaxisymmetricmodes,both staticandrotating (tearingmodes)

"~ Purely magneticlargescale(d ) «c¢cip,] L m
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MagneticislandsY EP transport antbsses

ATearingmode
ALargescaleMHD modedrivenunstableby theradial gradient of the plasmeurrent
(N-profile)
AModifies themagnetictopology(presenceof magneticislandd
ADegradesonfinement anccanresultin disruptiongSauter PoP1997]

ACan havenegativeimpact onenergeticparticle confinementimynickpors1993
CarolipioNF2002GarciaMuinozNF2007, Yu AlIPAdvances2021, Zarzoso PPCRVEOHAe POP2025]

AObservedexperimentallyin TFTR, DID, AUG and EAST.
AConflrmednumerlcallyusmgORBIT
AChaos in Efajectories

~ Significantosseswith tearingmode

L With tearing mode

(o)) e}
o o

=
'

lost particles number %
o
S

— T T

W/o tearingmode ]

o

1I0 160 IOIOO
b
From[GarciaMuiiozNF2007]




Transition to chaos

Trajectories of fusioborn| particles(3.5 MeV)integratedusingGCapproach(and FQapproachfor comparison
Islandsin trajectory Poincarémapsare distorted following the orbit drift of particles

Existence obverlapof main andsecondaryislandsas theorbit drift increasesasreportedin [Mynick PoFB1993,
CarolipioNF2002, GarcisunozNF2007]

O uvkeV O pMeV O o® MeV

x10

7"2/2[prcf]




amU @ - 'm2prP2 anr-

eeeeeeeeeeeeeeeeeeeeee

Mainly passingparticlesare affectedby themagneticisland

Lossesncreasewith the width of the island(asexpected, more important for passintpan for trapped

particles

Significantosses but lesspronouncedthanin [BonofigloNF 2025]with mild stochasticitydue to the
absence ohigherorder harmonicsanddifferent initializationof| particle population.

Further analyses amequiredto assesshe impact on the confinementduringthe whole slowingdown

Process.

16

14

12

10

- With tearing mode

Initial

= = Without tearing mode 4

-0.5 0 0.5

0.25

0.2

=O— Total

={J— Co-passing
Counter-passing

= + Trapped

0.04

wisi[m]



amU @ « 'm=2P2 anr’

eeeeeeeeeeeeeeeeeeeeee

Magneticislandinducedtransportis non-diffusive

Nonexponentialdecayof the PDF of exit tim@ Non-diffusive transport
Algebraiadecaydependson the class gparticleand the amplitude of the perturbatiorwith an

averagedexponentfor all particlesof gy *©  p8r
Similarbehaviourobservedfor oscillatingradialelectricfield [Zarzoso&delCastilloNegreteJPP2020]

linkedto LévyflightsY Difficultyto model the transporusingsimple diffusiormodels
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Impact of rotation on theossesof particles

A magneticislandrotatesin the plasma framegxceptwhenit islocked

Weintroducea rotation in the ion direction ( ) or in the opposite direction (
Losses arencreasedor trappedparticlesand forco-passingoarticlesfor T
Losses areeducedfor counterpassingparticlesfor Tt
| Tt T TT
0-25 ' ' ' ' ' 0.25
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0.2 0.2r _D_gghﬁ:»ingssin ‘
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wisl[m)] Wigl[m]
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Effectsof resonance®n thelossesof particles

Resonancemainlypresentin the co- andcounterpassingegionsY Losse®f passingarticlesare morepronounced

Negative rotatiorfrequencyY Resonanceare pushedtowardsthe inner part of thecounterpassingegionandtowardsthe outer
part of theco-passingegiont Counterpassingoarticlesare moreaffectedby islandswith Tt

Positive rotationfrequencyY Resonanceare pushedtowardsthe trappedregiont Trappedparticlesare moreaffectedbyislands
with T
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Effectsof resonance®n thelossesof particles

Resonancemainlypresentin the co- andcounterpassingegionsY Losse®f passingarticlesare morepronounced

Negative rotatiorfrequencyY Resonanceare pushedtowardsthe inner part of thecounterpassingegionandtowardsthe outer
part of theco-passingegiont Counterpassingparticlesare moreaffectedby islandswith Tt

Positive rotationfrequencyY Resonanceare pushedtowardsthe trappedregiont Trappedparticlesare moreaffectedbyislands
with? Tt

The location of th@esonancess correlatedwith the probability of lossessimilarto [Sanchis PPCF 2018]
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Finite Larmor radiugeffectsthroughfull-orbit simulations

Need toperform simulations in fuHorbit, following [Martinell PoP2025]
~ Energiescharacteristic of NBlheating(10 keV and 50 keV)
~ Similar behaviour due toisland rotation (resonanceseffect)
~ But GClesssensitive tomagneticislandrotation than FO
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Finite Larmor radiugeffectsthroughfull-orbit simulations

Need toperform simulations in fuHorbit, following [Martinell PoP2025]
~ Energiescharacteristic of NBlheating(10 keV and 50 keV)
~ Similar behaviour due toisland rotation (resonanceseffect)
~ But GClesssensitive tomagneticislandrotation than FO

In TAPAS, fulirbit seemso producelesstransportthan GC|( particlesat 3.5 MeWvith anislandwidthx ” )
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Finite Larmor radiugeffectsthroughfull-orbit simulations

Need toperform simulations in fuHorbit, following [Martinell PoP2025]
~ Energiescharacteristic of NBlheating(10 keV and 50 keV)
~ Similar behaviour due toisland rotation (resonanceseffect)
~ But GClesssensitive tomagneticislandsthan FO

In TAPAS, fulirbit seemso producelesstransportthan GC|( particlesat 3.5 MeWvith anislandwidthx ” )
Transportremainsnon-diffusive
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Finite Larmor radiugeffectsthroughfull-orbit simulations

Need toperform simulations in fuHorbit, following [Martinell PoP2025]
~ Energiescharacteristic of NBlheating(10 keV and 50 keV)
~ Similar behaviour due toisland rotation (resonanceseffect)
~ But GClesssensitive tomagneticislandsthan FO

In TAPAS, fulirbit seemso producelesstransportthan GC|( particlesat 3.5 MeWvith anislandwidthx ” )
Transportremainsnon-diffusive

Analyse JEdischargesisingeither an equivalentMaxwellianor duringthe slowingdown processvith an|
particlesource gongoingwork with J. Varela and J. Garcia)
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Outline of the presentation

lon-temperaturegradient (ITGglriventurbulence

" Electrostaticwith abroad spectrum & REhQ
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Absenceof turbulenceinducedEP transport iexperiments

ATFTRpassing MeV fusioproductsexhibitedO T@a  fi, smallerthanthermal
diffusivity [ZwebenNF1991]especiallyin DT plasmasZwebenNF1995unlikelydue
to plasma fluctuationgZwebenPoP1994]but mainlyto ripple effects[Yavorskij
NF1998] ForbeamEP thereisno clearconclusionRuskov NF1995, Ruskov
PRL1995No significantEPanomaloudransport andlosseswvere observedin TFTR.

A Similarresultsfor JF60U (EP transport imeversedshearoperationsdue toripple
effects[TobitaNucl Fusion 199%]landJETlagreeemenbetweenmodellingand
experimentsby settingO L O [BaranoWwPCF200%|NosignificantEP
anomaloudransport andlosseswvere observedn JF60U and JET.

A Similarresultsfor on-axis NBI iDIIFD [Pace NF 2011EP transporinducedby
turbulenceistoo smallto be experimentallyrelevant[Pace PoP2013]
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Evidenceof turbulenceinducedEP transport irexperiments

AAUG for realistic experimental condition® DO and the
experimental results indicate a redistribution of EP driven by turbulent
[GUnter NF2007]

ADIIFD: off-axis NBCD gavepgakof O D pa i forO 1 1keV,
decreasingvith O TY(transportbeyondOT Yl p T[snegllglbleand

turbull)ence affectequallypassing andrappedions|[HeidbrinkPRL
2009

ATORPEX (SMBuprathermalon turbulent transportis nondiffusive
rangingfrom subdiffusiveY superdiffusivedependingon theinterplay
of turbulent structures and ioorbits [GustafsorPRL 2012, Bovet PRL
2014,FurnoPPCF 2015]
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TurbulenceinducedEP transport isimulations andheory

- Electrostatic simulationsvith GYROturbulenceinduced transport exhibits
significant values for typical parameters in ITER, due to the curvature drift
|[EstradaMila PoP2006]

- Electrostaticsimulationswith GKW the| particles are transported only for
small values oOFY no EP transport occurs above the slowing down
critical energyfAngioniPoP2008]

- Electrostaticsimulationswith GTCdiffusivitydecreaseslrasticallyat high
particleenergyw.r.t. plasmaemperaturedue togyro-averagingeffectsand
the probability density function of the ion radial excursion is found to be very
close to a Gaussian, indicating a diffusive transport progéssig PRL 2008,
ZhangPoP2010, Zhang PRL 2010 DO andO j DO ,
basedon quas1llneard|ffu5|oncalculatlonsncludlngthe resonance

em &m.
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TurbulenceinducedEP transport isimulations andheory

- Electromagnetic simulationsvith GENEorbit averagas not validunder
genericconditions andoerpendiculadecorrelationleads toO  decayof
electrostaticdiffusivity. Separatingelectrostaticfrom magneticseemsto be
Important, sincethe magnetlcdlffuswltylsmdependentof O[Hauff PRL 2009,

Jenko PRL 2011 DO andO DO 7

- Quastlinear modellingwith TGLF, DEP and NUBEAMNnNsport of EP due to
coherentfluctuationsis considerablyargerthan that due to microeturbulence
[PacePoP2013]

- Semtanalyticalapproachbasedon thedecorrelationtrajectory method:
fusionborn| particletransportisexpectedonlyat OD p 1t keV|[CroitoruNF
2017]

- Directnumericalsimulation usinga givenspectrum nonlinearcoupling
betweenturbulence andRMPsnhancegadial diffusionPaladePoP2021]



/D,
/[pizci/RO]

DX

E/T,
[FromZhang et al PRL 2008] [FromHauff et al PRL 2009]
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lon TemperatureGradientdriventurbulence

GYSELKSrandgirard CPC 201s0lves the fulF gyrekineticequationin flux-drivenand gradientdriven configurations,
with collisionscoupledto the quasineutralityequationand! Y LJS M. Q &

We usehere a standardelectrostaticl TG simulationvith adiabaticelectrons flux-driven(source), collisiongarabolicg-
profilefrom1.1t04.5Yf0 «hYj0  ¢&® and bufferregionsin the outer boundary

Reference values ar&y v keV,0 oT,Y om,d& cd ,® p.

Initialize moneenergetid particlesinsidethe turbulentregionwith¢ v O j“Y @ T, with 3:0requiredto getgood
conservatiorpropertiesfor g “Y ¢ m {theckthat3O0 Q@ @t %)
®(r,0,$=0), w_ t = 150000

0.05 x10° %1073 %1073
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200}
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Energy diffusion coefficiertecreasesvith OF'Y

No| particlelossedor deeplypassingtrappedbelowO | Y p m.iosse®f 1-2%peakedatO 'Y C v Tt

(trapped andO I'Y o 1t (passing)Differencelikelydue to theorbit widths of trappedpassing.

Theeffect on thekinetic energyof particlesremainssmall Thediffusivity decreasesvith O 'Y

T £ m

Fraction of confined particles

0.98

0.995F

0.99F

0.985F

EM Tt €M € m

T, especiallyfor highenergiesY Changes in th&ineticenergyare small
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102
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103
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—e—All
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) —0— Trapped
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Non trivialbehaviourof the radialdynamics

Considering all thearticles the diffusivity decreasesvith the energyas©O D pXO , with p

Significandifferencesappearwhen classifyinghe particlesin passing antrapped

~ Thescalings© D O for smallenergieO p 1t rfdirtrappedand O ¢ 1t rfGiYpassing).

~ Beyondthoseenergies the diffusivity exhibitsa local maximum

Samebehaviourfor the meanradialvelocity
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Non trivialbehaviourof the radialdynamics

Considering all thearticles the diffusivity decreasesvith the energyasO D pfO ,withp | olc.
Significandifferencesappearwhen classifyinghe particlesin passing antrapped

~ Thescalings© D O for smallenergieO p 1t tdditrappedand© ¢ 1t Tfdi¥passing).
~ Beyondthoseenergies the diffusivity exhibitsa local maximum

Samebehaviourfor the meanradialvelocity

Guidingcentre calculationgyiveincreasedransport, similarbehaviourfor the diffusion coefficientinverted
behaviourfor trapped-passingoarticlesin terms of meanradialdisplacement
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Non trivialbehaviourof the radialdynamics

Considering all thearticles the diffusivity decreasesvith the energyasO D pfO ,withp | olc.
Significandifferencesappearwhen classifyinghe particlesin passing antrapped

~ Thescalings© D O for smallenergieO p 1t rfdirtrappedand O ¢ 1t rfGiYpassing).

~ Beyondthoseenergies the diffusivity exhibitsa local maximum

Samebehaviourfor the meanradialvelocity

Guidingcentre calculationgyiveincreasedransport, similarbehaviourfor the diffusion coefficientinverted
behaviourfor trapped-passingoarticlesin terms of meanradialdisplacement
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Possiblaeasondor the observedscalin

200

A Particleswith _ i@ (counterpassing) and @ _ Tt

(trappedclose to the promptossesegion) arelost. 150
A Theenergyremainsalmostconstanf &€ m & m = 100

o

EM €m T

50f

CJE/T =30 i
PIE/T=200 iR
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Possiblaeasondor the observedscalin
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Possiblaeasondor the observedscaling

A Particleswith _ i@ (counterpassing) and @ _ Tt
(trappedclose to the promptossesegion) arelost.

A Theenergyremainsalmostconstanf £ m £ m
EM €m T
A Presenceof resonancedor the turbulent modeghat can lead to the
observedosses

A Furtheranalyses areequiredto assesshe diffusive nature of
the transport

A For small energies, the PDF of displacements exhibits a Gaussian
behaviour

A For larger energies, the PDF departs from a Gaussian

A Superdiffusioroccurs 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

ARadialdependenceof O
ADifferentregimesof turbulence (amplitude, size of the machine)

ADifferentregimesof heating

A particleheating analyses for a distributioiunction (insteadof mono-energetic
simulations) andluringthe slowingdown process

ANBI (and ICRH): use tlmmization(and RF) module of TAPASé&alistic
configurationgogetherwith the collisionoperator

APerformlonger simulations
AWith a 3D norevolvingpotential { L m hm for highenergies.

AWith syntheticturbulenceusinggenerativedeeplearning[Clavier PRE 2025, Claviet
PoP2025, LilPhysRevFluidz025](seeposter by B. Clavier)
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Summary

AComplexityof the dynamicsof energeticparticles

AUse of theToroidalAcceleratedParticleSimulator (TAPAS) gtudy EP
transportphenomenalusedfor DIIFD RSAE case)

AAnalyses oflifferent cases show a nediffusivebehaviourof EP

transport
AShort times and radiaicalesyY Nondiffusive Diffusive
ANeed toextentthe modelsfor long timeregimesinvolvingseveralspatialscales

AFurtherstudiesare requiredto assesshe diffusive/nodifffusive
transportdependingon theregimes




BACKUP SLIDES

amu

Aix Marseille Universite




eeeeeeeeeeeeeeeeeeeeee

Motion invariants tocharacteriseePtrajectories

WedefineanequilibriumHamiltonian®O L ' 00 hi

t lare motion invariantsissociatedo the three periodicdirections

, a , R « S
0 O 0 B() = aotfQi U kU QW[ ad —U
TO TO T O

R K R
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Motion invariants tocharacteriseePtrajectories

WedefineanequilibriumHamiltonian®O L ' 00 hi

t lare motion invariantsissociatedo the three periodicdirections
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Motion invariants tocharacteriseePtrajectories

WedefineanequilibriumHamiltonian®O L ' 00 hi

t lare motion invariantsissociatedo the three periodicdirections

Ko QO S
M 35 ' M 74
. SO
=, ' L E0 b Ty 6 — (3 p
R IR L P Nk <W>F" 0
nm T"i* m mp"J i ﬁ!?n | nm
10 " mp

[Zarzoso PoP2019]
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Motion invariants tocharacteriseePtrajectories

. @700 hb

t lare motion invariantsissociatedo the three periodicdirections

We definean equilibriumHamiltonianO L

1O Qwo
) U ) a
Q* . LF"] § V [ [o-= 500 keV |1 MeV |3,5MeV
m ’ m h ‘Y h r!Y
U N n C |m5 130 kHz | 180 kHz | 340 kHz
. . m i 260 kHz | 360 kHz | 680 kHz
10 VS n o
——1t Mp _hnﬁ —— |Mj 50kHz |70kHz |130 kHz
U Y Qa Y1 - 10kHz |20 kHz |60 kHz




Fundamental and higbrderresonances

fml 71+ & 1y —BA + Linearresonancel &€ m & m 1T

Nonlinearresonanceshouldalsobe consideredf the amplitude of the perturbatioms sufficientlylarge
to stronglymodify the unperturbedtrajectories[Sanchis PPCF 2018]

— | —g( d)F 1 1 H(Q ) with ghfy periodicfunctionsof]
~ Deeplytrappedparticless — —OE | A
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Fundamental and higbrderresonances

“O “O é T81 n@ 'Q Tt ) T tT é,‘o )

‘0 'O ¢ B1'Q Qft
|

Ifm 171+ ¢ e —BAs t Linearresonance] EM €m T

Nonlinearresonanceshouldalsobe consideredf the amplitude of the perturbatioms sufficientlylarge
to stronglymodify the unperturbedtrajectories[Sanchis PPCF 2018] !

— | —g( i T 1 A(Q ) with ghj periodicfunctionsof] .
~ Deeplytrappedparticless — —OE 1 / )

0 "0 ()Ql )t ) oq@H)t €O ) 80 [ QQ W
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Computingthe diffusion coefficienfrom microscopidisplacements

Displacementn arbitrary direction: 3(0) «(0) (M)t Lagrangiawvelocityv 0 —

¢l &f 2NNRA& SE LINBgiaadiadelocithidatbcorielstidnfuticof to the rate of change
of the variance of thelisplacement, 3w (3w) O

06 ¢ o (mvu (0)KQ0 e
If the autocorrelationdecaysastenough io E 160 (Mo (0)3Q éexistsand the diffusion coefficieris
O io El 6 (ML (0)Qé&e , DO

( F 01 Subdiffusive
r o pd Diffusive
o7 Ci Superdiffusive

r C i Ballistic

Ingeneral, DO -




Collisionoperatorin TAPAS

Collisions oénergeticparticleson aMaxwellianbackgroundg H'Y, with electronsand ions

M2P2 anr’

Essential for long time simulationsodellingthe slowingdown of EP for alphas, NBl and ICRH

4{{@TAPASt=0] ] 4[| TAPAS t = t... oiiems
AVeor det = —dt V &> Maxwellian &> Maxwellian

''''

VXV VXV v s ol ol
choll, stoch = |: D|| 2 ++/D | (I 2 )] -dW p
I/ ///
0 i 0 T
-5 E -5 0 5
Vg = 4n, C il Y ) 10 - 10 - - - : -
S b%“b enT ——TAPAS ——TAPAS
b BLp X — — -Maxwellian gl — — —Maxwellian |
B B
1/2 = 57 2 o6}
Dy — An.C My Y (x) = =
H_E:nbb ] =S 4}
2kBTb X 3 l
b = \ |
= 0y ‘,’ N = 2
€9 ’," \\ <3 0
29 / \
S m (x) — ¢ () A
D, = 2n, Cy T r 5, 0 5 o 2 4 6 8 10 12
b BLp ) i

[H.Betar, D. Zarzoset al NuclearFusion2024]
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Someexamplesof EP transporteviewedin this presentation

Axtsymmetricmodes oroscillatingradialelectricfield (EGAM)

"~ Electrostatic large scalga le)  mht,] T
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OscillatingOD Y Anomalougransport andlosses

Reducednodel for thepotential%o [%0 (i) % ((I)OEFA T

Oscillatingadialelectricfield

o tJ » 1 No convective transport

Vertical Height (m)

1.1 L7 2.3
Major Radius (m

(m)
[NazikianPRL 2008]

[Fisher NF 2012]



