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Motivation

[0 The challenge of understanding fast particle collective behaviors in burning
plasmas of fusion interest, is to develop a predictive capability for describ-

ing energetic particle confinement and its link to the dynamic evolution of
thermal plasma profiles.

0 Theory and simulation must play fundamental roles:

e fusion plasmas are complex systems in which long time scale behaviors
will be determined by cross-scale couplings of phenomena occurring
on micro- and meso-spatiotemporal scales

e existing experiments can look at these issues separately, since cross-
scale couplings are not those of burning plasmas

e mutual positive feedbacks are necessary between theory, simulations
and experiments for V&V of present predictive capabilities
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From micro- to meso-scales

00 Drift wave plasma turbulence is well known and turbulent plasma transport
is widely studied (ITG/TEM/ETG).

0 Alfvénic turbulence has been addressed mostly for plasma edge conditions
[Scott PPCF97|, but much less studied in the tokamak core [Chen et al
NET78, Tang et al NF80].

O The investigation of Alfvénic ITG activity [Zonca and Chen PPCF96] is
more recent. It is of relevance to burning plasmas of fusion interest since it
can be excited at acoustic frequencies over a broad range of scale-lengths,
from thermal ion Larmor radius to the typical fast ion orbit width [Zonca
and Chen POP99|, with a smooth transition to MHD modes [Zonca and
Chen PPCF06, NFO7, NF09|.

[0 There is a wide observation database of these phenomena, accumulated in
the recent years after the first observations in DITID [Nazikian et al PRLOG6]
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A “Sea of Core Localized Alfvén Eigenmodes” Observed in
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Fast particle transport by plasma turbulence

0 Significant interest on this topic was triggered by recent AUG [Giinter et
al NF07], JT-60U [Suzuki et al NF0O8] and DIIID [Heidbrink et al PRL09]
experimental results with NBI, showing evidence of anomalies in fast ion
transport (clarified now: [Zhang et al POP10])

From Zhang et al POP 17 055902 (2010)

L § i ** !’ ]

LT : : 1.0000kp ®& % ’ﬁ, ;

1.00 | L™ (b) passing particles - ? . (c) trapped particles

! # §

0.1000 ’!

< (E/T)"" L sotoolk :

e 0.10 F —8- At=0.05 - o 0. ; %

: 5 ©16PGA ]

[ —e— At=0.10 ] 0.0010 e/n* |

- E o* E

| —¥%— At=0.20 - SFGA ]

0.01 L, 1 . 0.0001 o o -

1 10 100 200 1 10 100 200

E/T E/T
5 T Lre oy

—§|é— Associazione EURATOM ENEA sulla Fusione m s F. Zonca and L. Chen @ ‘ﬁ l‘ k%% i W #Jiﬁ“& ﬁt* & l%‘i‘%
/'\ Institute for Fusion Theory and Simulation, Zhejiang University




Kinetic-scale turbulence in laboratory and space plasmas 6

0 Diffusivity behaviors are consistent with theoretical predictions based on
quasi-linear theory [Chen JGR99]

[0 Intrinsic interest is mostly connected with explanation of present day exper-
iments, with low characteristic values of E/T’; e.g., evidence of ITG induced
transport of NBI supra-thermal ions in DIIID [Heidbrink et al PPCF09].

0 Results show that fast ion transport by micro/turbulence above the critical

energy is negligible. Effects are expected on He ashes or medium energy
supra/thermal tails: possible good news?

O Fairly complete reconstruction of original theoretical works, e.g. [White
and Mynick PFB89]|, theoretical issues, and experimental evidence in recent

paper [Zhang et al POP10]. See also Heidbrink et al 2010 EPS invited talk
[PPCF10].
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Fast ion transports in burning plasmas

O Alfvén Eigenmodes (AE) modes are predicted to have small saturation lev-
els and yield negligible transport unless stochastization threshold in phase
space is reached |Berk and Breizman, PFB90; Sigmar et al PFB92].

O Strong energetic particle redistributions are predicted to occur above the
Energetic Particle Modes (EPM) excitation threshold in 3D Hybrid MHD-
Gyrokinetic simulations [Briguglio et al POP9S].

[0 Nonlinear Dynamics of Burning Plasmas: energetic ion transport in burning
plasmas has two components:

e slow diffusive processes due to weakly unstable AEs and a residual
component possibly due to plasma turbulence [Vlad et al PPCF05,
Estrada-Mila et al POPO06].

e rapid transport processes with ballistic nature due to coherent non-
linear interactions with EPM and/or low-frequency long-wavelength
MHD: fast ion avalanches & experimental observation of Abrupt Large
amplitude Events (ALE) on JT60-U [Shinohara et al PPCF04].
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Phase space structures: fast ion resonant inter-

actions with AE

D.J. Sigmar, et al. 1992, PFB 4, 1506 ; C.T'.  Separaerx
Hsu and D.J. Sigmar 1992, PF'B 4, 1492
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ALE on JT-60U [Shinohara et al. NF01]
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Fast ion transport: simulation and experiment

O Numerical simulations show fast ion radial redistributions, qualitatively
similar to those by ALE on JT-60U.
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. Zonca et al. TAEA, (2002)

Avalanches and NL EPM dynamics
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Vlad et al. TAEA-TCM, (2003)
Propagation of the unstable front
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0 Gradient steepening and relaxation: spreading ... similar to turbulence
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The form of nonlinear interactions in a torus

[0 Channels for nonlinear interactions can be described via the three degrees
of freedom of mode structures: the toroidal mode number n, the parallel
mode structure reflecting the radial width of a single poloidal harmonic m,
and radial mode envelope A(r) = expi [ Oxd(nq).

0 Correspondingly, nonlinear interactions could occur via the following three
channels: mode coupling between two n’s, distortion of the parallel mode
structure, and modulation of the radial envelope.

e radial envelope modulations: ZF, GAM, zonal structures
e mode coupling: spectral transfer (cascade) via 3-wave interactions

0 Radial envelope modulation via generation of zonal flows dominates in ITG
turbulence. Zonal structures (profile relaxation etc.) and/or GAM/ZF
influence AE/EPM dynamics depending on the strength of mode drive.

O ETG turbulence is regulated by nonlinear toroidal mode couplings. What
effect on Alfvénic turbulence?

§I{ F. Zonca and L. Chen @ I}ff = ’k%% 2“{?"3@«@:& *ﬂ‘*‘s et

/\ Institute for Fusion Theory and Simulation, Zhejiang University

Associazione EURATOM ENEA sulla Fusione m A




Kinetic-scale turbulence in laboratory and space plasmas 14

Three-wave interactions and spectral transfer

[0 This is still an open problem, largely unexplored:

e Alfvénic fluctuations in toroidal plasmas of fusion interest cover all
scales, from thermal ion Larmor radius up to characteristic ener-
getic ion orbit widths (meso-scale AE/EPM) and macro-scales (MHD
modes).

e All scales involved: no unique approach to investigate spectral transfer
processes (local vs non-local in k, anisotropy, density of states).

e In realistic conditions, these dynamics are influenced by non-
uniformities and toroidal geometries: wave-particle power exchange
(v-O0E) = vq - (0E); gyro-averaged forces (v x dB) = —ivq -k (0A))

O Geometry and non-uniformity influence three-wave interactions (spectral
transfer) via density of quasi-modes and scattering cross-section [Chen et al
PPCF05] = Filament-like structures (|kj|¢R < 1 ~ O(n~'/?)) are naturally
generated in toroidal systems.
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[0 Spectral transfer must be evaluated in competition with generation of ZF
GAM, zonal structures (e.g., phase-space holes and clumps if adiabatic pro-
cesses dominate, which is not the general /most interesting case).

O  Most relevant open issue: determine hierarchy of relevant non-linear time
scales in realistic conditions, where cross-scale couplings are reproducing
those expected to occur in plasmas of fusion interest.
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Zonal Flows and Zonal Structures

N Very disparate space-time scales of AE/EPM, MHD modes and plasma
turbulence: complex self-organized behaviors of burning plasmas will be
likely dominated by their nonlinear interplay via zonal flows and fields [Chen
and Zonca ASICTPOS]:

o Effects of different ZF and ZS (w, k) spectra in cross/scale couplings
e Peculiar roles of Alfvénic fluctuations in the acoustic frequency range:
AITG, AE/EPM and MHD with similar frequencies

O Crucial role of toroidal geometry for Alfvénic fluctuations: fundamental
importance of magnetic curvature couplings in both linear and nonlinear

dynamics [Scott NJP05; Naulin et al POP05]

[0 Long time scale behaviors of zonal structures are important for the overall
burning plasma performance: generators of NL (time varying) “equilibria”

[0 The corresponding stability determines the dynamics underlying the dissipa-
tion of zonal structures in collision-less plasmas and the nonlinear up-shift

of thresholds for turbulent transport [Chen et al NFO07].
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Long time scale behaviors

[0 Depending on proximity to marginal stability, AE and EPM nonlinear evo-
lutions can be predominantly affected by

e spontaneous generation of zonal flows and fields [Chen et al NFO1,
Guzdar et al PRLO1]

e radial modulations in the fast ion profiles: for sufficiently strong fast
ion drive, ZF effects are negligible [(8y/B:)(R/Lyn) > €/2(Ty /¢*Ty);
Zonca et al, Varenna00

1] II,'IO.E(ISOID&EIG?O\IM b 0.10.203040",2!1}10.!0.9
L§

0O AITG and strongly driven MHD modes behave similarly
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Structures of the low-frequency SAW spectrum
O Low-frequency Shear Alfvén Wave (SAW) gap: w ~ w.; ~ wy; A*(w) = kjv)

= (ideal MHD) accumulation point (at w = 0) shifted by thermal ion
kinetic effects [Zonca et al PPCF96]

= new low-freq. gap! Kinetic Thermal Ion (KTI) gap [Chen NF07]

o Diamagnetic drift: KBM [Biglari et al PRLI1]
o Thermal ion compressibility: BAE [Heidbrink et al PRLI3]
o VT; and wave-part. resonances: AITG |[Zonca POP99]

unstable SAW accumulation point

4

“localization” = unstable discrete AI'TG mode

Excitation of BAE/EPM/AITG at all scales, form micro (thermal
ions) to meso (fast ions)

o

0 For physics analogy: BAE — GAM degeneracy [Zonca et al PPCF06; Chen
et al NFO7]. = Implications on cross-scale couplings mediated by zonal
structures [Chen and Zonca ASICTPOS; Varenna08].
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Nonlinear Dynamics: local vs. global processes

O Alfvénic fluctuation spectrum in burning plasma is dense and consists of
mode with characteristic frequencies and radial locations [Chen NFO7].
However, nonlinear dynamics has been investigated so far mostly for one
single mode.

0 Mode saturation via wave-particle trapping |Berk et al PFB90, PLA97] has
been successfully applied to explain pitchfork splitting of TAE spectral lines
[Fasoli et al PRLIS8|: local distortion of the fast ion distribution function
because of quasi-linear wave-particle interactions.

O Negligible transport by AE is expected because of these processes, unless
stochastization threshold is reached in phase space possibly via “domino

effect” [Berk et al POP96|.
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[0 Such analyses generally assume proximity to marginal stability:
e One single low amplitude wave, such that linear mode structures can
be assumed and drop out of the problem: radial uniform problem
e Finite background dissipation does not depend on the finite amplitude
wave (no continuum damping)
e Wave dispersiveness is set by the background plasma (no beam
mode/EPM)
e Frequency sweeping is absent or adiabatic (no mode-particle-pumping
[White et al PF83])

O These properties delineate an analogy between single Alfvén Eigenmode
behaviors in burning plasmas with those of Langmuir waves (1D beam-
plasma problem). However they show a strong contrast between dynamics of
beam-mode in 1D systems and Energetic Particle Modes in toroidal devices
[Zonca IFTS Lecture Notes Spring 2010].

O Next: focus on the transition from weak to strong NL dynamic regime,
where intrinsic EPM resonant nature plays a crucial role, with plasma non-
uniformity and toroidal geometry. Control parameter is power density in-
put: proximity to marginal stability does not hold.
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Mode-particle pumping (fishbone)
O Mode-particle pumping: (White et al., Phys. Fluids 26, 2958, (1983))
MHD (d¢, dA)) with d¢ = d¢o(r) sin(ng — mb — wt + )
cm {Llwy + (m/q)wq
by + ndog

r T+ @Qb cos(wpt) + (A1) (Ar) = ] dpoJe(mby) cos

Wh B ry

0 ~ —Oysin(wyt) + (AG) 1) = Ar) (s — 1)nwy

W = nwg + Lwy
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Radial mode structures in toroidal geometry

[0 The notion of radial envelope: both linear and nonlinear interactions are af-
tected by peculiar mode structures in toroidal geometry and by equilibrium
non-uniformities

RADIAL ENVELOPE

POLOIDAL HARMONICS
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Transport, toroidal geometry, non-uniformities

O Energetic particle transport in toroidal systems has unique features that
cannot be reproduced in simpler 1D geometries, except for special cases

O Conservation of Hamiltonian in extended phase-space = (Ar/L,) =~
(Wip/w)(AE/E); drift-wave turbulence tends to maximize w, consistently
with finite orbit averaging; for fast ions |w,,/w| > 1

OO0 Wave particle de-correlations are set by radial non-uniformities: magnetic
shear and toroidal mode number for the circulating particles; magnetic shear
(not only) but no dependence on the mode number explicitly for trapped

particles precession resonance (origin of different behavior of transports in
ITG vs TEM turbulences)
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0 Either none or very limited /slow frequency chirping is allowed for Alfvénic
modes (1D bump-on-tail paradigm): adiabatic hole-clump dynamics in
phase-space near marginal stability [Berk et al PLA97, POP99; Lesur et
al POP09] (strong drive case considered by [Vann et al PRLO7])

0 Unique feature of EPM /fishbones with large/fast frequency chirping: reso-
nant frequency locking removes wave particle decorrelation by radial non-
uniformities = resonance de-tuning in velocity space and fast convective
transports as consequence of coherent wave and particle nonlinear dynam-
ics (nonlinear dispersiveness compensates changing frequency)
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Nonlinear initial value problem for EPM

[0 Use the theoretical framework of the general fishbone-like dispersion rela-
tion: unified description for all Alfvénic modes in toroidal geometry [Chen
and Zonca PPCF06, NF07|; focus on precession resonance for trapped par-
ticles with one monochromatic EPM with w(t) : |w| < |v(t)w(t)| [Zonca et
al NF05; Zonca IFTS Lecture Notes Spring 2010]

1\ (w(t) + z@t) A(T, t) — (5Wf,MHD + 5Wf7Ep + 5Wk,EPT) A(T, t)

® ko WapOFy(w)/0r ko OF, J2
5WkEPT=IO/ Giudk o(w)/ L et gy Wegpp=—1o 00 OJ_L
’ We Wap — w(t) —w ’ we Or J?
_ Z Wk 2
I: MC2 ‘ |RoBO s il/ gdf/d)\—TbJ
v/l

7= / RO R ) 6600, 0,)[2d8 T2 = / R Oia) 136.(6,60) o

U This problem is already in the suitable nonlinear form via Fj
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[0 Within this approach, it is possible to systematically generate standard NL
equations in the form (expand wave-packet propagation about envelope ray
trajectories):

drive/damping potential well

~" Ve

R RS . CA 5 B
{w Oy » nqlgk&nJrz()mLf)+1—(nq/6k)28r}A(r,t) = NLTERMS

AL N\

group vel. (de)focusing

0 6 solution of Dg(r,w, ;) =0 and

\ = 91% QQDR/((?HI% . S _ Hk(aDR/89k> — 92<82DR/692) .y = _DI
2 ) wODg/0w’ wODpg /0w ’ ODp /0w

[0 Equations admit the well-known local limit, which is readily recovered.
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The renormalized F{ expression

0 The Fy expression is obtained from the solution of the nonlinear GKE [Frie-
man and Chen PF82] with a source term S (collisions are added trivially;
note that only trapped particles are considered for simplicity, v = 0).
(9F0 c 10
— =5 — ——— (0K _1,Jo00r — 0 K}, Jo_r00_
5 Bor(‘?r( kJokO Py, kJo— k0P _1)
0 Decompose fluctuating particle responses into adiabatic and non-adiabatic
€ 0 _ _
OF), = E&bkaUQ/ZFO -+ Zexp (—ik, - v x b/w.) dH},

k|

_ F
SH), = 0K, — %@J()kwk SAp = —i (=) b Vi

Wi W

O Definition: QFy = (wls + w,) Fy, w.Fy = (me/eB)(k x b) - VFy.
\V/ . F. Zonca and L. Chen @ I}'T iz ’k%%z‘iy)#ﬁ& ﬁt\f.&‘ et
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[0 Solve the problem in the Laplace transform space;

Fo(t) :ffcoo e_MF( )dw, FO( foo et Fy(t
SKp(w) = T b Qk’mﬁo(w—x)JOkJQ dor(x)dx
oo MWg, — W X Odk
Folw) = S8+ R0~ o [ Uodon(@)K o — ) = Jo a6 (@)Kl — )]
ow—w W 27rw0 wBo Or . 0kOPE\ L —k\W = 0—kOP k(L E\W — X)) ax

0 Assuming an implicit summation on k

A ' k o [ [ D e
S(w)JrLFO(O) R N /J T T [5¢k(37) ~d-k ¢ lj

wBym Or Wog—p + T —w

X Folw — 2 — 2)66_p(a) — 66 (ar) — 2k Q. Fy(w —z — 2)d¢p(2) | duda’

War, +x —w o
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[0 This solution is valid for strong distortions of the equilibrium distribution
function and is the analogue of the Dyson equation (G = Gy + GG,
with Gy/G the bare/dressed propagators), as noted, e.g., by [Al'tshul” and
Karpman 65].

+ _.._.<:)__>_ + —.-—(:)—»-(:)—b-— .

Fk [0 The description does not include
power spectrum generation and spa-
tial bunching and accurate treatment
of phase mixing on scales much longer
than the wave-particle trapping time.

E K Not a limitation for EPM nonlinear
F dynamics = convective amplification
0 of unstable front.
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O Monochromatic EPM: reasonable assumption, since EPM spectrum is
peaked for optimizing resonance condition. 0¢(t) = d¢(7) exp(—iw(T)t),

w(t)] < Iy ()w(®)]

5ok (w) = 10k(T) 561 (w) = 10—k (T)

21 (w — w(T)) T on(w + wr(n))
Ey(w) = L8(w) + LStEy(w) + ——Fy(0) — F0. € 9 p2 o “a Qi
- — _ w J—
= wo Y 27w wBym Or "’ Ogr +w — w(T) w(T)*
Wk Qrwir) | » . - 5
— ’ Fo(w — 2v(7)) |00k (T
B0 - 207 ()06

[0 For evanescent drive and flat envelope, this problem is reduced to the wave-
particle trapping and to [Berk et al PLA97, POP99] for wpt < 1.

O For increasing drive, EPM mode structures play a crucial role:
particles are convected out efficiently since - with frequency lock-
ing - wave-particle resonances are decorrelated only in velocity space.
(ngs) 'S (v/w)(wi/w)S (Lypu /ngr)'?.
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The EPM avalanche and convective EP transport

0 Assume isotropic slowing-down and EPM NL dynamics dominated by pre-
cession resonance, (8g/B.)(R/Lyr) > €/2(Tx /¢*T.) [Zonca et al NF05].
(Dp(w, O5; 5, 0) + Dy (w, Op; 5, )] 8 A S 3 PR (""dF 1)
W, 0 s, a) +1Dr(w, 0 s, a Q —In(— —
R\W, Uk, 2, I\W, VE, 9, t 4\/§ H Dap w

W W= 3mel/
—|—’i7T_— 8A+Z7T_—J2A
war| 0 Qar 44/2

k2 ; TH 828 (anJ? |A]%)

7

~”

DECREASES DRIVEGQ MAX | A

INCREASES DRIVE NEARBY

O Assume ay = agoexp(—2?/L2) ~ ayo(l —2*/L7), with x = (r —ry). EPM
structure has characteristic linear radial envelope width A ~ (L,/kg)*/? and
is nonlinearly displaced to maximize the drive as

(x0/L,) = 77 ‘kopu (T /M) (|A|/Wo) , Wy = NL EPMwidth
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Zonca et al. TAEA, (2002)

0maMl tr, = 60.00 Onn(l thT,,= 75.00 @m0l tT, = 90.00
x10 x10 T 84 | 84
X1 |2l | x10]=[i |k X30
0.25- 0254 10,4 oosd 10,4
11, 4 ' 1,4
12,4 0074 12,4
o t=60 = t=75 =] t=
.006
0.15- 0.15- .005-
004
0.1 0.17 003
0.05 0.05 002
.0014
0 I T T T 0 0+
0 01020304 050607 0809 1 0 0102 0304 050607 0809 1 0 0102 0304 05 06 07 08 09 1
da, rla oa, rla oa, r/a
4 4 4
27 2 5]
0 0 0-
. NL distortion of . .
free energy SRC
Ar—T—TT T T T 7T T 1 rTT T T T T T 1T 71 rTT7T"%9 T T T T
0 01 02 03 04 0.5'7 06 0.7 0.8 09 1 0 0.1 02 0.3 04 0.5/ 06 0.7 0.8 09 1 0 01 02 03 04 0.5/ 06 0.7 08 09 1
r'a ria r'a

OO0 Importance of toroidal geometry on wave-packet propagation and shape

it i 2 AR R R MBS
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Crucial points and Summary

O Fluctuation induced fast particle transport in toroidal plasmas of fusion
interest involves both micro- and meso-scales phenomena, as well as macro-

scale MHD.

0 Micro-turbulence induced transport of energetic particles is well described
by quasi-linear theories, while meso-scale fluctuations exhibit both coher-
ent and incoherent non-linear behaviors, corresponding to convective and
diffusive transport events.

0 Given a dense spectrum of Alfvénic fluctuations, spectral transfers (cas-
cade) are strongly affected by non-uniformities and toroidal geometries.
Meanwhile, three-wave couplings are in competition with zonal structure
formations: determining an hierarchy of nonlinear time scales in realistic
conditions remains an open problem.

QD ip 32 kB E 57030 A KLFS 4y
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[0 There is a relationship of MHD and shear Alfvén waves in the kinetic ther-
mal ion frequency gap with micro-turbulence, Zonal Flows and Geodesic
Acoustic Modes, which has importance in determining long time scale dy-
namic behaviors in burning plasmas.

[0 When drive is sufficiently strong, coherent nonlinear wave-particle interac-
tions are the dominant processes, which determine energetic particle trans-
port as avalanche phenomena, characterized by convective amplification of
the unstable front and gradient steepening and relaxation, where plasma
non-uniformities, mode structures and toroidal geometries are crucial ele-

ments.
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