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*motivation, introduction & history

the role of kinetic Alfven waves (KAWVs) in Tokamaks:

JET (Culham, UK)
*ITER (Cadarache, France)
*ASDEX Upgrade (Garching Germany)

econclusions & outlook
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motivation @

* KAWs are rarely directly investigated or measured in Tokamak plasmas: short wave-length (mm-cm) due to
small gyro-radii/strong guide-field

* KAWs are absent in electrostatic limit: instabilities dominating thermal particle and heat transport in present-
day experiments (e.s. drift modes, ion temperature gradient or trapped electron modes) are/were often
discussed without coupling to Alfvenic branches

*for fusion relevant betas (~5%) this is certainly not true any more: electromagnetic codes advanced
considerably within last decade

*fusion plasmas with energetic X-particles (~100 times more energetic than thermal ions) introduce additional
spatial and temporal scales

*meso-scale and global Alfvenic modes interact most efficiently with energetic particles (EPs) - mode
conversion to KAWs crucial for their stability

* KAWV physics often dominates linear damping of EP-driven modes, and has significant consequences for non-

linear saturation and related transport = KAWVs influence crucially the self-organisation of a burning fusion
plasma.
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W Tokamaks ()

. 3 IPP. C. Brandt
strong guide-field: several T (ITER:5.3T) R [ ]
*gyro-radii for thermal ions ~ several mm | | transformator coils €Il current
.. . . toroidal field coils
*gyro-radii for energetic ions ~ several cm

*gyro-radius p /minor radius a ~|/(100-1000)

vertical field coils

*low beta: constraints of helicity (safety factor q)
*qo= |, q2>3-5 due to MHD stability limitations
*B=2 Hop /B2 = I/100B, & B~ 1%-10%

* Alfvén velocity: va = B/+/(Ho min;) =106 m/s;
Weci/(va R) ~103 = MHD phenomena and cyclotron
physics can be decoupled with respect to time scales

»

plasma
vessel

*in plasma core: collisionless plasma

passing paicle A= R/ I" ~3
‘kinetic Alfven waves (KAW): wavelength of
main species gyro-radius = several mm
coupling of MHD scales [m], orbit width [cm] and

KAWs [mm] lead to multi-scale-length
problem

magnetic field IBI
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shear Alfven waves in a cylindrical plasma with radial non-uniformity {

dispersion relation:

W = ]CHUA;

periodic cylinder: phase mixing, i.e. strong damping

K| =

1
R

(1

qz)}”‘));

n: toroidal/axial mode number m: poloidal mode number
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idea of Alfven wave heating: efficient absorption of external wave at resonant location
[W. Grossmann, |. Tataronis, Z. Phys. 261,217 (1973); A. Hasegawa, L. Chen, Phys. Rev. Lett. 35,370 (1975) ]
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from reduced MHD to (gyro-)kinetics {

*it was early recognised that kinetic effects need to be included to understand the absorption
mechanism [A. Hasegawa, L. Chen, Phys. Rev. Lett. 35, 370 (1975),A. Hasegawa, L. Chen, Phys. Fluids 19 (1976) 1924]

*use quasi-neutrality and shear-Alfven law including lowest order finite Larmor radius effects

and Landau damping-like terms (LD): A 1

E=-Vo——- A =— — (V)
14 EZ(8) + 14+ &Z(EN)(p— ) = T./Tig;Vi¢
w2 | 0 2 fw L 3 2“}2
V. - Ev ¢ | asvj_g — ZQZ A J_¢

*if mode is purely Alfvénic, ®=¢ and  Ej=ky (P- ) =

*polarisation gives important information on nature of perturbation: in Tokamaks,
predominantly Alfvenic, predominantly electrostatic and mixed polarisation are very common
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KAW: dispersion relation and global solutions Q)

2 2 2 2 2
\Var w—2gb + V2 kil = §Q§°"—2V4 0 } — W = k”UA [1 ™ kJ—Qi (3/4 ™ Te/Ti)] long-wavelength-limit

electrostatic
electromagnetic

0 02 04 0.6 0.3 1 042 0.43 0.44 0.45 0.46 0.47
radial coordinate (s) : :
radial coordinate (s)

Singularity of the MHD operator is resolved by fourth order terms

deviations due to KAW coupling 'break Alfvénic state’ [Walén 1944, Chen&Zonca RMP 2016]
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experimental measurements of KAVVs in Tokamaks (1)

experimentally confirmed: TCA [Weisen, PRL |1989]

antenna excitation - imaging interferometer array probing n

f2 nc(o) < kl’ >
254 (1019 MHzZ m™3) [rad / cm]
=g
(2,0) (1.1)
20{ (@) (b)
|
15 -
shear Alfven continuum for (n,m) |
|
0 ds 10 O OTS a
r/a t/a

FIG. 1. (a) Resonance position as a function of frequency
and central density for modeled mass density and current
profiles. (b) Mean radial wave number as a function of posi-
tion (averaged over one cycle of propagation). The solid lines
are obtained from the KAW dispersion relation.
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toroidal Alfven eigenmodes (TAE) )

\ )
\{\‘:f&)}

[Cheng, Chen & Chance Ann. Phys. 1985, Cheng & Chance 1986 Phys. Fluids 29]

Alfven Continuum - decoupled (n:2) 08— IAIvaler) Qqntlinggm -lccl)ulplkeclzl —
\\\\\ \ m=4xxxx 4 2/ 2
- 4 R~ Rog(ld+ecosb W 7WA |
o/0L | O( + ) _
A
“ ] B = Bg(l—ecos0) |
) i 0.7
QZ _ € — T/R() i
M=z o
0.0 0O 4 - 0.8 0.0 ,
TAE: even mode
0 M~
analogous to electron | - : m=
. ; : - 4L
bands in solid state S e
. c I =
physics € 2
. -1.0 - = F
ps i _.
_ R
qTAE=(m+ I/Z)/n -1_5:_ ) 4ol m=2
o 05 1 o o0s
I I
niedrigere Frequenz hohere Frequenz
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symmetry-breaking induces more gaps (@)

I SRS, AUG: magnetic perturbations
-+ Shot 21007: MHA:B31-14

L
ASDEX Upgrade
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04+ even TAE

Alfven continuum
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radiative damping: cross-scale coupling of global shear A3

, 6_J)
Alfven waves and KAWVs =
Ll NAE gap:
§ 12—
.. . £ 1} ,
radiative damping: P coupling strength
kinetic Alfven waves 5.l _ KTAEs determined by non-
¢ 9y é | odd TAE od I .
tunnels’ into TAE < 04| evon TAE ideal parameter:
0.2 [ ) 172
[Mett, Mahajan, 1592 ) T T T T T pi m S 3 7;:
Berk 1993, Candy & Rosenbluth 1994, ridial coordinate (s) Amb——m |7+ =
Breizman& Sharapov |995’”.] ASDEX Upgrade Alfvén continuum rm 8 4 n
| | | I _ 0.55 I I | | | I | | I+
o\° 0.5 F =
— 0.45 | // =
g O 0.4 F y, _
5 5 0.35F / -
= ¥ 0.3 / -
o 0.25 F -
fﬁ g) 0.2 F /-F —
o 0.15 F ’ -
= 0.1 " -+ 2
| (DG 0.05 _4 I ——"’ ]
0 0.2 0.4 0.6 0.8 1 0 e EEE——
radius 11.522.533.544.555.56

gyroadius [mml 1), ber, PoP 2005]
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[Lauber,2005]

Radial coordinate
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experimental measurements of KAWVs in Tokamaks (ll)

TFTR: [Wong, Phys. Lett A,1996] microwave scattering

global mode driven by EPs - short wave-length structure 0.06-

detected at intersection points with continuum Z ‘
) 0.056-
L ! T Y |, Ja, | -
10T‘—" \/ f ¥ 5 )
L ” _‘ B 0.04-
| fl’ 'Q 4
8} i < ,

= | " .. n 0.03 T v T . T . T v T

-0.4 -0.2 0.0 0.2 0.4

6 frequency (MH2)

632 1 0.045-
4 |- g
- ~  0.040-
°T g 0 03‘:35
- - . §
0 < |
I A 1 1 | Tpp— 1 | L w

0 02 04 06 08 1.0 WRSTSS o b5 o oa

r/a frequency (MHz)

great confirmation of theory - demonstrating non-local nature of KAWV physics
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global, linear GK model, multi-species, general 2D geometry )

LIGKA [Qin 1998, Lauber 2003, JPC 2007, Lauber PLREP 2013, Bierwage&Lauber 2017, Lauber |PCS 2018]

o gyrokinetic moment equation (G KM) shear Alfvén law https://git.iter.org/projects/STAB/repos/ligka/
B

| (b X V(%hb) -V

0
- [V a‘?ﬁ_qb} +B -V

_ _ZpD/dzvea{vd.VJDf}a+Z[be(ggJ;)} . VVig

‘pressure’ tensor - curvature drift coupling L_¢ ’

e quasi neutrality (QN): reduced MHD as limit

0= e [ oty 4. T

resonances (circ/trapped):
* non-adiabatic response for perturbed distribution function:

DIOPagator — reSONANCE m———— d CAE™ Gprec - (ng-Mm+kK) - wt=0

— 382/ ﬂ'(‘P —p)—m(0'—0)—w(t’ —t)]e—%ma WAE- Wprec - K * Wp=0
B /
% w— ] J5(kLo:) |dm(r') — (1 (T 6 ))¢m( ) for all species , including electrons
- : and energetic particles
free energy 14
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LIGKA: linear GK model, multi-species, general 2D geometry )

equations are solved in different limits and approximations, sharing same infrastructure:

* local, analytical estimates

* local reduced MHD - shear Alfven spectra

* local kinetic (w/o numerical coefficients, i.e. orbits given by GC code) [Zonca 1996, Lauber 2009]
* local kinetic with FLR/FOW (w/o numerical coefficients) [Zonca 1998,Lauber |PC 2018]

* global reduced MHD - global eigenfunction ,
[V.-A. Popa, master thesis TUM 2020]

* global k!net!c (w/o numerical coefﬁaepts): 2 solvgrs ITER #130012: TAE n=20
* global kinetic track mode (w/o numerical coefficients) N
"N 6000 - fully aufcomated_TAE stability
T analysis including ramp-up
— and ramp-down
 typically mod lled | | =
typically modes are called in sequence - to large part 5 4000
automated (workflow, IMAS format) =
afd
S 2000 -
. . < !
* toolbox ready for the use in various transport models: 5
Eurofusion ‘ATEP’ Enabling research project [Lauber, Falessi et al 0 LIGKA/IMAS . _..
202 I] /J —m =21
— N = 22
-2000 - L
S;J 160 1%0 260 2%0 360 350
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the role of kinetic Alfven waves (KAWSs) in Tokamaks: JET
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experimental measurements of KAWVs in Tokamaks (lll)

=
)
\\_/”
A

ET TAE antenna
Fasoli, Testa, Panis, Puglia, Tinguely,...1995-2021]

—3

Tinguely IAEA FEC 2021

200

400 600 800 1000 1200 1400
A = Qo5S95V Teo/Bo (eVY/2/T)

*probe plasma at typical AE frequencies and measure plasma response - determination of

damping rate
*if gap is open, clear correlation with non-ideal parameter is found

*indication that KAW physics is very prominent in JET AE physics, as confirmed by ITPA EP effort

[Lauber et al 2010] in 2010, and resistive MHD model [Nabais, NF 2018]

AAPPS-DPP 2021 / 28.9.2021

17



j ET TAE dampl ng [ITPA group, Lauber et al IAEA FEC 2010] \{\

> L IGKA V ik, * ‘far’continumm intersection, small ion LD
2.5¢+19 F v ::-.-: . . . .
B - e * radiative damping dominates - core and edge
2 Yiw=1.25% contribution global nature of TAE
> | _ yiw=115% *experiment: |.5%
é - _ X/uu-—-z.S%.
sqrt(norm_pol_flux) ! - sqrt(norm_pol_flux) . 2 0.2 “';-‘m-[(psj n()”) o i 1 2 radiall)’ reSOIVed COntribUtion
to damplng LIGKA
“182kHz /. ’
S | o 0.8
e £
Q.
[, £ 0.6
8 — . @
o \ X 0.4
(,2 "...‘ ";" ".“l "','
v LI G KA \J 0.2
0 0.2 . 08 1 0 q i i
sqrt(psi_pol_norm) 0 0.2 0.4 0.6 0.8 1

- sqrt(y,)

vicinity to continuum (s=0.5,5>0.9) correlates with locations of damping: concept of ‘tunneling’ [Mett, Mahajan]

successful code validation -capture trend of elongation scan
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JET-like case: elevated q case as candidate for DT scenario

=
similar to [M Fitzgerald et al in prep 2021]
10 I I I I |
Ti [keV] 0.6
8 I .
0.5
o1 Te[keV] 20-41 |
3 =
=
4 |
Ne,i [1019m-3] _
2 = - -
0 0.2 0.4 0.6 0.8 1 . .6 0.8 1
radius [s] radius [s]
B0=3.4,R0=2.97/m
What is the role of KAWs for the damping of low-n TAEs?
analyse ion and electron contributions, structure of mode structures and Ey:
19
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JET-like case:ion resonances

n=5m=9
analyse damping: 1.2 ook 1 '
drok=—2 @ trapped
C.Clr'Cll(k=g ;
. . JI’C. =—
eplot: use n=5,m=9 harmonic for evaluating 1p ookt O WTAE- Wprec - K * wWp=0 k=5 -
resonance condition at TAE position in rapped: k=5
velocity space 0 sl © €080 © 60880 & WP
*only higher order resonances e.g. k=4 TR R It '
reach Ti range (10keV) o circulating

*deuterium ions are too slow to efficiently =o.6}
interact with TAE b Vih i

*consequence: low thermal ion LD :

*neutral beam ions with energies between
30-80keV usually contribute to damping

*use afterglow phase without neutral beam 0.2
ions to analyse X-driven modes

0 20000

40000 60000 80000 100¢
EneravlieV]

thermal ion LD damping: y/w = -0.16% (no electrons)
AAPPS-DPP 2021 / 28.9.2021
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JET-like case: analysis of damping

adding step by step electron resonances: electron resonances for main TAE harmonic (n=5,m=9)

no electron LD damping: 1.2 l l l l l —
) trapped  oliingit
. 1 WTAE- O _ * Wp = O CII’Crl;a |gg : !

Y/W = -0.16% (ion LD) . e vappodk? W _

trapped-passing boundary

e Ie e B BRI R

adding circulating k=0 resonance:

0.8 zoom -
. . s
Y/W = -0.67% (ion LD+circ el ) (o o W
Q¢ T i
g0 :
adding circulating k=%1 sidebands: 5 Moo
IIIIIMI_I_I_I H B ID ID |
0.4 ok sk 1
Y/W = -0.77% (ion LD+circ el+sb) SR
: 0.2 + : - 'XﬁfFﬁTe | -
adding trapped electrons: circulating Y

"1000 1500 2000 2500 3000 3500 400C
EneravlieV]i

O W (Dprelc - (nq-rln+k) . (ll)t=o | | | |
Y/W = -0.87% (ion LD+all el) 0 1000 2000 3000 4000 5000 6000 7000 800
EneravlieVvl

ratio el:ion: ~4:1 - non-perturbative, non strictly additive
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W JET-like case: analysis of mode structures (®)

;Cflgigesct:te:le:z ifle)P jfui:::i;;wnance& Z: E;,S;(P%gntial Ei=ki (®-1p)
Y/ = -0.16% (ion LD) .§0.4

adding circulating k=0 resonance: :%Oz ST\ lA\
Y/w = -0.67% (ion LD+circ el ) go.z _ \“v”/r“‘f‘(
adding circulating k=X*1 sidebands: “o0.4

Y/w = -0.77% (ion LD+circ el+sb) N

|
o
oo

0 ol.1 ol.z ol.3 ol.4 ol.5 Ol.6 ol.7 Ol.8 ol.9 1
. a radius [s]
adding trapped electrons:

smooth structure - KAW coupling visible in E//

Y/w = -0.877% (ion LD+all el) mode structure differs from MHD result - non=-perturbative
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W JET-like case: analysis of mode structures (®)

adding step by step electron resonances: e.s. potential
no electron LD damping: -8 E. % 200
y/w = -0.16% (ion LD) Sl

Do.4
adding circulating k=0 resonance: 2

g nz.

A

Y/W = -0.67% (ion LD+circ el ) é 0 ,f"H//,/%

§ W
adding circulating k=*1 sidebands: » w02

-0.4
Y/W = -0.77% (ion LD+circ el+sb)

080 0.1 §.2 0.3 0.2 J0.5 0.6 0.7 0.8 0.9 1
adding trapped electrons: radfius Is]
y/w = -0.87% (ion LD+all el) missing trapped electrons lead to weakly damped region close

to k//=0
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JET-like case: analysis of mode structures )

Im[circ. el response coefficient]

adding step by step electron resonances: Im[trapped el response coefficient]

no electron LD damping: o 0001
+ circulatin gcoeﬁce nt
o rapped coefficient
> 0

y/w = -0.16% (ion LD) E.
<0.0001 -

C)[ no

.0002

adding circulating k=0 resonance:

C)

.0003 |

Y/W = -0.67% (ion LD+circ el )

O

.0004

O

.0005

adding circulating k=X*1 sidebands: »

O

.0006

C>

.0007

kinetic coeffiicients

| | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
radius [s]

Y/W = -0.77% (ion LD+circ el+sb)

adding trapped electrons:

y/w = -0.87% (ion LD+all el) missing trapped electrons lead to weakly damped region close
to k//=0 - non-local, non-perturbative effects are crucial
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W JET-like case: analysis of mode structures O

3

no cloctron LD damping: . mlp ﬂ ;j-XP;gg”t‘a'

D e L il gl

adding circulating k=0 resonance: O ¢ »‘”' H H mM’ “‘:"n', ———lS

Y/W = -0.67% (ion LD+circ el ) q:é')—l ‘, W M |

adding circulating k=*1 sidebands: ';;2 ‘ ’ ‘

Y/W = -0.77% (ion LD+circ el+sb) S

adding trapped electrons: o 01 0.2 0.3 0.4, 0.5 0.6 0.7 0.8 0.9 1
Y/W = -0.877% (ion LD+all el) almost undamped KAW - in agreement with theory
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JET-like case: electron mass ratio scan - cheaper non-linear simulations

\=Z
6 ' E/ x 200
os.5 [ electrons mass ratio [H] _ . ”),( -
<>n .| Dions ] m=9 , realistic mass ratio
S | / me=mu/200
' Vth,el/ VA e
4 I i

w
ul
I
|
.eigenfunction

-

5 . o |
2 damplng r.a't’e[A)] 0% 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1L _ radius [s]

|
L

damping rate; (vth

. 5 | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 200
mass ratio [hvdroagen]

modifications of E// sidebands
influence on non-linear generation of ZS/ZF!

[Chen&Zonca 2012, RMP 2016]
damping rate increases when thermal ‘electron’ velocity reaches vaifen

o

AAPPS-DPP 2021 / 28.9.2021 “¢



Kinetic Alfven Waves (KAWSs) in multi-scale problems: ITER
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ITER |5 MA DT [ITER database, very similar to #131018,13] (@)

12,

[A.R.POLEVOI ET AL. J. Plasma Fusion Res., 5 (2002)]

n=1 + n=9 b 4 n=20 = n=30 n=40 |

O
o0
I

&
@)
|

ne[10!9m-3]

EP beta [%]

O
™~
|

“._region of steepest

-]  O-gradient -

frequenlcy | kHZ]

BO=5.3T, R0=6.2m, D,T,He-ash, Be,&x, NNBI-D

[S.D. Pinches et al PoP, 2015
Ph. Lauber PPCF 2015]

28

AAPPS-DPP 2021 / 28.9.2021



dense TAE cluster for ppo> 0.4

N\
)

~.

77\
8 1)
\

(L

,,
\

damping > ~1%
various TAE branches
with same n due to
alignment of SAWV gaps

2 |
Q14

s

- 1.2

0 5 10 15 20 25 30
toroidal mode number

0.8
i)
§= 0.6
> 0.4
'_C% o
lE' 0.2
S
= 0
Q
-
5-0.2
S
.20-0.4
“.0.6
-0.8 5

35

region of steepest
X-gradient

04 006
rho pol
AAPPS-DPP 2021 /28.9.2021

0.8

n:35 —_—

qualitatively new situation
compared to present-day
experiments:

cluster of most unstable
modes | 5<n<25

may destabilise
subdominant modes with
lower n in outer core

29



. _ (7
ITER case: ion and electron LD for n=26 TAE )
1.2 : circ: k=|1
1r tip%fa%;tlig
EF_EBBESEEZ@ - HH’ T H x><><><x =|X=
gl T XORRAK ’
EO | <=3 R
% 0.6 F M s +++++++++++++++++ i
~ +
I<I i__}: Vthi +$+++#++FF
0.4 —%_ th,i #ﬁ% ]
e 1, =
- k=1
0.2+ g ﬁﬁ .
= ff
o ™ 50000 100000 150000 200000 250000 3000C
EneravieV]
el, DT-hybrid: all species (k=-5...+5): w/wao: 0.487;-1.296 [%]
el, DT-hybrid: no trapped electrons: wW/Wao: 0.485;-1.106 [%]
el, DT-hybrid: adiabatic electrons: w/Wao: 0.483;-0.305 [%]
contribution to damping: electrons: ~|%, ions 0.3% - larger than in |JET due to higher Ti
30
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ITER will have hydrogen and deuterium phases before going
to DT 50:50 mix

2.5 | damping [%] —+—
vthe/VAO/10 —¢—
vthi/vAO
2 f damping[7%] :
Q
H
©
9.5 3
%‘ (Vth,e/Vao)/ 10
0, i _
= 1
©
O
0.5 :
Vih,il VAO
° 1 1.5 | 2 2.5 3
10Nl INassSs

* TAEs will be less damped in burning plasmas compared to early H operation

* since ion LD scales with ~(vao/Vvin,i)32exp-[va/(3 vin,i)]? ion mass cancels for ion LD

* but situation is more complex since ITER will have species mix due to He ash, Be, Ne etc..
* increase in damping due to KAWVs /electron LD
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ITER: isotope scan - non-perturbative mode structures

e.s. potential ~ 200*Ey (m=10)
| | | | | hydrolgtl_a$ — hydt:l?q;i -

- _ - ———sagh \

5 | S |

@ O \‘a

- - ‘

> - -

y— y—

- C |

% %

> ‘D Ken>keT

0.2 0125 OI.3 0135 OI.4 0145 OI.5 0155 0.6 -0.012

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

radial coordinate ) )
radial coordinate

damping ~ (k. pi)?
checking a posteriori: pi k. =(+/k:2 +ke2) pi = 0.13«1, long wave-length approximation valid

*global modes (n=8-15) add non-local complexity to problem

*energetic X-particles drive modes unstable, but also affect mode structures (e.g. per changes f-

distance to continuum - larger coupling parameter)
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non-linear consequences
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ITER using linear spectrum for non-linear perturbative runs:
add energetic ions, calculate wave-particle power transfer until non-linear saturation

HAGIS/LIGKA model, ITER |5 MA TAEs [Schneller, 201 5]

107 'sea’ of weakly unstable TAEs
expected with small EP
o transport;
@ ! . .
P P agreement with QL estimates
.§ simulation
- J 6 |
low-n branch fixed amplitude simulation at 4“ — t=0s
» in multi mode single mode saturation levels ;[_ t=9.6110 ‘SJ
simulation 5 - 1=1.9110"s
| >
.a 4
| -
000 030 060 090 120 150 180 210 240 270  3.0C )
time /10" s e O 3
al
2/ weak radial EP
can be used to check QL linear resonance | redistribution;
: agreement with QL mode
broadening models [Berk, 1995, Gorelenkov 2015...]

01 02 03 04 05 06 07 08 09 10
radius
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QL boundaries? for artificially higher
EP pressure (~2 times), energetic particle avalanches are found

HAGIS/LIGKA model, ITER |5 MA TAEs [Schneller, 2015]

W -
high-n branch :E

o \rinmultimode o S
~ simulation o
o0 2,

O high-n branch “3 4
8 : in single mode —
= low-n branch simulation =

- in multi mode “q-, 3
Tl | simulation '45
E » low-n branch —
i - =

< J in single mode 2 2
' simulation S
R
a.

T

J
TS S 550 01 02 03 04 05 06 07 08 09 10
time /103s radius s

*also found in reduced descriptions: |d beam plasma model [Carlevaro, 2015-17,2021]

*above simulations do not consider wave-wave non-linearities [Z. Qiu at this session]

* collisions influence saturation level [see talk by C Slaby at this conference]

*not found in works with similar non-linear model but different linear mode spectrum [Fitzgerald NF 201 6]
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successful comparison with global non-linear GK code ORB5 )

ITER |15 MA case - ORBS [T Hayward-Schneider NF 2021 ]

HAGIS/LIGKA model, ITER |5 MA TAEs [Schneller, 2015]
10 1071
| 1
3| = high-n branch
107 | 5 : :
o 5 \f in multi mode 1072 -
N - N oL simulation ]
g 10| / ' . high-n branch ,:U'
: in singl d ot
-g ! »Iow-n branch ;?:‘ll:}gtieor:o : 3 10_3-E
frurt . in multi mode 2 ]
%- 10'5§ ,l . simulation :_;:. -
- N /19" i X low-n branch < 4
< s W J in single mode 107 5 — 20 26
10 'f' , ' simulation ] — 21 — 27
1/ . — 22 28
. 4"’, Lo-5 - most unstable — 23 — 29
§ - — 24 —
l’ J ; toroidal mode numbers:_ 2 %
'8 | 1 I 1 1 1 1 1 I 1
10 0.0 1.0 2.0 3.0 4.0. 5-? 6.0 7.0 8.0 9.0 0 50000 100000 150000 200000 250000 300000 350000 400000
time /107s t[wg'l

*compare LIGKA/HAGIS model to ORB5: global electromagnetic gyrokinetic code using the PIC approach
in toroidal geometry [Lanti CPC 2020, for EP physics: Biancalani, Bottino, Hayward-Schneider,Vannini,... 2012-21]

* Effectively mitigates with the so-called cancellation problem using the pullback scheme (leads to an order
of magn. increase of time step) [Mishchenko CPC 2019]

*very similar linear and non-linear properties of ITER |15 MA case were found [T Hayward-Schneider 2021,

AAPPS-DPP 2020] 36
AAPPS-DPP 2021 / 28.9.2021



KAW physics with ORB5

[T Hayward-Schneider, EPPI 2019]

10000

8000

()]
o
o
o

e
o
o
o

time[Wci]

2000

0.35 0.40 0.45

radius

0.50 0.55 0.60 0.35 0.40 0.45 0.50

radius

0.55 0.60

short -wavelength features can be directly
seen [ITPATAE case,A. Konies NF 2018]

electron and ion damping have been
investigated in detail with ORB5- consistent
with LIGKA results [FVannini, PoP 2020]

also other symmetry breaking processes
leading to radial propagation under

investigation (EP profile non-uniformity) [G.
Meng, et al. NF, 2020(056017)subm. PST 2021, F Zonca, NF

0.0025 -
0.0020 -

.—E 0.0015 -
N

0.0010 +

0.0005 +

0.0000 +

ITER n=26:

radially inwards and outwards
propagating wavefronts can be clearly
seen - finite k;

|pm| at t{QZ']=30000

s 333
H N N N
e e O
N = O

2005, L. Chen RMP 2016, Z. Lu, et al., NF 2018]
AAPPS-DPP. .

0.8 1.0

0.6

37



Kinetic Alfven Waves (KAWSs) in multi-scale problems: ASDEX Upgrade (AUG)
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AUG EP-‘supershot’ scenarios ngrgge o)
[Lauber FEC 2018,2021; Horvath NF 56 2016] \=#

S n=1 TAE bursts *minimize ion and electron LD by:
o Wt *cold core plasma despite strong EP drive (NBI)
v *let impurities accumulate in core, heat only off-axis
gg *EP pressure dominated plasma - very useful for
= validation [benchmark paper Vlad et al NF 2021] of
£ non-linear physics

o *reaches for EP physics relevant parameters:

0.8 0.82 0.84 0.86 0.88 BEP/Bthermal ~ I ) ENBI/Ti,e ~ | OO

time[s]
0-> | | | | #34925
1.522 - 1.54s
04 |- 4326-435s _
- FIDASIM/TRANSP 'Off-aXiS Peal(ed EP PrOﬁIe
EE - * = 1 *modes are driven by negative and positive EP gradients

FIDA/BES

*measurable inwards EP transport with change-exchange
0.2 - -

z measurements
0.1 F)%\x -

FIDA int. range: 659.0-660.5 nm
0.0 ! ! ! !

0.00 0.18 0.36 0.54 0.72 0.90 39
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YIWwao)

frequency[kHz]
100 150 200

50

0

0.003 1
0.002 ¢
0.001 ¢
0.000 1
-0.001 ¢
-0.002 ¢
-0.003 {

AUG EP-‘supershot’ scenarios ot
[Lauber FEC 2018,2021; Horvath NF 56 2016]

n=1TAE bursts *minimize ion and electron LD by:
— *cold core plasma despite strong EP drive (NBI)
*let impurities accumulate in core, heat only off-axis
*EP pressure dominated plasma - very useful for
validation [benchmark paper Vlad et al NF 2021] of
non-linear physics
*reaches for EP physics relevant parameters:
Bep/Behermal ~ 1, Enei/Tie = 100

0.8 0.82 0.84 086 0.88

time[s]
ORBS X
Ligka
x
+
“
reasonable agreement for damping and linear
growth rates [Vannini PoP 2020,Vlad NF 2021}
40 60 80 100
Tep | keV]
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AUG EP-supershot scenarios @5&& o)
[Lauber FEC 2018,202; Horvath NF 56 2016

250 — | Bicoherence |t b L 250 —{ Confidence filtered bicoherence 1 b -
500 — Blocksize: 512 pt -~ 10 500 - N.samples: 2000 -
’E" - Blocknumber: 117 - an — - Conf. lim: 99.7% .
< 150 — - = 150 — 3
N x - 506 = : :
o : _ - @ > ] E
g 100 — = - — 504 c 100 — =
2 - - == - = 2 n EGAM-TAE -
| = ; = o 1 T l [
T i e - . C z; | g 50— EI >
= = =3 - n . . e
05 — e WLl e 03" ==l
0 50 100 150 200 250 0 50 100 150 200 250
Frequency1 (kHz) Frequency1 (kHz)

[P Poloskei et al IAEATCM 2017, Lauber FEC 2018]

bicoherence analysis shows non-linear interaction between TAE and n=0 (EGAM)
frequency band - which non-linearity?

AAPPS-DPP 2021 / 28.9.202 *



~

2\
W._ /)
b —

{9

W aspects of non-linear saturation of EP-driven modes and related transport

energetic particles (EP) processes with direct KAW

(a, NBI, ICRH) relevance
[Hasegawa & Chen |976]
drive [Hahm & Chen 1995]
[Chen Zonca 201 2]

\4

| [Chen & Zonca RMP 201 6]
EP-driven [Todo 2010, Biancalani 2020,

ECCD instabilities % Qiu 2016,2019] ....

ECRH

EP profiles
Ti, Te, n profiles

|

gradient driven

>

nl drive/damping zonal

turbulence Maxwell/Reynolds stress ~ structures (£S), GAM
transport of low-energy wave-wave
EPs, linear [3 stab. coupling 42
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[ ASDEX -

Sl AUG: non-linear interaction of TAEs and ZS
[Vannini, PoP 2021, Qiu, NF 20|9]

\
),
z

=
/,;:
\\
=

Es Potential (ngp)/(ne) = 0.053 Es Potential (ngp)/(ne) = 0.103
1 . 1 . .

10" flow EP density i 10" Thigh EP density ol 20t ot
S | § N i |
;_5 10()_4 ;—5 100_‘
N N
g g
= 10~! 5 10!
| |
Ty ¥y
& 10-2 & 102
O o
QL QL
O _ © .
2 103, ZSinn={0,1} 21073 ‘ﬂﬁ ZS inn={0,1}
a TR e ; TR
<E( AM in n={0,1} g M‘ AM in n={0,1}

10-4 -== Nn={0} 10-4 - W‘ -== n={0}

-—- n={1) === Rm{l}
0 20000 40000 60000 80000 100000 120000 140000 160000 0 10000 20000 30000 40000 50000 60000 70000 80000
Time [w3*) Time [w;]

*non-linear ORB5 run, only EP non-linearities are kept

* AUG NLED EQ; bump-on tail EP distribution, radial gradient as in experiment, realistic electron-ion mass
ratio

*single mode runs (keeping only n=0 or n=I| TAE) are compared with runs with n=0,| both present

*considerable modifications of saturation levels found - nl forced-driven excitation [Todo 2010, Biancalani 2020, Qiu
2016]

*for further quantitative comparison, realistic Fgp has been implemented [T Hayward-Schneider, B. Rettino prep. 2021]
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conclusions & outlook

* KAW physics is crucial for determining the self-organisation processes in a burning plasma

*both linear and non-linear processes depend on the details of cross-scale couplings of
shear Alfven waves and KAWs: E//, parametric decay and zonal structures

*also other processes, like g=1 physics may be in influences by KAWVs [M.S. Chu et al 2006]

*not discussed here: compressional Alfven waves - KAW coupling [Belova, Lestz, 2015...2021]

*numerical tools, both linear and non-linear are evolving to capture relevant, non-
perturbative, global physics elements

*dedicated experiments and diagnostics are needed for providing data-base in relevant
parameter regimes - extended AUG scenarios to L,H mode, isotope scans

*interaction of EPs, AE, and turbulence [Liu AAPPS-DPP, 2020, Ishizawa FEC 2021, Biancalani PoP 2021,
diSiena PRL 2021, Mazzi 2021] presently under investigation

*reduced models needed for analysis on transport time scales - general GK transport
theory framework available capturing all elements discussed in the talk [Zonca & ChenNJP
2015,RMP 2016 , Falessi 2019,2021] - presently implemented in various hierarchal levels within
Eurofusion Enabling Research Project (ATEP)
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radial propagation also due to other symmetry breaking meachnisms: £

[G. Meng, et al. NF, 2020(056017), inv. talk AAPPS-DPP, 2020, subm. PST 2021]

¢
{
=

* radial non-uniformities of background/EP profiles leads to symmetry breaking (S.B.) of Alfvén eigenmode

structures - finite kr: asymmetric EP gradient w.r.t. mode rational surface of AE (here RSAE)

F. Zonca, NF 2005, L. Chen RMP 2016, Z. Lu, et al., NF 2018
HMGC TRIMEG

ut' L. 0=3 40

//——\\
g ~
P N
F 4 "

LIGKA

Parallel velocity radial distribution:
w=[o0f v, dv3/| fduv3
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Result: mode symmetry breaking leads to anisotropies in phase space, even Radial coordinate
distribution, while growth rates and saturation amplitude remain very similar.
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https://iopscience.iop.org/article/10.1088/1741-4326/ab7e01/meta

important role of sub-dominant modes (@)

2.4 — | ]
= damping > ~1%
2.2 S o8
2 B o for n<|5 more than one
<18 S TAE branch is found to
Ll ) < 0.4 be weakly damped
onl. =
=
8= Q 0.2 : .
Se1.4 ‘g different alignment of
S5 o 0 TAE gaps from core-edge
S
S.0.2 1
1 Z may destabilise
08 £-0.4 subdominant modes with
0 .06 lower n in outer core
P05 10, 15 20 25 30 35 0 02 04 _ 06 08 l
toroidal mode number S
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ITER case: electron mass ratio scan Q)

|_\
D

ion/electron mass ratio [DT]
DT hybrid ions _

=
N

=
o

Vih.el/ VAO

(vth,{/VvAO0)

00
|
|

damping rate[%]

damping rate;

O | | | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 500C

mass ratio [DT-hvbridl
[T Hayward-Schneider NF 2021 ]

damping is almost independent of electron mass ratio over large range
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