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modelling hierarchy for plasmas with significant energetic particle pressure 8 )

[Baonian Wan, at this workshop]

SPARC
’ 2~11

175

Burning Plasma

CFETR

KSTAR

DITI-I

for scaling from TCV-AUG-JET,... to |T-60SA-DTT-ITER-DEMO-any other other device, we need:

required model:

non-linear/quasi-linear global kinetic + background

4. self-organisation - back reaction o
EP transport on profiles and
background transport

3. EP transport and losses

2. non-linear mode evolution,
saturation mechanisms

|. mode stability

3rd Trilateral International Workshop on EP physics, 10.11.2022

transport

non-linear/quasi-linear global kinetic +
long time scales (source + sink)

non-linear global kinetic e.m.

linear global kinetic e.m.



modelling hierarchy for plasmas with significant energetic particle pressure

MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK \

needed for scaling from TCV-AUG-JET,... to |T-60SA-DTT-ITER-DEMO:

aim: develop IMAS based tool to calculate
electromagnetic, global EP transport and
couple either via Fep or its moments to
transport codes;
different models of fidelity/cost

RABBIT

PSZS model
ATEP

-~

aa - N N
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modelling hierarchy for plasmas with significant energetic particle pressure { )

phase space zonal structures (PSZS) are : [see M. Falessi’s talk at this
workshop]

collision-less undamped, long-lived nonlinear deviations of the
JENUERICINERGEEEIERNCLE

properties:

e n=0, constant along equilibrium orbits

e define new, neighbouring equilibrium reference state

e slow, non-fluctuating component of Fgp evolution

e the part of 6f that can be absorbed in new Fg

example in COM space representation:

1000
900 r

m 200
150
100
50

RABBIT

800
700
600
1500 r

I | ~150
400 00
300 t ‘ .
200 + .

100 r

-50
-100

energy [keV]

0 1 1 1 1 1 1 1
01 02 03 04 05 06 07 08 09

radial coordinate

ENR mid term review, 28.9.2022
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modelling hierarchy for plasmas with significant energetic particle pressure

\

A\

phase space zonal structures (PSZS) are : [see M. Falessi’s talk at this
workshop]

collision-less undamped, long-lived nonlinear deviations of the
JENUERICINERGEEEIERN LG

properties:

e n=0, constant along equilibrium orbits

e define new, neighbouring equilibrium reference state

e slow, non-fluctuating component of Fgp evolution

e the part of 6f that can be absorbed in new Fg

Meagsurement

“T “ il (3)

RABBIT — 80 iy
> ) i,
2 -
W %
40 - "
1.4 1.6 1.8 20 2.2

R(m]
DIII-D, INPA [Du et al PRL 2021]

ENR mid term review, 28.9.2022



oy (7N
some existing transport models for EPs 8 1)
M ALY \=
» diffusion coefficients for impurity transport by background turbulence, no e.m.
EP-driven modes [Angioni, Puschel, etc]
Phase space, E=75 keV
[Podesta 2016]..... i DE,../dt

* critical gradient model [R.Waltz, E. Bass]: use local AE stability threshold, add
upshift of transport threshold using (ExB):wrb shearing rate; above threshold set
DEP to ad hoc values [e.g. |0m2/s] to clamp EP’s radial gradient to critical value

* kick model [M. Podesta, 2014-2022]: calculate probability density function of
kick in Pz and E for given amplitude

* RBQ model, 1D, 2D [N. Gorelenkov 2015-2022]: use resonance broadening

QL theory connected to NOVA-K to evolve mode amplitude consistently with
evolution of Fep

* PSZS model [M-V. Falessi, 2017-2022] - consistently embedded in general NL
GK theory [see e.g. talk F. Zonca PPPL EP Seminar May 2022]

gives clear guidance on validity and limitations of reduced models by
monitoring simplification conditions

3rd Trilateral International Workshop on EP physics, 10.11.2022
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hase space zonal structure transport theo [M--V. Falessi, 2017-2021]  /77=\)
MAX-PLANCKINSTITUT P P P i [L. Chen JGR, 1999] =/
start from NL GK equation,
and derive evolution equation of 9 LT o8 9
toroidally symmetric component due to 57 F=0 + [ Y (T55P¢5F) + 9 (Tb(SééF) } = (Z C{ |F Fy| + S)
fluctuations and sources/collisions: b LOYY ? “ls b .
splitting micro and meso/macro scales -
describes evolution of non-linear equilibrium
Including long-lived n=0 structures from
perturbations
i i O (BIF,) + V- (BX o (B} V- (B}
use connection to QL GK equations to o (B F,) - (BX,F,) + F™™ (Bw,F,) + V(B 6X6G,)
reconcile with QL transport theory, e.g. in
[L. Chen JGR, 1999] !
. n W (BT[SWSGWS) =0 (12)
= S 5 1
mapping from Pz,E,u space to real space: D, = 88T, = > > c?m3| 8| T, (45)
w,k |
: 1
Dy = Doy = 8087, = 5 Y, cmy 3;—? 18b|27,,  (46)
oKy
— 1 we )’ >
D,, = 86867, = }kj — | 180/, (47)
7

3rd Trilateral International Workshop on EP physics, 10.11.2022




outline: ATEP framework

o )
MAX-PLANCK-INSTITUT EP transport workflow schematics \{\%;/&))
] advance
equivalent Fep
to kick model calculate or I
D(r,E) updated
distribution IDS,
or its moments
shortcut:
critical
gradient model
with ad hoc D,
local limit
transport code time .




(7
EP transport workflow schematics 8 1)
MAX-PLANCK INSTITNY \=*
advance
equivalent calculate Fep
and return
to 2D RBQ model D(r.E) or undated
distribution IDS,
or its moments
t t+1
transport code time .
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EP transport workflow schematics

FINDER/HAGIS [Ph. Lauber, 2007,2022]

1000 ——— — 10
900 — —
5
800 —
700 — — o
600 — —
eV] 500 — =5
400 — —
-10
300 — —
200 — —
100 [~ —
0 1 1 1 | | 1 | |
-007 =006 -005 -004 -003 =002 001 0 001 0.02
Pz

|

[HAGIS, S.D. Pinches, T Hayward-Schneider]

0.006
‘
0.004 -
X A
S
< \ 4
0.002 - v
0.000 ,

0.00 0.02 0.04 0.06 0.08 0.10
y/w

EP WF (LIGKA) [A . Popa, Ph. Lauber]

190 ———+—++——
180 local -

170 t
160 ¢
150 t

1490 Lo v
3 3.13.23.33.43.53.63.7 3 3132333435363.7

time [ms] time [ms]

1
0.8 | E_par -
0.6 |
0.4 |
0.2 |

N 1 1 g S 0
0 02 04 06 08 1 0 02 04 06 08 1

radius [r_pol] radius [r_pol]

transport code

o

f_TAE[kHz]
damping rate [%]

o NC B VU SR

450
400
350
300
250
200
150

frequency [kHz]
e.s. potential

calculate
D(r,E)

t+1

advance
Fep
and return
updated
distribution IDS,
or its moments

ATEP code [Ph. Lauber, 2022]

F (Pz,E,t), Time=199 [arb units]

30D Se+17
800 4e+17
m700 3e+17
o)
® 600 2e+17
Qa
',<._“_500 le+17
© 400
= 0e+00
300
200
100

0 20 40 60 80
[Pz]

aFEp . aPZ aFEp n 8E aFEp
ot  dt OP. Jt OE

time o
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outline

Linear stability: EP stability

calculating PSZSs

progress on implementation of transport model: ATEP code

verification & validation

3rd Trilateral International Workshop on EP physics, 10.11.2022
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LIGKA: hierarchy of linear GK models

* local, analytical estimates [mode 5]

* local reduced MHD - spectra [mode 6]

* global reduced MHD - MHD eigenfunction [mode 6]

* local kinetic (w/o numerical coefficients) [mode 3/4]

* local kinetic with FLR/FOW (w/o numerical coefficients) [mode 3/4]

* global kinetic (w/o numerical coefficients): two different solvers [mode |]
* global kinetic track mode (w/o numerical coefficients) [mode 2]

typically modes are called in sequence;
results are stored in unique structure keeping results from various calls in the same format -
adoption to IMAS finished, documentation on https://confluence.iter.org/pages/viewpage.action?pageld=289069024

- Lauber PhD Thesis 2003: http://nbn-resolving.de/urn/resolver.pl?urn:nbn:de:bvb:91-diss2003111814131
- Lauber JCP 2007: 10.1016/j.jcp.2007.04.019

 Lauber PPCF 2009: http://stacks.iop.org/0741-3335/51/i=12/a=124009

- Lauber PREP 2013: https://doi.org/10.1016/|.physrep.2013.07.001

- Bierwage NF 2017: https://doi.org/10.1088/1741-4326/aa80fe

« Lauber JPC 2018 https://doi.org/10.1088/1742-6596/1125/1/012015

 ITPA EP: https://sharepoint.iter.org/departments/POP/ITPA/EP/Pages/default.aspx

* more information:_http://www?2.ipp.mpg.de/~pwl/

- and git ITER repository:  git clone ssh://git@qit.iter.org/stab/ligka.qgit ; git checkout develop
3rd Trilateral International Workshop on EP physics, 10.11.2022
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use local information for setting up global simulation

14
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automated application of EP stability workflow projected ITER /‘,?5\}\
MAX-PLANCK-INSTITUT scenarios (HFPS): #134173, 106 [S.D. Pinches EPS 2022] \\“‘?))

FUR PLASMAPHYSIK

TAE n=12 Profiles displayed fort = 426.9 s
| | -— P
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In LR gy 3 e — ‘=
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O 250 . J—— - = i g == Ulsiice
C 200 L°- . T 2 a i « H
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' ' 100 200 300 400 500 600 700
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Time[s] 4
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automated application of EP stability workflow projected ITER

. . WL )
MAX-PLANCK-INSTITUT scenarios (HFPS): #134173, 106 [S.D. Pinches EPS 2022] \‘:_?})
TAE N=1 8 Profiles displayedlfor t =426.9s
PHco
160 | | | | | I 0 p—— | | - - SN
global - ' _100 r\\‘*\ Pec
150 local - - — 5 = : g Pnsi
_ 140 . S, .02_: 50 - ; : Prus
= 130 2 4 'Aﬁ i x ; Esiice
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— 120 > 0 | - | 5 Hmode
£ 10 a 15 %
- 100 £ = . ol
& 8 - ' |Bol
90 e, : e q 104/ : g ¢ 0
— - slice
80 1 1 1 1 1 1 — -10 1 1 1 1 1 ; : ;:‘- Hmode
85 90 95 100 105 110 115 120 ok 5‘/ = : i
h ;
time | s i m
450 F — : ] o 1 ' Wror
g ®oop & E W R Geq 0w 0F =200 - | s — W
- 300 ..._ G 1' \-"‘.; o "E 0.6 ; ' ? WnmHD
> 20 | S N ' 100 - : : B
o 200 I~ . ] a 0.4 ' gz Hrmode
g. 150 _ } '__L,__-' ...' ,,,,,, 1 l:,,'L'_ : - Ui 0 = i m
100 & -
ﬁ so | e @ 0.2 — l M\ :LOOP
e 98
0 , 0 b~ -
g | 3
0.2 0.4 0.6 0.2 0.4 0.6 0.8 i =i I T L . i\—" 5 terice
radius [ ] radius [rol] § VJF : rg Hmode
-2+ i -
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|5
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exploit EP stability workflow: AUG data example: L-H
MAX-PLANCK-INSTITUT transition in presence of TAEs o

FUR PLASMAPHYSIK _—

Toroidal mode numbers of AUGD 39681 v Golor odle
, e é 6 * automated processing of 160 time slices based on IDA equilibria
: il 4
e =Py and profiles
5 20 %% s * fully implemented in IMAS, ensuring reproducibility
< 200 £= 2
5 oo I 5/integrated data analysis| Y o o T
Sk + 180 ocal - 4 T -1+t ! ;
“ 100§ o 2 | i
: TRVIEW(MAS | 170 g W
30 ‘ interface) - 160 g a4
0 S : 5 4 ¢ _
26 28 3.0 32 34 36 3.8 | T 150 s 5t :
el EP-WF: LIGKA local 140 Lo o o P L
+ 3 3.13.23.33.43.53.63.7 3 313.23334353.63.7
EP-WF: LIGKA global time [S] time [s]
288 Lr t=3747 [ms] =
o 350 . 08 L E par = .
~ 300 g g6
> 230 b |
o . S 200 a 0.4
*analyse L-mode,H-mode and transition phase using > ;’ng ;g o
50 |

*also systematic uncertainty quantification feasible

0

radius [r_pol]
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calculating PSZSs

3rd Trilateral International Workshop on EP physics, 10.11.2022
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implementation of PSZS in NL MHD-hybrid and GK codes {4 \‘;\))

Ny
MAX-PLANCK-INSTITUT \\ 4
FUR PLASMAPHYSIK

tw,= 564.00 M=( 1.60, 2.40) twy= 264.00 Ivl=g 1.60, 2.40)

1

14

PSZSs have been extracted from HMGC and h
HYMAGYC MHD-kinetic hybrid codes
[S. Briguglio, G.Vlad et al 2019-2022]

=20 =10 O 10 =20 =10 O 10

.y Pk

EP, § F(s,v//.vl)
¢ at t=26000

1000f
900+
800+
700+
600

recently also in non-linear GK code ORB5 S 01590 o 500
NLED AUG EPM/TAE [A. Bottino, Varenna 2022] v ) R 400

1 1 300!
Bulk, § F(s,v//.vl)

z[p]

200+

100}

0.8 10

800 1000 1200

n 00 S 0 r lp,]
pS
0.4 >
0.2 -10
5 10 15 5 10 15 -10 0 10
v, v, v//
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: : : (47N
calculating PSZSs based on orbit/zonal averaging )
MAXPLANCICINSTITUT =2

* use IMAS-based wrapper program for HAGIS to set up marker space, determine trapped-passing
boundary, sort, classify, orbit averages for unperturbed equilibria

* originally developed lcul ’ s for LIGKA
originally developed to calculate propagator integrals for LIG [A. Bierwage, CPC 2022, LIGKA orbit integrals, CPC 2007]

1.4 I I I | | | | | | 4

potato 1.4 . , , , + potato
color: co, cp, trapped, potatoes color: co, cp, trapped, potatoes
1.2 + -_A._.'A' ]
Y . =~ ll ,.;’*sﬁﬁ::::ﬁ:::ﬁ:fH%'H“-‘- N 2
L et i N ) ; ,_I = Y
> trapped _ a5 :  trapped
/\:uB/E ] | 0.8 e Mas " ;
2.5 AzuB/E :_ 2.5
0.6 E 0.6 2
2
el | Cp 0.4 % 2 Cp
0.2 . o o5 1.5
—00.08 0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 1 co 0(;""5..::::::::::::0!‘:2:::::::::H:::H:(:)!.:;::::::::H::::Hé)!‘:;::::H::H::::::(:)!‘:8:::::::::::::::H:1 1 co
Pz: can. tor. momentum sgrt (norm_pol_slux)

* distributions IDS holds all orbit-averaged information about marker space
* fast, repetitive calls of HAGIS library within IMAS are possible - mapping between Pz and <radial position>!

19
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calculating PSZS using HAGIS (Y
MAX PLANCK INSTITAT \=

adding LIGKA calculated perturbation: follow set of market for wave-periods, time or number of orbits

mid-radius, | MeV, He, co-passing, A=0, n=9 TAE with dB/B=10-3

0.015 st . . . . . . colours: different starting phase, |0 markers with

0.01 T starting tor. angle [0: 2T1/n]

0.005 . . . o .
important: averaging over phase is crucial to obtain

correct fluxes

dPz

-0.005

-0.01
1.4

] LIGKA mode structure

|
n=9, m=10,11

-0.015

0.02 I | I l | I l |
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 O0.0007 O0.0008 0.000%

timels]
0.015 _"E“_:::I‘_lii‘ﬂl I I [ | |

.l-‘—T_ [ Y] T
. h e __:~___U,‘H_| I ir e TR ~rrrrr
0.01 J’ﬁ o {Eﬁfi";‘r-q G B T 1 £ e T
s i % s e
— ++ o

+’l|g"\ ?;Ej-:m" ﬂﬂlﬂ%nmﬂ:_’- B ey P )

0.005

dPz

-0.005

-0.01

-0.015

| | | | |
-0.02 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0 20 40 60 80 100 120 140 20

number of orbits ional Workshop on EP physics, 10.11.2022



calculating PSZS using FINDER/HAGIS 8 )
MAX-PLANCK-INSTITUT \\\"@
FUR PLASMAPHYSIK —
I MeV, He, trapped, A=1.03, n=9 TAE with dB/B=10-3
0.04 I | | I I
| | § \ ‘ e e e e e e e S e R _
0'02 fc 1'" W .a.ﬂ_,_' L b ' L Y '
0 —
002 F _H_'ﬁwffgﬂ y‘i““ﬂﬁfmﬁ”%I@EL“HHH‘:E?qﬂﬁﬁmmwwwﬂﬂﬁm =
yo B e o e i e averaging over markers with different phase gives
a g T ST
0.04 - &, 71 effective poloidally and toroidally averaged dPz
-0.06 | s
0.08 F 0000 MmN e Tl g —
-0.1 |
0 120 140
number of orbits
21
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° ° ° ° /
what is dPz, dE, dA for given perturbation after x completed orbits? i
M ALY =
1.2 - I I I I I I I l 0.0006
n=9 TAE, A=1.0E-3, E=1.0MeV, 10 zeta —&>
1 1.2 | .
: gt g
Jaee I N N et cenns | 00
06 S e NS TSIl ' o
Pt - Y S IR T .
- L [es SeTiii BAINNNE g
. ® S Susasane :j-,:.;':_:;‘;'g‘-"' A 0.0002
: — - s2stiiis 278 i ~ .
A=UBJE | .::: TR
0 .‘lc“ - ot “' s v "
. . . . . . . | . | 0.8 ., . ol
0 0.1 02 03 04 05 06 07 08 09 1 - . - - .-.N' " n L : ...... 0
'o -
T el L
E ® - - . ¢ *
4 R 0.0002
*arrows: initial (Pz,A\) = (Pz+0Pz,A+0A) - X R Ee : e
* color: OPz
: 0.4 -
*averages over |0 phases, |10 orbits . .o -0.0004
* 3-5 minutes to calculate .| _
* modular structure of wrapper code allows to 0o L B ® P
replace HAGIS with newer/faster code of )
same functionality s &
: -0.0008

-0.016 -0.014 -0.012 -0.01 -0.008 -0.006 -0.004 -0.002 0
Pz
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(7
calculate fluxes: dPz/dt [(eV/s)/s] §_7)
MAX-PLANCK-INSTITYT =
color: dPz/dt color: dPz/dt
o6 | . N=9 TAE.A=1.0E-3, E=3.5MeV, 10 2eta ——& > | | n=9 TAE, A=1.0E-3, E=3.5MeV, 10 zeta —&> 2
| B 2 0.172 e
05 F °
" 1
0.4 - i » 0.5
\
- 0
£ o03f i
5 \ \ 0.5
0.2 \ e |
I -1.5
0.1 g
i -2
=EGDG RG0S RGOS 00 SO0 SO -0.0055  -0.005  -0.0045 -0.004 -0.0035  -0.003 =
Pz Pz
- divide Pz by orbit transit time and number of orbits (here 32)
*the same information is available for A and E
- transport coefficients Dp,=(dPz)2/dt and Kp,=(dPz)/dt can be evaluated
23
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; : (17N
determine amplitude dependence: dB/B =[10-4 - 4 - 10-3] 8 1)
A AT S K N
30 I I I I I I I
colors: different Pz
25 - -
20 =
=
No15 - n
'1: .~-t:'3.¢:f: .
10 7
5 I A
0 :- I | | I | I
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
amplitude dB/B
* dPz/dt as function of perturbation size: simple interpolation captures the amplitude scaling
24
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

iImplementation details: construct 3d spline in COM space (7N

e calculate <dPz/d
e ATEP code: reac

t> , <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS (dB/B=5%10-3)
PSZS data, use 3D bspline methods to create <dPz/dt> , <dE/dt> on 3D grid as Fep

* use 3d scattered-data b-spline algorithm [Scattered Data Interpolation with Multilevel B-Splines, Lee 1997] - post-smoothing

<dPz/dt>
1 10
os | B
0.8 - ] ‘ . :
| | | . | . 0,7 — ] | | O
EF_wrap n16 00187112" ==f—
'EF_wrap_n17 00187112' =——jt=— 0.6 -
’ - 05 - =
A=PB/E o4 - - - 10
TAE, n=16,17 03 - -
8? i i co-passing particles,
| energy averaged

0
-0.05 -0.04 -0.03 -0.02 -0.01 0 001 0.02

P
*  dpz (Pz,Lambda), E=989000 [eV]

rho_pol_norm ool \\ :
0.2 F -

<dPz/dt>
os | B ! o
0.8 F - 4 20
0.7 F i 0
A=uB/E |

1 20

01 | 7 typical grid: (Pz,E,\) (128x40x40)

0

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02

25
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[ o [ §
implementation details: example ITER 100015,1 \})
MAX-PLANCK-INSTITUT ?
FUR PLASMAPHYSIK
* calculate <dPz/dt> , <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS
* ATEP code: read PSZS data, use 3D bspline methods to create <dPz/dt>, <dE/dt> on 3D grid as Fep
* use 3d scattered-data b-spline algorithm [Scattered Data Interpolation with Multilevel B-Splines, Lee 1997] - post-smoothing
co-passing particles <dPz/dt> counter-passing particles <dPz/dt>
1 10 1 | | | | I I 10
09 + - l 09" l 5
08 - L] ’ l ? 8’3 I
0.7 . - 10 0'6 B - 1 0
06 - - |
/\=HB/E 05 - _ /\=IJB/E 82 : . -5
04 - - 03 - -10
03 - - 02 -
02 N — 01 -
0.1 - . "
0
2005 -0.04 -003 —002 =001 0 001 002 _
dpz (Pz.Lambda), E=989000 [eV] dPz (Pz,Lambda), E=989000 [eV]
Pz
<dPz/dt>
<dPz/dt> .
1 — _
0.9 | i . 40 0.9 F . 40
0.8 | i L] 20 0.8 I L1 20
0.7 I g'; : 1 o
>0 f 20 - | L | 20
A=UB/E ¢= m A=UB/E |
0.4 N - . -40 . . -40
0.3 | - 0'2 i
0.2 | - 0:1 I
0.1 | | - o L
g 0.1 - - - - - -
-0.05 -0.04 -0.03 -0.02 -0.01 O 0.01 0.02 D07 D06 D0 D04 003 D07 BDL
Pz Pz 26
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° ° ° g\\
implementation details: example ITER 100015,1 /\(( \})
- - N,
MAXPLANCKINSTITYT N
* calculate <dPz/dt>, <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS
* ATEP code: read PSZS data, use 3D bspline methods to create <dPz/dt> , <dE/dt> on 3D grid as Fep
* use 3d scattered-data b-spline algorithm [Scattered Data Interpolation with Multilevel B-Splines, Lee 1997] - post-smoothing
co-passing particles <dPz/dt> " counter-passing particles <dPz/dt>
1 | | 10
0.9 l 0.9
0.8 L) ‘ : 0.8 l S
0.7 ) 0.7
0.6 0.6 - 0
A=UBJ/E 3 B A=UB/E 3 s
0.4 o 0.4 .
0.3 0.3 ~10
0.2 0.2
0.1 0.1
. 0
0.05 004 =003 -0.02 -0.01 0.01 2007 -006 -0.05 -004 -0.03 —-0.02 -0.01
Pz
] i <dPz/dt>
trapped particles <dPz/dt> potato particles
1.15 ——
1.3 l l l l I I I I I 10 . 4
1.1
12 - l 5 1.05 - 2
1 - 10
1.1 } 10 0.95 - o 2
A=pB/E 1 - : .—5 NA=UB/E 0.9 "‘ .—4
a —-10 0.85
09 r I -
03
0.8 = 7 0.75
R, S NS 07 L
0.7 ) 050.0450.040.0350 030 0250 020.0 150 020.005 0 _0.005 ~0.050.0450.040.0350.030.0250.020.0150.040.005 0 0.005
Pz 27

Pz
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implementation details: example ITER 100015,1 { \}\))
- - N,
MAXPLANCKINSTITUT \Z
* calculate <dPz/dt>, <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS
* ATEP code: read PSZS data, use 3D bspline methods to create <dPz/dt>, <dE/dt> on 3D grid as Fep
* use 3d scattered-data b-spline algorithm [Scattered Data Interpolation with Multilevel B-Splines, Lee 1997] - post-smoothing
all particles:
- <dPz/dt> integrated over E <dPz/dt> integrated over Pz <dPz/dt>
integrated over A 14 g - —
1000 — 10 | o 0.04
900 | T l sl » ] l : | - —— . 0.02
S s00 - !“ . - ‘l. . 1 |
2 00 . -1 0 0.8 |- -2 - - ° 08 - -0
= 60 : S A 06| | S5 A o6 & - - -0.02
o)) 500 - . . ;
o 400 - . 10 04 - . 10 04 - . ~0.04
S 300 02 - ’ “ - :
LL 0.2
200 - o L | |
100 |- 0 ‘
90.()7_0|.06_0|.05_()I.Q4_()I_()3_O|.02_OI.O1 I() O.IOI 0.02 —0.07-0.06-0.05-0.04-0.03-0.02-0.01 0 0.01 0.02 -0.2 0 1'00 2'00 3'00 4'00 5'00 6IOO 7'00 860 9'00 1000
Pz Pz Energy [keV]
<dPz/dt> <dPz/dt>
14 x x x x x x w 200 1000 r - 200
can be easily mapped to <s>: 12 | : 106 S j 100
I r ‘ - 50 g 700 L | (5)0
0.8 | i - _050 : 600 - -50
06 r - —100 1500 | - -100
F ~15 (o2 | i -150
04 | - o E ol ] ~200
0.2 F ' * LL 200 -
_ _ 0 r — 100 - n
similar for <dE/dt> 201 02 03 04 05 06 07 08 09 "01 02 03 04 05 06 07 08 09

rh | norm
rho_pol_norm 0_poi_ho
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e . . (7N
detailed insight into multi-mode cases: amplitude scan: dB/B=0.5 *10-3 8 1)
MAX-PLANCK-INSTITUT =7
FUR PLASMAPHYSIK —
n=16 single
I T I I l I I I I 1.4 80
| 12 l = relative difference
: 11 - 4 20
——— 0 -
/\=IJB/E -' | o8 . n=16+17 both (P16+P17) P(16+17)
- 1 0.6 -40 P(16+17)max
1 0.4 :gg T T T T T T T T T 1.4 80 I I I I I I I I I 1.4
N 60 0.4
1 0.2 1 1.2 40 1 1.2 a2
| o 11 20 . 1 |
| | | | | | | | | _ - 1 0 — - g ©
O 01 02 03 04 05 0.6 07 08 09 1 - A=UB/E o i /\_HB/E i' i a5
|PZ| _u 1 0.6 -40 ! | o6 .
: | 04 it -0.4
_ . : -80 | 0.4
n=17 smgle h, 1 0.2 1 0.2
T T T T T T T T T 1.4 80 | | | | | | | | | _02 | | | | | | | | | -0.2
| 1, 60 0 01 02 03 04 05 0.6 0.7 0.8 09 1 0 01 02 03 04 05 0.6 07 0.8 09 1
| 40 |PZ] |PZz]
11 - 20
- -0
1 0.8 i o
/\=HB/E | o6 '-40
-60
1 0.4 s
1 0.2
10
| | | | | | | | | -0.2
0 01 02 03 04 05 06 0.7 0.8 09 1
Lagd
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MAX-PLANCK-INSTITUT

FUR PLASMAPHYSIK

detailed insight into multi-mode cases: amplitude scan:dB/B=1 *10-3

| | | | | | | | |

0

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

IPz|
single

1

| | | | | | | | |

0

0.1 0.2 03 04 05 06 0.7 0.8 0.9

IPZ]

1

1.4

1 1.2

1 1

1 0.8

1 0.6

1 0.4

1 0.2

1 O

-0.2

1.4

1 1.2

1 1

1 0.8

1 0.6

1 0.4

1 0.2

1 0O

-0.2

200
150
100
50

-50

-100
-150
-200

200
150
100
50

-50

-100
-150
-200

n=16+17

both

0

0.1 0.2 03 04 05 0.6 0.7 0.8 0.9

IPZ]

1

1.4

1 1.2

1 1

1 0.8

1 0.6

1 0.4

1 0.2

1 0

-0.2

200
150
100
50

-50

-100
-150
-200
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relative difference

P16+P17-P(16+17)
P(16+17)max

0.1 0.2 0.3 04 05 06 0.7 0.8 0.9

IPZ]

1

1.4

1.2

1

1 0.8

1 0.6

1 0.4

1 0.2

1 O

-0.2
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detailed insight into multi-mode cases: amplitude scan: dB/B=5 *10-3 8 1)
AXPLANCKINSTITUT NCY

n=16  single relative difference

S E P16+P17-P(16+17)
g 1 1 1000 n=16+17 both P(16+17)max
B [] oo - - 500
: L I 1.2 2000
i Ll o6 — -500 l 1500 1.2
A = = 1000 H 11 1000
- 4 0.4 I-lsoo i b o - - 500 = 4 1
' ' -2000 ' s O
- 4 0.2 i 1 -+ -500 E - 0.8
b 1000
s 4 0 A i 4 0.4 I-lSOO ¥ -~ 0.6
| | | | | | | ' ‘ -2000
-0.2 - ~ 0.2
01 02 03 04 05 06 07 08 0.9 A T -4 0.4
P i I 1°
Pzl nh=17 single o o ¥ 1 02
1.2 . 2000 01 02 03 04 05 06 07 08 09 B i I
1500
g 41
__ [ |PZ] R S R A 05
- - 0.8 L [ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
= -~ 0.6 200 |PZ]
B 1000
A il 1 04 l -1500
-2000
- 4 0.2
B 4 0
| | | | | | | _0‘2
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. . . . //f\\\\
start to investigate multi-mode cases: amplitude scan 8 )
MAX-PLANCK-INSTITUT \ - 4
FUR PLASMAPHYSIK —
relative difference (P16+P17)-P(16+17)
P(16+17)max
=L X]10-3
dB/B=0.5 *10-3 dB/B=1 *]0-3 dB/B=>5*10
: : : : : : : | : 1.4 T I I I I T I I I 1.4 1.2 ! o
1 1.2 ‘! e ' | 12 l E [ = - 0.2
- I 1 102 - 11 R = 1 0.8
' | os L Iy . Ll‘ [ o L .
| =l -0.2 E 1Bats | -0.2
i -0.4 i 1 0.4 -0.4
1 0.4 - 1 0.4
1 4 0.2
[ | 22 - . 1 0.2
A ! 10 A i | o A — -1 O
: : : : : : : : : -0.2 ! l ! ! ! ! l l ! l l l ' : . . -0.2
0O 01 02 03 04 05 06 07 08 09 1 -0.2 )1 02 03 04 05 06 07 08 0.9

0 01 0.2 03 04 05 06 0.7 0.8 09 1

P2 Pz

IPZ]

* multi-mode systems need careful treatment when going from isolated mode case to resonance-overlap (diffusive) regime:

* depending on amplitude, trapped and passing particles show different relative importance for causing resonance overlap (FOWV vs
resonance width)

* example shows capability of model to check assumptions, understand underlying physics and to trigger next level of model hierarchy, if
necessary
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diffusions coefficients: D(s,E) and D(s) 8 1)
MAX-PLANCK-INSTITUT =7
FUR PLASMAPHYSIK —
<dPz/dt> S - —
1000 - 200 /’” h\ e
900 ] l 1(5)8 100 F {‘I \'I
i . H' W
300 B / w\
700 B o ] O i !
;‘ - - — * ./” \
© 600 | - - - 50 E integration O
=, 500 | - ~100 g N 1 n,u .
g‘, 400 F i . —150 o 1\ e
- _200 1 r-;"f A
Q@ 300 1 N -
c sl
w200 | - \ /
100 | -
O | | | | | | | 0.1 0.2 0.3 0.4 0s 06 0.7 0.8 0.4
01 02 03 04 05 06 07 08 09 rho_pol_norm
rho_pol_norm
to be done: transform into D(s,E)=<s>2/<t>
and feed back to transport code
33
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MAX-PLANCK-INSTITUT

FUR PLASMAPHYSIK

progress on implementation of transport modeil:
ATEP code

3rd Trilateral International Workshop on EP physics, 10.11.2022
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ITER: 100015: Fep is available from H&CD WF [thx. M. Schneider] !

Nl
MAX-PLANCK-INSTITUT =7

FUR PLASMAPHYSIK
@radial nNBI peak | Conuper

Be+l7

'‘frbi_e_lam_106' u 1:2:4 ‘nbi_dens' u 132 -+
IDS:density_fast e
| M markers original o |
1 Ze+16 off-off
L i 2..58"'1 Be+l7 F
0.8 2e+16
1 Ge+l be+l7 F
22 1e+16
4e+l7 F
Ge+15
0,4
0
2e+l7 F
0,2
2e+l7 F
7, He+18 L L L : L L L 0
100000 200000 300000 400000 500000 EOOOO0 FOOO00 BO0000 1e+17 |
0
L'IIII..IPIUI.
1,6e+18 — A e w4 L
nol_dens W 1i
[DS:density_fast e Seds 'nbi_dens' u 1:2 -+

[DS:density_fast e
1,4e+13 F

Se+l? F

1.2e+15 F 7e+l7 F

le+ld F

Be+l? K

be+l?

de+l? |

2e+li F
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

bin/smooth/map to same COM grid as PSZS

Pz

10
20
30
40
50
60
70

80

169

7x10"7
6x10'7
5x10"7
4x10"7
3x10"7
2x10"7
1x10"7

binning | M markers from H&CD, use 2d bsplines with smoothing in (PzE), (Pz,A) and (E,A\), construct 3d spline

Energy [keV]

100 200 300 400 500 600 700 800

Fypp [m™dL]

7%10"7
6x10'7
5x10"7
4x10"7
3x10"7
2x10"7

1x10"

7x10"
6x10"7
5x10"7
4x10"
3x10"
210"

1x10"7

Pz

10

20

30

40

50

60

70

80

-3n16%

100

200

Energy [keV]

300 400 500

600

700

800

300 400 500

Energy [keV]
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600

700

dFyg/dPz [m™dL/Pz]

1.6
14

1.2

0.8
0.6
04

0.2

4x10'
3x10'
2x10'
1x10'

~1x10'°
~2x10'°
—3x10'¢
—4x10'6

7x10"7
6x10'7
5x1017
4x10'7
3x10'7
210"

1x10"7

—1x10"7
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ATEP code: advance transport equation @
MAX PLANCK INSTITAT \=

simple finite difference scheme to start with (final scheme to be decided when sources/collisions are implemented):

2
JdFgp o dPz dFgp OE dFgp Pz

note: F, . oS ki ..
3, 5 OP. + 5 IE J1oP. Er term excluded so far: dPz/dt assumed constant kick model limit

runtime: several seconds

F (Pz,E,t), Time=2 [arb units] S -
FEP at start: F (Pz,E,t), Time=199 [arb units]
1000 I ! J ' ' 1000 T T T T T
ro Se+17
900 - 900 | — I
800 F - 800 K i - 4 de+17
5,1700 —~ . 5r17oo | - 3e+17
® 600 | - ® 600 | = 2e+17
= o
<500 - : <500 | . et 17
® 400 ® 400 | ]
= = Oe+ 00
300 F - 300 F -
200 | -~ 200 | -
100 F - 100 | -
0 20 40 60 80 0 20 40 60 80

|Pz] |Pz|



MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

ATEP code: advance transport equation: OF

[A23]ABiausz

1000
900

Q0
o
o

-l
o
o

S &
o O

& &
o O

200
100

F(t) - F(t=0), Time=147 [arb units]

le+17

ce+16

Oe+ 00

-5e+16

-le+17
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ATEP code: advance transport equation : differential OF

MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

F(t) - F(t-1), Time=2 [arb units]

1000 T T T T T 2e+ 15
9no k- - 2e+15
00 | ] le+15
- ] Se+14
g1 700 | ) - 4 0e+00
D 600 - - . 1 5e+14
< 500 | _ le+15
~ -
5 a0 | ) 2e+15
= -2e+15
300 F -
200 | -
100 F -
0 20 40 60 a0
|Pz|

- secondary fine-structures start to evolve, as expected: in kick-model limit, amplitude is not changed - in real system
amplitude would decay when gradients are exhausted

- source (RABBIT) and collisions models are currently implemented in ATEP code (G. Meng) - will smooth emerging
steep gradients
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=N
ATEP code: advance transport equation: Id projection /\(( \})
MAX-PLANCK-INSTITUT \\\"@
FUR PLASMAPHYSIK ASEF
2x10 17 : : : : : : : 2.5x10 19
F(Pz,E.t), Time=0 =
1.8x10 17 F (Pz,E.,t), Time=199 [arb units] =
1.6x10 17 - 2x10 1
1.4x10 17 _
1.5x10 1°
1.2x10 17 _
1x10 17 -
W 1x10 19
g8x 10 16 :
6x 10 16 -
5% 10 18
4x10 16 ]
16
2x10 il 0
0 -
-2)(1016 ] 1 ] | ] ] ] ] _leols
10 20 30 40 S0 60 70 80 90
Pz
using ITER NBI off-off configuration |Pz]|
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

ATEP code: advance transport equation: 1d projection

/
“\ /)
=o'

2x10 17
1.8x10 Y7
1.6x10 17
1.4x10 17
1.2x10 Y7

1x10 17

gx10 16

6x10 16

4x10 16

2x10 16

2x%x1016

| 1 1 1 1 1 1 .l 1 10
F(Pz,E,t), Time=0 =
i F (Pz,E,t), Time=199 [arb units] = |
) ] - - 5
0
) } | 5
1 | | 1 1 1 1 1 L _10
-10 0 10 20 30 40 50 60 70 80 90

IPZ]

using ITER NBI on-on configuration

1.8x10 17
1.6x10 17
1.4x10 17
1.2x10 Y7
1x10 17
gx10 16
6x10 16
4x10 16

2% 10 16

2%x1016

IPZ]

1 || || 1 1 1 1 | 10
F(Pz,E,t), Time=0 =
F (Pz,E,t), Time=199 [arb units] =
|5
- 0
-5
1 1 1 | 1 L 1 1 -10
0 10 20 30 40 S0 60 70 80 90

using ITER NBI on-off configuration
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

two mode system (n=16,17, see above): dB/B=0.5 *10-3

2x10 17 :

610 - only n=16

1.8x1017 |
1.6x10 17
1.4x10 17
1.2x10 17
1X1017
8X1016
6x10 16
4x10 16

2x10 16

2x1016 -

F (Pz.E.t), Time=0 =

F (Pz,E,t), Time=149 [arb units] = _

20 30 40 50 60 70 80

Pz

90

10

-10

2x10 17
1.8x10 17
1.6x10 17
1.4x10 17
1.2x10 17

1X1017

8X1016

6x10 16

4x10 16

2% 10 16

2x1016
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611 - only n=17

F (Pz,E.t), Time=0 =

F (Pz,E,t), Time=149 [arb units] = _

10

20

30

40 50 60 70 80

Pz

90

10

-10

2x10 17
1.8x10 17
1.6x10 17
1.4x10 17
1.2x10 17

1x1017

8x1015

6x 10 16

4x10 16

2% 10 16

2x1016

609 n=16+17

10

F (Pz,E.t), Time=0 =

F (Pz,E,t), Time=149 [arb units] =

-10

10 20 30 40 50 60 70 80

Pz

90
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two mode system (n=16,17, see above): dB/B=1 *10-3

=R
MAX-PLANCK-INSTITUT \ %
FUR PLASMAPHYSIK —
603 - only n=16 605 - only n=17 604 n=16+17
2x 10 17 1 1 1 1 1 1 1 1 10 2x 10 17 1 1 1 1 1 1 1 1 10 :10 17 1 1 1 1 1 1 1 1 10
F(Pz,Eit), Time=0 = F(Pz,Eit), Time=0 = F(Pz,E,t), Time=0 =
1.8x10 17 F (Pz,E.t), Time=149 [arb units] = | 1.8x10 17 F (Pz,E.t), Time=149 [arb units] = | 1017 | F (Pz,E,t), Time=149 [arb units] = |
1.6x10 Y7 1.6x10 17 .
1.4x10 17 1.4x10 17 | 5
1.2x10 Y7 1.2x10 17 .
1x10 Y/ 1x10 Y/ i
(VN (VN O
8x10 16 8x 10 16 i
6x10 16 6x10 16 i
4x10 16 4x10 16 . 5
2%x10 16 2% 10 16 i
0 0 -
_2)(1016 1 1 1 1 1 1 1 1 _2)(1016 1 1 1 1 1 1 1 1 _10 (1016 1 1 1 1 1 1 1 1

10

20 30 40 50 60 70 80

Pz
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Pz
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

validation plans
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Upgrade exploit EP stability workflow: AUG data example: L-H

MAX-PLANCK-INSTITUT transition in presence of TAEs

A\
ASDEX
FUR PLASMAPHYSIK
Toroidal mode numbers of AUGD 39681 .
: . B T T o Cglor scale
: R e e O
: Uit 3 H'mOde & a4
300 % SRR IR "".‘A“:'.:‘.."».."-'f'.'._,_l_'.-\i AP ST -
- s (OF=
:: £= 2
= 200 =
2 5
S 150 =
S
(1

* automated processing of 160 time slices based on IDA equilibria and profiles
* fully implemented in IMAS, ensuring reproducibility

190
180

EOT e oe

26 28 30 32 34 36 38

IDA +
TRVIEW +

170
160

EP-WF: LIGKA local + | 150

Time (9 EP-WF: LIGKA global | 149

* analyse L.-mode,H-mode and transition phase using

* also systematic uncertainty quantification feasible

—

4350
400

330
300

230

200
1350

100

frequency [kHz]

Un
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@ggrgﬁe AUG EP-‘supershot’ scenarios @ggée 2\

MAX-PLANCK INSTITUT [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,
&0 and at this workshop] of non-linear physics

0

*reaches for EP physics relevant parameters:

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

tl me [S] L. Horvath et al, Nucl. Fusion 56, 112003 (2016) link
0.5 ' ' ' ' 434095 Ph. Lauber er al, 27th IAEA FEC (2018) link
1.522-1.54s ° Off-ﬂXlS Peaked EP PrOﬁIe A. Di Siena, et al, Nucl. Fusion 58, 106014 (2018) link
04 4.326 - 4.355 = m O d e S a re d rive n by n egative I. Novikau, et al, accepted for publication in Comput. Phys. Commun.
.. . (2019) arXiv

03 % = F= FIDASIM/TRANSP and POSItIve. EP gradlents F. Vannini, et al, Phys. Plasmas 27, 042501 (2020) arXiv - link
g . % i % ° mea‘su ra’ble Inwa rds EP transport F. Vannini, et al, Physics of Plasmas 28, 072504 (2021)- link
2 Wlth C h a.n e'eXC h an e I. Novikau, et al, Phys. Plasmas 27, 042512 (2020) link
QO
= 0.2 -

m eas u re m e nts M. V. Falessi, et al, J. Plasma Phys. (2020) link

Ph. Lauber er al, 28th IAEA FEC (2020) link

G. Vlad et al 2021 Nucl. Fusion 61 116026 link

FIDA int. range: 659.0-660.5 nm B. Rettino, 2022 Nucl. Fusion 62 076027

0.0 ! ! ! !

F. Vannini 2022 Nucl. Fusion 2022 accepted
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ASDEX /72
Ungrade | recently in AUG : isotope scans for hydrogen and helium plasmas performed \(( \ )
MAX-PLANCINETITT =
- exhaustive data for FOW/FLR effect studies
* higher L-H transition threshold in H allows for improved profile measurements in L-mode
- various combinations of on and off-axis beams with modes propagating in both electron and ion diamagnetic directions
- non-linear mode-mode interaction documented via bi-coherene analysis [Lauber FEC 2018]
helium plasma, D beams hydrogen plasma, deuterium plasma, hydrogen plasma,
D beams
Toroidal mode nu D beams H beams
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK \

assess effect of EP re-distribution on Ti profiles - is the EP transport enough to explain the Ti difference?

2.5 . , r o T
& #36267 #36267 Ti, 1.57s |
o e phase with no modes TRANSP: 'IT é: {g;z X
¥ . 2 il Ti,409s & -
X phase with modes TRANSP: T1,4.09s
c>J~ 80 A Te, 4.09s )
c — R norm. beam density
S 1.5 (> Ko .
e 40 lél /\:‘é“-’
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» | {2 X :
o ‘.
107 —— PRPNa OX U Sl - XKy \f
. i , " 05 5 | ‘;**x ‘ -
iw-’ | L], fit | , sl . iy [P | - all x,%
I | | ik bl s | o e i .
1.5 2.0 2.5 3.0 3.5 4.0 0 02 04 06 03 !
timel[s] ptor

other cases/experiments very welcome - TCV, JET, JT-60SA, ITER ongoing
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summary & outlook 8 )

\
MAX-PLANCK-INSTITUT \\"’%
FUR PLASMAPHYSIK

* IMAS-based PSZS transport model has been setup via coupling linear GK and non-linear drift-kinetic codes
* general Fep generated from ‘neoclassical’ marker data can be used

* evolved PSZS transport equation in COM space in kick-model limit - mapping to real space available

* dedicated experiments at AUG address strongly non-linear EP regimes and diagnose related EP transport
next steps:

* calculate D(s,E) - couple to RABBIT/transport codes
*add amplitude dependence of PSZS i.e. d (dP/dt)dPz * Fep term -> similar to RBQ model
*add various intensity closure models - analytical theory/ ORB5/...

* add collisions and sources - bounce averaged collision operators - compare with models/codes e.g. CKA-EUTERPE [Brizard,
Slaby/Kleiber, Hoppe,...]

* check diffusive vs convective cases, different mode spectra, overlap criteria

* separate scales according to PSZS theory — use to evolve to non-linear equilibria
*include (PS)Z4Ss due to turbulence, explore interaction in various limits

* speed up, hopefully export support next year via Eurofusion, integrate in workflow framework
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