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modelling hierarchy for plasmas with significant energetic particle pressure 8 )
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needed for scaling from TCV-AUG-JET,... to JT-60SA-DTT-ITER-DEMO:

required model:

non-linear/quasi-linear global kinetic + background
4. self-organisation - back reaction o transport
EP transport on profiles and
background transport

non-linear/quasi-linear global kinetic +
3. EP transport and losses long time scales (source +sink)

2. non-linear mode evolution,

saturation mechanisms non-linear global kinetic

|. mode stabilit , L
Y linear global kinetic
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modelling hierarchy for plasmas with significant energetic particle pressure L

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

required model:

non-linear/quasi-linear global kinetic + background
transport

RABBIT non-linear/quasi-linear global kinetic +

long time scales (source +sink)

non-linear global kinetic

linear global kinetic
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modelling hierarchy for plasmas with significant energetic particle pressure
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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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formulation of transport processes in available transport codes: \\\\%_ 4 )
\
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a temperature equation for the electrons
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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, 2017-2021] - 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
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kick model/ quasi-linear diffusion model
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typical quasi-linear scheme:

initial Fep,

amplitudes ®
mode structures

kick model scheme:

initial Fep, prescribe

amplitudes O,
mode structures

determine y
g from Fep

add effective collisions, sources

\4

. evolve @

calculate D calculate Fep
" from A " using D

resonance broadening

calculate kick

I until y=0, gradients exhausted, or yL=yD
= o2 e’ vn 0f(vn) '8_ Wn = 29 Wh D(v) = 2me” Z |k énol” 6(n)
m \kn| Ov ot m2 & T "
kn dno \ 2 +self consistent

matrix

effective collisions, sources handled by collisional SD code

’ calculate Fep
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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
- - © (BIF.)+ V- (BIX.F,) + — (B} V- (B33
use connection to QL GK equations to Y: (B, + V- (BX,F,) + ™ (Bw,F,) + V- (B8X8G )
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 2, cmy 3;—? |8D|*r,.  (46)
oKy
D,, = 550¢ —12(‘”6)23(1)2 47
ge  OE 8700'—5 - ; | |Tac ( )
8
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implementation of PSZS in NL MHD-hybrid and GK codes 8 1)

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

recently also in non-linear GK code ORB5
NLED AUG EPM/TAE [A. Bottino, ATEP seminar, 3/2022]
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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 "
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EP transport workflow schematics

equivalent
to 2D RBQ model

transport code

\

advance
Fep
calculate and return
D(I‘, E) or updated

distribution IDS,
or its moments

A

t t+1

time
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EP transport workflow schematics

FINDER/HAGIS [Ph. Lauber, 2007,2022]
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[HAGIS, S.D. Pinches, T Hayward-Schneider]
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EP WF (LIGKA) [A . Popa, Ph. Lauber]
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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]
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calculating PSZSs

DTT Seminar 20.5.2022

|3



calculating PSZS using FINDER/HAGIS 8 7))

N
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* use LIGKA related code FINDER to set up marker space, determine trapped-passing boundary, sort, classify, orbit averages for unperturbed equilibria

* originally developed to calculate propagator integrals for LIGKA [A. Bierwage, CPC 2022, LIGKA orbit integrals, CPC 2007]
* now updated and ported to IMAS

* add perturbation, as originally implemented in HAGIS model [S.D. Pinches 1998]

. ' ' ' . E stagnation 1.4 ¢ ¢i
color: co, cp, trapped, potatoes stagnation
12 L -%;:::,';i:;;:_ ey - — -
-W%W%i
e RSARAREAEErs NTESNERTENY i
y )
s Mi%*’* 1
0.8 I‘: i 35’:— 0.8
A=uB/E T - A=uB/E
0.6 iy : potato e potato
tr 0.4 tr
cp
0.2 cp
CO
co
f)0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01
can. tor. momentum
* 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>!
* extended IDS structures were needed, MDS+ limitations (2GB) avoided by moving to HDF5 backend ”
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calculating PSZS using FINDER/HAGIS

N,
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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 1 . . . . . . colours: different starting phase, |0 markers with

0.01 — starting tor. angle [0: 2T1/n]

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

0 —
I correct fluxes
O
-0.005 =
-0.01 u
1'4 | I | I | I | I |
-0.015 - n=9, m=10,11
S LIGKA mode strycture
-0.02 | | | | | | | | '
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.000%
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_Jf?&: l '_:iiilig_, _-—"_ELT—_ L™ P AT TN A—
0.01 F _;I—I:T' P’:tl ,++ t_T:Ti_rT.T., s t'l‘—TL'__]IWTr_.l.n—t i '*'Jljﬂm}:——gai;__; i—T =1t TR - = _
+"|‘:I’\ %ﬁm 11@‘%..@::_ E‘Lﬂlﬁﬂmﬁw.*::: ppppaEE e
ad 0 N
-~ baiiitasy, TN i
-0.005 =
0.01 b -
-0.015 -
| I | | I | -0.2 | | | | | | | | |
-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
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calculating PSZS using FINDER/HAGIS
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| MeV, He, trapped, A=1.03, n=9 TAE with dB/B=10-3

0.04
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— ﬁi‘i"ﬁtﬁi o ﬁg‘iEﬂﬁfm@:ﬁ%hﬁﬂﬁaﬁgﬂi@_ T Y T e Y T T L

B e e e T I averaging over markers with different phase gives
el . 71 effective poloidally and toroidally averaged dPz
-0.06 [ ' o

dPz

-0.08 -

-0.1

120 140

number of orbits
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what is dPz, dE, dA for given perturbation after x completed orbits? W )
M AT \=
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 -
il %
(s I N N retenrens A
0.6 [ - o--..:::«g‘::‘::“.‘:-:::f "
2 il e g a2l ST YPWE S22 .
L s STl EARIIENILE S
. SI3IIfa Saa fIANI,IE : o —
- t2atisis "’ﬁ""‘ i ~ .
e CLEELA R, SPRRA S0
0 .‘lc“ - ot “' s v "
) I I I I I I | I | 0.8 N . - i .o x
0 0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1 - . - - .-.” " n L : ...... 0
U -
0 R
E & - " - o ®
4 06T 0.0002
*arrows: initial (Pz,A) = (Pz+0Pz,A+0A) KR A e
e color: OPz
: 0.4 |-
*averages over |0 phases, 64 orbits . . .- -0.0004
*2-5 minutes to calculate . ;
* modular structure of FINDER allows to 0o L = 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 O
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N\
calculate fluxes: dPz/dt [(eV/s)/s] §_7)
MAX-PLANCK-INSTITUT \=7
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
e | B 2 0.172 | e
o5 F ° ) 1B 15
. . .G *— s = —e e T 0.171 1
04 | e Y i ameniota i N 0.5
e
g - e— — -— —_— 0
£ o03f i
- e I \ \ -0.5
0.2 -1
— N
-1.5
DL [ i _os gy s . I
-2
-0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0.0055  -0.005 -0.0045 -0.004  -0.0035  -0.003 =
Pz P2
- 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
|8

DTT Seminar 20.5.2022



=
how many orbits we need to follow in presence of perturbation? (\'\:\ )‘}
R PLASMAP Sk \=¥
depending on what type of problem is to be no=1 +
solved (shortest time scale to be resolved), very o=
few orbit transits (4-8) are sufficient. no =8
no =16
physics reason: . | | ne =32| | |
* resonance conditions ‘selects’ particles that 6 | p _
suffer transport "
d F _
» nth-order resonance is covered after n orbits
- di i * )
- 5-10 poloidal orbits typically cover also N L + : - _
precessional resonance for many AEs S
-7 —
- also non-resonant transport is sufficiently
represented after 10 orbits (note, that we follow T )
markers for fixed number of orbits, not total & L _
time!)
-8 I I I I I
e cases with very |arge amplitude where Pz- -0.006 -0.0055 -0.005 -0.0045 -0.004 -0.0035 -0.002
transport saturation occurs in a few poloidal Pz

orbits might need adoption of parameters

|9
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. fr ™\
amplitude dependence: dB/B =[10-4 - 4 - 10-3] 8 1)
MAX-PLANCK-INSTITUT \ 4
FUR PLASMAPHYSIK =B
A=1le-4, no =4, zo=10 -+
A=5e-4, no =4, zo=10 =¥
A=le-3 no =4, zo=10
A=2e-3 no =4, zo=10
A=4de-3 no =4, zo=10
30 I | | | | | 30 I I I I | | I
20 — 25 =
10 o 20 -
i-. i T - ié.. ,.-'_"_7_':'.'-"-----
E:] 0 L2 —— - - — = = = — &4 15 ___.__,.,-f""“{_-- .
T 7 ’t-
10 - 10 - _
20 F — 3 J‘
-30 | | I I | | 0 — I I I | | |
-0.006 -0.0055 -0.005 -0.0045 -0.004 -0.0035 -0.003 -0.00 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Pz amplitude dB/B
* dPz/dt ~ quadratic for small amplitudes, linear for larger amplitudes
*simple interpolation captures the amplitude scaling
20
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. . ////\\\\
easy to include more than one perturbation: 8 )
MAX-PLANCK-INSTITUT \ =
FUR PLASMAPHYSIK ASEF
T T T T T 0.0002
2.803x10°
0.00015
n=16
2.802x106° 0.0001
W ,' 5% 10
2.801x106 T A
;_; | N
|4
o ! .p.{; T:r ,’Tu 0
N B _ni y F i
= . |1 JIH.;L NEIN n 1617 ﬁ ——
e T
2.799x10° gl -0.0001
i {7 -0.00015
2.798x10 %
Nn=17 -0.0002
2.797x10°
' ' ' ' ' -0.00025
-0.015 0.01 0.005 0 0.005
Pz
21
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iImplementation details: example ITER 100015,

f
I 2\

e calculate <dPz/d
e ATEP code: reac

FINDER data, use 3D bspline methods to create <dPz/dt>, <dE/dt> on 3D grid as Fep

e use 3d scattered

t> , <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS (dB/B=5%10-3)

-data b-spline algorithm [Scattered Data Interpolation with Multilevel B-Splines, Lee 1997] - post-smoothing may be still implemented

<dPz/dt>

1

09 n
T T T 08 B . o
'EF_wrap n16 00187112" ==fum—

'EF_wrap_nl17 00187112 =——¢— 0.7

TAE, n=16,17 _ 04 -

03
02
0.1 -

0

] 06 - .
Lambda 05 + —

Pz

1 — —
0.9 | .
0.8 | i
0.7
0.6 |

rho_pol_norm ool \\ :
0.2 F 1 -

Lambés

0.1 F
0

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

Pz

~005 -004 -003 -002 -001 0 001 002 co-passing particles
dPz (Pz,Lambda), E=989000 [eV]

<dPz/dt>
! 40
4 20
4 -20
i -40

typical grid: (Pz,E,\) (128x40x40)
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° ® ° ¢\\
implementation details: example ITER 100015, /\(( \})
: ) .
MAXPLANCKINSTITUT \=
* calculate <dPz/dt> , <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS
* ATEP code: read FINDER 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 may be still implemented
co-passing particles <dPz/dt> counter-passing particles <dPz/dt>
1 10 1 | | | | | l 1V
09 - l 0.9 E l
08 | ] ‘ . > 0.8 . 5
07 L - I 0.7 ] B
06 - - 0.6 l
Lambda 0.5 | . . -5 05 i .
_ | 0.4 _ .
8.43l : - ~10 0.3 2 ~10
| 0.2 |
02 - o1 |
0.1 - "
0
2005 —004 -003 -002 —001 0 001 002
dPz (Pz,Lambda), E=989000 [eV]
Pz dPz (Pz,Lambda), E=989000 [eV]
<dPz/dt>
<dPz/dt> .
1 . — O.g u . 40
0.9 F . . 40 0.8 7] - 4 20
0.8 | . 1 20 0.7 i
0.7 F 0 0.6 1 ©
>0 f t -20 Lambgl'-,\5 ] L 1 20
Lamb@® 0.4 . . 40
0.4 N - .I-40 0.3 -
0.3 - 0.2 -
0.2 | | ] 0.1 -
0.1 | | - 0 T
0 0.1 - - - - - -
-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 -0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0
Pz Pz 23
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implementation details: example ITER 100015,1
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* calculate <dPz/dt>, <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS
* ATEP code: read FINDER 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 may be still implemented

co-passing particles <dPz/dt> counter-passing particles <dPz/dt>
1 10 1 T T T T T T 10
09 - l 09 - E l
0.8 - | ] ‘ . > 0.8 - - 5
07 L | I 0.7 . B
06 . 0.6 -
hambda 0.5 N . -5 Lambda 82 B | -5
8;1- : : -10 03 — N . ~10
' 02 - .
02 - - o1 L |
0.1 - — 0 L |
0 _ | | | | | |
005 -0.04 -003 -002 -001 0 001 0.02 0'1_0.07 006 —005 -004 -003 —002 -001 0
Pz Py
i ) <dPz/dt>
trapped particles <dPz/dt> potato particles
13 N —— 10 LIS L A .
l 1.1 -
12 . 5 105 L i = 2
1.1+ - - 0 L 7 -1 0
095 - - -
Lambda 1 F — . —5 Lambda 09 i ' ‘ i . _4
09 + . -10 0.85 - -
08 | -
0.8 - ) 075 - -
) I I I I I I I I I I 0’7 | | | | I l l l l l
0 7—0.050.0450.040.0350.030.0250.020.0150.040.005 0 0.005 ~0.050.0450.040.0350.030.0250.020.0150.040.005 0 0.005
Pz Pz
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° ° ° ¢\\
implementation details: example ITER 100015,1 /\(( \})
; ; . S
MAXPLANCKINSTITYT =
* calculate <dPz/dt> , <dE/dt> for given fixed mode structures at fixed amplitude with FINDER/HAGIS, write into IDS
* ATEP code: read FINDER 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 may be still implemented
all particles:
<dPz/dt> <dPz/dt> <dPz/dt>
14 T . , , : , , | 10 14 | | T T I I T . . ‘
- _ 0.04
1(9)88 ) T ) l 1 12 - l L2 r .
J » 5 - . 002
S s00 - !“ : . - ‘l. . 1 - |
S 70 ¢ : : -0 0.8 - - . 10 0.8 1Y
= 60 : : A 06 | S5 A 06 - - 002
o)) 500 - - | ’ -
o 400 - - . 10 04 " ‘ - . 10 04 - . —0.04
S 300 i 02 ‘ - . |
w0 | ) il _ 0.2 ," }
100 - - Ul ‘
90.()7_0|.06_0|.05_()I.()4_()I_()3_O|.02_0|.01 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 ¢ 1 o0 s o ] 100
1+ ‘ s 50 _qé o | | 80
0.8 e . _050 ; 0 - -50
A %0 W ) o =R ] is0
04 r - 200 d:) o L 1 -200
02 r . - L 0 _
_ _ 0 r — 100 .
similar for dE/dt 02 02 03 04 05 06 07 03 09 Y01 02 03 04 05 06 07 08 09

rho_pol_norm rho_pol_norm 25
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diffusions coefficients: D(s,E) and D(s) 8 1)
MAX-PLANCK-INSTITUT =7
FUR PLASMAPHYSIK —
<dPz/dt> e s
1000 - 200 /’” h\ o
900 ] l 1(5)8 100 F {‘I \IlL'
“ | N a
L ] | | O co -
%I 600 - - 1 =50 E integration § \.l
£'>‘ 500 r ~ . —1(5)0 > E ; H
L ] —1 O -c | | o
S 400 oo SUVS
Q@ 300 1 N -
c sl
w200 | - \ /
100 | -
O | | | | | | | 0.4 0s 06 0.7 0.8
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
26
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

broadened spectrum of modes: n=16-24, all with fixed amplitude (dB/B=5%10-3)

on
]
T

I
‘atep_pszs_int' -
D =

|dPz|/dt

Energy [keV]

1000
400
goo
700
B00
200
400

200 +
100 +

1]

1.4

1 1 1
nz 0.3 0.4 0.5 0.6 0.7

rho_pol_norm

i i'*

300

1
0.5

| 1 | I 1 1
0.1 0.2 0.3 0.4 05 0.5 0.7

rho_pol_norm

1
0.3 0.3

12

1 F

0s

06

04 r

02 r

1]

-0.2
0.1

| 1
0.2 0.3 0.4 0s 0.6 0.7

rho_pol_norm

1
0.3 0.3

400
300
200
100

-100
-200

500
400
300
200
100

-100
-200
=300
-400

I
'EF_wrap_n16_00187112' =jem
'EF_wrap_n17_00187112' ==

|dPz|/dt

n=17
n=18
n=19
n=20
n=21
n=21
n=22
n=23
n=24

Energy [keV]

DTT Seminar 20.5.2022

I
‘atep_pszs_int" -

0

1000

400
gon
o0
GO0

500 -
400
300 -
200
100 -

0.8

06

04

02

-0.2

0.3 0.4 0.5 06 0.7 0.3 0.9

rho_pol_norm

— 1500
l 1000
7 500
7] 0
1 500
N -1000
i -1500
1 1 1 1 1 1
0.3 0.4 05 0B 0.7 g 0.9
rho_pol_norm
1500
il 1000
500
| 0
— =500
N -1000
I‘I’_ -1500
1 1 1 1 1 1
0.3 04 05 (N5 0.7 0.a 04
rho_pol_norm 27
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MAXPLANCK INSTITYT i
progress on implementation of transport modeil:
ATEP code
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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

ITER: 100015: Fep is available from H&CD WF [thx. M. Schneider]

@radial nNBI Pﬁa_el_(am_ms' u 1:2:4
| M markers

2, He+18

100000 200000 200000 400000 500000 GOOOOC FOO000  S000

1,6e+18 -

original
1

0.8

0.6

0.4

0,2

0
ol

Ze+lE
2,0e+]
2e+1E
il r=msl
le+1E
he+15

LI rIUL

1:Be+18

"frbi_e_lam_1068' wu 1:2:5

smoothed

1

0.8
0.6
0.4
0,2

0

100000 200000 Z00000 400000 500000 OO0 FOO000 SO0

1.4e+18 F

1.2e+15 F

le+ld F

Be+l? K

be+l?

de+l? |

2e+l7F

'nbi_dens' u 132 +
[D5:denzity_fast e
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1,8e+1t
1.Be+1t
1,4e+1t
i[pReill
le+lk
Be+lh
Be+1h
de+1h
2e+1h

-2e+1h
-4e+15

Be+l7

7e+l? F

Ge+l7 F

Se+l? b

de+l? F

3e+l? b

2e+l7 F

le+l7 F

Je+l7

Se+l? F

e+l

Be+l? F

Se+l? F

4e+17

2e+l? F

2e+l? F

le+l? F

Gnuplot

) & X

'nbi_dens' u 132 +
IDS:density_fast e

off-off

'nbi_dens' u 132
[DS:density_fast e
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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

7%10"7
6x10"
5x10"7
4x10"
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]

0 100 200 300 400 500 600 700 800

Fypp [m™dL]

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

2%10"7

1x10"7

y kew 800 90

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
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400

500

Energy [keV]

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

N
MAX-PLANCK-INSTITUT \\ 4
FUR PLASMAPHYSIK

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

2
JFgp _ Pz dFgp OE JdFgp note: Pz

gt ot oP. | 9t OE 1P,

FEp term excluded so far: dPz/dt assumed constant -> kick model limit

runtime: several seconds

F (Pz,E,t), Time=199 [arb units]
FEP at start:

1000 T T T T T 1000 T T T T T
. | se+17
900 | _ 900 F i
800 | _ 800 | ) { 4e+17
- ] i _ 3e+17
g_,?oo B 9700
Dona - - 2600 | . 2e+17
= <500 -
<300 } = I le+17
5400 i _ © 400 F -
= S Oe+ 00
ELLENS ) 300 | |
200 | ] 200 | i
100 + ] 100 | i
0 20 A0 60 80 0 20 40 60 80

Pz



MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

ATEP code: advance transport equation

[A23]ABiausz

1000
900

3

=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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MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

ATEP code: advance transport equation

differential dF/dt:

1000
900
800

700

600
500

400

[AS3]ABiausz

300
200
100

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

60

a0

2e+15

2e+15
le+15

se+ 14
Oe+ 00
-5e+14
-1le+15
-2e+15
-2e+15
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ATEP code: advance transport equation: 1d projection (@
MAX-PLANCK-INSTITUT \\\"/&
FUR PLASMAPHYSIK =B
2x10 17 : : : : : : : 2.5x10 12
F(Pz,E,t), Time=0 =
1.8x10 17 F (Pz,E.,t), Time=199 [arb units] =
19
1.6x10 17 _ 2x10
1.4x10 17 _
1.5x10 19
1.2x10 17 ]
1x10 17 -
w 1x10 12
gx 10 16 .
6x 10 16 -
5x 10 18
4x10 16 _
2x10 16 i 0
0 ]
-2)(1016 1 1 ] 1 1 ] ] 1 _leols
10 20 30 40 SO 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

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 Y7

1.6x1017 L

1.4x1017 L

1.2x1017 L

1x1017 L

g8x101® |

6x10 16 |

ax101® L

2% 10 16

2%x1016

IPZ]

1 1 | 10
F(Pz,E,t), Time=0 =
F (Pz,E,t), Time=184 [arb units] =
|5
. 0
-5
-10
0 10 20 30 40 50 60 70 80 90

using ITER NBI on-off configuration
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. gs . (47 N\
verification plans 8 )
MAX-PLAY AN TITT \=
Mode Amplitude
]
*add PSZS diagnostic to post-run HAGIS output and compare ~
Fer(ATEP) and Fep(HAGIS) for: g
* smoothing of Fep < :
e convergence of PSZS (no. orbits, resolution,etc...) BI:
*mode spectrum
e Pz and E transport w/o E/, e s
1.0 1.5 20
Time [s] (x10 )
Mode Amplitude
S —
e compare to ORB5, HMGC/HYMAGIC in various limits s
1.0 2.0
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validation plans
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exploit EP stability workflow: AUG data example: L-H
transition in presence of TAEs

Color scale

Magnitude

tor. mode number

6
4
2
0
2
4
6

190
180

IDA +
TRVIEW +

= = o

26 28 3.0 32 34 36 3.8

Time (s) EP-WF: LIGKA global

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

* also systematic uncertainty quantification feasible

5 35 5. _. N bde -3 }_. R
T AR VAW N Eord :54.‘
N
» SNy N Ld L N ’ ’ )
. ek e P MR NG RS ;."‘"-‘Ls‘t“.‘ AATATY "1
& G i A R R A oY LA : .
: - ocCal + 150
« ]
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140

—

4350
400

330
300
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200
1350

100

frequency [kHz]

Un
OO

3 3.13.23.33.43.53.63.7

time [ms]

radius [r_pol]

damping rate [%]

e.s. potential

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

3

1
0.8
0.6
0.4
0.2

0

3.13.2333.435363.7

time [ms]

t=3747 [ms] =
i E par =

O 02 04 06 08 1

radius [r_pol]



. . . ASDEX
({: ) EUROfusion radial flattening of EP gradient observed bpgrade

inwards transport [Lauber IAEA FEC 2018]
0.5 1 1 1 1
#34925
1.522 - 1.54s
04l 4326-435s _
TAEs redistribute particles radially: FIDA = FIDASIM/TRANSP

measurements in comparison to neoclassical
TRANSP/NUBEAM calculations - inwards
transport due to off-axis peaked FNBI

FIDA/BES

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

0.00 0.18 0.36 0.54 0.72 0.90
Pt

control case available, where no strong Alfvénic mode activity is observed (#34921)

MET Workshop 4.March 2021



MAX-PLANCK-INSTITUT
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Evidence for anomalous core background ion heating due to Alfvénic modes

frequency[kHz]

Tatal power

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

T

Ti,1.57s |
e with no modes  TRANSP: Ti, 1.57s
phase with no modes Te.157s
Ti1, 4.09s L
phase with modes TRANSP: Ti,4.09s
" Te, 4.09s )
Koy norm. beam density
Moy
X,
Lh‘!tu‘! VK

2.5
E  #36267 #36267
120 .‘F...
o 2 it
a0 R
g 1.5 (>

o)
" =,
20 l _F
107 | O.S B
107 | L 4 did " iy [ - all
o vl
107
0
15 2.0 2.5 3.0 3.5 4.0 0
time[s]

other cases/experiments very welcome!
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summary & outlook 8 )

NG gl
MAX-PLANCK-INSTITUT \\ 4
FUR PLASMAPHYSIK

* IMAS-based orbits data-base and QL orbit averaged particle response implemented - PSZS structures stored as IDS
distribution objects

* general Fep generated from marker data
* evolved PSZS transport equation in kick-model limit

next steps:

*fill transport IDS with D(s,E) - couple to RABBIT/ETS

*add amplitude dependence of PSZS i.e. d (dP/dt)dPz * Fep term -> similar to RBQ model

* add various intensity closure models

* add collisions and sources - starting with Langevin limit for decorrelation processes, add bounce averaged collision operators
- compare with CKA-EUTERPE [Brizard, Slaby/Kleiber, Hoppe,...]

* can be used to check diffusive vs convective model, different mode spectra, overlap criteria

* separate scales according to PSZS theory -> use to evolve to non-linear equilibria

* speed up, hopefully ACH support next year, integrate in WF framework

4]
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