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Outline

©® Characterization of an ELM-free ASDEX Upgrade H-mode (K. Stimmel)
— M1.3-1.4: “Mode characterization, Single-Scale Simulations”

® Recent progress on the validation front
— M1.5: Validation against as many experiment measurements as possible

@® A new dilution model in GENE
— Possibly facilitating M1.3-M1.5/D1.1 achievements



Gyrokinetic investigation of AUG
ELM-Free H-mode #36330
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Discharge overview AUG 36330 & W

shot 36330, t=6.115-6.190 s
AN R R

* Motivation AP R S AR

> Originally inspired by ECRH ELM-free discharges i

= Lacked reliable T; measurements at the time; =

NBI is required L e T ]

> Well diagnosed ion temperatures, and recently L » R
outlined in Kallenbach et al. 2021

r sy
. F—spline/Te % TSeqge/Te § i
[— spline/T; % CXRS/T;
2 F4 TScore/Te + extra/T;

* Characteristics
° Lower single null, favorable VB y i
> ELM free for a few hundred ms from ~6-6.2 s [ . S b
> ~2.5 MW ECRH, 2.5 MW NBI heating s || Ml AT\W
* Approach 3 e o N T ——j
o Linear/Nonlinear/neoclassical local simulations for ’ — S 102_*3 e R I(ei)_f
radial positions £ o *\l(e): § 12
° 1 Global electrostatic simulation over the pedestal fli—/ %J ; “j:zogjgg('ggﬁr M
- ExB consistently input from well diagnosed E._, oo oo ~o5 05 1o 0% oS 0s T

measurement
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Discharge overview AUG 36330 & W

- The 4 radial positions chosen for local simulation
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Linear characterization

2-species linear local scan:

* core characterized as ITG
dominated

* pedestal is more complex-
ETG/TEM-like dominated

! [cSIa]

ASDEX
Upgrade
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Linear characterization — Argon impact

* 3-species (deuteron, electron, argon
ion) linear scans also included
> Ar. profile 1 is realistic profile,
Ar. profile 2 is artificial flat profile
to probe effect of argon

* lon-scale physics captured by two
species, but electron scale requires

inclusion of argon
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* Inclusion of argon is not simply higher or lower growth rate

° Balance between effect on density gradient (increase heat growth rate)

and argon inclusion (tends to decrease growth rate)

° confirmed nonlinearly
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Nonlinear local

Extensive nonlinear
local simulations
performed

Core simulations
match heat flux,
pedestal sims do not
without global effects

Ar profile 1 increases
heat flux due to
gradient increase,
while argon profile 2
decreases heat flux
since gradient is
unchanged

ASDEX
Upgrade

Heat Transport [MW] p;-scale pe-scale neo. Qgsum
e.s. channel e.m. channel
radial position p; mod. “Wprof ion e Ar ion e Ar Pe SuUmM sim. TRANSP
P - Wior 2.11  0.82 - -0.03 0.02 - I 3.46+0.14 .
Ptor = 0.60 wp; — 15% wior | 0.83  0.34 -~ -0.01  0.00 — 0.06 0-48 1 70+0.00 336
— wior | 4.32  1.96 - -0.05 0.03 — 6.9640.01
- i wp; —15%  wier 2.38 1.14 - -0.02 0.02 - R, L ee  4.2240.14
Ptor = 0.70 + Ar prof. 1 wiop | 4.68 2.00 0.00 -0.05 0.03 o0.00 | 1% 0-56 7 4540.27 344
+ Ar prof. 2 wiopr | 3.19  1.43 0.0l -0.04 0.02 0.00 5.3140.14
— Wtor 12.68 23.36 -— -0.14 1.40 - 37.934+1.29
Ptor = 0.90 — Wpsu 5.48 9.34 — 0.20 0.92 - 0.03 0.60 16.574+0.76 2.75
Be =0 wpsu | 238  4.53 - - - - 6.914+0.14
Prtor = 0.95 - Wior | 1.88  3.15 - 0.00 0.15 - 0.00 0.88 6.06£0.18 2.22
Ptor = 0.84 - 0.96 B¢ ~ 0 Wior 1.38 2.40 — — - — — — 3.77+0.19 —
Pror = 0.84 - 0.96 Be ~ 0 wpsu | 0.04  0.08 - - - - - - 0.1240.002 -
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Global simulations & W

* The type of toroidal shear

profile used is crucial in

pedestal - Heat Transport [MW] p;-scale pe-scale neo. Qgsum
o . . .
USIng Slmply torOIdaI e.s. channel e.m. channel
radial position p; mod. Wprof ion e Ar ion e Ar Pe sum sim. TRANSP

velocity from core in

IS | _ - wi 211 082 - 20.03 0.02 - . 3.46+0.14 |
pedeStaI IS Incorrect Pror = 0.60 wpy —15%  wioy |0.83 034 —  -0.01 0.00 - 0.06% 0-48 4 70£0.00 336
° Including a realistic
oG i g - wior | 4.32 1.96 - -0.05 0.03 - 6.96+0.01
_ wpy — 15%  wy 2.38 1.14 - 20.02 0.02 - . 4.2240.14
ve OCIty protiie reauces Pror = 0.70 L Ar prof. 1 wior |4.68 2.00  0.00 -0.05 0.03 0.00 %1% 056 7454027 344
+ Ar prof. 2 wioy | 3.19  1.43  0.01 -0.04 0.02 0.00 5.31+0.14
heat flux
o i - wi 12.68 23.36 — -0.14 1.40 - 37.93+1.29
Global EM would Ilkely pror = 0.90 - wpon | 5.48 934 - 0.20 0.92 - 0.03 0.60 16.57+0.76 2.75
. . Be =0 wpsu | 238 4.53 - - - - 6.91+0.14
correct discrepancy but is
|eft tO future WOTk due tO Pror = 0.95 - wior | 1.88  3.15 - 0.00 0.15 — | 0.00 0.88 6.06+£0.18  2.22
Computatlonal cost Ptor = 0.84 - 0.96 B¢ ~ 0 wior | 1.38 240 - - - - - - 3.7740.19 -
Pror = 0.84 - 0.96 B¢ ~ 0 wpsu | 0.04  0.08 - = = — = - 0.1240.002 —

* Challenges with pedl. 3
species (comp. cost)

* QCM not clearly observed
in any simulations vet
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Summary ELM-free AUG H-mode study & W

* Linear characterization of core ITG, pedestal ETG/TEM

* Nonlinear core simulations reproduce experimental heat fluxes

* Global simulations correct local heat flux overprediction at pedestal top

* Quasicoherent mode (QCM) not observed, global nonlinear EM or crossing separatrix
(— TSVV4) may be necessary

* Current work written in manuscript to be submitted to JPP soon

* Additional analysis (not shown): linear collisionality, beta scan, quasilinear analysis

* Future challenges/goals:
* Global nonlinear EM simulation
* 3 species in pedestal

* Approaching or crossing separatrix (challenging to also get experimental data)
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Validation in ASDEX Upgrade
Hydrogen & Deuterium L-mode plasmas
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Plasma scenario description W
Low-density (n. = 2.3 10"®m), ECRH heated (650kW) L-mode

1.0 r i
g / g « Keep shape, lp, Ne, and Pex
= L a—. = 20 (ECRH) constant and change
= 36770 H ion mass.
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Profiles and fits with IDA Markov Chain/Monte-Carlo (MCMC) il

Ne/Pecru constant > Ti(H)>T; (D) and Te(D)>Te(H)
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dTelTe and nT-crossphase diagnostics W

« Electron cyclotron emission
ECE allows T, measurements

« Correlation ECE focus on T,
fluctuations down to 0.1%
using cross-correlation

e Measure dT,/T.(f), dT./T.(rms),
Lr,c atkgp, < 0.4

Lr,c

STIT,
T e e

S EF R

Thermal ECE — 8T,
Reflectometer — dn,

* Couple reflectometer and CECE into same
volume: cross-phase between én, and 67,

[2] Freethy et al., Phys. Plasmas 25, 055903 (2018)
[3] Hillesheim J., Physics of Plasmas 20, 056115 (2013)
141 Whie A. E.. Phvs. Plasmas 17. 056103 (2010)
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Linear characterization at t=2.45s, pwr = 0.75

10 | .
Hydrogen qn;;//?"’%\\
B 1 \
S, L P
~ ¢ L x
c :/i/;- . 8 x
011 A nom. —— |
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_/ * e incl. err
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nom. i“

incl. err o
0.827/1.121 omti : ;x
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100

Robust ITG on low-k ion-
scales and ETG on electron
scales for both plasmas

a/Lt main driver on ion-
scales

Deuterium shows possible
transition to dominant TEM
at medium-k for multiple
gradient variations

Overall ITG/ETG growth
rates smaller/larger from
H-to-D

All sims performed with
revised IDE equilibria
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Nonlinear flux-matching attempts

2.5 w . w ; ‘ ; : .
= P GENE
TS Lt AUG #36770A10
2| wff= P TRANSP Hydrogen +
e P TRANSP
B 1.5 |
g L ¢
~
f 1t ¢ W
® o
[ |
05| W ' I *
0

 Additional scans included above:

a/Lr;

24 25 26 27 28 29 3 31 3.2 33 34

P/MW

0.9 |
0.8 |
0.7 ¢
0.6 |
0.5 |
04 |
03 ¢
0.2 |
0.1}

TS O AUG #36974A32
== P; TRANSP Deuterium
= P TRANSP
' . "
: H
] [
2 2.1 2.2 2.3 24 2.5

CL/LT,'

increased allr., increased/decreased al/l., increased ExB shear, 2-species vs. 3-species,
increased Zex (only H)

* Electron heat flux (more relevant to CECE?) well matched while ion heat flux requires

lots of variations
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GENE synthetic diagnostics W

* Interpolate GENE flux-tube data to fine-

grained, equidistant time steps
0.18 0.04
* Apply phase factor for translation from co-

St 0.02 moving to lab frame
- 0-14] , & * Map flux-tube to cylindrical coordinates
% 0.12- 0.90 and extract poloidal cross-section

-

el ’ 002 * Apply spatio (-temporal) filters best

0.08 [ | matching the diagnostics specifications

R 2 05 | ~0.04 » New: Split coordinate mapping (IDL) and

R[M] filter application (Python) for improved

flexibility
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Comparing CECE with GENE PP

AUG #36974 - Deuterium AUG #36770 - Hydrogen

=
N

—
o

—— CECE (dT./T.)f) 2 spectrum at pro= 0.759
—— GENE Gyxy mean pyor = 0.75. vTor = 15km/s CXRS

—— CECE (dT./T.)(f) 2 spectrum at py,= 0.763
GENE Gyy mean pror = 0.75. Beam radius = 7.5mm

* Found strong impact of

=
o
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5 s st f

o - dTe/Te(rms)|GENE = 1.67% _
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" 5 2] power in higher frequencies
: B S U not found in CECE
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Comparing nT cross-phase with GENE W

i W T I

—}— CECE-34626-D

Ly GENE nT crossphase 36974 D w
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100 100 -
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—— GENENT 36770 H
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o

* Agreement inside error bars for both species

* GENE recovers experimental decrease in nT cross-phase in H and D
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Validation results so far W

H - RhoT =0.75 u BASE 350 s EXP
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Conclusion AUG L-mode validation W

» Significant fluctuation properties changes observed between H/D:
dTe/Te (D) > dTe/Te(H) ch (D) > ch (H) anT (D) > anT (H)

* All trends recovered by GENE - agreement in D between GENE and CECE with new
antenna greatly improved from ~66% mismatch reported by Freethy, Gorler et al. in 2018 to
25%

* lon heat flux overestimated by GENE (but also TGLF)
Could be specific to these shots. Model physics or improve profile fit(s)?

* Next step: Move from outer-core to very edge (rtor~0.925) — larger T; uncertainties, detailed
error estimates needed / on-going

* Further AUG validation: On-going outer-core comparison for AUG turbulence reference
discharge incl. ECRH scan — edge application further delayed due to unforeseen
unavailability of key experimentalists



A dilution model in GENE




A dilution model in GENE PP

* Traditionally not considered
> usually, multi-species treatment quite feasible for core treatment
> ‘dangerous’ assumption, ions with dynamical effects on bulk ions (e..g., similarities with bulk
ions, or resonant fast ions) [Estrada-Mila 2005, Holland 2012, Di Siena 2018], significant
impurity transport

 Situation changes for non-resonant, insignificant transport impurities
> capture main effect (dilution) w/o solving GK equation for species may reduce overall
computational time dramatically
> relevant to global simulation, local edge simulations (high resolution) and large
parameter scans.

* Possible choices:
> Keep only ‘true’ equilibrium effects (e.q., total pressure gradient) and set, e.g., n1=0
> Same as above but assume adiabatic response of dilution species
> Same as above but assume ;=0 only, i.e. keep, for instance, polarization density in Poisson’s
equation



A dilution model in GENE

 Possible choices:

> Keep only ‘true’ equilibrium effects (e.g., total pressure gradient) and set, e.g., n1=0

> Same as above but assume adiabatic response of dilution species
> Same as above but assume f1=0 only

10 |

v/les/al

0.01 }

0.001

> Remarkably good agreement for 3 option — saves 1/3 of runtime

2Sp; TNo,imp Tﬂ,irn
ZSp M1,imp — _(1 _ I‘\D qimp(;l _____

2 M0, imp Tﬂ,in\p

0.1

10 100
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Summary W

* Mode and turbulence characterization in Ar-seeded ELM-free AUG H-mode (K. Stimmel)

- Core heat fluxes matched with local simulations, global simulations in ballpark for pedestal
turbulence

- M1.3-1.4: “Mode characterization, Single-Scale Simulations” largely fulfilled for this scenario,
refinements required

* Validation against AUG L-mode isotope scan

- Trends captured, good agreement in cross-phases and radial correlation lengths,
improved agreement in cross-power spectra

— Application to very-edge on-going, similarly foreseen for AUG turbulence reference
discharge

- M1.3-M1.4+validation (M1.5) largely addressed — very-edge application needed for
fulfillment

* New dilution model in GENE

- | _ Thank you for your attention!
— Dilution species feature now available

- May provide access to wider parameter space for dynamically insignificant impurities



APPENDIX
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IDA MCMC profile fit details W

» Various approaches to profile fitting at AUG

* IDA[1] takes an integrated approach taking into consideration many diagnostics
e Standard available after every discharge may feature large variations in the profile gradients.
* Error bars are not indicative of profile uncertainty but rather disparity between diagnostics.

* IDA-MCMC [2] is a more complete sampling of error/fit distribution function, however, very
time intensive
* Depending on quality of data number of spline points can also lead to large ‘oscillations’ in the
profile gradients
* For this study, used a 8 spline points. Chosen rather arbitrarily, so there’s room to improve.

[1] Weisen H, et al. 2020, Journal of Plasma Physics 86 905860501
[2] R. Fischer et al. 2020. Fusion Science and Technology Vol 76, 879-894



Backup: linear scans & W
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Backup
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Some challenges on the way to edge/pedestal ...

Strongly shaped and varying geometry
> appropriate configuration space discretization / choice of coordinates
> X-point treatment? (outlook at end)

3D effects
Steep gradients in density and temperature profiles 62 | Famtas A
> strongly driven turbulence, electromagnetic modes T4l
> velocity space discretization challenging o | \
> low temperatures < collisionality relevance e \
0

a posteriori (similar to quasilinear transport modeling) 0.0L.

Global effects and eventually Breakdown of gyrokinetics? = 08|
> here: take gyrokinetics to extreme & check performance = 0.4{@\
- Ppol |
> studies in astrophysics sometimes find breakdown much later

than usually expected [D. GrosSelj et al., Apd 847, 28 (2017)]
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CECE comparisons in AUG L-mode (D/H) W
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* 0T/Te (currently) overestimated but much better agreement than previous work

T. Gorler et al. | TSVV1 workshop | Oct 21-22, 2021 | Page 33



107972 /kHz
o = N W P OO N 0 ¢

Sensitivity to toroidal rotation

* Closer look at Hydrogen plasma - nominal rotation & revised values

'CECE ——
nom., CCW rot
nom., CW rot

fluct.level:
2.060% (CCW)
1.924% (CW)

60

40

0 20

80 100 120 140 160 180

f/kHz

—

O —~ N W & 01O NN 00 ©O O

'CECE —
best flux, CCW s
best flux, CW s

Viei=2.6 km/s
new dZ = 7.57mm

fluct.level:
1.293% (CCW)
1.293% (CW)

0

20 40 60 80
f/kHz

* Toroidal velocity vir (inferred from DBS) has important role in formation of

CECE spectral shape

* In first iteration, rotation induced by beam blips had not been considered

100 120 140 160 180
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