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Predictive multi-channel flux-driven modelling
to optimise ICRH tungsten control in JET
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Motivation

Operation with JET ITER-like wall (ILW) requires
management of tungsten impurities

JET-ILW DT scenarios aim at steady high performance
(1 SMW fusion for 53) (E. Joffrin, this conf.)

Scenario development must address 3 connected challenges

- Maintain tolerable divertor heat loads (- ¢2rzotth this cont)

— Control central W accumulation
- Avoid performance limiting MHD

Predictive modelling can help to guide scenario optimisation

[
B
E
E
™
E

=
s
il
E
=
- o
]
3
.

R
Localisation (LFS)
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Both neoclassical and turbulent transport are relevant for W @)
W transport has 4 components, focus on neoclassical convection and turbulent diffusion
Logarithmic Complex. but Threat: Drives
gradient in benign accumulation JET 85307 -
stationary state 12 | | __ | / e,
with no source \‘ '/ | , ugal effects / \%
10F N A
W R RViw+[RVz '\ " |
T 8 iCentralICRH heating'\ - | [f Neocl.
LHZ DNZ trb‘ + DN ZNC A 2 "9\ | § transport F |
< gl N\ H in PS limit. | |
/ Q 1 i ' ‘ “ (R-Dux) 4 |
Small, ~ Pa I ;| ==—NoCForRF \
Mitigation - large if no Z dependence Ao r CF only a | [, 7
turbulent transport 5 Yy - = =CFandRF || =% “alx
Ve X Z P4 - — 0 02 04 06 08 1 \j |
ﬁ Ln@ 2 LT@ r/a

Rotation -> Poloidal asymmetry Casson PPCF 2015

up to 20x increase in neocl. transport (JET)
F.J. Casson et al. | 27" FEC conference | Ghandinaghar | 22-27 Oct. 2018 | Page 5



\
Z

Evolution of bulk density profile controls W accumulation timescale
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* Central W accumulation universal observation the Hybrid
scenario (qos ~ 4, By =2 - 3)

-k

-t
o

— Slow rise in density peaking leads to W accumulation

ing

SXR (T19/ ne0/L19)/(T25 / ne4/L25)

« JET Hybrid scenario more prone to W accumulation than
Baseline (gq5s ~ 3, By ~ 1.8):

-l
o

— Lower density stationary scenario

- Density more peaked (central beam deposition)

Proxy for W peak

— Less sawteeth (central flushing)
— Higher beta — NTMs

_ -2 0 2 4 6
Larger Mach numbers RIL -05R/L_[HRTS]atr/a=0.15
(more poloidal asymmetry) ne ©

Proxy for neoclassical convection

Angioni NF 2014

* Here we focus on the Hybrid scenario
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ICRH can mitigate W accumulation in several ways

=
=N
N\

Va
(

\x_
=

Ui
~

)
7

\=Z
 Central ICRH has multiple beneficial effects
: LIDAR
- Drives central turbulence 8 @) ; ;(t 179
a n \=11.7/8
* Decreases main ion density peaking and rotation LA P~ - . 1L, , VN IR,
* Increases W diffusion s 6| |
m '
i’mS_. % —
- Increased temperature peaking and neoclassical screening = 4l T ) |
E _
i . 2 . . Fy
- Fast ions act on neoclassical W transport 2’ é
: . ® 2t r -
* Anisotropy of minority reduces - "o NBion | :
poloidal asymmetry of W 1 ‘ a NBI+ICF¥F ‘ =;
* Additional temperature screening 0 i - i )
2 2.5 3 3.5 4
R(m)

 The various effects present a complex optimisation

- Requires integrated flux-driven modelling
- Requires high fidelity ICRH modelling
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Integrate first principle models to predict 9 channels self-consistently

* To enable this work, Neocl. transport NBI sources
transport models
NEO and QuaLiKiz
integrated in JINTRAC suite

* All channels including rotation

prediCted from first prinCipleS Core turb. transport Profiles:

T,T,j,V

* Quasi-linear models enable n,n,n_,n
flux driven multi-channel

interactions:

> L1: Ti, Te Radiation,

tor

ni? Mw

> L2: Ti, Te, ne ionisation,
> L3: Ti, Te, ne, Vtor C_urre_nt recombination
> L4: Ti, Te, multi-ion, Vtor ELM av. pedestal CiffUsion

Magnetic
Equilibrium
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Evolution of highest performance hybrid reproduced over ~10 Tg
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Hybrid JET-ILW Bt =2.8T,lp=2.2 MA, H;; = 1.3, TE=0.17s ol | | —___Thermal heatiny
_ . i} . . . E AT T W i~
Predicted from start of H-mode until W accumulation on axis = % NBI inj 26MW -
Correct timescale of density rise; all bulk channels well predicted £
92398 6.38s 92398 7.13s 92398 7.63s ;:‘? 101
g9.x10" g <101 g x10%
8t | — JINTRAC pred 1 8t 1 8k 0
7t |4 -+ HRTS + LIDR Tk 1 7F
6} {6f 1 6} 8h
5 15} { 5t o5
4 1 4} 14 £ 6
3t 13t 1 3f £
ol | ,| electron ol ol )
i | ;| density ﬂ_ | a 4f
i o . +Av. denS|ty
0 02 04 06 08 %() 02 04 06 08 1 8.0 02 04 06 08 1.0 | , i
, 92398 6.38s 92398 7.13s 92398 rotation 2
10240 . X0t | x10° 9 : , , ,
— Te pred . . 8 AXlaI Te
0.8} — Ti pred. . 0.8 frotatlon ] .
4 -+ HRTS + ECE - =l \ . |
1 ~ 0.6 = . W accumulation
E IE} _..-—-..---—_-*'\.'F""*'u-‘\
0.4 51 x -
3
02/l == wpred., 7.64s |} 4r ~ Pre-MHD drop 1
. CX, 8.00 - 8.50s 6 6.5 7 7.5 8 8.5 9
time (s)

00 02 04 06 o8 100002 01 06 08 L V8002 04 06 08 1.0
P P Iz
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Simulation predicts correct timescale of W and Ni accumulation
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W on axis from 7.2s, in both simulation and expt.

- W dominates total radiation, Ni dominates Zeff

Accumulation process less extreme in experiment

- Simulations extremely sensitive in accum. phase

- May suggest an missing transport process

No ad-hoc transport used

.ot

X1

5

Emmisivity (kW/m°), Z

=k ra ra Ll La £
n = h = n =

_—y
L

SXR tomography
(exp)

— . 70s
— 7,005

7.20s
— T 305
= = =7 708
- = = 7 B0s
= = = §.00s
- = =850s

F.J. Casson et al. | 27" FEC conference | Ghandinaghar | 22-27 Oct. 2018 | Page 11

cut

XIS

Emmisivity (kW/m>), Z__

40

35

30}

SXR forward model

(.sim)

e 6. 705
| — .00

7.20s
— 7 305
7.40s
e 7 608

| = T.70s




Simulation predicts correct timescale of W and Ni accumulation /{)
1,1 MHD arrives after accumulation begins 3 F - - .
__ | neutrons 4
- Triggered by W? T ol —Tot pred. _
99 y @ ? -~ Th.+BT
- Temp collapse — loss of central bootstrap curr. £ 1
- Limits performance but mitigates accumulation (not modelled) 2| N _----- _
9 - r . 12 I I I |
st Axial Te =
% Tr E 10k
6 5
i =]
5+ © 5t
al Pre-MHD drop g
6 EjE 'I.f ?jE EI3 Bjﬁ 9 © 0
time (s) 15 : : : :
1.5 . T T
o 3k
S _ 25}
% 051 N 2r
fE? ol 15} £

6.5
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Strengths and limitations of the presented modelling
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Core transport, equilibrium, and sources
are self-consistent & first-principle based

— EXxcellent predictive power

— EXxplores non-linear, multi-channel
interactions

Pedestal sources and transport are
matched to experiment

— Little predictive power

- ELM cycle not modelled
Core MHD is not modelled

- Not present in early phase of
hybrid pulses, but significant later

F.J. Casson et al. |

* SOL not modelled, W sources not computed

— Necessary to control both source and transport

- In flat top, W flushing and pedestal convection are in balance
if ELM freq. constant (RTC)

— Total W content constant in simulation and experiment

Complementary modelling
for ramp down integrates
SOL W sputtering, 0.7

ELM cycle, 06
and sawteeth \ £
S0

E de la Luna, this conf.; 0.3
F Koechl PPCF 60 074008 (2018) ,

0.1

g

| § . =—
¥\ N W Ny N s e

F 116.5

- 416

Ny

1 11.5 12 12.5

Time [s]
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Increased NBI power will accelerate W accumulation

Beam energies will be increased

to reach maximum power

More central power, particle,
and torque deposition

n, axial (m ™)

NBI particle source is significant

in increasing central Vn,

(T. Tala, this conf.,
Garzotti, Valovic NF 2006/7)

For V,, increased Vn,
dominates increased VTi

R 1R
2 L,

VZNC 0.8 ZPA (—L— -+

Rad. p < 0.2 (MW)

Te axial (keV)
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ICRH heating delays W accumulation, consistent with JET observations

/=
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x 10" 7.5s 7.55

n,

* ICRH helps in neoclassical dominated core, ’
both increasing VT, and decreasing Vn,

- Increased turbulent diffusion reduces central density peaking
- Localised axial ICRH most effective in increasing temp. screening

- 4MW increase in ICRH compensates 6MW increase in NBI
2

15F IR U B I R N

Turb. diffus.
(effective)

Rad. p < 0.2 (MW)

) )
il
11 T T T T T E__ v Bt
- M |
_ ‘”J_ AXIa.ITe .................................................. n 'EDE
> 9f o '
E‘ W
T O 0.1
= oL Y N M
p 32 MW NBI
= 6} ICRH 50:50 i:e
51 0
. l | n . 0O 01 02 03 04
6.5 7 7.5 8 8.5 9 0 0
time (s)
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lon heating schemes predicted as most effective on W

lon heating both increases VT, and decreases Vn,

Specific to JET hybrid scenario:
Ti > Te, and dominant neoclassical convection
(large Mach no ~ 0.7)

— Where Ti ~ Te coupled, or turbulence dominates,
electron heating more effective (AUG and ITER)

8.5s B.5s

x 10"
B :

'--..,\n

D .

15

. . 0.2 0.3 0.4
p P

0.5

Rad. p < 0.2 (MW)

Te axial (keV)
th @ =~ 00 O

10}

Prediction, not yet tested

=N
=
~\

I
\_
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/,
(\\

- Axial radiation

80% ion heating

- 32MW NBI
8 MW ICRH |
ri a8 9 10 11
time (s)
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High fidelity ICRH modelling supports He-3 minority scheme
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 Support the integrated modelling with standalone
state-of-the-art ICRH modelling (SCENIC) (3.P. Graves, this conf)
- Full wave solver, second harmonic absorption
- Monte Carlo fast ions and Fokker-Planck
09 ' - 0.7
- Se_lf-consistent equilibrium with fast ion oe Total heating Collisional
anisotropy - . %6 10__lon heating
- Finite orbit widths reduce impact of anisotropy ' 4.5MW coupled ° 05
.. S £ o6 oh axis
on W — negligible in high NBI JET = " E
: : i : < o5 % 04
* He-3 minority scheme preferentially heats ions : 5 He-3 minority E He-3 minority
- Narrower power deposition due to narrower % | H minority § ! R minority
orbits, higher power density on axis 5 3 S g2 X[H] = ><2[FEI§/-3]
. . ;0.2 © B
- Best for neoclassical W screening © 01
0.1 '
- Similar expected for 3-ion scheme

(Y.O. Kazakov, this conf.)

Power density and W control maximised
when resonance within 10cm of axis

[
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Tritium plasmas have better confinement....

Extrapolations to TT and DT plasmas find positive isotope scaling
of core confinement

- Inclusion of ETG scales pins Te
- i-e collisional energy exchange reduces with mass

- Increased Ti/ Te and ITG stabilisation

Similar scaling to other DT extrapolations (; garcia, this cont.)

— This mechanism specific to high power discharges with Ti > Te

- Relies on ETG scales, need to verify with nonlinear

Caveat: Understanding of isotope scaling is incomplete

(H Weisen, this conf.)

16 x10*

Pin 40MW
0.2} Pfus 15MW

). .
[ 8.0 0.2 04 006 08 1
0

Conservative pedestal assumptions
(no scaling with power or isotope)
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.... but earlier W accumulation

Improved confinement in DT also
and earlier W accumulation

Mitigate with increased density

(less central NBI particle deposition, less density peaking)

Some cost in performance

Requires optimisation / integration of

Increased triangularity

Increased plasma current

Pedestal isotope scaling

Re-optimised q profile
to keep MHD free

-3
l.]IZ!I+T {m )

gives larger density peaking,

8.5s

8.55

Rad.p < 0.2 (MW)

Te axial (keV)

P
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Conclusions

First-principle models integrated into a powerful multi-channel predictive tool for core plasma

— Able to analyse complex nonlinear plasma evolution over several confinement times

Use to predict first and optimise scenarios - an exciting era for integrated modelling

Guides scenario development to optimise W control in JET hybrid:

n {m_a} at7.5s
Reproduces observed W accumulation

He-3 ICRH scheme predicted to be more effective for W control

W prediction

» Specific to strongly rotating JET plasmas, with Ti > Te,
where neoclassical convection dominates W transport —

Positive isotope scaling of confinement from ion-electron energy exchange
 This mechanism specific to plasmas with Ti > Te

Earlier W accumulation predicted in DT plasmas

* Mitigated by increased plasma density, at some cost in performance
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High fidelity ICRH modelling supports near axial resonance

Fine resonance scan modelled

- Power density maximal when resonance within 10cm of axis

- Insensitive within +/-10cm, due to orbit power spreading

Anisotropic pressure is relevant only for LFS heating,

but has negligible impact on W asymmetry (in high NBI JET)

- Effect reduced compared to previous works, by finite orbit effects
- Cannot overcome dominant rotation effect, even more negligible in He-3

- Fast ion temperature screening also negligible due to orbit power spreadir
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4-channel validation in JET-C hybrid (with core Ti measurement)

75225: lon temperature

14
— — EXP (CX core+edge)
12 ¢ — QualiKiz
\+\ —— QualiKiz with EM-stab

0 02 04 06 08

pnur'm

75225: Electron density

— — EXP (HRTS)
11 ——QualiKiz
—— QualiKiz with EM-stab

0 02 04 06 08

)OJ'J.OI"HJ

400

100

75225: Electron temperature

— — EXP (HRTS+LIDAR)
— QuaLiKiz
— QualLiKiz with EM-stab

Ad hoc model to emulate
electromagnetic stabilisation
of ITG turbulence (not present
in QuaLiKiZ)

R/LTi inputs decreased by
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!“TIm'rri

75225: Toroidal velocity

— — EXP (CX core+edge)
—— QualiKiz
—— Qual.iKiz with EM-stab

0 02 04 06 038

prm."rrr

1

BthermaI/Btotal

| 27* FEC conference | Ghandinaghar | 22-27 Oct. 2018 | Page 26

=
)
\

2
,
=z

/,
(\\



Validation of global evolution

Stored energy (MJ)
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Electron heating preferred in ITER
better for W turbulent transport (outward convection)

(p{p ~0.15) / Ny (pq] ~ 0.5)
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Poloidal asymmetries with anisotropy

* |CRH heats minorities anisotropically, LFS localisation of minority

Pl —

Vip— — 3

PL 2
VB + nmZmeV P —nypmpQ*RVR =0

* Anisotropy requires coupled Wave-Fokker-Planck simulation.

Anisotropy increases with
power density

Tm‘iTll

TORIC-SSFPQL, R. Bilato
H anisotropy H temp. - screening

300

—— 872522.1% H
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—— 87253 2.0% H 200

ICRH has no
influence on VNC |

- = =8725344%H|| T in off-axis case
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Experimentally validated:
JET: L. C. Ingesson PPCF 2000 ??
CMOD: M. Reinke PPCF 2012
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Influence of H minority at 4.4% (No FOW effects)
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(TH/3-2)

Predictive multi-channel modelling to optimise W control in JET

8 channels modelled predictively
with first-principle models:

T.,T,j,ny,ng,ny,n,,w

— Reproduces evolution including

radiative collapse after ~10 Tg

— Includes poloidal asymmetry
enhancement of neoclassical
W transport (20x)

— Used to optimise ICRH for W control:
He-3 predicted more effective than H

minority . tme (s) 1.6
in JET hybrid conditions (increased temperature screening) Ll
* Extrapolations to DT find positive isotope scaling of confinement due to increased 1.2}
Ti/ Te and ITG stabilisation
) . o - 1.0}
- Inclusion of ETG scales pins Te; ion-electron collisional energy exchange;

decreases with isotope mass 2 0.8¢
- Improved confinement in DT also gives larger density peaking SET

and earlier W accumulation |

- Mitigate with increased density (less central NBI particle deposition) 0.4
0.2
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