Max-Planck-Institut
fir Plasmaphysik

[ AsDex
ygrade

Progress in modeling the impact of ICRF heating on

high-Z impurity transport and turbulence stabilization

R. Bilato!, C. Angionit, M. Brambilla:, A. Di Siena!, E. Fable!,
VI. V. Bobkov?, F. Casson?, A. Kappatou!, Ye. O. Kazakov?,
T. Gorlert, R. Ochoukov, E. Polit, M. Weiland:,
and the ASDEX Upgrade Team+

1 Max-Planck-Institut fiir Plasmaphysik, Boltzmannstr. 2, Garching, Germany
2Culham Center for Fusion Energy, Culham Science Center, Abingdon, United Kingdom
3Laboratory for Plasma Physics, LPP-ERM/KMS, Brussels, Belgium

4H. Meyer et al. 2019 Nucl. Fusion 59 112014

18" European Fusion Theory Conference, Ghent, 2019

R. Bilato et al. — EFTC, Ghent 8.10.2019 1



Outline @E% W

@ !lon-Cyclotron Radio-Frequency (ICRF) heating
@ Modeling wave propagation & absorption

e Impact of ICRF heating on the radial high-Z impurity transport
@ Neoclassical: T; gradient and poloidal density asymmetries
@ Turbulence: affecting the electron to ion heat flux ratio

© Effects of ICRF-accelerated fast ions on turbulence
@ ITG stabilization and 7T; steepening in AUG discharge
@ Application to ITER

@ Validation (outlook)

© summary
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e lon-Cyclotron Radio-Frequency (ICRF) heating
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1. ICRF Feature: Energetic Tails @W

Cyclotron Absorption
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(p = v Q¢ the Larmor radius; Q¢ = Z;eB/m;c)

@ lons — (spatially localized) cyclotron
absorption at the Doppler-shifted
resonance,

w = NQ.(r)+ ko
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Cyclotron Absorption
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(p = v Q¢ the Larmor radius; Q¢ = Z;eB/m;c)

@ lons — (spatially localized) cyclotron
absorption at the Doppler-shifted
resonance,

w o~ N Qc(r) + kv

@ Electrons —(spatially delocalized)
Landau-type resonances w =~ kjv;
accelerated mainly by E;.
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Cyclotron Absorption
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1. ICRF Feature: Energetic Tails

Cyclotron Absorption
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ICRF & energetic ions
ICRF heating can generate fast tails up to MeV energies (... stepwise). J
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2. ICRF Feature: Increase of the Trapping ‘@sg&g W
Fraction of the Resonant Species X

@ ICRF increases on average the perpendicular energy of the resonant ions:
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2. ICRF Feature: Increase of the Trapping ‘(\ Ao W
Fraction of the Resonant Species Y

A

@ ICRF increases on average the perpendicular energy of the resonant ions:
GCENTER in TORIC-SSFPQL JET: ~-ray imaging(Kiptily, NF 2005)
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@ ICRF increases on average the perpendicular energy of the resonant ions:
GCENTER in TORIC-SSFPQL JET: ~-ray imaging(Kiptily, NF 2005)
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Consequences:

Accumulation of trapped ions with their banana tips on the ;. resonance:

o Poloidally asymmetric density of the resonant ions = parallel pressure
balance imposes a poloidal electric field pushing ions towards the HFS.
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3. ICRF Feature: Collisional Electron Heating

T
([ ASDE

N
DEX
\ Usarade

@ The critical (crossover) energy,
FE¢t, above which the slowing
down of energetic particles is
mainly on electrons depend on
the plasma composition

2/3
Ecrt Z2 n,
% ~ 14.8 A, (Z i J)

e A ne

Am = Mm/mp, am = Zm €
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3. ICRF Feature: Collisional Electron Heating \ W

@ The critical (crossover) energy, 35
FE¢t, above which the slowing — D)
down of energetic particles is 30 — D(He)
mainly on electrons depend on — D-T(He)
the plasma composition 25
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@ This threshold is lower when the
minority is H.
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3. ICRF Feature: Collisional Electron Heating

@ The critical (crossover) energy, 35
FE¢t, above which the slowing — D(H)
down of energetic particles is 30 — D(He)
mainly on electrons depend on — D-T(He)
the plasma composition 25
e
320
2 o\ 2/3 L}
Bert 1454, (Z Zi ﬂ) =
e 7 A ne 15
Apm = My /mp,  @m = Zme /
10
. . 5
@ This threshold is lower when the 0 20 47? [0/6]0 80 100
minority is H. o
Consequence:

Even when most of the ICRF power is directly absorbed by ions,

@ a significant fraction of the total absorbed ICRF power is collisionally
transferred to electrons (higher in the case of H than of 3He minority).
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ICRF Modeling: Physics Workflow
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Outline

@ !lon-Cyclotron Radio-Frequency (ICRF) heating
@ Modeling wave propagation & absorption
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TORIC in Brief | 55k W

TORIC Solves the Wave Equation in Axisymmetric Plasmas

VxVxE=>= (E + 47TZ(ZI:RF +jant)> & b.c.

w

(Brambilla, PPCF 1999)
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TORIC Solves the Wave Equation in Axisymmetric Plasmas

0 o o W Ami o~ _
VXVXE:—<E+ﬂ(jRF+jant)) & b.c.
w

(Brambilla, PPCF 1999)

@ Minority, mode-conversion (lon Bernstein (IBW) and lon Cyclotron
waves (ICW)), high-harmonics, and 3-ion heating schemes.
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TORIC Solves the Wave Equation in Axisymmetric Plasmas

0 o o W Ami o~ _
VXVXE:—<E+ﬂ(jRF+jam)) & b.c.
w

(Brambilla, PPCF 1999)

@ Minority, mode-conversion (lon Bernstein (IBW) and lon Cyclotron
waves (ICW)), high-harmonics, and 3-ion heating schemes.

@ Landau, TTMP, and mixed term for the electron damping.
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TORIC Solves the Wave Equation in Axisymmetric Plasmas

§X6XE:—<E+4wi(jRF+jant)) & b.c.

w

(Brambilla, PPCF 1999)

@ Minority, mode-conversion (lon Bernstein (IBW) and lon Cyclotron
waves (ICW)), high-harmonics, and 3-ion heating schemes.
@ Landau, TTMP, and mixed term for the electron damping.

@ Profiles of the driven current. (Enst, NF 1991; Bilato, NF 2002)
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TORIC Solves the Wave Equation in Axisymmetric Plasmas

L. L 4w -
VXVXE:—<E+%(jRF+jam)) & b.c.

(Brambilla, PPCF 1999)
@ Minority, mode-conversion (lon Bernstein (IBW) and lon Cyclotron
waves (ICW)), high-harmonics, and 3-ion heating schemes.
@ Landau, TTMP, and mixed term for the electron damping.
@ Profiles of the driven current. (Enst, NF 1991; Bilato, NF 2002)

@ Profiles of the direct toroidal torque. (8ilato, NF 2017b)
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TORIC Solves the Wave Equation in Axisymmetric Plasmas

§X6XE:—<E+4wi(jRF+jant)) & b.c.

w

(Brambilla, PPCF 1999)
@ Minority, mode-conversion (lon Bernstein (IBW) and lon Cyclotron
waves (ICW)), high-harmonics, and 3-ion heating schemes.
Landau, TTMP, and mixed term for the electron damping.
Profiles of the driven current. (Enst, NF 1991; Bilato, NF 2002)
Profiles of the direct toroidal torque. (Bilato, NF 2017b)
Module for fusion alpha particles in DT plasmas (ITER and DEMO).

(Bilato, JoP 2014; Brambilla, NF 2015)
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TORIC in Brief

(E 4F %(JRF +jant) ) & b.c.

(Brambilla, PPCF 1999)
@ Minority, mode-conversion (lon Bernstein (IBW) and lon Cyclotron
waves (ICW)), high-harmonics, and 3-ion heating schemes.
Landau, TTMP, and mixed term for the electron damping.
Profiles of the driven current. (Enst, NF 1991; Bilato, NF 2002)
Profiles of the direct toroidal torque. (Bilato, NF 2017b)
Module for fusion alpha particles in DT plasmas (ITER and DEMO).

(Bilato, JoP 2014; Brambilla, NF 2015)

@ Antenna model for realistic spectrum of the antenna currents —-
estimate of the coupling resistance (scan in n,,).
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SSFPQL: 2d Solver for the Steady-State Solution

OF;
( 5 ) = Orpr(F;) + Ceon(F;) + Snpr + L, ... =0
QL

(Brambilla, NF 1994)
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SSFPQL in Brief c W

SSFPQL: 2d Solver for the Steady-State Solution

OF;
( 5 ) = Orpr(F;) + Ceon(F;) + Snpr + L, ... =0
QL

(Brambilla, NF 1994)

@ Solved for all the ions with either Qrp(F;) # 0 or/and Sxpr # 0.
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SSFPQL in Brief c W

SSFPQL: 2d Solver for the Steady-State Solution

OF;
( 5 > = Orpr(F;) + Ceon(F;) + Snpr + L, ... =0
QL

(Brambilla, NF 1994)

@ Solved for all the ions with either Orp(F;) # 0 or/and Sxp1 # 0.

@ Qg includes fundamental and harmonics absorption.
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SSFPQL: 2d Solver for the Steady-State Solution

OF;
( 5 > = Orpr(F;) + Ceon(F;) + Snpr + L, ... =0
QL

(Brambilla, NF 1994)
@ Solved for all the ions with either Orp(F;) # 0 or/and Sxp1 # 0.
@ Qg includes fundamental and harmonics absorption.

@ NBI source described with SINBAD code for ICRF-NBI synergies.

(Feng, CPC 1995; Bilato, NF 2011)
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SSFPQL: 2d Solver for the Steady-State Solution

OF;
( 5 ) = Orpr(F;) + Ceon(F;) + Snpr + L, ... =0
QL

(Brambilla, NF 1994)

@ Solved for all the ions with either Orp(F;) # 0 or/and Sxp1 # 0.
@ Qg includes fundamental and harmonics absorption.
@ NBI source described with SINBAD code for ICRF-NBI synergies.

(Feng, CPC 1995; Bilato, NF 2011)

@ Upgraded by accounting for toroidal effects, e.g. trapping and
finite-orbit-width (FOW) effects, particularly relevant for energetic
particles (solver for guiding center trajectories).

(Bilato, JoP 2012, AIP Conf. Proc. 2014; Belmondo, JoP 2010; A. Kappatou this conference)
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SSFPQL in Brief !

SSFPQL: 2d Solver for the Steady-State Solution

ot

OF;
( ) i= Orr (Fi) + Coon(F3) + Snpr + Ly ... =0
QL

(Brambilla, NF 1994)

@ Solved for all the ions with either Orp(F;) # 0 or/and Sxp1 # 0.
@ Ogr includes fundamental and harmonics absorption.
@ NBI source described with SINBAD code for ICRF-NBI synergies.

(Feng, CPC 1995; Bilato, NF 2011)

@ Upgraded by accounting for toroidal effects, e.g. trapping and
finite-orbit-width (FOW) effects, particularly relevant for energetic
particles (solver for guiding center trajectories).

(Bilato, JoP 2012, AIP Conf. Proc. 2014; Belmondo, JoP 2010; A. Kappatou this conference)

@ Synthetic diagnostics for the neutron rate from fusion reactions, D+D
but also with Be, crucial for ITER in the non-activated phase.
(Bilato, NF 2011; Polevoi, IAEA 2019)
R. Bilato et al. — EFTC, Ghent 8.10.2019 10



Coupling TORIC & SSFPQL v W

yes

———-only once

AP = max; (f |Pic — qu\dv>

(Brambilla, NF 2009, CPC 2013; Bilato, NF 2011)
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Coupling TORIC & SSFPQL v W

@ Initial Step: Maxwellians with
the input temperatures.

———-only once

AP = max; (f |Pic — qu\dv>

(Brambilla, NF 2009, CPC 2013; Bilato, NF 2011)
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Coupling TORIC & SSFPQL v W

@ @ Initial Step: Maxwellians with
the input temperatures.

L @ SSFPQL uses Pj°(p) for the
: {fi}s

quasilinear operator.

———-only once

AP = max; (f |Pic — qu\dv>

(Brambilla, NF 2009, CPC 2013; Bilato, NF 2011)
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Coupling TORIC & SSFPQL

@ @ Initial Step: Maxwellians with
the input temperatures.

[Antenna} ™t |
! ' @ SSFPQL uses P;°(p) for the
{fi}s

quasilinear operator.

(P}, /< fma @ The numerical {f;}, is used in
TORIC for the coefficients of
the wave equation.

|
I
1
|
SINBAD :
———-only once

AP = max; ( [P — qu\dv>

(Brambilla, NF 2009, CPC 2013; Bilato, NF 2011)
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Coupling TORIC & SSFPQL

Initial Step: Maxwellians with
the input temperatures.

SSFPQL uses Pj(p) for the
quasilinear operator.

The numerical {f;}; is used in
TORIC for the coefficients of
the wave equation.

The loop controller is the
difference between the absorbed
powers calculated by the two

———— only once codes: « is decided by the user.

AP = max; ( [P — qu\dv>

(Brambilla, NF 2009, CPC 2013; Bilato, NF 2011)
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Coupling TORIC & SSFPQL =

@ Initial Step: Maxwellians with
the input temperatures.

SSFPQL uses Pj(p) for the
quasilinear operator.

The numerical {f;}; is used in
TORIC for the coefficients of
the wave equation.

i The loop controller is the

I difference between the absorbed
SINBAD I
I powers calculated by the two
————  onlyonce codes: « is decided by the user.

@ Antenna module gives the
weight of each toroidal
(Brambilla, NF 2009, CPC 2013; Bilato, NF 2011) COmpOnent 'I’L(p.

AP = max; (j |Pie — qu\dv>
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TORIC-SSFPQL Loop: an Example \b W

(5% of H in D plasma and Pjo ¢ = 4 MW)

Without NBI With D-NBI

RF absorbed power (TORIC)
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TORIC-SSFPQL Loop: an Example \b W

(5% of H in D plasma and Pjo ¢ = 4 MW)

Without NBI With D-NBI

RF absorbed power (TORIC) RF absorbed power (TORIC)

6 L — eectrons 6 e — eectrons
Q . — lon @=14-2) N . — lon @=14-2)
. — lon (z=12=1) K . — lon (z=14=1)
5 s 5 — st 5 s % — bst
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TORIC-SSFPQL Loop: an Example (= W

(5% of H in D plasma and Pjo ¢ = 4 MW)

Without NBI With D-NBI

RF absorbed power (TORIC)

RF absorbed power (TORIC)

@ ICRF-induced deviations of the dist. fun. from the Maxwellian modify
both the radial profile and the amplitude of the ICRF absorbed power.

@ NBI species resonating with the waves can substantially modify the
distribution function and thus the ICRF absorption pattern.
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9 Impact of ICRF heating on the radial high-Z impurity transport
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High-Z Impurity Accumulation \ fsse W

@ High-Z impurity accumulation in the plasma core can

e increase the radiative losses =—> thermal-quench;
o dilute the fusion fuel = downgrade the reactor performances.
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@ High-Z impurity accumulation in the plasma core can

e increase the radiative losses =—> thermal-quench;
o dilute the fusion fuel = downgrade the reactor performances.

@ High-Z impurity accumulation results from the complex interplay
between neoclassical (NC) and turbulent transport.
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High-Z Impurity Accumulation

@ High-Z impurity accumulation in the plasma core can

e increase the radiative losses =—> thermal-quench;
o dilute the fusion fuel = downgrade the reactor performances.

@ High-Z impurity accumulation results from the complex interplay
between neoclassical (NC) and turbulent transport.

ICRF heating can influence the high-Z impurity accumulation

@ by acting on the neoclassical contribution;
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@ High-Z impurity accumulation in the plasma core can

e increase the radiative losses =—> thermal-quench;
o dilute the fusion fuel = downgrade the reactor performances.

@ High-Z impurity accumulation results from the complex interplay
between neoclassical (NC) and turbulent transport.

ICRF heating can influence the high-Z impurity accumulation
@ by acting on the neoclassical contribution;

@ by influencing turbulence which counteracts the inward NC convection.

R. Bilato et al. — EFTC, Ghent 8.10.2019 14
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Neoclassical Pfirsch-Schliiter Flux e W

In the limit of large aspect ratio, ¢ < 1, B =~ By(1 — ecos®) + O(?);

Radial Pfirsch-Schliiter flux (high collisionality)

@ Toroidicity: the diamagnetic component of the particle flux is not
divergence free => a parallel return flux for the continuity equation.
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Neoclassical Pfirsch-Schliiter Flux

In the limit of large aspect ratio, ¢ < 1, B =~ By(1 — ecos®) + O(?);

Radial Pfirsch-Schliiter flux (high collisionality)

@ Toroidicity: the diamagnetic component of the particle flux is not
divergence free => a parallel return flux for the continuity equation.

@ Collisionality (o< Z?): The collisional friction on this parallel flux causes
the radial Pfirsch-Schliiter (PS) flux: it varies on the magnetic surface,
inward on the inboard side, and outward on the outboard side.
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In the limit of large aspect ratio, ¢ < 1, B =~ By(1 — ecos®) + O(?);

Radial Pfirsch-Schliiter flux (high collisionality)

@ Toroidicity: the diamagnetic component of the particle flux is not
divergence free => a parallel return flux for the continuity equation.

@ Collisionality (o< Z?): The collisional friction on this parallel flux causes
the radial Pfirsch-Schliiter (PS) flux: it varies on the magnetic surface,
inward on the inboard side, and outward on the outboard side.

o Locally on a magnetic surface the PS flux is relatively large,
O(q% /), with g the safety factor.
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Neoclassical Pfirsch-Schliiter Flux

In the limit of large aspect ratio, ¢ < 1, B =~ By(1 — ecos®) + O(?);

Radial Pfirsch-Schliiter flux (high collisionality)

@ Toroidicity: the diamagnetic component of the particle flux is not
divergence free => a parallel return flux for the continuity equation.

@ Collisionality (o< Z?): The collisional friction on this parallel flux causes
the radial Pfirsch-Schliiter (PS) flux: it varies on the magnetic surface,
inward on the inboard side, and outward on the outboard side.

e Locally on a magnetic surface the PS flux is relatively large,
O(q% /), with g the safety factor.

e However, the surface-averaged PS flux is e=smaller than the local
value, O(g%) (because of large compensations!!!).
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A

In the limit of large aspect ratio, ¢ < 1, B =~ By(1 — ecos®) + O(?);

Radial Pfirsch-Schliiter flux (high collisionality)

@ Toroidicity: the diamagnetic component of the particle flux is not
divergence free => a parallel return flux for the continuity equation.

@ Collisionality (o< Z?): The collisional friction on this parallel flux causes
the radial Pfirsch-Schliiter (PS) flux: it varies on the magnetic surface,
inward on the inboard side, and outward on the outboard side.

e Locally on a magnetic surface the PS flux is relatively large,
O(q% /), with g the safety factor.

e However, the surface-averaged PS flux is e=smaller than the local
value, O(¢%) (because of large compensations!!!).

@ Ambipolarity (momentum conservation&quasineutrality):
Tz ~ —T';/Z, the main-ion PS flux is balanced by the high-Z radial flux.

(Helander&Sigmar 2002)

R. Bilato et al. — EFTC, Ghent 8.10.2019 15



Neoclassical PS Flux of High-Z Impurities \ W

High-Z PS flux

R (I -Vr
M ~ Dps; Z
(nz)

dInp; _ Ty dlnpy _§dlnTi
2 dr

dr ZT; dr
R i
=Dpsi— Z| — 1+ —
PS, L. ( + 2)

with: Dps = ¢% vei{p; ')~! PS diffusion coefficient of main ions;
L= —A‘ldA/dr, and L4 > 0 when A peaked in the core;
(I'%° - Vr) > 0 when the flux points outwards;
(---) surface average;

~ DPS,i Z

terms o< R/ L, are known as temperature screening contribution.
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Neoclassical PS Flux of High-Z Impurities

High-Z PS flux

neo |
RO r) poy
(nz)

dIn p; _ T; dlnpy _§dlnTi
2 dr

dr ZT; dr
R i
=Dpsi— Z| — 1+ —
PS, L. ( + 2)

with: Dps = ¢% vei{p; ')~! PS diffusion coefficient of main ions;
La= fA’ldA/dr, and L4 > 0 when A peaked in the core;
(I'%° - Vr) > 0 when the flux points outwards;
(---) surface average;

R 1 R
S

~D i 7 —
= B, | 3

terms o< R/ L, are known as temperature screening contribution.

Null-condition for the PS flux (I')*° - Vr) =0

The PS flux is zero when n; = L,,, /Ly, = 2:
—> temperature more peaked than density.
R. Bilato et al. — EFTC, Ghent 8.10.2019
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PS Flux in a Poloidally Inhomogeneous Density \@55% W

Collisionality depends on the local density: which is the influence of poloidally
inhomogeneous nz on the PS flux (due to the large compensations)? J
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PS Flux in a Poloidally Inhomogeneous Density \ G W

Collisionality depends on the local density: which is the influence of poloidally
inhomogeneous nz on the PS flux (due to the large compensations)? J

Poloidal asymmetry model: n, = 1 + § cos(¢) & main ions in banana regime.

High-Z PS flux in a poloidally inhomogeneous density
neo | 2 ) 2 )
R(Ty° - V) 7 { [1+§+15—] <_1+&)_[é+15_] fe ?7_}

(nz) Dpsi(R/Lny, 4 €2 2 e 2¢2

with f. &= 1 — 1.46+/€ the fraction of circulating ions (0.18 < f. < 1).
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PS Flux in a Poloidally Inhomogeneous Density \ G W

Collisionality depends on the local density: which is the influence of poloidally
inhomogeneous nz on the PS flux (due to the large compensations)? J

Poloidal asymmetry model: n, = 1 + § cos(¢) & main ions in banana regime.

High-Z PS flux in a poloidally inhomogeneous density

R (T¢° - Vr) N 5 162 M 5 182 foom
5 )Nz{[1+€+—](—1+—)—[+—]§5}

(nz) Dpsi(R/Lp, 4 ¢ € 2¢?

with f. &= 1 — 1.46+/€ the fraction of circulating ions (0.18 < f. < 1).

Rotating plasmas /¢ > 1

Centrifugal forces are particularly strong for high-Z impurities (high masses)
= d/e>1 (0/e= A, M, < 6 for W in ASDEX-Upgrade (AUG), M, ,,
proton Mach number).

(Angioni, PPCF 2014)
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Null-Point of PS Flux | e W

High-Z PS flux in a poloidally inhomogeneous density

e 5 14° i\ _[6 18] fe ms
<njgfs,i<1§/2m>”{[” +ye] ()[4 ]_n_}

R. Bilato et al. — EFTC, Ghent 8.10.2019 18



Null-Point of PS Flux

e — T )zz{[1+5+462]< 1+m)_[§+152] Qﬁ}

(nz) Dpsi(R/Ly,

Minimum 7, =L, /L, for the outward pinch
outward: (I'y* -Vr) >0

3.0

25
pYY) S S S —
215
s inward: (I'y* .Vr) <0
1.0 |
— =01
0.5 — =02|{
— ¢=0.3 5
00576 1 2 3 4 5 6

d/e
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. [ sshex
Null-Point of PS Flux (& W

High-Z PS flux in a poloidally inhomogeneous density
neo | 2 ) 2 )
R(C¥° - Vr) -z { [1+f_65+15_] <_1+&)_[§+15 ] fe &}

(nz) Dpsi(R/Ln, 4 ¢2 € 2e

Minimum 7, =L, /L, for the outward pinch
outward: (I'y* -Vr) >0

3.0

@ Out-In (6 > 0) = increases 7);|min:
Collisionality of main ions with

2.0 T high-Z impurity larger on the

outboard = outwards main-ion

2.5

15
= inward: (I'y° -Vr) <0 diffusion compensated by an inward
1.0 high-Z diffusion.
— ¢=0.1
0.5 — ¢=0.2 X
— ¢=0.3 5
00576 1 2 3 4 5 6

d/e
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Null-Point of PS Flux \ W

High-Z PS flux in a poloidally inhomogeneous density
neo | 2 ) 2 )
R(C¥° - Vr) -z { [1+f_65+15_] <_1+&)_[§+15 ] fe &}

(nz) Dpsi(R/Ln, 4 ¢2 € 2e

Minimum 7, =L, /L, for the outward pinch
outward: (I'y* -Vr) >0

3.0

@ Out-In (6 > 0) = increases 7);|min:
Collisionality of main ions with

2.0 T high-Z impurity larger on the

outboard = outwards main-ion

2.5

E1s
= inward: (I'y° -Vr) <0 diffusion compensated by an inward
1.0 high-Z diffusion.
— ¢=0.1
0.5 - Fg-i . @ In-Out (§ < 0) = reduces 7;|min-
0.0 1] (viceversa of Out-In)
9 =10 1 2 3 4 5 &

d/e
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Null-Point of PS Flux

™
[ AsDE

SDEX
\ Upoace

High-Z PS flux in a poloidally inhomogeneous density

R{Iy° -V o
(L7°- V) )zZ{[l—i-z-l-

(nz) Dpsi(R/Ly,

1 62 i 5 167 Je W
ze—z] (-1+3)- [z * 5:2] 32

3.0 Minimum 7, =L, /L, for the outward pinch

outward: (I'y* -Vr) >0
2.5 :

P e i B e S

—£1.5
= inward: (I'y* .Vr) <0
1.0
— ¢=0.1
0.5 — ¢=0.2
— =03
0.0

=2 -1 0 1 2 3 4 5
d/e

@ Out-In (6 > 0) = increases 7);|min:
Collisionality of main ions with
high-Z impurity larger on the
outboard = outwards main-ion
diffusion compensated by an inward
high-Z diffusion.

. @ In-Out (6 < 0) = reduces 1;|min-
i

(viceversa of Out-In)

Z accumulation in the plasma core.

In-Out (6 < 0) asymmetry of n, is preferable to avoidJ

R. Bilato et al. — EFTC, Ghent 8.10.2019
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9 Impact of ICRF heating on the radial high-Z impurity transport
@ Neoclassical: T; gradient and poloidal density asymmetries

R. Bilato et al. — EFTC, Ghent 8.10.2019 19



How ICRF Heating Can Impact the NC Trans-
port

° : The ICRF-heated ions contribute to the temperature screening,
n=n; + Vie Mic
where v;. = nj./n. < 1 is the concentration of the ICRF heated ions.

° : ICRF heating increases the fraction of trapped ion of the

resonating species = outboard accumulation of resonating ions =
parallel pressure balance imposes a poloidal electric field pushing ions
towards the HFS =- effective on high-Z impurities.

(Reinke, PPCF 2012; Casson, PPCF 2015)
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How ICRF Heating Can Impact the NC Trans-
port

° : ICRF heating increases the fraction of trapped ion of the
resonating species = outboard accumulation of resonating ions =

parallel pressure balance imposes a poloidal electric field pushing ions
towards the HFS =- effective on high-Z impurities.

(Reinke, PPCF 2012; Casson, PPCF 2015)
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ICRF-Induced In-Out Asymmetry \@‘SJW‘ W

Impurity Density Variation due to ICRF and Plasma Rotation

Zi T, ic — N
ln< 1z )z—ZZ cle e T TMelFS | (CRF)

Ti + ZeffTe e

V2 2
27y [1 — G Te } (1 — R;%?) ... (Centrifugal)
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ICRF-Induced In-Out Asymmetry \ W

Impurity Density Variation due to ICRF and Plasma Rotation

ny ZicTe  Mic — Nic,LFS
In|{——— | ~—Z : ... (ICRF
. ( ) ’ Tz + ZeffTe Ne + ( )

V2 2
27y [1 — G Te } (1 — RLFS) ... (Centrifugal)

Z'mz T; + ZegTe R?

Q4 position (,,=0.1) Ty =2.0

14

13
= 12
S 11
~
<10
= 0.9
=08
0.7t
15 =80 16
e 1.4
S Ty = —— at the Q.5 resonance.
~ 1.1 T
G I
N 1.0
< 0.9
0.8 . .
0.7 0.4 (Bilato, NF 2014, NF 2017a)
T 3m/4 w/2 w/d 0 T 3n/4 w2 w4 0

A 9
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- [ Aé})EX
Dependence on the Plasma Rotation EU?W““‘* W

The ICRF in-out asymmetry has a noticeable effect if the toroidal plasma
velocity, Vi, is not too large,

Nic ZZ ZgzN\—1 km km
V, < 310 (1 . —) :
v < \/ne Az Az s

Nic ZZ ZZ -
M =
\/ne AZ Az)
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Dependence on the Plasma Rotation

—
[l AsbEx
\ Usarade

The ICRF in-out asymmetry has a noticeable effect if the toroidal plasma
velocity, Vi, is not too large,

Nic ZZ
V., < 310 (1 _
I8 < \/ne AZ

%)*1 ‘ km

M, \/ L ZZ 2)‘
Ne AZ AZ
1.0 —
i
08 out-in ‘ A
0.6 w
0.4 & oo Q' “FS@LFS @ barely satisfied in NBl-heated

(w1 1w ) / (w155 70w 1)
o
N

« & g medium-size plasmas;
o.0kae2%’ & . e .
' L @ more easily satisfied in fusion
-0.2 ’,A:‘/ reactor plasmas.
—0.4 ___‘ A in-out
Tk

OCFOO 0.05 0.10 0.15 0.20 0.25 0.30 0.35 040

1op

R. Bilato et al. — EFTC, Ghent 8.10.2019

(Bilato, NF 2014, NF 2017a)
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Example: ASDEX-Upgrade #3081204.6

Only NBI

NBI+ICRF
#30812, t=4.55, SXR emissivity [KWm?)

#30B12, t=4 65, SXR emissivity [KWm™]

a
14 15 16 17 18 1% 20 14 15 16 17 18 19 20
R m] Rim]

R. Bilato et al. — EFTC, Ghent 8.10.2019
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Example: ASDEX-Upgrade #30812@4.6 \ W

Only NBI NBI+ICRF

#30812, t=4.65. SXR emissivity [KWm™]

#30B12, t=4 65 SXR emissivity [kWm?]

T
-0.1
-0.2
14 15 L6 17 18 18 20 14 15 L6 17 1.8 L9
R [m] A [m]
AUG30812@4.6

TORIC-SSFPQL |

The simulated poloidal density
of the ICRF-heated species is
such to counteract the centrifu-
gal force acting on the high-Z
f impurities to avoid high-Z ac-
— CrHcRFlf cumulation in the core.

0606 01 02 03 04 05 06 07 08 09
Ppol

(Odstrcil, PPCF 2018)
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9 Impact of ICRF heating on the radial high-Z impurity transport

@ Turbulence: affecting the electron to ion heat flux ratio

R. Bilato et al. — EFTC, Ghent 8.10.2019 25



Separate Resonances in the Particle and Heat @’SJDEX‘ W
Fluxes: Quasilinear Model ¥

Roughly (e.g. vk is neglected)
High-Z Impurity Diffusivity
DR o e [
el b e
2 (@ +rzkyBz) +42

Main-lon Heat Conductivity
turb 2 . - .
Xik X / ( Al EAII (El — g) e_Ei \/ El dEZ

2 ~ 2
PsWDk Wi + Ti/CyEz> aF ’3/,%

with: 7, = 7, /(Z,1.); Ey = E/T,;
wpk = kyps(cs/R) the fluid perpendicular drift frequency (T = T.);
Ky = —[cos + (s — asin §) sin 6] the bi-normal curvature (s—a);
Ak = Yk /wpk and Wk = wg/wpk: mode— growth rate and frequency.
(Angioni, PoP 2015)
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Low—Frequency Modes Impact More the High- ‘@EEX' W
Z Impurity Transport Than the Heat Flux

A

4.5
- Llu‘b’ Z=1
4.0b Xik
— D*Z“Ll»’ Z=1
3'57 urb -
— DH,Z=2 K .\
’ .
3.0 == D, 7=16 : s
.
5250 Dy, Z=64 '
BL2.0
1.5¢
1.0f
0.5 s
................ g
091.0 -0.5 0.0 0.5 1.0
a}k
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Low—Frequency Modes Impact More the High- ‘ﬁ‘ Ao, W
Z Impurity Transport Than the Heat Flux ¥

A

4.5
-m L\u’b,z=1
4.0 Xﬁ.‘k\ o
— Db 7=
3.5 Dfutb 729 s @ The dependence on 7z of the
= Dz . £5 e . . .
30H — pum 7o16 S drift frequency in the Lorentzian
' o 2o ] b hifts the DD maxi t
—2.5¢ Dy, 7=64 s shifts the D7}~ maximum to
3 Wi =~ 0 with increasing Z.
BL2.0
1.5f
1.0}
0.5
................
0'—01.0 -0.5 0.0 0.5 1.0
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Low—Frequency Modes Impact More the High- ‘ﬁ; Ao W
Z Impurity Transport Than the Heat Flux Y

A

4.5
ol 7z
: —_— D, 7=1
3.5 Dfutb 729 s @ The dependence on 7z of the
= Dz . £5 e . . .
3.0l — pu 7o16 O drift frequency in the Lorentzian
ak ' % : turb :
b shifts the D maximum to
—2.5¢ Dz . Z.,k .
2 Wi ~ 0 with increasing Z.
520
sl @ The @y—shift between D!{*> and
Lol Xi,k Maxima is also consequence
os . of the energy dependence of
T — ¢ curvature and VB.
007 ~05 0.0 05 1.0
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Low—Frequency Modes Impact More the High- ‘w’t tsoe, W
Z Impurity Transport Than the Heat Flux Y

A

45
ol 77 iz
: —_— D, 7=1
35 s 7 P @ The dependence on 77 of the
- 7k 1 £ A . . .
3.0/ — puv 716 S drift frequency in the Lorentzian
Zk 1 ' ., . turb .
e, shifts the D maximum to
—2.5¢ Dz . ij .
e Wi =~ 0 with increasing Z.
S0
sl @ The @y—shift between D!{*> and
Lol Xi,k Maxima is also consequence
of the energy dependence of
05 :
l— . .. ¢ curvature and VB.
0075 ~05 0.0 05 Lo

This &,—separation of the modes resonating in DY and
in x;,1 makes turbulence to counteract neoclassical inward
convection without significantly impacting the main-ion

heat flux, and thus the energy confinement performances.

(Angioni, NF 2017b)
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Selectively Exciting Low-Frequency Modes:

Experiments and Theory Insight — Design

Experimental observations

@ Core RF (both EC and IC) heating
helps in avoiding W core accumulation.

R. Bilato et al. — EFTC, Ghent 8.10.2019
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Selectively Exciting Low-Frequency Modes: ‘ psho W
Experiments and Theory Insight — Design Y

Experimental observations

@ Core RF (both EC and IC) heating
helps in avoiding W core accumulation.

I

Modeling for design&analysis

To address whether the physical mechanism
behind EC and IC is the same, it is
fundamental to have RF simulation tools to

@ Design the discharges to have similar
power deposition profiles of EC and IC;
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Selectively Exciting Low-Frequency Modes: ‘(\ Ao W
Experiments and Theory Insight — Design Y

A

Experimental observations

@ Core RF (both EC and IC) heating
helps in avoiding W core accumulation.

I

Modeling for design&analysis

To address whether the physical mechanism
behind EC and IC is the same, it is
fundamental to have RF simulation tools to

@ Design the discharges to have similar
power deposition profiles of EC and IC;

@ Quantify Q./Q; for further modeling.

y

R. Bilato et al. — EFTC, Ghent 8.10.2019

Design of ASDEX-Upgrade experiments with
comparable EC and IC heating profiles:

TORBEAM code for EC and TORIC-SSFPQL for
IC. PNBI &= 7.5 MW.

o 1 g
< '~ _ [- = -ECRHIoc
o " | —— ECRH broad
[
g ——ICRH
208 ,' —-—NBI
E ! z
2 ron (a)
0
I
2 /
w I
g /
T 05 | _ 4
€ ! —
zZ A (b)
0 01 02 03 04 05
=6 .=
= -
g4 -
g =
E:2 Py gt
£ e ©

(Angioni, NF 2017a)
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Selectively Exciting Low-Frequency Modes:
Experiments and Theory Insight — Results

T

(| AsDEx
wgmde
A

1[)

22 A ECH loc

3 ¢ ®  ECH broad

@ ¢ ICRH . .
< %).. O ICRHEL Heat @ To achieve the same W reduction, more
= .

£ Al ICRF is necessary than ECRF power.
o

2 o ¢

i R

e ‘Oﬁ ¢

= 0 (> ’

£ 10 =l i

= re 4

o

0 1 2 3 4
RF Power [MW]

s - A ECHloc
< . B ECH broad
g 10 ¢ ICRH
© LA
= Q%
s A
R
S | oy
o :

£ LA

o o2 04 06 08
atr/a=0.25
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Selectively Exciting Low-Frequency Modes: ‘w’t e, W
Experiments and Theory Insight — Results ¥

A

10'
& l» A ECH loc
& ¢ B ECH broad
< %)’.. $ o tesn @ To achieve the same W reduction, more
f :. ICRF is necessary than ECRF power.
2 o ¢
< " @ However, when the ICRF power
- O% * " absorbed by electrons (calculated with
RS T . - ) :
z ey ¥ ¢ TORIC-SSFPQL) is considered, the
(6] . . . .
W-accumulation dependence is similar to
S SV A ECRF (blue-open diamonds vs red
diamonds and squares).
s - A ECHloc
< . B ECH broad
S 10 ¢ ICRH
K LA
EREA "
S 10° ' q
= a

0 02 04 06 08
Q /Q tat r/fa=0.25
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Selectively Exciting Low-Frequency Modes:
Experiments and Theory Insight — Results

"
(- psoex

\ Upgrade

\&”

A

22 " l» A ECHloc

3 ¢ B ECH broad

Y %)’.. <’> :82: El. Heat @ To achieve the same W reduction, more

f :. ICRF is necessary than ECRF power.

2 o ¢

< oLE @ However, when the ICRF power

I O% * " absorbed by electrons (calculated with

JEIPPCH P Y S ) :

= ey ¥ ¢ TORIC-SSFPQL) is considered, the

(6] . . . .
W-accumulation dependence is similar to

LORL S T ECRF (blue-open diamonds vs red

diamonds and squares).

s - A ECHloc

S o o oaen @ The no-accumulation state is achieved

n

K \? when Q./Q; ~ 1.

= o‘i _

g oy

S 10° . q

= a

0 02 04 06 08
Q /Q tat r/fa=0.25
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Selectively Exciting Low-Frequency Modes: ‘Vt e, W
Experiments and Theory Insight — Results ¥

A

10'

& l» A ECHloc

& ¢ ®  ECH broad

& %;,. <’> |G EL Hoat @ To achieve the same W reduction, more

f :. ICRF is necessary than ECRF power.

2 o ¢

< oLE @ However, when the ICRF power

I O% * " absorbed by electrons (calculated with

= 10 fRiEE= T bele A e . .

z ey ¥ ¢ TORIC-SSFPQL) is considered, the

(6] . . . .
W-accumulation dependence is similar to

LORL S T ECRF (blue-open diamonds vs red

diamonds and squares).

s - A ECHloc

S o o o @ The no-accumulation state is achieved

n

s :% when Q./Q; ~ 1.

= _

= ’al : @ At the same Q./Q;, ICRF heating is

S 4 q more effective, since it acts against the

é high-Z accumulation also by decreasing

& DA d/e and increasing n); in the NC transp.

0 02 04 06 08
. Q IQd_‘at r/fa=0.25
R. Bilato et al. — EFFC, GRént 8.10.2019 (Anoioi NE 5017472



Selectively Exciting Low-Frequency Modes: [ esoe W
Experiments and Theory Insight — Modeling Y

Gyrokinetic simulations with GKW code show that both W diffusion and W
convection due to turbulence increase when Q./Q; ~ 1.

10’ -
: ) 5 - A ECHloc
: : 3 , M  ECH broad
AT S 10 ¢ ICRH
31; 10° A . o, ':; :
S
: A Dylxg | iy S 10° ‘ q
:‘ + DWﬂ'xeﬂ’ "- o
; L Dwfxl ;’; : A
10
1 0 1
10 S ia 10 0 02 04 06 08
e i QE/QTOtat r/a=0.25

Eigenvalues solver of GKW code shows that in the region Q./Q; ~ 1
@ Turbulent W—diffusion is dominated by dominant ITG modes;
@ Turbulent W—convection is dominated by sub-dominant TEM modes

(Angioni, PoP 2015, NF 2017a, NF 2017b)
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Outline @E% W

© Effects of ICRF-accelerated fast ions on turbulence
@ ITG stabilization and 7T; steepening in AUG discharge
@ Application to ITER

R. Bilato et al. — EFTC, Ghent 8.10.2019 31



[ e
Fast-lon Effects on Plasma Turbulence e W

Stabilizing — Fast ions

Electrostatic:

@ Dilute the thermal ITG drive;
@ Resonate with ITG.

Electromagnetic :

@ Geometrically stabilize via Shafranov shift;
@ Mediate nonlinear energy transferred to
high-frequency modes.

Destabilizing — Fast ions

Electromagnetic :

@ drive instabilities through their pressure
and its derivative.

(Di Siena, IAEA 2019)
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Fast-lon Effects on Plasma Turbulence

—
| ASDEX
Upgr;\de

Stabilizing

Electrostatic:

R. Bilato et al. — EFTC, Ghent 8.10.2019

@ Resonate with ITG.

(Di Siena, IAEA 2019)
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Electrostatic Stabilization of ITG by Fast-lons: @gg&x, W
Quasilinear Model Y

Approximating the distribution function with a Maxwellian (ny, T')

Contribution of a minority species to the growth rate

. h 3 . a
Ap X g Ty / ’YkA 5 |:1+7y (Ef—E)] e Er E;/z dE;
(& + s Br) + 42

with: ng = L /Ly, Ep = E/Tp; 74 = Tg [(Z§Te); @k = @i /wDki Ak,f = Yk, /@D
wpk = kyps(cs/R) ; Ky = —[cos 0 + (s0 — asin 6) sin 0].
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Electrostatic Stabilization of ITG by Fast-lons: f’@gggﬁe W
Quasilinear Model Y

Approximating the distribution function with a Maxwellian (ny, T')

Contribution of a minority species to the growth rate

. h 3 . a
ﬁfocnfo/ 2L 7 |:1+7y (Ef—E)] e_EfE;/2 dE;
( ) +42

WE + TnyEf

with: ng = L /Ly, Ep = E/Tp; 74 = Tg [(Z§Te); @k = @i /wDki Ak,f = Yk, /@D
wpk = kyps(cs/R) ; Ky = —[cos 0 + (s0 — asin 6) sin 0].

@ “Fast ions” = 7; > 1 (Note: before 77 < 1 due to Z > 1!).
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Electrostatic Stabilization of ITG by Fast-lons: f’@gggﬁe W
Quasilinear Model Y

Approximating the distribution function with a Maxwellian (ny, T')

Contribution of a minority species to the growth rate

. h 3 . a
ﬁfocnfo/ 2L 7 |:1+7y (Ef—E)] e_EfE;/2 dE;
( ) +42

WE + TnyEf

with: ng = L /Ly, Ep = E/Tp; 74 = Tg [(Z§Te); @k = @i /wDki Ak,f = Yk, /@D
wpk = kyps(cs/R) ; Ky = —[cos 0 + (s0 — asin 6) sin 0].

@ “Fast ions” = 7; > 1 (Note: before 77 < 1 due to Z > 1!).

@ Resonance condition: Ef &2 Ef e = &1/ ((=Ky)7y)-
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Electrostatic Stabilization of ITG by Fast-lons: \‘Ugggﬁﬁ W
Quasilinear Model Y

Approximating the distribution function with a Maxwellian (ny, T')

Contribution of a minority species to the growth rate

N h 3 . a
Ap X g Ty / ’YkA 5 [l—l-nf (E —§>:| e Er E?/z dE;
(& + s Br) + 42

with: ng = Ly /L7; By =E/Ty; 15 =T5/(Z4Te): @ = wi/WDki Yk, f = Yk, f/9Dk;
wpk = kyps(cs/R) ; Ky = —[cos 0 + (s0 — asin 6) sin 0].

@ “Fast ions” = 7; > 1 (Note: before 77 < 1 due to Z > 1!).
@ Resonance condition: Ef &2 Ef e = &1/ ((=Ky)7y)-
@ When 7y > 0, resonating ions stabilize (4, < 0) if

N W

. . . 1
0 S Ef,res S Ef,crt7 with : Ef,crt = —
nf
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Electrostatic Stabilization of ITG by Fast-lons: \‘Ugggﬁﬁ W
Quasilinear Model Y

Approximating the distribution function with a Maxwellian (ny, T')

Contribution of a minority species to the growth rate

. h 3 . a
Ap X g Ty / ’YkA 5 [l—l-nf (Ef—2):| e Er E?/z dE;
(& + s Br) + 42

with: ng = Ly /L7; By =E/Ty; 15 =T5/(Z4Te): @ = wi/WDki Yk, f = Yk, f/9Dk;
wpk = kyps(cs/R) ; Ky = —[cos 0 + (s0 — asin 6) sin 0].

@ “Fast ions” = 7; > 1 (Note: before 77 < 1 due to Z > 1!).
@ Resonance condition: Ef &2 Ef e = &1/ ((=Ky)7y)-

@ When 7y > 0, resonating ions stabilize (4, < 0) if

3 B - 3 1
03 Efres & Ef ety with: Fyoy == — —
2wy

@ Typically nypr < 1 and EA‘f,m < 1 = negligible stabilization

(Di Siena, NF 2018, PoP 2019)
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Electrostatic Stabilization of ITG by Fast-lons:
Predictions of the Quasilinear Model
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Electrostatic Stabilization of ITG by Fast-lons:
Predictions of the Quasilinear Model
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When 7y > 1:
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@ Stabilization of ITGs, stronger for W > 1.

R. Bilato et al. — EFTC, Ghent 8.10.2019

35



Electrostatic Stabilization of ITG by
Predictions of the Quasilinear Model

Fast-lons: @gg&x, W
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When ny > 1:
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T;/(2,T.)

@ Stabilization of ITGs, stronger for W > 1.

@ Reduced impact on TEMs (w, < 0), especially when 7 /wp; < 1.
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Electrostatic Stabilization of ITG by Fast-lons: @gg&x, W

Predictions of the Quasilinear Model
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When ny > 1:

@ Stabilization of ITGs, stronger for W > 1.
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@ Reduced impact on TEMs (w, < 0), especially when 7 /wp; < 1.

@ Existence of an optimal range of 75 = T /(ZT.).
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Electrostatic Stabilization of ITG by Fast-lons:

(\ foex,
Predictions of the Quasilinear Model Y W
6 1 -10.0
+ n;=-30.0 et
af| =er g =100/,
— 1,=10.0
2

¥y la.u]

-1.0,

0 5 10 15 20 25 30 35 40
T;/(2,T.)

When ny > 1:
@ Stabilization of ITGs, stronger for W > 1.

@ Reduced impact on TEMs (w, < 0), especially when 7 /wp; < 1.
@ Existence of an optimal range of 7y =Ty /(Z;Te).

ICRF (ny > 1) via this mechanism might reduce the turbulent main-ion heat

and particle fluxes, without substantially reducing the subdominant TEMs and
low—w, ITGs, important for flushing the high-Z ions.
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Impact of a Minority-Fast-lon Species on the [ oo W
micro-instabilities: GENE X

ITG growth rates

GENE linear simulations Rescaled quasilinear expression
GENE: , =14 Quasilinear: n, =14
Bl kp, =05 . Hl k=05
0.40 — no fast 0.40 | ®® i 01
0.35—M --- dilution _ 0.35| :
_____ U S [ X ] kyp5:0.1(><4) .‘
T 0.30 - — 0.30 \ -
_ET | L ' ! .._
= 025/ g ..—ll'. & 025 n apu®
e ana® o ="
St | 3 Egn
0.20 e 0.20 >
° L
0.15 0.15 ‘®. 00
®e00c0000000 soo0000®®
0100516 15 20 25 30 35 40 1% 5 106 15 20 25 30 35 40
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Impact of a Minority-Fast-lon Species on the
micro-instabilities: GENE

ITG growth rates

GENE linear simulations Rescaled quasilinear expression
GENE: , =14 Quasilinear: n, =14
Bl kp, =05 . Hl k=05
0.40 — no fast 0.40 | ®® i 01
0.35—M --- dilution _ 0.35 :
_____ - L [ X ] kyp§:0.1(><4) .‘
T 0.30 - — 0.30 \ -
(% \ = ¥ Y L
2025 o - I..llll. &0.25 -‘ ...l..
Nl T L ) [ P
0.20 e 0.20 ®
° )
0.15 0.15 ( 24
®e00c0000000 ®eoo00000® .1
0100516 15 20 25 30 35 40 1% 5 106 15 20 25 30 35 40
Ty/(Z,T.) T;/(Z,T,)
Qualitativaly:

the QL model captures the dependence on 7y, 7 and kyp;, shading light on
the role of this resonant mechanism in the linear GENE simulations.

(Di Siena, NF 2018, PoP 2019)
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© Effects of ICRF-accelerated fast ions on turbulence
@ ITG stabilization and 7T; steepening in AUG discharge
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ICRF Stabilization in AUG Discharges: ASTRA

@ ICRF 3He-minority in D plasmas: this mechanism can explain 40% of
the excess of GENE predictions of (0; w.r.t. experimental estimates.
(Bonanomi, NF 2018)

@ ICRF H—-minority in D plasmas: recent experiments on AUG shows a
steepening of T} in correspondence of the region of maximum 7 and
T, calculated by TORIC-SSFPQL:

Experimental T}; ASTRA (+TGLF) + TORIC-SSFPQL
AUG35487

— @1.4s - Pic = 0 MW
— @6.55-Pic = 2.1 MW

3.5

3.0

2.5

T; [keV]

2.0

15

0.0 0.1 0.2 0.3 0.4 0.5
Pror

(Fable, PPCF 2013; Staebler NF 2017)
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ICRF Stabilization in AUG Discharges: GENE (o
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ICRF Stabilization

in AUG Discharges:

0.1 02 62025
=
014
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0985 05 1.0 5 20 %% 05 70 15 2.0 7.0 5 2.0
ki, ks Fyp.
@ For pior S 0.25, ASTRA(TGLF)
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ICRF Stabilization in AUG Discharges: GENE
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. 7 1x7.01 @ Linear GENE results show that
around the largest 1y ITGs are

strongly stabilized (ptor = 0.25).
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ICRF Stabilization in AUG Discharges: GENE
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J o ! without fast ions predicts y;
= much larger than the power
of ( - ' balance values (x}B).
— T,/T, [x2.0]|{}
. 7, 17.0] @ Linear GENE results show that

around the largest 1y ITGs are
strongly stabilized (pior =~ 0.25).

@ Preliminary nonlinear global
B GENE results = reduction of
8 01 07 03 od 05 the main ion heat flux, Q;.
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© Effects of ICRF-accelerated fast ions on turbulence

@ Application to ITER
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ICRF Scheme in ITER at Full-Field

@ By =5.2 Tesla, fic =51 MHz, D-T(3He) ICRF scheme: in the intial
phase (T' < 10 keV) = energetic ICRF-3He tails.

Linear growth rate

Nonlinear main ion heat flux

0.1 3P =5MW, T=1.0; AL, = 0.4 140r— ! " [®no fast
©-P=10MW, T =1.9;RIL;, =42 120 - 3
0.08 a) P =15MW, =47, RIL, =145 fast "He
— -P=20MW, T, =9.3; R, =217 - 100 7
E‘: 0.06 =B no fast E 80 i
< 0.04 < 60 ]
= o
40| 1
0.02
20| 1
) 0
% "0.5 1 15 2 5 10
y Ps P\cru
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ICRF Scheme in ITER at Full-Field
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@ By =5.2 Tesla, fic =51 MHz, D-T(3He) ICRF scheme: in the intial

phase (T' < 10 keV) = energetic ICRF-3He tails.

Linear growth rate

Nonlinear main ion heat flux

0.1 3¢P=5MW,T=1.0; RIL =04 140 -B-no fast
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o This ITG stabilization is stronger at higher ky,Os, but the @Q;—reduction
is more sensitive to low kyp, modes
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ICRF Scheme in ITER at Full-Field

@ By =5.2 Tesla, fic =51 MHz, D-T(3He) ICRF scheme: in the intial
phase (T' < 10 keV) = energetic ICRF-3He tails.

Linear growth rate Nonlinear main ion heat flux
0.1 " 3¢P=5MW,T=1.0; RIL =04 140— j j & no fast
©-P=10MW, T =1.9;RIL;, =42 120 - 3
0.08 a) *P=15MW,'I;=4.7;R/LI,: =145 fast "He
- , P =20MW, T =9.3; RIL, =21.7 «— 100
ﬂ:°006 = : =B no fast 13
o 0. S < 80
o’ > §
< 0.04 < 60
> o
40|
0.02
20|
> 0
00 0.5 1 1.5 2

(MW)

ICRH

o This ITG stabilization is stronger at higher ky,Os, but the Q;—reduction
is more sensitive to low kyp, modes

This stabilization mechanism might help in the initial phase of the discharge. J

(Di Siena, NF 2018)
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@ Validation (outlook)
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Validation of the Computed Distribution Func- C: W
tion on AUG

@ TORIC: intensively benchmarked
and validated, thanks also to the
worldwide used TRANSP suite.
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tion on AUG ¥

@ TORIC: intensively benchmarked
and validated, thanks also to the
worldwide used TRANSP suite.

@ SSFPQL: more challenging —
good NBl-only, recent
improvements ICRF-only, in
progress ICRF+NBI.

R. Bilato et al. — EFTC, Ghent 8.10.2019 43



Validation of the Computed Distribution Func- w‘@é&,&ﬁg
tion on AUG ¥

Fast lon D-alpha diagnostics

@ TORIC: intensively benchmarked
D(H) minority ICRF scheme

and validated, thanks also to the

CXRS diagnostics

. . 410V
worldwide used TRANSP suite. FIDA tomography
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(A. Kappatou, this conference, 1.04) (Pankin, CPC 2004) (Weiland, NF 2017)
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© summary
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Summary

Interconnecting simulation tools for
@ ICRF (here: TORIC-SSFPQL)
@ Transport (here: ASTRA(+TGLF))
© Gyrokinetics (here: GENE and GKW)

helps to design & analyze the present and future experiments using ICRF to
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@ impact the high-Z impurity radial transport by
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Interconnecting simulation tools for
@ ICRF (here: TORIC-SSFPQL)
@ Transport (here: ASTRA(+TGLF))
© Gyrokinetics (here: GENE and GKW)
helps to design & analyze the present and future experiments using ICRF to

@ impact the high-Z impurity radial transport by

e reducing the inward neoclassical convection through the
@ increase of the temperature screening contribution (7; 1);
o decrease of the out-in asymmetry (/¢ |) due to centrifugal forces
== This effect is limited to slow-rotating plasmas (e.g. ITER).
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Interconnecting simulation tools for
@ ICRF (here: TORIC-SSFPQL)

@ Transport (here: ASTRA (+TGLF))
© Gyrokinetics (here: GENE and GKW)

helps to design & analyze the present and future experiments using ICRF to
@ impact the high-Z impurity radial transport by
e reducing the inward neoclassical convection through the

@ increase of the temperature screening contribution (7; 1);

o decrease of the out-in asymmetry (6/€ |) due to centrifugal forces
== This effect is limited to slow-rotating plasmas (e.g. ITER).

e increasing turbulent diffusion and convection of high-Z impurities
without substantially increase the heat fluxes of the main ions.
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Interconnecting simulation tools for
@ ICRF (here: TORIC-SSFPQL)

@ Transport (here: ASTRA(+TGLF))
© Gyrokinetics (here: GENE and GKW)

helps to design & analyze the present and future experiments using ICRF to
@ impact the high-Z impurity radial transport by
e reducing the inward neoclassical convection through the

@ increase of the temperature screening contribution (7; 1);

o decrease of the out-in asymmetry (6/€ |) due to centrifugal forces
== This effect is limited to slow-rotating plasmas (e.g. ITER).

e increasing turbulent diffusion and convection of high-Z impurities

without substantially increase the heat fluxes of the main ions.
@ stabilize ITG turbulence by

R. Bilato et al. — EFTC, Ghent 8.10.2019

45



Summary

[~

| ASDEX
\\ Upgrade
\
X

Interconnecting simulation tools for
@ ICRF (here: TORIC-SSFPQL)

@ Transport (here: ASTRA (+TGLF))
© Gyrokinetics (here: GENE and GKW)

helps to design & analyze the present and future experiments using ICRF to
@ impact the high-Z impurity radial transport by
e reducing the inward neoclassical convection through the

@ increase of the temperature screening contribution (7; 1);

o decrease of the out-in asymmetry (6/€ |) due to centrifugal forces
== This effect is limited to slow-rotating plasmas (e.g. ITER).

e increasing turbulent diffusion and convection of high-Z impurities
without substantially increase the heat fluxes of the main ions.
@ stabilize ITG turbulence by
e creating fast ions resonating mainly with ITG modes.

= In ITER this mechanism might play a beneficial role in the
initial phase of the discharge.
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