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Introduction Electromagnetic waves in the range of Ion Cyclotron Resonance Frequencies
(ICRF) have many applications in fusion devices. While their use for external heating of
magnetically confined fusion plasmas is well established, their effects on the enhancement
of the plasma confinement by microturbulence stabilization have only been recently
discovered [1,2]. For this effect a key parameter of merit is a=—q?pRVP/P where R is the
tokamak major radius, [ is the plasma beta, q is the safety factor and P is the plasma pressure.
By increasing a local plasma pressure gradient and/or beta by ICRF-accelerated resonant
ions, we can decrease turbulent transport driven by microinstabilities. We investigate the
impact of ICRF-accelerated fast ions in the stabilization of microturbulence in two ASDEX
Upgrade H-mode discharges [3]. In these discharges, in addition to 4.5 MW of deuterium
NBI, 3.5 MW of ICRF power was applied at a frequency of 30 MHz tuned to a centrally
located *He minority resonance. The location of the *He minority resonance was varied by
about 10 cm by changing the toroidal magnetic field from 2.8 T in discharge 31562 to 3 T in
discharge 31563. The plasma current was 0.6 MA and the main ion species was deuterium.
An increase of up to 80% in the central ion temperature was measured, from 3 keV to 5.5
keV, as compared to the reference discharge 31555 with NBI heating only (c.f. Fig. 1). The
normalized logarithmic ion temperature gradient, R/LT;, reached a high value of about 20,
corresponding to a radial gradient of the T profile of about 50 keV/m. The *He ion density
is below 5% of the electron density in all discharges. Thus, the possible effect of main ion
dilution [4] on microturbulence stabilization is not expected to be significant.

Methodology We use PION [5] and the Finite Ion Drift Orbit code FIDO [6] to compute the

electromagnetic wave parameters and the fast *He minority ion parameters. Figure 2 shows
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the fast *He minority ion pressure profiles as calculated by FIDO. Discharge 31563 has a
steeper fast *He ion pressure profile due to a more central *He minority resonance. With the
fast *He ion density, temperature, and pressure profiles as given by FIDO, we evaluate the
logarithm of the gradient of the fast *He ion density and temperature which are used as input
parameters in the plasma turbulence code GENE [7]. In this work, a static Maxwellian
distribution is assumed for thermal and fast *He ions in GENE. While this can be generalised

in future work, we expect that the observed trends carry over to a more realistic distribution.
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Figure 1: lon temperature T; profiles for AUG Figure 2: Pressure profiles of 3He ions for discharges
discharges 31562, 31563 and 31555 [3]. 31562 and 31563 as calculated by FIDO.

Linear results Our linear analyses performed with GENE show that electromagnetic activity
and the safety factor q have a strong impact on the growth rate of the lon Temperature
Gradient (ITG) instability. This is illustrated by Fig. 3a which shows the spectral analysis
with and without electromagnetic effects, and by Fig. 3b which shows the impact of the safety
factor q on the instability growth rate. Sensitivity analyses with respect to q and fast *He ion
parameters such as T, nr, R/Lnr and R/LTs were carried out to identify the parameter range
that does not include strong Kinetic Ballooning Mode (KBM) activity. In the electromagnetic
ITG case, the instability growth rates decrease with increasing q, which is opposite to the
electrostatic trend [8]. We find that the instability growth rate decreases with increasing
electromagnetic activity. Furthermore, electromagnetic activity can increase due to the

presence of fast ions, which can lead to a reduction in the instability growth rate.

Nonlinear results We have carried out non-linear gyrokinetic GENE simulations with and
without fast *He minority ion population. Figure 4 shows electric potential fluctuations with
fast ions for discharge 31563. They exhibit coherent structures known as zonal flows. The

time-averaged zonal shearing increases by 25-30% when fast ions are included, suggesting
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an increase in the zonal flow capability to shear the microturbulent mode, and therefore
stabilize it, in the case where fast ions are included. Simulations for longer times are on-going

in order to confirm this result.
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Figure3: (a) Instability growth rate y with (green) and without (red) electromagnetic (EM) activity as given
by linear GENE simulations for discharge 31563. (b) The dependence of the instability growth rate y on the
safety factor as given by linear GENE simulations for discharge 31562.

a0 Nonlinear GENE simulations allow us
to compare the simulated heat fluxes
with those obtained by power balance
o analysis of the experiment. In this
paper we focus on ion heat transport
and leave the full transport analysis
-1 including electrons for a further study.
In discharge 31563, the experimental
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integrated ion heat flux is 1.6 MW at

the radial position pwr = 0.25, deduced
Figure 4: Electric potential fluctuations as given by a non-

linear GENE simulation with fast ions for discharge 31563, from the modelling of the NBI and

showing coherent structures known as zonal flows. We use . .
a perpendicular domain size of 143ps x 128p; in x, y for ICRF heating with the PION, FIDO

nonlinear GENE simulations, with a grid of
(256x128x24x32x12) in (x, y, 2, v/, 1) phase space. and TRANSP codes.

The ion heat fluxes as given by non-linear GENE simulations are shown in Fig. 5 for
discharge 31563 with fast ions and without fast ions. The statistical time-averaged ion heat
flux is 1.3 and 4.5 MW with and without fast ions, respectively. The former is much closer
to the experimental value of 1.6 MW than the latter. Our nonlinear simulations thus confirm

the transport reduction in the presence of fast ions.
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While it is clear from Fig. 5 that adding
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Figure 5: Ton heat fluxes as given by non-linear GENE simulation times. For discharge 31562,
simulations for discharge 31563 with fast ions and
without fast ions. The red horizontal line shows the
experimental ion heat flux of 1.6 MW. The time is
expressed in terms of GENE normalized units, which is
approximately one microsecond. No qualitative change non-linear simulation of this discharge is
is expected for longer simulation times that are

ongoing. on-going. It is expected to exhibit similar

similar results were obtained as for

discharge 31563 in the linear analysis. The

features as that for discharge 31563.

Conclusions We have identified that the presence of ICRF-heated *He minority ions can
reduce ITG growth rates in ASDEX Upgrade H-mode plasmas with combined NBI and ICRF
heating. In nonlinear gyrokinetic simulations with the GENE code, the ion heat flux reduces
with fast ions by a factor of about four, reaching a value close to the experimental one. This
work can be further improved by including a more realistic fast ion distribution function such
as a Bi-Maxwellian, which is a recent new feature in GENE [9].
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