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Ion- and electron-scale microinstabilities and the linear zonal-flow response in mixture plasmas with the
medium-Z impurity and He-ash are investigated by means of a multi-species gyrokinetic model. In addition to
the charge and dilution effects, stabilization/destabilization by nonthermal He-ash ions is clarified.
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In contrast to experimental plasmas to usually maxi-
mize the hydrogen/deuterium purity, burning plasmas are
intrinsically mixture states with multiple ion species. In
several experiments, the suppression of confinement degra-
dation has been observed in the impurity-seeded plasma
[1,2]. Moreover, the medium-Z impurity seeding in the
core and edge regions is considered to be necessary for
achieving a sufficient radiation loss in DEMO reactors [3].
In such mixture plasmas, ion- and electron-scale microin-
stabilities, the associated turbulent transport, and zonal-
flow generation are influenced by right and/or heavy impu-
rities, and by thermal and/or nonthermal He-ash ions, as
well as the fuel isotope ions [4]. The ion-scale instabilities
have mainly been addressed in earlier works [5—8].

In this study, the impacts of medium-Z impurity and
He-ash ions on both the ion-temperature-gradient (ITG)
and electron-temperature-gradient (ETG) instabilities are
investigated by means of a multi-species gyrokinetic model
and the numerical simulations. Particular focus is put on
the dilution and the unequal temperature for the ion species.
The linear zonal-flow response is also examined.

Here, dispersion equations for the ITG and ETG modes
in mixture plasmas are derived. The linearized electrostatic
gyrokinetic equation for the species “s” and the Poisson
equation are given by
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where the collisionless limit in the Fourier-Laplace form is
considered, and L, := w — kv — wps with the complex
frequency w. The non-adiabatic distribution function and
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the potential fluctuation are denoted by dgg, and d¢x ,
respectively. The squared inverse of the Debye length is
given by /152 =D /153 with /155 = 4nnge? /T,. The thermal
gyroradius py is defined by ps = mvys/ es Bax with the ther-
mal speed of v = (T5/ mg)'/2. More details are presented
in e.g., Refs. [9] and [10].

In this paper we treat 3 or 4 ion species: s={e, H(=
i), He, Ar}. Then, the dispersion equation for the ITG
mode is derived by combining Egs. (1) and (2) in the long-
wavelength approximation (k7' > ppe > pu > Par > Pe)s
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where the electrons are assumed to be adiabatic, i.e.,
0gek, = 0. Further reductions in the fluid limit kjv|/w <
1, wps/w < 1, and w.ps/w < 1 yield
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where /llz)ie :=T;/4nnee? and Ty := I()(kip%s) exp(—kipfs)

with the modified Bessel function [ describe the finite De-
bye length and the finite gyroradius effects, respectively.
The charge number and the charge density fraction are rep-
resented by Zg and fcs:=nsZs/ne, where Y fos=1. The ve-
locity dependence in w.7s and wpy is ignored for simplicity,
by evaluating v?> ~ 4T;/ms. The impurity and nonthermal
ion effects also appear in k3 p2 = k2 p? A(Ty/T)) Z; 2

As for the ETG mode, one can derive the disper-
sion equation in the long-wavelength approximation(pge >

pu > par > k7' > pe),

© 2022 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Rapid Communications

Volume 17, 1203078 (2022)

2 T
(a) H—
Hi+He(10%): T/ Ty=1
L5 H+He+Ar(0.6%): Tyy/Tp=1
2 H+He(10%): T/ T=10 —
S| [ HAHE(10%)+AN(0.6%): Tyyo/Ty=10
"
=
0.5
K p=0
0 Il Il Il Il Il
0 03 06 09 12 15 18
kyptH
0.4 |(b) |
203 i
2
%
02t kP
=
01 1
0 Il Il Il Il " Il Il

0 0.1 02 03 04 05 06 07 08
kyP1e

Fig. 1 Growth rate of (a) ITG and (b) ETG modes.
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where all ion species is adiabatic due to Jo(k2 pZ_.) — O.

For both Egs. (4) and (5), the charge and dilution effects are
incorporated in the dispersion equation. Note also that the
unequal temperature for ions is explicitly treated in order
to examine the impact of the nonthermal He-ash ions.

In the dispersion equations, one can see the qualitative
impacts of the impurity (Ar) and nonthermal He-ash ions.
The dilution effect to the main hydrogen ions in the presence
of impurity leads to the stabilization of the ITG mode, as
seen in fooZg ! of Eq.(4). One also finds that the ETG
mode growth rate is reduced by the effective charge, which
is represented by .. fosZs = Zeg in Eq. (5).

On the other hand, nonthermal He-ash ions cause the
opposite impact. Although He-ash ions have the low-Z
charge and the similar gyroradius to the main hydrogen
ions in the thermalized state, the ITG and ETG modes are
affected by unthermalized hot He-ash ions with Ty /T; > 1.
The destabilization of the ETG mode is easily found from
(T,/T;)~" in Eq. (5), whereas the complicated dependence
appears in the ITG case of Eq. (4) with T'ys.

In order to examine the above theoretical arguments,
the gyrokinetic Vlasov simulations with GKV [11] have
been carried out for the mixture plasma of the Hydrogen,
Helium, Argon ions, and the kinetic electrons. Here, both
the ITG and ETG modes are solved in a fluxtube of the
axisymmetric configuration, and R/L,, = 2, R/Ly, = 8
for all species. Inspired from the ITER and DEMO [3],
nye /Ne ~ 10% and na,/ne ~0.6% are considered.

Figures 1 (a) and 1 (b) show the poloidal wavenumber
spectra of the ITG and ETG mode growth rate, respectively.
As is theoretically expected, the dilution effects by He and
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Fig. 2 Tye/Ty dependence of (a) ITG and (b) ETG growth rate.
The open symbols are the cases without He. The analytic
evaluation is applied for the case of H+He(10%).
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Fig. 3 Linear zonal-flow response.

Ar ions lead to the stabilization for both. Particularly, a sig-
nificant stabilization of the ETG mode appears for the case
with Ar impurity. One also finds that the nonthermal He-
ash ions with Tye /Ty = 10 reduces the ITG mode growth
rate, while the ETG mode becomes more unstable. Then
the ratio of the ETG growth rate to the ITG growth rate,
ie., ry =k, (kype=0.35)/yk, (k,pa =0.45), is enlarged
by hot He-ash ions, where r, in the case of H+He(10%)
with Ty /Ty = 10 is 1.65 times larger than that in the case
with THe/TH =1.

The opposite impacts of Tye /Ty in the ITG and ETG
modes are demonstrated in Figs. 2 (a) and 2 (b). One finds
the nonlinear and/or nonmonotonic dependence for both
cases in 1 < Tye/Ty < 15. Note that the analytic evalu-
ation by Eq. (5) for the case of H+He(10%) qualitatively
reproduces the numerical result.

Lastly the linear zonal-flow responses are compared
in Fig. 3. It is found that both the dilution and nonthermal
effects by He-ash lead to less GAM damping with enhanced
residual zonal-flow level. The enhanced residuals can be
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attributed from the decrease of shielding effect to the zonal
potential, depending on the radial drift excursion of trapped
ions with different gyroradius and the density fraction.

Also, one can see that the residual level does not change
so largely, but gradually decreases in time for the case of
H+He(10%)+Ar(0.6%) with Ty, /Ty = 10, compared to the
case without Ar. Such a weak impact of the Ar ions is
associated with relatively smaller radial drift of the minority
Ar ions[ec par = pu/(Zar/2)'/? = pu/3] in comparison to
those of the bulk H ions. Then the shielding to the zonal
potential by the Ar drift motion becomes less effective. On
the other hand, the increased collisionality by Ar enhances
the collisional zonal-flow damping. Nonlinear zonal-flow
dynamics and its impact on the turbulent transport will be
addressed in future work.
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