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Abstract:

Ton temperature gradient and trapped electron modes (ITG-TEM) driven turbulent trans-
port in realistic ITER plasmas is investigated by means of multi-species electromagnetic gy-
rokinetic Vlasov simulations with D, T, He, and real-mass kinetic electrons including their
inter-species collisions. A good prediction capability of the local gyrokinetic simulation has
been confirmed against the JT-60U tokamak L-mode experiment. For the ITER D-T-He
plasma, gyrokinetic-simulation-based quantitative evaluation of a steady burning condition
with He-ash exhaust and fuel inward-pinch is realized by extensive nonlinear scans. Further-
more, the strong impacts of D-T fuel ratio and He-ash accumulations on turbulent energy
and particle fluxes are clarified. New findings in this study, which are crucial for the burning
plasma performance, are (i)imbalanced D-T turbulent particle transport strongly influenced
by He-ash accumulations, and (ii)identification of the steady burning profile regimes with
He-ash exhaust and D-T fuel inward-pinch associated with the off-diagonal transport.

1 Introduction

The first-principle based gyrokinetic simulation is widely recognized as a promising
way to predict turbulent transport driven by microinstabilities such as ion temperature
gradient(ITG) modes, trapped electron modes(TEM), and electron temperature gradi-
ent(ETG) modes in magnetically confined fusion plasmas. Nowadays the validation stud-
ies against existing experiments also become more active[l, 2, 3, 4]. However, turbulent
transport properties in multiple ion species plasmas, including hydrogen isotope and impu-
rity effects, have not been fully clarified. Actually, burning plasmas are always composed
of multi-ion species such as fuel isotopes (Deuterium and Tritium) and He-ash produced
by the fusion reaction, and more complex turbulent transport processes are expected in
comparison to the single-ion-species plasmas. Since simultaneous measurements of the ki-
netic profiles for all species are limited in experiments, systematic studies on the particle
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and heat transport are indispensable to predict the confinement performance and to op-
timize the impurity exhausts and D/T fueling. There are several earlier works regarding
the ITG driven turbulent transport of D-T fuel ions[5, 6] and the light and heavy impurity
transport|7, 8], but the fuel and impurity ion transport has been examined separately.

In this study, the ITG-TEM driven turbulent transport in realistic ITER plasmas is
investigated by means of the gyrokinetic Vlasov simulation GKV[9, 10] with D, T, He,
and real-mass kinetic electrons including their inter-species collisions[11], where a good
prediction capability of the code has been confirmed against the JT-60U tokamak L-mode
experiment[4]. In addition to the D-T fuel ratio and He-ash accumulation dependence of
the turbulent transport levels, the simultaneous treatment of D-T and He-ash ions enables
us to explore the optimum profiles regimes, which satisfy a steady burning condition[12]
with He-ash exhaust and fuel inward-pinch.

2 Multi-species gyrokinetic simulation model with
realistic tokamak equilibrium

2.1 Calculation model

Calculation model used in GKV is briefly summarized in this section. The gov-
erning equation is an electromagnetic gyrokinetic Vlasov equation for arbitrary particle
species, which describes the time evolution of dgs (“s” is the index of particle species),
i.e., the non-adiabatic part of the perturbed gyrocenter distribution function o fs(g) on the
five-dimensional phase-space (g, v, ;). The Fourier representation with respect to the
perpendicular wavenumber k; is given by
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where dgg, = 5fs(,fi + FusJosesOor, /Ts, and Jos = Jo(k vy /€k) is the zeroth-order Bessel
function. The gyrophase-averaged electrostatic and electromagnetic potential fluctuations
are combined into 69y, = Josd, — (v)/c) Jos0Aj, - Since we focus on the finite but low-/4
plasmas here, the parallel magnetic field fluctuation 0By, is ignored. The equilibrium
part of the distribution function is given by the local Maxwellian distribution, i.e., Fj=
ng(myg/2mTy)3/? exp[—(msvﬁ + 2uB)/2T;]. Collisional effects are introduced in terms of a
multi-species gyrokinetic collision operator Cy expressed as

Cs(0gsk, ) = Z ]{ %euﬂ.ps {Cs"g, e~ %P5y |+ CE [e~kepy 5gs'kJ} 2)

where the field-particle part CE, holds the particle, momentum, and energy conservations,

as well as Boltzmann’s H-theorem[11, 13, 14].
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FIG. 1: Comparisons of (a)ion energy flur P, (b)electron energy flur P, against the
experimental results(incl. measurement errors shown by grey), where GKV results with
nominal profile parameters and with modified Lil and Lil for the flux-matching are dis-
played. TGLF results with and without the mean-E X B shear are also plotted.

The electromagnetic fluctuations are determined by the Poisson-Ampere equations:

(BT 4+ Ap%) 6w, =47 ) e / dvJos(k1v, /) 694, (3)
kiéA”k, = 4—7T Zes/dv U||JDS(kJ_UJ_/QS) (5gsk (4)
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where A\p = (3, 4mnee?/T.)~/? is the Debye length. The charge neutrality in the back-
ground density ng is described as ZS# fes =1, where fos = Zgng/n. means the charge-
density fraction for ions with the charge number Z;. The contribution of each species to
the source terms in the right hand side of Egs. (3) and (4) is proportional to fes. In
addition, the radial derivative of the above charge neutrality condition leads to another
constraint for the background density gradient, i.e., > fesLyt = Lyt More details
of the calculation model are given in, e.g., Ref. [10]. By using the above gyrokinetic
Vlasov and Poisson-Ampere equations, one can derive the entropy balance/transfer equa-
tion [e.g., see Refs. [14, 15]] which provides us with a good measure for the turbulence
simulation accuracy and useful physical insights associated with the turbulence saturation
mechanisms.

2.2 Flux-matching validation of turbulent transport simulations
in tokamak experiments
In order to examine the prediction capability of the flux-tube gyrokinetic simulations,

we have carried out quantitative comparisons of the ion and electron turbulent transport
between the simulation results and experimental measurements in JT-60U tokamak[4]. An
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FIG. 2: (a)Normalized linear growth rate and mode frequency for the cases with D(30% )-
T(30% )-He(10% ), D(35%)-T(35% )-He(15% ), D(50% )-T(50%) and D(100%). (b)Time
evolution of turbulent energy(solid) and particle(dashed) fluzes in the D(40% )-T(40% )-
He(10%) plasma. (c)Temperature fluctuations at t = 80R./ven of D(blue), T(yellow),
and He(red) in the ITG-TEM turbulence.

L-mode plasma with sufficiently small p* (~1/500) is chosen for the validation in a local
limit regime, where the mean radial electric field and its shearing effect are negligibly
small. As shown in Figs. 1(a) and 1(b), nonlinear ITG and/or TEM simulations by
GKYV with the nominal experimental profile parameters successfully reproduce the radial
profiles of the ion and electron energy fluxes which are comparable to the experimental
values in the core region. The results with a gyrofluid-based transport model TGLF[16]
also show similar energy transport levels for the I'TG-dominated region of p < 0.4, but
some differences are found in outer region with the TEM-dominated turbulence. Note
that, since the L-mode plasma chosen here shows negligibly small radial electric fields,
weak impact of the radial F¥ x B shearing effect is confirmed in the TGLF cases. It is
revealed that the zonal flow generation in the outer region(p > 0.58) with TEM-dominated
turbulence is much more significant than that in the core region(p < 0.58). Then, about
40% under-prediction for the ion energy flux, which is the so-called transport shortfall,
appears in the outer region.

By using a multiple flux matching technique for both the ion and electron energy
fluxes, which is a generalization of the conventional flux matching with a single param-
eter of the ion temperature gradient, the prediction accuracy for the ion and electron
temperature gradients is examined. Although the weak temperature-gradient dependence
of TEM-driven turbulent transport and zonal flows in the the outer region prevents the
flux matching, the temperature-gradient variations giving the matched energy fluxes in
the core region(shown in blue lines in Figs. 1) are simultaneously identified for ions and
electrons with the prediction error less than £30%.
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FIG. 3: D-T ratio dependencies of the mean (a)energy and (b)particle fluzes of D and T
for 0% (solid) and 10%(dashed) He-ash accumulations, where the ion fluzes are normalized
by the electron ones.

3 ITG-TEM driven turbulence simulations in ITER
D-T-He plasma

3.1 Impacts of D-T ratio and He-ash accumulations on turbu-
lent fluxes

In this section, we present multi-species turbulence simulations in ITG-TEM unstable
plasma with realistic ITER-shape[10], where the impacts of D-T ratio and He-ash accumu-
lations on turbulent fluxes are examined. Here, we assume the normalized temperature
and density gradient lengths at p = 0.5 to be R../Ly = 6(for all ions), R../Lr, =8,
and R../L, = 2, respectively. Also, T} = T, = 5keV, n, = 1.4x10®m™3 are used,
where the normalized electron-electron collisionality is v}, ~ 0.02. The linear growth
rate and mode frequency in the D-T-He plasma with 10% Helium-ash(ngy./n.=0.1) are
shown in Fig. 2(a), where the cases with D(35%)-T(35%)-He(15%), D(50%)-T(50%) and
D(100%) are also plotted for comparisons. Note that the effective thermal speed vy
and ion gyroradius pys) are defined with the effective ion mass and charge numbers, i.e.,

A=), te fesAs and Zgg =) 4o fosZs. One can see a slight change of the normahzed
growth rate by the He-ash accumulation. The time evolution of turbulent energy and
particle fluxes, i.e., Qs and ZI's, in the D(40%)-T(40%)-He(10%) plasma is shown in Fig.
2(b), where the gyro-Bohm units for hydrogen are used here. The ambipolar condition
of I'p + I't + 2I'y, = I', is accurately satisfied. One finds different saturation levels, e.g.,
Que < Q1 ~ Qp ~ 0.5Q. in the statistically steady state[Fig. 2(b)], where the snapshot
of the temperature fluctuations in the real space is displayed in Fig. 2(c). Note also that
the direction of the tritium particle transport flips after the saturation of the liner growth.

Figures 3(a) and 3(b) show the impact of the D-T fuel ratio nr/(nt+np) on the mean
turbulent energy and particle transport levels of D and T (Qpr and I'p ) in the cases
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FIG. 4: (a)Density-gradient scan of turbulent particle and ion energy fluzes, where
the steady burning condition with o = 7 is satisfied in Rax/L, < 1.27(hatch region).
(b) Wavenumber spectra of the tritium(solid) and He-ash(dashed) fluzes for the several
density gradients.

with and without He-ash, where the ion fluxes are normalized by the electron ones (Q.
and I';). Note that the both energy and particle fluxes for electrons are almost constant
for all the cases, i.e., Qc/Qep)~110 and I'c /Ty~ 10 [“gB(H)” denotes the hydrogen
gyro-Bohm unit]. It is stressed that, for the case with He-ash, the additional transport
channel of He-ash leads to the reduction in the energy and particle fluxes of D-T ions. One
also finds that the overall tendency in the linear D-T ratio dependence of the energy fluxes
is unchanged [Fig. 3(a)], e.g., @p~Qr at the almost 50%-50% D-T ratio, regardless of the
He-ash accumulations. On the other hand, in the D-T particle fluxes without He-ash, an
imbalanced transport due to the nonlinear D-T ratio dependence is revealed [Fig. 3(b)],
where I'p # 't even at 50%-50% D-T ratio. Moreover, the finite He-ash accumulations
give rise to not only the reduction in the turbulent flux, but also stronger imbalance of the
D-T particle transport. The detailed characteristics of the imbalanced particle transport
depending on the background D-T ratio and He-ash can contribute to establishing more
efficient D/T fueling and the density-profile controls in burning plasmas.

3.2 Gyrokinetic-simulation-based evaluation of steady burning
condition

The present multi-ion species turbulence simulations with He-ash can provide the
quantitative evaluation of the steady burning condition which can never be addressed
by the single-ion-species approaches. For sustainable fusion reactions with the He-ash
exhaust(outward flux) and fuel pinch(inward flux), a steady burning condition is given
by 'ye > 0, I'pr < 0, and (L,,/Lp)TiI'ge > Qi/a* (or equivalently m, < o*7g), where
the mean D-T energy flux is denoted by ();, and a* ~7—15 is a constant depending on
the divertor and wall conditions[5]. To this end, the density-gradient(R,y/L,) scans of
the turbulent energy and particle transport are performed, where the case with D(40%),
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FIG. 5: Nonlinear scans of particle and energy fluzes on (a)electron-temperature, and
(b)ion-temperature gradients, where the results encircled in black correspond to the profile
regime, which satisfy the steady burning condition, shown in the hatch region of Fig. 4(a).

T(40%), and He(10%) ions is considered. As shown in Fig. 4(a), the density gradient
dependence of I'p and I'r gives rise to a threshold of the inward D-T fluxes with I'p <0
shown by the vertical dashed line, where it is expected that the inward pinch related to the
off-diagonal contributions from R,/ Lr,, prevails over the outward diffusion from R,y /Ly,
in the D-T particle fluxes. Moreover, the wavenumber spectra of n,T;I'g. and TiI't shown
in Fig. 4(b) indicate that, in contrast to the weak R,./L, dependence of I'y, > 0, the
components of the inward tritium flux increase for the lower R,./L,. Then, the profile
regime of R,y/L, < 1.2(hatched region) that satisfies the above steady burning condition
with a* =7 is clearly identified. Note also that we see I'c~0 around R,/L,, =1, which is
necessary for the steady electron density profile.

In order to explore the other possible profile regime for the steady burning condition,
which results from the off-diagonal contributions to the turbulent fluxes, R../Lr, and
R,/ Lt, scans are performed as shown in Figs. 5(a) and 5(b), respectively, where Rax/L, =
1 is fixed, and the encircled symbols in each figure correspond to the previous one shown
in the hatched region of Fig. 4(a). It is found that the larger R, /L. tends to produce the
inward particle fluxes for D, T, and electrons, while the opposite dependence appears for
Ra.x/Lz,. Thus, another steady burning profile regime with steeper temperature gradients,
but keeping I's ~0, is anticipated for larger R../Lz, and R../Lrp. Actually, it has been
confirmed that the case with (Rax/L, = 1, Rax/L1, = 10, Rax/L7, = 8) also satisfies the
steady burning condition, as well as (Rax/L, = 1, Rax/Lt, = 8, Rax/L1. = 6).

4 Summary

In this study, the ITG-TEM driven turbulent transport in realistic 'TER D-T-He plasma
is investigated by means of multi-species electromagnetic gyrokinetic Vlasov simulations,
where a good prediction capability has been confirmed against the JT-60U tokamak L-
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mode experiment. It is found that the He-ash accumulation has stronger impacts on
the turbulent particle fluxes, which lead to imbalanced D-T transport. Nonlinear scans
with the various density and temperature gradient parameters reveal the off-diagonal
contributions to the deuterium and tritium particle transport, and identify several profile
regimes that satisfy the steady burning condition. These findings on the D-T ratio impact
and on the profile dependence for the steady burning condition can contribute to deeper
understanding of the multi-species transport processes in burning plasmas. More com-
prehensive scans for the steady burning condition in the parameter space with (R.y/Lu,
R.x/Lt,, Rax/Lr,) including the radial dependence are useful for the integrated predictive
simulations of kinetic profiles in ITER and DEMO.
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