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Abstract

Gyrokinetic flux-driven ITG/TEM simulations is performed to study the balance of fuel supply and helium
ash exhaust in tokamaks. It is found that the temperature ratio of helium to bulk ion, i.e. Ty.o/T;o is one of the
parameters to control both fuel supply and helium ash exhaust. For thermalized helium Ty,o/T;o = 1, clear
turbulent particle pinch of bulk ion is observed, while turbulent net particle flux of helium is relatively small. On
the other hand, for non-thermalized helium Ty,o/T;y = 4, such a turbulent particle pinch of bulk ion is found to
be weakened and helium ash accumulation occurs because turbulent particle flux of helium by non-
axisymmetric radial drift tends to become negative. This means that hot helium can prevent both fuel supply and
helium ash exhaust.

1. INTRODUCTION

Establishment of a refueling method is an important issue for controlling nuclear fusion reactors. But, in
DEMO-class high-temperature plasmas, a pellet injection reaches only up to 80%—90% of the minor radius so
that the central density peaking depends on particle pinch, making the prediction difficult. It is known that
turbulent particle flux consists of a diagonal diffusion term, a non-diagonal thermo-diffusion term, and a
convection term. The first term is usually positive for the peaked profile, while the second term can be negative,
indicating that it can drive particle pinch. According to the quasi-linear fluid theory [1], the thermo-diffusion
coefficient is estimated as Dy < —(10L,,/3R, — w,/w,.) so that the sign depends on the real frequency of
dominant mode w,, the typical scale length of density gradient L,, the major radius R, and the diamagnetic
electron frequency w,,. In the lon-Temperature-Gradient (ITG) case, D; is always negative because the real
frequency is negative, while it can be reversed in the Trapped-Electron-Mode (TEM) case. In fact, the turbulent
electron particle flux calculated by GS2 simulations shows the opposite trend for electron temperature gradient
between ITG and TEM [2, 3].

In addition, recent full-f gyrokinetic simulations suggest the importance of global effects in evaluating
impurity particle transport [4] such as core Helium ash exhaust and edge impurity accumulation. For instance,
GYSELA full-f gyrokinetic simulations show that the turbulence-driven Reynolds stress causes (m,n) =
(1,0) mode, leading to an impact on neoclassical impurity transport in a deuterium plasma with helium, neon,
or tungsten as tracer impurities [5]. GT5D full-f gyrokinetic simulations also show that neoclassical impurity
transport is enhanced by a turbulent transport driven ambipolar radial electric field in a deuterium plasma with
helium, beryllium, carbon, or argon as tracer impurities [6]. These simulations suggest that the interaction
between turbulent and neoclassical transport is important for impurity transport, however, the role of the
interaction on the particle pinch of bulk ion has not been investigated yet.

Based on such a motivation, we performed flux-driven ITG/TEM simulations in the presence of ion/electron
heating [7] by means of the full-f electrostatic version of our global gyrokinetic code GKNET [8] with kinetic
electron dynamics [9]. We found that ITG/TEM turbulence can drive ion particle pinch by E X B drift (n #
0) when the ion temperature gradient is steep enough. Electron particle pinch by E X B drift (n # 0) is also
driven in the case with the steep electron temperature gradient. Such an electron particle pinch can trigger an
ambipolar electric field, leading to up-down asymmetric density perturbations and resultant ion particle pinch by
not only magnetic drift but also E X B drift (n = 0). These results suggest that a density peaking of bulk ion
due to turbulent fluctuations can be achieved by sufficiently strong both ion and electron heating.
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To extend the above analysis in this paper, we investigate the balance of fuel supply and helium ash exhaust
by including helium as an additional species. Unlike some simplified transport models, the full-f gyrokinetic
model enables us to simulate flux-driven turbulence consistently coupled with a neoclassical transport
mechanism, which is a novelty of this work. Furthermore, we examine the impact of helium to bulk ion
temperature ratio, i.e. T,,/T;y, on the balance of fuel supply and helium ash exhaust in future burning plasmas.

The rest of this paper is organized as follows. In Sec. 2, we present the numerical model of GKNET used in
our simulations. In Sec. 3.1, the simulation setting is described. The effect of ion/electron heating on the balance
of fuel supply and helium ash exhaust is shown in Sec. 3.2. Then, we discuss the impact of helium to bulk ion
temperature ratio in Sec. 3.3. Finally, the summary and some future plans are given in Sec. 4.

2. NUMERICAL MODEL OF GKNET CODE

The 5D full-f gyrokinetic code GKNET calculates the time evolution of gyro-center distribution function f;
of particle species s = i, e, He governed by the gyrokinetic Vlasov equation
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where R = (r,0,() is the position of guiding center, v} is the parallel velocity along the magnetic field line,
u is the magnetic moment, J = rRBy is the phase space Jacobian. Bj; =V X A" = V X (A + Byv,/Qsb) is
the modified magnetic field for particle species s, B=V x A = (0,7/qR,Ry,/R)B, is the magnetic field for a
circular concentric tokamak configuration with the safety factor g, R = Ry + rcos @ is the major radius, and
b =B/B, c is the speed of light, m, e, and 0, = e;By/mgc are the mass, the charge and the gyro
frequency of particle species s, respectively. During the evolution of the distribution function, the phase space
volume conservation

w07 35 0% =0 g

is satisfied because Egs. (2)-(3) are analytically derived from the gyrokinetic Hamiltonian Hg = msvi/2 +
UB + eg(d),, where (), is the gyro-averaged electrostatic potential. In addition, exact particle conservation is
kept including the magnetic axis by utilizing the gauge transformation technique to Eqs. (2)-(3). These
properties are important for keeping numerical accuracy and stability in full-f gyrokinetic simulations.

The self-collision operator Cg; is modelled by the linear Fokker—Planck one [10] incorporated with the field

particle operator [11] to conserve density, momentum and energy at each real space grid. Heat source and
energy sink operators for species s are given by

Ssrc,s = Asre (r)Ts_rlc [fM,s (nso' ZTSO) - fM,s (nsor Tso)]: (5)

Ssnks = Asnk(r)‘[s_nlk lfs — st =0)], (6)

where Ag..(r) and Ag,,(r) are the deposition profiles, .. and Ty, are the characteristic time of the heat
source and energy sink operators.
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is the local Maxwellian distribution function with a density n, and a temperature T. ngg, Viso = +/ Tso/Ms, Tso
are the initial density, thermal velocity, and temperature at the half minor radius r = a,/2 for species s.
Equations (5) provides constant heat source, while there is no particle supply. On the other hand, Eq. (6)
represents a simple model of energy sink at the plasma boundary by means of a Krook-type operator, which
modifies the distribution function towards its initial profile at the outer boundary region [12].

The gyrokinetic Vlasov Equation (1) is coupled with the gyrokinetic quasi-neutrality conditions based on the
hybrid kinetic electron model [9, 13, 14] given by
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where ps = Vi /Qs = /T /ms/(€By/mgc), Aps = /Ts/4nnge?, ng and T, are the gyro radius, the Debye
length, the density and temperature for species s, respectively. In Egs. (9) and (10), Tayler expansion is used for
the polarization densities, which have a stabilization effect on high wave-number modes. In this study, the most
unstable mode is located around kgp;;o~0.3, so that we believe it is acceptable to use the Tayler expansion,
which is also supported by the mixing length estimate of the turbulent particle and heat transport. Second term
of Eq. (12) denotes the adiabatic passing electron response with (m,n) # (0,0), where «a,, is the flux-surface
averaged fraction of passing electrons given by

21
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in a circular concentric tokamak case. &f,, is the perturbed trapped electron distribution function, which
satisfies mevf /2 + uB < By Here, Bpg, is the maximum magnetic field on a magnetic surface. Since
both whole the trapped electron and (m,n) = (0,0) passing electron are treated as kinetic ones in this hybrid
kinetic electron model, we can address TEM driven turbulence in addition to kinetic electron effects on
neoclassical dynamics. Note that the components with m # 0,n = 0 are finite so that the radial E X B drift
with n = 0 is precisely considered, which is one of the novelties in this study.

Here, we briefly describe numerical methods used in the GKNET code. The spatial derivatives in Eq. (1)
are discretized by using the fourth-order Morinishi scheme [15, 16] and the time integration is performed using
the fourth-order explicit Runge—Kutta method. The magnetic field B is calculated from the vector potential A
by using the fourth-order finite difference method to numerically satisfy the phase space conservation given by
Eq. (4). In this version of GKNET, we use 3D MPI decomposition for the (r,8,u) domain. Equation (8) is
1D Fourier-transformed along the ¢ direction and then 1D Fourier-transformed along the 6 direction after
MPI _ALLtoALL transpose between the 6 and { directions. Then by using MPI ALLtoALL transpose
between the r and 6 directions again, we can solve Eq. (8) inthe (r,kg, k) space, which has a tri-diagonal
matrix form by applying the fourth-order finite difference method to the r direction. The matrix is not
decomposed along the r direction so that LU decomposition can be directly applied without any MPI
communications. In order to directly evaluate gyro-averaging for (6f;); and (¢)s;, we make the 2D local



TAEA-CN-316/#2830

Polynomial interpolation on the poloidal plane to calculate the electrostatic potential on a gyro ring and then
take 20 sampling points average in real space.

3. FULL-F FLUX-DRIVEN ITG/TEM SIMULATION FOR FUEL SUPPLY AND HELIUM ASH
EXHAUST

In this section, we first describe the simulation settings in Sec. 3.1. In Sec. 3.2, we present the obtained
density profiles and the time evolution of the particle fluxes for the case with thermalized helium (Tyeo/Tio =
1). We also discuss the effect of electron heating on fuel supply and helium ash exhaust. Finally, we investigate
the impact of helium to bulk ion temperature ratio by checking the case of non-thermalized helium (T} /T;o =
4).

3.1. Simulation setting

In this paper, we consider a circular concentric tokamak configuration with ay/Ry, = 0.36 and ay/psip =
100, where pig = v440/€; are the ion radius at r = a,/2. The initial background profiles are given by

(t=0,r) = [ 0.3a, tanh (r - O.SaO)] 14

ng(t =0,7) = nyy exp L an 034, , (14)

T(t=0,r) =T 0.3a, tanh (r - O.SaO) 15
N =0U,1) = 15 €Xp LTS an 0.3a0 ’ ( )

where L, = —ng/(dns/dr) and Ly, = —T,/(dT;/dr) denote the typical scale lengths of initial electron and
helium density gradients and temperature gradients at r = a,/2. In this study, we set Ry/Lne. = Ro/Lyye =
2.22 in all simulations. The initial ion density profile is determined by charge neutrality at t = 0 given by
eni(t =0,7) + egenye(t =0,7) + e,n.(t =0,r) = 0. To investigate the impact of electron temperature
gradient on particle flux, here we consider two cases. In the first case, both ion and electron temperature profiles
are steep, which gradients are given by Ro/Ly, = Ro/Ly, = 10. Here, external ion and electron heat sources are
introduced near the magnetic axis to maintain these steep temperature profiles (see Fig. 2 (a)). In the second
case, only ion temperature is steep as Ro/Ly, = 10, while electron temperature profile is set to Ry/Ly, = 4. In
this case, only ion heat source is introduced. The normalized self-collision frequencies are set to v;; = v, =
Viene = 0.025 at r = ay/2. To reduce the computational cost, the mass ratio between ion and electron is
assumed to be m;/m, = 100. The other parameters are fixed as my./m; =4, ey./e; = 2, e;fe, = —1,
Nio/Meo = 0.9, Nyeo/Neo = 0.025, and T;y /T, = 1. Thermalized helium (Ty.o/Tip = 1) is assumed in Sec.
3.2, whereas non-thermalized helium (Ty.q/T;o = 4) is considered to assess its impact in Sec. 3.3.

Figure 1 (a) shows the radial profile of initial electron and helium densities, initial temperature with gentle
gradient (Ry/Ly, = 4) and steep gradient (Ry/Ly, = 10). Safety factor profile is same as the standard cyclone-
base-case as is shown in Fig. 1 (b).

From some convergence tests, simulation parameters are chosen as follows; the time step width is At =
5X 107*Ry/V;0;» the grid number and the system size are (Nr,Ng,N(, Nv",NH) = (64,192,48,64,16) and
(Lys Lo, Lg, Ly, Ly) = (100pys0, 27, /2,100, 12.5m;v%0/By) , respectively. In order to reduce the
computational cost, the simulation domain is assumed to be an 1/4 wedge torus.
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Figure 1. (a) The radial profiles of initial electron and helium densities (green), initial temperature with gentle gradient
(Ro/Lt, = 4, blue) and steep gradient (Ry /Ly, = 10, red). (b) Safety factor (yellow) and the corresponding magnetic shear
(light blue) profiles.

3.2. The effect of ion/electron heating on the ion density peaking and flattening

Figure 2 (a) shows the bulk ion density profiles after the nonlinear saturation in the two flux-driven ITG/TEM
simulations, which initial temperature gradients are given by (RO /L7, Ro/L1,, Ro /LTHe) = (10,10,10) under
both ion and electron heating, and (RO/LTi, Ro/Lt,, RO/LTHe) = (10,4,10) under ion heating, respectively.
The deposition profiles of applied heat source and energy sink are also shown. It is found that clear bulk ion
density peaking is found to be observed in the ion/electron heating case, while density profile is weakly relaxed
in the ion heating case. The temporal evolutions of non-axisymmetric and axisymmetric turbulent ion particle
fluxes in the ion/electron heating and ion heating cases are shown in Fig. 2 (b) and (c), respectively. As was
found from the flux-driven ITG/TEM simulations in the absence of impurities [7], ion heating can drive
turbulent ion particle pinch by E X B drift (n # 0) (see the red lines in Fig. 2 (b) and (c)) because the
negative thermo-diffusion term becomes dominant. Turbulent electron particle pinch is also driven in the case
with steep electron temperature gradient. Such an electron particle pinch can trigger an ambipolar field, leading
to up-down asymmetric density perturbations and resultant ion particle pinch by not only magnetic drift but also
E X B drift (n = 0) (see the blue line in Fig. 2 (b)). These results suggest that a density peaking of bulk ion
due to turbulent fluctuations can be achieved by sufficiently strong both ion and electron heating even in the
presence of impurities.
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Fig. 2: (a) Bulk ion density profiles after the nonlinear saturation (tvy;/Ry = 150) in the ion/electron heating (vellow), and
ion heating (green) cases, respectively. Temporal evolutions of non-axisymmetric (red) and axisymmetric (blue) turbulent ion
particle fluxes in the (b) ion/electron heating and (c) ion heating cases. The particle fluxes are spatially averaged among
0.4ay <71 < 0.6a,.

Figure 3 (a) shows the helium density profiles after the nonlinear saturation in the two flux-driven ITG/TEM
simulations. The temporal evolutions of non-axisymmetric and axisymmetric turbulent particle fluxes of helium
in the ion/electron heating and ion heating cases are also shown in Fig. 3 (b) and (c), respectively. It is found
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that turbulent particle flux of helium by non-axisymmetric radial drift can provide helium ash exhaust (see the
red lines in Fig. 3 (b) and (c)) contrary to the tendency of turbulent particle flux of bulk ion. Such a trend has
been demonstrated not only by a quasilinear model and local §f gyrokinetic simulations [17], but also by full-
f simulations [6]. However, particle flux of helium by the axisymmetric component is found to become
negative in the ion/electron heating case (see the blue lines in Fig. 3 (b)) because turbulent particle transport
triggers up-down asymmetric density perturbations, which in turn enhance the Banana-Plateau flux. Note that
such a contribution is not considered in local and global §f simulations. As a result, these two fluxes cancel
with each other and the total net particle flux of helium becomes small in the ion/electron heating case. By
contrast, in the ion heating case, the particle flux of helium by the axisymmetric component is weakly positive,
leading to helium ash exhaust.
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Fig. 3: (a) Helium density profiles after the nonlinear saturation (tvy; /Ry = 150) in the ion/electron heating (yellow), and
ion heating (green) cases, respectively. Temporal evolutions of non-axisymmetric (red) and axisymmetric (blue) turbulent
particle fluxes of helium in the (b) ion/electron heating and (c) ion heating cases. The particle fluxes are spatially averaged
among 0.4ay <r < 0.6a,.

3.3. IMPACT OF HELIUM TO BULK ION TEMPERATURE RATIO

Then, we change the temperature ratio of helium to bulk ion; Tyq/T;o- Figure 4 shows (a) bulk ion and (b)
helium density profiles after nonlinear saturation in the ion/electron heating case with Tyeo/Tjo = 1 and
Theo/Tio = 4. Note that the yellow lines in Fig. 4 (a) and (b) are same as those in Fig. 2 (a) and Fig. 3 (a). Once
the helium temperature increases, turbulent particle pinch of bulk ion by non-axisymmetric radial drift tends to
be smaller (see the red line in Fig. 4 (c)) because the ITG instability is weakened by the increase of Ty,p.
Particle pinch of helium by the axisymmetric component is almost unchanged because turbulent electron
particle pinch by non-axisymmetric radial drift also decreases, leading to an ambipolar field at nearly the same
level.

On the other hand, turbulent particle flux of helium by non-axisymmetric radial drift tends to become negative
(see the red line in Fig. 4(d)) due to the phase shift of helium density perturbation, which leads to the helium
density peaking (see the purple line in Fig. 4 (b)). Figure 5 shows the net particle pinch of bulk ion and helium
normalized by that in the case with Ty.o/Tip = 1. This result demonstrates that the hot helium, i.e. higher
Theo/Tio can prevent both fuel supply and helium ash exhaust, indicating the temperature ratio of helium to bulk
ion is one of the key parameters for their control.
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Fig. 4: (a) Bulk ion n;(r) and (b) helium ny,(r) density profiles after the nonlinear saturation (tv; /R, = 150), where
initial temperature gradients are given by (RO/LTi,RO/LTe, RO/LTZ) = (10,10,10) under ion and electron heating with
T,0/Tio =1 (vellow) and T,o/Tio = 4 (purple). Temporal evolutions of non-axisymmetric (red) and axisymmetric (blue)
turbulent particle fluxes of (c) bulk ion and (d) helium in the ion/electron heating case. The particle fluxes are spatially
averaged among 0.4ay <1 < 0.6a,.
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4. SUMMARY

We have performed flux-driven ITG/TEM simulations to study the balance of fuel supply and helium ash
exhaust by means of our full-f gyrokinetic code GKNET with hybrid electron model. It is found that the
temperature ratio of helium to bulk ion, i.e. Tyeo/T;o is one of the key parameters to control both fuel supply
and helium ash exhaust. For thermalized helium Ty,o/T;o = 1, we observe clear turbulent particle pinch of bulk
ion in the ion-electron heating case. Ion heating can drive turbulent ion particle pinch by non-axisymmetric drift.
In addition, electron heating can also drive turbulent electron particle pinch, which can trigger an ambipolar
electric field, leading to additional ion particle pinch by axisymmetric drift. On the other hand, the net helium
flux is found to be relatively small because the enhanced negative Banana-Plateau helium flux cancels with the
positive turbulent helium flux. For non-thermalized helium Ty,q/T;o = 4, such a turbulent ion pinch is found to
be weakened and helium ash accumulation occurs because turbulent helium flux by non-axisymmetric radial
drift tends to become negative. This means that hot helium can prevent both fuel supply and helium ash exhaust.
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As future plans, larger plasma-size simulations with realistic mass ratio will be performed to confirm the
observed mechanism can be active in future reactors. Isotopic electron heating has been identified as a candidate
for controlling particle transport [18], and is also included in our future research plans. To study edge impurity
accumulation, we will also perform full-f simulation with outer-core region by means of the new version of
GKNET with field aligned coordinate [19].
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