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Abstract:

A new hybrid kinetic electron model is developed for electrostatic full-f gyrokinetic simu-
lations. The model is verified by computing the neoclassical transport and the linear ion
temperature gradient driven trapped electron mode (ITG-TEM) stability. Impacts of ki-
netic electrons on the ITG turbulence are investigated, and a new saturation mechanism
due to corrugated density profiles, which are generated by passing electrons transport, and
new contributions from the field stress and the ion radial current to the toroidal angular
momentum balance are found. Rotation changes and density peaking in the electron heating
modulation experiment are qualitatively reproduced by a long time scale full-f ITG-TEM
simulation over ~ 20 ms, in which electron heating modulation is applied. The mechanism
of the rotation changes are explained by the ion radial current, which is reversed between
ITG and TEM phases.

1 Introduction

Full-f gyrokinetic simulations disclosed rich physics such as self-organized critical phenom-
ena in avalanche-like non-local transport [1] and interaction between turbulent and neo-
classical transport channels [2], and validation studies on transport scalings with respect
to the plasma size and the heating power [3] successfully recovered qualitative features
of experimental transport scalings. Although capabilities of full-f gyrokinetic simulations
have been greatly expanded, their electron models were limited to adiabatic electrons.
This limitation prohibited us to address particle transport and electron heat transport,
which are of critical importance in burning plasmas in ITER. In addition, recent electron
heating modulation experiments [4, 5] suggest that transition of turbulence drive from
ITG to TEM may play a critical role also in momentum transport. In order to resolve
this limitation, in this work, we develop a new kinetic electron model for electrostatic full-f
ITG-TEM simulations. In Sec.2, the model is described, and is verified by computing the
neoclassical transport and the linear ITG-TEM. In Sec.3, impacts of kinetic electrons on
the ITG turbulence are investigated, and finally, in Sec.4, rotation changes and density
peaking observed in the electron heating modulation experiment [5] are examined in a
long time scale full-f ITG-TEM turbulence simulation.
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2 Hybrid kinetic electron model

GT5D solves a full-f gyrokinetic model with hybrid kinetic electrons [6], which consists of
the full-f gyrokinetic equation in the gyro-center coordinates Z = (¢; R, vy, u1, o),

a sJs - a .
gtf + V. (uIsts) + a_,U”(JSUHfS) = u7s Z O(f87 fs’) + \ISSS’I‘C,Sa (1)
R=ub+ - CB*bx (4V(6)a + myv?b-Vb + uVB) , 2)
s
UII = _msB*. (QSV<¢>a + IUVB> : (3)

Here, fs denotes the guiding-center distribution function, R is the position of the guiding
center, v is the velocity of the guiding center, vy = b-v and v, = |b x v| are the
velocities in the parallel and perpendicular direction to the magnetic field, u = mgv? /2B
is the magnetic moment, « is the gyro-phase angle, B = Bb is the magnetic field, b is
the unit vector in the parallel direction, m, and g, are the mass and charge of the particle
species s, respectively, ¢ is the velocity of light, Q, = ¢sB/mc is the cyclotron frequency,
B = b-B" is a parallel component of B* = B + (B /2)V xb, ¢ is the electrostatic
potential of turbulent fields, the gyro-averaging operator is defined as (-), = § -da/2m,
Js = mgB‘* is the Jacobian of the gyro-center coordinates, C(fs, fs) is the multi-species
linear Fokker-Planck collision operator, Sy s is a source term. Radial electric fields and
turbulent fluctuations are respectively determined by non-axisymmetric and axisymmetric
parts of the gyrokinetic Poisson equation,

2
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where n is the toroidal mode number, R + p is the particle position, p = b x v/ is
the Larmor radius, pis = vy5/€2s is the Larmor radius evaluated with the thermal velocity
vis = (Ty/ms)Y?, Aps = (T,/4mnsq?)Y/? is the Debye length, f.; is a trapped part of
the electron distribution function, and «,, is the flux-surface averaged fraction of passing
electrons. The above model is equivalent to a multi-species gyrokinetic model, except for
the second term in Eq.(4), in which passing electrons responses to turbulent fluctuations
are assumed to be adiabatic. This approximation eliminates the so-called wy mode or
the electrostatic limit of kinetic Alfven wave, which has very high frequency wy ~ €.
Although such high frequency modes are unphysical from the viewpoint of the gyrokinetic
ordering, it has been a bottleneck in long time scale gyrokinetic simulations. Although the
conventional trapped electron models used this approximation also for Egs.(1) and (5),
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FIG. 1:  (a) neoclassical ion and electron heat flures computed using GT5D and
Hirshman-Sigmar’ s moment approach (H-S) [7]. (b) linear ITG-TEM calculations for the
former benchmark case [8] (GT3D). Also shown are comparisons of the ITG-TEM in deu-
terium and hydrogen plasmas, which show an isotope effect on the collisional stabilization
of the TEM at the same electron collisionality v,..

our model keeps them intact. This treatment is important for describing the neoclassical
transport, the ambipolar condition, particle (de-)trapping processes, and passing electrons
transport. The model is verified by computing the ion and electron neoclassical transport
(see Fig.1(a)), zonal flow damping, and the linear ITG-TEM stability (see Fig.1(b)). In
the linear ITG-TEM calculations, it is found that the isotope effect appears through the
collisional stabilization of the TEM, which is characterized by the ratio of the electron
collision frequency v, to the transit frequency of bulk ions vy; g /R or vy p/R.

3 Impact of kinetic electrons on turbulent transport

In this section, we show impacts of kinetic electrons on turbulent transport by comparing
ITG turbulence simulations with adiabatic electrons and with kinetic electrons. In this
work, we consider deuterium plasmas in a circular concentric tokamak configuration with
R/a = 2.79, a/py; = 150, and ¢(r) = 0.85 + 2.18(r/a)?, which has the Cyclone like
parameters [9] at s = 0.5a: € = rg/R ~ 0.18, q(rs) ~ 1.4, 5(r5) = [(r/q)dq/dr),=,, ~ 0.78,
ne ~ 4.6 x 10m=3 R/L, =222, T, ~ T; ~ 2keV, R/L;. = R/Ly = 6.92. Here, R is
the major radius, a is the minor radius, r is the radial coordinate, ¢ is the safety factor,
ne is the electron density, T, and T; are the electron and ion temperature, L,, L;, and
Ly; are the corresponding scale lengths, and the above parameters lead to the normalized
collisionality of v, ~ 0.034 and v,; ~ 0.024. We use the hybrid electron model with
the mass ratio of m;/m. = 100. The initial condition is given by a local Maxwellian
distribution f, without parallel flows, U = 0. A source term with on-axis heating
(Pini, Pin.e) and without particle and momentum input is imposed for r = 0 ~ 0.4a, while
a Krook type sink operator is given for » > 0.95a to impose a L-mode like fixed boundary
condition with n, ~ 4 x 10*m=3, U)=0,and T, = T; ~ 1keV. From convergence tests in
Ref. [6], numerical parameters are chosen as (Ng, N¢, Nz, Ny, N,) = (160, 32, 160, 96, 20)
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FIG. 2: (a) the time histories of R/Ly, R/L (r/a = 0.4 ~ 0.6) in decaying ITG
turbulence. ~ The linear critical temperature gradients are given at R/Ly = 4 and
R/L; = R/Ly. = 3.2 for adiabatic and kinetic electrons, respectively. E X B shearing
rates wgxp in the final steady states are shown for the cases with (b) adiabatic and (c)
kinetic electrons. Also shown are wgxp estimated from the radial force balance relation
(NC), and contributions from each term in it.

with 1/6 wedge torus model (n = 0,6, ---,48 or ky(rs)ps = 0 ~ 0.9), and A, = 2Q; .

Firstly, we compare nonlinear critical temperature gradients in decaying ITG turbu-
lence simulations (P, ; = P, = 0). In decaying turbulence simulations, the ITG mode is
excited from the linearly unstable initial condition, and the temperature profile is relaxed
towards a nonlinear critical gradient, where turbulent transport is quenched. In contrast
to the adiabatic electron case, where electron transport is neglected, the kinetic electron
case shows significant electron transport even in the ITG turbulence. Since the magnetic
drift gives opposite toroidal resonance conditions between ions and electrons, this elec-
tron transport is attributed to slab like resonance of passing electrons. In Fig.2(a), the
resulting temperature relaxation occurs both for ions and electrons, and the final R/Ly;
is lower in the kinetic electron case. In both cases, the nonlinear critical temperature
gradients exhibit significant upshift from the linear ones. In the adiabatic electron case,
this phenomenon is well known as the so-called Dimits shift [9], where the ITG mode is
suppressed by turbulence driven zonal flows. However, in the kinetic electron case, the
saturation mechanism is different. Figures 2(b) and 2(c) shows the E x B shearing rates
wpxp observed in the final steady states. In the adiabatic electron case, wgyxp (~ ) is
produced in the plasma core, and its radial profile is largely deviated from an estimation
with the radial force balance relation with neoclassical viscosity [7]. Therefore, wgyp is
mainly from turbulence driven (residual) zonal flows. On the other hand, in the kinetic
electron case, wpxp (> ) is almost determined by the radial force balance relation. Here,
the dominant contribution comes from corrugated density profiles, which are generated
by passing electrons transport localized near mode rational surfaces [10]. This kind of
coupling between particle and heat transport channels is a new turbulence saturation
mechanism induced by kinetic electrons.

Another remarkable feature is that the direction of parallel flows are reversed from



5 TH/P3-1

0.05 0.15 0.15 T r r r
(b) g — (c) trg —

0.1} cur — J 0.1} cur —

srcI — Srcl —
L col ] | co ]
0.05 orr 0.05 _err -
. N
JAA[\M“}\ . ol i \ ‘//l/

AN (A \/\/M
-0.05 1 -0.05 f 1
0.1t : 01} :

-0.05 -0.15 -0.15
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
r/a

Unfvy
o

<

<

m; Ny vtiZ/R
o
2
m; Ny v"2/R
S}

rla r/a

FIG. 3: (a) parallel flow profiles observed at tvy/R ~ 330 in fized-flur ITG turbulence
simulations. The toroidal angular momentum balance during the initial flow generation
phase (tvy/R = 50 ~ 330) is plotted for the cases with (a) adiabatic and (b) kinetic
electrons, respectively. Radial profiles of the torque (trq), the turbulent and neoclassical
stress (str), the radial ion current (cur), the field stress (fid), the source term (src), and
the collision term (col) in Eq.(6) are plotted.

the adiabatic electron case. Figure 3(a) shows parallel flow profiles observed in fixed-
flux ITG turbulence simulations (P, ;=4MW, P, .=0). Since the present simulations do
not have momentum input in the plasma core, this difference is determined by turbulent
momentum transport. In order to understand the flow generation process, we examine
the ion component of the toroidal angular momentum balance [6],

8mw\\b<pfi 1 0 Y | | 'a<¢>a i
< ot >df+<?ﬁ' (ij1U||bgofz>>df+<szz Do >df <szR V¢>df

— <miv||bsoss7“6,8>df — <miv||b¢ Z C(fz, fs/)> = 0, (6)

df

where b,, is the covariant toroidal component of b and (A)y = ([ AG(R — x)d°Z) is the
flux-surface average moment operator. Figures 3(b) and 3(c) show the time average of
Eq.(6) over the initial low generation phase. Compared with the adiabatic electron case,
where the main contribution comes from the F, shear stress [2], the kinetic electron case
is characterized by a large contribution from the field stress (g; fi0,(®)q)ar, Which is inter-
preted as the off-diagonal component of the electric part of the Maxwell stress tensor [11].
This effect is determined by the phase relation between the perturbed non-axisymmetric
ion distribution § f; and the toroidal electric field 0,(¢),. In the adiabatic electron model
with dn. o< ¢, the phase difference is close to ~ 7/2 and the field stress is not important.
However, in the presence of trapped electrons, the phase difference is deviated from 7/2,
and the field stress is significantly enhanced. Another important difference is a finite
contribution from the radial ion current induced by particle transport, which is neglected
in the adiabatic electron case. In the next section, we examine the relevance of these new
effects due to kinetic electrons in long time scale ITG-TEM turbulence simulations.
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4 Electron heating modulation numerical experiment

In this section, we show a validation study on
electron heating modulation experiments. Rota-
tion changes induced by electron cyclotron reso-
nance heating (ECRH) were observed in recent
tokamak experiments [5, 4], and have attracted
attention as new means to control plasma rota-
tion without momentum input, because the ex-
ternal momentum input is expected to be small
in ITER. In such ECRH modulation experi- o}
ments, the electron temperature and its gradient
are promptly increased by applying ECRH, and
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eral tens of ms [5]. These transient changes have i i i i
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gyrokinetic calculations [12]. However, the mo- L
mentum transfpo‘rt has been still an open issye. FIG. 4: An electron heating modula-
To address this issue, we apply electron heating
modulation to a long time scale full-f ITG-TEM

turbulence simulation over ~ 20ms.

Un/vi

tion numerical experiment. (a) and (b)
show time and radial evolutions of ion

and electron heat fluzes, respectively.
In Fig.4, the ITG turbulence simulation with 73,0 time histories of (a) R/Ly, (b)

ion heating (Pm_i:4MW,]Dm7€:0) is continued R/Ltz‘7 R/Lte; (C) Tz‘; Te; and (d) UH are
until the quasi-steady state with the co-current
intrinsic rotation is established, and then, at
tvy;/ R ~ 1400, the heating condition is switched to electron heating ( Py, ;=0,P;, .=4MW).
By applying the electron heating, R/L; and T./T; are quickly increased ((d),(e)), and
the onset of TEM occurs around tvy; /R ~ 2800. Both in the ITG and TEM phases, ion
and electron heat fluxes show similar avalanche like nonlocal transport ((a),(b)). Dur-
ing the TEM phase, R/L,, is gradually increased, and parallel flows are changed in the
counter-current direction ((c),(f)). These observations are qualitatively consistent with
the experiment [5], and shows the validity of the new hybrid kinetic electron model.

In order to understand the mechanism of the rotation changes in Fig.5(a), the ion
toroidal angular momentum balance is studied both in the ITG and TEM phases in
Figs.5(b) and 5(c). Unlike the initial saturation phase of the ITG turbulence, the role
of the field stress is changed in the quasi-steady turbulence, and it tends to cancel the
turbulent and neoclassical stress (the second term in Eq.(6)) both in the ITG and TEM
phases. This cancellation is qualitatively different from the cancellation between the tur-
bulent stress and the neoclassical stress in the quasi-steady I'TG turbulence with adiabatic

observed at r ~ 0.5a.
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FIG. 5:  (a) parallel flow profiles at tvy;/R = 1400 and tvy;/R = 4600 in the elec-
tron heating modulation numerical experiment. (b) and (c) show the ion toroidal angular
momentum balance in the ITG phase (tvy;/R = 400 ~ 1400) and in the TEM phase
(tvy;/ R = 3600 ~ 4600 ), respectively.

electrons, where the field term stress is small [2]. As a result, the remaining contribution
to the torque comes from the ion radial current, which is reversed by particle pinch in
the TEM phase. It is noted that since the ambipolar condition is satisfied between ions
and electrons, the similar electron radial current exists in the electron part of the toroidal
angular momentum balance. However, the electron radial current is almost cancelled by
the electron field stress, and the net torque is determined only by ions. These results sug-
gest a new momentum transport mechanism induced by coupling between particle and
momentum transport channels.

5 Summary

In this work, we developed a new hybrid kinetic electron model, which enables long time
scale full-f ITG-TEM simulations. The model was verified by computing the neoclassical
transport and the linear ITG-TEM stability. By using the model, we studied impacts of
kinetic electrons on the ITG turbulence, and clarified the following two important effects.
One is a new saturation mechanism due to corrugated density profiles and the resulting
fine E,., which are generated by passing electrons transport localized near mode rational
surfaces. The other is new contributions from the field stress and the ion radial current
to the toroidal angular momentum balance. These new effects suggest an importance of
coupling between multiple transport channels such as indirect suppression of heat trans-
port by particle transport and rotation drive by particle transport. Based on the above
physics understanding, we conducted a long time scale ITG-TEM turbulence simulations
for ~ 20 ms, in which electron heating modulation was applied as in the ECRH modu-
lation experiment. The numerical experiment successfully reproduced rotation changes
and density peaking induced by transition of turbulence drive from ITG to TEM, and
the validity of the new model was demonstrated. In the numerical experiment, it was
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found that the turbulent and neoclassical stress is cancelled by the field stress, and the

remaining contribution comes from the radial ion current, which is reversed by particle
pinch in the TEM phase.

The computation in this work was performed on the Helios at the IFERC, the FX100

at the Nagoya Univ., the Plasma Simulator at the NIFS, and the K-computer (hp160208)
at the Riken. This work is supported by the MEXT, Grant for HPCI Strategic Program
Field No.4: Next-Generation Industrial Innovations, Grant for Post-K priority issue No.6:
Development of Innovative Clean Energy, and Grant No. 22686086.
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