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Current status of the integrated model GOTRESS+
M. Honda, N. Aiba, *H. Seto, E. Narita and N. Hayashi
National Institutes for Quantum and Radiological Science and Technology, Naka,
Ibaraki 311-0193 Japan
*National Institutes for Quantum and Radiological Science and Technology, Rokkasho,

Aomori 039-3212 Japan

Recent progress in GOTRESS

Due to the sensitivity of turbulent fluxes to profile gradients, robust predictions are
still arduous with a stiff turbulent transport model incorporated in a conventional transport
code. To overcome this difficulty, we have developed a steady-state transport equation
solver, GOTRESS, which benefits from global optimization techniques such as a genetic
algorithm [1] and the Nelder-Mead method [2] such that they directly find the solution
where a transport flux matches an integrated source [3]. In addition to quick calculation
of steady-state profiles, GOTRESS has advantage to make it possible to deal with TGLF
transport model [4], which is one of stiff transport models, in a robust manner on
Multiple-Program Multiple-Data (MPMD) structure framework. Also, GOTRESS has an
affinity for Machine-Learning techniques because it takes advantages of global
optimization techniques that in typical produce a large amount of data, adequate for
training of an artificial neural network model [5]. This surrogate model mimicking the

behavior of an original model realizes rapid computation.

Novel integrated model GOTRESS+

A novel integrated model GOTRESS+ has been developed, mainly consisting of the
equilibrium and current profile solver ACCOME and the neutral beam (NB) heating code
OFMC, other than GOTRESS, for predictions of temperature profiles consistent with an
equilibrium and heating profiles. A procedure of GOTRESS+ execution is described in
the following. Figure 1 demonstrates a workflow of GOTRESS+ in the case of high-beta
steady-state scenario in JT-60SA, what is called #5-1: By = 1.72T, I, = 2.3MA,



Pyg = 18.85MW and Pg, = 7MW [6]. The settings of auxiliary heating systems such
as NB heating and electron cyclotron heating (ECH) and the coils that support an
equilibrium are described in an input file of ACCOME. The prescribed density and
temperature profiles are also given as initial guess. After iterative calculations in
ACCOME, a consistent solution is obtained between an equilibrium and a current profile
according to the given kinetic profiles. At the same time, ACCOME also estimates ECH
and EC current drive (ECCD), if needed. The profiles required for OFMC as input are
sent to OFMC, and then the profiles of NB heating and NB current drive (NBCD) are
estimated. Now the current density profiles, the equilibrium and heating profiles have
been computed, which are all requisites for GOTRESS. GOTRESS in turn predicts the
temperature profiles based on them. At this point, the first iteration of GOTRESS+ is
completed, shown as "iteration 1" in fig. 1. The predicted temperature profiles are sent
to ACCOME and replaces the prescribed ones used in the first iteration. The second
iteration then commences. This iterative calculation continues until the profiles are well
converged. For this case, all the profiles are converged after 6 iterations. The developed

plasma meets the target values: the normalized beta of 4.42 > 4.3, the energy
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Fig. 1: Workflow of GOTRESS+. The predicted profiles are illustrated and each color of a line
corresponds to the number of times of iteration.



confinement improvement of 1.65 > 1.3 and the loop voltage of 0.003~0.

We now compare steady-state profiles of the temperature and the heating power
predicted by GOTRESS+ and TOPICS with the CDBM turbulent transport model
exploited [7]. The boundary conditions were imposed at p = 0.8 in both simulations,
where p is the normalized radial coordinate, so as not to include the pedestal because
the physics governing the formation of the pedestal is different from that in the core region.
Regardless of completely different numerical schemes used, both codes clearly predicted
almost the same temperature profiles. The GOTRESS+ simulation took 6,812 seconds,
around 10 hours faster than the TOPICS simulation. Thanks to the easy-to-use feature,
GOTRESS readily makes it possible to lower the loop voltage much closer to nil by
manipulating heating power carefully.

For more self-consistent predictions, estimation of the pedestal height and width is
necessary. For this purpose, The EPED1 model has widely been used to predict pedestal
height and width [8]. GOTRESS+ is now being extended to include our own EPEDI1
model that uses MARG2D, which is the ideal MHD stability code, replacing the ELITE
code originally used in [8]. In EPEDI, temperature profiles are scaled up/down if the
initial ones render a plasma MHD stable/unstable and then an equilibrium is reevaluated
using ACCOME. This process is repeated until the marginal stability condition is met.
Coupling of GOTRESS+ and EPED is in progress.
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Reduced models of turbulent transport including zonal flows and
trapped electrons

S. Toda, M. Nunami, and H. Sugama
National Institute for Fusion Science, Oroshi-cho 322-6, Toki, Gifu, 509-5292, Japan

The quantitative prediction of the turbulent transport in toroidal plasmas is one of the most
critical issues to be solved for realization of fusion energy. Recently, a large number of gyrokinetic
simulations of the turbulent transport in toroidal plasmas have been performed. The gyrokinetic
simulation results for tokamak and helical plasmas have been compared with the experimental
observation results [1]. Since it is known that zonal flows can regulate the turbulent transport,
numerous studies have been done to investigate the efficiency of zonal flows to improve plasma
confinement in toroidal devices. In these studies, nonlinear gyrokinetic simulations have been
performed to accurately determine the relation between the turbulent transport level and the zonal
flow amplitude. However, such nonlinear simulations require a huge computational cost for the
parameter scan in wide ranges of magnetic field configurations and plasma equilibrium profiles. To
reduce the computational cost, the reduced models are proposed. These models can quickly predict
the nonlinear simulation results of the turbulent transport coefficients and fluxes from the linear
simulation results of the instabilities’ growth rates and the zonal flow responses in helical plasmas
under the conditions of adiabatic electrons [2] and kinetic electrons [3]. These reduced models are
presented for the plasmas in the Large Helical Device (LHD), where the ion temperature gradient
(ITG) modes are unstable. The turbulent and the zonal flow potential fluctuations can also be
estimated by the reduced model derived from the linear simulation results. To evaluate turbulent
electron particle and heat transport fluxes as well as for treating electromagnetic effects which
become important for high-3 plasmas, kinetic electrons need to be treated in linear and nonlinear
gyrokinetic simulations. In particular, in helical plasmas, trapped electrons show complicated
drift motions and it is a serious challenge to quantitatively clarify how they impact instabilities,
zonal flows, and turbulent transport. In this study, effects of trapped electrons on zonal flows
and turbulent transport in the LHD configuration are studied. The residue zonal flow level for
the case of kinetic electrons is compared with that in the adiabatic electron condition by the
linear gyrokinetic simulation for the plasmas in the LHD, where the ITG mode is unstable. The
residue level of zonal flows has been studied in tokamak and helical plasmas by the gyrokinetic
simulations. In addition, the zonal flow decay time for the kinetic electron case is compared with
that in the adiabatic electron condition. Next, evaluating the mixing length estimate and the zonal
flow decay time by the linear gyrokinetic simulations, the saturation levels of turbulence and zonal
flows are predicted from the reduced transport models with setting different field configurations
and plasma equilibrium profiles for which effects of electrons on zonal flows and plasma confinement
are investigated.

The turbulence driven by the microinstabilities and zonal flows in the LHD plasmas are studied,
using the gyrokinetic local flux tube code, GKV [4]. In this study, the diffusivity and quasilinear
flux models [2, 3] for the ion heat transport are used for the adiabatic electron condition and the
kinetic electron condition. These reduced models are constructed, where the ITG mode is unstable.
The models for the electrostatic turbulent and zonal flow potential fluctuations are also used. The
electron density perturbation dn, is given in terms of the electrostatic potential fluctuation by

OMefofy _ {GN[QEIEI,I@ ~ ()| /T i k=0
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where e is the elementary charge, ng is the background density, T, is the electron temperature,
¢ = ¢/((Ti/e)(p;/R)), R is the major radius and p;(= myvy/(eB)) is the thermal ion gyroradius.
Here, m; is the ion mass, B is the magnetic field strength, vyi(= +/7i/m;) is the thermal ion
velocity and T; is the ion temperature. The average along the field line is denoted by (---) and
k(= kyp;) and l;;y(: k,p;) are the normalized radial and poloidal wavenumbers, respectively. Only
pure I'TG modes are treated by the adiabatic electron response for l~cy # 0. For l%y = 0, the so-called
modified adiabatic electron response is assumed. The models for the squared turbulent and zonal

- 2 2
flow potential fluctuations, 7 (: Z,;z’,;ﬁéo <’¢,;x’,;y >/2) and Z (: i < >/2> are
also represented by the linear simulation results, to reproduce the nonlinear simulation results.
The major radii of the plasmas are given by R = 3.75m for the standard field configuration and
R = 3.6m for the inward-shifted field configuration. The abbreviations SD and W used in this
study stand for the standard and inward shifted field configurations, respectively. The linear zonal

flow response function is defined by R; (t) = <Q~S,~€z7,;y:0(t)> / <gz~5,~%,~€y:0(t = O)> Note that the

zonal flow response function for k, = 0.25 is used to evaluate the representative values of the
zonal flow decay time, because there are peaks of the wavenumber spectra around k, = 0.25 in the
nonlinear simulation results. To study the correlation between R; (t) and the fluctuation of zonal
flows Z, the zonal flow decay time is employed. The normalized zonal flow decay time is defined
as Tzp = 7zr/(R/vy). The helical magnetic structure in the inward-shifted field configuration
enhances the zonal flow generation.

The linear simulation results related with zonal flows for the modified adiabatic electron (MAE)
condition of (1) are compared with those for the case of the kinetic electron (KE) response in
the SD and IW. The decay time of zonal flows depends on the magnetic field configuration and
is independent of the density and temperature profiles. When the field configuration model was
used, it was analytically shown that the linear response function decays faster due to the presence
of the trapped particles than for the MAE condition. It was found that the residue level for zonal
flows complicatedly depends on the helical ripple and the ratio of the neoclassical polarization due
to toroidally trapped particles to the classical polarization. The linear zonal flow response function
for the case of the KE response is confirmed to decay faster than that for the MAE response in the
SD and IW. The residue level of zonal flows for the case of the KE response is smaller than that
for the MAE response in the SD at p = 0.65. This tendency is the same in the SD at p = 0.80.
However, it is clarified that the residue levels are found to be almost the same for the MAE and
KE conditions at p = 0.65 in the IW. For comparing the zonal flow decay time for the case of
the KE response with that for the MAE condition, the value of 7y is set to be 30R/uv; for the
MAE and KE conditions. The zonal flow decay time is larger for the MAE condition than for the
KE condition in the SD. However, the zonal flow decay time for the KE condition is found to be
comparable to or slightly larger than that for the MAE condition in the IW. The difference of the
magnitude relationship of the residue level for zonal flows or the zonal flow decay time in the SD
and IW is due to the complicated dependence on the helical ripple and the effect of the toroidally
trapped particles.

The nonlinear simulation results, such as the ion heat diffusivity, x; as well as the turbulent
and the zonal flow potential fluctuations, 7 and Z, are predicted by the models. The model
predictions for the case of the KE response are compared with those for the adiabatic electron
(AE) condition. The values of T for the case of the KE response are found to be larger than
those for the AE condition in both field configurations, because the trapped electron enhances the
growth rate of the I'TG. Turbulence potential fluctuations in the IW are close to that in the SD.

Diso iy=0




The models can predict the nonlinear simulation results for 7, except for the region p < 0.6 in
the IW. The zonal flow potential fluctuation, Z in the IW is found to become larger than that
in the SD, especially for the case of the KE response. The simulation result confirms that zonal
flow potential fluctuation in the IW is larger than that in the SD. The model for Z reproduces
the nonlinear simulation results in the SD. The model does not predict the nonlinear simulation
results especially for the case of the KE response in the IW, because the plasma profile in the SD
is not used for the IW simulation for constructing the model for Z. In the SD, the zonal flow
effect is stronger for the the MAE condition than for the KE condition. On the other hand, in the
IW, the zonal effect for the case of the KE response is comparable to that for the MAE condition.
The linear simulation results are qualitatively reflected in these nonlinear simulation results for
the zonal effect. It is clarified that the reduced models reproduce the nonlinear simulation results.
Even if the linear and nonlinear simulation results in the IW using the plasma profiles in the
SD were not adapted for constructing the reduced models for the case of the KE response, the
reduced model can reproduce the nonlinear simulation results in the IW for the case of the KE
response. It is found that the transport predicted by the reduced models in the IW is smaller
than that in the SD. Effects of trapped electrons on zonal flows and turbulent transport in two
kinds of LHD field configurations are studied for the representative plasmas, where the ITG mode
is unstable. For the linear simulation results, the residue level and the decay time of zonal flows
for the case of the kinetic electron response is smaller than for the modified adiabatic electron
response in the SD field configuration. However, the residue level and the decay time of zonal
flows for the case of the kinetic electron response are found to be comparable to those for the
modified adiabatic electron response in the IW shifted field configuration. For the predictions
of the reduced models, the zonal flow effect on the transport for the case of the kinetic electron
response is weaker than that for the adiabatic electron response in the SD field configuration. In
the IW shifted configuration, the zonal flow effect for the case of the kinetic electron response is
found to be comparable to that for the adiabatic electron response. The zonal flow effect on the
transport depends on not only the zonal flow decay time but also the mixing length estimate in
the reduced models. The ion heat diffusivities predicted by the reduced model in the IW shifted
field configuration are smaller than those in the SD field configuration. It is found that the linear
simulation result, such as the zonal flow decay time, is the possible qualitative criterion for zonal
flow effect on the transport. The nonlinear simulation results are well reproduced by the reduced
models for the heat diffusivity and the quasilinear flux model, even in the parameter region for the
case of the kinetic electron response in the IW shifted field configuration, where the data for the
heat transport are not used for constructing the reduced models. This work was partly supported
by the NIFS Collaboration Research Programs, NIFS18KNST129 and NIFS18KNXN363 (Plasma
Simulator), NIFSI8KNTT045, and the Collaborative Research Program of Research Institute for
Applied Mechanics, Kyushu University, 2019FP-4.
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Flow helicity of wavy plasma turbulence
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Helicity of flow field, defined as v - w where v is the velocity and w = V x v is the
vorticity, is an important quantity to understand the dynamics of turbulent plasmas.
For example, turbulence with finite flow helicity can transport momentum to generate
large scale flows. Turbulence with finite helicity also can generate large scale magnetic
field, which can be modelled via the famous alpha term in the mean field theory of the
magnetic field evolution. Moreover the generation of large scale helical flows is reported
from theory[l] and numerical simulation[2]. Flow helicity plays an important role to
quantify the resultant flow structures.

In this work[3], we have analyzed how the helicity of turbulent plasmas is determined,
by using drift wave turbulence and parallel velocity gradient driven (PVG) turbulence.
First of all, we identify relevant symmetry breaking to have the flow helicity to be finite.
Generally, the helicity of the flow field is finite when the reflectional symmetry is broken in
the system. In the case of magnetized plasmas, we find that the breaking of the reflectional
symmetry is closely related to the breaking of the symmetry along the magnetic field. In
this regard, PVG turbulence is a typical example of the turbulence with finite low helicity,
since the growth is asymmetric with regard to the direction of the magnetic field. For the
given parallel flow shear and the poloidal mode number, fluctuation with the particular
sign of the parallel wave number is excited. This translates into the helicity of PVG

turbulence as )

eﬁgk
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Thus the helicity of PVG turbulence, especially the entire sign, is determined by o

(1)

(n)(v,)’B. Then flipping the magnetic field or the parallel flow direction, the sign of
the helicity flips. Pictorially, turbulence may be filled with the lefthand sided helix, while

by flipping these sings the turbulence can be filled with the righthanded helix.



Then the dynamical evolution of fluctuation helicity is formulated. Especially we
emphasized the link of the evolution of fluctuation helicity to the transport fluxes. For
PVG turbulence, the relevant flux to drive the fluctuation helicity evolution is tied to
the momentum flux of parallel flows. Note that the parallel momentum flux requires the
symmetry breaking to have a finite value. The finiteness of this flux is tied to the finite-
ness of the fluctuation helicity, which is a plausible result. Then the obtained evolution
equation is used to diagnose the simulation data obtained from the NLD code. A steady
state balance is achieved by balancing the damping of helicity and the parallel momentum
flux. The resultant expression has the similar dependence on the sign as Eq.(1).

Stimulating discussion with P.H. Diamond, K. Itoh, S. Inagaki, F. Kin, is acknowl-
edged. This work was supported by Grants-in-Aid for Scientific Research of JSPF of
Japan (JP15H02155, JP17H06089, JP18K03578), the Joint research project in RTAM.
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Effects of Electron Cyclotron Heating on the Toroidal Flow in
HSX Plasmas
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Department of Nuclear Engineering, Kyoto Univ., Nishikyo, Kyoto 615-8540, Japan
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The toroidal flow related to electron cyclotron heating (ECH) is investigated in HSX plasmas. Radial
diffusion of energetic electrons by ECH produces a canceling return current, which then generates
a jr X B torque that can play an important role in the toroidal rotation in ECH plasma. We
investigate the energetic electron distribution by ECH by applying GNET code, which can solve the
5D drift kinetic equation for the energetic electron. We evaluate the j,. x B torque and the collisional
torque due to the friction of the toroidal drift motion of the energetic electrons. As a result, we
obtained a significant torque due to the ECH and found that a larger torque is obtained in the
Mirror configuration than in the quasi-helically symmetric (QHS) configuration in HSX. Solving the
momentum balance equations and Ampere’s law with the j,. x B torque, we evaluate the toroidal flow
velocity and compare simulations with HSX experiments. The obtained flows have good agreement
with experimental ones.

Introduction
Recently, spontaneous toroidal flows have been observed in
electron cyclotron heating (ECH) plasmas in many tokamak and

helical devices such as JT-60U, LHD and HSX. To clarify the 1.4

underlying mechanism, many experimental [1] and theoretical — 12f :’é’”ﬁs
studies have been undertaken. The effects of the magnetic con- £ 1t —=—symmetry | ]
figuration on plasma flow are intensively investigated in HSX, % 08f

where two typical magnetic configurations are considered. One S 06F

is the Quasi-Helically Symmetric (QHS) configuration, which T 04f

has a quasi-helical symmetry in |B| and is dominated by the 2 o2t

[m,n] = [1,4] mode. The other is the Mirror configuration, where 0

a set of auxiliary coils adds toroidal mirror terms, the (0,4) and 02

"0 02 04 06 08 1

(0,8) modes, to the magnetic field spectrum to break the helical 0

symmetry. The QHS configuration has a parallel neoclassical vis-
cosity that is smaller than that of the Mirror configuration, so we
expected that the toroidal flow velocity in the QHS configuration
would be larger than that of the Mirror configuration. However
smaller toroidal flow was observed in the QHS configuration. It
has not been understood well yet.

Figure 1: The total helical forces
wcluding j, X B and collisional
torques in three configurations.

Simulation model

ECH can drive the radial electron current j. due to the radial motion of suprathermal electrons
[2]. The net current in the steady state should be canceled to maintain the quasi-neutrality, so the
return current, j. (= —j.) , must flow by the bulk ions by ambipolar condition. Therefore, the
bulk plasma feels the j,. x B torque due to the return current. On the other hand, the suprathermal
electrons drift toroidally due to the precession motion. During the slowing down of the suprathermal
electrons, they transfer their obtained momentum to the bulk plasma due to collisions.

In this study, we investigate the behaviors of energetic electrons by ECH, which can generate
the radial current making the j. x B torque in the HSX plasmas. Also, we evaluate the collisional
torques, by the collision between energetic electrons and bulk plasma. We apply the GNET code,




which can solve a linearized drift kinetic equation for energetic electrons by ECH in 5-D phase

space|[2]
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Solving the momentum balance equations and Ampere’s law with
the radial electron flux and torques, we evaluate the toroidal flow
velocity and compare them with experimental one.

Results

In the perfectly symmetric configuration, the forces in the
symmetry direction cancel each other. Asseen in Fig.1, the j,.xB
torque and the collisional torque cancel each other and the com-
ponent parallel to the helically symmetry direction is very small
in the perfectly helically symmetric configuration[3]. However
non-symmetric magnetic modes enhance the radial current j..
Thus, even in the QHS configuration the j,. x B torque is dom-
inant and there is a net force in the symmetry direction due to
other small non-symmetric modes. The force in Mirror configura-
tion is more than twice as large as that in QHS configuration with
the same input power. The collisional torque is so small that we
can ignore it in QHS and Mirror configurations. Solving the mo-
mentum balance equations with j,. X B torque, the obtained flow
velocity is shown in Fig.2. Here the absorption power calculated
by ray-tracing code is 24kW in QHS configuration and 16kW in
Mirror configuration. The obtained flow in QHS configuration is
strongly peaked, but the toroidal flow in Mirror configuration is
larger than that in QHS configuration totally.
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In H-mode regime in tokamaks, edge localized modes (ELMs) often appear and induce large
heat load to divertors. Since the heat load is unacceptable for future large reactors like ITER
and DEMO), it is necessary to suppress and/or mitigate the ELMs. Quiescent H-mode (QH-
mode) is one of the promising candidates realizing ELM suppression and high confinement
performance with ITER and DEMO relevant plasma parameters [1]. One of the important
characteristics of the QH-mode is that edge harmonics oscillations (EHOs) are observed,
though ELMs disappear. Since QH-mode can be obtained when bootstrap current and rotation
shear near plasma surface are large, the EHOs have been recognized as a rotation shear
destabilized current-driven MHD (peeling) mode. The hypothesis has been validated by linear
analyses with the ideal [2] and resistive [3] MHD models.
In addition, the ion diamagnetic drift frequency, w+, can be comparable to the plasma rotation
frequency[3], hence, the E X B rotation has been recognized as a strong candidate responsible
for entering QH-mode, the rotation which is composed of the sum of plasma fluid rotation and
the ion diamagnetic drift [4]. The MHD analysis with the E X B rotation as already performed
in [3], however, in this case, the ion diamagnetic drift was treated as the single fluid MHD
rotation. The stabilizing effect by the ion diamagnetic drift on pressure-driven ballooning
mode in a static plasma has long been recognized as discussed in [5], and the effect has been
obtained by treating the fluid rotation and the ion diamagnetic drift independently.
In this study, we analyze numerically the MHD stability in DIII-D QH-mode plasmas by
considering plasma rotation and w-+ effects simultaneously with the linear extended MHD
stability code MINERVA-DI [6]. This code solves the extended Frieman-Rotenberg (F-R)
equation
02 d d
Po a_tf + 2py (VO,MHD : V) a_f + Po (Vo,*i : V) % =F(%),
V-&=0
with the definition of velocity vectors as
V\B

Viup =V, + 181

V.i=———=B X Vp;,,

eZN|B|?
where F (&) is the linearized force operator derived from the diamagnetic MHD model [6].
Here § = &, + &,B/|B]| is the Lagrangian displacement vector defined with the linearized
Eulerian velocity, p is the plasma mass density, e is the quantum of electricity, Z is the ion
mean charge satisfying N, = ZN;, N, (N;) is the electron (ion) number density, p; is the ion
pressure, and the subscript 0 indicates the equilibrium quantity.
The analyzed DIII-D plasma is #153440, which has the EHO with the large n=2 component in
magnetic fluctuation, where 7 is the toroidal mode number. The parameters of this plasma are
the toroidal magnetic field |B;|~1.91T, the plasma current |Ip|~1.5MA, B and I,, are
clockwise from the top view of the torus, the ellipticity k~1.85, and the triangularity 6 ~0.5.
As discussed in [3,4], the rotation shear in not the toroidal rotation of impurity (carbon) but
the toroidal rotation associated with the E X B drift, wgyp, is thought to be responsible for



entering the QH-mode, hence, the MHD stability is analyzed by taking into account Qgy 5.
Note that such the analysis can be realized by setting Vo ypp = Rwg — rwgB:/|Bg| =
Rwy,xp, because the ion diamagnetic drift frequency in wgyp is explicitly included as V ,; in
the extended F-R equation. Here Q4 (€g) is the rotation frequency in the toroidal (poloidal)
direction, 7 is the plasma minor radius, and B,, is the poloidal magnetic field. The wg and wq
profiles are determined by using the measured rotation profiles of carbon, wg ¢ and wg ¢, and
the corresponding w,,yp is named as wy,xp ¢. The ion diamagnetic drift frequency w,; profile
is evaluated with both the deuterium and carbon pressure profiles with the assumption that the

temperature is the same as each other. The equilibrium profiles of the plasma are shown in
Fig.1.
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Fig.1 Profiles of the DIII-D 153440/1.724sec. plasma; (left) T;, T,, N;, N,
(center) Py, q, (right) Wy ¢, Wo.c, Wyxpcr Wsi

Figure 2 shows the stability diagram of the plasma on the j,.q — a plane, where j, .4 is the
flux averaged current density inside edge pedestal, and is the flux averaged current density
inside edge pedestal, and « is the normalized pressure gradient. When analyzing the stability
without the w,; effect, the stability boundary indicates that the current driven MHD mode
(kink/peeling mode) is destabilized by rotation because the mode can be unstable with small
amount of j,.q as shown in Fig.2(a). The trend is consistent with the previous results
discussing the impact of sheared rotation on kink/peeling mode stability. However, when
considering the w,; effect simultaneously, the kink/peeling mode in rotation plasmas requires
large amount of j,.q for destabilization as shown in Fig.2(b). Namely, the rotation stabilizes

no rot. with rot. no rot. with rot.
153440, 1725, EHO (NR257) 153440, 1725, EHO (NR257)
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Fig.2 MHD stability diagram of the DIII-D 153440/1.725sec. QH-mode
plasma on the j,.q — a diagram; the target expresses the equilibrium values
observed in experiment, and the numbers on the thagram show the toroidal
mode number of the MHD mode determining the stability boundary; (left)
without w,;, (right) with w,;.




the king/peeling mode. The trend is clearly observed when varying the rotation profile by
multiplying coefficient C to wy,xp ¢; the result is shown in Fig.3. As shown in this figure, the
stability boundary of the peeling modes slightly moves downward by increasing wy,xp c,
because the mode is destabilized. On the other hand, when including both rotation and the w,;
effects, the boundary moves upward; namely the mode is stabilized by rotation.

These results imply that the rotation effect on kink/peeling mode stability depends on the
existence of the ion diamagnetic drift effect. Since the ion diamagnetic drift at edge pedestal
region in QH-mode plasmas is usually large, both effects could play key roles for entering
QH-mode. To validate this numerically, nonlinear simulation including both the effects is
necessary to obtain QH-mode plasma numerically as a steady state with EHOs. This remains
as our future work.
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Fig.3 Impact of rotation frequency, Cw,xp ¢, on the kink/peeling mode
stability boundary on the j, .4 — a diagram; (left) without w,;, (right)
with Wy .
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1. Introduction

In order to realize a fusion reactor, it is necessary to sustain stable confinement of high-temperature
plasmas. However, in a torus plasma, there are various instabilities that have their characteristic spatial-
temporal scales (e.g. MagnetoHydroDynamics (MHD), ion and electron scales), and these instabilities
make it difficult to confine the plasma [1,2]. MHD instabilities due to the pressure gradient and the plasma
current cause plasma collapse phenomena [3-5]. Therefore, understanding the characteristics of MHD
instabilities is essential for stable control of plasma performance.

In order to understand the physical mechanism of plasma dynamical phenomena, laboratory size
tokamak PLATO is now under construction in Kyushu university to make detailed measurements of plasma
perturbations by using various experimental diagnostics [6]. The flexible design of PLATO tokamak makes
it possible to observe dynamics of 3-D turbulence structures. The expected plasma parameters of PLATO
tokamak parameters are following; major radius R = 0.7m, minor radius a = 0.2m, plasma volume Vp =
0.9m’, electron temperature T, = 0.2keV, density n = 1.0x10"m’.

In this study, the target is MHD instabilities with macro scales, and we carry out MHD simulations by
using PLATO tokamak parameters to represent dynamics of MHD instabilities in a tokamak plasma.
Ballooning and kink modes are induced depending on the safety factor ¢ profile and the steep gradient
region, and pressure flattening processes accompanied with competition of instabilities are investigated in
the nonlinear dynamics.

2. Equilibrium in PLATO

The plasma equilibria considering the experimental conditions are
evaluated by using the module EQU in integrated transport code TASK [7].
TASK/EQU calculates equilibria with free boundary conditions in existence
of external vertical coils [8]. Figure 1 shows the magnetic configuration
obtained by using the set of external coil currents. In this calculation, only D,
H and Q coils are used for control parameters. This calculation gives toroidal
magnetic field B, = 0.3T, plasma current I, = 40kA, central-beta 5, = 2%,
central-g  Qayis = 0.7 , surface-q qgur = 9.8 , ellipticity k= 1.6
triangularity § = 0.3.

Fig.1Magnetic configuration obtained by TASK/EQU.
The configuration has up-down symmetry.

3. MHD simulation
For simulations of MHD instabilities in PLATO tokamak, MIPS code [9] is used. MIPS code solves
the MHD equations described below in the cylindrical coordinates (R, Z, ¢);

o v? L - 4 . o
Por= pWXU — pV 5 —Vp +]><B+§V[vp(V-v)]—Vx[va], €))
dp

5= "V (D), (2)
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Here, p, p, U, E, 57 are the mass density, plasma pressure, velocity, magnetic field, electric field and
current density, pegq, feq are the equilibrium pressure and current, respectively. v, 1, y, y are viscosity,
resistibility, adiabatic constant and thermal diffusion coefficient, and v = n/uy = 10™°v,R,, x =
10~ 7v,R, are used for the following calculations, where v, is the Alfvén velocity, R, = 0.7 m is the
typical major radius. The time # is normalized by the Alfvén time.

The MHD equilibria used in the simulations are constructed by TASK/EQ module which calculates
equilibria with a fixed boundary condition. The magnetic surface of g = 5.5 of the equilibrium calculated
by the TASK/EQU module shown in Fig.1 is used for the boundary condition of the TAKS/EQ module.

Figure 2 shows the time evolution of the pressure perturbation energy for ¢,is = 0.8, where the pressure
is normalized by By*/uo. The total pressure perturbation energy, which is integrated for the whole plasma
volume, increases monotonically in the linear phase, and show nonlinear saturation after the phase. Its
Fourier decomposition to the toroidal components is also shown in Fig. 2. The initial growth rate of the n
= 1 component is smaller than that of the n = 14 component, where # is the toroidal mode number. The
growth rate of the n = 1 component increases at ¢ = 300, and at # = 500 its magnitude becomes larger than
those of the other modes. The pressure components in the poloidal cross-section are shown in Figs. 3. In
Fig. 3 (¢ = 300), a ballooning mode structure whose perturbation component exists in the low field side of
plasma [10,11] can be seen with finite poloidal mode numbers. Next, we conducted comparison of the mode
spectra in the linear phase (¢ = 200) and nonlinear phase (¢ = 400). In the linear phase, the dominant modes
have the poloidal mode numbers of m = 19 around p = 0.65, where the pressure gradient is larger. Here
m is the poloidal mode number. On the other hand, in the nonlinear phase, dominant modes exist around
p = 0.45. This is because the pressure profile near p = 0.65 is flattened by the instabilities, and the
steeper gradient region is shifted to the inner part near p = 0.45. In this way, the mode excited region is
expanded in accordance with the flattening process. After the flattening by the ballooning modes, the n =1
mode induces sudden change of the pressure profile in the central region as in Fig. 3 (# = 500 and ¢ = 600).
A m/n =1/1 kink mode at the ¢ = 1 surface [12] gives the collapse near the center. In this way, both of
ballooning and kink modes are excited in this simulation.
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4. Characteristic of the instabilities

In this section the characteristics of the instabilities are investigated by changing plasma parameters;
plasma beta, resistivity and safety factor profile. First, the dependency of the ballooning instability on the
plasma beta is explained. The linear growth rate becomes larger, as the plasma beta is increased from 1%
to 6%. Therefore, it is revealed that this instability is strengthened by the larger pressure gradient. Next, the
dependency on the resistivity is examined. We carry out MHD simulations by changing 71 from 1078 to
107*. The linear growth rate becomes larger, as 7 is increased in the range > 107°. Note that n = 107>
is used for the nonlinear simulation in the previous section.

In the MHD simulation in Sec. 3, both the ballooning and kink modes appear. The excited mode can
be controlled by changing the g profile.
Different ¢ profiles are used as the initial
conditions. Figures 4 show comparison of
the time evolutions of the pressure profile
with different ¢ profiles. In the Fig.4 (a)
with g.xis = 1.3, there is no g = 1 surface in
the plasma, so the kink mode is not excited
and the ballooning mode is dominant. T 400

When the ballooning mode is dominant, 0002 04 06 08 10 02 04 06 08 1
there is no sudden change in the central normalized radius normalized radius
Fig.4 Time evolutions of the pressure profile for the (a) ballooning
dominant case (qaxis = 1.3) and (b) kink dominant case (g.s = 0.5).
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pressure as in Fig. 4(a). On the other hand,
in the Fig.4 (b) with g,is = 0.5, since gayis 1s
smaller than the case with g, = 0.8, the kink mode is more unstable, which causes sudden change in the
central pressure as shown in Fig. 4(b). Therefore, the flattening process of the pressure profile is drastic. It
is revealed that the flattening process is changed by dominant instabilities.

5. Conclusion

In this study, the MHD simulations for PLATO plasmas were carried out by the combination of TASK
and MIPS codes. The plasma equilibrium was evaluated with the vertical coil configuration of PLATO by
using the free boundary equilibrium code TASK/EQU. The equilibrium was introduced into the MHD
simulations and nonlinear saturation dynamics was calculated by using MIPS code. The ballooning and
kink modes can both become unstable for the PLATO parameters. The parameter dependencies show their
characteristics. The ballooning modes become unstable at the region with steep pressure gradient, which
give rather mild flattening of the pressure profile on the low field side of the plasma. On the other hand, the
kink modes with m/n = 1/1 become unstable near the center of the plasma, and give drastic pressure collapse
of the core.

Normalized pressure
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1. Introduction

To understand particle pinch mechanism in the peripheral region of Tokamak is important
issue to supply of D-T fuels in DEMO reactor. The inverted density gradient appears in a
hollow density profile when gas-puff or pellets are injected. Using a delta-f electromagnetic
gyrokinetic simulation code dFEFI[1], we investigated a local dynamics of particle transport
in the case with inverted density gradient. It is shown that in the nonlinear phase, the lower
wave number mode becomes dominant, which produces an inward particle flux[2]. With a
high electron collisionality, electron temperature fluctuations associated with the effects of
finite electron thermal conductivity can produce a phase shift between the density and
electrostatic potential fluctuations. The phase shift causes an inward pinch in the ITG-like
mode, so called ‘ion-mixing mode’[3]. On the other hand, we have also observed that the
similar phenomena in the 5-field reduced MHD simulation with density hump where ITG is
not taken into account[4]. In this work, we investigate the electron drift wave (EDW) with
inverted density gradient. It is shown that in this situation, it could drive inward particle flux
rather than the ion-mixing mode.

2. Electron drift wave

The electron response is modeled as

fie _ ep .
=2+ (1)
with § = k(w — w,e + 1.50,w.)/w, , k = 1.76,w, = kfvi,/v. . According to Ref.[5,6],

we obtain

1ris— 24 (FHE L 129 (145 =0 (3)

w?, 02 o
Then, the quartic equation is obtained as
i@in‘* + (1 + bg + iZ—e)m + (-1 +bK +26,)0%+ (-2 +6)Q—-S5=0, (4)
X X

where G = 26,K,¢ = kycs/w.e,S = K&, @y = kw,/w.e,fle =3/2(M. —2/3) . G

represents the driving term of toroidal ITG mode and S, the one of slab ITG mode.



The particle flux is given by

2k,
= g % |24 Res) ®)

ey
Te

If § >0, Eq.(5) implies the inward particle flux. In Eq.(4), we shall consider the electron
drift wave with the inverted density gradient, namely, w,, < 0. Setting by =0, =0,G =
0,S =0,¢, = 0, Eq.(4) reduces to the quadratic equation as

Q% + (i@, +0.)2+ i@, =0 . (6)
In the limit of |—i@, + A|" » 4@,, the unstable solution is given by

~w. —i2 _2 kove
W W~ 1> (w*Te 3«)*@) o, (7)

Since wg, > 0, the imaginary part is positive. Then,

Re(8) =2k=>0 (8)

Wy

which implies the inward particle flux is driven by the electron drift wave with the inverted
density gradient. This model is suitable for semi-collisional regime where the passing electron
plays a role. On the other hand, if the collision frequency enters the banana regime, the
trapped electron may play a similar role.

3. Effect of dissipative trapped electron mode on EDW

We consider the dissipative trapped electron mode (DTEM) on the electron drift wave

assuming v,~wy. The electron response is modeled as
Al @ . .
P (1+i6+id;) . 9)

For the DTEM, the nonadiabatic electron response is given by[7]

w2 e3w,, 3
6t = ﬁ—ve <.Q - (1 + Ene)) (10)
For Q~1, itis found that the particle flux is the outward, namely,
3
br|? kT, 6vZ br|? kT, 2
['=-—no Xk eT—ek| 25 Re(8e) = + = no Xy eT—ek e_Bi_ew*T >0 . (11)

DTEM effect on inverted density gradient driven EDW is easily taken into account of the
nonlocal dispersion relation given by Eq.(11) in Ref.[6],

Q+e)Q—1)(1+i6)?* — v+ 4.)? = 0. (12)
It implies that DTEM has a stabilizing effect on EDW through the factor 1 — §2.

4. Summary and discussion

We investigate the EDW in the case with the inverted density gradient and normal
temperature gradient in tokamak plasma peripheral region. The local dispersion relation



Eq.(7) shows the electron temperature gradient and the parallel electron thermal conductivity
drives the instability in the case with w,, < 0 which produces the inward particle flux. We
also investigate the effect of DTEM on EDW. It is found that DTEM has a stabilizing effect
on EDW through the factor 1 — §2 and weaken the inward particle flux.

To transport the tritium fuel in the core region, we need another mechanism which produces
the inward particle flux. The fluid model which describes ITG/TEM turbulence in the
collisionless regime was proposed by Nordman et al.[8]. In their paper, they investigated the
particle pinch and thermal pinch regime in the phase space of (g, ,n). There exists the
region where the particle pinch occurs. For this region, ITG is unstable and coupled with
TEM. The growth rate is given by[8],

|1+ e 7 (1-¢,)2
v = \/1_—\/2{6”(1 ) g

To couple the plasma core with the edge, we shall consider the phase space

(Ve yLr,, Ly ,LTl.) instead. For future work, we could try the Gedanken experiments, namely,
(1) assuming quasi-linear flux, we search the region which gives particle pinch and thermal
pinch in parameter space, making phase space map, then, (2) learning steady state profile
changing heat source and particle source to approach such region by the neural network, then,
we could make particle control by the neural network.
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Study of multiple impurity seeding effect using SONIC integrated
divertor code for JT-60SA plasma prediction
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1. Introduction

The JT-60SA tokamak is now being constructed and is expected to ignite the first plasma at 2020 and
to perform ITER-supporting and -complementing experiments from 2023 under various operation
scenarios. One of the underlying operation scenarios is the high-beta operation under full non-
inductive current drive conditions (steady-state high-beta operation) [1]. The operation will take place
with impurity seeding to reduce the heat load towards the divertors and with keeping the separatrix
density low enough to match the core operation condition. On the other hand, the concentration of the
impurities in the core causes a harmful effect to sustain the high-performance plasma by radiation
cooling and dilution. Therefore, it is important to establish a method to control the impurity transport
in the core and SOL/divertor regions. So far, a favourable spatial distribution of radiation power has
been achieved by Ne + Ar (mixed gas) seeding experiment in JT-60U, i.e. the radiated power is almost
localized in the divertor region and as a consequence, better energy confinement than Ne-only and Ar-
only cases has been achieved [2]. However, the interpretative and predictive simulation of such mixed
gas seeding operation has not been performed. This is partly because the number of impurity species
that the previous version of integrated divertor plasma transport code SONIC [3,4] could kinetically
solve was limited to one. The issue has been essentially resolved by restructuring SONIC code with
Multiple-Program Multiple-Data (MPMD) framework [5], which allows SONIC to calculate transport
processes of two impurity species by a kinetic impurity transport code IMPMC. The extended SONIC
code was applied to the analysis of the JT-60SA divertor plasma with two impurity species, i.e., the
intrinsic C and seeded Ar gas impurities, and demonstrated the radiative divertor plasma scenario [5].
The purpose of this paper is to examine the effects of different impurity seeding species in the JT-
60SA divertor plasmas step-by-step in order to study the potential impurity seeding operation regime.
Aiming for this purpose, the SONIC code has been further extended to handle three or more impurity
species kinetically based on the MPMD framework mentioned above. Now the SONIC code is capable
of calculating the mixed seeding impurities Ne + Ar and intrinsic C transport by IMPMC. The
impurity-impurity interaction such as the physical sputtering of C by Ne and Ar bombardment has
been also implemented. The effects of seeding mixture of Ne and Ar in JT-60SA steady-state high-
beta operation scenario is demonstrated by means of the extended version of SONIC. The impurity
accumulation in the core plasma and its influence on the core plasma are also evaluated by the core
integrated code TOPICS using boundary condition of impurity contents in the core edge region
evaluated in SONIC, as the same way as in ref. [6]

2. Calculation conditions [ Plasma/ Neutral / Impurity

Figure 1 shows the computational grid for JT- [ Neutral /Impurity
60SA. The locations of the injection ports of each . -
impurity species are also shown in Fig. 1. The  _, A

r

intrinsic C impurities are also considered in the
calculation. In this study, the parametric survey of =
the Ne seeding rate (0.0 (Ar-only) — 0.28 Pam®/s)is _

performed with other parameters kept the same as -

ref. [5] by SONIC. The Ar seeding rate is .. R

automatically adjusted to keep the total radiation . Ne =

power to be 13MW in the plasma. \\ \
The TOPICS calculation conditions are the same as £

ref. [6]. The CDBM is employed as the anomalous ~ Fig. 1 Computational grid for JT-60SA.
heat transport model. The same transport The locations of the injection ports of each
coefficients as ref. [6] are employed for the impurity ~ impurity species are also indicated.
transport calculation in the core.
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Figure 2 The stacked plot of radiation power of each impurity species as a function of Ne seeding rate:
(a) the SOL region above X-point, (b) the inner divertor region, and (c) the outer divertor region.

3. Results
3.1 SONIC calculation

Figure 2 shows the impurity radiation power as a function of Ne seeding rate in (a) SOL region above
X-point, Prag, sor, (b) inner divertor region Prg, ip and (c) outer divertor region Prag, op. The rapid
decrease of the Ar radiation power from 1.2 MW to 0.9 MW as the Ne seeding rate increases from 0.0
to 0.02 Pa m%/s is due to the change of the balance between the friction force and the thermal force as
discussed in ref. [7]. Then, the Ar radiation power in the SOL region gradually decreases as the Ne
seeding rate increases. The Ne radiation takes place mainly in the inner divertor region and Praq, 10
increases due to the Ne seeding as seen from Fig. 3 (b). On the other hand, Ne radiation power does
not so much increase in the outer divertor region as seen from Fig. 3 (¢). In summary, Praq, soL decreases
and Praq, ip and Prag, op increases. Such compression of impurity radiation power in the mixed-impurity
seeding case has also been observed in the JT-60U mixed impurity seeding experiment [2]. The
analysis of JT-60U experiment will be performed near future.

3.2 TOPICS calculation

The plasma/impurity transport simulation in the core has been carried out by the TOPICS code using
core edge impurity densities computed by the SONIC as a boundary parameter. The following four
cases are compared;
Case A: Ar-only (0.35 Pa m®/s), total radiation 14MW,
Case B: Ar (0.25 Pa m’/s) + Ne (0.04 Pa m®/s), total radiation 13MW,
Case B: Ar (0.20 Pa m’/s) + Ne (0.10 Pa m®/s), total radiation 13MW,
Case B: Ar (0.14 Pa m’/s) + Ne (0.20 Pa m®/s), total radiation 13MW.
It should be noted that the Case A is different from the Ar-only case regarding the toral radiation power
in Sec. 3.1. The impurity densities 7arotal and nneotal at p = 0, defined as a sum of impurity densities
at each charge state, the compression of Ar car, defined as a ratio of the divertor Ar density tot the core
Ar density, Z.f at p = 0, the total impurity radiation power in the core (0 <p < 1), Prad,corc, and T at p
= 0 are summarized in Table 1. Higher car in Cases B, C and D than Case A has been achieved. The
lower Zesr at p = 0 and Prad,core than Case A has been achieved in Cases B, C, and D. The higher 7. at p
=0 than Case A in Cases B, C, and D has also been obtained.

TABLE 1 The summary of the impurity densities Narotal and nne,ota at p = 0, defined as a sum of
impurity densities at each charge state, the compression of Ar car, Zesr at p = 0, the total impurity
radiation power in the core (0 < p < 1) Pradcore, and Te at p =0 in each case

NAr total (XI0” m—3) NNe total (XIOW m_B) CAr Zcﬂ' Prad.corc (MW) Te (keV)
Case A 3.60 - 1.19 3.50 5.83 4.66
Case B 2.31 1.10 3.03 3.10 4.22 497
Case C 1.98 2.87 345 3.20 4.10 5.01
Case D 1.30 5.35 5.56 3.22 3.64 5.07




4. Summary

The first application of SONIC to the mixed-impurity seeding operation in JT-60SA steady-state
high-beta plasma has been carried out to study multiple impurity seeding effect. The parametric survey
of Ne seeding rate has been performed. The Ne impurities are injected to the Ar seeded plasma with
the Ne seeding rate of 0.0 - 0.28 Pa m3/s. The rapid decrease of the Ar radiation power from 1.2 MW
to 0.9 MW as the Ne seeding rate increases from 0.0 to 0.02 Pa m?/s is due to the change of the balance
between the friction force and the thermal force as discussed in ref. [7]. Then, the Ar radiation power
in the SOL region gradually decreases as the Ne seeding rate increases. The Ne radiation takes place
mainly in the inner divertor region and Pr.q, 1p increases due to the Ne seeding. On the other hand, Ne
radiation power does not so much increase in the outer divertor region. These change of radiation
power in the SOL suggests that Ne injection into the Ar-seeded plasma has a capability of compressing
the Ar impurities into the inner divertor region. Such compression of Ar impurities into the divertor
regions results in the higher impurity radiation power in the divertor regions, and lower impurity
radiation power in the SOL region in Ar + Ne seeding case, which show the similar tendency observed
in JT-60U mixed-impurity seeding experiment [2].

The core plasma has been also investigated by the TOPICS code using the core edge impurity density
computed by the SONIC code as a boundary parameter. The Ne injection into the Ar-seeded plasma
results in the higher compression ratio of the divertor Ar density to the core Ar density, i.e. the Ar
impurities have been compressed in the divertor region in Ar + Ne seeding cases. The Ar + Ne seeding
cases show lower Zeff at p = 0 and total radiation power in the core. The higher Te than the Ar-only
case at p = 0 has been obtained. These possible contributors to the better energy confinement suggest
that the mixed-impurity seeding operation is one of choices in terms of the dilution and radiation in
the core plasma.
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1. Introduction

Divertor armor tiles installed in fusion reactors will be exposed to intense plasma particle irradiation.
So, the divertor armor tiles are covered by tungsten (W) or its alloys because they have excellent
properties as plasma facing materials, e.g., low hydrogen (H) solubility, high melting point, and high
mechanical toughness etc. However, a large amount of H isotopes (D and T) retention has been
reported in the W materials. In particular, tritium inventory is an important subject associated with the
safety of the fusion reactors. Vacancy-type lattice defects are important trapping sites for H isotopes.
So, the stability and binding energy of vacancy cluster with H isotopes are investigated in some
previous works [1,2]. Besides, some abnormal properties have been reported associated with vacancy
clusters in the W specimen. As an example, di-vacancy in W is energetically unstable, according to
first-principle calculations. So, small vacancy clusters were also expected to be unstable. However,
the vacancy cluster growth from mono-vacancy was observed by positron annihilation lifetime
spectroscopy which is sensitive experiment for observation of such vacancy-type lattice defects in
metals. In the present work, we propose a solution to resolve the contradiction between the simulation
and experiment. Some kinds of inevitable impurities, carbon (C), nitrogen (N), and Oxygen (O) are
contained in the W materials. The vacancy clusters are remarkably stabilized by the impurities. In

particular, stabilization due to the presence O is extensively investigated.

2. Methodology

Stable structures of vacancy-type lattice defects in W and their binding energies are estimated in
terms of first-principle calculations on the basis of density functional theory. The simulations are
performed by using Vienna ab-initio simulation package (VASP) with PBE type potential. The cut-off
energy of plane wave is 520eV. We use large supercell composed of 432 lattice points (6 x 6 x 6 BCC
lattice) in the present calculations in order to reduce the effects of periodic boundary condition
imposed on the supercell. Lattice relaxations are iterated until resultant force of each atom is lowered
than 0.003 eV/A.



The binding energies Ey of the vacancy-type lattice defects are calculated, as bellows.
E, = E[reactants]— E[products], (1)
where E is the cohesive energy of the supercell. As an example, binding energy of vacancy and
vacancy-impurity complex is expressed as
E, = E[W,,V]+ E[W, ,VX]-E[W,,V,X]-E[W,],

where V and V. mean mono-vacancy and di-vacancy, respectively. Impurities are denoted by X. The
total number of lattice points for W atoms is n=432. Positive and negative binding energies correspond
to attractive and repulsive interaction, respectively.

The migration energies for the impurities and mono-vacancy in the bulk W are estimated by nudged

elastic band method which is established scheme to calculate activation energy.

3. Results
We investigated two types of di-vacancy, first nearest neighbor (1nn) and second nearest neighbor
(2nn) configurations, as shown in Fig. 1. Impurities in the bulk W are located close to octahedral
interstitial sites (O-sites) nest to the di-vacancy. The binding energies of di-vacancy with and without
impurities are summarized in Table I. The intrinsic di-vacancy without impurities in the bulk W is
unstable, which is good agreement with previous works [1-2]. In particular, strong repulsion is
observed at the di-vacancy in the 2nn configuration. On the contrary, the di-vacancy is remarkably
stabilized by impurities occupying an appropriate O-site. The most stable structure of di-vacancy is
the 2nn configuration and impurities are located at O-site (3, according to Table I. All impurities
contribute the stabilization but the effect of H is small, compared with other impurities (C, N, and O).
Fig. 2 shows barrier height for each impurity and mono-vacancy along the migration path in bulk
W. The migration energy for O is very small, compared with other impurities. So, O is expected to
quickly diffuse in the bulk W and be trapped in a mono-vacancy at low temperature. Therefore, we

extensively investigate the effect of O for the stabilization in the present work.

Inn configuration 2nn configuration

1 Z 1 2 3
C -0.4014 -0.0383 C -0.1548 -0.4565 1.0923
N 0.1126 -0.0637 N -0.1361 -0.4400 1.1425
8] 0.7218 -0.0808 8] -0.0098 -0.4399 1.3860
. 3 -0.442 -0.33¢ 1693

O-site H 01006 -0.1183 H 0.4427 0.3394 0.16

1nn configuration 2nn configuration Vo[ VEV=V, -0.1260 V| VAV=V, -0.4546

Fig. 1: Schematic view of di-vacancy in Innand 2nn  Table I: Binding energies of di-vacancy (eV)
configurations in BCC lattice. Symbols D, @, and @  estimated in Eq. (2). C, N, O, and H denote
indicate O-sites next to the di-vacancy which are impurities and the lowest row V corresponds to
favourable positions for impurity in di-vacancy. intrinsic vacancy without impurities. Symbols @,
©, and @ indicate O-sites represented in Fig. 1.



We estimate binding energies for vacancy clusters composed of six or less than six mono-vacancies
with and without O referring to Eq. (1), as shown in Fig. 3. Small vacancy clusters without O trapping,
V2 and V3, are supposed to be unstable because of the negative binding energies. However, vacancy
clusters without O composed of four or more than four mono-vacancies are stable. On the other hand,

the vacancy clusters are extremely stabilized by O trapping.

4. Summary and discussion

The di-vacancy in the bulk W was expected to be unstable, according to first-principle calculations
but vacancy-cluster growth was observed in positron annihilation lifetime spectroscopy. We focus on
the inevitable impurities in W specimen and investigated the stabilization effects by the impurities.
The vacancy clusters are considerably stabilized by the impurities (C, N, O, and H). Among them, O

is expected to play the most effective role for the stabilization due to its large diffusivity.
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Introduction

One of the problems for maintaining high-temperature plasmas is that impurities
generated from the wall of the reactor flow into the core plasma. Since confined energy
is lost by emission from impurities, the inflow of impurities makes plasma temperature
lower. In ITER [1] and the next-generation fusion reactor, usage of materials with high
melting point, high thermal conductivity, and high charge number, such as tungsten, is
planned [2]. Since the effect of the impurities is serious, it is necessary to control its flow
and accumulation appropriately.

In this research, code development of an integrated transport simulation is carried out
to establish control scenario of impurities in core plasmas of fusion devices. The transport
calculation routine including the transport process and atomic process of tungsten is
implemented in TASK [3] integrated transport simulation code, which enables evaluation
of impurity transport processes and its response to plasma heating.

NCLASS (neoclassical transport model)

NCLASS [4] is a code for calculating neoclassical transport properties of
axisymmetric plasmas of arbitrary aspect ratio and geometry. By giving temperature and
density profiles of electron and ion as input parameters, the coefficients for the
neoclassical particle flux of impurity ion in the following equation are calculated;

gl_ gTi_
l#k ap ap

. 1)

I"kTLEOC = _Dk _p + Dknk

The temperatures of impurities are assumed to be equal to that of bulk ions. These
coefficients are introduced into the transport code.

Atomic process database OPEN-ADAS

The TASK code is developed to include a library for ADAS database [5] for atomic
processes such as ionization and recombination. Figure 1 shows the charge number
dependence of the difference between the ionization and recombination coefficients of



tungsten obtained from the OPEN-ADAS database. Using these data, time evolution of
the impurities is solved.
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Fig. 1 Charge number dependence of ionization and recombination rates.

Simulation results

Using the TASK / TR and TI transport modules, radial profiles of the density of bulk
ions, electrons and impurities in the steady state are evaluated. Here TR and TI are
modules for bulk plasmas and impurities, respectively. Figure 2 shows an example of
radial profiles of the convective velocity of bulk plasma and tungsten ions. The particles
have negative convective velocities, which corresponds to existence of inward pinch, in
this case.
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Fig. 2 Radial profiles of the convective velocity of bulk plasma (left) and tungsten ions (right).

Radial profiles of the tungsten density are evaluated with fixed bulk plasma profiles
using TASK / Tl module (Fig. 3). Tungsten flowing into the plasma from the boundary is
transported to the core accompanied with repeated ionization and recombination. The
density accumulation of highly charged ions is enhanced by the pinch effect. Figure 4
evaluates the density peaking of the impurity by the particle pinch. As shown in Fig. 4,



the higher the inward convection velocity is, the stronger the density accumulation
becomes. This dependency is evaluated with constant convective velocities in space to
show the necessary magnitude of convection for density accumulation.
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Fig. 4 Dependence of density accumulation on the pinch velocity.
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PLAsma Turbulence Observatory (PLATO) is a torus device, which is now being under
construction in Kyushu university [1]. The aim of the research project is to deepen
understanding of plasma turbulence phenomena by measuring spatio-temporal structures of
plasma fluctuations in this device with various high resolution diagnostics. For prediction and
interpretation of plasma phenomena in PLATO, we are carrying out simulation researches by
using various modules in TASK code [2]. TASK code is an integrated code to calculate
self-consistent states of burning plasmas by combining several modules for physical processes
in plasma core and peripheral regions. Communication between the modules is possible with
interfaces for the common data set. Figure 1 shows the schematic of module configuration in
TASK used in this research. EQ module is to calculate plasma equilibrium with a fixed
boundary condition. TR module is to calculate profiles of bulk plasmas considering
neoclassical and anomalous transport processes. TI module is developing in this research to
calculate profiles of impurity ions considering atomic processes between various charge states
[3]. WR module calculate RF wave propagation, so can evaluate power deposition by ECH in
tokamak. In addition to the prepared function, extension is being made to simulate
experimental diagnostics for direct comparison between simulations and experiments.

As the application of prepared functions of TASK, evaluation of equilibria and transport
analyses in PLATO are carried out. Figure 2 shows an example of the equilibrium with
considering the external coil configuration in PLATO. This is the case with toroidal magnetic
field Bt = 0.2 T, plasma current Ip = 40 kA, central beta /% = 0.6 %. By changing the plasma
current and external coil currents, the corresponding safety factor q profiles and plasma
shapes are calculated, such as low central q case and low triangularity case. one-dimensional
transport analysis using TR module shows central ion temperature 50 eV and electron
temperature 200eV in the case with central electron density 1x10%° m sustained by particle
supply in the edge region. The information is also used for inputs to other codes. Global
simulations of MHD instability and micro instability in real magnetic field geometry are
effective to capture 3-D feature of plasma perturbations. MHD simulations are carried out by
MIPS code where equilibrium profiles are introduced from TASK/EQ module. Nonlinear
saturation dynamics are represented with coexistence of ballooning and kink instabilities [4].

For the new application of the integrated code, experimental diagnostics are simulated
numerically. We have been carrying out simulations of turbulence diagnostics in experimental



devices [5]. Perturbation field that is the target for the numerical diagnostics is calculated
using reduced MHD model in the equilibrium from TASK/EQ. Three heavy ion beam probes
(HIBPs) [6] are planned to observe spatio-temporal patterns of the potential and density
fluctuations inside the PLATO plasma, and their measurements are simulated (Fig. 3). For
HIBP simulation, not only the static configuration of the plasma device including the
equilibrium but also dynamics of plasma turbulence are taken into account.
Three-dimensional time-series data from a four-field reduced MHD model [7] are used for the
numerical diagnostic. Nonlinear couplings between MHD modes as tearing instability and
drift wave modes, which have different spatial scales, can be calculated. The developed code
is flexible to apply to other three-dimensional turbulence simulations and device
configurations. Microwave reflectometry is also simulated by using TASK/WR module.

— —
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TR plasma components
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Power deposition (ECH)
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—

Fig. 1: Schematic of module configuration in TASK integrated simulation code used in this
research.

Fig. 2: Equilibrium in PLATO calculated by TASK/EQU module. The positions of the vertical
field coils are also indicated.



beam injection

./ Rb 40keV

potential
mean + perturpation

in simulation

detector

06 08 14 16

ionization
regions (+1—+2)

Fig. 3: Trajectory of injected heavy ions in HIBP measurement.
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Development of transport prediction scheme based

on first-principle simulation and machine learning
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Based on the first-principle gyrokinetic simulations, the machine-learning techniques, and
the reduced transport model, a new numerical scheme to predict the plasma turbulent transport
levels and the plasma profiles is developed. In the developed scheme, we apply the machine-
learning method to find the relevant input parameters of the nonlinear gyrokinetic simulations
which should be performed via the reduced transport model, and to optimized the reduced
transport model. Using the optimized reduced model obtained from the developed scheme, we

can predict the turbulent transport fluxes by first-principle simulations as few times as possible.

1 Introduction

To predict the turbulent transport, the first-principle simulation based on the gyrokinetics is
reliable way. Indeed, it becomes possible to validate the gyrokinetic simulation results against the
experimental observations for the plasma temperature and density profiles with the experimental
errors taken into account[l]. In the validation analyses, by performing gyrokinetic simulations
with changing the input parameters about the profiles of the plasma temperature and density, we
should find the transport fluxes that agree with the fluxes from the experimental observation.

2

In such validation scheme, which is called “flux-matching technique[2],” we can predict the
transport levels or the plasma profiles, quantitatively. However, to obtain quantitatively matched
transport flux with the experimental results, numerous gyrokinetic simulation runs should be
demanded. In particular, for the case of multi-species plasmas, we must perform a huge number
of the simulations to find the matched fluxes in the huge multi-dimensional parameter spaces. On
the other hand, the reduced transport model, which is based on the nonlinear simulation results
or the data analyses via the machine-learning techniques, enables us to obtain the turbulent
transport fluxes without additional heavy gyrokinetic simulations. However, since such reduced
models contain finite errors to evaluate the transport fluxes in principle, it is hard to predict

the turbulent transport fluxes precisely.
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2 Developed scheme

The developed new scheme to predict the turbulent transport is proceeded as follows. In order
to reduce the number of the gyrokinetic runs, we have to find the relevant input parameters
of the simulations to be able to realize the transport fluxes which is close to the experimental
observations. Therefore, first, for finding the input parameters when the nonlinear gyrokinetic
simulation should be performed, we employ the reduced ion heat transport model[3] including

the turbulent contribution £ and the zonal-flow contribution 77F as represented by

X{nodel _ Alﬁao
X&' (Ag o+ zp/LY2)
where, £ = a(p)[R/Lti — foR/L$;) with the critical temperature gradient R/L%;(p) obtained

by the linear stability analyses, 7zr is the normalized zonal-flow decay time estimated by the

linear gyrokinetic calculation, a(p) is determined from the linear stability analyses, and A;, Ag,
g, and [y are constant numbers in the model. Using one of the optimization methods in the
machine-learning numerical library[4], the flux-matching is performed in the model to guess the
initial temperature gradient which realizes the transport flux that agree with the observations
in the target plasma. Next, at the guessed temperature gradient as an input parameter, one run
of the nonlinear gyrokinetic simulation is performed at each radial position. At last, using the
results of the nonlinear runs, the machine-learning is performed again to optimize the reduced
model by optimizing the parameters, ag and Gy to a and (3, respectively. Then we can obtain
the optimized reduced transport model suitable for the target plasma by only one gyrokinetic

simulation at each radial position.

3 Prediction by the developed scheme

Figure 1 shows the comparison of the temperature gradient dependences of the ion heat diffu-
sivities obtained by the optimized reduced model, the initial reduced model, and the nonlinear
gyrokinetic simulations by using GKV code[5] in the case of the ion temperature gradient driven
turbulent transport in the LHD[6]. While the initial reduced model does not agree with the
nonlinear simulation results, the results of the optimized reduced model with o/ = 0.89 and
B/0Bo = 0.92, which are determined by the machine-learning, are quite agree with the nonlinear
runs around marginal temperature gradients. If the flux-matching is performed using the op-
timized model, we can obtain the matched transport flux or the matched heat diffusivities. In
the results of x; by the flux-matching technique, the turbulent ion heat diffusivities obtained by
optimized model can reproduce the original nonlinear simulation results. On the other hand,
the initial model cannot reproduce the nonlinear results because the finite errors that essentially
exists in the initial reduced model. At least in this case, we can obtain the turbulent transport
fluxes which quantitatively agree with the experimental results by using the developed scheme

with just once nonlinear simulation at each radial position.



17th Burning Plasma Simulation Initiative (BPSI) Meeting

fi|====--- Model initial guess
¥ | = === Model learned guess

p=0.65 i |—o— NL sims.

0 ; - ]
10 20 30
Ry/Ly

Fig. 1 Comparison of the temperature gradient dependences of the ion heat diffusivities obtained from
the optimized model (orange dashed curve), the nonlinear first-principle simulations (green circles),
and the initial reduced model (blue dotted curve) at p = 0.65 in the high-7; LHD plasma. The

green colored region represents the experimentally allowable region of the temperature gradient.

4  Summary

The scheme to predict the turbulent transport fluxes is newly developed. We employ the
machine-learning to find the relevant input parameters of the nonlinear gyrokinetic simulations
which should be done. By performing just once first-principle simulation with the guessed input
parameters for each radial position, the optimized transport model suitable for the target plasma
can be obtained. Since the developed scheme enables us to drastically reduce the numbers of

the nonlinear simulations, the optimized model can be applied to an integrated transport code.
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1 Introduction

Since density and temperature profiles severely affect fusion power, understanding and pre-
dicting profile formation mechanisms are helpful to obtain high-performance fusion plasmas. A
variety of profile shapes has been found in experiments, and we have tried to predict them with
several transport models. While theory-based turbulent transport models, such as TGLF [1],
show reasonable agreement with experiments, the existing models are hard to use to investigate
the relationship between profile formation and transport processes because they do not tell us
the breakdown of the calculated particle and heat fluxes. Furthermore, introducing the detailed
descriptions of turbulence physics to the transport models tends to increase the computational
cost. To resolve the issues, we have developed the turbulent transport model DeKANIS.

2 Prediction of particle and heat fluxes consistent with the

quasilinear transport matrix

DeKANIS has originally been developed for particle transport [2], and the capability has
been extended to cover both particle and heat transport, predicting turbulent particle and
heat fluxes for electrons in a quasilinear limit as I'c = D(R/L,, + CtR/Lt, + Cp) and Q. =
Xe(R/Lt, + OxR/ Ly, + Cup), respectively. Here, non-dimensional D, y, R/L, and R/Lt are
the particle and heat diffusivities in proportion to fluctuation amplitudes and the density and
temperature gradients, respectively. The fluxes are composed of the diagonal (diffusion) and
off-diagonal (pinch) terms, which are quantitatively determined by calculating the off-diagonal-
term coefficients (Ct, Cp, Cy and Chp) and the diffusivities (D and ¥). DeKANIS estimates
the off-diagonal-term coefficients and the diffusivities with a neural network (NN) model, which
is one of the machine-learning techniques, for the speed-up.

The training dataset for the NN construction has been developed with 23 JT-60U ELMy
H-mode plasmas. The plasma current and the toroidal magnetic field are Ip = 1 MA and
By =2.0-2.2 T, respectively, and the plasmas are heated by neutral beams (NBs) whose power
is Pxp = 8.9-14.7 MW, without gas puffing. Plasma parameters in 0.3 < p < 0.6 are used
for development of the training dataset, where p is the normalized minor radius. The off-
diagonal-term coefficients in the training dataset have been given by linear calculations of the
local flux-tube gyrokinetic code GKW [3]. As for the particle diffusivity, two different saturation
rules of fluctuation amplitudes are applied as shown in section 3: a semi-empirical saturation rule



and a mixing-length-like one. Since the remaining heat diffusivity is intrinsically determined to
satisfy the Onsager symmetry between the off-diagonal terms of the particle and heat fluxes, we
require the NN model that predicts the off-diagonal-term coefficients and the particle diffusivity.

3 Two different saturation rules of fluctuation amplitudes

The first saturation rule uses 6 , , 8 ‘
experimﬁental turbulent particle & (a) L% . 7(b) |
fluxes D' exp, which are esti- ) ) 4r diagonal '>5m diagonal
mated on the assumption that D‘Li? ol | °‘|z-§ 4t 1
the external particle source flux = '35 .l Off-diagona\IA |
from the NB injection is bal- x| & OF = 1 Q:|~§
anced with the neoclassical par- R ) off-diagonal 2 0p | | 1
ticle flux and the turbulent 0.2 0.4 0.6 02 04 06

p P

one. The particle diffusivity has ) ) )
Figure 1. Radial profiles of decomposed (a) particle and (b)

_ _ ) ) heat fluxes predicted by DeKANIS-1 for a plasma outside
in conjunction with Ct p calcu- the NN training dataset.

lated by GKW and R/L,,, 1, es-
timated by measurements. The resultant particle diffusivities are used as the training data with

been calculated to match fe,exp

the off-diagonal-term coefficients. The NN model has been constructed to reproduce the train-
ing dataset, and the heat diffusivity is determined not to break the Onsager symmetry. We
note that the saturation level of the fluctuation amplitude is estimated based on fe,exp, without
the use of the experimental heat flux Qe,exp. The semi-empirical transport model is referred to
as DeKANIS-1. Figure 1 demonstrates that DeKANIS-1 gives radial profiles of diagonal and
off-diagonal terms individually, and the total particle and heat fluxes are quite close to the
experimental ones as shown in figure 2.

The second saturation rule is 3 ‘ 16

based on the mixing-length theory. 25| (@) DeKANIS-1
) e -

2—— DeKANIS-2
> 1.5~ 7" exp.

In this paper, the following scaling
formula [4] is used: D = 1.86 x
1074 ('7/12:3)1'5 ng'n, where 4 and
kg are the normalized local max-

imum linear growth rate and the

poloidal wavenumber correspond-
ing to 7, and Lgzp is the resid-  Figure 2. Radial profiles of (a) particle and (b) heat fluxes
ual zonal flow level. Here, Lyzp predicted by DeKANIS-1 and -2 for the same test plasma
is given as the product of linear as in figure 1.

zonal flow response function Kry

and the zonal flow potential, which is assumed to be proportional to a square root of 7/ l;:g [5],
where Kppy = 1/ (1 + 1.64%/€"/ 2) [6], and ¢ and € are the safety factor and the inverse aspect
ratio, respectively. To apply the scaling formula, the other NN model has been constructed to
reproduce 7 and kg that are given by the linear calculations. This theory-based model is referred
to as DeKANIS-2. As shown in figure 2, DeKANIS-1 and -2 reproduce the particle and heat



fluxes to a similar degree.

4 Checks of the model accuracy

Both transport models give fluxes in ~ 1073 second with a single CPU, which run 103 ~ 10%

times faster than the conventionally-used transport models, and they have been validated, using
14 JT-60U ELMy H-mode plasmas as test data. Here, the test data consists of 13 low-Ip plasmas
with Ip = 1 MA and By = 1.9-2.2 T, which are close to those of the training dataset and one
high-Ip plasma with Ip = 1.15 MA and Bs = 2.6 T.

DeKANIS-1 and
-2 have been
used to predict
particle and heat
fluxes of the
training and test
data. Here,
TGLF has also
been performed
for comparison.
For each plasma,
mean standard
deviations S for
the particle and
heat fluxes have
been estimated.

In figure 3, one
can see that
SFC,QC of the
two models dis-
tributes in a
similar range
between the train-
ing and test
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Figure 3. Histograms of the mean standard deviations S of the (a)—(c)

particle and (d)—(f) heat fluxes predicted by (a), (d) DeKANIS-1, (b),
(e) DeKANIS-2 and (c), (f) TGLF for the 23 plasmas applied to train-
ing the NNs (training, shown by red bars) and the 14 plasmas outside
the training dataset (test, shown in blue and cyan). S for £ is given as

§ = J () Emlp) = o (0)”) ] (2 €20(P) ), Where &imexp) is the simu-

lated (experimental) value of £.

data, and both DeKANIS versions have the higher accuracy than TGLF.
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1. Introduction

Integrated simulation for fusion plasmas has various uncertainties in each of the
employed simulation models, specifically turbulent transport model. Because of this, the
simulation results also have uncertainties and we can not evaluate the employed simulation
models. To solve this problem, data assimilation techniques are applied to the integrated
transport simulation by TASK3D [1] for a plasma in LHD.

The purpose of this study is to develop a numerical system that can predict the
behavior of fusion plasmas with high accuracy employing the data assimilation. Data
assimilation can also improve simulation models involving turbulence models. As data
assimilation methods, We use the ensemble Kalman filter (EnKF) [2] to predict the behavior
of fusion plasmas with high accuracy and the ensemble Kalman smoother (EnKS) [2] to
estimate the models which can reproduce experimental data. The EnKS optimizes the state
variables using both past and future data, while the EnKF using only past data.

2. Data assimilation system

In TASK3D, one dimensional (1D) diffusive transport equation is solved. As a
turbulent transport model for the LHD plasma, the gyro-Bohm model for electron and the
gyro-Bohm gradT model for ion are employed based on previous TASK3D simulations as Eq.
1 and 2.

T, p;
2P =C—=— (h
eB a
T. p, ( VT,
TB i Mi i
P = C.—— a 2
X B g ( T ) (2)

where B is the magnetic field strength, p; is the ion Larmor radius, a is the plasma minor
radius, and Ce, Cj are constant factors that are chosen to fit the experimental result, C, = 23.0
and C; = 9.07.

The state vector is composed of the electron and ion temperature, density, numerical
coefficients of turbulent transport models, and heat deposition. The NBI heat deposition is
evaluated by GNET-TD [3]. Every state variable is defined on 60 computational grid points
(radial direction, 1-D). The time series data of experimentally measured temperature and
density profiles are assimilated into TASK3D.



o

o

10" o predicton p=00 4 fitered estimate p = 0.6 1.0 e predictionp = 0.0 & fitered estimate p = 0.6
o filtered estmate p = 0.0 observation p = 0.0 © filtered estmate p = 0.0 observation o = 0.0
05 4 opredictonp=06 4 observation p = 0.6 05 4 predictonp =06 4 observation p = 0.6

0.50 0.50
Background Otservation

0'0%.0 02 04 0.6 08 1.0 1.2 1.4 16 0'09).0 02 04 0.6 08 1.0 1.2 1.4
Time (sec) Time (sec)

Fig. 1 : Prediction and filtered estimate of temporal change of 7, and 7; for p =0.0 and p =
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0.6.

Here, p is the normalized minor radius. The bar graphs show the estimated standard deviations

of background error and observation noise before filtering.

3. Simulation results

We apply the data assimilation system to a typical high ion temperature NBI plasma in
LHD (shot:114053). Figure 1 shows the simulation results of 7, and 7; by EnKF, that have
been performed with 2000 ensemble members for the cycle of assimilation, 7, = 80 msec.
The assimilation system can accurately reproduce both the electron and ion temperature in
terms of those profiles and temporal variations through the optimization of the employed
turbulent transport model.

Figure 2 shows the filtered estimate of the numerical coefficient for electron turbulent
transport model, C,. The radial profile have been optimized to reproduce the experimental
temperature data, but this estimate is based on only the past data. The EnKS corrects the
filtered estimate as Fig. 2 using future data. The smoothed estimate of C, by the EnKS is
shown in Fig. 3. It seems that the position of peak moves in the direction of time axis (form
1.2 sec to 1.0sec). Figure 4 is the simulation results of 7, and 7; by TASK3D using the
smoothed estimates of C,, C; and the NBI heat deposition. It can be confirmed that the
TASK3D simulation using this smoothed estimates can reproduce the experimental
temperature data with high accuracy. If the estimates of C for various plasmas can be
reproduced by a parametric or nonparametric model, more accurate turbulent transport model
can be obtained with relevant physical interpretation.
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Fig. 2 : Filtered estimate of C, by EnKF, Fig. 3 : Smoothed estimate of C, by EnKS,

which are divided by the conventional value,  which are divided by the conventional value,
C.0=23.0. C.0=23.0.
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Fig. 4 : Simulation results of temporal change of 7, and 7; for p = 0.0 and p = 0.6 using
the smoothed estimate of C,, C; and the NBI heat deposition.

4. Summary

Data assimilation techniques have been applied to the integrated transport simulation
(TASK3D) of a plasma in LHD. We use the EnKF and the EnKS as a data assimilation
methods for the estimation of state variables. The time series data of experimentally measured
temperature and density profiles have been assimilated into TASK3D. The assimilation
system has accurately reproduced both the electron and ion temperature through the
optimization of the employed turbulent transport model. These results indicate the
effectiveness and validity of the data assimilation approach for accurate prediction of the
behavior of fusion plasmas and the possibility of advanced turbulence modeling.
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In present tokamak plasma fusion experiments, the auxiliary heating such as
neutral beam injection, radio frequency wave heating, etc. are the main heating sources
to heat the ions and sustain the plasma steady state operations to counter the energy loss
due to anomalous energy transport. However, in burning tokamak plasma reactors, the
auxiliary heating methods are insufficient to heat ions and sustain the burning plasma
operation. Instead, to maintain plasma in fusion burning condition, ions must be heated
by alpha particles, which are produced in the deuterium-tritium (D-T) fusion reaction
to maintain plasma temperature ideal for fusion reaction. Presently scientists expect that
alpha-particles to be the dominant heating source with alpha heating power Py (=W/1s)
larger than the loss power Pioss (=Wtot/TE), Wwhere Wy, is the alpha particle energy, ts is
the alpha particle slowing-down time, Wit is the total plasma energy, and te is the
energy confinement time. Thus, alpha particles control the thermal plasma profiles, the
global plasma stability and the energy and particle confinement. Thus, significant alpha
particle loss can quench DT burning, degrades heating and current drive efficiency, and
causes localized damage on first wall of fusion reactors. Thus, an important scientific

focus of fusion energy research has been the confinement of fast ions and alpha particles.

In mid-1980s the Toroidal Alfven Eigenmodes (TAE) [1, 2] was discovered
theoretically. A brief description of TAE frequency gap and existence of TAE is given
in Appendix A. Then, in early 1990s the excitation of TAEs by fast ions was observed
in TFTR and DIII-D tokamaks. Since then, many other types of Alfven eigenmodes
such as the Reversed Shear Alfven Eigenmodes (RSAE) [3-6] have been discovered.
The interaction of fast ions with Alfven eigenmodes have been very actively studied
and significant loss of fast ions caused by unstable Alfven eigenmodes has been
observed in almost all major tokamaks such as TFTR, JT-60U, JET, etc. Thus, in
burning plasma fusion reactors, the Alfven eigenmodes are also expected to interact
with alpha particles and can possibly cause significant alpha loss from the reactor core.
Early D-T experiments in TFTR had identified unstable TAE and RSAE, but with weak
growth rate due to small trititum fraction [7, 8]. Thus, no significant alpha loss was
reported. However, in burning plasma fusion reactors, large amount of tritium will be
used to produce significant fusion power. Thus, fast ion interaction with Alfven

eigenmodes will be a critical research area of burning plasma physics.



Tokamak experiments in high-B plasmas have also revealed new discrete
frequency modes with frequencies below the TAE frequency continuum gap and they
are called the Beta induced Alfven Eigenmodes (BAE) [9, 10]. One theory for the BAE
is the creation of the beta-induced Alfven gap, which is just below the lower continuum
that defines the TAE gap lower boundary and is obtained by employing the slow mode
approximation of the MHD model [11, 12]. However, the slow mode approximation
neglects the slow mode propagation physics and is thus not appropriate. Thus, many
works were performed to study the frequency gaps due to coupling between the Alfven
wave and slow mode continuous spectra based on the MHD theory and the existence
of discrete frequency eigenmodes with frequencies below the TAE gap. Recently we
have provided a comprehensive theory of the formation of Alfven-Slow (AS) frequency
gaps and the discovery of many Alfven-Slow Eigenmodes (ASE) in Tokamaks [13].
The previously identified Beta-induced Alfven Acoustic Eigenmode (BAAE) [14] is
one type of several different discrete ASEs. The existence of ASEs is ubiquitous for
normal and reserve safety factor profiles, broad range of plasma B values, different
plasma shapes and many different toroidal mode numbers. The newly discovered ASEs
provide explanation to the experimentally observed BAE destabilized by fast ions with
frequencies below the TAE frequency gap. A simplified explanation of AS gaps and
ASEs is given in Appendix B.

With the theoretical discovery of the TAE and ASE, we expect these eigenmodes
will be critical for understanding the confinement of alpha particle and fast ions in
burning plasma fusion reactors. TAEs were previously studied extensively, but ASEs
are just started to be studied. Because ASEs have lower frequency than TAEs, we expect
ASEs will interact with lower energy fast ions such as the slowed-down alpha particles
called Helium ash and the thermal ions more easily. In the next few years, theoretical
and experimental efforts should be addressed to study interaction of fast ions and alpha
particles with ASEs and TAEs.

Appendix A: TAE gap and TAEs

The TAEs are created due to the coupling of the shear Alfven continuous frequency
spectrum of neighboring poloidal harmonics such as m and m+1 around the
g=(m+1/2)/n region, where q is the safety factor, n is the toroidal mode number and m
is the poloidal harmonic number [1, 2]. The coupling forms a frequency gap, called
TAE gap, in the Alfven continuous spectrum with frequency as continuous functions of
the plasma minor radius and allows global TAEs to exist with frequencies inside the

TAE gap. Figure 1 shows (a) frequency (/ wa)?® versus plasma minor radius of an n=1



mode continuous spectrum and (b) the radius structure of poloidal harmonics of an n=1
TAE mode for a circular tokamak with q(0) = 1.048 and q(a)=2.3, where ®a =
Va(0)/q(0)R is a normalized frequency [2]. Because TAE frequency does not intersect
with the continuous frequency spectrum, the poloidal harmonic structures are regular
functions of radius and thus TAEs do not suffer continuum damping due to phase
mixing effect. Thus, TAEs can be destabilized by the free energy of fast ion pressure
non-uniformity if the free energy can overcome the Landau damping effects of thermal

1ons and electrons.
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FIG 1 (a) Frequency (®/ wa)* versus plasma minor radius of an n = 1 mode
continuous spectrum, and (b) the radius structure of poloidal harmonics of ann=1 TAE
mode for a circular cross-section tokamak with q(0) = 1.048 and q(1)=2.3. The
frequency is normalized by wa = Va(0)/q(1)R, Va is the Alfven velocity, and R is the
major radius.

Appendix B: Alfven-Slow Frequency Gaps and Alfven-Slow Eigenmodes

The Alfven-Slow (AS) frequency gaps are produced due to the coupling of the
shear Alfven continuous frequency spectrum of m poloidal harmonic and the slow mode
continuous spectrum of different m poloidal harmonics [13]. For example, the coupling
of the Alfven m poloidal harmonic and the slow mode m+1 harmonics causes the Alfven
m harmonic continuous spectrum to be uplifted from the uncoupled Alfven spectrum
by an amount related to the plasma pressure and the geodesic magnetic field curvature.
However, the frequency of one of the slow mode m+1 harmonics is reduced by the same
pressure-curvature coupling effect. but the frequency of the other slow mode harmonic
is relatively unaffected. As a result the Alfven-Slow mode continuous spectrum is
broken up with two Alfven-Slow (AS) gaps below the TAE continuum gap are shown
schematically in Fig. 2. Coupling of the Alfven m harmonic with the slow mode m+2

harmonics also creates additional AS gaps if their frequencies cross each other. The AS



gap widths increase with the plasma pressure. The creation of AS gaps allow the
existence of several new types of Alfven-Slow Eigenmodes (ASE). The radial structure
of these new ASEs do not intersect with the continuous spectrum and thus do not suffer
continuum damping. An example of the continuous spectrum due to Alfven-slow mode
coupling showing the AS gaps and the existence of six ASEs with discrete frequencies
are shown in Fig. 3 for a tokamak equilibrium with $(0) = 5%, aspect ratio R/a =3, q(0)
= 1.0, and q(1)=2.42. Note that the discrete modes with frequencies above 200 kHz are
TAEs and RSAEs.

FIG. 2: The continuous spectrum (® versus q) due to 3-harmonic coupling of the
Alfven m harmonic and the slow mode m+1 harmonics is shown schematically. The
dashed lines indicate the uncoupled slow mode frequency spectrum. The blue curves
indicate the uplifted Alfven m harmonic continuous spectrum. The green and upper red
curves show the coupled slow mode m=1 harmonic continuous spectrum. The lower

red curves indicate the slow mode m harmonic continuous spectrum.
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FIG. 3: The continuous spectrum frequency showing AS gaps and the discrete
frequencies of ASEs for n = 5 mode versus minor radius for a tokamak equilibrium with
B(0) = 5%, aspect ratio R/a= 3, q(0) = 1.0, and q(1)=2.42. The red horizontal bars show
the frequencies of these discrete ASEs and the amplitude half width in the radial
direction with dot indicating the peaking amplitude location. The frequency is
calculated by choosing the normalized Alfven frequency fao = Bo/2np(0)q(1)R =
214.445 kHz.
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Intermittent events in turbulence are ubiquitous in fluids; the solar flare [1], the
torrential heavy rain [2], ocean current, and so on. In magnetized plasmas, intermittent
events frequently occurs, such as the edge localized modes (ELMs), and blobs, which
significantly affect the properties of plasmas. These intermittent events are caused
nonlinearly, so that the spatio-temporal properties usually involve higher harmonics.
Therefore, the number of degrees of freedom that play roles in intermittent events
increases when the Fourier mode decomposition is applied. In order to understand the
nonlinear properties of such events, it is important to extract spatio-temporal structures
with reducing the degrees of freedom as much as possible.

In this study, the dynamical mode decomposition (DMD) is applied to
turbulence simulation data [3], in order to extract the spatio-temporal behavior of the
intermittent or transient events with reducing the number of degrees of freedom. The
DMD method is used, which does not assume any functional form for the structure.
Only based on observed signals, spatio-temporal patterns that are statistically valid are
derived from the eigenvalue problem. The turbulence simulation we use is a direct
numerical simulation in cylindrical magnetized plasmas, and the nonlinear dynamics
of the Kelvin-Helmholtz instability are self-consistently calculated. Using the
turbulence simulation, where all the three dimensional turbulence informations are
known, the intermittent or transient dynamics of the turbulence is decomposed by the
DMD method. The obtained DMD modes comprise rotationally symmetric
deformations together with spiral patterns. A new method to calculate the time
evolution of DMD mode amplitudes is proposed, based on convolution-type
correlation integrals, and then applied to the simulation outputs in a limit cycle regime.
The resulting time traces capture the essential physics far better than Fourier
techniques applied to the same data [4].
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A statistical induction of a thermal transport model of fusion plasmas has been conducted
by regression analysis utilizing the accumulated experimental transport analysis database [1].
This approach is unique and simple in a sense that it does not require any detailed physics
modelling such as neoclassical and turbulent transport. It has come to the stage to elucidate
the influencial physics quantities to prescribe the heat diffusivity, and to compare/interprete
experimentally identified trends. This progress will foster acquiring practical transport models
for a real-time control and the guidance to the parameter dependence to be elucidated through
large-scale cutting-edge simulations.

The thermal transport analysis database considered in this study is the same as that used in
Ref. [2], as reproduced in Figure 1. This is the database (about 3000 data) for the ion thermal
diffusivity, y;, constructed from 31 discharges (so-called high-ion-temperature (Ti) scenario)
in Large Helical Device (LHD) [3]. The database was constructed by the integrated transport
analysis suite, TASK3D-a [4] to LHD plasmas.
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The log(10)-linear multivariate regression analysis was performed on this database. When it
comes to a physics interpretation of the regression result, keeping a smaller number of
variables with larger influence is more transparent. For this, the database for ref/ag9<0.35 (404
data, roughly inside ion internal transport barrier [5]) is employed in the following discussion.
Here, ago is @ measure of the experimentally known last closed flux surface, defined by the
effective minor radius which encloses 99% of the total electron pressure (requiring pre-
calculated VMEC equilibrium database, and ref is the minor radius defined by the radius of
the equivalent simple torus which encloses the same volume as the flux surface of interest [6].

The AIC (Akaike’s Information Criterion) [7] is the measure for the relative quality of
statistical models for a given dataset. Practically, the minimum (or the lowest) AIC selects an
“optimal” model among many candidates. More precisely, AICc (AIC with a correction for
small sample sizes) [8] is used. Based on the AICc analysis, the regression expression with 4
variables (selected out of initially considered 9 variables [1]),
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is obtained, where, R/Lti and € are the ion collision frequency normalized by its banana-
plateau boundary, the scale length of the ion temperature gradient with R being the vacuum
magnetic axis position and the main helicity of magnetic configuration, respectively. It should
be noted that this expression is only valid for dataset of ref/age<0.35 of the database shown in
Fig. 1, due to the inherent nature of regression analysis.

Positive value of power of pi*indicates y; gets larger as Ti becomes higher. However, power
of Ti becomes negative if pi* and Te/T; considered simultaneously. The € itself currently does
not cover any of changes of magnetic configurations, however, its exclusion worsens the
goodness. The negative power of R/Lti would be physically interpreted as that the ion heat
diffusivity in ion internal transport barrier decreases as the ion temperature gradient becomes
larger (or its scale length becomes smaller making R/L+i larger) [5]. The increase of heat
diffusivity (then the decrease of the ion temperature gradient) for increasing Te/Ti has also
been recognized experimentally in LHD [9].

Based on these considerations, the induced regression expression statistically resolves
complicated entanglements among Ti, Te/Ti and its gradient (R/Lti), and the feature of
transport barrier formation, in a single line expression.

It would be interesting to consider this kind of regression results to compare with
simulations when results for substantial number of time slices in LHD are accumulated. Also,
transport analysis datasets in other operational scenario/other experiments (worldwide) could
provide a new insight for thermal transport modelling of fusion plasmas, complementing
conventional global scalings for the energy confinement time.
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