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Simulation study on transport barrier in tokamak plasmas
M. Yagi, H. Seto, Y. W. Cho', and T. S. Hahm'

Japan Atomic Energy Agency, Rokkasho, Aomori, Japan
'Seoul National University, Seoul 151-744, Republic of Korea

1. Introduction

To understand physical mechanism of transport barrier formation is a crucial issue for
designing advanced operation scenario in JT-60SA and ITER. There are 4 approaches to solve
this problem. Namely, (1) 1 dimensional transport model combined with local gyro-kinetic
model such as GS2, TGLF. TRINITY code is an example for this approach[1]. (2) Two-fluid
model taking account of neoclassical transport. CENTRI code is an example for this
approach[2]. However, it only covers MHD scale, practically (n < 20, where n is toroidal
mode number). (3) Global gyro-fluid model where the neoclassical transport is usually
simplified. (4) Global gyro-kinetic model where full electron dynamics is still difficult to
handle. In JAEA, the project for multi-scale simulation with transport/MHD is going on. (1)
TRESS(transport code)+GKV][3], (2) LHTOK Project (IFERC-CSC): The neoclassical flows
are implemented into BOUT++ code to investigate L/H transition and ETB formation[4]. (3)
MS Turb Project (IFERC-CSC): The neoclassical flows are implemented into GF-ITG code
to revisit ITB formation investigated by Tokunaga et al[5]. (4) Near future. In this paper, the
third part is briefly reported.

2. Model equations

GF-ITG code consists of three field equations(ion continuity equation, parallel momentum

equation and ion temperature evolution equation)[5]
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The poloidal flow is given by
q o
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The neoclassical viscosities are given by[6,7]
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For the normalization, Bohm time t,=a’/y,,x,=cT,/eB and the minor radius a are
used[5].

3. Analytical solutions of neoclassical flow

For simplicity, we assume the cylindrical geometry without turbulence to obtain the steady

state solution. The equations are given by
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where S, =XT,J,(jo.r)s X =JoX> Jo, is the solution of J;(j,,)=0. The analytical

solutions are written as

Q.0 =Jo(o,r)| €1+ ceT M (1 + M) %6'5" (11)
X—UW—-u,
. q . & s wx, T,
V0 =1 Gor)pe L e+ Ty(1 = 10,0 = Sty - Haco (12)
’ 1 X~ =,
7.0 =TyhyCyr)(1-¢7) (13)

where u,. =g’ / ¢’ u,. Imposing initial conditions: ®(r,0)=V(r,0)=0, the steady state

solution of the electric field is given by
d i .G Ko 14
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where «,. =1.17(banana),-0.5(plateau),-2.1(collisional) . The electric field will change the

sign from positive to negative according to banana-plateau transition.

4. Simulation results



In nonlinear simulation by GF-ITG, we choose the source S, =8x(1- 2r?%), and initial value
TO,O(r,t=O)=O.5((1—r2)2 +T)), T, =107, Figure 1 shows q profile. The minimum point is
located at r=0.5. Figure 2 shows the time evolution of fluctuating internal energy. The
dominant Fourier modes are shown. It is seen that the energy of (0,0) and (1,0) modes

decrease. Figure 3 shows time evolution of mean ion temperature profile.
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The mean ion temperature decreases and the steady state is not obtained in this simulation.
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Fig.3 Time evolution of mean ion Fig4 Contour plot of 7(r,%,z=0) at

temperature profile T=6.

Figure 4 shows the contour plot of T'(r,®,z=0) at T =6. Outside of ¢ minimum point, the
large structure develops. The heating source is used to maintain the large structure. More
simulation study is necessary to understand flow effect on ITB formation.

5. Discussion

In the previous study, we have compared flux driven simulation and fixed gradient simulation

without neoclassical flows. In these cases, we have observed ITG growth and saturation for



both cases. In the present case, flux driven simulation gives no ITG growth instead low n
mode growth and saturation. We will perform fixed gradient simulation with neoclassical
flows and investigate evolution of each mode. If we have saturation of ITG turbulence for this
case, then we will apply the perturbative source and observe the plasma response. It will help
us to understand the effect of neoclassical flows on ITB formation. It is left for a future work.
Acknowledgments

The author would like to thank Drs. N. Miyato, A. Matsuyama and T. Takizuka for useful
comments. The computation was carried out using the HELIOS supercomputer system at
IFERC-CSC.

References

[1] M. Barnes et al., Physics of Plasmas 17 056109(2010).

[2] P. J. Knight et al., Computer Physics Communications 183, 2346(2012).

[3] M. Honda and M. Nakata, 32th JSPF annual meeting, Nagoya, 24aE06P(2015).

[4] H. Seto, M. Yagi and X.Q. Xu, 15" International Workshop on Plasma Edge Theory in
Fusion Devices, Nara, Japan, P1-10(2015).

[5] S. Tokunaga et al., Nucl. Fusion 49 075023(2009).

[6] J. D. Callen et al., Plasma Physics and Controlled Nuclear Fusion Research (International
Atomic Energy Agency, Vienna, 1987), Vol. I, p. 157; u, 1is given here.

[7] F. L. Hinton and R. D. Hazeltine, Rev. Mod. Phys. 48 239(1976); k,. 1is given by

eq.(6.136).



Integrated modeling of impurity transport in core and SOL/divertor plasmas

N. Hayashi, K. Shimizu, K. Hoshino, M. Honda
Japan Atomic Energy Agency

Impurity seeding plays a key role to reduce the heat load on divertor plates in tokamak plasmas.
However, the accumulation of seeded impurity in the core may reduce the core confinement by
enhancing the radiation and dilution. In order to study the transport of impurity in SOL/divertor and
core regions and its self-consistent effect on the divertor heat load and the core energy confinement,
the integrated modeling code for core and SOL/divertor plasmas including impurity is one of the
effective methods. For this integrated modeling, it is necessary to couple a core impurity transport
code with a SOL/divertor impurity transport code. In this paper, we have developed a model to
couple 1-dimensional (1D) fluid code for core impurities with 2D Monte-Carlo (MC) code for
SOL/divertor impurities.

We have been developing an integrated modeling code TOPICS (formerly called TOPICS-IB
[1]), in which a 1.5D core transport solver is coupled with a 2D divertor code SONIC [2]. The 1.5D
core transport solver in TOPICS, however, treats only fully striped ions and can not treat many
charge states of impurity and resultant radiations. To treat core impurity physics in TOPICS, we
developed a 1D core impurity transport code IMPACT, which calculates ionization/recombination
processes, radiations, radial diffusive/convective transports of multi impurity species, and couple
IMPACT with TOPICS. One of the features of SONIC is the MC approach in an impurity-part code
IMPMC, which has a lot of flexibility in impurity modeling such as interactions with walls and
kinetic effects. However, the IMPMC run including the core region takes much calculation time and
thus requires coupling with IMPACT. At the interface boundary of IMPMC, only inward diffusive
flow is obtained because MC codes need a region beyond the interface to evaluate the net flow.
Outflow is a direct boundary condition for MC codes. On the other hand, the fluid code IMPACT
uses the net flow and thus can not use directory the inward diffusive flow of IMPMC as a boundary
condition. Therefore, we develop a interface model to couple the codes as shown in Fig.1. When the
diffusive transport is considered, low charge state Z impurities in a low temperature T region go to
high-T region and high-Z impurities in a high-T region go to the low-T region, vice versa. Thus, the
dependence of radial impurity particle flux on Z is expected in the upper figure of Fig.1. A
procedure to couple is as follows; (1) Evaluate impurity densities of each charge state near the
boundary in IMPMC, Set them to boundary densities in IMPACT and Run IMPACT and Evaluate a
net flow F, (2) Evaluate inflow F- in IMPMC, (3) Evaluate outflow F; from a relation of F = F, —



F-, Give it to IMPMC and Run IMPMC. The

above procedure is iterated to obtain a
stationary state solution, or used in the time
evolution. To verify the applicability of this
model, we calculate a simple case where Ar is
used as an impurity and only the constant
anomalous diffusivity is assumed. Figure 2
shows the dependence of radial particle flux on
the charge state at the boundary of p=0.97
obtained from IMPACT. The Z dependence
almost agrees with the expectation in Fig.1, but
distorts largely. The peak at Z=16 due to its

largest accumulation in the core edge region.

The obtained flux profile as well as profiles of
impurity densities almost agree with those
obtained from IMPMC including the core region
beyond p=0.97 without the interface model. As a
result, the applicability of interface model is
confirmed in the IMPCAT side. Next, we will run
IMPMC with test particles generated at the
boundary of IMPMC side on the basis of outflow
F+ in Fig.2 and confirm the model applicability in
the IMPMC side by comparing obtained results
with those obtained from IMPMC including the
core region without the interface model. Then, we
will analyze more complicated cases including the

neoclassical transport.
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Integrated heat transport simulation of
the helium-hydrogen plasma of LHD by TASK3D

S. Maeta, S. Murakami, H. Yamaguchi, A. Fukuyama, K. Nagaoka“, H. Takahashi?,
H. Nakano“, M. Osakabe“, K. Tanaka“, M. Yokoyama“, and LHD Exp Group®

Department of Nuclear Engineering, Kyoto University, Kyoto 615-8540, Japan
“National Institute for Fusion Science,322-6 Oroshi-cho, Toki 509-5292, Japan

The heat transport of the helium-hydrogen experiment plasma is studied to make
clear the ion species dependence on the heat transport. We evaluate the NBI heat depo-
sition of multi-ion plasma by GNET code[1, 2] and study the heat transport by TASK3D.
It is found that the turbulent transport improvement is necessary to explain the increase
in ion temperature in the high fraction helium plasma. We apply the turbulent transport
improvement models and obtain relatively good agreements.

Introduction

Various physical phenomena with wide ranges of time and space scales are connected
in the fusion plasma. Thus, in order to predict the performance of the fusion plasma, an
integrated simulation combining various physics models is required. Many integrated
simulation code has been developed for tokamak and helical plasmas. TASK3D is an
integrated simulation code for helical plasma and has been applied to the analyses of
the plasma transport of LHD plasmas|3, 4].

On the other hand, the deuterium experiment project from 2017 is planned in LHD,
where the deuterium NBI heating beams with the power more than 30MW are injected
to the deuterium plasma. Main objects of this project are to make clear the isotope effect
on the heat and particle transport in the helical plasma, and to study energetic particle
confinement in a helical magnetic configuration measuring triton burn-up neutrons.

In the 2014 campaign of LHD we have performed the helium-hydrogen plasma ex-
periment to make clear the ion species dependence on the heat transport, which would
be related to the isotope effect on the plasma confinement. We have found that the cen-
tral ion temperature goes up as the helium fraction increases in the helium-hydrogen
plasma.

In this paper we study the heat transport of the helium-hydrogen experiment plasma
to make clear the ion species dependence on the heat transport.
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Figure 1: Comparisons of the ion and electron temperatures of the simulation and ex-
periment results. (a) the helium density rate dependency, (b) the low helium density rate
case, and (c) the high helium density rate case. Solid lines and dots show the experiment
and simulation results, respectively.

Heat transport simulation of hydrogen-helium plasma

We evaluate the NBI heat deposition of multi-ion plasma by GNET code[1, 2] and study
the heat transport by TASK3D.

In the previous studies we found that the turbulent transport models for electron, the
gyro-Bohm %, and for ion, the gyro-Bohm(gradT) x/?, show relatively good agree-
ments with the experimental results of the hydrogen experiment plasma[4]. We, first,
apply these turbulent transport model to the helium-hydrogen plasma. Figure 1 shows
the heat transport simulation results based on the turbulent transport model for hydrogen
plasma. We can see that the ion temperature does not agree with the experimental re-
sults as the helium density rate is increased. Thus, we considered three other turbulent
transport models; the conventional model, the Z,;sdepending model and the strongly
A.rr depending model.

To reproduce the experiment results of the ion temperature, a conventional transport
improvement model is assumed as y; % = y7% x A7, where the effective mass number
is given by A.rr = >;mA;/n.. Figure 2 shows that the of the ion temperatures of the
simulation and experiment results assuming the conventional improvement model with
a = 0.5 and 10. It is found that the conventional model can not fit the strong helium
density rate dependency observed in the experiment plasma.

Next, we assume the turbulent transport improvement model depending on the Z,,
which is introduce to explain the transport improvement in the high Ti plasma with
the carbon pellet injection[5]. Figure 3 shows the comparisons of the simulation and
experimental results assuming the Z,;; dependent turbulent improvement model. We
can see a slight different tendency with the experiment results.

Finally, we assume a new model strongly depending on the effective mass number

2
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Figure 2: Comparisons of the ion temperatures of the simulation and experiment results
assuming the conventional improvement model with @ = 0.5 and 10.

X! P =xT8 xexp(—kF(A.s — ¢)). We determined constant numbers ¢ = 1.4 and k = 2.0
to minimize the difference between the temperatures of experiments and using least
squares method. Figure 4 shows the comparisons of the simulation and experimental
results assuming the strongly A.ss depending model. We obtain good agreements in the
H/He dependences and in radial profiles of 7.

Conclusions

We have developed the integrated simulation code TASK3D to predict the plasma per-
formance in the 3D magnetic configuration plasma. We have studied the heat transport
of H/He plasma by TASK3D comparing with the experimental results of LHD to clarify
the ion temperature increase and the isotope effect. Three turbulent transport models
are assumed; the conventional model, the Z,;,depending model and the strongly A,ss
depending model. A relatively good agreement is obtained with the strongly A,/ de-
pending model (c=1.4 and k=2.0) and Z, s model.
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Integrated Simulation of Deuterium Experiment Plasma in LHD
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H. Takahashi*, H. Nakano*, M. Osakabe*, M. Yokoyama*, K. Tanaka*, K. Ida*, M. Yoshinuma*,
M. Isobe*, H. Tomita™, K. Ogawa* and LHD Exp Group*

Department of Nuclear Engineering, Kyoto Univ., Nishikyo, Kyoto 615-8540, Japan
*National Institute for Fusion Science, 322-6 Oroshi, Toki 509-5292, Japan
** Department of Quantum Engineering, Nagoya Univ., Nagoya, Japan

e-mail: murakami@nucleng.kyoto-u.ac.jp

The deuterium experiment plasma of LHD is investigated by applying the integrated simulation code
TASK3D and the 5-D drift kinetic equation solver GNET. (i) More than 20% of ion temperature
increment is obtained in the deuterium plasma (np/ng + np = 0.8) due to the isotope effect
assuming the turbulent transport model based on the H/He plasma experiment of LHD. (ii) The
triton burn-up simulation shows the triton slowing down distribution and more than 7.0 x 10!

m~3s7! of 14MeV neutron production by the D-T fusion reaction at the plasma center.

Introduction

The deuterium experiment project from 2017 is planned in LHD, where the deuterium NBI
heating beams with the power more than 30MW are injected into the deuterium plasma. Principal
objects of this project are to clarify the isotope effect on the heat and particle transport in the helical
plasma and to study energetic particle confinement in a helical magnetic configuration measuring
triton burn-up neutrons.

We have developed an integrated transport simulation code, TASK3D[1], and applied to the high
ion temperature plasma of LHD[2]. We obtain relatively good agreements between the simulated and
experimental radial profiles of the density and temperature in the steady state hydrogen plasmas.
Also, to study the kinetic behavior of the energetic particle in helical plasmas, we have developed the
GNET|[3] code, in which the drift kinetic equation of energetic particles is solved in five-dimensional
phase space. In this paper, we predict the plasma performance of the deuterium experiment plasma
in LHD by applying the TASK3D and GNET codes.

Prediction of high-Ti deuterium experiment plasma

We perform the integrated heat transport simulation of deuterium plasma by TASK3D code. A
typical density profiles are assumed as n4(r/a) = ng {1l — (r/a)®} where n; is the s-species density
profile satisfying the charge neutrality n. = >, n;. We assume two central density cases; no = 2.0
and 3.0 x 10" m~3, and the deuterium-hydrogen density ratio as np/np +nyg = 0.8.

We evaluate the heat deposition profiles for the multi-ion species plasma (e, H, He, C) by using
GNET code. Three tangential NBI heating (#1-3) with the beam energy E, = 180keV and the
heating power Piyp; = 14MW, and two perpendicular NBI heating (#4 and 5) with E = 60—80keV
and P,ypr = 18MW are injected to the deuterium plasma of LHD. Figure 1-(left) shows the heat
deposition profiles of the electron, deuterium and hydrogen ions. We can see peaked heating profiles

of the electron and deuterium ion heating.



One-dimensional (1-D) diffusive heat transport equation with multi-ion species (H, He, C) is
solved using the heat deposition profiles by GNET. We assume that the heat transport consists of the
neoclassical and turbulent transport. The neoclassical transport database, DGN/LHD, evaluates
the neoclassical heat transport for all species, and the radial electric field is determined by the
ambipolar condition of neoclassical electron and ion fluxes.

In our previous studies, we have assumed the gyro-Bohm model for the electron heat conduction
and the gyro-Bohm grad-7; model for the ion one[4] as the turbulent transport model for the
hydrogen plasma. However, it is necessary to consider the isotope effect in the deuterium plasma
case. To solve this problem we have performed the H/He experiment in the 2014 campaign of
LHD. We have varied the H-He ratio, {i = ng/ng + nye, keeping the electron density profile. It
is found that the ion temperature increases as £y decreases while the electron temperature shows
almost no change. To take into account this ion temperature increment we assume a turbulent
transport model, in which we multiply an improvement factor depending on the effective mass
numberAg¢r = >, (M;/Z;) to the gyro-Bohm grad-T; model.

Figure 1-(right) shows the deuterium ion temperatures in the deuterium experiment plasma of
LHD with and without the isotope effect on the turbulent transport by the A.¢; depending model.
It is found that the deuterium ion temperature reaches more than 6 keV with the isotope effect in
the deuterium experiment plasma. On the other hand, the ion temperature reaches about 5 keV if
we assume a pure hydrogen plasma. This result indicates that we will obtain about 20% higher ion
temperature than that of the hydrogen plasma in the deuterium experiment of LHD if we assume

an isotope effect on the turbulent transport based on the He/H experiment results.

Triton burn-up simulation

We perform the triton burn-up simulation of the deuterium experiment of LHD and evaluate
the D-T fusion reaction rates to compare with the experimental results of the 14 MeV neutron
diagnostic system. The radial profile of the 1 MeV triton production rate due to the D-D fusion
reaction between D-beam and D-thermal ions is evaluated by GNET using the radial profiles of Tp
and np obtained by TASK3D. As a result we obtain a center peaked triton production rate about
1.4 x 10" m~3s7 ! in the ne = 2.0 x 10 m—2 case.

== PIN(e)
=& PIN(D)
== PIN(H)

T [keV]

Heating power [VV/m3]

=o—Ti(D) : with isotope effect
1 1 -==Ti(D) : w/0 isotope effect
== Ti(H) : pure hydrogen plasma

0 0.2 0.4 0.6 0.8 1
r/a

Figure 1: Radial profiles of the NBI heat depositions (left) and ion temperatures (right) in the deuterium

experiment plasma with neg = 2.0 x 10 m=3 and np/ng +np = 0.8.
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Figure 2: Slowing down distribution of 1MeV tritons in the velocity space (left) and radial profiles of 14MeV
neutron production rate by the D-T fusion reaction/Pinpr = 1MW] (right).

Next we solve the 5-D drift kinetic equation for the 1MeV tritons by GNET and evaluate the
slow down distribution in the real and velocity space. Figure 2-(left) shows the slowing down velocity
space distribution of the 1MeV tritons in LHD. We can see a large loss region near the helically
trapped particles. About 25% of tritons escape with almost the initial energy of 1 MeV by the
prompt orbit loss due to drift motion immediately after their birth (+ < 107° s). After the prompt
orbit loss, the collisionless diffusive loss (107° < ¢ < 1072) and, then, the collisional diffusive loss
(t > 1072 s) become dominant. We evaluate the radial profile of 14MeV neutron production rate
using the triton distribution by GNET and Tp, np profiles by TASK3D [Fig. 2-(right)]. It is found
that more than 7.0 x 10" m3s~! of 14MeV neutrons are generated by the D-T fusion reaction at

the plasma center.
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[3] S. Murakami et al., Nuclear Fusion 46, S425 (2006).

[4] Wakasa, A. et al., Proc. 39th EPS Conf. and 16th Int. Cong. Plasma Phys., 2012, P2.028.



Particle simulation of plasma production by electron cyclotron waves
in Tokamak

Tomohide Ikeda, Atsushi Fukuyama

Graduate School of Engineering, Kyoto university

1 Introuction

Plasma production and start up by electron cyclotron waves in tokamak has been successfully applied
to reduce the magnetic flux comsumption and the peak value of toroidal electric field, though the physics
mechanism has not been understood well. Various phenomena are coupled with each other - electron ac-
celation at the electron cyclotron resonance, ionization by collisions with neutral particles, current drive
by toroidal electric field and electron cyclotron waves, suppresion of particle losses by vertical magnetic
field, generation of closed magnetic configuration, and so on. In order to analyze these pheomena self-
consistently, we are developing a particle simulational module, TASK/PIC. In this report, we show the
status of the two-dimentions electromagnetic particle simulation code and the results on the excitation
and propagation of the electron cyclotron waves.

2 Numerical model

The governing equations in TASK/PIC are the equation of motion for electron and ion (1), Gauss’s
law for the scalar potential ¢ (2), time evolution of the vector potential A (3) and equations for the electric
field E and the magnetic field B (4):

m@ = qg(E +v X B), (1
dr
v¢=L, )
€
) 9’A

V2A + p1oj — Ho€o—r — Ho€)—m =

* HoJ — oo~ — Hofo— 0, 3

A

E:_w;__‘;t, B=VxA. “

We normalize the physical quantities by the electron plasma frequency w). for the average electron
density ng, w%e = noe? /me€, and the grid spacing A of the order of the Debye length.

In our alogrithm, & and A are defined at the integer mesh in time, while ¥, ¢, E and B are at the
half-integer mesh in time. We assume uniformity in the z direction and solve eq.(2) by FFT or finite
difference method. For the particle shape, we use the spline function of the second order. The spline
function of the first order is used for the half-integer grid, and the spline function of the second order in
the integer grid. We consider a rectangle space in the x-y plane, and employ the boundary condition in
periodic or of the conducting wall.



3 Simulation result

The initial particle distribution is uniform in space, and the velocity distribution are Maxwellian.
Simulation parameters are as follows: total number of particles for each species (electron, ion): 160000,
number of grids: 100 x 100, 8 = wp.A/c = 0.1, the time interval Az = 0.02. Further, the externally
applied fields are as follows: the static magnetic field with linear gradient Byo = B,,min + (Bymax — Bymin) -
0 and 25 < y < 75, Ayuy(ALuy) = Augsinof which
correspond t0 Eyyy(Ezg) = —0Ayug(Ang) /0 = —DA,, cos .

x/100 and the wave guide elctric field at x

First, we show the time evolution of total en-
ergy with periodic boundary condition up to f =
1000 in Fig.1. When B,y = 0, the potential en-

Fig.1(a): B=0

Ener

ergy PE,, increase and the Kinetic energy KE,,, 002 g o PE
decrease up to around 7 = 200. After that they al- PE
most saturated, but the total energy E,, gradually oo -
increase from the begining. When uniform mag- 0.00 T
netic field B = 6, PE,,;, KE,,; and E,,, gradually \
increase all along. We have to resolve this prob- oty
lem. . \/-—: o :

Next, we excite the electromagnetic waves % 00 400 60 so0 10007
with Ay, = Aygsinf (O-mode) or Ay, = Fig.1(b): B = 6
Ay sinwt (X-mode) with A,y = 1 and B = 6. Energs
In Fig.2, in the case of X-mode, absorption of the a PE“'“
elctromagnetic wave occurs near the electron cy- | KEr
clotron resonance @ = B = 6. As is theoretically 0.005 PEs
predicted for the ordinary-mode, the absorption Bt

does not occur. It is because finite Larmor radius
effect is small with the present parameters. If we
make A smaller than cyclotron radius v, /wc., the
absorption will be confirmed.

0

mes

200 400 600 800 1000

Fig.1: Time evolution of total energy

with periodic boundary condition
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Fig.2: Wave propagation with ® = 6 and B =4 ~ 8

Finally, we show the time evolution of electron temperature profile in Fig.3. 7| is the parallel compo-
nents of the electron temperature, 7', is the perpendicular component of the electron temperature and 7,
is the electron temperature T, = (T} + 27, )/3. In the case of X-mode excitation, 7', around x = 40 ~ 50
increases up to about 7 times the initial temperature.
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Fig.3: Time evolution of electron temperature profile

4 Summary and Outlook

We have been developing a two-dimentional electromagnetic PIC simulation code TASK/PIC, in
order to analayze the plasma production near the electron cyclotron resonance. We use the parallel pro-
cessing by MPI only for particle motion. After discussion on the conservation of total energy, we have
shown the propagation of the electromagnetic waves excited by the waveguide model. We have shown
the propagation and absorption of ordinaly and extraordinaly waves propagation and confirmed electron
heating near the electron cyclotron resonance. Owing to small finite Larmor radius effect, the absorption
cannot be confirmed for ordinary mode.

The remaining issues include to improve phisycal models, such as relativistic effect, absorbing
boundary condition, plasma production by ionization, to enhance computional performance, full-scale
parallelization, introdution of region splitting, and the use of OpenMP, and to extend to toroidal config-

uration.



Linear Kinetic analysis of Alfvén eigemodes in tokamak plasmas
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The excitation of Alfvén eigenmodes driven by fast ions is studied in tokamak plasmas using the full wave
code TASK/WM. The dielectric tensor for species with anisotropic velocity distribution function is numeri-
cally calculated and complex eigenmode frequency is obtained.

1 Introduction

In tokamak plasmas, Alfvén eigenmodes are excited
by fast ions generated as a result of fusion reaction,
ICRF heating or NBI heating. Resonant interaction
between fast ions and the destabilized Alfvén eigen-
modes (AEs) may cause rapid transport of fast ions,
which leads to a loss of fast ions, decreasing heating
efficiency and damaging plasma facing components.
Therefore stability analysis of Alfvén eigenmodes is
important and it has been extensively explored theo-
retically, experimentally and numerically.

There are various AEs which have different fre-
quencies, such as toroidicity-induced Alfvén eigen-
mode (TAE), beta induced AE (BAE) and so on.
Some of them are affected by mode conversion (e.g.
kinetic Alfveén eigenmode (KAE)) and lower fre-
quency modes are coupled with other waves (e.g. ion
acoustic wave). Therefore careful study of AE using
appropriate model which can properly describe the
dynamics in the focused scale is required.

We have analyzed the linear stability of AEs by
the full wave code TASK/WM. The model used in
the analysis and some examples of analyses with the
code is presented in this report.

2 Full wave analysis code TASK/WM

In the full wave code TASK/WM, Maxwell’s equa-
tion for the wave electric field E with frequency w

w?

VXVXE=— € E+iwypjuy (1)

c2
is solved with the kinetic dielectric tensor ‘€ for
various plasma models. With poloidal and toroidal
mode expansion, parallel wave number is correctly

taken into account to describe the wave-particle res-
onant interaction. Eigenmode with complex wave
frequency is obtained by maximizing the wave am-
plitude for given external current proportional to the
plasma pressure.

Since the response of plasmas is determined by
the dielectric tensor, the model of the dielectric ten-
sor is important. However, the more general the
model is, the less tractable.

For simplicity, the model based on the drift ki-
netic equation system[1] is adopted in the present
analyses. This model which consists of the linear
current density and the drift kinetic equation can de-
scribe the poloidal mode coupling due to the inter-
action between drift motion of the fast particles and
AEs. The induced current density is calculated by in-
tegrating perturbed distribution function of fast ions
in velocity space

i = f dveavifal = CE = —igwYE (2

and the induced current is proportional to the wave
electric field in a linear analysis. Then, the electric
susceptibility tensor ) is calculated by using per-
turbed distribution function which is described by the
drift kinetic equation

9 o B
Fri yVj+Va+ve)- V+ ;—a(v”EH + Vg ~E)£ fu=0,

where vg is the E X B drift velocity and v, is the
magnetic drift velocity. It is necessary to linearize
this equation in terms of the perturbed distribution
function. Since it is a system of differential equations
including the term v, - V£, it is complicated to solve
the equation directly. Even if the radial derivative



term of v, - V f is neglected, the drift kinetic equation
is infinite dimensional system of equations in Fourier
expansion. Considering only several sideband har-
monics by truncating terms satisfying k - vy/w <« 1,
or assuming low drift frequency, the problem be-
comes tractable. Based on these assumptions, ap-
proximate electric susceptibility tensor y is calcu-

lated in Fourier expansion form as

m 1,m-2 6m’ m=2

Soo

0 i Qm—l,m—l
0 - Qm—l,m—] S’ m—-1
i Qm m—1 m 0

—(Pp=1m + Pp+1,m)
_I(Pm lmO_ Pm+1m)

m—1

_(mel,m + Pm+1,m) 0
0 R
—i Qm+1,m+1
0 0 - Qm+1,m+l 6m’,m+l
—i Qm m+1 Qm m+1 0
1 - 0

i -1 0 |[Pu 20w’ m+2
0 0 0

(
o
[ 0 0
o

a 1
Ppw = - | dv——— ¢ 3
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In the case of steady state (Maxwellian distribu-
tion), Eq.(3) to (5) are easily calculated with plasma
dispersion relation.
anisotropic distribution function or localized density

In the case that fast ion has

profile, it is necessary to integrate numerically in
complex velocity space.

In order to consider kinetic effects such as finite
Larmor radius (FLR) effects and coupling of Alfvén
waves with low frequency waves, the model based on
the gyrokinetic equation is required[2],[3].

3 Simulation results

Fig.1 and Fig.2 are examples of analyses by
TASK/WM describing excitation by fast ions in the
case of Maxwellian distribution function. These fig-
ures are contour of |E|* in complex frequency space
and we can find eigenmode frequencies from them.

i(Pm—l,m - m+1,m) 0
O
m

The mode whose frequency is around 80kHz is
toroidaicity-induced Alfvén eigenmode (TAE) and
its growth rate has good agreement (Fig.3) with the
one calculated by approximate formula by G. Y. Fu

[4]
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In addition, it is shown that lower frequency modes
are more strongly excited by the increase of fast ion
temperature and the mode frequency having the high-
est growth rate gets close to TAE frequency. This
mode is considered as a kind of energetic particle
mode (EPM).
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Fig. 1 Contour of the wave amplitude in a complex
frequency plane with fast ion components 0.2%,
T= 100keV
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Fig. 2 Contour of the wave amplitude in a complex
frequency plane with fast ion components 0.2%,
T= 500keV
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Fig. 3 Comparison of the fast ion temperature
dependence of the growth rate between the
numerical results and these of the approximate
fomula.

4 Future work

We are now developing a code to analyze AEs ex-
cited by fast ions which have arbitrary velocity dis-
tribution function. Then, it is possible to carry out
self-consistent analysis of AEs including the modifi-
cation of velocity distribution function calculated by
the Fokker-Plank code.
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Turbulent transport is one of the most critical issues for plasma con nement in magnetic fusion
devices. Recently, a large number of the gyrokinetic simulations have been done in toroidal plas-
mas [1]. The GKV-X code solving the gyro-kinetic equation has been used to examine the ITG
mode and zonal ows in the LHD for studying the turbulent transport in helical plasmas [2]. The
reduced model of x; ~ pZv f(L, 7zr)/R is taken [3] using the GKV-X code for the high-7; LHD
discharge. Here, £ is the mixing length estimate 7,;y/k§ integrated over the %, space, where T,
is the normalized linear growth rate of the ITG mode and =55 is the normalized decay time of
zonal ows [4, 5]. However, it is costly to carry out linear calculations of the growth rate by the
gyrokinetic simulation at each time step of the dynamical transport code such as TASK3D [6],
because the transport analysis of helical plasmas demands a high radial resolution so as to accu-
rately evaluate the radial electric eld and the eld con guration. In this study, how to apply the
reduced model of the turbulent heat di usivity for the ITG mode derived from the gyrokinetic
simulation to the transport code is shown with a low computational cost. Modeling of the term £
in the reduced model for the ITG mode is necessary to be involved with a parameter dependence
of the plasma instability in the dynamical transport code. The ion temperature gradient scale
length L1 .(= —7T;/(0T;/0r)) is chosen for the parameter to apply £ to avoid the linear gyrokinetic
analysis at each time step of the transport simulation. The eld con guration is xed at the initial
state in the transport simulation. We have developed the formula for £ in terms of Ly,. The decay
time of zonal ows depends on the magnetic eld con guration and is independent of the plasma
pro le. The formula of the zonal ow decay time is needed to be calculated only at the initial state.
The calculation by substituting these formulae for £ and =, to the reduced model [3] reproduces
the results of the reduced model itself within allowable errors. The computational cost to obtain
the value of the turbulent ion heat di usivity by this modeling at each time step of the transport
simulation is much smaller than that of the linear gyrokinetic simulation. The simulation results
for the high-T; discharge of the shot number 88343 have been shown [7]. In this study, the modeling
of the mixing length estimate term and the zonal ow decay time is done for the high-T; discharge
of #109081. The value of the density gradient scale length in the case of #109081 is di erent from
that in the case of #88343. The density gradient scale length a ects the characteristic of the ITG
instability. This additional modeling is applied to the transport code and enables us to study the
simulation results with the experimental results in LHD.

Firstly, the linear analysis is done using the GKV-X code for the additional modeling of the turbu-
lent ion heat di usivity. The ITG instability is examined in the high-7; LHD discharge #88343 [8].
On the other hand, the analysis of the plasma dynamics using TASK3D was done for #109081
in LHD [9]. A reduced model for the ITG turbulent heat di usivity in terms of the functions

L (E f(’?’;}y/%)d%y) and 7;p(= 727 /(R/vy;)) Was obtained as x;/x&? = A L*/(Ay + 745 /L1?),
where &7 is the gyro-Bohm di usivity, v = v/(v,;/R) and &, = k,p,;. The numerical coe cients
are given in [3]. The characteristic length of the ion temperature gradient is considered to be the
important parameter for the ITG instability. As the function of Ly, the parameter £ is modeled
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Figure 1: The radial dependence of (a) R/L+, and (b) a(p) is shown with lled circles for #109081
in LHD.
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where Lz, is the normalized critical ion temperature gradient for the ITG instability. To exam-
ine the critical ion temperature gradient for the ITG mode, the dependence of £ on R/Lry, is
examined [10] with all plasma parameters xed except the ion temperature gradient. The den-
sity and ion temperature pro les are obtained from the experimental results at ¢ = 2.233s in
the high-T; LHD discharge #88343. The critical ion temperature gradient for the ITG mode,
R/Lr, and the slope a(p) in terms of R/Ly, are obtained. The tting polynomials of R/Lz,
and a(p) are used as R/Ly, = 4.0929 — 3.7681p + 19.712p? + 11.087p° — 14.272p* and a(p) =
0.38661 — 0.070919p + 0.2571p? + 0.95949% — 0.92978p*. The comparison between the right hand
side (a(p) (R/Lt, — R/L7,)) and the left hand side (£) in equation (1) is examined with the root
mean square of ((a(p) (R/Lr, — R/Lz.))/L — 1) given by ¢ = 0.13. The zonal ow decay time
7zr [B] Is examined. The tting function for the zonal ow decay time: =;r(fit) = 0.98565 —
0.65943p + 2.4471p* + 3.2337p% — 2.8382p* is used throughout the transport simulation. When we
use the same modeling for the mixing length estimate and the zonal ow decay time at ¢t = 4.2s for
#109081 in LHD, the tting polynomials of (a) the normalized ion temperature gradient R/ L, and
(b) a(p) are obtained as R/ L. = 4.712—38.644p+512.56p> —2481°+5991.3p* —6810.3p°+2911.3°
and a(p) = 0.13049 +6.3631p — 45.33p? +134.8p> — 177.95p* +90.153p° — 4.6622° in gure 1. The
tting function for = r: 7zp(fit) = 0.34823 +6.817p — 15.452p + 15.972% — 6.4126p* is shown for
the case of #109081 in LHD. To obtain the value of the turbulent ion heat di usivity at each time
step in the transport code, the value of the modeled turbulent ion heat di usivity is calculated,
where the term a(p)(R/Lr, — R/Lr,) is substituted for £ and the tting function =, (fit) is used
for TZF.

Now, the transport dynamics is examined using the modeled turbulent ion heat di usivity, when
the TASK3D is performed. The radial pro les of the density and the electron temperature are
xed. The dynamics of the radial 7; pro le is simulated by solving the di usion equation. The
pro le of the radial electric eld FE, is derived from the ambipolar condition at the initial plasma
state. In #88343, three solutions of the ambipolar radial electric eld are found in the radial
region 0.265 < p < 0.785. The pro le of the radial electric eld is dynamically xed. The positive
E, is chosen. We study the simulation result of the 7; pro le. The simulation results for the
radial 7; pro le show a good agreement with the experimental results. For modeling £ in terms



of Ly, three runs at the di erent values of Ly, are needed at a radial point before the dynamical
transport simulation. It takes about twenty minutes per one time of the program run. If the value
of £ is calculated at each time step in the TASK3D, about one hundred thousand times of the
program run are necessary. Therefore, the transport simulation of an extremely low computational
cost can be achieved due to the additional modeling of the turbulent ion heat di usivity based
on the gyrokinetic simulation. In #109081, one negative radial electric eld is shown from the
ambipolar condition and is dynamically xed. At the initial state, the ITG mode is stable in the
region 0.0 < p < 0.8. The simulation results using the di usion equation for the ion temperature
shows the higher value than the experimental results in the core region. At the plasma center,
the value of T; of the simulation result is 4.2keV, which is higher than the value of 7;: 3.2keV for
the experimental results in LHD. The ITG mode becomes unstable in the region 0.18 < p < 0.42
at the stationary state of the simulation results. However, the neoclassical transport is dominant
compared with the turbulent transport driven by the ITG instability. In the case of #109081, the
density pro le is slightly peaky. The value of L, becomes much smaller than the case in #88343,
where the density pro le is attened. At p = 0.5, the values of n;(= L,/Lr,) are —12.0 and 1.37 for
#88343 and #109081 in LHD, respectively. In this study, we perform the gyrokinetic simulation
with the adiabatic electrons. It is not enough for showing the T; pro le close to the experimental
one only by the ITG stability analysis using the adiabatic electrons, especially for #109081 case.
The gyrokinetic simulation with the kinetic electrons shows the larger ion heat ux than that by
solving the gyrokinetic equation with the adiabatic electrons [11].
To reduce the simulation cost, how to apply the transport model based on a gyrokinetic simulation
to a dynamical transport code is shown within the accuracy of the gyrokinetic simulation. The
GKV-X code is performed for the additional modeling in terms of the ion temperature gradient
scale length instead of the linear growth rate term for the ITG mode. The formula of the zonal
ow decay time in the reduced model is derived at the given magnetic eld structure. The simu-
lation results by applying the additional modeled turbulent ion heat di usivity to the dynamical
transport code are shown. The promising technique of a low computational cost for adapting the
gyrokinetic turbulent transport model to a transport code is proposed within allowable errors. The
dynamical transport simulation of the #109081 in LHD clari es the importance of the gyrokinetic
simulation with the kinetic electrons. The construction of the reduced model for the heat di usiv-
ity is needed by the electromagnetic gyrokinetic simulation with Kkinetic electrons. This is left for
future study.
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