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A neutral beam injection heating simulation of time-development plasma in the Large Helical Device high-
ion-temperature experiment is presented. The effects of the time-development of density and temperature on the
beam ion birth profile and slowing-down are considered using a new code, GNET-TD, which is based on GNET.
The simulation results show that heat deposition to ions increases in the core region when the density decays after

pellet injection.
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1. Introduction

Extending of the high-temperature region in helical
systems is important for obtaining a better understand-
ing of the physics properties of high-temperature plas-
mas in non-axisymmetric devices. In the Large Helical
Device (LHD), high-ion-temperature (high-7;) experiment
was conducted by neutral beam injection (NBI) heating
and carbon impurity pellet injection [1,2]. In the high-
T; experiment plasma, the density and temperature rapidly
changed with time because of pellet injection, and an in-
crease in the ion temperature was observed in the decay
phase of density. To understand the transport properties
of this time-development plasma, accurate information of
power deposition by NBI during discharge is necessary.

The power deposition by NBI heating is affected by
the drift motion of the beam ions during slowing-down. On
the other hand, in helical systems, drift orbits of energetic
particles are complicated due to the three-dimensional
(3D) effect of the magnetic configurations. Further, in
tokamaks, toroidal ripples exist because of the finite num-
ber of toroidal field coils and may enhance energetic parti-
cle transport. Several tokamak simulations have been used
orbit-following Monte Carlo codes such as ASCOT [3]
in EURATOM and OFMC [4] in JAEA. However, those
codes cannot treat a full 3D field. GNET is a Monte Carlo
code that has been widely used in the analysis of LHD
plasmas, for example, electron cyclotron, NBI, and ion cy-
clotron resonance frequency heating [5-7]. However, the
conventional version of GNET can treat only steady-state
plasmas.

In this study, we develop a new code based on GNET,
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GNET-TD, which considers the time development of the
density and temperature of the background plasma. The
new code is applied to an NBI heating simulation of the
time-development plasma in the LHD high-T7; experiment.
In the next section, we describe the physical model used
in GNET and the improvements made for application to
time-development plasmas. In section 3, we discuss the
simulation results. The final section discusses the conclu-
sion.

2. Simulation Models

In NBI heating analysis, the conventional version of
GNET solves a drift kinetic equation in a five-dimensional
phase space (three dimensions in real space and two in ve-
locity space)

3 focam .
% + (VII + VD) : Vfbcam +v- vabeam
= C(foeam) + L2 (foeam) + S, (1

by the Monte Carlo method. Here fieam is the distribu-
tion function of the beam ions, v) is the velocity parallel
to the field line, vp is the drift velocity, C is the lin-
ear Coulomb collision operator, LP¥°!® is the particle loss
term, and S is the time-independent source term evaluated
by FIT3D [8]. The guiding center orbits of test particles are
expressed in Boozer coordinates and followed by 6th order
Runge-Kutta method. The steady-state solution for fyeam
is obtained by the convolution integral of the test particle
distributions with respect to time during slowing-down.

In a time development plasma, in which the density
and temperature change with time, the source term S in
Eq. (1) becomes time-dependent, because the birth profile
of the beam ions depends on density and temperature. In
addition, during slowing-down, the beam ions undergo a
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Fig. 1 Number of test particles on one typical core in an NBI
heating simulation by GNET-TD using 4000 cores with
the removal routine. Red line indicates total number of
test particles that have started to slow down. Green line
indicates number of test particles that are slowing down.

change in the collision frequencies. In GNET-TD, the ra-
dial profiles of the density and temperature of the back-
ground plasma can be arbitrarily changed at each time step.
Now the code is designed to read the fitted data of the ra-
dial profiles of n., T, and T;. In this study, we set the time
step for the change in the background plasma profile to
2ms. To introduce the time-dependent source term, the
birth profiles of the beam ions are evaluated every 0.5 ms.
This time step width is also used as the interval of inte-
gration of the test particle distribution with respect to time.
These test particles are introduced into the drift motion and
collision calculation routine sequentially.

In GNET-TD, a larger number of test particles are re-
quired than in GNET if we want to obtain the same level
of statistical accuracy. To reduce the computation time, we
introduce a routine that removes test particles that are lost
or thermalized. We set the boundary energy of thermalized
particles to 1.5T;(p), where p denotes the radial position of
the particle. Figure 1 shows the number of test particles on
one typical core at each steps when we use 4000 cores with
the removal routine. The green line indicates the number
of test particles that are not lost or thermalized. By us-
ing this routine, we can reduce the computational time by
about 50%.

We have done the benchmarking of GNET-TD by
means of comparison with previous GNET. We ran the
both codes under the same condition of a steady-state LHD
plasma and NBI heating, and we confirmed that GNET-TD
reproduces the results of GNET well.

3. Simulation Results

Using GNET-TD, we performed an NBI heating sim-
ulation of the high-T; experiment in LHD. The shot num-
ber is 110597. Figure 2 shows the time evolution of shot
number 110599, which is almost equivalent to 110597.
The magnetic axis Ryx = 3.6 m and the field strength By =
—2.85T. Here the minus sign indicates a reversed magnetic
field configuration.
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Fig. 2 Time evolution of (a) port-through power of NB, (b) elec-
tron density, (c) radiation power, (d) stored energy, (e)
electron temperature, and (f) ion temperature in LHD
high-T; experiment (shot number 110599) [2].
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Fig. 3 Radial profiles of electron density at three different times
in shot 110597.

The time evolution of n. in this shot is shown in
Fig. 2 (b). The rapid increase in the density at r = 4.574 s is
due to pellet injection. Figure 3 shows the radial profiles of
ne at three different times. Here r/a is the normalized mi-
nor radius. The rapid increase in the density occurs in the
outer region of the plasma, and the density slowly increases
in the core region. In this study, we assume that the back-
ground plasma is a pure hydrogen plasma, and the effect
of carbon impurities is not considered. The beam energy is
~180keV for tangential NB#1-3 and ~40keV for perpen-
dicular NB#4-5. The injection powers of NB#1-5 are set
to 5.66, 4.55, 5.08, 5.50, and 5.60 MW, respectively. These
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data are the input to FIT3D and GNET-TD.

We evaluated the birth profiles of the beam ions for
each beam component using FIT3D. Figure 4 shows the
deposition rate of neutral beams of NB#1 (tangential) and
NB#5 (perpendicular) as a function of time. The deposi-
tion of the neutral beam changes in response to change in
the electron density.

Figure 5 shows the beam-ion distribution functions in
velocity space at r/a = 0.8 and r/a = 0.2. In these graphs,
the left (right) corresponds to t = 4.572 (4.576) s just before
(after) pellet injection. Here v is the velocity parallel to
the field line, v, is the velocity perpendicular to the field
line, and vy, is the ion thermal velocity at T. = 4keV. A
clear reduction in the high-energy part of the distribution
appears at r/a = 0.8, when the pellet is injected. This
can be interpreted as an enhancement of the slowing-down
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Fig. 4 Beam-ion birth rate of NB#1 and #5 as a function of time
evaluated by FIT3D.
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caused by the increase in the density. On the other hand, no
clear change appears in the beam-ion distribution at r/a =
0.2.

Figure 6 shows the volume-integrated power deposi-
tion to electrons (P.) and to ions (P;), and the total power
deposition (P = P. + P;). A rapid change is seen due to
the pellet at + = 4.574. Oscillation due to the modulation
of NB#4 can be seen after + = 4.6 s. The power deposition
becomes sufficiently steady state before pellet injection at
t = 4.574s. A rapid increase in the power deposition can
be seen at r = 4.574s; it is due to the rapid increase in the
density caused by pellet injection.

The power deposition to electrons and ions volume-
integrated over the core region (r/a < 0.5) is shown in
Fig.7. The electron and ion heating start to increase after
pellet injection at ¢ = 4.574 s. The ion heating reaches its
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Fig. 6 Power deposition by NBI during shot 110597. P, (P;)
represents the power deposition to electrons (ions).
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Fig. 5 Beam-ion distribution functions in velocity space at (a) r = 4.572s,r/a = 0.8, (b) t = 4.5765s,r/a = 0.8, (c)t =4.572s,r/a = 0.2,
and (d) t = 4.5765s, r/a = 0.2. A clear reduction in the high-energy component appears at r/a = 0.8.
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Fig. 7 Heating power to electrons and ions volume-integrated in
core region, r/a < 0.5.
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Fig. 8 Heating power to electrons and ions volume-integrated in
outer region, r/a > 0.5.

maximum value at t = 4.69s. After r = 4.65, ion heating
becomes greater than electron heating. This is because the
injection of NB#4 starts at ¢ = 4.6 s with a beam energy of
40keV.

Figure 8 shows the power deposition in the outer re-
gion (r/a > 0.5). The heating in the outer region rapidly
changes. The electron heating reaches a local minimum
after a sharp decay due to the reduction in the high-energy
component of the beam ions. In contrast, the ion heating
exhibits a step-like increase.

Figure 9 shows the radial distributions of P; per vol-
ume at three different times. At pellet injection (¢ =
4.574 s), the ion heating increases only in the outer region,
r/a ~ 0.7-1.0. The ion heating in the core region increases
in the decay phase of the electron density.
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Fig. 9 Radial distributions of power deposition to ions at three
different times.

4. Summary

We have developed the GNET-TD code, which is
based on the GNET code and considers the time devel-
opment of the density and temperature of the background
plasma. We applied GNET-TD to an NBI heating simu-
lation of the LHD high-T7; experiment. The simulation re-
sults show the changes in the beam ion distribution func-
tions and power deposition due to pellet injection. These
results reveal that the power deposition by NBI increases
when the pellet is injected. Evaluating the radial distribu-
tion of the heating power, we found that the heat deposi-
tion increases in the core in the decay phase of the density,
whereas the power deposition rapidly increases in the outer
region.

In the future, we will perform a heat transport simu-
lation using the results of the heating power calculated by
GNET-TD. In addition, to validate our simulation code, we
will compare our simulation results with experimental ob-
servations measured using CX-NPA or other measurement
system.
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