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Abstract

The neoclassical (collisional) transport of energetic ions is investigated by the global neoclassical
transport simulation in the Large Helical Device (LHD). The steady state distributions of energetic
ions are evaluated assuming an energetic particle source by NBI heating (tangentally injected).
Significant radial transport of energetic ions can be seen due to the radial motion of trapped particles
in the velocity region below near critical velocity. Our simulation results show relatively good
agreements with the experimental results of fast particle measurements in the LHD. This suggests an
important role of neoclassical transport in the radial transport process of energetic ions in heliotrons.

1. Introduction

Complex motions of helically trapped particles tend to enhance the radial transport of energetic
ions in heliotrons. Thus the confinement of energetic particles is an important issue for a future
reactor based on the helical system. In order to study the energetic ion behavior experimentally,
the energetic particle distribution has been measured by the fast neutral particle analyses using
natural diamond detector (NDD) in the LHD[1].

Figure 1 shows the measured count number by NDD for two different time periods of a dis-
charge. In this discharge the plasma density increases up to 1.5 x 1019m~3 and, then, decreased to
0.7 x 1019m~3. The beam particle (Eb = lOOkeV) was tangentially injected and slows down to the
thermal energy. The NDD observation line was set to tangential to the plasma axis. We can see the
nearly linear increase of count number as energy decreases in the higher density case. On the other
hand the saturation of the count number is found as energy decreases in the lower density case. The
solid lines show the prediction by 2D Fokker-Planck simulation where no radial transport effect on
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FIG. 1. Plots of the NDD count number with error bars for two different densities in the LHD;
1.5 x 1019m~3 (left) and 0.7 x 1019m~3 (right). The solid lines show the predictions by 2D Fokker-
Planck calculation.

beam ion is taken into account. We can see large differences between the experimental and 2D
simulation results below about 40keV.

Several reasons can be considered for the difference in count number; anomalous transport,
strong charge exchange effect, etc. Among them we think that the neoclassical (collisional) trans-
port is plausible for the reason of this difference. Because the energetic particle drifts with high
velocity and has an large orbit size, and the neoclassical transport would would play an important
role in the distribution of energetic ions in heliotrons. Many efforts have been made to analyze
the neoclassical transport of thermal plasma, analytically and numerically, in heliotrons. However,
because of the large orbit size of energetic ions, the conventional approach based on the local ap-
proximation can not be utilized to this problem and a new non-local approach is required to study
the neoclassical transport of the energetic ions in heliotrons.

In this paper we study the neoclassical transport of energetic ions in heliotrons using a newly
developed global neoclassical transport simulation code, GNETfl]. In this code we solve the drift
kinetic equation for energetic ions in 5-D phase space with NBI heating as a source of energy and
particle. The drift kinetic equation can be written with the initial condition f(x, v\\,v±, t - 0) = 0
as:

% + (vd + «„) • | £ + v • ̂  - Cc°\f) = SNBI,
dt dx dv

where vd is the drift velocity and v\\{- v\\ b) is the parallel velocity, respectively. The acceleration
term v = (v\\,i)±) is given by the conservation of magnetic moment and total energy, and C"11 and
gNBi a r e ,-jjg c o n i s i o n operator and the heating source term for NBI heating, respectively.

The Green function approach has been implemented in the Monte Carlo simulation code[2,3].
The code allows for the calculation of the drift orbits with high accuracy in a complex magnetic field
configuration solving the equation of motions in the Boozer magnetic coordinates based on a three
dimensional MHD equilibrium. The collisional effects (both pitch angle and energy scattering) are
taken into account using the linear Monte Carlo collision operator.
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FIG. 2. Contour plots of the energetic ion dis-
tribution in the (r/a, v, 6P) coordinates in the
LHD plasma.

2. Simulation results

FIG. 3. Plots of the radial profile chang-
ing the pitch angle from passing through
deeply trapped particle region.

The drift kinetic equation in 5D phase-space was solved in the LHD plasma (the standard con-
figuration; Rax = 3.75m) to study the neoclassical transport of energetic ions. The NBI heating
source term was calculated by HFREYA code assuming beam energy of lOOkeV. Figure 2 shows
the steady state distribution with the NBI beam source obtained by GNET code in the three dimen-
sional space (r/a, v, 9p/w), where r/a, v, and 9V are the averaged minor radius, the total velocity
and the pitch angle, respectively. We assumed the density, n, and temperature for ions, Tit and elec-
trons, Ti, as n(r) = no{ 1 - (r/a)s} with n0 = 2.0 x 1019m-3, and Te(r) = T^r) = Te0{ 1 - (r/a)2}
with Teo = 1.6keV. The magnetic field strength is set to 1.5T.

The beam ions deposit at the high velocity region (v ~ ll%io) and slow down to the thermal
velocity. When the beam ion reaches to the critical velocity (about 4 times of thermal velocity)
the pitch angle scattering takes place by the collisions with background ions, and the beam ion
distribution spreads toward the higher pitch angle region (upper side). We can see the deficit of
distribution at the trapped particle region (6P/TT ~ 0.5) near the edge region because of the loss
cone of helically trapped particle. Also the decrease of distribution is found at the radial region,
r/a > 0.6, where the fraction of helically trapped particle becomes large. These indicate the fast
radial transport of helically trapped particle generated by the pitch angle scattering.

Next we study the radial density profile of specific pitch angles using the obtained distribution
by GNET code. Figure 3 shows the pitch angle dependency of the radial density profile of the ions
whose energy is greater than 2keV. The pitch angle is changed from the deeply trapped particle to
the passing particle region. We can see a rapid decrease of the density as pitch angle increases. It
is also found that the profile is flatten more in the radial region, r/a > 0.6, for higher pitch angle
cases. These results also show the significant radial transport of helically trapped particle.

Using the obtain distribution by GNET code we have evaluated the neutral particle number
detected by NDD. Figure 4 shows the simulated count number based on the experimental plasma
parameters. We have evaluated for two different density neo = 1.0 x 1019 and 2.0 x 1019m~3
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FIG. 4. Comparisons of the experimental results and the simulated NDD count number using the
GNET results in the LHD; ne0 = 2.0 x 10l9m"3 (left) and ne0 = 1.0 x 1019m"3 (right).

with Te0 = Ti0 = 1.6keV. We can see the similar linear increase of count number as decreasing
the energy in the higher density case. Also we find the similar saturation of the count number due
to the radial transport of energetic trapped particle in the lower density case. Consequently, we
obtain the relatively good agreement in both density cases and this indicates the important role of
neoclassical transport in the radial transport process in the LHD.

4. Conclusions

We have studied the neoclassical (collisional) transport of energetic ions in the LHD plasmas.
Using GNET (Global Neoclassical Transport simulation) code the steady state distribution of a
beam source plasma by NBI heating has beam evaluated. The influence of neoclassical transport
on the energetic in distribution was observed in the LHD. The simulation results are compared
with the experimental results of fast neutral particle measurements and we obtain relatively good
agreements with the experimental results in qualitative sense. This results suggests an important
role of neoclassical transport in energetic ions in heliotron.
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