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Abstract

The confinement properties of tangentially injected energetic particles are experimentally investigated on the
Large Helical Device(LHD). The local confinement times of energetic particles are evaluated by experiments
and have good correlation with pitch-angle scattering times in the core region and with charge exchange loss
times in the edge regions. Thus, the classical process is considered to be the dominant process of the energetic
particle confinement on LHD. In addition to these classical effects, the enhanced energetic particle transports
induced by MHD-instabilities are observed on LHD. These effects become significant at low magnetic
field(B<~0.75 ) configurations.

I. Introduction

Confinement of energetic particles is one of the most important issues in helical devices since
a large helical ripple has a significant influence on the topology of energetic particle orbits.
Following three topics are considered to be important in the energetic particle confinement
studies in helical devices: (1) The confinement property of energetic particle during its
slowing-down process, (2) the wave-particle interactions between energetic particles and
waves, e.g., ICRF-wave or MHD-instabilities, and (3) the effect of radial electric field on the
confinement property of energetic particles. In realizing a helical fusion reactor, we need to

investigate these influences on o-heating. In this paper, we will focus on the first and the

second topics of the energetic particles on LHD.

On LHD, a series of experiments with a short pulse(blip) of tangential neutral beam(NB)
injection was performed to investigate the confinement property of tangentially injected
energetic particles. The NB-blip method is a well-known experimental technique in
investigating the confinement property of energetic particles for neutron diagnostics and
charge-exchange(CX) neutral diagnostics, and are widely applied to many devices[1-9]. We
have developed new experimental method based on Maximum Entropy and Maximum
Likelihood Method( MEMLM) to analyze the CX neutral diagnostics during NB-blip
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experiments. The method was applied to LHD to evaluate the confinement time of passing
particles on its birth orbits.

During the high-beta experiments of LHD, fast changes of energetic neutral particle fluxes
were observed with the MHD bursts on the signals of a tangential CX neutral diagnostic.
The signals of neutral particles at high energy(typically ~130-keV) were simultaneously
increased with the MHD-bursts. The signal increase of lower energy particles occurred with
a certain delay time for the increase of the high energy particles. It seems that the increased
neutral flux has a characteristic time of energy decay. This phenomenon was typically
observed when the magnetic field strength is lower than 0.75[T].

In this paper, we will describe and discuss the classical and non-calssical aspects of energetic
particle confinements on LHD. In Sec. 2, we will show the experimental apparatus. The
confinement property of the energetic particles being evaluated by the NB-blip experiments
are described in Sec. 3. The interaction of MHD-instabilities with energetic particles are
shown and discussed in Sec.4. Sec.5 is a summary.

2. Experimental Set-up

On LHD, NBs are tangentially injected 180
by using three beam-lines (one for -,
co.-NB and two for counter-NB) which
are based on the negative-ion
sources[10]. Each beam line has two
ion sources and the tangency radii of
these 1ion-sources are 3.63[m] and
3.77[m], respectively. To investigate
the confinement property of passing
energetic particles, the E//B-type CX
neutral particle analyzer(NPA)[11] is
installed on the tangential port, which is

located at 10 cm below the mid-plane. 900 02 04 06 08 1 12 14
The NPA 1is placed to measure the p

counter-NB  particles for the LHD
standard magnetic field direction. The
NPA is horizontally movable and its
scanning angle is from 0-deg. to 9-deg.,
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FIG. 1. Pitch-angles and normalized minor-radii
distributions along the center line of the outer
ion-source of a conter-NB. (gray center-dashed

where these angles are defined by the curve) and of the inner ion-source(gray dashed
angle between the normal of the port and curve). Those along the E//B-NPA line of sight
the NPA line of sight. The NPA has 39 are shown by a black solid-curve for the scanning

energy-channels and 3 mass-column angle of 0-deg.

(117channels in total). The measurable

energy range of the NPA is 0.5 <E A <200 [keV amu], where E and A denote the energy and
the mass number of the measured particle, respectively. The electron density and
temperature distributions are obtained by the FIR interferometer and YAG Thomson
scattering measurement, respectively. Figure 1 shows a plot of the pitch-angles to the

normalized minor radii (p=t/a) along the center lines of ion sources of a counter-NB and the
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E//B-NPA sight line at 0-deg.position. Considering the width of the beam, this graph shows
that the E//B-NPA observes the injected energetic particles directly.

3. Evaluation of energetic particle confinement by NB-blip experiments

Figure 2 shows typical waveforms of
NB-blip experiments. The blipped
particles were injected at 150keV with
20ms pulse duration and 250ms cycle.
As shown in this figure, the influence of
the NB-blip injection on the plasma
parameters are negligible. The flux
decay of blipped particles during their
slowing-down process from 150keV
down to 55keV was evaluated by using a
tangential Charge eXchange Neutral
Particle Analyzer (CXNPA). Analysis
is done using the data in the period
between t=1.0 and 2.3s, as indicated by
the gray area in Fig.2. The NPA data
are accumulated according to the
blip-cycle to obtain the better statistics.

Using the waveforms of the NPA for
blipped-particles at the injection

energy(wo(f)) as a response function
(Ro(H)= wo(t)/ @), the contribution of

energetic particles on the location of p to

the waveform of the NPA for blipped
particles at the energy (E£;) can be

expressed by wi{p)Ry(¢-7) if we neglect
the effect of energy diffusion in the
slowing-down process. Here, the « is

the normalized parameter so that it
makes the integration of Ry(f) over time

unity and the 7 is the slowing-down time

from the injection energy to the energy
of E;. Therefore, the waveform of the
NPA at E; for the blipped particles can be
written as;
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FIG. 2. Typical waveforms at an NB-blip experiment.

(a)Beam current of counter-NB for plasma
sustention (solid-lines) and for blip
injections(solid-lines with open circles), (b) plasma
stored energy, (c) line averaged electron density, (d)
central electron temperature are shown. The
neutral flux of (e)148keV, () 110keV, and (g)83keV;
which are measured by E//B-NPA are also shown.
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where [ is a path length along the NPA sight line. The /.5 and ljwn: correspond to the
lengths of the close plasma edge to the NPA-port and of the distant edge, respectively. The

Tin 18 the minimum of 7 on the path and is usually the value of 7 at the edges, while the 7.,

1s the maximum and is usually the value at the closest point to the plasma center on the path.
The subscript of / and superscript of w denote the region of the path. The /; and w' are for

the region within the point of % = 7,,,, while the /, and w? are for the region beyond the point.
We have to note all of the information, such as the density profile of the bulk neutrals(ny(p)),
the density profile of the energetic particles(n,(p)) at E;, the charge exchange reaction

rate(o.v), and reionization loss effect of escaping neutrals( exp(—(o,, +0'wn)j ndl’))

contribute to w’(p). In those quantities, only the density of energetic particles(n(p)) is

unknown variables when the bulk plasma is in quasi-steady state condition. The rest are
constant in time or can be evaluated. Therefore, the confinement ratio of energetic particles

(npi(P)/npo(P)) can be obtained from the ratio w’,(p)/w’o(p) with the correction of CX-reaction

rate and reionization loss of escaping neutrals. We do not need to know the bulk neutral
density and the birth energetic ion density profiles since they appear both in the denominator
and in the numerator of the ratio and are canceled out. Only assumptions we have made are
that the energy loss of the particle is given by the classical deceleration rate and that the
particles are staying on the same orbit

To evaluate the w’;(p), we need to deconvolute the integral of Eq(1). For the deconvolution,

we had developed an technique based on the Maximum Entropy and Maximum Likelihood
Method (MEMLM) [12]. Confinement times of energetic particles were evaluated from the

decay time of w’(p). In Fig.3, the confinement times of energetic particles(Teyp.), Which
were evaluated from NB-blip experiments, are compared to the pitch-angle scattering
time(Too.dee.) and charge exchange loss time(T.x) for LHD-plasmas of Rax=3.6[m] and

Bt=2.5[T]. These times are calculated from plasma parameters of the discharges and are
averaged along the orbit of the measured energetic particles. In Fig.3, the confinement times
of energetic particles have good correlation with the pitch-angle scattering times at the core
region, i.e. 1r/a<0.83, and with the charge exchange loss time at the edge (1/a=0.95). This
result indicates the confinement times of tangential energetic particles are explained by the
classical theory with orbit effect at high magnetic field configurations.
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FIG.3. Correlations of particle confinement time(7,,) to (a) the 90-degree pitch-angle scattering
time(Ty.qee) and to (b) the charge exchange loss time(t.) for LHD plasmas of R,=3.6/m] and

B=2.5[T] configuration.

In evaluating the pitch angle scattering time and charge exchange loss

time, the particle energy of 100keV is assumed. The neutral density profile is obtained from

AURORA code.

4. Interaction of MHD-instabilities on
energetic particle confinement

In addition to these classical effects on the
energetic particle transport, we have
observed the other effect when the
magnetic field strength is low (B<~0.75).
With this magnetic field strength, the
tangential NPA  signals are often
modulated by MHD-bursts, while the NB
is continuously injected[13]. Figure 4
shows the typical waveforms of a
Mirnov-coil signal and NPA signals. As
shown in this figure, the high energy
components (>113keV) of NPA signals
were increased during MHD-bursts. The
flux increase at lower energy component
had some time delay and this delay
became larger as the energy became lower.
The mode analysis of the MHD-burst at
t=0.943s indicates that the burst was TAE
of n=2[14].

In Fig.4(d), the peak position of signal
increase at each NPA energy channel is
shown. The decay time of the flux peak
was obtained by exponential fitting of the
peak positions and was about 4.3ms. In
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FIG 4. Typical waveforms of (a)mirnov-coil and (b,

¢) NPA signals when the NPA signals fluctuate
with a MHD-burst. (d) The peak position of NPA
signals are shown with circles.
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Fig.5, the energy decay times of the NPA flux
peak associated with the MHD- bursts are
compared to the inverse of the line averaged
electron densities. This figure indicates that
the delayed signal increase in the lower energy
region can be explained by the result of energy
slowing-down of the increased particles at the
high energy region with the MHD-burst. But,
the signal increase in the high energy region
cannot be explained by the classical process.

Comparing the decay time in Fig.4(d) to the
slowing-down times of particles which were
circulating on the NPA sight line, it turned out
that the increased particles were on the orbit
which is circulating around r/a=0.57(Fig.6(a)).
This orbit had a maximum probability to stay at
r/a=~0.75, where the TAE gap of n(toroidal
mode number)=2 and m(poloidal mode
number)=3~4 locates (Fig.6(b) and (c))[15].
This suggests that the signal increase with the
MHD burst at the high energy region is due to
the result of enhanced transport of energetic
particles by the TAE-mode.

5. Summary

Confinement properties of passing energetic
particles are investigated on LHD using NB-blip
method. The confinement time of the particle
on the passing orbit is consistent with classical
theory when the magnetic field strength is high.
The energetic particle confinement was
influenced by the TAE-mode. The influenced
particle has a maximum probability on the gap
of the mode.
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