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Abstract: The confinement property of high energy ions and the role of ripple induced transport have been
studied in the Large Helical Device (LHD). Tangential beam particles are injected at 90 - 150 kV by negative-
ion-based neutral beam injectors, and perpendicular high energy particles are generated by Ion Cyclotron Range
of Frequency (ICRF) heating. Energy distributions of high energy ions have been measured by fast neutral
particle analyzers based on natural diamond detectors, specially developed for this experiment. Time evolution
of perpendicular tail temperature in decaying phase after the ICRF termination indicates that the fast particles
deeply trapped in helical ripples are well confined longer than the collisional relaxation time, when ne > 1019 m-3

in the inward shifted configuration (Rax = 3.6 m).  In lower density plasma, however, faster decay than the
classical prediction is observed.  The tangential energy spectra in a low density steady state plasma of the
standard configuration (Rax = 3.75 m) also show the deviation from 2D Fokker-Plank simulation. The global 5-D
transport simulation code including the ripple induced transport shows good agreement with measured spectra,
and this suggests an important role of ripple induced transport in the standard configuration of LHD.
 
1. Introduction
 
The energetic ion behavior in helical systems is of great interest from view points of
difference of the symmetry in the magnetic configuration from that of tokamaks, and hence
difference in ripple and loss cone structures. The confinement of energetic ions is also one of
key issues for the prospect to a steady state reactor plasma using a helical system[1]. Complex
motions of trapped particles in helical systems tend to enhance the radial transport. There are
extensive theoretical works on the particle orbits in helical systems[2,3], but not so much
works on the effect of ripple induced transport are accumulated. Several experimental works
have been done in Advanced Toroidal Facility[4], Wendelstein 7-AS[5], Heliotron-E[6], and
Compact Helical System[7-9], by observing fast neutral particles, neutron fluxs, and the
global change of plasma parameters and plasma pressure.  In Heliotron-E, the tail formation
by ICRF is extensively studied and the fast decay after termination of the ICRF shows the
importance of the orbit loss in helical systems.



 
In the present work, behaviors of high energy ions injected tangentially by neutral beam
injectors and those of perpendicular particles produce by ICRF heating in the Large Helical
Device are investigated by observing fast neutral particles tangentially and radially.  The
formation of the high energy tail and its time evolution are studied in wide range of
collisionality parameter. The theoretical calculations using the global 5-D simulation code
including the ripple induced transport have been performed, and the tangential energy spectra
in steady state beam heated plasma are compared with simulation results.
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 Fig. 1 Experimental set-up for the high energy particle studies in LHD, showing (a) the tangential viewing line
and (b) the perpendicular line of the Diamond-NPA’s.
 
2. Experimental Set-up and Energetic Particle Orbits in LHD
 
The LHD is an l=2/m=10 heliotron type device with superconducting helical and poloidal
coils[10]. In the present experiment, the major radius of the magnetic axis (Rax), the averaged
minor radius (a), and the magnetic field strength at the axis (Bt) are 3.75 m, 0.6 m, 1.5 T for
NBI experiment, and 3.6 m, 0.6 m, 2.75 T for ICRF heating experiment, respectively. In LHD
the magnetic configuration of Rax = 3.75 m is standard and considered to be well-ballanced
from the points for MHD stability and particle confinement, but that of inward shifted (Rax
=3.6 m) is expected to have better trapped particle confinement, because the mod-B minimum
contours are close to magnetic flux surfaces[11,12]. The plasma is initially produced by 0.4
MW ECRH (82.6 GHz, 84 GHz) and it is heated by ICRF and/or by two neutral beams, which
are injected tangentially in co- and/or ctr-direction with the energy up to 150 keV and with
total power up to 4 MW. The ICRF wave is injected into helium plasma with hydrogen
minority from the outer side antenna of the vertically elongated poloidal section, with power
up to 1.5 MW at frequency 38.46 MHz[12,13,14].
 
Two sets of fast charge exchange atom spectrometers based on natural diamond detector
(Diamond-NPA) are developed and used for confined fast ion spectrometry[15,16], one with
vertical and the other tangential line of sight. In figure 1 is shown the experimental
arrangement for the high energy particle studies in the present work; a) for the vertical and b)



for tangential measurement. The vertical line of sight covers the pitch angle range(χ) of 82o

~102 o, and the tangential line of sight covers the pitch angle range of 140o ~180o.
 
Energetic particles in a heliotron system are sometimes categorized by their orbits into
passing particles, mirror trapped particles, deeply trapped particles in the helical ripples and
transitions particles[2]. The orbits of 150 keV protons starting from points at R=3.7 m in a z-χ
plane are shown in Fig. 2a by various symbols. Most of tangentially injected beam particles
are in the passing orbit, while the boundary of this orbit is mostly determined by its trap into
the transition particle orbit, which shows a complex behavior, due to reflection by various
kind of ripples. Deeply trapped particles, the banana centers of which move poloidally and
toroidally along the minimum B of the helical ripple, are distributed in the outer region of an
R-χ plane. In figure 2b is shown the poloidal cross section of magnetic closed surfaces,
together with the cyclotron resonance surfaces for H+ minority ions in the present
experimental regime, which are placed in upper and lower parts of the plasma cross section.
The perpendicular particle orbits of 150 keV protons starting various locations in this plane
are shown here by same symbols. The perpendicular particles near the cyclotron resonance
surfaces are mostly deeply trapped in the helical ripples, and particles of the viewing line of
vertical NDD are also deeply trapped.  The transition particles are distributed at the
boundary of deeply trapped orbit. Tangentially injected beam particles are diffused in a v//-vl
space, crossing the unstable transition orbit region.  During synergic heating phase of the
ICRF application to NBI-heated plasma, beam particles are accelerated towards perpendicular
direction crossing this unstable region, and finally trapped in helical ripples. The importance
of present study is in diffusion of these energetic particles due to combination of collisional
effect and the ripple induced complexity of particle orbits.
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 Fig. 2  (a) Distribution of particle orbits of 150keV protons in a z-χ plane at R=3.7 m for Bt=2.75T, and Rax =
3.6 m. Circles represent those in passing orbit, triangles in deeply trapped orbits, rectangular’s are in transition
orbit and crosses are in prompt loss region. (b) The poloidal cross section of magnetic closed surfaces toghther
with the cyclotron resonance surfaces for H+ minority ions and symbols for perpendicular particle orbits.
 
3. Experimental results
 
In order to derive proton spectrum confined in plasma from measured neutral counts,
hydrogen neutrals (H0) in a hydrogen plasma or He0/ He+ ‘s in a helium plasma are
responsible for neutralization of high energy particles.  A code for neutral distribution using



a simplified model has been developed to calculate both H0 and He0 distribution, and used in
the present analysis. The H0/He0 penetration strongly depends on its speed crossing the last
closed magnetic flux surface (LCFS). In LHD the neutral temperature at LCFS is thought to
be about several eV, and its density is in the order of 10-3 of the central plasma density. The
H0/He0 penetration depends also on the plasma density. As the density increased, the central
H0 or He0 density becomes less. Inside the plasma, hydrogen atoms are reproduced through the
single charge exchange process while helium neutrals are produced through the double charge
exchange process. On the other hand, the He+ density is mostly determined by the ratio of the
electron impact ionization rate and recombination rate, and linearly increased with the plasma
density but strongly decreased with Te.

 
 Fig. 3. The NDD pulse height spectra with error bars for two different densities in the LHD; 1.5 x 10 19 m -3

(left) and 0.7 x 1019 m –3 (right). Dashed and solid lines show the predictions by 2D Fokker-Planck calculation
and the simulated NDD count number using the GNET results, respectively.

 
3.1 Energy Spectra of Tangential viewing line
 
Figure 3 shows the counting spectra number measured by the tangenail Diamond-NPA,
before the charge exchange correction, for two different time periods of a NBI-heated
discharge hydrogen. The the total beam power of co/ctr- injecttion is 1.1 MW, and the
electron temperature is ranging in 1-2 keV. In this discharge (the standard configuration; Rax

= 3.75 m ) the plasma density increases up to 1.5 x 10 19 m -3 and, then, decreased to 0.7 x 10
19 m -3. The beam particle (Eb = 100keV) was tangentially injected and slows down to the
thermal energy. We can see the nearly linear increase in NDD pulse height spectrum as
energy decreases in the higher density case. On the other hand the saturation in the pulse
height spectrum is found as energy decreases in the lower density case. The dashed lines show
the prediction by 2D Fokker-Planck simulation, including the charge exchange rate due to H0,
and the particle attenuation by re-ionization in a plasma.  Here no radial transport effect on
beam ion is taken into account. Large differences between the experimental and 2D
simulation results are seen below about 40keV. This difference is enhanced in the low density
case. The simulation considering ripple induced transport is discussed in the next chapter.
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Fig. 4 Time evolutions of plasma density and that of stored energy of a synergic discharge with ICRF Heating
superposed on NBI target plasma(a), and perpendicular proton spectra of before (A:circles), during (B:boxes),
and after(C:triangles) the ICRF heating. The absorbed ICRF power is about 1.05 MW, and the central electron
temperature is 2.5 keV.

  
 
3.2 Energy spectra measured by vertical NDD and high energy tail formation by ICRF
 
High performance ICRF experiment was carried out with the minority heating regime in the
configuration of Bt=2.75T, and Rax = 3.6 m, with the ICRF self sustained scenario and the
synergic heating scenario of ICRF on NBI plasma[12,13,14]. Here hydrogen is the minority in
a helium plasma.  Fig. 4 shows (a) time evolutions of plasma density, the stored energy and
(b) energy spectra measured by the perpendicular diamond-NPA during the NBI only and the
after the ICRF heating starts and after its termination. Clear change of the spectrum and the
formation of the high energy tail by ICRF can be seen. Because the Diamond-NPA had
counting capability up to 2 x105/sec, the tail temperature (Teff) can be derived from the slopes
of the spectra for every 10 msec. In Fig. 5 is shown the time evolution of Teff for two cases, (a)
at relatively low density of 1 x 1019 m -3 and (b) at 2 x 1019 m -3. Here the central Te of the
ICRF+NBI phase is about 2.5 keV for both cases. In most of discharges of this scenario, a
clear increase of Teff is observed. After the ICRF termination, the Teff is gradually decreasing.
The e-folding decay time of  Teff  , i.e. the relaxation time of high energy tail, for the higher
density case(b) is shorter than the decay time of the lower density case.  In Fig. 6 the

measured decay time, τm is compared with the classical Coulomb relaxation time, τcl. As the τcl

is increased in the low density, high Te region, the τm is going to be saturated at a level about
100 ms.  
In Fig. 5 is also shown the time evolution of the integrated flux of high energy tail component.
The integrated flux does not decrease after the ICRF termination, but slightly increased. This
increase cannot be explained by the change of He0 density resulting from the change of
plasma parameters ( ne is constant and Te decreases about 20 – 30 %), if we assume the He0 is
the main source of neutralization of the fast ions. However, if we assume that the He+ is the
main source of neutralization, then the increase of He+ due to decrease of Te can reproduce the
change of the integrated flux of fast particles. The calculated high energy neutral flux without



loss are shown by solid lines.  Together with the agreement of measured decay time of the
tail temperature with classical prediction, present measurement indicates that deeply trapped
ions are well confined until they transfer their energy to a bulk plasma when the density is
higher than 1x1019/m3.  However, the Teff decays faster than the classical prediction when the
density is low. Charge exchange loss would be one of the reasons. The charge exchange rate
<σv> , however, has an energy dependence which has maximum at around 30 keV for He0 ,
and at around 50 keV for He+ . So the charge exchange loss cannot explain faster decay of the
tail temperature. The ripple induced effect is the most probable reasons.
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Fig. 5. Time evolutions of plasma density and that of stored energy Time evolution of Teff and total integrated
flux during ICRF which is imposed on a NBI heated plasma measured (BT=2.75T, Rax=3.6m). (a) discharge at
relatively low density 1 x 10 19 m -3 and (a) discharge at 2 x 10 19 m -3 . The solid lines represent calculated high
energy neutral flux without loss.
 

4. Ripple Induced Transport Analysis

Several explanations can also be considered for the difference in count number in tangential
spectra (Fig. 3); e.g. anomalous transport, strong charge exchange effect, etc. Among them,
radial transport due to the helical trapped particle is a plausible cause of this difference. To
clarify this point we study the ripple induced transport of energetic ions using GNET
code[17],where the drift kinetic equation in 5D phase-space is solved in the LHD plasma with
The initial condition of

as

f v v tll( , , , )x ⊥ = =0 0
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Fig.6  Comparison of the measured decay time of           Fig. 7 : Contour plots of the energetic ion

Teff and the classical Coulomb relaxation time τcl.               distribution in the (r/a, v, θp/π ) coordinates
                                                         in the LHD plasma (lower density case).
 
 

  

 where CCol is the collision operator and SNBI is the heating source term for NBI heating,
which is evaluated by HFREYA code[18]. Figure 7 shows the steady state distribution with
the NBI beam source obtained by GNET code in the three dimensional space (r/a, v, θp/π ),
where r/a , v, and θp are the averaged minor radius, the total velocity and the pitch angle,
respectively. The NBI heating and plasma parameters are assumed based on the parameters of
the lower density case in Fig. 3. The beam ions deposit at the high velocity region (v ~ 11 vth0)
and slow down to the thermal velocity. When the beam ion reaches to the critical velocity
(about 5 times of thermal velocity), the pitch angle scattering takes place via the collisions
with background ions, and the beam ion distribution spreads toward the higher pitch angle
region (upper side in Fig.7). We can see the decrease of the distribution due to the ripple
induced diffusion at the radial region, r/a > 0.6, where the fraction of trapped particle becomes
large. We can see the deficit of distribution in the trapped particle region near the edge region
caused by the direct convective transport of trapped particle to the outside of plasma. As is
shown in Fig. 3, the decrease of the distribution is clearer in the lower density case (right)
compared with that of the higher density case (left) because of lower collisionality,. These
results indicate the significant role of the ripple induced transport in the energetic ion
confinement in the LHD. Using the obtained distribution by GNET code we have evaluated
the neutral particle number detected by Diamond-NPA (Fig. 3). The clear decrease of count
number due to the ripple induced transport from the 2D F-P results is reproduced in both
density cases. Also the larger decrease due to the larger ripple induced transport is obtained in
the lower density case. Consequently, we obtain good agreement in both density cases and
this indicates the role of ripple induced transport in the radial transport process in the LHD.
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5. Conclusion

Confinement property of energetic ions in LHD can be summarized as the following. Both
passing and deeply trapped particles are well confined so that they slow down classically and
significant orbit losses are not observed, when ne > 1019 m-3 in the inward shifted
configuration (Rax = 3.6 m).  In a low collisionality plasma, however, deviation from the
classical prediction is observed, especially in the standard configuration (Rax = 3.75 m),
indicating the ripple induced effect.  The global 5-D simulation code including the ripple
induced transport shows good agreement with the measured fast neutral spectra and this
suggests an important role of ripple induced transport in the standard configuration of LHD.
 
 
The authors would like to thank Dr. D.S. Darrow for his development of orbit calculation
code for LHD and for useful discussions.
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