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A difference in the confinement performance of high energy ions between the standard and the
inward-shifted magnetic axis configurations on the Large Helical Device was experimentally
observed in the ion cyclotron range of frequency (ICRF) heated plasma. It caused a difference
in the transfer efficiency from high energy ions to a bulk plasma, which was compared with the
Monte Carlo simulation result. The ratio of the stored energy of the high energy ions to that of
the bulk plasma was measured employing an ICRF heating power modulation method.
1. Introduction
The ion cyclotron range of frequency (ICRF) heating has been successfully carried out on
the Large Helical Device (LHD, the largest superconducting helical device, with R/a=
3.6~3.9m/0.6m, B=3T) [1-3]. A long pulse discharge of 2 minutes was achieved by ICRF
heating only. The energy confinement time was found to be 1.5 times longer than International
Stellarator Scaling 95 (ISS95) at the inward-shifted magnetic axis, i.e., Rax=3.6m. This was
derived from the fact that the displacement of deeply trapped particles in the helical ripple from
the magnetic closed surface was reduced at Rax=3.6m. The phenomenon is thought to be
similar to that of the high energy ions accelerated by an RF electric field; the confinement of
high energy ions is better and the energy transfer efficiency is expected to be higher than that
at the standard configuration, i.e., Rax=3.75m. The difference between the magnetic
configurations was examined measuring the energy distribution of high energy ions.
The technique of RF power modulation was used to evaluate energy confinement time and
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heating efficiency [4]. This method was employed to deduce the ratio of the stored energy of
high energy ions to the bulk plasma. It was determined from two phase differences; one was
between the total plasma stored energy and the bulk plasma stored energy, and the other was a
phase difference between the modulated RF power and the total plasma stored energy.
In this paper the confinement of high energy ions is discussed using experimental data
obtained in a series of plasma discharges at the standard (Rax=3.75m) and the inward-shifted
(Rax=3.6m) magnetic configurations. Then it is compared with the result obtained in the Monte
Carlo simulation [5]. Then the measured ratio of the stored energy was reported for the plasma
discharge with an ICRF power modulation method.
2. Experimental results
Tail temperature and transfer efficiency
A plasma consisting of He ions as the majority and H ions as the minority was employed in
the series of experiments. The relation between tail temperature Ttail and effective temperature
Teff is plotted in Fig.1. Ttail was measured using a fast-neutral analyzer (Si-FNA) with an
electrically cooled Silicon-diode detector [6] and the charge exchange process with +He [7].
The Si-FNA measured ions with the perpendicular energy to the magnetic field line. Teff was
calculated using plasma parameters (nH, n e and Te are the minority ion density, the electron
density and the temperature) and the ICRF heating power PA in the following equation [8];
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Here ~H and VH are the heating efficiency and the minority heating volume [9]. A wide range
of Teff, to be precise from 10keV to 200keV was found at Rax=3.75m; however the range of Teff
at Rax=3.6m was from 10 to 60keV,which was caused by an insufficient reduction of the
minority ion density. A saturation of Ttail was found at Rax=3.75m; this reflects a shorter
energy loss time. When the energy loss time › Eloss was taken into account and the tail energy
time ›Etail was
determined, Ttail was calculated using the above equation.
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The transfer efficiency ~ trns was defined as what fraction of the energy flows from high
energy ions to the bulk plasma;

~trns =

Ptrns Ttail
1
=
=
2
Pabs Teff 1 + CPabs Te (nH / ne )[1 ne[2

It was also expressed as the ratio of Ttail to Teff. In the Monte Carlo simulation ~ trns was scaled
as in the above equation. Here the numerical factor C depends on the magnetic axis position
and the magnetic strength. It was determined using experimental data for two cases as shown
in Fig.2, where the abscissa is P absT e2(nH/ne)-1n e-2. C exp was determined to be 0.032 at
Rax=3.75m and 0.005 at Rax=3.6m, respectively. CMC in the Monte Carlo simulation was also
0.043 at Rax=3.75m and 0.004 at Rax=3.60m [5].
High energy tail fraction
An analysis of the plasma discharge with the RF power modulation predicts a ratio of the
stored energy of high energy ions to that of the bulk plasma using two phase differences. One
was between the bulk plasma W b and the total plasma stored energy W p including the store
energy of high energy ions, and the other was between the modulated RF power P A and W p.
The relations between ʻW p and ʻWb, and between ʻPA and ʻW p are expressed in the
following complex equation [4],
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and ʼ are the applied modulation frequency and a numerical factor derived from the
dependence of the energy confinement time on the temperature; ʼ =-1.44 at ISS95. ~0 is the
heating efficiency and ~Åf
is its derivative of temperature [4]. The phase difference between ʻW p
and the bulk plasma was ¡pb and the phase difference between ʻPh and ʻWp was ¡pA; ʻWp was
used as the diamagnetic loop and ʻW b was used as ECE signal because of no observed
modulated electron density. The time evolutions of PA, W p and W b in the case of the low
electron density plasma with ne=2~3x1018m -3 are shown in Fig.3(a). The averaged RF power
was PA=270kW and the modulation rate was 30%. ¡pb and ¡ pA were 20 degrees and -56
degrees at t=1.0s and ne=2.2x1018m-3, and at t=2.0s and the higher electron density, i.e.,
ne=3x1018m -3, ¡pb and ¡ pA were 11 degrees and -36 degrees as shown in Fig.3(b). The
measured ratio of W t to W b was deduced to be Rtb =0.4~0.2 using measured phases in the
above equation. This value was assessed in another way by using the electron slowing down
time ›s/2 and half of the
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diode detector. As predicted in the orbit
(b) Time evolutions of measured phase
difference ¡ pA and ¡ pb and Rtb.
calculation, the better confinement of
the high energy ions at the inward-shifted configuration compared with that at the standard
configuration was proved. These experimental data agree with the transfer efficiency obtained
in the Monte Carlo simulation.
The ratio of the stored energy of the high energy component W t to that of the bulk plasma
W b was measured in the ICRF power modulated plasma. The ratio agreed with that deduced
from the ratio of the electron slowing down time to the energy confinement time.
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