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Ion cyclotron range of frequency~ICRF! heating experiments on the Large Helical Device~LHD!
@O. Motojima et al. Fus. Eng. Des.20, 3 ~1993!# achieved significant advances during the third
experimental campaign carried out in 1999. They showed significant results in two heating modes;
these are modes of the ICH-sustained plasma with large plasma stored energy and the neutral beam
injection~NBI! plasma under additional heating. A long-pulse operation of more than 1 minute was
achieved at a level of 1 MW. The characteristics of the ICRF heated plasma are the same as those
of the NBI heated plasma. The energy confinement time is longer than that of International
Stellarator Scaling 95. Three keys to successful ICRF heating are as follows:~1! an increase in the
magnetic field strength,~2! the employment of an inward shift of the magnetic axis,~3! the
installation of actively cooled graphite plates along the divertor legs. Highly energetic protons
accelerated by the ICRF electric field were experimentally observed in the energy range from 30 to
250 keV and the tail temperature depended on the energy balance between the wave heating and the
electron drag. The transfer efficiency from the high energy ions to the bulk plasma was deduced
from the increase in the energy confinement time due to the high energy ions in the lower density
discharge, which agrees fairly well with the result obtained by the Monte Carlo simulation. The
transfer efficiency is expected to be 95% at an electron density of more thanne55.031019m23

even in the high power heating of 10 MW. The accumulation of impurities, e.g., FeXVI and OV was
not observed in high rf power and long pulse operation. The well-defined divertor intrinsic to LHD
is believed to be useful in reducing the impurity influx. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1354152#
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I. INTRODUCTION

One of the major concerns of the Large Helical Dev
~LHD! project is whether the ion cyclotron range of fr
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quency~ICRF! heating in helical systems works well, ca
sustain the plasma in a steady state and whether high en
ions can be confined well or not. In the third experimen
campaign of 1999 the ICRF heating experiment provided
answer to this concern.1

The LHD is the largest super-conducting heliotron-ty
device with 1/m52/10 continuous helical coils. The mai
physical research is the investigation of currentless
disruption-free steady-state plasmas. The objective of
LHD project is to research several critical issues in order
realize the helical plasma discharge of steady-state opera
at the high performance.2–4 The major and minor radii are
3.9 m and 0.6 m, respectively, and the designed toro
magnetic field strength is 3 T.

In the third campaign, the LHD experiments achiev
several remarkable improvements:~1! A maximum plasma
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stored energy of 0.88 MJ was attained with the heat
power ~4.7 MW! of neutral beam injection~NBI! and ICRF
heating.~2! The maximum energy confinement time was 0
seconds.~3! The highest electron and ion temperatures w
4.4 keV and 3.3 keV.~4! Long-pulse operations lasting mor
than 1 minute were obtained using NBI only and using IC
heating only.~5! The maximum beta value was 2.4%.~6!
The maximum electron density was 1.131020m23 with the
hydrogen pellet injection.5,6

The final goal of the ICRF heating on the LHD is hig
power heating of 10 MW and plasma sustainment in ste
state at 3 MW. Technology development for high power a
steady-state ICRF heating has been carried out for sev
years.7–12

In the second experimental campaign, ICRF heating
periments were carried out in helium plasma with minor
hydrogen ions using a pair of loop antennas at the magn
field strengthB51.5 T of the standard configuration, i.e
Rax53.75 m. The increase in the plasma stored energy
proportional to the applied ICRF heating power up to 3
kW. The maximum increase was found to be 13 kJ atPICH

5300 kW, which was the same amount as that with elect
cyclotron heating~ECH! only.13,14 However, the plasma
could not be sustained by ICRF heating only.

The third experimental campaign was carried out
1999.1,15 The magnetic field strength was increased toB
52.75 T and the inward-shift of the magnetic axis toRax

53.6 m was mostly employed. The carbon plates were
stalled at the helical divertor legs, and this was useful
reducing the impurity penetration in the case of ICRF hea
plasma. In this paper, the ICRF heating experimental res
and the behavior of high energy protons accelerated by
ICRF wave field are described. In Sec. II, the ICRF heat
mode and the ICRF heating experimental setup, includin
pair of loop antennas and an impedance matching sys
are described. In Sec. III, several ICRF heating experime
results are reported. In Sec. IV, the behavior of high ene
protons is introduced and the ICRF heating efficiency is d
cussed. Then we summarize the ICRF heating experim
on the LHD and mention the future plan in Sec. V.

II. EXPERIMENTAL SETUP AND ICRF HEATING MODE

A. Experimental setup

The antenna is 60 cm in length, 46 cm in width and
cm in depth. The antenna strap is 30 cm in width. The s
face of the antenna is fitted to a configuration of the l
closed magnetic surface. The position of the ion cyclot
heating~ICH! antenna can be shifted inward by 15 cm
using a swing mechanism. All the components of the
tenna, i.e., the Faraday shield, side limiters, antenna s
back plate, and inner and outer conductors are cooled
purified water.1 The rf power is transmitted to each anten
from the high power radio frequency~rf! generator via a
liquid impedance matching system. It consists of three liq
stub tuners, which are identical.9 All the rf components of
the transmission lines, including the liquid stub tuners a
the ceramic feed-through, are cooled by purified water
achieve a high rf power steady-state operation.
Downloaded 02 Apr 2009 to 133.75.139.172. Redistribution subject to AIP
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An optical measurement method is employed to estim
the ratio of the hydrogen minority ions. Spectroscopic ap
ratuses are installed at the vacuum port adjacent to the
antenna to monitor Ha ~656.3 nm! and HeI~587.6 nm! sig-
nals.

Hydrogen or helium glow discharge cleaning was c
ried out everyday for the wall conditioning after the plasm
experiment was over. A titanium gettering, which cover
about 30% of the LHD vacuum vessel surface, was e
ployed in the middle of this experimental campaign; con
quently the oxygen impurity was remarkably reduced. It w
routinely carried out for an hour just before the experime
started. The vacuum base pressure was maintained in
order of 1026 Pa.

B. ICRF heating mode

The ICRF heating efficiency depends mainly on the
cation of the minority ion cyclotron resonance and the io
ion hybrid resonance layers. Figure 1 shows the typical h
ing scenario referred to as Mode-I, in which the ICR
heating experiments were mainly carried out in the th
campaign. The minority cyclotron resonance,L ~left hand!
cutoff, R ~right hand! cutoff, and ion–ion hybrid resonanc
~in dotted line! layers are plotted in Fig. 1. Here the magne
field strength, the frequency and the wave number areB
52.75 T, f 5v/2p538.47 MHz and ki55 m21, respec-
tively. The plasma parameters are a central electron den
ne(0)51.031019m23 and a minority hydrogen ratio of 10%
in the helium plasma. The ion–ion hybrid resonance is
cated between the magnetic axis and the minority ion cyc
tron resonance, which is the same configuration as in
Compact Helical Stellerator~CHS! experiment.16,17 As the
ratio of hydrogen ions to helium ions becomes higher,
hybrid resonance layer moves toward the magnetic a
When the frequency is decreased or the magnetic fi

FIG. 1. ICRF heating mode referred to as Mode I: Locations of ion cyc
tron resonance of minority ions, ion–ion hybrid resonance,R cutoff, andL
cutoff are plotted in the case of the electron density ofne(0)51.0
31019 m23, nH /ne510%, B52.75 T, andf 538.47 MHz.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp



yclotron

2141Phys. Plasmas, Vol. 8, No. 5, May 2001 Ion cyclotron range of frequency heating experiments . . .
FIG. 2. ~a! Various minority ion cyclotron resonance layer in ICRF heating experiments is denoted by the ratio of an applied frequency to an c
frequency on the magnetic axisv/vci . ~b! Dependence oftE /tE

ISS95 and heating efficiency onv/vci .
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strength is increased, the ion cyclotron resonance la
moves toward the lower magnetic field@see v/vci50.68,
0.75 and 0.81 in Fig. 2~a!#. In accordance with the shift o
the cyclotron resonance layer, the ion–ion hybrid resona
layer also moves to the lower magnetic field side and
separated into two layers; that is referred to as Mode-II.

III. EXPERIMENTAL RESULTS

A. Optimization of ICRF heating

The characteristics of ICRF heating in helical devic
are thought to be different from those in tokamaks beca
of the difference of the magnetic field configuration. A ser
of experiments was carried out in order to optimize the IC
heating by scanning the magnetic field strength, the app
frequency and the minority ion concentration. The situat
in which the fast wave accesses to the resonance laye
drastically changed, when the minority ion cyclotron res
nance layer is shifted, as shown in Fig. 2~a!. In the cases of
v/vci50.68, 50.75, and50.81, the fast wave directly ap
proaches the ion–ion hybrid resonance layer and the w
energy is efficiently transferred to electrons via the mo
converted Ion Bernstein Wave~IBW!. The fraction of power
absorbed by electrons to the total absorbed rf pow
Pele/Pabs, was employed as the most appropriate figure
facilitate the physical understanding.Pele/Pabswas observed
at 100% atv/vci50.68 and gradually decreased in the ca
of v/vci50.75 and50.81.18 On the contrary, the ion heatin
becomes dominant in the cases ofv/vci50.92 andv/vci

51.01. This phenomenon was explained by considering h
much a fraction of the fast wave directly accesses to
ion–ion hybrid resonance layer.18

In Fig. 2~b!, the energy confinement time normalized
International Stellarator Scaling 95~ISS95!,19 tE /tE

ISS95 is
plotted with solid circles in seven cases. In the cases
v/vci50.68,50.75 and50.81,tE /tE

ISS95 is about 1 and the
maximum values of more than 1.5 were obtained inv/vci
Downloaded 02 Apr 2009 to 133.75.139.172. Redistribution subject to AIP
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50.92 and51.01. It is noted that the optimal confineme
was attained when the heating power deposition was loc
near the magnetic axis. In this figure, the ICRF heating e
ciency is also plotted using open circles. A higher heat
efficiency is observed atv/vci50.68 ~electron heating! and
v/vci50.92 ~ion heating!. The fact that a higher heatin
efficiency is obtained inv/vci50.92 than inv/vci51.01
can be explained by two reasons: One is effective po
absorption via cyclotron resonance heating. The ion hea
can be optimized when the minority ion cyclotron resonan
layer is located at the saddle point, i.e., the gentle gradien
the magnetic field strength, which is characterized by
helical magnetic configuration.18 The other is the better con
finement of the high energy ions inv/vci50.92, which will
be described in Sec. IV A. The best plasma performance
be obtained inv/vci50.92 because of the higher energ
confinement time and the heating efficiency.

B. ICH sustained plasma

The plasma was sustained by injecting ICRF heat
power only. An initial plasma was started by fundamen
electron cyclotron heating~ECH, 82.6 and 84.0 GHz with
0.4–0.5 MW!. The ICRF heating power was applied to th
ECH plasma 0.1–0.2 seconds before the turning-off of
ECH. After the ECH was turned off the plasma could
sustained by an ICRF heating larger than 0.2 MW. The ra
of the hydrogen to helium ions, Ha/HeI is also a key to
optimizing the ICRF heating.

A typical discharge of the ICH-sustained plasma w
PICH51.3 MW is shown in Fig. 3. The average line electro
density isne51.831019m23 with a stored plasma energy o
200 kJ. In this operation, the intensity ratio of Ha to HeI was
maintained between 0.8 and 0.7, which was converted
about 10% of the hydrogen ion minority ratio to the electr
density. The electron density was adjusted by using a hel
gas puffing. The hydrogen ion density was maintained by
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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recycling from the vacuum wall. The electron temperatu
was 1.7 keV at the magnetic axis. The radiated power
observed to bePrad5250– 300 kW during the ICRF heating
The parameters of the ICH-sustained plasma were simila
those of the neutral beam injection~NBI! plasma with the
same absorbed power level, which will be introduced in S
III D.

C. Additional ICRF heating to NBI heated plasma

The ICRF heating was applied to the negative-ba
NBI plasma with the hydrogen pellet injection at the electr
density of ne510;831019m23 as shown in Fig. 4. The
plasma stored energy reaches 760 kJ at an ICRF hea
power of 0.76 MW and an NBI power of 3.5 MW. An in
crease in the plasma stored energy is observed to be abo
kJ during the ICRF heating. To clarify the additional ICR

FIG. 3. Time evolutions of parameters of the plasma sustained by IC
heating only withPICH51.3 MW.

FIG. 4. Time evolutions of plasma parameters of the additional ICRF h
ing to the NBI heated plasma with the hydrogen pellet injection.
Downloaded 02 Apr 2009 to 133.75.139.172. Redistribution subject to AIP
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heating effect, a series of the experiments was condu
using three different electron densities, i.e.,ne51.0
31019m23, 2.031019m23 and 3.331019m23. The counter-
injection of NBI was used and the port-through power
NBI was almost constant atPpt51.45 MW (Einj5130 keV)
in the series of experiments. The absorbed power of NB
calculated by measurement of the temperature increase o
armor tiles with and without plasma.20 On the other hand, the
rf power absorbed by the plasma can be estimated by
decay of the plasma stored energy. The heating efficie
was 80–85%. The radial distribution of radiated power in t
additional ICRF heated plasma was the same that of the
heated plasma, which was measured by a multi-channel
lometer array.21 The radiated power increased with an ad
tional ICRH heating power. The dependence of the plas
stored energy on the total heating power was plotted in F
5, where open and solid circles represent the NBI plas
alone and the NBI-ICRF heated plasma, respectively. Th
experimental data can be compared with the calcula
plasma stored energy by solid lines using a power dep
dence of ISS95 with enhancement factors, i.e., 1.4–1.6.
found that the ICRF heating is comparable with the N
heating.

D. A comparison of ICH-sustained plasma with NBI
heated plasma

In the previous section, it was shown that the ICRF he
ing has the same heating quality as that of the NBI heatin
the case of the additional ICRF heating. Here the IC
heated and sustained plasma is directly compared with
NBI heated plasma, selecting discharges with the same h
ing power and the same line average electron density.
time evolutions of various plasma parameters of IC
heated plasma~a! and NBI heated plasma~b! are shown in
Fig. 6: The absorbed heating power is 1 MW in both cas
The electron density wasne51.031019m23 as shown in
Fig. 6. The measured plasma stored energy of ICRF he
plasma was the same as that of NBI heated plasma, i.e.,
kJ. Comparing the radiated power of the ICRF heated plas
measured by bolometer array, it was observed to be la

F

t-

FIG. 5. The dependence of the plasma stored energy on the total he
power,PNBI1PICH for the three different electron densities. Open and so
circles indicate the plasma stored energy with NBI heating only and with
additional ICRF heating, respectively.
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FIG. 6. A comparison of ICRF heated plasma with NBI heated plasma.~a! Time evolutions of parameters of ICRF heated plasma with ICRF heating po
~b! Time evolutions of parameters of NBI heated plasma with NBI power.
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than that of the NBI heated plasma. The time evolutions
the impurity radiation, i.e., OV and FeXVI are also plotted
Fig. 6 and the line radiation intensity is larger than that of
NBI plasma by a factor of 2.

The radial profiles of the electron density, radiati
power and the electron temperature are compared with th
of the NBI heated plasma. The electron temperature
measured by a YAG laser Thomson scattering system w
120 channel detectors, in which the spatial resolution is s
eral mm22 and the electron density was measured by
channels of a far infrared~FIR! laser interferometer.23 These
radial profiles are shown in Fig. 7~a! for the ICRF heated
plasma at 4 seconds and in Fig. 7~b! for the NBI heated
plasma at 1.5 seconds. It is readily seen that these profile
Downloaded 02 Apr 2009 to 133.75.139.172. Redistribution subject to AIP
f

e

se
s

th
v-
3

are

quite similar and that the ICRF heating could have the sa
heating quality as the NBI heating; as the heat deposi
profile in the ICRF heating is not obtained, the detail ch
acteristics of the confinement is not discussed. The ra
radiated power profile is a similar distribution to that of NB
heated plasma as shown in Figs. 7~a! and 7~b!; however the
radiation power is larger than in the NBI plasma.

The energy confinement time is compared between th
different plasmas, i.e., ICH-sustained, NBI-sustained and
ICRF additional heating referred as to ICH1NBI. These
confinement times are compared with ISS95 and the
provement factor is found to be over 1.5 in the three differ
plasmas. It is found to be a little larger at the lower ener
d
FIG. 7. A comparison of radial profiles of ICRF heated plasma with those of NBI heated plasma.~a! Radial profiles of the electron density, radiation an
electron temperature for ICRF heated plasma.~b! Radial profiles of the electron density, radiation and electron temperature for NBI heated plasma.
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confinement, which was obtained at a relatively low elect
density.

E. Long pulse of ICH-sustained plasma

A long-pulse operation was tried at the end of the th
experimental campaign, using ICRF heating. The pu
length was lengthened shot by shot from 5 to 45 second
order to age the tetrode tubes of the final amplifier. The pu
duration time of ICH-sustained plasma was able to be p
longed up to 68 seconds as shown in Fig. 8. The radiate
power from the antennas, the average plasma stored en
the line average electron density, the electron temperatur
the magnetic axis, the ion temperature and the radia
power arePICH50.7 MW, Wp5110 kJ,ne51.031019m23,
Te052.0 keV,Ti052.0 keV andPrad5200 kW, respectively.
The ion temperature was measured from Doppler broade
of TiXXI ~0.261 nm! using an x-ray crystal spectrometer.24

The minority fraction was kept constant at Ha/HeI50.7 and
the impurity accumulation of FeXVI and OV was not o
served during the long-pulse operation as shown in the
tom of Fig. 8. The energy confinement time and the ope
tion time are given tE50.19 seconds and 68 second
respectively, and the fusion triple product isnetETi053.8
31018m23 keV s. The first goal of the steady-state discha
in the LHD is netETi051.531019m23 keV s. It can be
achieved at a higher electron density, e.g.,ne54
31019m23 at a 1;2 MW level of the ICRF heating power
rather lower than 3 MW, which has been predicted to
required to achieve the objective of the LHD project; th
will be discussed in the next section.

F. Parameters of ICRF heated plasma

A scaling of a fusion triple product is derived from
ISS95 in the following equation:

netETi0~31020m23 keV see!

5const3ne~31019m23!1.02PICH~MW!20.18. ~1!

FIG. 8. Dependence of fusion triple productntETi0 on ne
1.08PICH

20.18.
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To determine the numerical factor experimental data
plotted in Fig. 9 whose abscissa and ordinate arene

(31019m23)1.02 PICH(MW) 20.18 and netETi0(31020m23

keV s), respectively. The experimental range of the aver
electron density and the ICRF heating power are 0
31019m23,ne,1.831019m23 and 0.69 MW,PICH

,1.3 MW, respectively. The numerical factor can be det
mined to be 0.03 from this figure. The fusion triple produ
of the long-pulse discharge~described inE! is also plotted
using a solid circle.

The density limit is another interest in reactor releva
plasmas, because the fusion triple product is almost pro
tional to the electron density as described above. The e
tron density of the ICRF heated plasma discharge so
achieved isne51.831019m23. The density limit obtained in
medium size of Heliotron and Stellarator devices25 predicts
ne5431019m23 at PICH51.3 MW. The achieved domain o
the electron density is far below the density limit; therefo
a trial of the higher electron density discharge of ICR
heated plasma will be an important issue in the coming
perimental campaign.

IV. HIGH ENERGY ION BEHAVIOR

A. Improved orbit of high energy ions

One of the major concerns in heliotron systems
whether high energy ions can be confined or not, due to
nonaxisymmetric magnetic configuration. As described
the previous section, one of the main reasons of the succ
ful ICRF heating may be the improvement of the partic
orbit of the trapped high energy ions accelerated by IC
electric field. The position of the magnetic axis,Rax is a key
parameter determining the behavior of the deeply trap
ions and the MHD stability aspect. The inward-shifted co
figuration reduces the deviation of the particle orbit from t
magnetic surface but deteriorates the MHD stability. T
standard configuration has been selected to beRax53.7 m as
a compromise. When the orbits of ions with perpendicu
pitch angle are compared between the different magnetic
configurations, i.e.,Rax53.75 m and53.6 m, the improve-
ment of the drift surface of a trapped particle is remarka
in the inward-shifted configuration.26 In the coming 4th ex-
perimental campaign, it will be interesting to compare t

FIG. 9. Time evolutions of parameters of the long pulse plasma sustaine
ICRF heating withPICH50.7 MW only.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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FIG. 10. High energy ion measurement using NDD:~a! Time evolutions of parameters of ICRF heated plasma with ICRF heating power and measu
temperatureTtail in the energy range from 30 to 250 keV.~b! Counts number of high energy particle in the energy range from 30 keV to 250 keV durin
seconds in three different periods.
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ICRF heated plasma performance and the transfer efficie
~see Sec. IV C! amongRax53.6 m,53.75 m and further out-
ward shiftedRax53.9 m.

As described in Sec. III A, the heating efficiency is low
at v/vci51.01 than atv/vci50.92; however, the enhance
ment of the energy confinement time is the same, as sh
in Fig. 2~b!. The lower heating efficiency can be also e
plained by comparing the orbit of the high energy ions p
pendicularly accelerated by the rf field. The trajectory of io
with the pitch angle of 90 degrees atv/vci50.92 is poloi-
dally and toroidally along the minimum magnetic fie
strength. These ions behave as deeply trapped particles i
helical ripple and are confined well in the case of the inw
shifted configuration, i.e.,Rax53.6 m. On the other hand
ions accelerated atv/vci51.01 behave as transition particle
referred to as ‘‘trapped–detrapped particles.’’ The traject
is stochastic because such a particle is trapped in the he
ripple or in the toroidal ripple and sometimes become
passing particle without Coulomb collisions.27 High energy
ions with a pitch angle of 90 degrees at two ICRF heat
conditions, i.e.,v/vci50.92 andv/vci51.01 are catego-
rized in 2 groups; transition particles and trapped partic
High energy ions with a pitch angle of 90 degrees atv/vci

50.92 are trapped particles and are well confined. On
other hand, perpendicularly accelerated ions atv/vci51.01
are transition particles, which is the another reason for
lower heating efficiency, which was seen in Fig. 2~b!.

B. Energy spectrum of high energy ions

The most successful ICRF heating has been achie
when the resonance layer of minority hydrogen ions w
located at the saddle point on the mod-B surface~see Fig. 1!.
Most of the ICRF heated power was absorbed by the h
energy ions.18 A Natural Diamond Detector~NDD!27,28 was
installed to measure the high energy on tails and a fast
ticle neutral analyzer with a capability to separate the spe
by time of flight29 was also equipped in the LHD. A spec
trum of the high energy ions was measured by the NDD
the ICH-sustained plasma. Time evolutions of the plas
parameters and the ICRF heating power are shown in
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10~a!. The ICRF heating power ranges from 1.1 to 1.3 MW
The line average electron density and the electron temp
ture on the magnetic axis arene51.0;1.231019m23 and
Te052.2;2.1 keV, respectively. The ratio of Ha/HeI gradu-
ally decreases from 1.2 to 0.9 with the increase in the e
tron density. The spectrum of high energy ions at 30–2
keV are shown in Fig. 10~b!, where the gating time to coun
the neutral particle number is 0.2 seconds. In Fig. 10~b!,
three high energy ion spectra are shown in different peri
of the discharge. Open squares show that of the ECH pla
in the first period, i.e., 0.0–0.2 s before ICRF power is turn
on. Then open circles and open triangles are those of
ICRF heated plasma at 3.0–3.2 s and 5.0–5.2 s, respecti
The effective temperature of the high energy tail ions is
rived from the ion energy spectrum, which is compared w
that given by Stix’s formula.30,31 The effective ion tempera
ture can be theoretically calculated from the following equ
tion, which is derived from the energy balance between
ICRF absorbed power and the energy dissipation via
electron drag:

Teff5TeS 11
Pabsts

3nHVHTe
D . ~2!

Here Pabs, ts , nH and VH are the absorbed ICRF heatin
power, the Spitzer’s slowing down time, the minority io
density and the heating volume respectively. Neglecting 1
the bracket,Teff is proportional toPabsTe

1.5/nenHVH . Figure
11 shows a comparison between the measuredTtail and the
calculatedTeff . The minority ion density is difficult to mea
sure but was deduced from the spectroscopic measureme
Ha and HeI. In the wide range of factor 2,Ttail agrees with
the theoreticalTeff .

31 No saturation was observed up toTtail

575 keV in Fig. 11, indicating that the high energy ion
were well confined so that the ion energy can be sufficien
transferred to electrons.

C. Enhancement of confinement time due to high
energy ions and energy transfer efficiency

An enhancement of the energy confinement time due
the existence of high energy ions was expected on the b
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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of calculations of high energy ion orbits based on the Mo
Carlo simulation.26 The total plasma stored energyWtot con-
sists of two parts: one is the plasma stored energy of the
plasmaWbulk and the other is that of the high energy io
Wtail :

Wtot5Wbulk1Wtail , Wtot5PtotaltE
glb ,

~3!
Wbulk5PtrnstE

bulk and Wtail5PabstE
tail .

The ICRF heating power is first absorbed by minority io
and then the high energy ion tail is formed. The bulk plas
is heated by the high energy ions via the electron slow
down process. HerePtotal, PabsandPtrns are the total heating
power, the absorbed power by high energy ion and the tra
ferred power to the bulk plasma, respectively. In the case
the experiment,Ptotal is the same asPabs. tE

total, tE
bulk andtE

tail

are the global energy confinement time, the energy confi
ment times of the bulk plasma and the high energy io
respectively.tE

tail is given by tE
tail5hts/2, when the power

transfer efficiencyh is employed ash5Ptrns/Pabs. The glo-
bal energy confinement time is written in the following equ
tion:

tE
glb5hS tE

bulk1
ts

2 D . ~4!

On the other hand, the scaling of the power transfer e
ciency was formulated with the Monte Carlo simulation
the following form:

h5
1

11CPabs
aTe

bn2gB2d . ~5!

The orbit loss crossing the last closed magnetic surfac
regarded as the energy loss of the high energy ions.
exponents ofa, b, g and d have been determined asa51,
b52, g52 andd51. A numerical factorC depends on the
ratio of minority ions, species of minority ions and a dime
sion of the device, etc. An enhancement of the global c
finement time from that of ISS95 is expected in accorda
with Eq. ~4!. When the transfer efficiency ish51.0, the
confinement enhancement may be found to be more tha
at the longerts , i.e., at the lower electron density. It i
plotted against the electron density for the ICRF heating

FIG. 11. A comparison of measured tail temperatureTtail with effective
temperature calculatedTeff by Stix’s formula.
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charges, i.e.,Pabs50.5 MW in Fig. 12. The increase in th
normalized ratio of the global energy confinement time
observed in the lower electron density discharge. The
hancement, however, is smaller than that estimated in
case ofh51.0, which causes a lower transfer efficiency
the lower electron density discharge. The transfer efficie
can be deduced from the experimental data. In the anal
the average electron temperature is calculated from the
plasma confinement time, which obeys ISS95 with an
hancement factor. In Fig. 12, the estimated enhancemen
the confinement time is plotted in three cases of the num
cal factorC in Eq. ~5!, i.e., C50.0 (h51.0), C50.05 and
C50.1. The transfer efficiency can be determined by fitti
the experimental enhancement factor in the following for

h5
1

110.05PabsTe
2n22 . ~6!

The electron temperature measured at the half-radius of
plasma agrees well with the calculated electron temperat
It is also of interest to compare the transfer efficiency w
that deduced by the Monte Carlo simulation, in which t
bulk plasma is the same as in the experiment. The tran
efficiency agrees well with that of the simulation; howeve
the experimental one is a little lower than that of the sim
lation. The difference between them may be derived from
other loss process, which is not included in the Monte Ca
simulation, e.g., the charge exchange loss near the pla
edge.

One of the final goals of ICRF heating is an achievem
of the high power heating at 10 MW. The scaling of th
transfer efficiency with the Monte Carlo simulation can pr
dict whether the ICRF heating at 10 MW will be success
or not in the future experiment. Figure 13 gives an answe
this question; the transfer efficiency is improved to 95% ev
at 10 MW of ICRF heating, when the electron density
increased to 431019m23.

V. SUMMARY

Results of ICRF heating experiments on the LHD we
summarized with regard to two topics.

FIG. 12. Dependence of the enhancement of energy confinement time d
high energy ions on electron density atPabs50.5 MW in three cases ofC
51.0, 0.05 and 0.1. The transfer heating efficiency is also plotted.
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~1! The ICRF heating experiments demonstrated sign
cant results with regard to the additional heating to the NN
plasma, and the ICH-sustained plasma with high stored
ergy up to 200 kJ and at a long pulse of 68 seconds at 1 M
level. The ICRF heating power was mostly absorbed by
nority protons in the optimized ICRF heating. The confin
ment characteristics of the ICRF heated plasma are the s
as those of the NBI plasma. The energy confinement tim
longer by a factor of 1.5 than that of ISS95.

~2! The deeply trapped high energy ions accelerated
the ICRF electric field were observed to be confined well
measuring the energy spectrum up to 250 keV. The tail
temperature scales with Stix’s formula, which may res
from employing the configuration of the inward-shifted ma
netic axis. The dependence of the transfer efficiency of
high energy tail ion to the bulk plasma on the electron d
sity was experimentally obtained and it was found to ag
fairly well with that of the Monte Carlo simulation. Thi
result suggests that the ICRF heating will be successful e
at 10 MW at an electron density of more than
31019m23.

Impurity accumulation was not observed in the who
ICRF heated plasma, and this is thought to result from
installation of carbon divertor plates and a foremention
improvement in the high energy particle confinement due
the inward shiftedRax.

Three more identical antennas will be installed to dou
or triple the ICRF heating power in the coming experimen
campaign. A long-pulse operation more than 5 minutes w
be tried at the higher fusion triple product, e.g.,netETi0

51.0;1.531019m23 keV sec in the coming experimenta
campaign of 2000.
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