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ABSTRACT. This paper reports on the lon Cyclotron Range of Frequency (ICRF) heating
conducted in 1999 in the 3rd experimental campaign on the Large Helical Device (1LHD) with an
emphasis on the optimization of the heating regime. Specifically, an exhaustive study of seven different
heating regimes was carried out by changing the RF frequency relative to the magnetic field intensity, and
the dependence of the heating efficiency on H-minority concentration was investigated. It was found in
the experiment that both ion and electron heating are attainable with the same experimental setup by
properly choosing the frequency relative to the magnetic field intensity. In the cases of both electron
heating and ion heating, the power absorption efficiency depends on the minority ion concentration. An
optimum minority concentration exists in the ion heating case while, in the electron heating case, the
efficiency increases with concentration monotonically. A stmple model calculation is introduced to
provide a heuristic understanding of these experimental results.

Among the heating regimes examined in this experiment, one of the ion heating regimes was finally

chosen as the optimized heating regime and various high performance discharges were realized with it.

Keywords: ICRF heating, ion heating, electron heating, heating efficiency, helical system, LHD



1. INTRODUCTION

Ion Cyclotron Range of Frequency (ICRF) heating is an established heating scheme in tokamaks.
However, development of the ICRF heating in helical systems has not been so straightforward. The first
ICRF heating was performed on the Model C stellarator by use of the slow wave [1]. It was followed by
tokamak experiments and the regimes of fast wave heating were explored. Following these experiments,
ICRF heating experiments were conducted in several helical devices: e.g. L-2 {2], Heliotron-E {3], ATF
[4], CHS [5, 6], and W7-AS {7]. The performance of the ICRF heating has improved in recent
experiments, particularly following the adoption of boronization. A variety of heating regimes is being
explored examining their utility. In CHS, an electron heating regime by use of mode-converted IBW of
low-field-side Taunch was found to be the best heating regime. In W7-AS, it has been shown that ICRF
heating is possible using the following scenarios: D(H) minority heating, D,H mode conversion heating,
and 2nd harmonic H heating. However, the stored energy attained remained less than 10 kJ in these
cxperiments and more efforts are needed to establish ICRF heating in helical systems. Though ICRF
heating experiments have been successfully performed in many tokamaks [8-10], early ICRF heating in
helical systems often suffered from impurity problems. This may be attributed to the poor confinement of
high energy ions as the orbits of trapped particles in helical devices do not nest nicely in the flux surfaces
[11].

The LHD (Large Helical Device) is a I=2 and m=10 helical device with super-conducting coil windings.
The major radius is 3.9 m and the minor radius is 0.6 m [12-15]. The major goal of experiments on the
LHD is to establish its utility in nuclear fusion study by realizing high temperature (up to 10 keV)
plasmas, high beta plasmas ((ﬁ)>5% ), and steady-state operation. The advantage of ICRF will be
highlighted in the use for steady state operation, for ICRF has fewer technological problems than other
heating methods.

Seven heating regimes specified by different combinations of magnetic field strength and frequency
were investigated in the third campaign for the purpose of optimizing ICRF heating, This paper reports on
the understanding of the mechanism of ICRF heating in the LHD. In section 2, the experimental setup is
described. In section 3, the locations of the ion cyclotron resonance layer for seven values of the magnetic
field and frequency are shown. In section 4-1, experimental results of the dependence of the heating
mechanism on the magnetic field intensity and frequency are described. An account is given as to why the
heating mechanism changes depending on the magnetic field intensity and frequency. In section 4-2, the
dependence of heating efficiency on minority ion concentration is presented. In section 5, the existence of
an optimum minority concentration in ion heating regimes is explained with a model. In section 6 the
reason is discussed as to why an ion heating regime is regarded as the optimized heating regime. In

section 7 conclusions are drawn.



2. EXPERIMENTAL EQUIPMENT

Figure 1 is a top view of the LHD, showing the location of heating devices: negative-ion-based neutral
beam injection (NNBI), electron cyclotron heating (ECH), and ICRF heating. The mam diagnostics used
are an FIR interferometer, a bolometer, Thomson scattering, an electron cyclotron enussion (ECE) system,
a natural diamond detector (NDD), and Ho/Hel detectors.

There are various heating regimes 1 the ion cyclotron frequency range: ton-1on hybnd heating,
minority 10n heating, ion Bernstein wave (IBW) heating, and higher harmonic heating. RF frequency is
dependent on the heating regime used as well as on magnetic field strength. Therefore, the ICRF system
in the LHD 1s designed to cover a wide frequency range, from 25 MHz to 100 MHz. Two amplifier
systems were used in the experiments, each of them consisting of a signal generator (SG), an intermediate
power amplifier (IPA), a driver power amplifier {DPA), and a final power amplifier (FPA) The output
power levels are 20 mW, 4 kW, 100 kW, and 2 MW, respectively. Tetrode tubes are used in the DPA and
the FPA. In order to cover a wide frequency range, tunable double coaxial output cavities are employed in
the DPA and the FPA. The amplifier was tested in a 1.6 MW/5,000 sec long pulse operation in the R&D
phase [16]. The RF power is transmitted to the upper and lower loop antennas via a hiquid impedance
matching system [17-19].

Loading resistance changes depending on the frequency, the plasma density, and the distance between
the loop antennas and the plasma. Therefore a tunable impedance matching system is necessary, and it
must cover a wide frequency range. A liquid impedance matching system was employed to meet the
needs of JICRF heating on the LHD: high power, steady state, and wide frequency range. This system
consists of three liquid stub tuners. The liquid stub tuners utilize the difference of RF wavelength in gas
and liquid due to the difference of the relative dielectric coustants. The surface level of the liquid is
changed for impedance matching while sliding contactors are used in conventional stub tuners. The liquid
stub tuners were verified to be a reliable RF component in R&D work; it withstood 63 kV for 10 seconds
and 50 kV for 30 minutes.

A pair of loop antennas {20, 21] were used in the experiment; they have RF current perpendicular to the
magnetic field in order to launch the fast wave. The RF power is fed from upper and lower ports of the
LHD through ceramic feed-throughs {22}, The plasma cross-section in front of the loop antennas is
vertically elongated. The dimensions of the loop antennas are 46 cm in total width (30 cm in strap width),
120 em in length (including upper and lower antennas), and 17 c¢m in depth. The loop antennas are
twisted to fif the last closed flux surface (LCFS) of the helical plasma and are movable by 16 cm in the
radial direction to adjust the distance between the antennas and LCFS. The straps, back plates, Faraday
shields, and side protectors are water-cooled and can withstand over 30 minutes in steady-state test

operation.



3. LOCATIONS OF ION CYCLOTRON RESONANCE LAYERS

Plasma is heated in ion-ion-hybrid and minority-ion heating regimes, with helium the majority species
and hydrogen the minority species. The experiment was conducted under various conditions with
different magnetic field strengths (<2.893T} and RF frequencies (38.47Mllz, and 28.4MHz). Seven
different combinations of magnetic field strength and RF frequency are shown in Table 1, where By and f
are the magnetic field strength on the magnetic axis and the RF frequency, respectively. The ratio of the
frequency to the ion cyclotron frequency of hydrogen on the magnetic axis, @/w_, is the key parameter,
and determines the location of the cyclotron layer. It should be noted that Heliotron/Torsatron type helical
systems have a saddle-shaped non-uniformity of the magnetic field strength across the minor cross
section of the plasma. The saddle point is on the equatorial plane between the plasma axis and the
antennas. The change of the magnetic field intensity on the axis provides various interesting heating
regimes.

Figure 2-(a) shows the locations of the minority ion cyclotron resonance layer for seven cases from
Type-1 to Type-7. In the case of Type-1 the cyclotron resonance layer of the minority ion splits into an
upper and lower pair located near the periphery. The magnetic field strength decreases toward them. In
the case of Type-5 the minority ton cyclotron resonance layer is located near the saddle point. In Type-6
the minority ion cyclotron resonance layer just crosses the magnetic axis.

Figure 2-(b) shows the layers of ion cyclotron resonance, ion-ion hybrid resonance, R-cutoff, and
L-cutoff for the typical case of a Type-5 regime as an example. Here, dielectric constants of the
cold-plasma approximation were used. A density profile of the form n =#n_(1-p*) is assumed in the

~ s the electron

calculation of Fig.2-(b), where p is the normalized minor radius and #,_, =1.0x10"" m
density on the magnetic axis. The minority ion ratio, n, /(n, +n,)=5%, and the wave number parallei

to the magnetic field line, k£, =5 m™, are used in this calculation.

4. EXPERIMENTAL RESULTS

ICRF heating was first examined back in 1998 on the LHD in the 2nd experimental campaign. It was
carried out using helium plasma with minority hydrogen ions. The magnetic field strength on the
magnetic axis was By=1.5 T and the applied frequency was /=25.6 MHz. The position of the magnetic
axis was Ry=3.75 m, which is taken as the standard configuration, A pair of loop antennas having current
straps 30 cm in width and 60 cm in length was used in this experiment. ICRF power of 300 kW was
applied to the ECH target plasma and the increase of plasma stored energy was 13 kJ [23]. Though
evidence of plasma heating was obtained, the quality of the heating was not high encugh to assure the
applicability of iCRF Heating. The parameter, w/w_, of the heating regime used in the second campaign
is higher than that of the Type-7 regime in Table 1.

The same ICRF system was used in the 3rd campaign. However, there was the following change in the



experimental conditions: The available magneuc field strength was mereased from 1.5T up to 2.9T. Two
RF frequencies, 38 47MHz and 28.4MHz, were used 1n the experiment depending on the heating regime.
The former frequency 1s higher than that used m the second campaign. The position of the magnetic axis
was shifted from the standard 3.75 m to 3.6 m m order to improve the confinement of trapped 10ns. The
increase of the loading resistance due to the use of a higher frequency (38 47MHz) is regarded as one of
the key factors facilitating injection of higher power.
4.1 Dependence of the heating mechanism on the location of the cyclotron resonance layer

In this section, the fraction of ICRF power directly absorbed by electrons is measured for seven heating
regimes in order to address the heating mechamsms of the respective heating regimes. In order to provide
an idea of the quality of the heating depending on the parameter range, time histories of two typical shots
are shown in Figures 3-(a) and (b). The discharge shown in Fig. 3-(a} represents the Type-1 heating
regime. The plasma stored energy was W, =36k} and the line averaged electron density was

n, =0.76x10° m~ with the injected [CRF heating power P,

iC)

w = 235kW at r=2.0 sec. Electron heating
was dominant in this discharge, as will be described later. The discharge shown in Fig. 3-(b) represents
the case of Type-5 The plasma stored energy, the line-averaged electron density, the electron temperature

on the magnetic axis, and the ICRF heating power at the time of #35.11sec were WP=177 kJ,

n =12x10"m™, T,=2.1keV, and P

en = 1.3 MW | respectively. Ion heating was dominant in this
discharge. Time histories of the shots for other heating regimes are abbreviated for they have similar
features to the two cases. The electron density was measured by a 13 channel FIR interferometer, the
clectron temperature was measured by a Thomson scattering measurement (106 channels with sampling
time of 20 msec), and the radiation power was measured by a wide angle bolometer [24].

Figure 3-(c) is also taken from the case of Type-5. Here, ICRF heating is applied to the NBI target
plasms with parameters n_ =2.0x10" m”and T4=1.9 keV. Then the absorbed NBI power, Pus; was
1.3MW. The plasma stored energy increased from 230 kJ to 340 kJ and T, reached 2.5 keV with
Few =1.3 MW . This shot suggests that ICRF heating can be applied i high power heating experiments
in combination with NBI.

Figure 4 shows the ion energy distribution in the discharge of Fig. 3-(c) observed by a natural diamond
detector (NDD) [25, 26], which detects the high-energy neutrals escaping out of the plasma via a charge
exchange process. The line of sight is perpendicular to the plasma column so that the population of ions
with the perpendicular pitch angle is measured. The ordinate is the direct count number of neutral
particies for 0.1 sec. In this figure, the labels A to D with arrows indicate the time of measurement shown
in Fig. 3-(c) by arrows. The range below 30 keV is affected by the thermal noise of the preamplifier. In
this discharge, the high-energy ion tail was observed after ICRF heating was turned on (B) while there
was no observable high-energy ion tail in the NBI-only phase (A). Note that NBI is of tangential mjection.
The high energy tail 15 sustained up to the end of the RF pulse (C and D). Figure 4, therefore, indicates

that ions are heated directly by the excited fast wave in the case of Type-5.



The fraction of the power absorbed by electrons is calculated from the decay of electron temperature as
the RF is turned off. Figures 5-(a) and (b) show the temporal behavior of the electron temperature
measured by ECE of the 2nd harmonic extraordinary wave in the shots of Fig. 3-(a) and (b), respectively.
The sampling time of ECE is 0.1 msec. It was found in Figs. 5-(a) that the electron temperature decays
immediately after ICRF heating is turned off, which indicates that there is direct heating of electrons in
the case of Type-1. On the contrary, in the Type-5 regime, the temperature shows small change as the R¥
is turned off as shown in Fig. 5-(b). Therefore direct electron heating is found to be very weak in the
Type-5 regime. Since there is an increase in stored energy, it is deduced that the power was absorbed
mainly by ions.

To estimate the fraction of the direct power absorption by electrons, the electron power balance

equation was used:
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x. and D are the thermal and particle diffusivity of electrons, respectively. £, F,, and £ are
power to electrons from ions (including those from majority and from ICRF enhanced minority ion tail),
the radiation loss, and the power absorbed by electrons, respectively. Assuming that the quantities on the
right hand side are continuous except for P, between before and after tumning off the RIF power, the
following equation is obtained:

B =L n AL ).~ (T D), @

This method was applied to the Type-1 regime giving the radial profile of the absorbed power by
electrons as shown in Fig. 6-{z). The power was estimated from the decay of the electron temperature.
Since the time span was taken to be shorter (a few milliseconds) than the energy relaxation time between
the minority ion tail and electrons, the power estimated in this paper is regarded to be that absorbed by
electrons directly. (ex. the relaxation time is about 30msec in the case of Fig. 5 (a) at p=0.73). Thus the
possibility of power flow from ions is ruled out. The integrated power inside a magnetic flux surface
[/ P(dV/dp)dp is shown in Fig. 6-(b) by a solid line, where V' =V{(p) is the plasma volume
surrounded by the flux surface. It gives 170 kW for the total absorbed power by electrons, P, inthe
case of the Type-1 regime. On the other hand, the total absorbed power by the plasma, £, ,is deduced
from the change of the slope of plasma stored energy measured with the diamagnetic loop after the
turn-off of RF power. It was found that the total absorbed power, F, was 173 kW. The agreement of the
power absorbed by electrons with the total power means that the power is absorbed mostly by electrons.
By applying the same procedure, the fractions of electron heating, P, /F, were obtained for the other
types of heating regimes. The results are shown by solid circles in Fig. 7 with the abscissa showing the

ratio of frequency to the ion cyclotron frequency of hydrogen on the magnetic axis, @ /e, , appearing in

Table 1. The parameter range covered by the shots used in Fig. 7 is shown in Table 2. In the case of



Type-1, the power was absorbed mainly by electrons while, in the cases of Type-4 to Type-6, the power
was mainly absorbed by 1ons. The cases of Type-2 and 3 fall in between, and both electron heating and
1on heating occur In general, the diamagnetic measurement gives perpendicular pressure and total
pressure is obtained assuming isotropy of the distmbution which may not be valid m high power
experiments. However, this effect is estimated to be small in this experiment, where power density is low
The RF power is supposed to be absorbed by electrons through the ton Bernstein wave (IBW), to which
fast wave 1s mode-converted at the ion-10n hybrid resonance layer. We estimate the fraction of the power
absorbed by electrons by estimating the power mode-converted to IBW. Further, 1t is assumed that the
mode-conversion coefficient is unity for the high-magnetic-field-side launch and zero for the
low-magnetic-field-side launch, since the mode-conversion ratio for high-field-side injection is much
larger than that for low-field-side injection. We define L, and L, as shown in Fig. 8 and evaluated the RF
power fraction from the high magnetic field side as L_/(L_+L). The value of L _/([_+L) depends
most strongly on w/e, and weakly on other parameters, for which n, =1x10"m”* |
my Hny +1,)=30%, and k =35m™ are assumed. In Fig. 7, the calculated L /(L +L) 15 shown by a
dashed line compared with the experimentally obtained fraction of the power absorbed by electrons,

P vn ! By - 1t is worthwhile to mention that the simple paradigm that electrons are heated for
high-field-side launch can explain the ICRF heating mechanism in a helical system.

So far, the electron power deposition profile has been discussed based on the temporal behavior of the
electron temperature just after the RF power is turned off. Insight into the deposition profile is obtained
alsc from the temperature profile obtained from the Thomson scattering measurement. Figure 9 shows the
electron temperature profile in the case of Type-2. It has a very flat temperature profile, suggesting that
power deposition in the plasima core region is small. The peak of the deposition is identified to be
£ =0.7 because the electron temperature profile has the largest curvature there. For the same discharge,
the fraction of electron heating, P___ /P, was deduced to be 50% from an analysis based on ECE

measurements, and the peak of the power deposition was at p = 0.60. The peak of the deposition profile

obtained from Thomson scattering measurement, with the assumption of 7,=7,, is considered to be that of

total power. It is expected from theory that electrons are heated at the ion-ion hybrid resonance layer

(£=0.60) and ions are heated at the cyclotron resonance layer of hydrogen ( p = 0.80). Therefore, the

peak of the power deposition 1s expected to be around p=0.6 ~ 0.8, which agrees with the value 0.7

obtained from the Thomson data.

4.2 Dependence of heating efficiency or minoerity ion concentration

H-concentration plays an important role in ICRF heating. In this study the ratio of HovHel was
measured and used as an indicator. For this purpose, several monitors to measure the intensity of Ho
(656.3 nm) and Hel (587.6 nm) were installed on the vacuum ports adjacent to the ICRF antennas. In

many tokamak ICRF experiments where hydrogen and deuterium is used, the Ho/Do ratio is



conventionally used as an indicator of hydrogen concentration. In this experiment, where He is used in
place of D, the ratio of HovHel is measured. The relation between Hov/Hel and n, /(s +n,,) may not
be simple. However, since the Ho/Hel ratio has a strong correlation with the heating efficiency and the
results were reproducible, 1t was used in practice as a good indicator of n, /(n, +n,) throughout the
ICRF experiment in the third campaign. In this section, the relation between the heating efficiency and
the ratio Hov/Hel is studied for two cases of electron heating and ion heating.

4.2.1 Electron heating regimes

Figures 10-(a) and {b) compare two discharges of Type-1, where pure electron heating dominates as
shown in Fig. 7. The ICRF heating power was 200 kW for both cases with a similar value of the line
averaged electron density, n, =0.6~0.8x10° m~. When the ratio HovHel is small (less than 4), the
plasma stored energy decreases graduaily in time as shown in Fig. 10-(2) and the heating efficiency is
30%, as it is deduced from the ratio of the absorbed power, Py, to the injected RF power from the
antennas, Picg. On the other hand when the ratio HoHel is Jarge (~ 6), the plasma stored energy
increases in time as shown in Fig. 10-(b) although the injected ICRF heating power is almost the same.
Figure 11 shows the relation between the heating efficiency and the ratio HovHel. Data are taken from
ICRF shots with a similar value of the line-averaged electron density (0.5<H_e<i 0xi0” m™). In the case
of Type-1, where electron heating dominates, the basic tendency is that the heating efficiency increases
with increasing Ho/Hel ratio.

Figures 12-(a) and (b) show the calculated layers of fon cyclotron resonance, ion-ion hybrid resonance,
R-cutoff, and L-cutoff in the case of Type-1. Figure 12-(a) is for the case of n,/(n, +n,)=10%,
representing the low minority concentration, and figure 12-(b) is for the case of n, /(n, +n,)=50%,
representing the high minority concentration. In both cases %, is assumed to be 5 m'. In the case of
n, /(n, +n, ) =10% the ion-ion hybrid resonance and L-cutoff layers cannot be distinguished from each
other, as shown in Fig. 12-(a). In the case of n, A(n, +n,)=>50%, however, the evanescent region
between the ion-ion hybrid resonance layer and the L-cutoff layer is wide as shown in Fig. 12-(b). The
mode-conversion ratio is larger with a wider evanescent region causing stronger wave absorption in the
case of high-magnetic-field-side injection. This may be the reason for the high absorption efficiency
obtained with a large Hov/Hel ratio in Type-1 regime. The resonance layer shifted toward the core region
of the plasma as the H-concentration increased and this may also have contributed to the improvement of

efficiency.

So far, HovHel has been used as a measure of n, /(i +#, ) . Here, we try to calibrate them to deduce
the absolute value of n, /(n, +n,) by comparison of the experimental observations of the power
deposition profile with theoretical calculations. It is assumed that electron heating is strongest at the
magnetic flux surface where the ion-ion-hybrid layer is tangent because the ion-ion hybrid resonance

layer occupies the largest area. In discharge #13413, shown in Fig. 3-(a), the radius of tangency is
determined to be p=074%005 in the case of n, /(n, +n,)=40% where the electron density profile



measured by FIR interferometer was used. The uncertainty of £0.05 is due to the allowed range of &,
(0<k,<6 9 m"). For the waves with £,> 6.9 m’', the 1on-10n hybrid resonance layer shifis to outside of the
R-cutoff layer and they may not contribute to electron heating. Similarly, the radii of tangency are
determimed for n, /(n, +n, )=30% and 50% tobe p=080£004 and p=066=%007, respectively.
On the other hand, the peak of the power absorption is determined from Figs. 6-(a) and (b) to be
£ =073, which 1s approximately the radius of tangency of the hybrid layer for 40%. The ratioc HovHel
=5.3 in the same shot is thus associated with the minority 1on ratio #n, /(n, +n, ) of 40%. This calibration
is done for the Type-1 regime only and can be extended to other regimes by assuming the same

coefficient of proportionality

4.2.2 Ion heating regimes

Figures 13-(a), (b}, and (c) show the dependence of the heating efficiency on the ratio of HowHel in the
case of Type-4, Type-5, and Type-6, respectively. They are in the ion heating regimes as is readily seen
from Fig. 7. Data points are grouped with respect to line averaged electron density as distinguished by
chfferent symbols. In the case of Type-4 (Fig. 13-(a)), the heating efficiency increases as the ratio HovHel
decreases within the range where data points exist reaching 80% with the lowest value of Ho/Hel=0.8. In
the case of Type-5 there is a maximum in the heating efficiency (80%) around He/Hel=1. In the case of
Type-6 the cyclotron resonance layer crosses the magnetic axis as shown in Fig. 2-(b). Therefore, this
regime was considered to be one of the best heating regimes. However, as shown in Fig. 13-(c), it was
found that the heating efficiency is not as good as those of Type4 and 5. The interpretation of the
experimental results is given in the next section.

Thus the Type-5 regime was taken as the optimum heating regime and many experiments were
conducted with its optimum Hov/Hel ratio. The success of the high power ICRF heating experiments in
the third campaign is summarized as follows: 1) A plasma with stored energy of 200 kJ
(;:= 1.8x10” m” =Tx=1.7 keV) was sustained for 5 seconds with ICRF heating power alone (Pie=1.2
MW)}. 2) There was no sign of accumulation of impurities and an even longer plasma duration exceeding
i minute was obtained with reduced power Picy=0.7 MW. The parameters of this shot n_ =1.0x10" m™
and T,~=2 keV were maintained throughout this long pulse shot [27, 28]. 3) ICRF heating power of
Piew=1.3 MW was applied to the NBI heated target plasma. The plasma stored energy was increased from
230 kI to 340 kJ attaining parameters of 7, = 2.0x10” m* and T,=2.5 keV.

5. AMODEL CALCULATION OF ION HEATING EFFICIENCY
In sections 3 and 4, the dependence of the heating efficiency on the magnetic field intensity and the
minority ion ratio was discussed These experimental results contain information which is necessary in

order to understand the wave physics which underlies the experiment. Particularly, it is interesting to



attempt to account for the fact that the best heating was obtained in Type-5 regimes. Since it is known
that the existence of reasonably strong wave absorption is one of the necessary conditions of good wave
heating, we try to compare the heating regimes of ion heating, Types 4-6, in view of the wave absorption
infensity.

It is known in the case of ion heating that the power absorption depends on the left hand component of

the RF electric field [29]:

2

N W2 _Q

p=fopgs T exp—|——2 | UE ¥ 3)
27 kler tm)y k(2T /m)"

where j is a label of the resonant particle. [7 and £, are respectively the plasma and cyclotron
frequencies of the j-th species. We simply assume that the RF electric field strength is constant, ]ED| in

the region where the fast wave can propagate, and zero in the other region to explain the minority ion

ratio dependence of the heating efficiency. We relate the left hand component IEMF o the absolute

value of |E(,|: by the following equation:

2
E +iE : {1 Imd) |
E_| = S E| =] —+ E 4
Bl |E, +iE, +!Ex—iEy|2| 2 [2 |A|2+1}I 2 )
where,
E K,
=t e 5
A== 5

Substitution of equations (4) and (5) into equation (3) yiclds the power per unit volume:

P 2 [ o-2 Y1 m&, i -0

89 2

Bl 2 Renimy T et m ™) 12 kit -k O 1

(6

Therefore, the intensity of the wave absorption is calculated by using the ocal plasma parameters.

Shown in Figs. 14-(a), (b), and (c) are the cyclotron layers and the calculated power absorption regions
for Type-4, Type-5, and Type-6 regimes, respectively. Here, the power absorption region is defined by a
region where absorbed power is larger than | kW/m’ for an RF field of 1 kV/m as calculated by use of
equation (6). In these calculations, the minority ion ratio is ny /(n, + 1, )=5%, and the wave number
paralle! to the magnetic field Yine is k,=5m™, the electron density on the magnetic axis is
n, =1x10” m~ , the temperature on the magnetic axis is T.o=Tu=T =2 keV and the profiles of electron
density and temperature are given as n, =n,(1-p*) and 7, =T, =T, =T,(1- 0}, respectively. It
was found that in the case of Type-5 the heating region is quite large compared with that of other types.

This is due to 2 small gradient of the magnetic field strength near the saddle point. Figure 15 shows the

10



calculated power deposition profiles. which are obtained by integrating PH’[Enl2 on the magnetic flux

surface. The same RF electric field strength was used for the calculations for the three cases

The mjected ICRF heating power, Py is the sum of Pa. and Py, Here, P, 1s the part which
contnibutes to plasma heating and P, is the total power loss including the dissipation on the vacuum
vessel wall and the power used to disturb the peripheral plasma. P, and Py, may be written in a

quadratic form in electric field strength :
Po=df|l and P_= BIE,

The heating efficiency, #» is then defined as the ratio of the absorbed power, P

!

» » to the injected ICRF

heating power, P_, , as:

poBo__ dE[ g

- -=1-
P dE| +BE, a+f

The value a is obtained by integrating equation (6) over the entire plasma volume and the k, spectrum
of the wave The plasma is assumed to be two-dimensional having the same cross-section along the
toroidal direction. In the heurnstic consideration below, £ is held constant since the RF frequency is
fixed. Figure 16 shows the relation between the calculated heating efficiency and the minority ion ratio.
Here, the value of f was selected so that the calculated » agrees with the experimental result that the
maximum heating efficiency of Type-5 regime is about 80%. The efficiency decreases with a lower
H-concentration due to the lack of resonant particles (H) and decreases with a higher H-concentration due
to the reduction of IEMP near the cyclotron resonance layer.

As shown in Fig. 16, it was found that the heating efficiency was best in the case where the layer of the
minority ion cyclotron resonance is located near the saddle point. This is because the heating region is
large as shown in Fig. 14-(b). The theoretical optimum H-concentration for a Type-5 regime is found to
be 2~6% in Fig.16. The highest efficiency is obtained in the experiment for Type-5 with Hov/Hel ratio
around I as seen in Fig.13. This translates into an optimum minority ion ratio #, Kn, +ng ) of 10% by
applying the calibration factor obtained in section 4-2-1 to the Type-5 regime. Though the optimum
H-concentrations differ between the experiment and theoretical prediction, the dependence of the heating
efficiency on the minority ion ratio agrees qualitatively.

As for the Type-4 regime, experimental data are available only within the parameter range
0.8<HovHel<10 which is translated into 9%< n,, /(n, +n, ) <56%. Figure 16 also succeeds in explaining
the experimental result that efficiency is improved with decreasing H-concentration within the
experimental parameter range.

The power absorption is small in the case of Type-6, as shown in Fig.13-(c), and it does not have a
ciear dependence on the H-concentration. However, the theory agrees with the experiment in the

prediction that the absorption mechanism is weak.

H



6. DISCUSSION

In the ICRF experiments in the 3rd campaign, the Type-5 regime was found to be the best heating
regime. The excellence of the regime is easily seen in table 2, where achieved stored energy, operational
plasma density, and electron temperatures are higher than those of other heating regimes. However, it is
worthwhile to note that the frequency is lower for three regimes of electron heating from Type-1 to
Type-3. The difference in the attained parameters between the electron heating and ion heating mostly
comes from the difference of the injected power and the attainable plasma density, which is due to the
difference of the applied frequency. The electron heating regimes have similarly high quality as far as the
impurity problem is concerned. In more detail, electron heating regimes have more off-axis power
deposition profiles than that of the Type-5 regime and, in this sense, the former may be inferior to the
lauer, reducing the energy confinement slightly. Therefore, as the Type-5 regime is taken as the best
heating regime, the engineering merit of power handling is in itself not insignificant, and is included in

the evaluation.

7. CONCLUSION

ICRF heating experiments were successfully conducted in the LHD, realizing power injection
exceeding 1 MW and long pulse operation reaching 1 min with reduced power of 0.7 MW. The best
results were obtained with B=2.75 T and £=38.47 MHz, where the minority ion cyclotron resonance layer
is located near the saddle point. In this optimized heating regime, the RF power was almost completely
absorbed by ions. Therefore, these experimental results signify that ion heating is as viable a method in
helical devices as it is in tokamaks. These results were obtained in a systematic scan of magnetic field and
RF frequency. For us another heating regime of interest was the one where the cyclotron resonance layer
of minority ions crosses the magnetic axis. However, the heating efficiency of this heating regime was not
as high as that of the optimized heating regime. That the best heating results occur in the optimized
regime can be attributed to the fact that a large absorption area is available near the saddle point where the
gradient of magnetic field strength is smalil.

On the other hand electron heating occurs with B=2.75 T and f/=28.4 MHz, where the minority ion
cyclotron resonance layer splits into an upper and lower pair located near the periphery. Due to the unique
distribution of the magnetic field of a helicai system, some fraction of the iCRF power is incident ffom
the high-field side and the remaining fraction from the low-field side. The change of the heating
mechanism from ion heating to electron heating is attributed to the change of this fraction, which depends
on the central magnetic field intensity and the RF frequency.

The dependence of the heating efficiency on the minority concentration was also investigated in order
1o optimize ICRF heating. It was found that an optimum minority concentration exists in the ion heating

regime. A model calculation was made to explain the observed dependence of the heating efficiency on

i2



the minority concentration. It was shown that the optimum concentration arises because heating
efficiency falls due to the lack of minonty 1ons which absorb wave energy with lower H-concentration,
and due to the reduction of the left hand component of the electric field with higher H-concentration.

In the electron heating regime it was found that the efficiency increases with increasing
H-conceniration. This dependence is associated with the fact that the distance of the ion-ion hybrid
resonance layer from the L-cutoff layer is greater, with a larger value of the H-concentration giving a
larger mode-conversion ratio. The ion-ion hybrid resonance layer shifts to the central region as the
H-concentration is increased. This may also contribute to the improvement of performance at high

concentrations.
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Figure Captions

Fig. 1 Top view of the LHD with heating devices and diagnostics.

Fig. 2 (a) [on cyclotron resonance layers of hydrogen in the cases of Type-1 to Type-7. (b} Location
of layers of 1on cyclotron resonance, ion-ion hybrid resonance, R-cutoff, and L-cutoff in front of ICRF
antennas in the case of Type-5. In this calculation s, =10x10"m™, », /(n, +n,)=5%, and

k,=5m" were used.

Fig. 3 (a) A discharge of Type-1 regime, i.e. in the case that the cyclotron resonance layer of the
minority ion splits into an upper and lower pair locating near the periphery. (b) A discharge of the Type-5
regime, 1.e. in the case that the minority ion cyclotron resonance layer is located near the saddle point. (¢)

An additional ICRF heating of the NBI target plasma in the case of Type-5.

Fig. 4 The energy distribution of neutral particles detected by a natural diamond detector (NDD) in
the discharge of Fig. 3-(c). The labels A to D denote the times of measurement as shown in Fig. 3-(¢) by
arrows. An energetic tail extending to 100 keV is observed after ICRF heating turn-on {B) while no high

energy ion tail is observed in the NBI only phase (A).

Fig. 5 Electron temperature measured by ECE: (a); in the discharge of Type-1. (b); in the discharge
of Type-5.

Fig. 6 (a) Absorbed power by electrons per unit volume in the discharge of Type-1. (b)
[ P(dV /dp)dp (solid line) is the integration of the absorbed power inside a flux surface labeled p.
FdV/dp versus p is also shown by a dashed line.

Fig. 7 Fraction of electron heating, P

electron

{ P, , for the seven types of regimes given in Table-1. The
abscissa is the ratio of RF frequency to the ion cyclotron frequency of hydrogen on the magnetic axis,

which depends on the Jocation of the ion cyclotron resonance layer of hydrogen. The dashed line is the

fraction of high magnetic field side injection as estimated by L, AL, +1L) with L, and L, defined in Fig.
8.

Fig. 8 The definition of L. and L,. L. and L, measure high field and low field side excitation of the

wave. They are associated with the fractions of power absorbed by electrons and ions, respectively,

Fig. 9 An electron temperature profile measured by Thomson scattering in the case of Type-2. In this

discharge, the power was dominantly absorbed around p=0.7.
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Fig. 10  Discharges of Type-1: (2}; small HovHel ratio. (b); large Ho/Hel ratio. There is a difference in

plasma stored energy between the two shots.

Fig. 11  Dependence of the heating efficiency on HovHel in the discharge of Type-1.

Fig. 12 Calculated positions of layers of ion cyclotron resonance, ion-ion hybrid resonance, R-cutoff,

and L-cutoff in the case of Type-1: (a); n, /(n, +n,)=10% . (b); n, An, +n,)=50%.

Fig. 13  The dependence of heating efficiency on Ho/Hel in the cases of (a) Type-4, {b) Type-5, and
{c) Type-6.

Fig. 14  Calculated power absorption zones in the cases of (a) Type-4, {b) Type-5, and (c) Type-6.

Fig. 15  Calculated power deposition profiles with the same RF electric field strength in the cases of
Type-4 (dashed line), Type-5 (solid line), and Type-6 (dot-dash-line).

Fig. 16  Calculated heating efficiency versus H-concentration in the cases of Type-4 {(dashed line),
Type-5 (solid line), and Type-6 {dot-dash-line).
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Table 1. Magnetic Field Strengths and RF Frequencies.

type | Bo(T) | /(MHz) wlw,

1 2.75 28.4 0.677

2 2.5 28.4 0.745

3 2.3 28.4 0.810

4 2 893 38.47 0.872

5 2.75 38.47 0.918

6 2.5 38.47 1.009

7 2.3 38.47 1.097

By : magnetic field strength on axis (T).
f : RF frequency (MHz).

w/w, :ratio of RF frequency to the ion cyclotron frequency of hydrogen on the magnetic axis

Table 2. Parameter Range for Fig. 7.

type | PicnMW) | Pap{MW) | HovHel | Wy(kJ) . (10°m>) | Te(keV)
1 0204 0 4253 |37 0.8 0.6
2 0.4-0.5 0 3345 |34-56 0.5-0.9 0.6-13
3 0.3-0.4 0 11-15 | 2437 0406 0.8
4 0914 025 0.6-68 |40-230 0512 1.03.1
5 1.0-1.3 035 0.748 |180-740 | 1.06.1 1322
6 0.5.1.0 14-16 0608 |260320 |21-3.0 1.7-19
7 11 1.2 0.7 160 22 13
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