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Injection of high-power lower hybrid waves (LHW) of up to 6.0 MW
into neutral-beam-20 MW-heated plasmas with the medium electron density
regime (ﬁe < 3.5 x 1019 m‘3) increases the plasma energy content at the
same incremental energy confinement time as in the case of neutral beam
heating alone. In addition to thermal electron and ion heating, LHW
accelerates beam ions to energies considerably higher than the beam
injection energy. In contrast to LH injection inte OH plasmas in the
same density regime, where substantial high-energy electron production
is observed, the case of combined heating shows much less high-energy
electrons. The heating efficiency of LHW in the combined heating case
tends to decrease as the electron density is increased. Ray-tracing
analysis suggests that the accessibility condition prevents effective

heating in a high-density plasma. Estimation of wave damping, which is
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taking account of the beam component of the ion velocity distribution
function, indicates that waves are absorbed by beam ions before they

are absorbed by electrons.

Keywords: LHRF, NBI, JT-60, Wave-Particle Interaction, High Energy Ion
Tail, High Energy Electron, Wave Damping Rate, Combined

Heating
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1. Introduction

Lower hybrid (LH) experiments in JT-60 have made new progress in
steady-state current drive, profile control, and electron heating[1-4].
In particular, the combination of lower hybrid current drive (LHCD) and
NB heating have shown a new possibility of improving the energy confine-
ment time in NB-heated plasmas. Reduction in the internal inductance
of the plasma by LHCD is correlated with the improvement and suppression
of large m = 1 oscillations[3,4].

Simultaneous heating by LHW and NB is also interesting from the
standpoint of interaction of LHW and beam ions. The acceleration of NB
ions by the LHW has been observed in the ATC tokamak [5]. In the JIPPT-
II tokamak, this interaction was confirmed, and the ion temperature
increment in simultaneous heating agrees with the sum of those in the
cases of individual heating [6]. Recent study of the interaction of
LHW and beam ions in the ASDEX tokamak has shown that accelerated beam
ions is enhanced when the wave perpendicular phase velocity is compara-
ble to beam velocity [7]. The NB was tangentially injected in all these
ekperiments. In the JI-60, 20 MW of neutral beams were injected almost
perpendicularly, with a beam energy of around 75 keV. Although the
bulk plasma parameters are in the electron heating regime for LHW with
2 GHz, the simultaneous injection of NB and LH causes a reduction in
the wave-electron interaction and perpendicular acceleratiom of the
beam ions. Theoretical estimation of wave damping in the combined
heating, which is taking into account the beam tail on the ion velocity
distribution funetion, predicts the change in wave-particle interaction
in the combined heating consistently with experimental observations,

The experimental setup is described in Section 2. The experimen<
tal results are given in Section 3. Discussions and a summary are

presented in Sections 4 and 5, respectively.

2. Experimental setup

Experiments on simultaneous heating by NB and THW (NB + LH) in JT-
60 (Rp =3.1m, a=0.9m [8,9]) were performed mainly with hydrogen
plasma in the parameter ranges I, = 1.5-2.4 MA, By = 4.0-4.8 T, and

Ee = (2.0-6,0) x 10'? m™3, TiC-coated molybdenum limiters and divertor
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plates were replaced by graphite omes at the last shutdown. During
these experiments the vacuum vessel was kept at wall temperatures of
200-300 °C., Apart from several limiter shots for reference purpose,
almost all experiments were carried out in divertor discharges since
they allow better density control. The hydrogen NB, with power of up
to 20 MW at a beam energy of 75 keV, was injected with injection angles
of 74° and 108° to the magnetic axis before application of the LH power.
JT-60 has three LH units {10]. The total generator power is 24 MW
with a pulse length of up to 10 s. Up to now the maximum time-averaged
torus input power of around 9.5 MW (the peak value being 11 MW) has been
injected into the plasma, and a power of about 2 MW with an RF pulse
duration of & s has been successfully injected. Two units (units A and
B) are optimized for the heating experiments, and the other (unit C) is
optimized for the current drive. Each unit has an antenna consisting
of an array of 8 waveguides toroidally and 4 waveguides poloidally. The
width w, the height h, and the spacing s of the waveguides are shown in
Table 1, Figure 1 shows the launched NH spectra calculated by the
Brambilla code [11] for each unit shown in Table 1. Unit C excites
mainly waves of N” = 1.0-2.5 at the toroidal phasing of Ad = 90°, and
units A and B yield NH = 1.4-2.4 at Ad = 180°. Launchers are located
in the scrape—off plasma, typically 1-2 cm outside the separatrix sur-
face. Coupling characteristics of the launchers show qualitative agree-
ment with the Brambilla theory, and the reflection coefficient for each
unit is less than 20 % in normal divertor discharges. All experiments

reported in this paper were performed at a wave frequency of 2 GHz.

3, Experimental Results

A typical example of the combined heating in a 2 MA divertor plasma
is shown 1n Fig. 2. An NB power of 18 MW with a beam energy of 75 keV
is injected into a divertor plasma with E;-E 1.5 x 109 n~3,
of 4.7 MW, which is launched from unit A (2.3 MW, Ad = 180°) and unit B

(2.4 MW, Ad = 180°), is applied 0.5 s after the omset of NB pulse. The

RF power

diamagnetic measurement shows that 4.7 MW of LH power increases the
plasma energy content to 1.95 MJ from 1.65 MJ (AW = 0.3 MI). The elec-
tron density increases to 5;-= 3.5 x 1032 o3 from E;_= 2.5 x 1019 p73

during the LH pulse. This density rise reduces the shine-through power

_2i
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200-300 °C. Apart from several limiter shots for reference purpose,
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they allow better density control, The hydrogen NB, with power of up
to 20 MW at a beam energy of 75 keV, was injected with injection angles
of 74° and 108° to the magnetic axis before application of the LH power.
JT-60 has three LH units [10]. The total generator power is 24 MW
with a pulse length of up to 10 s. Up to now the maximum time-averaged
torus input power of around 9.5 MW (the peak value being 11 MW) has been
injected into the plasma, and a power of about 2 MW with an RF pulse
duration of 8 s has been successfully injected. Two units (units A and
B) are optimized for the heating experiments, and the other {(unit C) is
optimized for the current drive. Each unit has an antenna consisting
of an array of 8 waveguides toroidally and 4 waveguides poloidally. The
width w, the height h, and the spacing s of the waveguides are shown in
Table 1. Figure 1 shows the launched NH spectra calculated by the
Brambilla code [11] for each unit shown in Table 1. Unit € excites
mainly waves of N“ = 1.0-2.5 at the toroidal phasing of Aé = 90°, and
units A and B yield N][= 1.4-2.4 at Ad = 180°. Launchers are located
in the scrape—off plasma, typically 1-2 cm outside the separatrix sur-
face, Coupling characteristics of the launchers show qualitative agree-
ment with the Brambilla theory, and the reflection coefficient for each
unit is less than 20 % in normal divertor discharges. All experiments

reported in this paper were performed at a wave frequency of 2 GHz.

3, Experimental Results

A typical example of the combined heating in a 2 MA divertor plasma
is shown in Fig. 2. An NB power of 18 MW with a beam energy of 75 keV
is injected into a divertor plasma with ng £ 1.5 x 10'? m~ %, RF power
of 4.7 MW, which is launched from unit A (2.3 MW, A¢ = 180°) and unit B
(2.4 MW, A = 180°), is applied 0.5 s after the onmset of NB pulse. The
diamagnetic measurement shows that 4.7 MW of LH power Increases the
plasma energy content to 1,95 MJ from 1.65 MJ (AW = 0.3 MJ). The elec-
tron density increases to Eg-= 3.5 x 10*? o™ ? from E;'= 2.5 x 1019 p73

during the LH pulse. This density rise reduces the shine-through power
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and increases the absorbed NB power by 0.9 MW. The corresponding in-i..
1

crease in the stored energy AWyp can be estimated as AWﬁB = T%NC|NB'APNB’

where T%NC|NB is the incremental energy confinement time for the NB in

the combined heating, It is confirmed experimentally that the value of
TINC

E 'NB
alone (T

in the combined heating is almost the same as that for NB heating
INC |

E NB
heating efficiency for the LH, AWLH/PLH = (AW - AW&B) / Py, 1is around

53 ms, this being almost the same as T%NC|NB' The charge exchange

£ 54 ms). In this case one gets AW&B # 0,05 MJ. The

neutral analyzer located on the outside of torus shows that high energy
ion fluxes Igx of up to v 160 keV is formed by LH. The ion temperature
measured from the Doppler broadening of the TiXXI line, TiXXI, increases
by 2 keV, and the ion temperature deduced from forward scattering of the
190 keV helium beam, TQB agrees with T?XI. The hard X-ray emission from
the plasma center with energlies higher than 260 keV increases during
initial 100 ms of the LH pulse and immediately decreases afterwards.
The intensity of the hard X-ray emission in this case is lower than that
for LH heating of OH plasmas under almost the same conditions. The
electron cyclotron emission {ECE)} shows almost thermal spectra during
'most of the LH pulse duration. Although the time eveclution of the
second harmonic ECE, Ip,.e, indicates that there is no appreciable in-
crease in the electron temperature, the stored energy of the thermal
electrons increases in accordance with the density increment. These
observations show that the heating mechanism for combined heating is
quite different from that for LH heating of CH plasmas.

In Fig. 3, the total energy content of the plasma is plotted as a
function of total input power where open symbols are for NB only and
closed symbols are for NB+LH. All data plotted in Fig. 3 were obtained
in divertor discharges with E;'< 4.0 x 1019 m™3, The total energy con-
tent was measured with the diamagnetic loop. Within a scatter of 10 %,
they agree with results obtained with the confinement analysis code
based on kinetic measurement (LQOOK/OFMC/SCOOP [12]). In the total
input power, the NB power Pﬁgs is the absorbed power where shine-through
and re-ionization losses has been subtracted, while the LH power PEE is
the torus input power. As shown in Fig. 3, up to 6 MW of LH power in-
creases the plasma energy content linearly with almost the same incre-
mental energy confinement time as with NB heating. The gross energy
confinement time of NB+LH heated plasma shows a typical L-mode degrada-

tion with respect to the total input power in the same way as NB heating
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[8,9]. Several shots with NB+LH heating show H-mode phenomena [9,13],
namely the decrease in Hy emission from the main and the divertor
chamber, the increase in electron density with a flattening of the pro-
file, the increase in plasma energy content, the decrease in high-
frequency magnetic fluctuations near the X-point. The improvement of
energy confinement is less than 10 % in the H-mode phase. Since de=
scription of these H-mode phenomena is beyond the scope of this paper,
only L-mode data are plotted in Fig. 3.

The heating efficiency of LHW in combined heating depends on the
electron density. Figure 4 shows the density dependence of the heating
efficiency AWLH/ AP1p » where the above-mentioned correctiom for the
change in NB shine-through power has been performed. The heating effi-
ciency AWLH/ APyy at .H;.i 3.5 x 1019 =3 is about 50 ms, which is
comparable to NB heating ( T%NC‘NB = 54 msec ), while AWpy/ APpy is less
than 20 ms at higher densities ( E;_> 5.0 x 101° m—a). The heating
efficiency of the LHW decreases with increasing electron density and
NB+LE heating is effective only at Eg < 3.5 x 10'? 073, As we discuss
later in Section 4, the density dependence of the heating efficiency is
cénsistent with the accessibility condition for the LHW.

The electron temperature near the plasma center ( r/a v~ 0.1 ),
measured by Thomson scattering, is plotted as a function of ( Pog + Pﬁgs
+ P%E ) /ne 4in Fig. 5. The electron temperatures in the combined
heating case are higher than those in NB heating alone by ~1 keV. There
is no large difference in the electron heating rate between NB heating
and the combined heating. The electron heating rate is roughly NEg -
fe Teo/ ( Poy + Pan® + PN ) 4 0.5 = 0.2 x 1019 0% keV/MW in both
cases, while ngy ~ (2-3) x 1019 ™% keV/MW for LHEE without NB [4]. A
similar plot for the ion temperature T?B measured by forward scattering
of helium beam is shown in Fig. 6. The ion heating rate, nyy = E;—Tio/
(2o + P;‘IES + P}IJE ), is around 0.8 x 1019 n~3 kev/MW.

Figure 7 shows the stored thermal electron energy W, and the stored
ion thermal energy W; versus the total stored energy WKIN, where tri-
angles and circles represent NB heating and the combined heating, res-
pectively. Wg is determined from the electrom temperature profile
measured with a six-point Thomson scattering svstem and the electron
density profile measured with four-channel interferometers. Wi is
estimated from the transport analysis with the assumption that the ion

NC

thermal conductivity ygy = Cy *x{ =, where C; is the 'neo-classical
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NC | . . .
multiplier' and yj ig the neoclassical ion thermal conductivity {14].

€, is determined from the central ion temperature measured by helium

i
active-beam scattering and C; becomes typically 10-15 in the case of
combined heating. Z,g¢ which is estimated from the visible bremsstrah-
lung radiation, is used for the analysis. There is no large difference
on Z,¢f between NB alone and LHHNH ( Zege # 3.0-4.0 at ng = (2.0-3.5)
101% m=3 ). The power deposition profile due to the neutral beam is
calculated by the Orbit Following Monte Carlo {(OFMC) code [15], and we
have assumed that the RF power is absorbed only by electromns. OFMC
estimates that the beam component of the plasma energy content to be
around 40 % in this density range ( 2.1 < Eg"(lolg m™3) < 2.5) . The
electron thermal stored energy in the combined heating is around 35 %
of the total energy content. The energy partition ratios Wg / WKIN an4
wi/ wKIN in combined heating are almost the same as those of NB heating
alone under similar conditions. In Fig. 8 the total energy content
estimated by the above mentioned procedure (WKINy ig compared with the
diamagnetically determined energy content (wW*y, WKIN jq systematically
smaller than W* by 10-20 %Z. This discrepancy is considered to be
significant because WKIN agrees with W by within 10 % in the case of
NB heating alone. In estimating WKIN, it was assumed that the LH power
is absorbed only by electrons. The enhancement of the high-energy ion
tail is observed experimentally, which may increase the beam component
of the total stored energy. Furthermore, the collisicnal relaxation of
the enhanced ion tail on thermal jions is not taken into account in the
confinement analysis code. The systematic difference between WKIN and
W suggests that the enhanced beam energy and a modification of iom
power deposition profile caused by LH injection may contribute to the
increase in the stored energy in combined heating.

Acceleration of beam ion by LH is observed with twe charge exchange
neutral particle analyzers. Figure 9 shows the arrangement of charge
exchange analyzers. One of the analyzers (CX-A system) is located on
the outer side (divertor side) of the torus and view the plasmé at a
tangential radius of r/a * 0.3 almost perpendicularly (n85°) to the
magnetic field at a poloidal angle of v 30° with respect to the midplane.
The charge exchange process imithis viewing chord is dominated in the
peripheral region near the outer limiters, where strong refuelling of
neutral particles from the divertor chamber is observed by H, measure-

ments [16]. The other analyzer (CX-B system) vertically views the
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plasma center from the top of torus. The viewing chord of the CX-B
analyzer is located at the same toroidal section as NB lines (NBI units
#9 and #10). It has been shown that this analyzer observes neutrals
which are charge-exchanged mainly with halo-neutrals near the plasma
center [17], because the observation field of the analyzer crosses a
beam heating zone near the center.

Figure 10 (a) and (b) show charge exchange spectra for the same
shot as shown in Fig. 2 measured with the CX-A and CX-B analyzers,
respectively, Neutral fluxes at NB heating phase are denoted as open
circles, while closed circles show fluxes at NB+LH heating phase. The
enhancem nt of beam ion tail is observed in both analyzers and this
suggests that LH accelerates beam ions not only in the peripheral re-
gion of plasm but also in the central region. Accelerated ions have
a tail temperature of v 15 keV and the acceleration of beam ions of up
to v 160 keV is observed in the CX-A analyzer.

The density dependence of the plasma hard X-ray radiation (E > 260
keV) along the central chord normalized by the LH power Iy / Py is
shown in Fig. 11 for the case of LHEH of OH plasma (closed symbols) and
for the case of combined heating (open symbols). In the previous series
of experiments carried out during Jan.-Mar. 1987, TiC-coated Mo limiters
and divertor plates were employed. They were all replaced with graphite
ones prior to the last series of experiments carried out during Jun.-
Oct. 1987. The hard X-ray radiation for the discharges with graphite
walls is larger than that with TiC-coated Mo walls and this is consid—
ered to be due to the higher Zoff. 'The value of Iyyx/ Pry for LH alone
in hydrogen discharges with graphite walls is close to that in helium
discharges with TiC-coated Mo walls. It can be seen that the hard X-ray
radiation is reduced in the combined heating case in comparison to the
case of LHEH alone. The reduction in hard X-ray signal in the combined
heating tends to become larger at higher electron density.

The reduction in wave-electron interaction is also confirmed by
the ECE measurements. The time evolutions of electron temperatures at
rfa ~ 0, 0.3 and 0.6 measured by ECE are shown in Fig. 12(a). The ECE
signal is considerably affected by high-energy electrons and usually
does not show a thermal spectrum in low density LHEH experiments. We
cannot regard the intemnsity of the second harmonic ECE as proportional
to the electron temperature in such cases. TFigure 12(b) shows the ECE

spectrum at t *~ 5,39 s when LH and NB are injected simultaneously.
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Typical non-thermal spectrum observed in a. low density LHEH experiment
is also plotted as a broken line for reference. The observed spectrum
does not have the distinctive features of a superthermal spectrum, i.e.,
there is no large down shift of harmonics and the intensity is not en-
hanced over the. thermal spectrum. The time evolution of ECE spectrum
is shown in Fig. 12(c). The enhanced emission at f ~ 1.5 feeo is ob-
served during the first 0.1 s of the LH pulse. With the exception of
this weakly non-thermal emission, the ECE spectrum is not affected by
high energy electrons. The intensity of ECE at 1.5 times the central
electron cyclotron frequency normalized by the LH power, Ipcg(l.5f.oq) /
Pig ., 1s pleotted as a function of the electron demsity in Fig. 13, where
closed and open symbols represent the LH alone and the combined heating
cases, respectively. Since Ipop(l.5fnqy) is sensitive to high energy
electron population, Fig. 13 shows that simultanecus injection of NB
reduces high energy electrons caused by LH consistently with measure-

ments of hard X-ray radiation.

4, Discussions

Experimental observations in the combined heating strongly suggest
that the reduction in interaction of LE waves with electrons relates to
the enhancement of the beam tail by LH, A possibility of the change in
wave-particl interaction is discussed theoretically in this section,

Beam heated plasmas in JT-60 have a perpendicular beam ion tail
because neutral beams are injected almost perpendicularly. A LH wave
with N\, # 2.4, which is the maximum N of launched LH waves by units A
and B, has the perpendicular refractive index Nl_Of around 79 at ng, =
4 x 101% m™3 and By = 4.8 T, This Nl_corresponds to a hydrogen energy
of about 75 keV., Therefore it can be easily expected that launched LH
waves interact with beam ions. In order to show a possibility of the
change in wave-particle interaction in the combined heating, a wave
danping rate due to beam ions should be compared with that due to bulk
electrons.

For the estimation of the wave damping rate in the combined heat-
ing, we assume an electrostatic approximation and unmagnetized iomns.
Furthermore we neglect a contribution of beam ions to the real part of

the dispersion relation because we assume that the beam ion density ng

i7i
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there is no large down shift of harmonics and the intensity is not en-
hanced over the. thermal spectrum. The time evolution of ECE spectrum
is shown in Fig, 12(c). The enhanced emission at £~ 1,5 feeo is ob-
served during the first 0.1 s of the LH pulse, With the exception of
this weakly non—-thermal emission, the ECE spectrum is not affected by
high energy electrons. The intensity of ECE at 1.5 times the central
electron cyclotron frequency normalized by the LH power, Ipcp(l.5f.o,) /
Prus 1s plotted as a function of the electron density in Fig. 13, where
closed and open symbols represent the LH alone and the combined heating
cases, respectively. Since Ipcp(l.5f.qn) is sensitive to high energy
electron population, Fig. 13 shows that simultanecus injection of NB
reduces high energy electrons caused by LH consistently with measure-

ments of hard X-ray radiation.

4, Discussions

Experimental observations in the combined heating strongly suggest
that the reduction in interaction of 1LH waves with electrons relates to
the enhancement of the beam tail by LH. A possibility of the change in
wave-particl interaction is discussed theoretically in this section.

Beam heated plasmas in JT-60 have a perpendicular beam ion tail
because neutral beams are injected almost perpendicularly. A LH wave
with N” # 2.4, which is the maximum N of launched LH waves by units A
and B, has the perpendicular refractive index Nl_Of around 79 at n, =
4 x 10'% m™3 and By = 4.8 T. This NL_corresponds to a hydrogen energy
of about 75 keV. Therefore it can be easily expected that launched LH
waves interact with beam ions. In order to show a possibility of the
change in wave-particle interaction in the combined heating, a wave
damping rate due to beam ions should be compared with that due to bulk
electrons.

For the estimation of the wave damping rate in the combined heat-
ing, we assume an electrostatic approximation and umnmagnetized ions.
Furthermore we neglect a contribution of beam ions to the real part of

the dispersion relation because we assume that the beam ion density np



JAERT—M 88— 115

is much less than the bulk ion density n;. The dispersion relation

under these assumptions is given by [18]

2 2 w
- g —ak Su_37pi o5 o _ 3 UYpe 5,
Dps = 8 0+ P — -5~ kvy; — g T ke
k k w
Wee (L)
2 2 2 2
k
I w tw W 1 w W p af
+ i — B2 Fq + P2 F Y+ 22 B
kZ w2 kHVTe wz kVTi k2 v v _L.'Li
k

where § = 1 + (wpe/mce)2 - (wpi/w)23 P=1+ (wpe/w)2 - (wpi/w)2 and
F(x) = 2(Tr)1/2x3 exp{~-x?). wpe/Zﬂ, wpi/Zﬂ, Wea/27 and w/2T are the
electron and ion plasma frequencies, the electron cyclotron frequency
and the wave frequency, respectively. vy, = (2Te/me)1/2, vri =

( 2T1/my )1/2 » k| and k) are the electron and ion thermal velocities,
the perpendicular wave number and the parallel wave number. WpB =

{ ean/EOmH )1/2 is the beam ion plasma angular frequency (proton).
fg is the velocity distributicn function of beam lomns.

We model the beam distribution function by

f s vl < v
BO ? — 'B
fy = (2)

fBOexp{-(vz-vé) /V%B ¥ 5|V Z Vg

where vpg = ( 2Tp/my /%, vg = (2Bg/my )*/?. Fp and Ty are the injected

beam energy and the beam tail temperature. £pg is calculated from

+oo
f deV =1

—OC

The damping rate is calculated in the weak damping limit to be

2 2
=2/;Eﬂmpe( =) exp| - (= )ZJ
e ” Dgg (2 o2 Hivre Kj| vTe
dw
2 2
3
_ 21/_'TT Epi W w
T s 2 Covr?) P e <
dw
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2

20 g 9 3 [y ()
Yp = T2 eXp -
B aDgs - kvrp kvrg VTR

Jw
where
2

-1 2 VB v v
CO = ——= —— } exp (i) Erfe (—B)

/r VTB vaig VTR

w2
Erfe(x) = if e & d&
v X

The beam lon density np can be estimated by using results of the

OFMC code. The beam stored energy is described by

es]

= 2R jf az dr 1, (0) (1 - £y B 2my Emov
Wg = 2m o . TY rnB( )( _az) O WVJ_—Z—mHvJ_va_ (4)

where Rp and a are the major and minor radii. The profile factor op of
beam ions and Wg are calculated by the OFMC code. From Egs(4) and (2},

the central beam ion density ng(0)} can be described by

1+-2
nB(O) = : (5)
mR ']Ta.ZEB TZ
p B Ep
1+2 (—2) (1+ =)
E Ty
B

In typical LH+NB heated plasma, Wg ~ 0.4 MJ, ap v 0.3, Eg = 75
keV, Rp = 3.1 m, a = 0.9 m and ng(0) » 4 x 10'% m™3 and the beam tail
temperature measured by the charge exchange neutral analyzer shows
Tg v 15 keV. Then ng(0) ~ 1.4 x 10'% n™3 and np(0)/n,(0) ~ 0.035 are
obtained in this estimation.

Figure 14 shows the damping rates due to beam ions (yg), bulk
electrons (yg) and bulk ions (y;) as a function of N; , where n, = 4 x
109 m™3, By = 4.8 T, To = 5 keV, Ty = 7 keV, Tg = 15 keV, Eg = 75 keV,
Wg = 0.4 MJ and /27 = 2 GHz. In this model, yp becomes zero at Nj v
2.4 because 3fp/dv = 0 at w/k = vp. The damping rate yg is larger than
ve at all W| regime of Ny < 2.4. The ratio YB/Ye is around 10° at
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Ny~ 1.7, which is about the mean of N; launched from units A, B (A$ =
180°) and unit C (A¢ = 90°) as shown in Fig. 1. Therefore it can be
expected that the wave damping due to beam lons is dominant from the
combined heating parameters. At N = 2.0, the central beam demnsity of
ng(0) ™~ 1.8 x 1017 w3 leads to Yg v Yo from this parameters and this
beam density corresponds to ng(0)/n.(0) ~ 0.005.

The density dependence of damping rates is shown in Fig. 15, where
Nii = 2.0 and other parameters are the same as Fig. 14. At low density
regime ( n, < 2.5 x 1019 p=3 }, the electron damping rate Y becomes
larger than yp. This indicates that the electron damping becomes
dominant at low density regime even in the combined heating. As shown
in Fig, 11 and Fig. 13, the hard X-ray radiation and ECE signal show
that the reduction of high energy electrons occurs only at E;'> (1.5 -
2,0) x 10'% m™3 and at lower density regime the electron damping can be
expecﬁed with the same way as LHEH alone, Therefore Fig., 15 is quali-
tatively consistent with measurements of the hard X-ray radiation and
ECE.

Results of a ray-tracing code, which includes the damping effect
due to beam ions, are shown in Fig. 16 for Njjg= 2.2 in typical para-
meters of the combined heating. Although the damping rate is calculated
under the assumption of electrostatic approximation, the warm electro-
magnetic dispersion relation is used to solve the ray trajectory. Solid
and broken lines show results with and without NB heating. In the case
without NB, the dominant part of the damping rate vy is v,, while y ~ vB
in the case with NB. The deposition region in the case with NB shifts
outward because of its large damping rate, Without NB, waves which
have smaller N;; does not damp fully through single-path propagation
because m/k” >> Vg However almost all wave component with exception
of non-accessible waves can be absorbed by beam ions in the case with
NB. A typical wave deposition profile to beam ioms, Py, is shown in
Fig. 17, where launched spectra of units A and B are calculated by the
Brambilla code for A¢ = 180° and the input power of RF is 6 MW. About
4 MW of RF power is absorbed by beam ions through single-path propaga-
tion and this corresponds to «~ 657 of input power., The non-accessible
power is around 1,5 MW in this case. The deposition profile pyg(r) is
localized near the half radius. It should be noted that significant
part of RF input power can be absorbed by plasma through single-path

propagation without the up-shift of N following multiple reflections
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from the plasma surface[19].

Figure 18 shows IECE(l.che)/PLH as a function of the electron
density for various beam energies. It can be found that Igcp(l.5w..)/
Pip does not depend strongly on the injected beam energy. This does
not contradict with the above mentioned modelling. From Eq.(3) we can

obtain the critical electrol density n,. for the transition from elec-

c
tron to beam ion absorption (ve='y;}. 1In Fig. 19, ng, is plotted as a
function of the beam energy Ep for the same parameters as in Fig. 15.
Since nae has very weak dependence on the beam energy, it may not be
found large difference on observed ECE signals as the beam energy is
changed.

We discuss the density dependence of the heating efficiency for LH
in the combined heating, As shown in Fig. 4, the heating efficiency
for LH in the combined heating decreases as the electron density is
increased. LHEH experiments of OH plasmas in JT-60 have shown that the
heating efficiency correlates with the accessibility condition at half
radius [4], and the detected maximum energy of the hard X-ray radiation
cpincides with the critical energy determined from the accessibility
condition at half radius [2]. The fraction of accessible power within
the half radius ngce = Pgce/Pip in the case of combined heating is
plotted as a function of electron density in Fig. 20, The heating
efficiency shown in Fig. 4 is also plotted for comparison. The acces-—
sible power for the excited wave spectra under the same parameters as
¥ig. 17 is calculated using the ray tracing cede. Solid and broken
lines show the accessible power fractions for waves excited by two
units (A and B) and by three units (A, B and C), respectively. The
heating efficiency of LH in the combined heating has very similar de-
pendence on electron density as the accessible power fraction as half
radius. Although it may be possible to explain the density dependence
of heating efficiency by other mechanisms, the accessibility seems to
be a very probable explanation.

Finally we comment on the problem of applying LHCD in NB heated
plasmas., Stabilization of sawtooth by LHCD has been reported from many
machines [20-23], and provides an attractive way of achieving high
temperatures and good confinement in the central region of plasma. It
has been demonstrated in JT-60 [1,3,4] and ASDEX [23] that the combina-
tion of LHCD and NB heating improves energy confinement of beam heated

plasmas. In such applications one has to be select plasma parameters
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so that the LH wave does not couple to the beam ions. For example in

JT-60, E;ii_l.S x 10'° m™? is required to drive RF current efficiency

in the NB heated hydrogen plasmas.

5.

Conclusions

The NB+ LH combined heating experiments in JT-60 can be concluded

in the following way.

(1)

(2)

(3)

(4)

(5)

(6)

The LH power increases the plasma energy content at the same
incremental energy confinement time as with NB heating alone in
the density regime 52’5_3.5 x 1019 n73,

Increases in the central electron and ion temperatures are observed
(8Tg(0) < 1 keV, AT;(0) < 2 keV) with Prg < 6 MW, n, v 3.0 x 101°
m 3,

The energy partition of the kinetically estimated stored energy
for the combined heating case is almost the same as that for NB
heating alone at the same density regime. The discrepancy between
the kinetically estimated energy and the magnetically measured
energy suggests that the enhanced beam energy and a medification
of ion power deposition profile caused by LH injection may increase
10-2¢ % of the total energy.

The interaction of the LH wave with electron is reduced in the
combined heating case compared to the case of LHEH alone, and a
significant enhancement of the ion tail beyond the beam injection
energy is observed,

The heating efficiency by LH in combined heating decreases at
higher densities and LH is effective only in the density regime
ng < 3.5 x 1017 73,

The estimation of wave damping rates in combined heating shows
waves are absorbed by beam ions before they are absorbed by elec-
trons, The demsity dependence of the heating efficiency of LH is

consistent with the accessibility condition at half radius.
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so that the LH wave does not couple to the beam ions. For example in

JT-60, E;-E_l.B x 10'° m™? is required to drive RF current efficiency

in the NB heated hydrogen plasmas.

5.

Conclusions

The NB+ LH combined heating experiments in JT-60 can be concluded

in the feollowing way.

(1)

(2)

(3)

(4)

(5)

(6)

The LH power increases the plasma energy content at the same
incremental energy confinement time as with NB heating alone in
the density regime E;.E_B.S x 1049 m73,

Increases in the central electron and ion temperatures are observed
(ATg(0) < 1 keV, AT;(0) < 2 keV) with Pyy < 6 MW, n, ~ 3.0 x 1012
w3,

The energy partition of the kinetically estimated stored energy
for the combined heating case is almost the same as that for NB
heating alone at the same density regime. The discrepancy between
the kinetically estimated energy and the magnetically measured
energy suggests that the enhanced beam energy and a modification
of ion power deposition profile caused by LH injection may increase
10-2¢ % of the total energy.

The interaction of the LH wave with electron is reduced in the
combined heating case compared to the case of LHEH alone, and a
significant enhancement of the ion tail beyond the beam injection
energy is observed.

The heating efficiency by LH in combined heating decreases at
higher densities and LH is effective only in the density regime
ng < 3.5 x 1019 n73,

The estimation of wave damping rates in combined heating shows
waves are absorbed by beam ions before they are absorbed by elec-
trons. The density dependence of the heating efficiency of LH is

consistent with the accessibility condition at half radius.
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Table 1 Antenna Parameters

Unit ' : - A B C
Purpose : Heating Heating CD
Poloidal location angle (deg) ~40 40 40
Width of single w.g. {(cm) 2.0 2.0 1.6
Height of single w.g. (cm) 11.5 11.5. 11.5
Width of wall (cm) 1.0 1.0 0.6
Typical phasing A¢ (deg) 180 180 90
Mean Ny at typical phasing 1.9 1.9 1.7
Spectrum width ANj 1.0 1.0 1.5
Achieved power density(kW/cm?) 3.1 2.8 6.8
Achieved Total power (MW) 3.3 3.0 4,0

All units: 4 rvows of 8 waveguides each.
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Fig. 1 Excited wave spectra for units A and B at A¢ = 180°,
and for unit C at Ad = 90°.

‘ Mﬁ
T~ / | I




JAERI-M 88— 115

E5247 1,=20MA B;<4.8T Divertor

(MW) i - AEA—
Pun [ ] 8= 20 po
e [

20 ' T — 1% )
(MJ) - 48
wh T L (Iex )
IO I' ———— - ',..’\.-"\...'\-.:; 46
| Y44
; mcx(EﬂZOReVI 40
- 0 11 | 1.
(m ) - 0 v
x10'° 4 20y,
i
2 s - V&:._\ i .0
' O o v 1 e 30
8F T s T — 1 8 (c/s)
XXI A8
Ti - W i) x10°
(kev) O ™ % %—}6 Ly
af Bt 103,
2 i Lk ~ ] 2
8 1 1 i ] 1 ] 1 O
Guce 38 pesoam — -
{ LoR2234m __-mmomer TR T s
0 ST SRR NN WV S ST N N T A SN S T B B A TS S
40 5.0 6.0
t (sec)

Fig. 2 A typical example of LH+NB combined heating. W*, Taxs TiXXIl,
TiAB, Igx and I, ce represent the plasma energy content, the
charge exchange flux, the ion temperature measured by Doppler
broadening of TiXXI 1ine, the ion temperature measured by
forward scattering of He beam, the hard X-ray radiation

(E > 260 keV), and the second harmonic ECE emission, respectively.
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Fig. 3 DPlasma energy content w* against the total heating power
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P%E is the torus input power of LH.
MA, (b); IP = 2,0MA.

is the absorbed NB power and

(@); Iy = 1.5, 2.4
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The energy partition of the kinetically estimated stored
energy. We, Wi and WKIN are the thermal electron stored
energy, the thermal ion stored energy and the total stored
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MW for LH+NB,
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The arrangement of charge exchange measurements, The charge
exchange process in this viewing chord of CX-A analyzer is
dominated in the peripheral region near the outer limiters.
The viewing chord of CX-B analyzer locates at the same
toroidal section as NB lines (NBT units #% and #10) and this
analyzer observes neutrals which are charge-exchanged mainly
with halo-neutrals near the plasma center.
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Fig. 10 The neutral particle spectra measured with CX-A (a)
and CX-B (b} analvzers for the same shot as shown in
Fig. 2. Open and closed circles show neutral fluxes

at NB heating phase and NB+LH heating phase,
respectively. '
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the LH power Igx/Ppy against the electron density ne. Open
and closed symbols are for LH alone and LH+NB, respectively,
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The ECE signal for the same shot as in Fig. 2. (a); time
evolutions of the electron temperature at rfa ~ 0, 0.3, and
0.6. (b); the frequency spectrum at t ~ 5,39 s. Typical
non-thermal spectrum in the LH heated plasma is shown as a
dotted line for reference. (c); time evolution of the ECE
spectrum.
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Fig. 13 The density dependence of the 1.5th harmonic ECE signal
normalized by the LH power, Igcp(l.5,ce)/P1H-
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Fig. 14 Wave damping rates due to beam ion (yg), bulk electrons (yg)
and bulk ions (yv4) as a function of N|, These were calculated
from following parameters; mg = 4 x 1019 73, By = 4.8 T,
Te = 5 keV, T; = 7 keV, Ty = 15 keV, Eg = 75 keV, Wg = 0.4 MJ
and w/2w = 2 GHz.
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Fig. 15> The density dependence of damping rates. N|| = 2.0 and other
parameters are the same as in Fig. 13.
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Fig. 17 Power deposition profile to beam ions. Wave spectra for
units A and B calculated by Brambilla code with 4¢ = 180°;
Prg = 6 MW and other parameters are the same as in Fig. 15.
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Fig. 16 Ray trajectories for N||j= 2.2 with and without beam
ions {(solid line and broken line). We assumed the
following parameters; ng(0) = 4.2 x 101 o 3, By =
4.8 T, To(0) =5 keV, T;1(0) = 7 keV, Tg = 15 keV,

Ep = 75 keV, Wg = 0.4 MJ, I, = 2 MA, ng(r) = ng(0)
(1 - rz/a2)5-32, Ta(r) = To(0)(1 ~ r2/a2)2.0 and
Ti(r) = T{(0)(1 - r/a?),
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Fig. 18 The 1.5th harmonic ECE signal normalized 'I:;y the 1LH power,

IpcE/PLy versus the electron density for various beam
energies,
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Fig. 19 The critical electron density Ng. for vy, = ¥Yg as a function
of the beam energy. Other parameters are the same as that

in Fig., 15.
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Fig. 20 The density dependence of the fraction of accessible power at half
radius estimated using the ray tracing code. Solid and broken lines
show the accessible power fraction for waves excited by two units
(A and B) and by three units (A,BandC), The heating efficiency shown
in Fig. 4 is also plotted. Parameters are the same as in Fig. 15,



