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The mechanism that makes the broader current profile during LECD
has been numerically investigated in the case of JT-60. A one path
absorption model of LHW with a bi-maxwellian electron distribution can
explain well the experimental observation of the current profile flat-
tening. Furthermore the MHD instability calculated from the simulated

current profile is consistent with the measured MHD activity.
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1. Introduction

Control of the current profile is onc of the key issues to improve the
confinement of encrgy. Modification of the current profile by LHCD was
performed in ASDEX, and the stabilization of sawteeth was achieved increasing
q(0) above 1 with 30% improvement in energy confinement at q(a)z’s’.dl].
Neutral Beam (NB) heating of noninductively current driven plasma by LHRF
was also conducted in JT-60 large Tokamak, where the broader current profile
modified by LHCD just before NB heating clearly improved the energy
confinement and the confinement time for the incremental stored energy was
raised by 20-30%(2]

These experimental results suggest that a broader current profile is useful
to improve the energy confinement and that LHCD is one of the promising
method to flatten the current profile. In order to explain the experimental
results of LHCD experiments, the upshift in the Ny spectrum of launched LHW
is assumed, without that LHW cannot drive current. Some theoretical models
have been proposed in order to cxplain the mechanism of the upshift such as
the multiple-reflection{3],[4], the random phase approximation[5], or the
scattering owing 1o magnetlic ripple[6), but have not been clarified yet

experimentally.

Here, we would like to show that a one path absorption model assuming
the presence of high energy celcctrons produced by LHW, that [fulfills the
spectrum gap, can explain well the modification of the current profile in the
LHCD experiment on JT-60. The current profile noninductively driven by LHRF
is calculated using the Brambilla theory [7] for the Ny; spectrum of LHW, a
ray tracing code[8], and a one-dimensional Fokker-Planck equation{9] for the -
power deposition of LHW to RF current. The anomalous diffusion of the RF
current[4] is not included, because that has not been clarified experimentally
yet. The modilication of the current profile after the onset of LHCD has been
investigated by the diffusion equation of the poloidal magnetic field. Then the
time evolution of plasma internal inductance (lj) and the loop voltage (V]),
that is experimentally obtained, has been reproduced by adjusting the ratio of

the density and temperature of the high energy electron tail to the bulk
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electron. Furthermore MHD  stability analysis of the simulated current profile

has been compared with MHD activities measured by soft X-ray delectors.

2. Experimental Results

The typical experimental result of LHCD in JT-60 is presented in Fig.1(a)
with solid lines, where LHRF of 2GHz with Ae=90(Ny=1.7, ANy=1.0) is injected
for about 2sec to thc ohmic diverted plasma of 1MA wilh 'ﬁe=0.3X1019/m3 and
Qef(=5.7(Bt=4T).

The loop voltage drops after the onset of LHCD. On the other hand, the
Shafranov Lambda(=Bp+li/2) obtained by magnetics rises a little by 0.04; after
which it decreases slowly with the rate of -0.06/sec. At about 200msec after the
onset of LHCD, the loop vo!tag\e becomes slightly negative, implying the plasma
current is fully driven by LHCD. Then Bp+li/2 drops from 0.93 (o 0.78 over
about 2sec.  The internal inductance 1j obtained from the Faraday rotation
measurcment along one vertical chord located at  half minor radius, suggests
that the decrease in Bp+li/2 is caused by the drop in li[10]. The increase in Bp
due to the superthermal electrons is estimated to be 0.02-0.06, assuming all of
the noninductive current is carried by superthermal quasilinear plateau

electrons extending to the accessibility limit. Thercfore the decrease in 1 is

about -0.3. Sawtceth activities disappears a little after the onset of LHCD.
3. Simulation Model

The current profile driven by LHW is calculated by the following three
codes. The power spectrum launched from the antenna is calculated by the
Brambilla code. The power spectrum is divided into 200 rays. The propagation
of each ray is calculated [(ollowing the ray equations of
dr/d1=8Q/8k,dk/d1=8Q/8r, where € (k,r t)=0 is the dispersion relation of the
cold plasma approximation. This ray (racing code is the single path code and
the large upshift of Nys duc 1o the mulliple rellection is not contained. Hence a
large spectrum gap exists between the velocity of the thermal electrons and
the phase velocity of LHW radiated (rom launcher. In order to remove this
spectrum gap an assumption of the high encrgy electron tail produced by LHW
is employed here without considering the production mechanism of that. The
distribution function of that can be presented as the solution of the one-

dimensional Fokker-Planck equation as follows.
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where D,C are the diffusion coefflicients due to LHW and collision, then LH

driven current is given as follows.

jr)= f -nil(r)ev, (v dvy,
oo (2)

The diffusion equation of the poloidal magnetic field is used to calculate
the time evolution of the current profile during the LHCD. The following
assumplions are adopted; 1)Noninductive current is driven just after the onset
of LHRF. 2)Total of the noninductive current is almost same with that of plasma
current conirolled 1o be constant without the time delay. 3)Resistivity of the
noninductive current produced by superthermal electrons is zero. 4)Spitzer
resistivity is adopted as that of the inductive current, because in JT-60 the
resistivity is the level of Spitzer one and is not the level of the neoclassical
one[11].

Then the dilfusion equation of the poloidal magnetic field becomes,

where m is Spitzer resistivity and jod is the noninductive current driven
by LHRF. Then plasma current profile j(r) can be calculated from Bp, then
internal inductance (I;) and the loop voltage (V[) can be obtained.

The electren dcﬁsily profilc is parabolic with fie=0.3x1019/m3. The profile
of electron temperature is assumed as follows, and is kept constant duﬁng

LHCD.
Te(r):(TU‘Tedgejil - (%)2](14' Tedge (4)

where Te(0)=3KeV, Tedge=3()0cv, a=5.0 and Zel(f=2.0 are adopted to fit the
one turn voltage and Bp+li/2 just before the onset of LHCD. The temperature
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profile may become more peaked during LHCD owing to the suppression of the
sawtooth as measure in ASDEX(12), however that cannot explain the
experimentally obtained large decrcase in ]iO[ 0.3 .

MHD stability is analyzed by the usual A" method[13]. The time evolution of
the magnetic island width of m/n=2/1, 3/2, and 3/1 mode is calculated for the

largely modified current proflile obtained in the above simulation.

4. Simulation Results

Figure 2(a) presents the contours of the total RF current in the parameter
plane of the high encrgy elec[\ron, where ne(tail)/ne(bulk) is the ratio of the
tail electron density and the bulk electron density and Te(tail)/Te(bulk) is the
temperature ratio of the tail electron 10 the bulk electron., We have adopted tail
parameters as dcnoted in A, B, C, D and E, and the correlated RF current profiles
are presented in Fig.2(b). The time cvolution of I and Bp+1;/2 are shown in
Fig.3, where the difference of the RF current profile leads to different time
evolutions. Then we can sclect the tail parameters that can fit the time
evolutions of 1j and Bp+!1;/2 to the experimentally observed ones. The best fit
results are presented in Fig.1(a) with ne(tail)/ne(bulk)=0.078 and
Te(tail)/Te(bulk)=33. Simulated VI and Bp+li/2 denoted as dashed lines agree
well with the experimental data cxcept the phase at the onset of LHCD. The
differcnce during this phase comes from the dilference in the injected power,
where RF power injected in the experiment is smaller than [hﬁ employed in
the simulation.

The simulated i and q(0) arc presented in Fig.1(b) and{(c), and profiles of
current and safety factor are presented as a function of time in Fig.4(a) and
(b). The current density decrcases near the plasma center and at the plasma
periphery, while it  increases ncar the half radius. The drop in the current
density at the plasma periphery is faster than that at the plasma center
because of the higher resistivity., (hat can explain the incrcase in li just after
the onset of LHCD. The decrcase in li with long time constant also can be
explained by the low resistivity at the plasma center. The center ¢(0) increases
gradually and exceed unity at almost 0.5scc after the onsel of LHCD, that well
agrees with the experimentally observed time of the disappearance in

sawteeth,
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sawteeth,
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5. MHD Activitics
The time evolutions of the location and the width of magnetic island

calculated from the simulated current profile are presented in Fig.1(d), where
an m=2 island grows gradually ncar the half radius and an m=3 island appears
at about 1.5sec afler the onsct of LHCD. The change in the position and island
width of m=2 mode is small in spite of the large decease in ]i of -0.25.

On the other hand detailed structure of MHD activity at 1=5.9sec measured
by a soft X-ray detector array is presented in Fig.4(c). The {luctuation near the
plasma center is identified to be m=1 oscillation, that can be explained by the
toroidal coupling with m=2 modec.

Relatively large fluctuation of 10% with even mode is also observed near
the half radius, that can correspond to the simulated m=2 oscillation at g=2
surface. The chord integrated soflt X-réy signal is calculated from the
simulated island location and width assuming the flattened electron
temperature inside the island, and is compared with the observed soft X-ray
emission. Solid and broken lines in Fig.5 show the profile at the top and bottom
in the fluctuation. Simulated signal T[airly agrees with experimentally
observed signal, that suggests the location and the width of the m=2 island are
well fitted.

Furthermore odd mode is obscrved at  ncar the plasma periphery (r/a=
0.8), on the other hand m=3 mode is simulated at the same radius. The
fluctuation observed at r/a=0.8 may be m=3 mode. Therefore the simulated
current profile  is consistent to the experimentally observed MHD activities.
The flattening of the current profile by LHCD increases the gradient of

current densily at g=2 and g=3 surfacc and enhances MHD aclivities.

6. Conclusions

Investigation in the modification of the current profile during LHCD has
been performed. Experimentally obtained time evelution of plasma internal
inductance (li) and loop vohltage (Vi) has been well reproduced by the
numerical simulation using a one path absorption model of LHW with a bi-
maxwellian eclectron distribulion. Furthermore the MHD stability analysis of
the simulated current profile is consistent with the experimentally observed

MHD activities.
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5. MHD Activities
The time evolutions of the location and the width of magnetic island

calculated from the simulated current profile are presented in Fig.1(d)}, where
an m=2 island grows gradually ncar the half radiu's and an m=3 island appears
at about 1.5sec after the onset of LHCD. The change in the position and island
width of m=2 mode is small in spite of the large decease in li of -0.25.

On the other hand detailed structure of MHD activity at t=5.9sec measured
by a soft X-ray detector array is presented in Fig.4(c). The fluctuation near the
plasma center is identified 10 be m=1 oscillation, that can be explained by the
toroidal coupling with m=2 mode.

Relatively large fluctuation of 10% with even mode is also observed near
the half radius, that can corrcépond to the simulated m=2 oscillation at g=2
surface. The cherd integrated soft X-ray signal is calculated from the
simulated istand localion and widith assuming the flattened electron
temperature inside the island, and is compared with the observed soft X-ray
emission. Solid and broken lines in Fig.5 show the profile at the top and bottom
in  the fluctuation. Simulatcd signal fairly agrees with experimentally
observed signal, that suggests the location and the width of the m=2 island are
well fitted.

Furthermore odd mode is obscrved at ncar the plasma periphery (r/a=
0.8), on the other hand m=3 wmode is simulated at the same radius. The
fluctuation observed at r/a=0.8 may be m=3 mode. Therefore the simulated
current profile  is consistent o the experimentally observed MHD activities.
The flattening of the current profile by LHCD increases the gradient of

current density at g=2 and q=3 surface and ecnhances MHD activities.

6. Conclusions

Investigation in the modification of the current profile during LHCD has
been performed. Experimentally obtained time evelution of plasma internal
inductance (li) and  loop voltage (Vl) has been well reproduced by the
numerical simulation using a one path absorption model of LHW with a bi-
maxwellian electron distribution. Furthermore the MHD stability analysis of
the  simulated current profile is consistent with the experimentally observed

MHD activilies.
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Much mere flattening of the current prefile can be expected by LHW with
higher N// spectrum Cand  narrower AN//. For this purpose one of the three
LHRF launchers of JT-60 has been remodelled to the multi-junction type, and
experiments to investigate the controllability of the current profile with this

new launcher arc now under way.
Acknowledgement
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fruitful discussions and the continuous encouragement. They also wish to
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Fig.1 Time evolutions of LHCD.

(a)Bp+li/2, loop voltage, and injected power of LHRF. Solid lines:
experimental data, Dotted lines: simulated results; (b)li, (c) g(0),
and (d) the location and width of m/n=2/1 and 3/1 islands. All of
(b),(c) and (d) are the results of a numerical simulation.
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Fig.2.(a) Contours of the total RF current in the parameter plane of the
high energy electron tail.
ne(tail)/ne(bulk) is the ratio of the tail electron density to the
bulk electron density. Te(tail)/Te(bulk) is the temperature ratio of

the tail to the bulk,
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Fig.2(b) RF current profiles related to the tail parameter as denoted in
A.B.C.D and E in Fig.2(a).
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Fig.3 Time evolution of Bp+1i/2 and loop voltage for the cases of A,B,C,D
and E presented in Fig.2
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