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The increase in coupling resistance of ICRF antenna during H-mode
discharges is firstly investigated in JT-60. This interesting phenomena
which were depended on kH spectrum can be explained with the antenna-plasma
coupling theory taking account of the antenna phasing and the electron
density profiles. It became evident that the coupling resistance can be
kept constant after H-mode transition by the optimum antenna design and
the property control of antenna phasing. But the decrease in coupling
resistance during H-mode discharge is predicted on the toroidal 4 loop

antenna array designed for JT-60U ICRF launcher in high density regime.
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1. INTRODUCTION

The investigation of the ICRF antenna coupling property during H-mode
is very important for the improvement of the reliability on the ICRF
heating system. A high voltage is generated in the transmission line and
the output circuit of tetrode by mismatching after the H-transition, which
decides often the upper limit of an injected power. Electron density
profiles in the vicinity of the separatrix of a diverted discharge were
measured in several tokamaks during the H-mode [1]. An electron density
increases inside the separatrix surface and decreases in a scrape-off-
layer (SOL) so that the density gradlent on plasma -edge becomes steeper
after the H-transition. Unfavorable decrease in the coupling resistance
after the BE-transition was reported from JET, ASDEX [2], DILI-D {3], JFT-
2M and others. The reason why the coupling resistance decreased after the
H-transition has been understood from the steep density gradient [4] or the
low density scrape-off-plasma (SOP) as the feature of the H-mode. On the
other hand, the increase in coupling resistance during H-mode was firstly
chserved in JT-60. At first, we report this interesting phenomena about
the coupling resistance after the H-mode transition in JT-60. Next, we
show the analysis of this phenomena with coupling theory. At last, we show
the density dependence of the changing rate of coupling resistance after

H-mode transition on JI-60U parameters.
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2. EXPERIMENTAL RESULTS IN JT-60

The second harmonic lon cyclotron range of frequency (ICRF) heating is
being investigated in JT-60 at the frequency of 120~130 MHz. JT-60 is a
circular tokamak which could be opérated in an outer single null divertor
or a limiter configuration., The major and minor radii of plasma are about
3.1 m and 0.9 m, respectively [5]. JT-60 TICRF launcher conslsts of a
single layer Faraday shield, a 2 x 2 phased loop antenna arfay and a metal
casing as showﬁ in Fig. 1(a) [6}. The surface of the metal casing is
protected by guard limiters made of carbon (both sides) and carbon-carbon
composite (top and bottom): We can control the toroidal and poloidal phase
differenceé of the 2 x 2 loop array. Present experiments have been carried
out with (0,0) and (m,0) phasing mode as shown in Fig. 1(b). Figure 2
shows the coupling resistance versus line averaged electron density. Solid
line shows the theorétical result. The (7,0) phasing is characterized as
high heating efficiency but small plasma coupling, and the (0,0) phasing is
characterized as low heating efficiency but large plasma coupling [7,8].

The H-mode phenomenon was found in the combined ICRF and NBI heating
in JT-60 [9]. The interesting phenomena for ICRF coupling property were
observed in the H-mode discharges [10]. Figure‘S shows the time evolution
of,coupling:resistancé L line integrated electron density fnedﬂ at rj/a =
0 and 0.6, where r and a are the minor radius location and the separatrix
locationr, respectively, za emission from a main plasma or a divertor
chamber, plasma energy W measured by a diamagnetic loop, incident NBI and
P for (a) (w,0) phasing and (b) (0,0) phasing. The plasma

NB’ "IC
current and toroidal magnetic field were 2.0 MA and 4.5 T in Fig. 3(a), and

R¥ power P

were 2.7 MA and 4.8 T in Fig. 3(b), respectively. The left vertical broken
line and the right one In Fig. 3(a) and Fig. 3{(b) indicate the beginning
and the end of H-mode, respectively. The electron density increased, the
Ha signal decreased and the plasma energy increased during H-mode in both
shots. The coupling resistance decreased gradually in (0,0) phasing after
the H-transition. Theée are common features of the H-mode except that the
coupling resistance decreases rapidly at the H-transition in other
tokamaks. But the coupling resistance increased in (7,0) phasing after
the H-transition in JT-60,.

Figure 4 shows the radial density profiles of the same shots as those
of Fig. 3. The solid line and the dashed and dotted line show the L-mode

and the H-mode profiles, respectively. The density profiles after the

_2._
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H-transition were flattened, so that the density gradient inside the
separatrix became steep. The density profiles of the main plasma are

fitted by
n (r) = {n (0) - n (a)H1 - (r/a)2 1™ + n,(a) (0<r<a) (1)

from the line integrated electron density which were measured by sub-—
millimeter interferometer at three radial locations (r = -0.6, 0.0 and

0.6 m), where ne(a) is assumed to be ne(O)/IO. The density profile of the
S0P which is experimentally quite uncertain at JT-60 is agssumed as feollows,

~(r-a) /Ae (a<re) (2)

ne(r) = ne(a) e
where c and ke are the location of the protection plate of the first wall
and the e-folding length of electron density in SOL. le are assumed to be
0.03 m in Fig. 4. The broken lines in Fig. 4 show the locations of the
fast wave cut-off surfaces for various values of toroidal wave number k“ of

the fast wave. The cut—off dénsity of the fast wave nz is given by
c o 2
De ~ (gyB/e)(w + ZidB/mi)NZ (3)

where €5, B, Zi’ W, mi, and NZ are the dielectric constant in free space,
the magnetic field, the ion charge, the angular frequency of the injected
RF power, the ion mass and the toroidal refractive index of the fast wave.
Ranges of kH which occupy a large fraction of the kH spectra of the antenna
currents in (0,0) and (m,0) phasing are 0~8 m™ ! and 12~24 m"!, respectively.
In (0,0) phasing, the cut-off surfaces corresponding to the k”—range
mentioned above were placed in SOL (Fig. 4(b)), so that a evanescent layer
in front of the launcher became thicker after the H-transition. On the
other hand, in (7,0) phasing, those were placed inside separatrix {(Fig.
4(a)), so that the evanescent layer became thinner after the H-transition.
Then, the coupling resistances in (0,0) phasing decreased and those in
(7,0) phasing increased after the H-transition. Therefore, the difference
of the RC behaviors in both phasings during the H-mode can be understood by

the difference of the kH spectra of antenna currents.



JAERI-M 88-153
3. CALCULATION RESULTS FOR JT-60

The coupling resistances of the 2 X 2 loop antennas during H-mode were
calculated with the 3-D antenna coupling code, where the density profiles
in Fig..A are used with slab plasma model [11,121. To estimate the effect
of the changé of SOP density on the coupling resistance, two density
profiles with and without SOL are assumed in H-mode, while only one density
profile with SOL is assumed in L-mode. -The toroidal interval of current
straps were scanned with the toroidal phase difference of 7 or zero radian
in order to estimate the dependence of coupling resistance on the k”
spectrum. Figure 5 shows the changing rate of the coupling resistance
before and after the H-transition ARC/RE_mOde (ARC = RE_mOde - RE—mOde)
versus the toroidal interval of current straps d for (a) (m,0) phasing and
(b) (0,0) phasing. The solid lines and the broken lines indicate the RC
changing rate from L-mode profile to H-mode one with SOL and to H-mode one
without SOL, respectively. The closed circles indicate the experimental
data. The experimental data can be explained by the theory, gqualitatively.
The difference between the solid line and the broken line in Fig. 5 shows
the decrement of the coupling resistance due to the decrement of S0P
denéity. ARC/RE_mOde decreases gradually from positive to negative with
the toroidal interval of current straps in (w,0) phasing as shown in Fig.
S5¢a). If the toroidal interval of current straps is the value where the
changing rate becomes around zero, the coupling resistances do not change
after the H-transition so much. In (0,0) phasing, the changing rate of the
coupling resistance is always negative as shown in Fig. 5(b). These
results mean that it is possible to control the changing rate of coupling
resistqnce after the H-transition by adjusting the kH gpectrum, which is
decided by the toroidal interval and the toroidal phase difference between
the both antennas.

Figure 6 shows the coupling resistances versus the toroidal interval
of current straps for (a) (w,0) phasing and (b) (0,0) phasing. The solid
line shows the coupling resistance in the L-mode profile. The broken line
and the dashed and dotted line show those in the H-mode profiles with and
without SOL, respectively. The closed circle and the open circle indicate
the experimental data in L-mode and H-mode, respectively. The two experi-
mental data points are roughly consistent with theory, as shown in Fig.
3(b). If the toroidal interval of current straps is the value where the

changing rate becomes around zero, the coupling resistance is twice as

large as that of present JT-60 launcher.

_4_
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Figure 7 shows the kH spectra of the real parts of antenna Impedance,
i.e. the k” spectra of the radiated power, for (a) (m,0) phasing and (b)
(0,0} phasing before and after the H-transition with JT-60 launcher parame-
ters. The density profiles in Fig. 4 are used for this calculation. The
solid line shows the spectrum in L-mode. The broken line and the dashed
and dotted line show spectra in H-mode with and without SOL, respectively.
The difference between the solid line and the broken line indicates the
effect by the change of density profile inside the separatrix. The k“
spectrum below 10 mfl decreases by the Increase in the wave impedance
gradient due to the increase in the electron density gradient near the
separatrix for both phasing. But the k” spectrum more than 10 m~!, which
only exists for (7,0) phasing, increases by the shift of the cut-off sur-
face to the antennas. The difference between the broken line and the
dashed and dotted line indicates the effect of the SOP density on the
plasma coupling., The k” spectra below 12 m~! decrease by the decrement
in the SOP demsity, but the kH spectra more than 12 m™' do not change.
The most part of the kH spectrum in (0,0) phasing decreases, but the k“
spectrum in (m,0) phasing shifts to higher kH value so that the coupling

resistance increases after H-mode transitiom.

4, CALCULATION RESULTS FOR JT-60U

JT-60U, which is planed to be made by using JT-60 toroidal coils,
is a non-circular tokamak which can be operated in lower single null
divertor or limiter configurations. Maximum plasma current is planed to
be 6 MA on limiter operation. To investigate the coupling property in
JT-60U during H-mode, the coupling resistance of the toroidal 4 loop
antenna array as shown in Fig. 8 was calculated in high density regime with
JT-60U parameters (R = 3.4 m, a = 1.08 m). A metal casing is not taken
into account in the coupling theory. The density profile is assumed to be
with SOL in L-mode and without SOL in H-mode, which are the same as assumed
in calculation for JT-60. At the same of the assumed that for JT-60. The
density profile parameter m in Eq. 1 for L and H-mode were assumed to be
those in Fig. 4 (b) {(m = 0.5 in L-mode and m = 0.195 in B-mode).

The averaged coupling resistance of 4 loop antennas versus the
toroidal interval of current straps for (0,7,0,T) phasing is shown in Fig.
9, where the values in parenthesis indicate the current phase of toroidal 4

loop antenna array. The solid line and the broken line show the coupling

_5_
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Figure 7 shows the kH spectra of the.real parts of antemna impedance,
i.e. the k” spectra of the radiated power, for (a) (w,0) phasing and (b)
(0,0) phasing before and after the H-transition with JT-60 launcher parame-
ters. The density profiles in Fig. 4 are used for this calculation. The
solid line shows the spectrum in L-mode. The broken line and the dashed
and dotted line show spectra in H-mode with and without SOL, respectively.
The difference between the solid line and the broken line indicates the
effect by the change of density profile inside the separatrix. The k“
spectrum below 10 mfl decreases by the increase in the wave dimpedance
gradient due to the increase in the electron density gradient near the
separatrix for both phasing. But the kH spectrum more than 10 mfl, which
only exists for (m,0) phasing, increases by the shift of the cut—-off sur-
face to the antennas. The difference between the broken line and the
dashed and dotted line indicates the effect of the S0P density on the
plasma coupling. The-k” spectra below 12 m~! decrease by the decrement
in the SOP demsity, but the kH spectra more than 12 m~ ' do not change.
The most part of the kH spectrum in (0,0) phasing decreases, but the k”
spectrum in (m,0) phasing shifts to higher k” value so that the coupling

resistance increases after H-mode transition.

4. CALCULATTON RESULTS FOR JT-60U

JT-60U, which is planed to be made by using JT-60 toroidal coils,
is a non-circular tokamak which can be operdted in lower single null
divertor or limiter configurations. Maximum plasma current is planed to
be 6 MA on limiter operation. To investigate the coupling property in
JT-60U during H-mode, the coupling resistance of the toroidal 4 loop
antenna array as shown in Fig. 8 was calculated in high density regime with
JT-60U parameters (R = 3.4 m, a = 1,08 m). A metal casing is not taken
into account in the coupling theory. The density profile is assumed to be
with SOL in L-mode and without SOL in H-mode, which are the same as assumed
in calculation for JT-60. At the same of the assumed that for JT-60. The
density profile parameter m in Eq. 1 for L and H-mode were assumed to be
those in Fig. 4 (b) (m = 0.5 in L-mode and m = 0.195 in H-mode).

The averaged coupling resistance of 4 loop antennas versus the
toroidal interval of current straps for (0,7,0,7T) phasing is shown in Fig.
9, where the values in parenthesis indicate the current phase of toroidal 4

loop antenna array. The solid line and the broken line show the coupling
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resistances in L-mode profile and H-mode one, respectively. The coupling
resistance in L-mode is larger than -that in H-mode. The difference between
the coupling resistances in L-mode and that in H-mode increase with the
toroidal interval of current straps.

The averaged coupling resistance of the 4 loop antennas versus the
averaged electron density for the both of (0,0,0,0) and (0,7,0,7) phasing
is shown in Fig. 10. The solid line énd the broken line show the coupling
resistances in L-mode density prefile and H-mode one, respectively. In
{0,0,0,0) phasing, the coupling resistance in L-mode is always much higher
than that in H-mode. The coupling resistance in H-mode decreases and that
in L-mode increases with electron density in (0,7,0,7) phasing. Therefore,
the coupling resistance in L-mode is lower than that in H-mode at low
density regime, but higher than that in H-mode at high density regime.
This result can be explained by the wave impedance gradient and the loca-
tien of cut-off surface., In H-mode density profile, the density gradient
is so steep that the location of cut-off surface which is almost on the
separatrix surface is independent on the averaged electron density.
However, the wave impedance gradient which increases with the averaged
electron density depresses the plasma coupling. In L-mode, the electron
density in SOL increases with averaged electron density, so that the cut-
of f surface shifts to the antennas. Furthermore, the density gradient,
that is wave impedance gradient, is not so steep. Therefore, the coupling
resistance Iincreases with averaged electron density.

The averaged coupling resistance versus ne(a)/ne(O) for (0,7,0,m
phasing is shown in Fig. l1l. The solid line and the broken line show the
coupling resistance in L-mode profile and H-mode one, respectively. The
reason why the coupling resistance is not affected by the value of
ne(a)/ne(O) in H-mode is explained with the density gradient nearby
separatrix. Because, the density gradient nearby separatrix is so steep
that the density profile without SOL in front of the antennas is not
affected by the value of ne(a)/ne(O). The coupling resistance in L-mode
increases with the value of ne(a)/ne(D), hecause the cut-off surface shifts

to the antenna with high density SOL.

Figure 12 shows the toroidal wave number spectra of the averaged real
parts of antenna impedance over the four loops for (0,7,0,7) phasing before
and after the H-mode transition. The solid line and the broken line show

the k, spectra in L-mode density profile and H-mode one. After H-mode

I
transition, the spectra decrease at all kH value, because of the

—G—
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increase in wave impedance gradient and the decrease in the SOL density.

In this calculation, the simple function, that is Eq.(l), is used for
density profile. Therefore, the density gradient just inside the separa-
trix increases with the averaged density. Furthermore, the assumed density
profile in H-mode does not have SOL. The above calculation resuits
indicate the changing rate of coupling resistance after H-mode transiticn
decreases from positive to negative with the averaged electron density.
But, if the density profile in H-mode is assumed to have SOL, the coupling

resistance may decrease not so much,

5. CONCLUSIONS

The coupling property of the loop antenna array was investigated alter
H-mode tranmsition for JT-60 and J7-60U. The changing rate of the coupling
resistance after H-transition was positive in (7,0) phasing, but negative
in (0,0) phasing in JT-60 experiment. These phenomena agree qualitatively
with the coupling theory taking account of the antenna phasing and the
electron density profile. The changing rate of coupling resistance after
the H-mode transition depends on the kH spectrum of the radiated power and
the density profile near by separatrix. In low density regime, it should
be possible to keep the coupling resistance constant after the H-transition
by selecting the optimum toroidal interval of current straps and adjusting
the toroidal phase difference between them. But, in high density regime
such as JT-60U, the decrease in coupling resistance of the toroidal 4 loop
antenna array is predicted by the coupling theory in the both of (0,0,0,0)

and (0,1,0,7,0) phasing.
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increase in wave impedance gradient and the decrease in the SOL density.

In this calculation, the simple function, that is Eq.(l), is used for
density profile. Therefore, the density gradient just inside the separa-
trix increases with the averaged density. Furthermore, the assumed density
profile in H-mode does not have SOL. The above calculation results
indicate the changing rate of coupling resistance after H-mode transiticn
decreases from positive to negative with the averaged electron density.
But, if the density profile in H-mode is assumed to have SOL, the coupling

resistance may decrease not so much,.

5. CONCLUSIONS

The coupling property of the loop antenna array was investigated after
H-mode transition for JT-60 and JT-60U. The changing rate of the coupling
resistance after H-transition was positive in (7,0) phasing, but negative
in (0,0) phasing in JT-60 experiment. These phenomena agree qualitatively
with the coupling theory taking account of the antenna phasing and the
electron density profile. The changing rate of coupling resistance after
the H-mode transition depends on the kH spectrum of the radiated power and
the density profile near by separatrix. In low density regime, it should
be possible to keep the coupling resistance constant after the H-transition
by selecting the optimum toroidal interval of current straps and adjusting
the toroidal phase difference between them. But, in high density regime
such as JT-60U, the decrease in coupling resistance of the toroidal 4 loop
antenna array is predicted by the coupling theory in the both of (0,0,0,0)

and (0,m,0,m,0) phasing.
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increase in wave impedance gradient and the decrease in the SO0L density.

In this calculation, the simple function, that is Eq.(l), is used for
density profile. Therefore, the density gradient just inside the separa-
trix increases with the averaged density. Furthermore, the assumed density
profile in H-mode does not have SOL. The above calculation results
indicate the changing rate of coupling resistance after H-mode transiticn
decreases from positive to negative with the averaged electron density.
But, if the density profile in H-mode is assumed to have SOL, the coupling

resistance may decrease not so much.,

5. CONCLUSIONS

The coupling property of the loop antenna array was investigated after
H-mode transition for JT-60 and JI-60U. The changing rate of the coupling
resistance after H-transition was positive in (7,0) phasing, but negative
in (0,0) phasing in JT-60 experiment. These phenomena agree qualitatively
with the coupling theory taking account of the antenna phasing and the
electron density profile. The changing rate of coupling resistance after
the H-mode transition depends on the kH spectrum of the radiated power and
the density profile near by separatrix. In low density regime, it should
be possible to keep the coupling resistance constant after the H-transition
by selecting the optimum toroidal interval of current straps and adjusting
the toroidal phase difference between them. But, in high density regime
such as JT-60U, the decrease in coupling resistance of the toroidal 4 loop
antenna array is predicted by the coupling theory in the both of (0,0,0,0)

and (0,1,0,7,0) phasing.
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(a) JT-60 ICRF
2x2 PHASED LOGP ANTENNA
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Fig. 1 (a) Structure of the JT-60 ICRF phased loop antenna array.
{(b) Antenna phasing modes.
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Electron density profiles before and after the
H-mode transition. The solid line and the dashed
and dotted line show the L and H-mode prefiles,
respectively. The broken lines show the cut-off
density for various kj values of the fast wave.
(a) (m,0) phasing. (b) (0,0) phasing.
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Fig. 5 Changing rate of the coupling resistance

ARC/R%‘mOde (ARC=R§“m°de—R%_m0de) versus the
toroidal interval of current straps before and
after the H-mode transition. The closed

circle indicate the experimental data. The
golid line indicates RC/R%_mOde from the L-mode
profile with SOL to the H-mode one with SOL, and
the broken line indicates ARC/R%'mOde from the
L-mode profile with SOL to the H-mode one
without SOL.

(a) (m,0) phasing. (b) (0,0) phasing.
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Fig., 6 Coupling resistances versus the toroidal interval
of current straps for (a) (m,0) phasing and (b)
(0,0) phasing before and after the H-mode
transition. The c¢losed and the open circles show
the experimental data in L and H-mode, respectively.
The solid line, the broken line and the dashed-and-
dotted line indicate the results in the L-mode
density profile with S0L, in the H-mode profiles
with and without SOL, respectively.
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Fig. 8 Test designed model of the JT-60U ICRF 4 loop
antenna array and antenna phasing modes.
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Averaged coupling resistance of 4 loop antennas
versus the toroidal interval of current straps
for (0,m,0,7) phasing. The solid line and the
broken line show the coupling resistances in
L-mode profile and H-mode one, respectively.
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Averaged coupling resistance of 4 lcop antennas
versus averaged electron density for both of
(0,0,0,0) and (0,7,0,m) phasing. The solid
line and the broken line show the coupling
resistance in L-mode density profile and H-mode
one, respectively.
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