
Reorganization of the
Kyoto University Plasma Physics

Laboratory 

The Japanese government has unofficially approved the
establishment of  the Graduate School of Energy Science
and the Institute of Advanced Energy at Kyoto Univer-
sity (Kyoto, Japan), as proposed in the Ministry of Edu-
cation (Monbusho) budget plan for fiscal year 1996. Fol-
lowing official approval by the Diet, which is expected
this month, these two organizations will commence
operations in April. The Plasma Physics Laboratory will
be reorganized so that it can participate in these two
organizations. 

The Graduate School of Energy Science is to be com-
posed of several chairs from the present Faculties of
Engineering, Science, Agriculture, and Economics; sec-
tions from the present Institute of Atomic Energy; and
the Plasma Physics Laboratory. The major purpose of the
Graduate School of Energy Science is to provide stu-
dents with a wide range of knowledge and ability con-
cerning global energy science, focusing not only on engi-
neering aspects, but also on  interdisciplinary sciences
such as energy development and utilization management
and economic and environmental problems.

The Institute of Advanced Energy is to becomposed of
sections from the Institute of Atomic Energy and the
Plasma Physics Laboratory. The new Institute will be
devoted mainly to research on the physical and techno-
logical aspects of advanced energy science in coopera-
tion with the Graduate School of Energy Science.

The role of the present Heliotron group in the new
organizations apparently will be to educate successors
and specialists in fundamental fusion science and related
fields as a part of “global” energy science. The goal is to
contribute to the development of fusion science and tech-
nology from the viewpoint of advanced energy research
by keeping in close contact with and providing mutual
support for the National Institute for Fusion Science
(NIFS) project. 

Operation of the Heliotron E device will be continued at
the new institute until the start of the LHD experiment.
The plan after the end of the Heliotron E experiment is
under consideration. The next machine should then be
constructed to support the advanced energy programs
described above.

We hope to broaden our program and to increase coop-
eration with all stellarator groups in the world.  We wel-
come any questions, comments, and suggestions.
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Resonant and nonresonant
electron cyclotron heating (ECH) at
densities above the plasma cut-off

by O-X-B mode conversion

The O-X-B mode conversion process was proposed by
Preinhaelter and Kopecký [1] in 1973 as a possibile
means of overcoming the density limit for electron
cyclotron resonance heating (ECRH). Here O, X, and B
represent the O-mode, X-mode and electron Bernstein
mode. The essential part of this scheme is the conversion
of the O-wave launched by an antenna from the low field
side into an X-wave at the O-wave cut-off layer. This
mode conversion requires the O-wave to be injected near
an optimal angle oblique to the magnetic field. 

As shown in Fig.1 the square of the transverse refractive
index Nx

2 of the O-wave and Nx
2 of the X-wave are con-

nected at the optimal launch angle with a corresponding
longitudinal (parallel B0) index Nz,opt = [Y/(Y+1)]1/2, with
Y = wce/w (wis the wave frequency, wce is the electron
cyclotron frequency), without passing a region of eva-
nescence (Nx

2 < 0), while for nonoptimal launch an eva-
nescent region always exists. The geometrical size of the
evanescent region depends on the density scale length
L=ne/(¶ne/¶x), and a considerable fraction of the energy
flux can be transmitted through this region, if L becomes
small. Several different formulas have been derived for
the transmission coefficient through the cut-off layer,
using both the WKB approximation and full-wave calcu-
lations [1–3]. Note that transmission through the cut-off
layer is equivalent to O-X conversion.

After the O-X conversion, the X-wave propagates back
to the upper hybrid resonance (UHR) layer, where the
refractive index of the X-wave is connected to that of the

electron Bernstein waves (EBWs) as shown in Fig. 2,
and a complete conversion into EBWs should take place.
The EBWs then move towards the plasma center, where
they are absorbed near the electron cyclotron resonance
layer. Further theoretical investigations have been per-
formed by Meakawa et al. [4,5] and by Hansen, Lynov,
and Michelsen [6], who have carried out ray-tracing cal-
culations for the resonant heating.

In our calculations, we also take into account that in a
real plasma the conversion layer is not a smooth surface
but is rough and wavy owing to density fluctuations.
This introduces a beam divergence that is much higher
than the intrinsic one and can drastically reduce the O-X-
conversion. With a statistical description of the poloidal
cut-off surface roughness (toroidal fluctuations were
neglected), the probability density function

p(Ny) =
ky

2o rx
exp

−
Ny

2ky
2

(1−Ny
2) 2rx

2

(1 − Ny

2)−3/2

of the poloidal component Ny could be calculated as a
function of the fluctuation amplitude standard deviation
sx = e/ne ( e is the relative fluctuation amplitude) andn n
the poloidal correlation length ly. The modified trans-
mission function Tmod (O-X conversion efficiency) is then
Tmod(Nz) = T(Ny,Nz) p(Ny)dNy.°

Here T(Ny,Nz) is the transmission coefficient given by

Mjøhus [2] with

T(Ny, Nz) = exp −ok0L
y
2 2(1 + y)(Nz,opt − Nz)2 + Ny

2 

where Nz is the longitudinal component of the vacuum
refractive index and k0 is the wave number. 
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Fig. 1.  Square of the refractive index Nx
2 versus  (wp/w)2

for different values of Nz (Y = 0.6, Ny = 0, wp is the plasma
frequency).

Fig. 2.  Refractive index Nx versus (wp/w)2 for the O-X-B
conversion process (Y = 0.6, Nz = Nz,opt, and Ny = 0). The
B-mode Nx was calculated for a temperature of 500 eV.
The transition represents the connection of the X-mode
and B-mode owing to the hot dielectric tensor.



In Fig. 3 the modified transmission is calculated as a
function of the parameter k0L for five relative density
fluctuation amplitudes. In all calculations the poloidal
correlation length was assumed to be 2 cm. It can be
clearly seen that to achieve a significant heating effi-
ciency the target plasma should have either a very small
density scale length or a very low fluctuation amplitude.

The flexibility of W7-AS makes it possible to investigate
two extreme cases: target plasmas with L £ 1 cm but
with a relative density fluctuation amplitude of more
than 10%, and peaked density profiles (L = 4 cm) with a
very low relative fluctuation amplitude (< 1%). For both
cases, high conversion efficiencies were experimentally
achieved and O-X-B mode conversion for plasma heat-
ing could be clearly shown for the first time. Two 70-
GHz beams were launched  into a neutral beam (NBI)
sustained target plasma at resonant (1.25-T) and nonreso-
nant (1.75-T) magnetic fields. The launch angle of the
incident O-mode polarized wave was varied at fixed
heating power (220 kW).

An example of the nonresonant case is shown in Fig. 4.
The increase of the total stored plasma energy (from the
diamagnetic signal) depends strongly on the longitudinal
refractive index, which is typical for the O-X conversion
process and fits well to the calculation. The central den-
sity was 1.5 ́ 1020 m-3, which is more than twice the cut-
off density, and the central electron temperature was 500
eV. Owing to technical limitations on the maximum
launch angle, only the left part of the calculated reduced
transmission function could be tested experimentally.

Typical for X-B conversion at the UHR layer is the para-
metric instability which generates waves with frequen-
cies of the incident wave w  plus and minus the

harmonics of the lower hybrid (LH) frequency wLH and
the LH wave itself. With the electron cyclotron emission
(ECE) receiver, a spectrum of the decay waves with
maxima at w ± nwLH  was measured for a resonant mag-
netic field of 1.25 T, as shown in Fig. 5. Note that the
incident frequency is excluded and that since the density
was twice the 70-GHz cut-off density this could not be a
thermal ECE spectrum. The low-frequency L -wave
itself could be detected with a broadband loop antenna.
A high degree of correlation between the high-frequency
decay waves and the LH wave was measured. 
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Fig. 3.  Modified O-X conversion in the presence of den-
sity fluctuations at the plasma cut-off layer for different
relative fluctuation amplitudes versus normalized density
scale length k0L (Nz = Nz,opt  and Y =  0.6). The markers
show the accessible values of k0L on W7-AS.

Fig. 4 . Increase of the plasma energy content DW
(squares) by O-X-B heating versus the longitudinal vac-
uum refractive index Nz of the incident O-wave at a mag-
netic field of 1.75 T and k0L = 10. The solid line is the
calculated modified transmission function Tmod(Nz)  multi-
plied by the maximum energy increase for Ny = 0.

Fig. 5.  High-frequency spectrum of the parametric decay
waves generated in the O-X-B process. The incident
wave frequency is 70 GHz, and the LH frequency is about
900 MHz.
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EBWs experience a cut-off layer (N Þ 0) at the UHR
(see Fig. 2), and the radiation is trapped inside the
plasma as it is in a hohlraum. The EBW is either (in the
case of an oblique angle of incidence) reflected at the
UHR or back converted to the X-wave, which is con-
verted again to the EBW at its next contact with the
UHR. The only way that radiation can escape from the
plasma is through the small angular window for O-X and
X-O conversion respectively. With no electron cyclotron
resonance in the plasma, the B-waves may be absorbed
because  of finite plasma conductivity after some reflec-
tions at the UHR layer. Nonresonant heating was investi-
gated at magnetic fields up to 2.0 T. At the maximum
field the plasma energy content increased by about 1.5 kJ
compared to an similar discharge with NBI only, as
shown in Fig. 6. Two 70-GHz beams in O-mode polari-
zation (110 kW of power each) were launched with an
angle of 40° with respect to the perpendicular launch
into a target plasma sustained with 800 kw of NBI, with
a central density of 1.6 ´ 10 20 m-3 and a central tempera-
ture of 560 eV.

In conclusion, the O-X-B heating scheme with 70-GHz
electron cyclotron waves was clearly demonstrated for
the first time for resonant and nonresonant fields at
W7-AS. Both, the angular dependence of the O-X con-
version and the parametric instability which is typical for
X-B conversion were experimentally verified. Density
fluctuations at the O-X conversion layer play a signifi-
cant rule in the O-X-B process and need to be taken into
account.

With a newly developed three dimensional ray-tracing
code for EB's and improved measurement techniques for
determining the power deposition profiles, further inves-
tigations of the O-X-B heating are envisaged to explore
the potential of resonant and nonresonant O-X-B heating
for routine high-density operation. 
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Fig. 6.  Energy content (diamagnetic signal) of an NBI
discharge with (upper curve) and without (lower curve)
nonresonant O-X-B heating at a magnetic field of
2.0 T.
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ICRH experiments on W7-AS

Ion cyclotron resonant heating (ICRH) has been success-
fully demonstrated for the first time on W7-AS. A novel
antenna [1] designed to excite a narrow spectrum of fast
waves was used. Two different heating scenarios were
investigated: second harmonic heating of neutral beam
heated hydrogen plasmas and H-minority heating of
electron cyclotron resonant heating (ECRH) deuterium
plasmas. Both scenarios showed plasma heating without
a significant concurrent increase in plasma density or
impurity radiation loss. In addition, it was possible to
sustain the plasma with ICRH alone.

The ICRH antenna, shown in Fig. 1, is located on the
high field side of the elliptically shaped plasma. It has
four feeders that allow operation in 0- and p-phasing.
Typically it is operated in  p-phasing. In this situation,
the poloidal current has an almost sinusoidal distribution
in the toroidal direction and excites a narrow k|| » 6 m-1

spectrum of fast waves. During the Spring 1995 opening
of the torus vessel, the feeders to the antenna, shown in
Fig. 2, were closed off against plasma penetration. This
eliminated the anomalously high loading of the antenna
during plasma operation that had been observed previ-
ously [2] and increased the maximum rf voltage at which
electrical breakdown (arcing) occurred. Voltages of up to
55 kV for 400 ms have now been achieved after exten-
sive conditioning. Because of the low antenna plasma
loading of about 0.5 W, the maximum power delivered
to the antenna was limited to about 400 kW by arcing in
the transmission lines or antenna feeders. Most plasma
targets had i ~ 0.33 and were shaped by inside limiters.

The distance between the antenna and the fast wave cut-
off is about 6 cm.

In the second harmonic hydrogen heating scenario with a
neutral beam heated target plasma, an increase in the
diamagnetic energy of about 10% (0.6 kJ) was obtained.
We estimate that about 60% of the power P radiated
from the antenna is found in the plasma, if P is the gen-
erator power reduced by the Ohmic losses in the antenna
and P-0.6 scaling of the energy confinement time is
invoked. Under good wall conditions, the plasma density
could be kept constant during the rf pulse, even though
the Ha diagnostic in the antenna region indicated
enhanced outgassing. The impurity radiation as inferred
from the bolometer did not increase. An increase in the
flux of hydrogen atoms with energies up to 33 keV was
observed; however, no significant increase in the bulk
hydrogen temperature was seen. Maximum heating
occurred if the location of the second harmonic reso-
nance coincided with the center of the plasma; almost no
heating occurred if the resonance was outside the
plasma.

The antenna loading was independent of the location of
the resonance even though an rf probe (located halfway
around the torus) detected a wave signal only if the reso-
nance was outside the plasma. Heating at 0-phasing
showed similar increases in the diamagnetic energy and
no enhanced impurity radiation. No significant heating
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Fig. 1.  ICRH antenna, shown without the Faraday
screen.

Fig. 2.  Poloidal cross section through the ICRH antenna.
Resonances and cut-offs are shown for the ICRH plasma
of Fig. 3.



was observed in ECRH plasmas of the same density, pre-
sumably because the ion temperature of the target
plasma was too low.

In the H-minority heating scenario with an ECRH target
plasma, an increase in the diamagnetic energy of about
15% (1 kJ) was obtained. This corresponds to absorption
of about all of the radiated power P. The spectroscopi-
cally estimated H/D ratio was about 10%. The line-of-
sight averaged deuterium temperature rose from 300 eV
to 400 eV; the central electron temperature rose slightly.
Energetic hydrogen atoms with energies up to 30 keV
were observed. The impurity radiation did not increase.

In the H-minority heating scenario,  it was possible to
sustain an ECRH-created plasma with ICRH alone. In all
cases the duration of the plasmas was limited by arcing
in the transmission lines. A near-steady-state condition
could be obtained about 200 ms into the ICRH-only
phase of the discharge. Typical parameters were diamag-
netic energy of 2 kJ, average electron density of 4.0 ´

1019 m -3, central electron temperature of 300 eV, and
central deuterium temperature of 350 eV.

An example of an ICRH-sustained plasma, starting at
400 ms, is shown in Fig. 3. The generator frequency and
the approximate H/D ratio were such that both the
H-resonance and the ion-ion resonance were located in
the plasma, as shown in Fig. 2. The average electron
density first rose because of increased outgassing of the
antenna but returned towards the initial value near the
end of the ICRH plasma. The central electron tempera-
ture dropped rapidly within an energy confinement time
and then stayed constant throughout the ICRH phase.
The total radiation measured with bolometers stayed
constant, even though an accumulation of iron and chro-
mium could be inferred from vacuum ultraviolet (VUV)
observation; soft X-ray measurements however, indi-
cated that Zeff stayed constant. Thus, the ICRH plasma
does not seem to be hampered by impurities.

The plasma density profile, measured with a lithium
beam diagnostic, Langmuir probes, microwave reflecto-
metry, and Thomson scattering, was narrower and had
steeper edges than in comparable ECRH-heated plasmas.
The transition between these two profiles occurred
within approximately one energy confinement time. Fur-
ther narrowing of the plasma was observed on a longer
time-scale. The resulting increase in the distance from
the antenna to the fast wave cutoff could explain the
decrease of the antenna plasma loading and therefore the
decrease in diamagnetic energy. A radial electric field of
about -1.5 kV/m built up at the beginning  of the ICRH
phase of the discharge, presumably due to increased
high-energy hydrogen losses as indicated by charge
exchange (CX) measurements.
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Fig. 3.  Time trace of shot 33634. BT = 2.5 T, i = 0.34. Ion
temperatures inferred from unweighted line-of-sight aver-
age of CX fluxes.


