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The parametric decay wave (PDW) caused by three-wave parametric decay process was measured in a
plasma-injecting X-mode electron cyclotron wave (ECW) from the high field side (HFS) of the Q-shu University
Experimental Steady-State Spherical Tokamak (QUEST). The intensity of the low-frequency PDW on the HFS
X-mode injection was significantly enhanced over the O-mode ECW injection from the low field side (LFS),
where the mode conversion to electron Bernstein wave (EBW) was not expected. As the comparison was exe-
cuted using plasmas with the same magnetic field and injection power, the wave injection method was considered
as the primary cause of the difference in the PDW excitation. The frequency range of the low-frequency PDW was
consistent with that of the lower hybrid wave (LHW) range, which was expected to be excited during the mode
conversion to EBW. The low-frequency PDW intensity evolved in response to the plasma density, plasma current
and injection power. This observation suggests that the low-frequency PDW intensity is a reliable indicator for
the efficient mode conversion to EBW.
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1. Introduction
Spherical tokamaks (STs) are promising candidates

for future fusion power plants owing to greater stability
in obtaining high beta plasma when compared to conven-
tional tokamaks. Inductive current drive by ohmic heating
is the most common method of plasma production, but its
capability is insufficient for an ST because of the small
cross section of the center solenoid (CS). Electron cy-
clotron heating/current drive (ECH/CD) have been demon-
strated to heat and noninductively drive plasma current in
STs as in LATE [1] and Q-shu University Experimental
Steady-State Spherical Tokamak (QUEST) [2, 3]. How-
ever, the presence of a density limit facing the propagating
electron cyclotron wave (ECW), which is a type of an elec-
tromagnetic wave, prevents the production of high-density
plasmas that are required to obtain a higher beta regime
for attractive fusion reactors. On the other hand, an elec-
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tron Bernstein wave (EBW), an electrostatic wave has no
density limit and can, therefore, propagate even in high-
density plasma and efficiently transfer its power to plas-
mas. A method for EBW heating in STs was first proposed
by Cairns et al. [4]. Three types of mode conversion pro-
cesses from ECW to EBW have been established. The
method known as the O-X-B mode conversion involves
excitation of EBW by injecting from the low field side
(LFS) and double mode conversion from ordinary mode
(O-mode) to extraordinary mode (X-mode) and from X-
mode to electron Bernstein mode (B-mode) at upper hybrid
resonance (UHR), as demonstrated by LATE [5], TCV [6],
W7-AS [7], and LHD [8, 9]. However, the double mode
conversion in this method indicate its complexity and diffi-
culty to apply. The second established method, X-B mode
conversion from the LFS, includes mode conversion to
EBW from X-mode LFS injection, and was demonstrated
in TST-2 [10]. In the X-B mode conversion from the LFS,
a steep density gradient is required to obtain high conver-
sion efficiency, so it is difficult to apply to achieve plasma
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current start-up. The third established method of mode
conversion, X-B mode conversion from the high field side
(HFS), shows promise for efficient conversion from ECW
to EBW. As indicated by the GENRAY [11] calculation,
X-B mode conversion from the HFS is possible without a
complicated optimization of the wave injection angle [12].
This method has been investigated in COMPASS-D [13],
WT-3 [14], LHD [15], Versator II [16] and QUEST [17].
In LHD, the direct launching of the X-mode from the HFS
has been executed to utilize a merit of helical magnetic
field [15]. In previous experiments, most of these devices
utilized a mirror on the CS surface with the exception of
QUEST [17]. However, it is difficult to confirm whether
the externally injected wave has significant purity of the
X-mode after the reflection at the mirror, and they did not
perform a direct comparison of an ECW injection from the
HFS and from the LFS as in the present experiment.

In all the three methods described above, the observa-
tion of mode conversion to EBW is critical. In case of O-
X-B mode conversion from LFS injection, the monitoring
stray radiation to search O-X-B mode conversion window
is a very helpful method to effectively excite EBW [18].
However, collateral observation of the mode conversion
for any mode conversion method should be accomplished.
The observation of parametric decay instability (PDI), also
known as three-wave parametric decay process is a good
candidate for collateral observation of mode conversion
regardless of a certain mode conversion method. In Ver-
sator II, parametric decay waves (PDWs) of the upper hy-
brid wave and lower hybrid wave (LHW) frequency ranges
were observed during the X-mode launching from the HFS
[16]. The large amplitude of the electric field in the UHR
layer, which allowed for the production of PDWs, may pro-
vide collateral evidence indicating the occurrence of mode
conversion. In this study, to investigate the possibility of
observing the collateral evidence of mode conversion to
EBW, the low-frequency PDW intensity in plasmas for the
X-B conversion from the HFS and the conventional ECW
injection from the LFS (where mode conversion to EBW
was not expected) were measured by inserting a probe.

2. Experimental Setup
The experiment was conducted in QUEST, which is a

mid-size ST device with an aspect ratio of 1.6, major ra-
dius R = 640 mm, minor radius a = 400 mm, and CS cover
radius rcs = 200 mm. The maximum toroidal magnetic
field was 0.25 T at R = 640 mm with a toroidal coil cur-
rent of 50 kA. The equipped radio frequency (RF) sources
were 2.45 GHz and 8.2 GHz klystrons and a 28 GHz gy-
rotron for the ECW. We installed new transmission lines in
the vacuum vessel for the ECW injection from the HFS
[19]. Two 20 kW/8.2 GHz klystrons were connected to
each main transmission line which is constructed of atmo-
spheric RG-50 waveguides. To transmit the wave through
the vacuum vessel to the HFS X-mode injection point, we

installed vacuum windows, and copper waveguides, in the
top and bottom sides, as shown in Fig. 1 (a). The vacuum
windows were in the HFS of the ECR layer and were not
equipped with a water-cooling channel in this study, so dis-
charge time was restricted to short durations. We inserted a
switch after the main transmission line so that the direction
of the ECW injection could be changed from LFS injection
to HFS injection easily. To avoid arcing and breakdown in-
side the transmission lines placed near the ECR layer, SF6

gas was filled inside transmission lines from the klystrons

Fig. 1 Experimental setup showing both the (a) poloidal and (b)
top views. (a) Poloidal view showing the locations of the
HFS launcher, LFS launcher, ECR probe, and insertion
probe in the vacuum vessel. The vertical light blue line
indicates the position of fundamental ECR layer. (b) Top
view of the QUEST showing each equipment. The RF
leak detector was located outside the vacuum vessel.
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to the vacuum windows. To prevent damage to the win-
dows by heat, the maximum discharge time was limited to
110 msec in the HFS injection. The LFS injection antenna
launched O-mode, and the HFS injection antenna launched
X-mode after adjusting the TE10 mode waveguides polar-
ization. The surface of the HFS injection antenna was lo-
cated at R = 323 mm. To protect the copper waveguides
from plasma contact, we covered them with stainless steel
SUS304 and installed two tungsten limiters antenna termi-
nals. The tip of the tungsten limiter was located at R =
363 mm. The toroidal coil current was set to 40 kA. The
fundamental ECR layer for the 8.2 GHz ECW was located
at R = 437 mm.

A Thomson scattering system was equipped to mea-
sure the Te and ne profiles at R = 340, 468, 634, 774,
934 and 1080 mm. The yttrium aluminum garnet (YAG)
laser required nearly 100 msec to charge in the capacitor
bank. Owing to inadequate time resolution, the measure-
ment time was set at 2 msec and 102 msec. A 75 GHz RF
interferometer was injected in the direction of the center
stack. The RF wave of the interferometer was reflected by
the surface of the center stack and detected by the antenna
located at the same observation port. The line-integrated
density shows the integrated density profile along the R di-
rection on the midplane.

The mode conversion efficiency from ECW to EBW
is difficult to measure directly. However, when the mode
conversion occurs, the RF power absorption should in-
crease because EBW is efficiently absorbed, even in low-
temperature plasmas. The RF absorption for the input
power was indicated by comparing the voltage of the RF
leakage monitor (RLM) signal in the cases of RF injection
to plasma and to vacuum. The RLM was installed outside
of the vacuum vessel, as shown in Fig. 1 (b).

We prepared two electrostatic probes to measure the
low-frequency PDW. The electron cyclotron resonance
(ECR) probe, was placed near the ECR layer at R =
465 mm, Z = 820 mm so that it could be reference signal to
confirm the reproducibility, and the insertion probe was in-
serted into the plasma in the range of R = 400 - 900 mm, Z
= 0 mm so that it could directly measure PDWs around the
UHR layer. It was anticipated that the insertion probe inter-
feres with the laser path of the Thomson scattering system,
so it was pulled back to R = 1150 mm during the Thom-
son measurement. A simultaneous measurement by the in-
sertion probe around UHR layer and the Thomson scatter-
ing was therefore not possible. The exposed electrostatic
probe pins were tungsten with diameter = 1 mm and length
= 1.6 mm. The insertion probe was supported by stainless
steel SUS304. The insertion probe (except the pins) were
covered by alumina ceramic with a length of 960 mm. The
ECR probe except the pins was installed behind waveg-
uides cover. In the experiment using the insertion probe,
the discharge duration was limited to 10 msec to avoid pro-
ducing cracks in the alumina ceramic cover. The probes
were directly connected to an oscilloscope with a −20 dB

attenuator. The oscilloscope was type HDO8038A, which
we set to a frequency band of 350 MHz and a sampling rate
of 1.25 GS/sec.

3. Experimental Results of PDW
Observation
In this experiment, the plasma startup was performed

noninductively. The ECW injection was implemented us-
ing two methods: X-mode injection perpendicular to the
magnetic field from the HFS, which was expected to re-
sult in an efficient mode conversion into EBW at the UHR
layer, and O-mode injection using a phased array antenna
[20], which was not expected to perform mode conversion.
The phased array antenna requires eight klystrons to be
complete, but only two klystrons were available for this ex-
periment; therefore, the complete ECW focusing and con-
trol of injection angle was difficult. This indicates that the
potential for the O-X-B and X-B mode conversion methods
from the LFS as described above cannot be expected. We
regarded the LFS injection with no EBW mode conversion
as a good reference compared with the HFS injection. Im-
proved plasma parameters in the HFS injection compared
to the LFS injection were reported previously [19]. In this
paper, we carefully produced discharges with same plasma
operation in both HFS and LFS injections; therefore, the
parameters are different from the our previous report [19].
The line-integrated density in both injections in the last
part of the discharge was similar, as shown in Figs. 2 (c: H,
L), but significant differences in Ip and RLM signal, shown
in Figs. 2 (b, e: H, L), were observed. These signals indi-
cate a greater difference in RF absorption between the HFS
and LFS injection as previously reported [19]. The density
is the most important parameter for inducing EBW mode
conversion.

In order to measure the collateral evidence of the
EBW excitation, the PDW was measured with the inser-
tion probe in reproducible 10 msec duration plasmas to
avoid significant damage to the probe from the heat flux
of the plasma. To check the impact of the probe insertion,
each plasma parameters in the different insertion probe po-
sitions are shown in Fig. 2. A slight impact of the mea-
sured plasma parameters was observed in the discharge
with deep probe insertion. In the initial phase of the dis-
charge of the HFS injection, both the plasma current and
the line-integrated density were impacted, but this timing
of signals shows poor reproducibility. In fact, the timing of
the peak of Ip fluctuated within a few msec. After this, all
the signals were constant up to 10 msec and were less im-
pacted by the insertion of the probe. Video of plasma with
and without inserting the probe in the HFS injection were
recorded, as shown in Fig. 3. A slightly bright area that
was induced by the probe was observed, but the impact was
located on the pipe that supports the probe and was negli-
gible on the probe head. Modification of the magnetic flux
surface caused by the difference in Ip should also be dis-
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Fig. 2 Time evolution of (a: H, L) RF input power, (b: H, L)
plasma current, (c: H, L) line integrated density, (d: H,
L) H α intensity, and (e: H, L) RLM signal. (a - e: H)
X-mode HFS injection. (a - e: L) O-mode LFS injec-
tion. Each insertion probe position at R = 900 mm are
drawn by solid blue lines (HFS: #39339, LFS: #39355).
Each insertion probe position at UHR layer are drawn by
solid orange lines (HFS: R = 550 mm #39345, LFS: R =
600 mm #39358). In (e: H, L), a green dotted line shows
the maximum value of RLM signal in no plasma with
same input power.

Fig. 3 The visible light video images in the HFS injection at 5
msec. (a) Plasma without insertion probe (R = 900 mm).
(b) Plasma with insertion probe (R = 550 mm).

cussed. Most of the observed plasma current was relevant
to the pressure driven current in the open magnetic flux sur-
face [21] estimated by the Te and ne profiles as measured
using Thomson scattering. No evidence for the formation
of a closed flux surface was observed in either the video
images or the magnetic signals. Therefore, the difference
in Ip did not play a role in the modification of the magnetic
surface. A slight impact of the deep probe insertion on the
plasma parameters is supportive evidence for the condition

Fig. 4 Time evolution of the line-integrated density 110 msec
discharge for (a) the HFS injection (#39395) and (b) the
LFS injection (#39410) are drawn by the blue lines. The
line-integrated densities calculated on ne profiles mea-
sured with Thomson scattering were marked by the red
points. The green dot lines show averaged line-integrated
density during 8.5 - 9.5 msec in 10 msec discharges (HFS:
#39351, LFS: #39358).

of no closed flux surface because such a deep insertion of
probes into a closed flux surface would have broken the
closed flux surface. If closed flux surface were formed, the
probe insertion would interrupt particles on same flux sur-
face surrounding the magnetic axis causing a large impact
on the plasma parameters [22].

To estimate the UHR layer location and the PDW fre-
quency for the PDW measurement, we estimated the ne

profiles in both injections of PDW measurement from the
measured ne profiles with the Thomson scattering. The
time evolution of the measured line-integrated electron
density and the calculated line-integrated electron den-
sity based on Thomson scattering measurement, and the
averaged line-integrated electron density during 8.5 - 9.5
msec on the PDW measurement were shown in Fig. 4. In
HFS injection, the averaged line-integrated electron den-
sity during 8.5 - 9.5 msec on PDW measurement and the
line-integrated electron density after 15 msec on Thom-
son scattering measurement had similar values. We as-
sumed that the formation of the ne profile should be the
same in both measurements to estimate the ne profiles on
PDW measurement. The ne profiles measured with Thom-
son scattering at 102 msec were much more reliable than
those at 2 msec. The ne profiles at the PDW measurement
were estimated by multiplying the ne profiles at 102 msec
by each factor (FHFS: 1.1, FLFS: 2.7) to adjust the line-
integrated density measured by Thomson scattering to be
consistent with the line-integrated density measured by the
interferometer during the PDW measurement. The esti-
mated ne profiles at the PDW measurement and the mea-
sured ne profiles based on the Thomson scattering mea-
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Fig. 5 (a, b) The solid blue lines show the estimated ne pro-
files during 8.5 - 9.5 msec for HFS (#39351) and LFS
(#39358) injections. The dotted blue lines show the ob-
tained ne profiles by the Thomson scattering measure-
ment (HFS: #39395, LFS: #39410). The black dash line
shows the O-mode cutoff density. (c - f) The calculated
frequencies that depend on the estimated electron density
distribution. The red, blue and dotted black lines show
the locations of the ECR layer, UHR layer and the fre-
quency of the injected ECW wave. (a, c, e) The HFS
injection. (b, d, f) The LFS injection. (c, d) Frequency of
GHz order in the R direction. The solid blue, green, and
magenta lines show the electron plasma frequency, the
electron cyclotron frequency, and the upper hybrid fre-
quency, respectively. (e, f) Frequency of MHz order in
the R direction. The solid blue and green lines show the
ion plasma frequency and the lower hybrid frequency, re-
spectively.

surement were shown in Figs. 5 (a, b). The O-mode cut-
off density at 8.2 GHz was 8.7× 1017 m−3. In both injec-
tions, the over-dense regions were not observed on the es-
timated and measured ne profiles. This means that it was
not possible to obtain the O-X-B mode conversion from
the LFS injection. The broad ne profile was observed in
the HFS injection, and the narrow peaked ne profile was
obtained in the LFS injection. According to the estimated
ne profiles, the characteristic frequencies of interest were
calculated, as shown in Figs. 5 (c - f). The UHR layer of
the HFS and LFS injections were located at R = 575 mm
and R = 600 mm, respectively. In the experiment, the in-
sertion probe surveyed in the range of R = 400 - 900 mm.
The discharges on the probe, inserted on R = 550 mm and
R = 600 mm, were selected to analyze the PDW for the
HFS and LFS injections, respectively.

The spectra by the fast Fourier transform (FFT) analy-
sis were obtained from the measured potential signals with

Fig. 6 Power spectral densities (PSDs) of (a, b) the ECR probe
and (c, d) the insertion probe around the UHR layer
(HFS: R = 550 mm, LFS: R = 600 mm) on (a, c) HFS in-
jection (#39351) and (b, d) LFS injection (#39358). The
blue lines are PSDs before RF injection. The orange lines
are PSDs in the time range of 8.5 - 9.5 msec.

the ECR probe and the insertion probe around the UHR
layer in the plasma with the HFS and LFS injections, as
shown in Fig. 6. As shown in Fig. 6 (c), the clear amplitude
enhancement in the broad frequency range up to 250 MHz
was observed by the insertion probe. In Fig. 6 (a), the
increased amplitude in the broad frequency was also ob-
served, but the increment of amplitude by the insertion
probe was much larger than that by the ECR probe. It may
imply that the spectra were excited around the UHR layer
and propagated to the ECR probe. On the other hand, the
amplitude enhancement such as the one obtained in HFS
injection was not observed in LFS injection. The clear dif-
ference is observable even in similar plasma conditions and
it appears to depend on the different methods of the ECW
injection.

The low-frequency PDW by the three-wave paramet-
ric decay process induced by EBW excitation should ap-
pear around the LHW frequency. The LHW frequency was
theoretically calculated by using Eq. 1 and is illustrated in
Figs. 5 (e, f):

ωLH =
1√

1
ΩeΩi
+ 1
ωpi

2

, (1)

where Ωe, Ωi, and ωpi are the angular frequencies of the
electron cyclotron frequency, the ion cyclotron frequency,
and the ion plasma frequency, respectively. Calculations
based on Eq. 1 show that the LHW frequency was � 95
± 3 MHz at the UHR layer (R = 575 mm) in the plasma
with the HFS injection, and � 95 ± 1 MHz at the UHR
layer (R = 600 mm) in the plasma with the LFS injection.
The PSD denoted in Fig. 6 (c) displays a strong spectrum
of around 80 - 120 MHz showing PDW and a spread in the
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range of 40 - 240 MHz in the X-mode HFS injection. The
actual low-frequency PDW frequency should be spread to
the higher side from LHW frequency by the effect of ion
temperature [23]. Frequencies lower than the LHW fre-
quency might indicate the propagation of low-frequency
PDW which was generated in lower densities on the UHR
layer. Each peak of spectra appeared on each � 30 MHz
from 60 MHz to 240 MHz. The propagation of these peaks
of spectra was observed however, the identification of each
wave is difficult by only FFT frequency analysis. On the
other hand, few PSDs showing PDW were observed in the
O-mode LFS injection as shown in Fig. 6 (d), due to the
lack of no mode conversion through O-X-B and X-B as
indicated by their ne profiles. The clear difference of the
PSDs between the injection methods is attributed to the
mode conversion efficiency. The observed broadening of
the PSD in X-mode HFS injection is relevant to the previ-
ous observation of the PDW spectrum in Versator II [16].
In this study, the broadening of the spectrum achieved the
second harmonic frequency (190 - 240 MHz); however, the
second peak was obscured. This may be caused by the dif-
ference in low-frequency PDW (� 400 MHz in Versator II
and � 95 MHz in QUEST). The gap between fundamen-
tal and second harmonics of PDW may be buried by the
frequency broadening. It is unclear whether the presence
of second harmonic frequency is caused by wave excita-
tion at the resonance or by the sheath on the surface of the
probe [16, 24].

As shown in Fig. 7, the averaged PSD magnitude of
the broadening of the low-frequency PDW from 90 MHz
to 110 MHz around the UHR layer showed similar time-
dependency to RF power injection and discharge time. The
time evolution of the averaged amplitude spectra does not

Fig. 7 Time evolution of (a) RF power (time resolution 2 msec),
(b) plasma current, (c) line integrated density and (d) the
averaged FFT spectrums for 90 - 110 MHz range on the
insertion probe.

show accurate that of the PDW intensity because the ne

profile always changes, but the possibility of maintained
EBW excitation for the entirety of the discharge in the X-
mode HFS injection. The PDW measurement is a promis-
ing candidate investigating the mode conversion to EBW.

4. Summary
EBW heating with current drive is one of the suit-

able actuators to improve the performance of ST devices.
In this work, we set up an antenna system in the vac-
uum vessel to execute the X-B mode conversion using the
HFS X-mode injection. The results were compared with
those of the plasmas produced by the LFS O-mode injec-
tion, which was not expected to cause mode conversion
using the same equipment on the same experimental day.
The low-frequency PDW spectrum could be obtained for a
probe around the UHR layer. A clear difference in the PSD
magnitudes of low-frequency PDW was observed while
comparing X-mode HFS injection and O-mode LFS injec-
tion. The PDW measurement led to a better understanding
of the mode conversion to EBW.
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