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QUEST: Recent Progress in QUEST
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FIG. 1: A Top view of experimental setup for the oblique 28 GHz RF injection in the
QUEST vacuum vessel.

FIG. 2: A cross-sectional view of experimental setup for the oblique 28 GHz RF injection
in the QUEST vacuum vessel.

injected to QUEST machine for the current start-up experiment.
As a characteristic of a spherical tokamak, gradient of toroidal magnetic field in the major

radial direction is strong. Therefore, multiple harmonic resonance layers for 28 GHz ECWs
coexist in the plasma confinement region. There is a second harmonic resonant layer at
Rres2 = 0.32 m, where toroidal field is B = 0.500 T when the coil current is the maximum
(50 kA per turn). The third and fourth harmonic resonance layers are located at Rres3 =
0.48 and Rres4 = 0.64 m, where B = 0.250 and 0.125 T, respectively. The locations of the
resonance layers on QUEST are presented in Fig. 1, which is a top view. A inner limiter on
the central post is located at R = 0.23 m. Thus, the distance between the second resonance
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moderate power. A high-power ECH startup can reduce the loop volt-
age of Ohmic heating in the tokamak operation.16

ECH is the main plasma heating source in QUEST (Q-shu
University Experiment Steady-State Spherical Tokamak).17 Fully non-
inductive current startups have been performed solely by ECH.
Various configurations, namely, inboard limiter configuration,18

inboard poloidal null,19–22 and single-null divertor, can be generated.
All magnetic field coils and their power supplies on this machine are
capable of working continuously. Hence, a steady-state tokamak oper-
ation (SSTO) is feasible. In a recent experiment, an SSTO longer than
2h was achieved using a continuous 8.2GHz ECH system.23 As a
future work, SSTO by EBW heating and current drive is planned.

EBW heating is a favorable method to heat plasma and maintain
high density on spherical tokamaks. A higher electron density than the
ordinary mode (O-mode) cutoff density of the RF frequency is
required for EBW excitation. To employ an 8GHz range frequency as
an EBW source for QUEST, an electron density of ne > 1018 m!3 can
satisfy the over-dense condition. A high frequency with a higher cutoff
density than that of the 8GHz ECW would be suitable to generate
such target plasmas. 28GHz RF has been applied for heating and cur-
rent drive in recent QUEST experiments.24,25 Ip > 54 kA was non-
inductively ramped up and sustained for 0.9 s with 270 kW, though
the beam was not focused and the polarization was also not under
control. The effect of the relativistic Doppler shift is enhanced for
energetic electrons. Because QUEST simultaneously possesses multiple
harmonic resonance layers, energetic electrons can be resonated widely
over the core region.

In the experiment reported in this paper, a new steering antenna
consisting of two mirrors and a polarizer have been installed to heat
the plasma and drive current on QUEST effectively.27 The RF beam
was injected obliquely from the low-field side (LFS). Hence, the paral-
lel refractive index was high around the resonant layer. The vertically
linear polarization was selected to (quasi) excite the eXtra ordinary
mode (X-mode) efficiently. In many discharges, plasma current higher
than the previous record6,7 was generated solely by ECH with rela-
tively low incident power, and the energetic electrons were heated
efficiently.

The experimental setup is described in Sec. II. In Sec. III, the res-
onance condition of multiple harmonic ECWs on QUEST is analyzed,
and the possibility of a current drive with the effect of energetic elec-
trons is introduced. In Sec. IV, the experimental results of the current
startup are explained and discussed. To understand the experimental
results, we adopted ray-tracing and calculated the power absorption
using the TASK/WR code, as explained in Sec. V. In Sec. VI, the
results are discussed with experiments in other devices. This study is
briefly concluded in Sec. VII.

II. EXPERIMENTAL SETUP OF 28 GHZ ECH
The current startup experiment was performed in QUEST. The

major and minor radii of this machine are R ’ 0.68 m and a ’ 0.40
m, respectively. The plasma size in the major radial direction is limited
to 0:23 " R " 1:10 m on the equatorial plane, where the limiters con-
sisting of tungsten blocks are located on both the high field side (HFS)
and LFS. A high-temperature wall installed on the LFS faces the
plasma. The wall temperature can be set at 400 #C for machine baking
and Plasma Wall Interaction (PWI) control. In this experiment, the
temperature was around 30 #C.

Our main ECH source is a high-power gyrotron (Canon Electron
Tubes and Devices).26 The frequency is 28GHz, and its maximum RF
power reaches 350 kW at a bench test. The voltages of the cathode and
anode were set to !75 <Vcath < !70 kV and 39 <Vanod < 42 kV,
respectively. The beam current exceeds 20A. The efficiency of the
gyrotron in which the electric power is transformed into RF power is
$25 %. In this study, the RF power of PRF! 130 kW was injected into
the QUEST machine for the current startup experiment.

As a characteristic of a spherical tokamak, the change in the
toroidal magnetic field across the plasma is large owing to the low
aspect ratio. Therefore, multiple harmonic resonance layers for
28GHz ECWs coexist in the plasma confinement region. There is a
second-harmonic resonance layer at Rres2¼ 0.32 m; the toroidal field
of this layer is B¼ 0.500 T when the coil current is the maximum
(50 kA per turn). The third and fourth harmonic resonance layers are
located at Rres3¼ 0.48 and Rres4¼ 0.64 m, where B¼ 0.250 and
0.125T, respectively. The top view of the locations of resonance layers
on QUEST is presented in Fig. 1. The inner limiter on the central post
is located at R¼ 0.23 m. Thus, the distance between the second reso-
nance layer and the limiter is relatively small, 0.09 m. To date, the fun-
damental harmonic resonance layer for the 28GHz ECW cannot
remain in the QUEST vessel because of the deficiency of toroidal field
coil current. The other ECH system consists of 8.2GHz continuous
wave klystrons. These klystrons work mainly for SSTO in QUEST.
However, they were used for pre-ionization in this experiment.

After the first current startup trial with a 28GHz gyrotron in
2013, the wave transmission line was remodeled.27 Two major changes
are the installations of an antenna and a polarizer unit. The steering
antenna consists of a small convex mirror and a large concave mirror.
The second mirror was installed at R¼ 1.79 m on the equatorial plane,
as shown in Fig. 2. The RF of 28GHz from the gyrotron is transmitted
through a corrugated waveguide via the polarizer unit consisting of k8
and k4 corrugated plates.28,29 The polarization of the EC wave can be
selected using this unit. As the RF is injected from the LFS, the
second-harmonic X-mode is effective for heating plasma.30 However,
the second-harmonic O-mode is less effective for single-pass absorp-
tion. As explained above, the fundamental resonance layer at 1T does
not arise in the vacuum vessel owing to the low toroidal field. If funda-
mental resonance is Doppler-up-shifted substantially, however, the

FIG. 1. Top view of the experimental setup for the oblique 28 GHz RF injection in
the QUEST vacuum vessel.
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Energetic and bulk electron heating 
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[N//=0.11]： Resonance position and energy 
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Bulk electron heating up to 500 eV
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as well as the 28-GHz wave heating ?  

High electron temperature of 500 eV
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Large-sized plasma with ~100 eV 
~1.0 x 1018m-3
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Bulk heating and suppression of energetic
electron growth in the ramp-up phase
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Overview of RF (ECHCD) system in QUEST

Two 28 GHz systems （and 8.56 GHz system）
( with a new CW gyrotron)

A second 28-GHz ECHCD system is in development to provide 
oblique and perpendicular simultaneous injections.

Doubled toroidal magnetic field : 0.5 T (pulse)

High field side injection for EBWHCD experiments
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New Transmission
line for CW tube
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Doubled toroidal magnetic field : 0.5 T (pulse)
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DC-DC  Converter

である．また充電電圧は182.4 Vmaxとした 
	 図1にコンデンサ，DC-DCコンバータ，電流負荷
からなるモジュール電源の回路図を示す．ここでR1 
= 200 kΩ, R2 = (0.80  ́10-3) ´ 125 = 100 mΩ, R3 = 1	
Ω, L1 = 10 µH, L2 = (0.76  ́10-3) ́  125 = 95 mH, C1 = 48 
F, C2 = 3.3 mFである．DC-DCコンバータは降圧チョ
ッパ型であり，IGBT1の高速スイッチング制御を行
う．ここで電流値はモニターして IGBT制御にフィ
ードバックしている．よって参照波形に合うように

電流が流れる．IGBT2は普段はオン状態で，フラッ
ト波形の終わりにスイッチオフとすることで電流値

はt = L2/(R2+R3) ≈ 86 msで減衰する． 
	 図2にシミュレーション結果を示す．計算では電
流立ち上げ時間を1.2 s，フラット時間を0.8 sとした．
電流は800 Aまで線形に上昇し，0.8 s間のフラット
波形を得た．またt = 2.0 sでIGBT2をオフとすると，
電流パスが R3 に切り替わり，電流は減衰した．電
圧波形によると，電流立ち上げ開始から0.5 s程度ま
ではフィードバック制御の影響で振動が見られる．

電圧値はVload ≈ 142 Vまで上昇し，フラット時はVload 
≈ 80 Vに減少する．また t = 2.0 sではVload = −890 V
となり一次的にコイル負荷へ高電圧が掛かる事が分

かった．この計算結果を踏まえると，抵抗 R3 の値
を下げる可能性がある． 
 
＜モジュール電源二並列時の回路シミュレーション＞ 
	 次に図3のようにモジュール電源を2個並列に接
続した場合にシミュレーションを行った．目的は今

後の125並列接続に向けて，二並列状態で電流・電
圧値を調べることである．図4に計算結果を示す．
電流は図2の場合と同様に1.2 sを掛けて1600 Aま
で上昇後，フラットを0.8 s維持，t = 2.0 sから減衰
する．よってモジュールの個数を二個に増やすこと

で電流値は二倍になり，モジュール二並列化電源は

計算機上で正しく動作したと考えられる．数値計算

負荷が大きく125並列回路のシミュレーションは未
実施であるものの，二並列モジュールの計算結果か

ら125並列モジュールによる合計電流100 kAが可能
であることが示された． 
 
[1] S.M. Kaye et al., Nucl. Fusion 47 (2007) 499–509 
[2] J. Hosea et al., Phys. Plasmas 15 (2008) 056104  
[3] N.N. Bakharev et al., Nucl. Fusion 58 (2018) 126029 
 

 
図2．モジュール電源一台のシミュレーション結果．
トロイダルコイル模擬負荷における電流及び電圧． 
 

 
図3．モジュール電源並列接続の概念図 
 

 
図 4	 モジュール電源二並列時のシミュレーション
結果．トロイダルコイル模擬負荷における電流及び

電圧． 
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One of experimental scenarios at 0.5T

Central 2nd ECHCD + 
Inboard 1st ECHCD

DOPPLER-SHIFT RESONANCE
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Overview of RF (ECHCD) system in QUEST

Two 28 GHz systems （and 8.56 GHz system）
( with a new CW gyrotron)

A second 28-GHz ECHCD system is in development to provide 
oblique and perpendicular simultaneous injections.

Doubled toroidal magnetic field : 0.5 T (pulse)

High field side injection for EBWHCD experiments
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HFS X-B experiment
ECRL

UHRL

PF2

PF1

PF7

PF6

HCU

HCL

Waveguide in vacuum
Waveguide in atmosphere

K1

K2

R cut-off layer
X mode

EBW
antenna

• X-mode ECW was injected perpendicularly via antenna on HFS
• Magnetic flux at center stack was measured
• n-index > 0.3 was applied

#48532 B" in CW
#48480 B" in CCW

Plasma cutoff 
(#$% = #)

ECRL
R=0.465m

ü EBWCD in OFS was confirmed
qualitatively by inversing B"
direction.

ü Over-dense plasma that exceeded
plasma cutoff density was measured
near the EBW absorption position.

Peak of driven
current
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Summary

Effective acceleration of energetic electrons and heating of bulk electrons are observed 
in the oblique and quasi-perpendicular injection.  

In the oblique injection, the up-shifted resonance areas are widely expanded by the strong 
Doppler-shifted effect for energetic electrons involving higher harmonics.

The second harmonic down-shifted resonance is cut out by the strong relativistic shift effect
for energetic electrons.

Energetic electrons is efficiently accelerated, and high plasma current of 80 kA is attained.

In the quasi-perpendicular injection, the resonance areas are limited for wide  energy-range 
electrons due to the weak Doppler-shifted effect in single path absorption.

With lower vertical field, the relatively large-sized plasma is attained with 100 eV electron 
temperature and 1018 m-3 density.

High electron temperatures of 500-800 eV are attained in small-sized plasm with high vertical field.

A second 28-GHz ECHCD system is in development to provide oblique and perpendicular 
simultaneous injections.

A new TFC power supply system is in development for doubled field (0.5 T) operations.
A second harmonic and fundamental ECHCD scenario is introduced, which is expected
to conduct high efficiency ECCD experiments with high one path absorption ( 90 %).
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