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 QUEST では、準光学偏波器・強集束ランチャ

ーシステムを開発し、28GHz：Xモードの局所電

子サイクロトロン加熱による斜め・準垂直入射

で、高プラズマ電流・高電子温度のトカマクプ

ラズマの立ち上げ・維持を目指している。同一

の（垂直）磁場配位、ガス供給条件で、斜め入

射（N// : 0.75）時に 80 kA 程度の高プラズマ電

流が立ち上がり、準垂直入射（N// : 0.11）時は、

プラズマ電流が 30 kA 程度に止まるが、第２高

調波共鳴（R = 0.32 m）近くのR = 0.34 m で、200 
eVまでバルク電子温度の上昇が観測された。斜

め入射時、エネルギー弁別の硬X線計測カウン

トは、 50 keV から 200 keV へと高いエネルギ

ーほど時間遅れを伴って増加し、プラズマ電流

のランプアップに伴う有効な高速電子生成・加

熱が観測された。凖垂直入射時は、100 keV 程
度の硬X線計測カウントが顕著に減少する。さ

らなる垂直磁場、ガス供給調整で、高電子温度

となる500 eV までのバルク電子加熱を達成し

た。 
 斜め入射、準垂直入射を電子の相対論的ドッ

プラー共鳴条件を満たす共鳴速度空間制御の

観点で考察する。相対論的ドップラーシフト共

鳴は以下の条件を満たす。 
 

, .  
 

ドップラーシフト共鳴効果は磁場に水平方向

の屈折率・電子速度成分 N//・v// で表される。

相対論効果を示すローレンツ因子は（垂直・水

平方向規格化運動量	𝑃#$$$$, 	𝑃∕∕$$$$$ で示されている。

入射N// は伝搬に沿って[ N// R = 一定 ] で発展

するとし、図１に斜め入射（N// : 0.75）時、準垂

直入射（N// : 0.11）時の第２高調波 ( n = 2 ) 共
鳴半径 R を示す。[ f = 2fce ] を満たす共鳴位置

が、中心ポスト位置（R = 0.22 m）から 0.1 m と
近いこともあり、大きな相対論的ドップラーシ

フト効果から、斜め入射（N// : 0.75）時に、駆動

電流を打ち消すダウンシフト共鳴領域に比べ、

電流駆動に有効なアップシフト共鳴領域が広

範に現れる。高速電子成分（数％）を考慮した

場合でも、第２高調波共鳴での１回通過吸収は

20% 程度で、通常のFisch-Boozer 電流は大きく

ないが、評価された顕著なアップダウンシフト

非対称性から斜め入射（N// : 0.75）時に高効率電

流駆動が見込まれる。一方、準垂直入射（N// : 0.11）
時、アップダウンシフト非対称性は大きくなく、

また共鳴条件を満たす実空間領域も狭い。 

 講演では高次共鳴、異なる高調波で共鳴での

ダウン・アップシスト共鳴のオーバーラップを

含め、相対論的ドップラーシフト共鳴加熱の速

度空間での準線形拡散項評価を通じ議論する。 
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[6, 21, 22]. The charge separation in a simple torus caused by 
drifts are cancelled through field connections by a moderate 
vertical magnetic field Bv, generating the initial PS current 
IPS. The initial toroidal IPS current can be estimated as [14],

IPS = 2 ⟨ p⟩S /(RBv), (1)

where ⟨ p⟩ is the spatially averaged plasma (electron) pressure, 
and S is a plasma cross section. The initial toroidal current is 
!3 kA, a small fraction of Ip at time frame (A) in figure 5(a). 
The bootstrap current is the same order as IPS, as estimated in 
[7]. An electron pressure of 10 Pa was assumed. The remaining 
vertical electric field E from the charge separation provides a 
E × B force to allow the plasma to expand throughout the 
torus. By time frame (C), the plasma has expanded outward 
somewhat, but it is still vertically elongated. The current spon-
taneously jumps to the 20–25 kA level between frames (C) 
and (D) and the plasma expands to fill the vessel.

Specific electrons can be confined sufficiently well if the 
vertical motion from toroidal drift vd,t is cancelled by the ver-
tical component of the parallel velocity v// (Bv /Bt) determined 
by the magnetic field pitch angle [23]. Here v// is the parallel 

velocity to the filed line. The electrons under asymmetric con-
finement contribute to the plasma current of the non-inductive 
startup plasma. In addition, banana orbits are possible even 
in open field lines with a magnetic mirror with M(> 1). A 
relatively high M(> 1) favors the confinement of energetic 
electrons generated in the electron cyclotron resonance (ECR) 
layers. The confined trapped electrons also contribute to cur-
rent generation through precession in the toroidal direction. 
In the Ip startup period, the asymmetric structure on  ±  v// was 
grown up, and the plasma current was ramped up.

The deviation of the confined electron orbits between 
CW and CCW passing electrons is an aspect to consider the 
asymmetric structure on the  ±  v// after the closed magnetic 
flux formation. The major radius deviation ∆R of a guiding-
center electron orbit was estimated at the inboard (high field 
side) midplane (Z = 0), when the electron orbit was stating 
at the outer (R ! 1) midplane (Z = 0). The ∆R between the 
30 keV CW and CCW passing electrons was estimated to be 
about several centimeters. The deviation ∆R effect should be 
considered as an asymmetric structure on the  ±  v// for highly 
energetic electrons in the inner-limiter configuration.

4.2. The 28 GHz wave absorption and current drive  
mech anism

The incident 28 GHz O-mode wave is not effective for 
single-pass absorption in the 2nd harmonic ECR sce-
nario. Doppler up-shifted fundamental ECR is first con-
sidered for highly energetic electrons. The nth harmonic 
relativistic Doppler-shifted ECR condition for these electrons 
is expressed as γ[1 − N//(v///c)] = nfce/f with relativistic 

factor γ = (1 + P2
⊥ + P2

//)
1/2, where P⊥ = mγv⊥/mc and 

P//= mγv///mc are the normalized electron momenta in the 
perpendicular and parallel directions to the magnetic field. 
Here, f is the 28 GHz operating frequency, m is the electron 
rest mass, and c is the speed of light. The resonant electron 
energy can be explained with resonant ellipses described by 
the resonance condition in the normalized momentum spaces 

Figure 11. Time evolution of (a) Ip and Bv, (b) loop voltage, and 
(c) nℓ in the 66 kA plasma ramped-up with the 28 GHz wave. The 
vertical field Bv is slowly ramped up to attain the 66 kA plasma 
current non-inductively. The line-integrated density evolution, in the 
pre-ionization and current-decay phases when the flux surfaces are 
not necessarily formed, is also shown in the figure, along with the 
nℓ evolution.

Figure 12. Resonant ellipse for relativistic Doppler-shifted 
fundamental ECR at R = 0.26 m. Momentum contours with 10 keV 
and 100 keV are also shown. Minimum parallel energy E min

//
 of 

P min
//  is about 100 keV. Maximum parallel energy E max

//
 of P max

//  
and the energy Etop with P max

⊥  are also indicated. The energy Etop 
is 1.14 MeV.
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