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A decrease in the electron density is observed during high-power heating, particularly in electron cyclotron
resonance heating (ECRH). One possible mechanism is the increase in the number of trapped particles, which can
enhance the radial particle ﬂux, because ECRH accelerates electrons in a direction perpendicular to the magnetic
ﬁeld lines. To observe the eﬀects of the production of trapped particles, high-power (1 MW) ECRH was applied
at the ripple bottom of the magnetic ﬁeld strength, where trapped particles are readily produced. A rapid local
outward ﬂux of electrons was ﬁrst observed near the heating position shortly after ECRH injection. The outward
ﬂux is proportional to the electron density in the density range of 0.4 × 1019 to 0.8 × 1019 m−3 . The inward
electron ﬂux was subsequently enhanced in the core region.
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1. Introduction
Density pump-out has been observed in both tokamaks and helical systems [1] during high-power heating, particularly in electron cyclotron resonance heating
(ECRH). It can also change the electric potential to positive [2]. The change in the radial electric ﬁeld structure
signiﬁcantly aﬀects conﬁnement [3]. Changes in the electron density and radial electric ﬁeld are the result of direct
and indirect mutual interactions. Therefore, a good understanding of density pump-out phenomena is important for
the control of the particle and heat transport and clariﬁcation of the role of the radial electric ﬁeld in conﬁnement.
One possible density pump-out mechanism is the production of trapped particles due to the acceleration of electrons in a direction perpendicular to the magnetic ﬁeld
lines by ECRH [4]. The deviation of the drift surfaces
from the magnetic surfaces is larger for trapped particles
than for passing particles. Furthermore, the center of the
trajectory shifts with the transition from passing particles
to trapped particles. This shift enhances the particle ﬂux
and decreases the electron density. The other mechanism
proposed for density pump-out is conﬁnement degradation
due to the increase in the electron temperature gradient
and the excitation of instabilities such as trapped electron
modes [5]. Such a degradation of particle conﬁnement is
also observed in a tangential-negative-ion-based neutralbeam-heated plasma in the Large Helical Device (LHD)
for low-density plasmas, where electron heating is domiauthor’s e-mail: makino.ryohhei@ms.nifs.ac.jp
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nant parallel to the magnetic ﬁeld. This study reports the
plasma’s response to high-power ECRH applied at the ripple bottom of the magnetic ﬁeld strength, where trapped
particles are readily produced, enhancing the ECRH induced direct ﬂux [6].

2. Experimental Setup
To observe the eﬀects of the increase in the number
of trapped particles, 1 MW 77 GHz ECRH was injected to
the bottom of magnetic-ripple, where the eﬀects of trapped
particles are expected to be enhanced, in LHD. LHD parameters are a pole number of 2 and a toroidal period number of 10. The aspect ratio is about 6, and the minor radius
a99 is about 0.6 m. Plasmas are sustained by negative-ion
neutral beam injection (NBI) heating. Second-harmonic
X(X2)-mode ECRH is used, because X2-mode ECRH increases the perpendicular speed more directly than the fundamental O-mode. In the Compact Helical System (CHS),
X2-mode ECRH pumped out electrons more eﬀectively
than O-mode ECRH [1]. The power deposition proﬁles
are set sharp at the minor radius reﬀ = 0.19 m on the outer
side of the torus, as shown in Fig. 1. The magnetic ﬁeld
strength is adjusted to the second-harmonic resonance condition (1.375 T for 77 GHz) at the desired position. Helical systems have a ripple in the magnetic ﬁeld strength
caused by the toroidicity and the variation in the distance
from the helical coils, which is called a helical ripple. Figure 2 (a) shows the magnetic ﬁeld strength contour on the
poloidal-toroidal plane and some magnetic ﬁeld lines at reﬀ
= 0.19 m. Figure 2 (b) presents the magnetic ﬁeld strength
at positions along the magnetic ﬁeld line. The helical rip-

2402115-1

c 2013 The Japan Society of Plasma

Science and Nuclear Fusion Research

Plasma and Fusion Research: Regular Articles

Volume 8, 2402115 (2013)

Fig. 1 Heating position and resonance layer on the cross section
of torus. ECRH is injected to the magnetic ripple bottom
at reﬀ ∼ 0.19 m.

Fig. 3 Temporal evolution of (a) ECRH injection power, (b)
line-integrated electron density from the upper to lower
trace at R = 3.669 and 4.119 m measured by FIR laser
interferometers, (c) electron temperature and (d) electric
potential near the heating position (reﬀ ∼ 0.19 m). Magnetic axis Rax is 3.6 m. Minor radius a99 is 0.6 m.

3. Experimental Results

Fig. 2 (a) Magnetic ﬁeld strength contour and ﬁeld lines on the
toroidal-poloidal plane at reﬀ = 0.19 m. (b) Magnetic ﬁeld
strength at positions along the magnetic ﬁeld line.

ple is small at the outer side of the torus (near poloidal
angle of 0◦ ) for the magnetic axis at 3.6 m. ECRH was
applied at the ripple bottom of the magnetic ﬁeld strength
along the magnetic ﬁeld line at reﬀ = 0.19 m. ECRH was
modulated as 100 ms on and 110 ms oﬀ. The electron density is about 0.6 × 1019 m−3 , which is below the cutoﬀ density of X2-mode.
The line-integrated electron density was measured by
multichannel far-infrared (FIR) laser interferometers. The
local electron density was measured and estimated by both
Thomson scattering (TS) and Abel-transformed FIR interferometer (Abel-FIR) data [7]. The electron temperature
and electric potential were measured by using TS and a
heavy-ion beam probe (HIBP), respectively.

Figure 3 shows the temporal evolution of the lineintegrated electron density, electron temperature, and electric potential measured by the FIR laser interferometers,
TS and HIBP, respectively. The line-integrated electron
density, electron temperature, and electric potential are
modulated by ECRH. Figure 4 presents the electron density, electron temperature and electric potential proﬁles
measured by TS and HIBP. These proﬁles were measured
at the beginning and after 80 ms of ECRH injection. The
electron temperature and electric potential were almost
saturated at 80 ms after the ECRH injection beginning.
To clearly observe the temporal response to ECRH, the
measured data were superposed and averaged over all the
ECRH modulation periods according to the relative time
from the turn on/oﬀ phase (lock-in method). Figure 5
shows the line-averaged electron density measured by the
FIR laser interferometers and locked by the ECRH modulation period. The line-averaged electron density was decreased by ECRH, which is usually reported for density
clamping or pump-out. The local electron density locked
by the ECRH modulation period is shown in Fig. 6. A
rapid decrease in the electron density was observed near
the heating position for 5 ms after the start of the bottom
ECRH (Figs. 6 (a), (b)). The rapid decrease was observed
by both Abel-FIR and TS. It occurred only inside the heating position (reﬀ < 0.19 m), as shown in Fig. 6 (c). After
that, the electron density slowly increased with a time constant of about 40 ms. Figure 7 presents the temporal evolution of electric potential, electron temperature and electron
density measured by HIBP, TS and Abel-FIR, respectively,
inside the heating position, where the rapid decrease in the
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Fig. 4 Proﬁles of (a) electron density measured by TS, (b) electron temperature and (c) electric potential before ECRH
injection (blue, dt = 0 ms) and 80 ms after ECRH injection (red, dt = 80 ms).

Fig. 6 Temporal evolution of electron density measured by (a)
Abel-FIR and (b) TS near the heating position. (c) Electron density measured by Abel-FIR at each position.
Heating position is reﬀ ∼ 0.19 m.

Fig. 5 Temporal evolution of line-averaged electron density
locked by ECRH modulation period.

density was observed. A rapid increase in the electric potential was observed in phase with the rapid electron density decrease, both the increase and the decrease occurred
only inside the heating position. The change in the electric
potential is qualitatively consistent with the decrease in the
electron density. The rapid increase in the electric potential and the decrease in the electron density indicate that
ECRH enhances the outward ﬂux of electrons shortly after
the ECRH beginning.

4. Discussion
4.1

Particle ﬂux induced by ECRH
The continuity equation of electrons can be written as
∂ne
= −∇ · Γe + S ,
∂t

Fig. 7 Temporal evolution of electric potential, electron temperature T e and electron density ne near the heating positon
(reﬀ ∼ 0.14 m).

deduced by equation (2).

1 r  ∂ne 
r
Γe = −
dr .
r 0
∂t

(2)

The electron ﬂux Γe can be expressed by equation (3)
(1)

[8].

where S is the electron source term, and Γe is the electron ﬂux. Because the electron ﬂux can be experimentally
2402115-3

Γe = ΓNC + Γanom (ne , T e , ∇ne , ∇T e , ∇Er , . . .)
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near the heating position on a short time scale for 5 ms after the start of ECRH for the ﬁrst time. In the case that the
change in the outward particle ﬂux is caused by the transition from passing particles to trapped ones, the outward
ﬂux is driven locally within time scales on the order of
the transition time from passing particles to trapped ones
and the transit time of trapped particles. In the second cyclotron resonance heating, the rate at which passing particles change to trapped ones can be deduced as equation
(5) [4].
1 v̇⊥
Pab
=
,
=
τ v⊥ 2ne T e

Fig. 8 (a) Electron ﬂux estimated by Abel-FIR. (b) −∇ne , (c)
−∇T e estimated with ne , T e measured by TS. (d) Electron temperature increment ratio to that just after ECRH
injection.

where ΓNC is the neoclassical particle ﬂux, Γanom is the
anomalous particle ﬂux, and ΓECRH is the particle ﬂux enhanced by ECRH. The electron ﬂux of neoclassical theory
is written by equation (4) [9].
ΓNC = −De,n ∇ne − ne De,T

1
∇T e
Te

(5)

where v⊥ is the electron velocity perpendicular to the magnetic ﬁeld lines, and Pab is the absorbed ECRH power averaged on the magnetic surface. For a total absorbed ECRH
power of Ptot ∼ 1 MW, ne ∼ 0.6 × 1019 m−3 , T e ∼ 2 keV,
power deposition location reﬀ ∼ 0.19 m, ECRH absorption
depth XECRH ∼ 30 mm, the magnetic axis Rax ∼ 3.6 m, the
time constant of the transition is estimated as τ ∼ 3 ms by
equation (5). Further, the transit time of the trapped particles is estimated to be about 10 ms [4].
From 8 ms after the start of ECRH, an inward electron
ﬂux was observed in the core region of the plasmas. In addition, an outward electron ﬂux was observed in the peripheral region. These electron ﬂuxes are in the same direction
as −∇ne (Fig. 8 (b)). However, they are not in the same direction as −∇T e (Fig. 8 (c)). The electron density gradient
was decreased by ECRH near reﬀ ∼ 0.4 m, and the electron
density was higher at 20 ms after the start of ECRH injection than when ECRH began near the heating position
reﬀ ∼ 0.19 m. Thus, the inward ﬂux cannot be explained
by the change in the density gradient. These results may
indicate that the diﬀusion coeﬃcient for the density gradient increased because the temperature was increased by
ECRH. In addition, a positive radial electric ﬁeld was generated at 0.2 m < reﬀ < 0.4 m by ECRH. It is possible that
the positive radial electric ﬁeld reduces the outward particle ﬂux. From 8 ms after the ECRH injection, the inward
ﬂux was larger than the outward ﬂux induced directly by
ECRH. Consequently, the electron density increased in the
core region starting 8 ms after ECRH injection beginning.

(4)

Density dependence of outward ﬂux induced by ECRH shortly after heating

where De,n , De,T , and De,E are diﬀusion coeﬃcients, and
Er is the radial electric ﬁeld. Figure 8 shows the temporal
evolution of the proﬁles of Γe , the gradients of the electron density and temperature, and the increment ratio of
the electron temperature from the beginning of ECRH. The
electron ﬂux Γe is deduced by equation (2) with the electron density estimated by Abel-FIR. The electron density
gradient and temperature gradient were calculated with the
electron density and temperature measured by TS.
The rapid local outward electron ﬂux was observed

Density-ramp-up experiments were performed to clarify the parameter dependence of the ﬂux induced shortly
after the start of ECRH. The plasmas were sustained by
NBI, and modulated ECRH was applied. Figure 9 shows
the electron density and temperature measured by TS and
the electron ﬂux deduced by equation (2) with the electron
density estimated by Abel-FIR. These are the values near
the EC heating position (reﬀ ∼ 0.19 m). An outward electron ﬂux was observed near the heating position shortly
after the start of ECRH. Figure 10 presents the density dependence of the ECRH induced ﬂux. ΓECRH,s is the diﬀer-

eEr
− ne De,E
,
Te

4.2
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proportional to the electron density in the density range of
0.4 × 1019 to 0.8 × 1019 m−3 . In the single-particle theory [4], the particle ﬂux enhanced by the production of
4
helically trapped particles is proportional to n−2
e T e for the
collision rate region of these plasmas. This electron ﬂux
ΓECRH,s cannot be expressed by the single-particle model
for the ﬂux enhanced by the transition from passing particles to helically trapped particles by ECRH. This indicates that either another model is needed for the eﬀects of
the production of trapped electrons induced by ECRH, or
anomalous transport is dominant.

5. Summary

Fig. 9 Temporal evolution of ECRH injection power, electron
density, temperature measured by TS, and the electron
ﬂux estimated using the electron density data measured
by FIR-Abel near the heating position (reﬀ ∼ 0.19 m).

To observe the eﬀects of the production of trapped particles, high-power ECRH was applied at the bottom of the
ripple in the magnetic ﬁeld strength in LHD. The temporal
evolution of the electron density, temperature and the electric potential proﬁles were measured during high power
EC heating. A rapid local decrease in the electron density and change in the electric potential to positive values
were observed for 5 ms after the beginning of EC heating.
This indicates that an outward electron ﬂux is enhanced by
ECRH. The rapid local outward electron ﬂux induced by
ECRH was ﬁrst observed near the heating position shortly
after the start of ECRH injection. The outward ﬂux is approximately proportional to the electron density in the density range of 0.4 × 1019 to 0.8 × 1019 m−3 , and it cannot
be explained by the single-particle theory for the ﬂux enhanced by the transition from passing to helical trapped
electrons caused by ECRH. Starting 8 ms after ECRH, an
inward electron ﬂux was observed in the core region. The
main candidate for the cause of the inward electron ﬂux is
the increase in the diﬀusion coeﬃcient of the density gradient and the generation of a positive radial electric ﬁeld
by ECRH.
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Fig. 10 Density dependence of electron ﬂux shortly after ECRH
injection near the heating position (reﬀ ∼ 0.19 m).

ence between the peak value of the electron ﬂux Γe shortly
after the ECRH and the electron ﬂux before the ECRH.
The error bars for ΓECRH,s are estimated by considering the
standard deviation of the electron density arising from the
Abel transform of the line-integrated electron density measured by the FIR laser interferometers. ΓECRH,s is roughly
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