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Heavy ion beam probe 共HIBP兲 for large helical device 共LHD兲 has been improved to measure the
potential fluctuation in high-temperature plasmas. The spatial resolution is improved to about 10
mm by controlling the focus of a probe beam. The HIBP is applied to measure the potential
fluctuation in plasmas where the rotational transform is controlled by electron cyclotron current
drive. The fluctuations whose frequencies change with the time constant of a few hundreds of
milliseconds and that with a constant frequency are observed. The characteristics of the latter
fluctuation are similar to those of the geodesic acoustic mode oscillation. The spatial profiles of the
fluctuations are also obtained. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2971207兴

I. INTRODUCTION

Heavy ion beam probe 共HIBP兲 is a unique tool for measuring the electrostatic potential and its fluctuation and density fluctuation in high-temperature plasmas directly and simultaneously without perturbing the plasmas. In large helical
device 共LHD兲, a HIBP using 3 MV tandem accelerator is
installed1,2 and the potential profiles are measured.3 However, there are some difficulties from the point of view of the
fluctuation measurement. The energy of the probe beam is in
MeV range for the LHD-HIBP. On the other hand, the amplitude of potential fluctuations in plasmas is expected to be
in the range from a few volts to hundreds of volts, and the
accuracy of the energy analysis is required to be 10−6 – 10−4.
Moreover, since the path length in the plasma is long, the
probing beam suffers strong attenuation and the signal intensity tends to be small. In order to improve signal to noise
ratio, therefore, an ion source,4 transport efficiency of the
beam line, a detector system have been improved. In addition
to that, optimization of spatial resolution is also necessary
for measuring fluctuations with small spatial structure. In this
article, the method to control the spatial resolution is described, and recent results of potential fluctuation measurement are presented.
II. SPATIAL RESOLUTION OF THE LHD-HIBP

Observation region has a finite volume determined by
beam width and size of a slit opening, which is referred to as
a sample volume. Since it determined the spatial resolution,
the control of the size of the sample volume is important for
measuring the potential profile with local gradient and the
potential fluctuation with small spatial structure. In previous
a兲
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article,5 the maximum length of the sample volume by the
parallel beam with the diameter of 10 mm is estimated to be
42 mm at the plasma center, which is small enough to observe a gradient of a potential profile but larger than structures of turbulence. One of the ways to reduce the size of the
sample volume is to control the focus of the probe beam.
In the LHD-HIBP, doublet quadrupole lens 共Q-lens兲 is
installed and the focus of the beam can be controlled in the
major radius direction and the toroidal direction independently. The width of the beam is measured in two dimensions
by beam profile monitors installed upstream and downstream
of the Q-lens, and the focus of the beam can be estimated.
Thus, we examined the dependence of the size of the sample
volume on the focus of the probe beam by use of trajectory
calculations.
As for the sample volume dimension in the toroidal direction, the width of sample volume in the toroidal direction
can be minimized by adjusting the toroidal focus of the
beam. However, such a beam diverges downstream of the
sample volume and the beam width can exceed the size of
the detector and the opening of beam line components. In
this article, therefore, the focal position of the beam in the
toroidal direction is fixed with a minimum at the detector to
avoid the loss of the secondary beam.
In order to examine effects of the focus in the major
radius direction, the sample volumes formed by the beam
with various focuses are calculated. The initial beam diameter is 10 mm, which is a typical value measured in experiments. Shapes of the sample volumes projected on a poloidal
cross section by tracing the magnetic field line are shown in
Fig. 1共a兲. Figure 1共b兲 shows dependence of a width of a
sample volume on the focus in the major radius direction,
where the vertical axis is the maximum width of the projected sample volume and the horizontal axis is the focal
position from the injection point. The size of the sample
volume reaches to the minimum value when the focal posi-
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FIG. 2. 共Color online兲 共a兲 Sweep voltage to control the injection angle of a
beam. 共b兲 Position of a sample volume estimated from the sweep voltage.
关共c兲 and 共d兲兴 Frequency spectra of potential and poloidal magnetic field
fluctuation, respectively. The colors indicate the common logarithm of the
power.
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FIG. 1. 共Color online兲 共a兲 Shapes of sample volumes projected on a vertically elongated poloidal cross section by tracing magnetic field lines. Only
outlines of the sample volumes are drawn. The colors indicate the distance
from the injection point to the focal position. 共b兲 Dependence of the width of
sample volume on the focus of the probe beam. The Horizontal axis is the
distance from the injection point to the focal position in the major radius
direction. Vertical axis is the maximum width of the projected sample
volume.

tion is located at around 3.6 m. Optimized spatial resolutions
in the poloidal cross section are 7, 11, and 19 mm in the case
of measurement at  ⬃ 0, 0.3, and 0.5, respectively. This is
sufficient to measure fluctuations with ki ⬃ 1 in the core
region using the HIBP, where k is the wave number of the
fluctuation and i is the ion’s Larmor radius 共approximately a
few tens of millimeters兲.
III. MEASUREMENT OF POTENTIAL FLUCTUATION

In LHD, a method to control the rotational transform
by electron cyclotron current drive 共ECCD兲 has been
developed.6,7 Changes in the behaviors of potential fluctuations are observed using HIBP in the case of co-ECCD, by
which the rotational transform is increased near the magnetic
axis.
Experiments have been performed in the magnetic configuration where Bt = 1.5 T, Rax = 3.75 m, Bq = 100%, and
␥ = 1.245. Hydrogen is used as the fuel gas. The energy of the
probe beam of the HIBP is 1.376 MeV. The focus of the
beam is adjusted to the optimized value as shown in Sec. II.
The plasma is produced and sustained by tangential neutral
beam injection 共NBI兲 from 0.4 to 2.4 s, and Co- and counter-

NBI are balanced to minimize the beam-driven plasma current 共Ohkawa current兲. ECCD is superposed from 1.0 to 1.6
s. The line integrated electron density is 0.1⫻ 1019 m−3, and
the central electron temperatures are 4.0 and 1.0 keV with
and without ECCD, respectively.
The position of the sample volume of HIBP is reciprocated from  ⬃ 0.1 to  ⬃ 0.4 at a frequency of 10 Hz. Note
that the estimation of the position has the error of 0.15 in
terms of  which is mainly caused by the misalignment due
to the stray magnetic field of LHD. The frequency response
of the amplifiers is improved up to 300 kHz and the sampling
frequency is 1 MHz.
Figure 2共c兲 shows the temporal evolution of the frequency spectrum of potential fluctuation. In the NBI phase
and the beginning of the superposition of ECCD 共0.5–1.15
s兲, coherent mode whose frequency rapidly changes from 40
to 60 kHz is observed. The mode is also observed in poloidal
magnetic field fluctuation in Fig. 2共d兲.
After the superposition of ECCD, some different modes
are observed in the frequency range of 40–120 kHz from 1.3
to 1.9 s. Their frequencies change gradually with the time
constant of a few hundreds of milliseconds. The behaviors of
the potential fluctuations are delayed by a few hundreds of
milliseconds from the timing of ECCD. The time delay probably corresponds to the time constant of the change in the
current profile. In addition to that, coherent mode with the
constant frequency of 32 kHz during ECCD and 19 kHz after
ECCD is observed. The temperature dependence of the observed frequency is similar to that of the geodesic acoustic
mode 共GAM兲 frequency8 共f GAM = 冑2CS / 2R0 for tokamaks,
where Cs and R0 are the ion sound velocity and the major
radius, respectively兲, although the absolute values of the
measured frequencies are lower than roughly predicted frequencies: 40 kHz during ECCD and 25 kHz after ECCD,
where the central temperature is used as the electron tem-
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of the sample volume estimated from the sweep voltage. The
profiles clearly indicate that the modes are excited at different positions locally in the plasma.
The mode with the GAM frequency is excited intermittently. To avoid misreading, three profiles obtained in sequential periods are shown in Fig. 3共c兲. In all periods, the
fluctuation with the GAM frequency exists in the inner region of the plasma. Theoretical study9,10 predicts that the
GAMs in helical plasmas tend to exist in the core region
where the rotational transform 共the safety factor兲 is small
共large兲 and the damping of the GAM oscillation is mitigated.
Although the mode structure is not identified yet, judging
from the temperature dependence of the frequency and spatial structure, the observed fluctuation is probably a GAM
oscillation.
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FIG. 3. 共Color online兲 Spatial distribution of potential fluctuations. 共a兲 Position of the sample volume. 共b兲 Temporal behavior of the frequency spectrum of the potential fluctuation. 关共c兲–共f兲兴 Power of a mode in each frequency range. The data from 1.75 to 1.80 s are analyzed in 共d兲–共f兲. Since the
fluctuation in 共c兲 shows intermittent behavior, three profiles obtained in
sequential periods are drawn.

perature and the ion temperature is assumed to 0.5 keV. As
shown above, the temporal behaviors of the fluctuations correlate closely with the change in the experimental conditions
and the behavior of the poloidal magnetic field fluctuations.
Therefore, it is concluded that the observed fluctuations are
due to the plasma.
Figure 3共b兲 shows the expanded view of the frequency
spectrum during one scan. It is a temporal evolution of the
spectrum but it also includes information relating to the spatial structure because the sample volume is moving in the
plasma. If the temporal variation is not significant, Fig. 3共b兲
can be regarded as the spatial distribution of the fluctuations.
In the period, the magnetic-fluctuation signal shows all
modes except the mode with the GAM frequency exists continuously, and Fig. 3共b兲 shows that the pattern of the spectrum except the change in the frequency is reproduced during
one scan of the probing beam. Therefore, the variations in
the power of the modes in Fig. 3共b兲 are mainly due to their
spatial structures.
The observed variations in the power of the mode in
each frequency range is plotted in Figs. 3共c兲–3共f兲, where the
horizontal axis is the normalized minor radius of the position

The fluctuations whose frequencies change gradually
and the GAM oscillation, which are observed from 1.3 to 1.9
s in Fig. 2, are observed only in the case of co-ECCD. Thus,
the excitation of the fluctuations probably depends on the
profile of the rotational transform and they seem to be excited when the magnetic shear is weak or reversed. Reference 11 shows that the lowest frequency of reversed shear
Alfven eigenmode 共RSAE兲 can become the GAM frequency,
and the observed fluctuation with the GAM frequency may
corresponds to the RSAE with the lowest frequency. In LHD,
both types of fluctuations 共GAM and RSAEs兲 were first observed in plasmas in which the magnetic shear is reversed by
neutral beam current drive.12 The fluctuations observed during co-ECCD are inferred to be excited by same physical
mechanism.
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