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A heavy ion beam probe �HIBP� has been installed on the Large Helical Device �LHD�. A
MeV-range beam is required for the LHD-HIBP. The probing beam is accelerated up to 6 MeV by
use of a tandem accelerator. A new energy analyzer with tandem electrodes has also been developed
to analyze such a high energy beam. As a result, a secondary beam can be detected and its energy
successfully analyzed. It is verified, in principle, that the potential profile can be measured using the
HIBP. © 2006 American Institute of Physics. �DOI: 10.1063/1.2338311�

I. INTRODUCTION

The radial electric field in magnetically confined nonaxi-
symmetric plasmas has been studied because it is an impor-
tant parameter in neoclassical plasma transport. In addition,
since the discovery of the H mode,1 the suppression of
plasma turbulence by shear flow induced by the gradient of
the radial electric field2 has been a point of focus of the study
of magnetically confined plasma. Therefore, measurement of
the radial electric field is important for transport study.

Heavy ion beam probes3 �HIBPs� have been applied in
various magnetically confined plasmas in order to measure
the electrostatic potential, its fluctuation, and density fluctua-
tion at the same position simultaneously. So far, many im-
portant results regarding plasma transport have been ob-
tained through the use of HIBPs. We have developed an
HIBP for the Large Helical Device �LHD� in order to mea-
sure its plasma potential profile.4,5 In this article, we will
describe the HIBP apparatus and its expected performance.

II. APPARATUS

Figure 1 shows a schematic of the LHD-HIBP system.
Singly charged positive ions, referred to as the primary
beam, are injected from a lower vertical port of the LHD.
They are ionized on their trajectory in the plasma due to
collision with the plasma. Some of them become doubly
charged ions, referred to as the secondary beam, and depart
from the plasma. They are selected by slits in a horizontal
port of the LHD shown in Fig. 1, and their energy is ana-
lyzed.

The beam line is composed of a negative ion source, a
tandem accelerator, deflectors, electrostatic lenses, two octu-

pole sweepers, and a tandem-electrode energy analyzer. Each
device is described in the following subsections.

A. The tandem accelerator and negative ion source

Since the magnetic field of the LHD is up to 3 T and the
Larmor radius of the probing beam has to be a few meters in
order to detect the secondary beam at the detector shown in
Fig. 1, a MeV-range beam of heavy ions is required for the
LHD-HIBP. In order to obtain such a high energy beam, a
tandem accelerator is used. In the tandem accelerator, singly
charged negative ions are initially accelerated toward a gas
cell located at the center of the accelerator, where high posi-
tive voltage is applied. They are ionized positively by the
collision with neutral particles in the gas cell, and are then
accelerated again toward the output port which is grounded.
Thus, the tandem accelerator can accelerate the beam twice,
and the acceleration voltage is reduced to half of the required
beam energy. In the LHD-HIBP, the acceleration voltage is
up to 3 MV, so singly charged positive ions having energy of
up to 6 MeV are available.

For use of the tandem accelerator, a negative ion source
is required as mentioned above. We selected a gold negative
ion source because the ion’s mass is suitable for the HIBP
and some gold negative ion sources had been developed in
other laboratories. Therefore, in the LHD-HIBP, singly
charged positive ions �Au+� are injected, and doubly charged
ions �Au2+� ionized in the plasma are detected. We have
developed negative gold ion sources whose maximum output
current is 12 �A in the steady operation.6

However, the tandem accelerator also has a disadvan-
tage. The accelerated negative ions are ionized in the gas cell
at the center of the accelerator, so the output current depends
on the ionization rate. The current ratio of the singly charged
ions to the incident negative ions is 0.1 or less. Thus, only a
probe beam of 1 �A is available, which is inadequate for
measurement of plasma fluctuations. This requires future im-
provement of the negative ion source and the gas cell.
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B. Beam control devices „deflector, steering
electrodes, and lenses…

In order to transport the probe beam though the whole
beam line with a total length of about 30 m, some electro-
static devices are installed to control the beam trajectory and
the focusing property.

As shown in Fig. 1, the ion source and the accelerator
are installed horizontally in the basement of the LHD build-
ing in order to allow easy maintenance and to avoid the stray
magnetic field of the LHD. The entrance port to the LHD is
the lower-vertical port, so the beam extracted horizontally
from the accelerator must be deflected at 90° towards the
LHD. For this purpose, an electrostatic cylindrical deflector
with a radius of 4.8 m was installed �referred to as 4.8 m
CD�. The singly charged ions with the energy of 6 MeV can
be deflected with the applied voltage of 37.5 kV which is a
practical voltage.

In order to adjust the focusing property, two electrostatic
quadrupole lenses, referred to as a quadrupole doublet, are
arranged as a focusing-defocusing pair. In the LHD-HIBP
system, two doublets are installed downstream of the 4.8 m
CD as shown by Nos. 8 and 10 in Fig. 1. The doublet shown
by No. 8 in Fig. 1 compensates for the unfavorable focusing
due to the 4.8 m CD, and that shown by No. 10 is used to
optimize the size of sample volumes in the plasma which
determines the spatial resolution.

Stray magnetic fields of the LHD cause deflection of the
beam in the beam line. According to trajectory calculation,
the deflection of a beam having an energy of 6 MeV is
30 mm or more at the injection port when the LHD’s mag-
netic field is 3 T on the magnetic axis, and the beam cannot
go through the beam line because the radius of an aperture is
15 mm. Steering electrodes are installed to compensate for
the deflection, as shown by Nos. 9 and 11 in Fig. 1.

C. Octupole sweepers

In helical systems, the probing beam is deflected in the
toroidal direction as well as in the radial direction, and the

angle incident to the energy analyzer changes during the
sweep of the probing beam as it measures the potential pro-
file. This change in the incident angle causes error in the
measurement of the beam energy because the energy is ana-
lyzed by measuring the range in the electric field of the en-
ergy analyzer. In the LHD-HIBP, two octupole sweepers are
installed at the LHD’s injection and extraction ports in order
to apply the active trajectory control method.7 The sweeper
at the injection port is used to select the position of the
sample volume, while that at the extraction port is used to
compensate for the change in the angle incident to the ana-
lyzer.

D. Primary beam detectors

Detectors with nine stainless steel plates were installed
on the first wall of the LHD in order to detect the primary
beam directly. The beam’s trajectory and width are estimated
by the use of the detectors.

E. Tandem-electrodes energy analyzer

The change in the energy of the extracted secondary
beam is analyzed in order to measure plasma potential. So
far, Green-Proca-type electrostatic analyzers8 have been used
in HIBPs. However, this type of analyzer requires an imprac-
tical applied voltage ��400 kV� for 6 MeV beams of the
LHD-HIBP. Thus, we have devised a new energy analyzer
with tandem electrodes,9 as shown in Fig. 2�a�. Since the
incident angles are 6° and 10° and are smaller than that of

FIG. 1. Beam line of LHD-HIBP.

FIG. 2. �a� Tandem-electrode energy analyzer. �1=6° and �2=10°. �b� The
results of the calibration experiment using 30 keV thallium beam. The hori-
zontal axis is the change in the incident angle from the designed incident
angle �6°�. The vertical axis is the normalized position of the beam on the
detector, and the change in the beam energy is estimated based on the
change in the normalized position. Each marked line shows the incident
angle dependence of the energy analysis of the beam whose energy values
are shown in the legend, where Wb is 30 keV.
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the Green-Proca-type analyzer �30°�, the voltages required to
analyze the 6 MeV beam decrease to 56.5 and 113.6 kV for
the first and second anodes, respectively.

The tandem-electrode energy analyzer has been cali-
brated by using 30 keV thallium �Tl+� beam. The focusing
property in relation to the incident angle ��1� is important for
the HIBP. Figure 2�b� shows the position of the beam on the
detector during the change in the incident angle, where the
vertical axis is the position normalized by the beam size
�ND�. The change in the incident beam energy �Wb� is ide-
ally proportional to that in ND. In Fig. 2�b�, the position of
the beam changes as the beam energy varies. This indicates
that the beam energy can be analyzed. In addition, the de-
pendence on the incident angle is weak near the designed
incident angle. In the LHD-HIBP, the change in the incident
angle is limited geometrically to within 0.5° by an aperture
and a slit. Therefore, the tandem analyzer is concluded to be
available for the LHD-HIBP. According to the calibration
experiment, the relation between the change in the normal-
ized position ��ND� and the change in the beam energy
��Wb� is �Wb=−2.27�10−3Wb��ND.

F. Detector

One of the most difficult problems for the LHD-HIBP is
the attenuation of the probing beam current on its trajectory
in plasmas.4 Thus, it is necessary that the small beam current
be detected with high efficiency. We have developed a detec-
tor utilizing microchannel plates �MCPs�. MCPs are used in
beam probes in GAMMA-10 at Tsukuba University.10 How-
ever, they have not yet been used for MeV-range heavy ions.
We examined the linearity of the detection efficiency of the
MCP by use of singly charged gold ions �Au+� with the
energy of 1–6 MeV. The results confirm that the MCP de-
tector responds linearly to the incident beam current.

In addition, the MCPs respond to the radiation from the
plasma as well as the probing ions. Thus, the performance of
the MCPs should be examined in an actual experimental situ-
ation. The radiation from plasma does not produce a signifi-
cant effect when the plasma density is low and the radiation
power is small �as shown later in Fig. 3�. Therefore, the
MCPs are available as the detector of the LHD-HIBP.

III. PERFORMANCE AS A DIAGNOSTICS SYSTEM OF
PLASMA POTENTIAL

Experiments to detect the secondary beam were initially
performed. Magnetic field strength of 2.75 T, 3.6 m major
radius of the magnetic axis, and plasma is produced by elec-
tron cyclotron heating �ECH�. The incident energy of the
probing beam of the HIBP is adjusted to 5.04 MeV in order
to observe the area near the center region of the plasma. The
incident primary beam current is about 0.1 �A. Figure 3�a�
shows the temporal behavior of the line-averaged electron
density. Figure 3�b� shows the voltage of the injection-side
sweeper. The primary beam is injected toward the center of
the plasma while the sweep voltage is 0 kV and the sample
volume is located near the magnetic axis. On the other hand,
the probing beam is blocked by the vacuum vessel of the
LHD when the sweep voltage is 14 kV. The secondary beam
signal is shown in Fig. 3�c�, where the nominal current gain
of the MCP is 105. The signal is averaged for 10 ms because
the secondary beam current is extremely small. It is detected
only while the primary beam is injected towards the plasma.
Therefore, the signal is not noise such as the radiation from
the plasma, and the secondary beam produced in the plasma
is detected successfully.

The secondary beam is also detected before the start of
the discharge as shown in Fig. 3�c�. It is produced through
ionization by the neutral gas in the vacuum vessel; this pro-
cess is referred to as gas ionization. Since there is no electric
field in the vacuum vessel when it does not contain plasma,
the energy of the secondary beam is identical to the incident
energy of the primary beam. Thus, the secondary beam en-
ergy can be controlled by the adjustment of the primary
beam energy, and in situ calibration of the energy analyzer
can be performed by using the secondary beam produced
through gas ionization. Figure 4 shows the analyzed second-
ary beam energies when energy values of the primary beam
are 5.042, 5.045�+3 kV�, and 5.046 MeV �+4 kV�, respec-
tively. The beam energy is analyzed successfully. The error
bars come from the signal to noise ratio which is larger than
the predicted plasma potential. However, the reason is that
the secondary beam current produced by the gas ionization is

FIG. 3. �a� Line-averaged electron density. �b� Sweep voltage. �c� Detected
secondary beam signal. The nominal gain of the MCP is 105.

FIG. 4. Comparison between the incident and the analyzed beam energy.
The horizontal and vertical axes are the incident and analyzed beam ener-
gies, respectively, and the energy is expressed as the difference from
5.042 MeV.
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quite small, as shown in Fig. 3�c�, and the error bar can
decrease to 100 eV or less in the low density plasma ��1
�1019 m−3� because the secondary beam current is at least
ten times larger than that in the gas-ionization experiment.
Therefore, the change in the potential during the formation
of the internal transport barrier, where the potential is pre-
dicted to change by a few hundreds volts, can be probably
measured.

The development of high-power ion sources and effi-
cient detectors to improve both the S/N ratio and the tempo-
ral resolution constitute important subjects for future study.

IV. SUMMARY

The MeV-range HIBP system has been installed on the
LHD. The beam line works as designed, and the secondary
beam produced in the plasma was successfully detected. The
system can analyze the energy of the secondary beam. There-
fore, it was verified, in principle, that the potential profile can
be measured by the HIBP.
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