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Spatial Resolution of the Heavy Ion Beam Probeon LHD
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The sizes of sample volumes, which determine the spatial resolution, are estimated by trajectory calculation
for the heavy ion beam probe on LHD. The beam width, the divergence, and the beam energy difference are taken
into account. From the points of view of the spatial resolution and the signal intensity, parallel beam is suitable
for the injection beam. The size of the sample volume by the parallel beam with 10mm diameter is42mm. It is
sufficient to measure the potential profilein the internal transport barrier in the LHD plasma. Taking into account
the spatial profile of the beam, the spatial resolution will be better than 42 mm.
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1. Introduction

Radial electric field is a key parameter to determine
the confinement of magnetically confined fusion plasmas.
Heavy ion beam probe (HIBP) [1] is a unique tool to mea-
sure the electrostatic potential and density fluctuation di-
rectly and simultaneously in high temperature plasmas.
A HIBP has been installed on the Large Helical Device
(LHD) in order to study the transport phenomena in plas-
mas[2].

In the HIBP, singly charged positive ions, referred as
the primary beam, are injected into plasma. They are ion-
ized by collision with the plasma on their trgjectory. Some
of them become doubly charged ions, referred as the sec-
ondary beam, in the ionization and depart from the plasma.
In the process, the total energy of the injected ions in-
creases by the electrostatic potential energy at the ioniza-
tion position. The secondary beams are produced along the
primary beam trajectory, but the ionization position of the
detected secondary beam can be estimated by thetrajectory
calculation because the injection- and detection-positions
and the beam energy are known. Thus, we can measure the
electrostatic potential at the ionization position through the
energy analysis of the secondary beam.

In the experimental condition, the beam has a finite
width and the detector also has a finite area, so the de-
tected secondary beam comes from a finite volume. Thus,
the observed region has a finite volume, which is referred
as a sample volume. The size of the sample volume de-
termines the spatial resolution of the HIBP. Therefore, the
estimation and the optimization of the sample volume are
important for the high spatial resolution, and they are esti-
mated for previous HIBPs[3,4].

In this article, we estimate the sample volumes of the
LHD-HIBPwith trajectory calculation. In the section 2, we
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estimate the sample volume which is formed by a beam
with designed conditions. In the section 3, the beam width,
divergence, and energy difference are taken into account,
and the effects on the sample volumes are estimated. In the
section 4, the spatia resolution is evaluated and the guide
line for the optimization is discussed.

2. Sample Volumes by a Beam with
Designed Properties

In the case that a probing beam is injected from the
designed point with mono-energy and no divergence, the
sample volume becomes a line segment on the primary
beam trajectory. The length is determined by the dlit open-
ing (1mmx 30mm) in front of the energy analyzer. The
length of the sample volumes are shown in Fig. 1, where
the horizontal axisindicates the position of the sample vol-
umes. The size of the sample volumes is almost constant
(~0.55mm), and it means that the spatial resolution does
not depend on the position of the sample volume signifi-
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Fig.1 Length of sample volumes when the designed beam is
injected. The horizonta axisisthe position of the sample
volume.
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cantly. In the latter sections, the size of the sample volume
is calculated when the sample volume is located near the
plasma center (zy, = 0).

3. Expansion of the Sample Volumes
by the Beam Width, the Diver-
gence, and the Energy Difference

In this section, the beam width, the divergence of the
beam, and the energy difference are taken into account to
estimate the sample volume.

A sample volume spreads in three-dimensional space
as shown in Fig.2, so its size should be expressed with
the volume. In this article, however, we ignore the toroidal
dimension and estimate the maximum length in residual
dimensions (the major-radius and the vertical directions)
S0 asto estimate the spatial resolution on a poloidal plane.
Thelength is expressed by L, in this paper.
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Fig. 2 A sample volume, assuming the beam with the diameter
of 10 mm isinjected into the designed direction. X-, Y-,
and Z-axes are the major radius, toroidal displacement,
and vertical axis, respectively, as shown in Fig. 3. In the
calculation, the beam with the diameter of 10 mm is di-
vided to 1290 pencil beams, and the black area shows the
bunch of the ionization positions of the detectable sec-
ondary beams and it is the sample volume. Each contour
indicates the distribution of the number of the ionization
positions projected on each plane.
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Fig. 3 Typical beam trajectory and the coordinate.

The X, Y, Z coordinate is a rectangular coordinate
system, where the X axis paralel to the major radius, the
Y axisis paralel to the toroida direction at the injection
point. The X, y, z coordinate system is a transformed co-
ordinate, wherethe X, Y, Z coordinate is rotated 25 degree
about Z axisand 7.8 degree about the transformed Y axis (y
axis). The z axisis along the designed injection direction,
asshownin Fig. 3.

3.1 Beam width (4w)

Figure 4 (a) shows the intersection between the sec-
ondary beam trajectories and the dlit plane, which is a
plane including the dlit opening and perpendicular to the
designed beam line as shown in Fig. 3. Since the secondary
beams are produced on the primary beam trgjectory and
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Fig. 4 Intersection between the secondary beam trajectories and
the dlit plane. dV and dH indicate the distances from the
center on the dlit in the vertical and horizontal directions,
respectively. The numbers in the figure indicate the in-
jection condition as (4x, 4y). (b) Initial injection condi-
tions with which the secondary beams can be detected
by the detector. The conditions marked by + indicate
the initial conditions which are used in the calculation.
The conditions marked by circles indicate that the sec-
ondary beam with the initial conditions can be detected.
(c) beam-width dependence of Lg,.
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they become asort of sheet beam, theintersection becomes
a curved line. The origin indicates the center of the dlit.
It indicates that the beams with the diameter of 2mm or
larger starts to come out of the detector. However, the dis-
placement of the intersection due to 4x is opposite to that
by Ay, so the displacement can be compensate with the ap-
propriate combination of 4x and Ay. Figure 4(b) shows
the calculated initial conditions. The secondary beam can
be detected when the primary beam is injected with the
initial condition marked by the circles.

The beam-width dependence of the size of the sample
volume (Lg,) is shown in Fig.4(c). The diameter of the
aperture in the injection-side beam line is 25mm, so the
Lsy can be 63 mm at most.

3.2 Divergence

Figure 5(a) shows the change in the intersection be-
tween the secondary beam tragjectories and the dlit plane
when the divergence is changed. The displacement of
the intersection due to the divergence in the x-direction
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Fig. 5 (a)lIntersection between the secondary beam trajectories
and the dit plane. (b) Injection conditions. (c) Divergence
dependence of Lsv. The horizontal axisis the divergence

and AVyans = /AV2 + A2,

(4vx/ Vo) is opposite to that due to the divergence in the
y-direction (4v,/vp). The relation is similar to that of dis-
placement due to the beam width.

The calculated injection conditions are shown in
Fig.5(b). Theinitial conditions marked with circles indi-
cate that the beam with the initial conditions can be de-
tected. Compared with Fig. 4 (b), they are distributed in
quite narrow region in the divergence space.

The divergence dependence of Lg is shown in
Fig.5(c). The diverging beam is injected with AVians/Vo,
where AVi,,s = AVZ + 4v:. The divergence is limited to
0.05 by the sweeper geometrically. The size of the sam-
ple volume could be about 0.5m if the divergence is not

appropriate.

3.3 Beam energy

The finite energy distribution of the probing beam
causes the expansion of the sample volume because the
beam with the different energy traces different trajectory.

In the LHD-HIBP system, possible sources of the en-
ergy difference are sputter-type negative ion source and a
tandem accelerator.

The energy spread due to the negative ions source has
been measured and it is about 8€eV [5]. In the tandem ac-
celerator, a gas cell is used to strip electrons from the in-
jected negative ions. The energy spread is predicted to be
20 electron-volts or less [6]. Thus, 20€V is the minimum
energy spread of the probing beam.

In addition to that, if the gas pressure in the gas cell
is not suitable and the pressure in the accelerator tube is
not negligible, the charge-stripping process occurs in the
accelerator tube. As the results, the beam with lower en-
ergy is produced. On the other hands, we use a cylindri-
cal deflector in order to deflect the beam at 90 degrees to-
wards the LHD, and it also works as an energy filter. The
radius of the deflector (R) is 4.8 m and the gap of the elec-
trodes (4R) are 30mm, so the energy difference (4K) of
the beam which can pass through the deflector is estimated
as 4K /Ko ~ AR/R ~ 6.25 x 1073, and 4K ~ 37.5 (keV)
for the beam energy (Kg) of 6 MeV. Thus, the maximum
energy difference for the 6MeV beamis 37.5kV.

Figure 6(a) shows the intersection between the sec-
ondary beam trajectoriesand the dlit plane. It indicates that
the probing beams with the energy difference of 22keV or
moreis not detected and they do not contribute to form the
sample volumes.

The energy-difference dependence of Lg, iS shown in
Fig. 6 (b), wherethe beam energy isfrom Ko—4Kg to Kp. It
indicates that the size of the sample volume increases lin-
early with |[4Kg| in the case |4Kp| < 20keV. In the case that
|[4Ko| > 20keV, the size of the sample volumes is constant
because the beam with |4Kg| > 20keV is not detected as
shown in Fig. 6 (a).

The expansion of the sample volume due to the en-
ergy differenceis 12 mm at most. On the other hand, if the
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Fig. 6 (a) Intersection between the secondary beam trajectories
and the dit plane. (b) Energy-difference dependence of
Ls,. Theinjected beam energy isfrom Ko — 4Kq to Ko.

charge stripping in the accelerator tube can be negligible,
the expansion of Lg, isnegligible size. Thus, the minimiza-
tion of the pressure in the accelerator tube isimportant.

4. Discussion

We discuss the guide line to optimize the spatial reso-
lution.

In the experiment, the beam width and the diver-
gence can be controlled by doublet-quadrupole lenses in
the injection-side beam line. Judging from Fig. 4 (c) and
Fig. 5(c), the divergence expands the sample volume more
effectively than the beam width does. For example, a di-
vergence of 0.01, that is possible value in the experiment,
causes Lg, of 100 mm, though the maximum beam width
which is limited to 25mm by an injection-side aperture
causes Ly, of 63mm. In addition to that, the detectable
initial-condition region in the divergence space (Fig. 5 (b))
is narrower than that in the beam width space (Fig. 4 (b)).
From the view point of the secondary beam intensity, the
divergence should be as small as possible. Thus, a parallel
beam, AVians/Vo = O, is preferred for measurement with
the better spatial resolution.

The parallel beam with the diameter of 10 mm can be
injected in present experiments, and the size of the sam-

ple volume is 42mm as shown in Fig.4(c). It is enough
small to observe the potential profile in the electron inter-
nal transport barrier [7-9] in the LHD plasmas because the
characteristic scale length is a few hundred mili-meters.
However, assuming turbulence satisfies ko; ~1, wherek is
the wave number of the turbulence and p; istheion’s Lar-
mor radius, the size of the sample volumeislarger than the
wave length of the turbulence (~ afew ten mili-meters).

One of methods to reduce the sample volume is to
narrow the dit opening. As shown in Fig. 4-6 (a), the hor-
izontal width of the dlit determines the size of the sample
volume. In the case that the dlit opening is 1 mm x 15mm,
which is a half of the present dlit width, the size of the
sample volume becomes 28 mm. It is comparable to the
turbulence with ko; ~ 1.

Actualy, the estimated size of the sample volume is
the length of the largest dimension, but most of the sec-
ondary beams come from smaller region of the samplevol-
ume as shown by the contoursin Fig. 2. In addition to that,
since the probing beam has a spatial profile peaked at the
center of the beam, the information from the central region
of the sample volume becomes dominant. Thus, the effec-
tive spatial resolution is smaller than the above estimated
size of the samplevolume. Theanaysisincluding the beam
profile is necessary to assess the ability of the turbulence
measurement.
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