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Abstract

The path integral effects were simulated for the magnetic field fluctuation measurement using a gold neutral beam
probe method. In this simulation, we considered separately the influence of the magnetic field fluctuation components
(AB,, ABg and AB,) on the path integral effects. The deflection caused by the azimuthal fluctuation component ABy is 2
[mm] on the detector surface in case of the central passing beam, whereas the deflection caused by AB, is about 0.2
[mm]. The beams are mainly influenced by ABy. It was found that use of the energy sweeping beam was effective to
estimate the ABy. We obtained the criterion of the magnetic field fluctuation measurement using the gold neutral beam

probe.
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1. Introduction
In the tandem mirror GAMMA 10, confinement poten-

tials are generated by carrying out electron cyclotron reso-
nance heating at both plug regions of the plasma. The gener-
ated potentials are measured with the gold neutral beam
probes (GNBP) using gold neutral particle as the primary
beam. We measured the radial and two-dimensional profiles
of the potentials by the GNBPs installed in the central cell
and the barrier cell [1,2], and also measured fluctuations with
low and high frequencies [3]. However, the beam probe
methods always contain the problem of the path-integrated
signals as the path integral effects [4]. It is quite important to
estimate the path integral effects in the beam probe methods.
An improved electrostatic analyzer in the GNBP system was
newly installed in the central cell as shown in Fig. 1. Two
types of microchannel plate detectors are used in the analyz-
er, that is, one is used for the potential measurement, and the
other is used for the magnetic field fluctuation measurement.
Because of using the neutral particle as the primary beam,
only the orbits of the singly charged secondary ion beam are
influenced by the change of the magnetic field. This is an
important point different from the Heavy Ion Beam Probe
(HIBP) methods. Therefore, the path integral effects appear
only on the orbits of the secondary beam in the measurement
of the magnetic field fluctuation.

2. Principle of magnetic field fluctuation

measurement using GNBP
The orbits of the secondary ion beam are influenced by

the magnetic field fluctuation excited in the plasma. The shift
of the detected position of the secondary beam on the detec-
tor includes the information of the path-integrated magnetic
field fluctuation. As the axial velocity v, of the secondary
beam is much smaller than the radial velocity v, and the
azimuthal velocity vy, the fluctuation components of the
Lorenz force caused by the fluctuation components AB,, 4, .
of the magnetic field are described approximately as follows,

AF, V4B, —v,AB, V,AB,
AF, |[=q| v.AB,—v,4B, |= -0, 4B,
AF, v,AB, —1,AB, v,AB, — y,AB,

The component AF, moves the secondary beam along the z-
axis, though the radial component AF, and the azimuthal
component AF, change the injection angle of the secondary
beam into the analyzer. We pay attention to the component
AF, and estimate the path-integrated value of the magnetic
field fluctuation, because AF, does not have any influences
on the potential measurement.
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GoldNeural Beam Probe System at Central Cell

Fig. 1

New Energy

z=1.18 [m]

MCP Detectors

The schematic GNBP system in the central cell.
Coordinates are as shown in figure. An improved
analyzer was newly installed. The primary beam of
gold neutral particle is ionized in the plasma region,
and the secondary ion beam enters the analyzer.

(a) Beam Orbit for Deflector Sweep
(no plsma potential)

3. Beam simulation in the plasma with the
magnetic field fluctuation
3.1 Simulation parameters
It is necessary to estimate the beam deflection caused by
the magnetic field fluctuation. In this simulation, we exam-
ined the trajectories of the secondary gold ion beams moving
in the magnetic field of the GAMMA 10. The magnetic field

fluctuation B | is independently assumed to be described as
follows,

Bcos(wt + ¢)-7 (r<0.2[m]), 0 (r>0.2[m])
El(r,e,z) =|Bcos(w? + (p)@ (r<0.2[m]), 0 (r>0.2[m])|,
Bicos(gt + (15)'2 (r<0.2[m]), 0 (r>0.2[m])

where B, is the magnitude of the fluctuated magnetic field, @
is the angular frequency of the fluctuation, ¢ is the initial
phase at the ionization point of the secondary beam, and 7, é,
Z are the radial, azimuthal, axial unit vectors, respectively.
We consider the phase dependency by changing from 0 to

(b) Beam Orbit for Energy Sweep

(no plsma potential)
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Fig. 2 Beam orbits and radial velocity components. The electrostatic potential was assumed to be zero. (a) Orbits for the vertical
sweeping beams by changing the injection angle. The ionization points move to above along the x-axis. Each line shows
the radial position of ionization points that can enter the analyzer. (b) Orbits for the energy sweeping beams. The ionization
points move to backward along the beam path. (c) The ratio of radial velocity component to the beam velocity with the ver-
tical sweeping beams. (d) The ratio of radial velocity component to the beam velocity with the energy sweeping beams.
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(a) B1=0.01[T] @=100kHz for Deflector Sweep
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(b) B1=0.01 [T] o=100kHz for Energy Sweep
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Fig. 3 Radial profiles of the beam deflection. The single component of §1, B,=0.01 [T], the frequency of 100 [kHz], were assumed.
The vertical axis shows the fluctuated deflection amplitude Az. The horizontal axis shows the radial position of ionization
points. (a) In case of the vertical sweeping beam. (b) In case of the energy sweeping beam.

2r. In order to clear the path integral effects, we assume that
El has simple profile and only one component, that is, the
radial component, or azimuthal component, or axial compo-
nent. We estimated the detected position of the secondary
beam shifted in the direction of the z-axis due to one compo-
nent of B I

3.2 Velocity component of the secondary beam
At first, we estimated the influence of the velocity com-

ponents (v,, Vg) on the injection angle of the secondary beam
into the analyzer. In the GNBP method, the radial profile is
measured by sweeping the beam energy or the injection angle
of the primary beam into the plasma. The measurable points
are moved along the path of the primary neutral beam by
changing the beam energy, and also moved along the vertical
axis by changing the injection angle, as shown in Fig.
2(a)(b). The paths of the secondary beam are almost the same
in case of the energy sweeping, though the secondary beam
has various paths in case of vertical sweeping.

Figure 2(c) and 2(d) show the ratio (v,/v) of the radial
velocity components to the total velocity, respectively. In
case the primary beam is ionized near the center of the plas-
ma, the ratios (v,/v) are large in both sweeping, However, in
case of ionizing near the plasma edge (r ~ 0.2 [m]), the ratio
in the vertical sweeping is smaller than the ratio in the energy
sweeping.

Therefore the vertical sweeping beams were influenced by
radial and azimuthal components of B | in the core plasma
region (r < 0.2 [m]). It seems that the beam deflection paral-
lel to the z-axis is caused by both radial and azimuthal com-
ponents of B,. When we measure the radial profile of the ver-
tical sweeping, we can not separate the radial and azimuthal
components of the path-integrated magnetic field fluctuation.
But the energy sweeping beams are almost influenced by
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azimuthal component of B,, because the beams have large
ratio of v,/v in the core plasma region. Then the beam deflec-
tion profile by the energy sweeping beams will be sensitive
to the azimuthal component of the path-integrated magnetic
field fluctuation.

3.3 Radial profile of the beam deflection

Figures 3(a) and 3(b) show the deflection of the second-
ary beams in cases of the vertical and energy sweeping,
respectively. We assume that the magnitude B; of the fluctu-
ated magnetic field is 0.01 [T] and the frequency is 100
[kHz]. In the profile with the vertical sweeping beams, the
beam deflection caused by the azimuthal component is domi-
nant in the small region (r < 0.05 [m]) and the beam ionized
near the plasma edge is sensitive to the fluctuation of radial
component. As the estimation of the velocity component, the
vertical sweeping beams are influenced by the radial and
azimuthal components of the magnetic field fluctuation. But
in the profile with the energy sweeping beams, the beam
deflection is mainly caused by the azimuthal component,
because radial velocity component is dominant in the core
plasma region. The beam passing plasma edge is slightly
influenced by the radial B,, because the radial velocity of the
beam ionized near the plasma edge decreases when the sec-
ondary beam passes the center of the plasma. As a result, the
deflection is mainly caused by the azimuthal B | excited with-
in the radius of 0.1 [m].

4. Potential cross-talk effect

We estimated the “Potential Cross-Talk” effect in which
the detected position of the secondary beam shifted along z-
axis by both increasing the electrostatic potential and chang-
ing the magnetic field. Figure 4 shows the beam detected
position calculated on the assumption that the plasma poten-
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tial @ was a Gaussian type described as following expres-

sion,
2
7
2 9’
Ty

where @, is the electrostatic potential at the center and r is

D = Py xexp (—
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Fig. 4 Beam deflections caused by the electrostatic potential
and non-fluctuated B, was estimated at various mag-
nitude. The electrostatic potential was assumed to be
a Gaussian profile with the 1/e radius 0.1 [m]. The ini-
tial z coordinate of the secondary beam is z = 1.186
[m]. The beam energy with the electrostatic potential
increasing brings the beam deflection close to zero.
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the 1/e radius and assumed to be 0.1 [m]. The each sensitivity
of the deflection parallel to the z-axis is —1.6 X 10 [m/V] for
the electrostatic potential and 0.03 [m/T] for the non-fluctuat-
ed B,. We adopt the strong magnetic field (B; = 0.01 [T]).
Therefore, it is necessary for the magnetic field fluctuation
measurement by GNBPs that the potential and the beam
deflection are measured simultaneously.

5. Summary

We simulated the beam deflection on the assumption
that the radial, azimuthal or axial magnetic field fluctuations
existed. We found that the beam deflection of the vertical
sweeping beam was caused by both the radial and azimuthal
components of the magnetic field fluctuation, but in case of
the energy sweeping beam the deflection was mainly due to
the azimuthal magnetic field fluctuation. In the magnetic
field fluctuation measurement by GNBP methods, there was
the “Potential Cross-Talk” effect. The each sensitivity of the
deflection was —1.6 x 10 [m/V] for the electrostatic poten-
tial and 0.03 [m/T] for the non-fluctuated B I
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