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Abstract

Propagation characteristics and refractive effects of an oblique

electron thermal mode without boundary effects below the electron plasma

frequency are studied experimentally and theoretically in an inhomogeneous

magnetized plasma. The behavior of this mode observed experimentally was

confirmed by the theoretical analysis based on a new type of ray theory.
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1. Introduction

Electron plasma waves above the electron plasma frequency f have

been fairly investigated in a magnetized plasma. It is well known that

the mode can propagate below f as a Trivelpiece - Gould mode in a bounded

plasma [Malmberg and Wharton, 1966]. Associated with these modes,

resonance cone fields and its interference structure have been studied as

a diagnostic tool of plasma density and temperature of space and laboratory

plasmas. In connection with these problems, in particular, an oblique

propagation of electron plasma waves below f have been given much atten-

tion recently. Although this mode has been discussed in the phase velocity

surfaces of the Allis diagram [Allis et al., 1963], it has not been studied

in detail experimentally because of its complicated properties. In the

present paper, propagation characteristics and refractive effects of this

mode will be studied theoretically and experimentally in an inhomogeneous

magnetized plasma without boundary.

2. Basic Properties of Oblique Electron Thermal Mode

Let us first discuss the basic properties of an oblique electron

thermal mode. This mode is an electrostatic mode including electron

thermal effects, and can be derived from an electrostatic dispersion

relation. In order to study this mode, we calculate the phase velocity

surface, V =ui/k(cj>) from the dispersion relation, where $ is the angle

between the phase velocity and the static magnetic field. This is indi-

cated by V /C in Figure 1(A) in which C is the electron thermal velocity.
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We note that the V / C -curve in this figure is obtained under the condition

f<fD. f (f is the electron plasma frequency, and f is the electron

cyclotron frequency). The curve has been obtained for typical plasma para-

meters, however, we have the following basic properties of this mode; the

mode cannot propagate along and perpendicular to the magnetic field but

can propagate obliquely to it in the frequency region below f . Since

electron thermal effects are essential to this mode, this mode is called

an oblique electron thermal mode in the present paper. In order to confirm

this mode experimentally, we study the ray and group velocity surfaces.

These velocities are normalized to C and are denoted by V /C and V ,/C

in Figure 1(A), respectively. Detailed discussions of these velocity

surfaces have been presented in another paper [Ohnuma, 1978]. The ray

velocity surface is generally given by V =iu/kcos(e-<|>), where e is the

angle between the group velocity and the static magnetic field. From the

ray velocity surface, we can obtain wave fronts of an oblique electron

thermal mode radiated from a localized point source. Typical wave fronts

are indicated in Figure 1(B) for two cases of the plasma density. Only a

quarter part of wave fronts is shown for each plasma density, revealing

that the propagation of this mode is observed only for an oblique direc-

tion to the magnetic field.

3. Experiments

The experiments are performed in a chamber 60cm in diameter and

120cm in length. A helium-plasma is produced at the one end of the

machine by RF-discharge, the frequency of which is about 80MHz. The

- 4 -



diffused plasma into the central region of the machine is used for the

experiments. The uniform magnetic field BQ (35gauss) is applied to the

axial direction. The corresponding electron cyclotron frequency f is 98
c

8 9 - 3MHz. The typical plasma parameters are : No~10 "10 cm for the density,

T ~27eV for the electron temperature, and v ; l .4x10 sec for the electron-

neutral collision frequency. The electron temperature is relatively high

because of the helium plasma in this experiment. The electron mode is

radiated from a small monopole source with an exposed surface with 3mm long

and 1mm diameter and is detected by the probe with the same size. The

applied frequency to the radiater is varied between 20MHz and 65MHz. The

detector is movable axially and radially with respect to the launcher.

The RF signals from a generator are fed to the monopole source, which is

located at the center of the machine. The detected signals are connected

to a spectrum analyzer, in which the potential field of the interference

signals can be obtained. The plasma density is nearly uniform axially.

The radial density profile is controlled by setting an insulator disk in

front of the plasma source. An insulator used in this experiment is a

little larger than a half disk.

In Figure 2 is shown the experimental raw data of the potential

field of the oblique electron thermal mode (A) in an inhomogeneous

magnetized plasma. The signals A indicate the interference structure

related to the electron thermal mode. The frequency of the wave observed

was lower than both the electron and cyclotron plasma frequencies.

Although the wave fronts of the oblique electron thermal mode radiated

from a point source were clearly observed, the reflections of this mode

were not observed under the present experimental conditions. The spatial
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trajectories of those fields are plotted in Figure 3. The radial density

profile and the location of the launcher are also shown in the bottom of

Figure 3. The uniform magnetic field is along Z-direction. The radiating

point source is located at the center, Z=0 and R=0. In addition to the

signals of the oblique electron thermal mode (A), trajectories of resonance

cone fields (B) [Fisher and Gould, 1971 ; Kuehl, 1973] are shown in Figure

3. The theoretical results are also indicated by solid curves in this

figure. The results observed experimentally agree fairly with the theoret-

ical results. We are now in a position to confirm whether signals (A)

correspond to the oblique electron thermal modes or not. In order to

verify this confirmation, we compare the theoretical results of wave fronts

with the experimental results of the oblique electron thermal mode. We

calculate at first the ray velocity surfaces of this mode under the present

experimental conditions. Then, we obtain the corresponding wave fronts,

which are shown in Figure 3 with dashed lines. Although the theoretical

curves are calculated for a uniform plasma density of which is chosen at

the location of the point source, these theoretical results are in accord

with the experimental ones, especially in the high density region. This

result comes from the fact that the wave fronts are insensitive to the

plasma inhomogeneity in this region. This situation will be discussed

later by the more exact theoretical considerations. It should be noted

that the oblique electron thermal mode "without boundary effects" is

greatly different from the usual Trivelpiece - Gould mode, which can also

propagate in the frequency region below the electron plasma frequency

"with" the boundary effects.
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4. Theoretical Results of Wave Fronts

Let us consider the detailed structure of wave fronts of the oblique

election thermal mode by a theoretical analysis. An extendec ray theory

[Watanabe et al., 1979] is used to obtain the numerical results, which

include an information about the wave phase along rays. The extended ray

theory is described by

dt

and

where $ is the phase factor and D is the dielectric constant. The third

relation, which determines the wave phase along the rays has not been

discussed in the usual ray theory. We now investigate numerically these

relations based on a kinetic theory. Numerical results of the wave

fronts of oblique electron thermal mode are shown in Figure 4. The plasma

density is assumed to be uniform along the magnetic field (Z-direction)

and is of Gaussian type for the radial direction as shown in the figure by

Ng. The axes are normalized by the electron Larmor radius. Ray trajecto-

ries of resonance cone fields are also plotted in the figure to compare

them with the wave fronts of the oblique electron thermal mode. Ray
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trajectories of the resonance cone (only two lines) are denoted by "cone",

and the wave fronts of the oblique electron thermal mode are shown by other

solid lines and dashed lines. Ray trajectories of the oblique electron

thermal mode are omitted in the figure in order to prevent the confusion.

2 2The plasma density in the parameter f /f in the figure is given by the

local value at the point source. The distance between the two dashed (or

solid) lines corresponds to the wavelength of the oblique electron thermal

mode. The wave fronts are greatly affected by the plasma inhomogeneity

in the lower density region near the electron plasma frequency layer,

however, the wave fronts are not so affected by the plasma inhomogeneity

in the higher density region. Therefore, the accordance of wave fronts

derived from the ray velocity surface with the experimental results in

Figure 3 can be confirmed as a reasonable result. We cannot compare each

o;-.her accurately because of the different plasma density profile, however,

the numerical result of Figure 4 is in quantitative agreement with the

experimental result of Figure 3 over the whole density region. The

refractive effects of the oblique electron thermal mode are also clearly

shown in the lower density region. The experimental observation of Figures

2 and 3 confirm quantitatively this refractive effect.

5. Conclusions

Propagation characteristics and refractive effects of an oblique

electron thermal mode below the electron plasma frequency were studied

experimentally and theoretically in an inhomogeneous magnetized plasma

without boundary. The behavior of the wave observed experimentally was
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confirmed by the theoretical analysis based on an extended ray theory. In

the present paper, we have restricted ourselves to the case of no reflec-

tion of oblique electron thermal mode near f layer. The effect of finite

S on the thermal mode and the spatial distribution of the amplitude of this

mode will be discussed in a separate paper.
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Figure Captions

Fig. 1. (A) Ray velocity (V ), group velocity (V ) and phase velocity

(V ) surfaces of the oblique electron thermal mode below the

electron plasma frequency in a polar coordinate. C : the

electron thermal velocity. The ordinate and the abscissa are

parallel and perpendicular to the magnetic field, respectively.

The scale for V surface is expressed in the brackets. (B)

Theoretical wave fronts of the oblique election thermal mode

which are obtained from such a ray velocity surface as (A).

Quarter parts of wave fronts for two cases of the plasma density

are indicated.

Fig. 2. Experimental spatial potential fields of the oblique electron

thermal mode (A) and the resonance cone (B) in such an inhomo-

geneous magnetized plasmu with a radial profile as the bottom

• figure of Fig. 3.

Fig. 3. Experimental and theoretical wave fronts of the ob'Mque electron

thermal mode (A) in the inhomogeneous magnetized plasma,

f /fc=l at the point source. Experimental and theoretical

trajectories of resonance cone fields (B) are also plotted.

Fig. 4. Theoretical wave fronts (A) of the oblique electron thermal mode

radiated from a point source in the inhomogeneous magnetized

plasma with the density (NQ). The results are calculated from

a kinetic theory.
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