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Abstract

We report nonperturbing observation of the electric field in

the sheet plasma for RF end-plugging on the RFC XX-M open-ended

machine by using the Stark effect with a combined technique of

beam-probe and laser-induced fluorescence. Under the optimum

condition for the RF plugging, enhanced electric field is found in

the sheet plasma by about 2.5 times with respect to the electric

field when no plasma is produced. The field spatial profile is

also measured, which is discussed in connection with the

electrostatic eigenmode.
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The radio-frequency (RF) end plugging is one of the important

possible means of suppressing end losses in open-ended magnetic

confinement systems. It has been shown experimentally by a series

of RF plugging experiments1•S) in the Institute of Plasma Physics.

Nagoya University that (1) ion loss-flux from line cusp is

strongly reduced when the RF frequency is chosen to the optimum

frequency, (2) the optimum frequency corresponds to the

eigenfrequency of electrostatic waves which can propagate in a

region above the local ion cyclotron frequency, and (3) the RF

plug potential Cponderomotive potential) has been measured in

relation to the ion loss-flux. However, the penetrating RF

electric field which produces the RF plug potential could not be

measured directly under the strong RF plugging condition. To

understand the physical mechanism of the RF plugging, the RF

electric field strength and its spatial profile have to be

measured in relation to the theoretically predicted eigenmode.31

Such a measurement has been carried out only for very weak RF

field by using a high impedance differential probe, and spatial

structure of the eigenmode of electrostatic ion cyclotron waves

has been found.4' In the RFC-XX-M device, however, the RF voltage

is typically 3 kV in rms and the penetrating RF field estimated

from the measured RF plug potential is so intense (3.4 kV/cm in

rms). In this case, probe measurement cannot be applied.

A nonperturbing method such as spectroscopic one should be

employed.

In this Letter, we report direct measurements of the electric

field in the sheet plasma of the RFC-XX-M device by using a

- 3 -



combined technique of beam probe and laser-induced fluorescence

(LIF). Principle of this measurement is to use the Stark effect.

Since the frequency of the RF field used in this experiment was

rather low (24.5 MHz), the quasistatic Stark effect was applied to

this electric field.5' This is a modification of a technique

applied to the high frequency electric field measurement.6"8) As

the element of the beam, lithium is used because the neutral

lithium beam source has been well developed9•'0) and, moreover, the

energy level system of the lithium atom is adequate for this

exper i ment.

A detailed description of the experimental setup and procedure

will be given elsewhere. When the lithium atom-beam is introduced

in the quasistatic electric field, the forbidden transition 22P -

42F was induced by a dye-laser tuned to the corresponding

wavelength to the energy difference between above levels. Then,

the fluorescence from 42F gives- us information about the electric

field.11' To enhance the level population of 22P, another dye-laser

of 670.8 nm was used to make the resonant absorption from the

ground level 22S to 22P. Since the direct fluorescence 48F - 32D

is in the infrared and is not convenient for observation, the

subsequent emission 32D - 22P at 610.4 nm was observed. In this

measurement, however, one should take account of effect of the

collisional transfer from 42F to 42D.12' For this purpose, the

electron collisional induced fluorescence 42D - 22P was also

observed to correct the 610 nm emission intensity. This measurement

has an advantage to give us simultaneouly the electron density in

the sheet plasma.13'

Figure 1 shows the experimental arrangement. The Li-beam was
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produced by laser blow-off method and was injected into the sheet

Plasma. The beam density was 4 xlO9 cm"3 at the observation

region, which was measured by LIF of the resonance line of 670.8

nm. Two dye-lasers (flashlamp-pumped) were used for the stepwise

excitation of Li°-atom from the ground level 22S to 42F via 22P.

Both lasers propagated for about 20 m path and were introduced

into the plasma. The size of the laser lights was adjusted to 10

x 15 mm by a set of apertures installed in front of the entrance

window of the vacuum chamber. The line width of the dye lasers

was about 1 nm for the red laser (670.8 nm) and about 40 pm for

the blue laser (460.2 nm). The output power of the red laser was

about 600 to/cm2nm with pulse width of 300 nsec (FWHM),and was

sufficient to saturate the enhancement of the 22P level population,

while the blue laser had a power of about 25 kW/cm2nm with a pulse

width of 300 nsec. The polarizations of two lasers were also

checked, and their effects on the fluorescences were taken into

account in the theoretical calculation.

The laser-induced fluorescences were observed by the optical

detection system consisting of a 10 cm monochromator, an optical

fiber and a photomultiplier, with wavelength resolution of about

3.5 nm and with spatial resolution of 3 mm in the z-direction

across the RF electrode gap of 3 cm. The spectral sensitivity of

the optical system was calibrated using a standard tungsten

ribbon-filament lamp. The monochromator was mounted on a movable

plate with a micrometer in order to observe spatial distribution

of the fluorescences across the sheet plasma. The relative

distribution of the elctron density was obtained from the measured

distribution of the electron impact emission of Li I 670.8 nro line
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from the Li-beam in the plasma. For monitoring the Li-beam

intensity, a small portion of the fluorescence of 670.8 nm was

introduced into an optical fiber and was observed by using another

monochromator and a photomultiplier.

To determine the RF field strength from the observed

fluorescence 32D - 2eP. we must know both the absolute power of

the blue laser and the Li-beam density. In the present measurement,

however, a calibration was made by observing the fluorescence

intensity under the RF field when no plasma was produced. Then,

we could obtain the field strength from the relative values of the

fluorescence, the blue laser power and the Li-beam density.

Typical oscilloscope traces of the fluorescences observed

near the center of the sheet plasma are shown in Fig. 2. The

610.4 nm fluorescence clearly appears when the RF field is applied

(the lower trace), while no signal is observed without the RF

field (the upper trace). The 460.3 nm fluorescence (42D - 22P)

also appears due to the electron impact transfer from 42F when the

RF field is applied. Small signal without the field(the upper

trace)is due to stray light of the incident blue laser. The

absolute value of the electron density ne was determined from the

observed 460.3 nm fluorescence which was due to the collisional

transfer as described above. From this flourescence. the 610.4 nm

fluorescence intensity was calibrated as described above. The

Zeemen effect made little influence on the fluorescences because

the line broadening of the blue laser(40 pm) covered the Zeeman

splitting &AZ of the spectral lines in interest; e.g. &AZ of the

460.2 nm line is 34 pm for B = 1.7 T which was the maximum value

in the present experiment.
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Figure 3 shows the measured electric field strength in rras

value in the plasma center versus the applied RF voltage Vr«s(rms)

divided by the electrode gap d of 3 cm for two different values of

B. The full circles show the result for B = 1.1 T. which

corresponds to the optimum condition for the RF plugging, while

the open circles indicate the result for B = 1.7 T .which was out

of the optimum condition. The dotted line denotes the vacuum

electric field strength for the applied RF voltage. Note that the

measured electric field strength for the optimum condition

increases almost linearly with the applied voltage, and is

enhanced by about 2.5 times with respect to the vacuum field,

while no enhancement takes place in the case deviating from the

optimum condition.

The spatial distribution E(z) of the RF electric field (rms)

in the direction across the sheet plasma was also measured when B

= 1.1 T and Vr.s = 3 kV (Fig. 4). The corresponding electron

density distribution N«(z) in the sheet plasma is also shown in

Fig. 4. Unfortunately, the left-hand side distribution of E(z)

could not be fully measured because the width of the laser light

was set to be 10 mm in order to avoid the stray light of laser

scattered from the surfaces of the electrodes. From this figure

we can see that one peak exists at the center of the sheet plasma

and another peak is in the right-hand side. This suggests that

the electric field profile consists of a central peak and a pair

of symmetric side peaks.

Numerical calculation is carried out for the experimental

condition listed as follows: the ion temperature Tr = 700 eV. the

electron temperature T« = 30 eV, the electron density at the

- 7 -



midplane of the sheet plasma Ne(0) = 3.2 x 10
11 cm"3, the ion

Larroor radius p\ = 3 mm, and the optimum frequency normalized by

the local ion cyclotron frequency e>A»e i = 1.4. The calculations

show that the eigenmode of the ion Bernstein wave is found to be

n = 1 mode at ©/©«i = 1.4, where n is the mode number in the

direction across the sheet plasma, and the RF electric field of

this mode has three peaks as shown in Fig. 5, where the density

profile assumed in the calculation is also shown.

The electric field profile obtained experimentally is in

substantial agreement with the theoretical one. The fact that the

profile has three peaks is in conflict with symmetric double peaks

which is expected in the existence of only ambipolar field in the

direction across the plasma sheet, so that we infer the electric

field measured here is mainly RF component. And the measured

electric field strength is almost equal to the value (3.4 kV/cm)

deduced from the measured RF plug potential (0.50 kV). 2 )

In conclusion, we have measured the enhanced electric field

and its spatial structure in the sheet plasma under the strong RF

Plugging condition with a combined technique of beam probe and

laser-induced fluorescence, and the observed electric field is

identified to be the ion Bernstein mode.
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Figure Captions

Fig. 1. Experimental arrangement.

Fig. 2. Typical oscilloscope traces of the fluorescence observed

near the center of the sheet plasma. The 610.4 nm signals

are shown in the left-side with the applied electric field

Cthe lower trace) and without the field (the upper trace).and

the 410.3 nm signal in the right-side. The applied RF

voltage Crms) between the electrode is 3 kV.

Fig. 3. Measured electric field strength in the sheet plasma vs.

Vms/d. The full circles denote the results for B=l.l T.

while the open circles do the results for B=1.7 T.

The dotted line denote the electric field corresponding to

the applied voltage when no plasma is produced.

Fig. 4. Spatial distribution of the electric field in the

direction across the sheet plasma for B=l.l T (a) with the

corresponding electron density distribution (b).

Fig. 5. Calculated profile of E(z) for a given N»(z) in the

present experimental condition. p\ denotes the ion Larmor

radius.
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