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Abstract

The plasma density in a dynamic magneto arcjet is measured by a

stabilized dual-beam laser interferometer proposed by the authors.

The fringe shift for a 0.63 urn beam of He-Ne laser is used to stabilize

the interferometer against the effect of mechanical vibration by means

of a feedback controlled speaker coil, while the other beam of 3.39 ym,

for which the effect of mechanical vibrations is excluded, is used to

measure plasma density. Stability of ^ 1/500 of one fringe for 0.63

ym is obtained during a long period for frequencies lower than a few

Hertz. Stability for higher frequencies, which determines the accuracy

of the present measurement, is limited to "v 1/30 of one fringe for 0.63

ym, which corresponds to ^ 1/200 of one fringe and a line electron
14 -?density of ^ 1.5 x 10 cm for 3.39 ym, by acoustic noise picked up

by the speaker coil. The advantage of this technique over the single=

laser technique is that the frequency response of the interferometer

extends down to zero frequency. Since the effect of the neutral gas

background is practically reduced to zero, the present interferometer

is to be applied advantageously to the diagnostics of the plasma

produced in high pressure gases.
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1. Introduction

1 2)The laser interferometer ' ' has been used widely in various

wavelengths to measure various plasmas. On the other hand, the inter-

ferometer with microwave, including millimeter wave, has been used

mainly to measure plasma which is produced in a large machine designed

for fusion research. But nowadays, it has gradually come to be used

with submillimeter wave laser to measure such a plasma,' since the

measurement becomes more difficult because of the density increase

over the cutoff density of microwave and/or unnegligible refraction

effect due to a large density gradient. Furthermore, even shorter

wavelength laser is imperative for some machines ' in accordance with

the production of even higher density plasmas. The effect of mechanical

vibrations is, however, the more serious, when the shorter wavelength

laser is introduced.

In order to reduce the effect of mechanical vibrations, a method

with dual beams of different wavelengths was proposed more than ten

years ago by Gibson and LeidJ They used two simultaneously observed

fringe patterns which included the different effects of mechanical

vibrations and plasma variations depending on the wavelength of beam.

The principle of the method is applied recently reinforced with a

computer data processing technique to the measurement of the large

machines such as Doublet III^ PDX6^ and JIPP T-IlP

Stabilization technique applied to a single-laser interferometer

for plasma measurement was first proposed by Takeda and Yasuda?' Since

then, some other reports ' ' have been presented on the same principle,

in which the fringe variation of one laser beam, caused by mechanical

vibrations and plasma variations, is used of for both feedback
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stabilization and plasma measurement, and the time constant of the

measurement is consequently to be less than that of the stabilization

mechanism. The technique is originally designed for the purpose of

setting the initial phase of the fringe shift by the plasma production

in order to obtain accurately a small fractional fringe shift.

The present paper shows an example of the plasma measurement by

an improved feedback stabilized Michelson interferometer with two laser

beams of different wavelengths passing the same optical path. This type of

interferometer system has been proposed by the authors themselves. ' The

fringe shift of one laser beam is used to stabilize the interferometer with

a feedback control and that of the other beam to measure plasma

density. The fringe pattern, thus observed, depends on plasma density

variations and not on mechanical vibration effect. The excellent

stability of the interferometer during a very long period owing to its

simple feedback mechanism makes it possible to measure the plasma with a

high accuracy even in the case of slowly varying density.

Moreover, this method is insensitive to the neutral particle

density in the plasma. It is, therefore, effectively applicable to

the measurement of electron density in high pressure arcs.

2. Principle of the Interferometer

The variations of optical path lengths, AJ^ and AX.2> (for the

wavelengths A, and Xp, respectively) caused by variations in the plasma

and neutral particle densities and by optical path length variation,

AL, due to the mechanical vibrations are given by

All, 9 = -% X? 7SL + A(l + - J - K + AL . (1)
I tC oft I ,£ -,Czc x
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Here f is the plasma frequency, C is the light velocity, I is the

plasma and gas length, and A, B are constants whose values depend on

the gas and its density.

When the interferometer is stabilized by the fringe shift for the

wavelength X,, A£? is compensated by AJL via the feedback mechanism.

Thus the measured fringe shift F, for the wavelength Ao is given by
Ao c.

2
AP - AP ft

\n ~ \ ~ 9 k9 9 ' \C>
A2 A2 2C/ d X2xf

2 2when X1 « X2 is satisfied. Note that effects independent of wavelength

such as AL and A are cancelled out. Although the first term in eq.(2),

produced by the plasma density, is the same with that for the conven-

tional interferometer of wavelength \~, the second term caused by the
2

neutral particle density is reduced by the factor B/Xn. This value is
o

(1-10) x 10 for various gases when X, is ^ 1 urn. Thus F. is in-

sensitive to the neutral density.

With the previous two-wavelength interferometers,' the plasma

density is determined from the difference between AJL and AJ£2 deduced

respectively from the two simultaneously obtained fringe patterns.

This procedure is cumbersome and results in a low accuracy. On the

other hand, in the method proposed here, the obtained fringe pattern

depends on only the electron density and greatly reduces the effect of

the neutral particle density.

Next, consider the case in which the interferometer is stabilized
2 2by the fringe shift for the wavelength X? and X2 » A,, .he observed

fringe shift F. for the wavelength X-. is given by

2
A&i - A&2 n^2 A2 AB£
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where AL is cancelled out again. The frequency response of the inter-

ferometer is limited by the frequency response of the feedback mechanics.

The fringe shift is larger than that of eq.(2) by the factor of Xg/X,.

It is noted, however, that this does not mean the improvement of the

sensitivity since the fringe shift for the wavelength X?
 nas t0 be

detectable.

Figure 1 shows the electron density and neutral particle density

in air necessary for one fringe shift for three cases. The solid lines

show the values for X~ in the conventional interferometer, while the

dotted lines show those in the case stabilized by the fringe shift for

X, = 0.63 ym. The other chain lines show those for X, = 0.63 urn in

the case stabilized by the fringe shift for X~. All these values

should be reduced by 1/2 when a Michel son interferometer is used.

3. Experimental Setup and Stabilization Device

The block diagram of the experimental setup is shown in Fig.2.

He-Ne laser beams of 3.39 ym and 0.63 ym in wavelengths, used for

measurement and stabilization respectively, are superimposed coaxially

by mirrors M. and MK, and transmitted through the same optical path in

the Michel son interferometer constructed with M,, M? and B.S. (beam

splitter). The distance between M, and B.S. should be nearly equal to

that between NL and B.S. in order to obtain a fringe of strong

interference (high modulation degree), which gives a high signal-to-

noise ratio. The fringes of different wavelengths are split by mirror

M, and detected by PD1 and PD2. Here PD1 is a Si photodiode to detect

the 0.63 ym fringe and PD2 an In-As photodetector operating at room

temperature to detect the 3.39 ym fringe. Mirrors M3 and M. are quartz
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plates with dielectric coating which reflect the 0.63 ym beam almost

wholly and transmit about 70 % of the 3.39 urn beam. The mirror M, is

attached to a speaker coil which is controlled automatically by the

variation of output voltage of PD,, so as to compensate the effect of

mechanical vibrations.

The stabilization circuit used here is shown in Fig.3. The

variation of output voltage PD, is sinusoidal as shown in Fig.4 in

reference to the difference of length L between two optical path of

the interferometer. Reference voltage V is set at a voltage of point

A where L is L,. When L changes as much as AL. by mechanical vibrations,

output voltage PD, changes to a voltage at the point B and makes the

voltage difference AV against V . The current signal which is obtained

by Amp, and a current amplifier and proportional to AV drives the

speaker coil with M, to cancel AL. This feedback control mechanism

keeps L constant and thereby stabilizes the interferometer against

mechanical vibrations.

The loud speaker has a diameter of 8 cm and 180° phase deviation

at about 700 Hz between the phases of the driving voltage and the

movement of the coil with M,. Since the feedback loop of the stabiliza-

tion device tends to oscillate at this frequency, a negative feedback

circuit, at the lower part of Fig.3 including Amp-, is used in order to

suppress this oscillation. It also works as a differentiator at

frequencies lower than the oscillation frequency and gives an additional

dumping force to secure the quick response of the coil. Therefore, the

value C x R must be selected properly. In case the laser power is not

stable enough, the output voltage of a monitoring detector of laser

power can be used as the reference instead of the constant voltage.
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4. The Stability and the Maximum Controllable Amplitude

of the Vibration

The dependence of stability on frequencies and the maximum

controllable amplitude of the vibration of the present stabilization

device is measured by the setup shown in Fig.5, where a He-Ne laser of

0.63 ym is used as a light source and a mirror M' is mounted on the

moving coil of a speaker SP' instead of mirror M2 of the Michel son

interferometer in Fig.2. Mirror M1 on SP', drived by a signal genera-

tor (S.G.), produces sinusoidal mechanical vibrations and mirror M, on

SP, compensates them by means of the feedback stabilization circuit

already mentioned. The measured stability and the maximum controllable

peak-to-peak amplitude of the vibration are shown in Fig.6 by open and

closed circles respectively in reference to the driving frequencies.

The former is the ratio of fringe fluctuations with and without

stabilization and the latter the maximum value of the movement of M1

which M-j can follow with the degree of stability measured at the same

frequency. The product of these values gives the maximum fluctuation

of the path length difference of the stabilized interferometer. This

value, independent of the driving frequency, correspond to ̂ 0.06
15 ?fringe, ^ 1.7 x 10 cm for a He-Ne laser of 3.39 ym in wavelength,

which specifies the resolution of the present interferometer system with

He-Ne lasers of 0.63 ym for the stabilization and 3.39 ym for the

measurement under the mechanical vibrations of the maximum controllable

amplitude.

Figure 7 shows the variation of the output voltage of PD-j in Fig.

2 with and without stabilization. The stabi l i ty is on the order of

•\> 1/500 of one fringe during a long period as shown by the trace after
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77 s, while the trace up to 77 s shows the fluctuation of the fringe

without stabilization. Since the maximum frequency response of the

recorder is a few Hertz, the higher frequency component of the output

voltage cannot be resolved.

Figure 8 shows fast variations of the output voltage of PD-, under

the experimental condition described in the next section. The upper

trace is the fluctuating fringe pattern of the 0.63 pm beam without

stabilization. This fluctuation is caused by mechanical vibrations.

It is estimated that the dominant frequency and the amplitude of the

vibration are ^ 20 Hz and ^ 1 ]M respectively. The lower one shows

the stabilized fringe pattern of the upper fluctuating fringe. There

still remains a small amplitude of oscillation of ^ 1 kHz. It seems

due to acoustic noise which transmits through the air and is picked up

by the speaker and selectively amplified through the feedback loop.

These traces imply that the stability against mechanical vibrations,

including acoustic noise, is less than 1/30 of one fringe. This

corresponds to ^ 1/200 of one fringe for the 3.39 pm beam. Thus the

minimum detectable line density of the present experiment is ^ 1.5 x

10 1 4 cm"2.

5. Experimental Result and Discussions

The interferometer is used here to measure electron density in a

dynamic magneto arcjet plasma produced in TPH machine, ' which has a

vacuum chamber of 15 cm in diameter £.nd 200 cm in length surrounded by

large magnetic coils. The beam between B.S. and M« transmits through

the quartz windows of the chamber as shown in Fig.2. The distance

between B.S. and M2 is 120 cm. Figures 9(a) and (b) show the 3.39 ym
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fringe patterns caused by the arcjet plasma obtained with and without

the 0.63 ym stabilization, respectively. The oscillations at the end

of the traces are the reference fringes which give the initial phase

of the fringe shift and the peak-to-peak amplitude of the fringe patterns

to determine the fractional fringe shift precisely and easily. It is

displayed by supplying dc current to the speaker coil and driving

mirror M, in one direction just after the plasma decays. The trace

starts to vary at around the middle of the peak-to-peak fringe

amplitude and the shift is so small in Fig.9(a) that i t is almost pro-

portional to the plasma density evolution.

The fluctuation of the trace is less than the thickness of the

line in Fig.9(a), when the plasma is not present. Therefore the

accuracy of the measurement in the present experiment is ^ 1/200 of

one fringe. Obviously from Fig.9(b) i t is almost impossible to

observe the electron density evolution precisely unless stabilized.

The maximum fringe shift of 0.12 fringe and the temporal evolution

shown in Fig.9(a) agree reasonably well with those measured by conven-

tional interferometers using CO^and HCN14' lasers.

The present technique, if used with He-Ne laser or COp laser, is

less expensive, simpler and easier to operate, than the conventional

one with submillimeter wave laser. In the measurements of

Doublet III1,5) PDX6? and JIPP T-II7* in which reflection mirrors,

corresponding to 11, in Fig.2, are fixed at the vacuum chambers and

consequently unstable, i t was observed that the amplitude of

vibration was comparable to or larger than the maximum controllable

amplitude of the present system as shown in Fig.5. It is therefore

necessary to improve the stability of the system and/or to fix the

reflection mirror rigidly apart from the chamber so that i t can be
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applied successfully to such machines.

The combination of 0.63 ym and 3.39 ym wavelengths of He-Ne laser

is tried in the experiment. The use of the 3.39 ym beam of He-Ne laser

has several advantages, compared with that of longer wavelength lasers:

(1) He-Ne laser and the detector are inexpensive and easy to handle,

(2) the refraction effect is negligible unless the plasma has extremely

high density, (3) the fringe shift is usually so small that it i^

assumed to be proportional to ele:.r.,*on density, (4) commercial quartz

windows, which can be baked up to obtain a high vacuum, are available

as the windows of the plasma chamber, (5) He-Ne laser which oscillates

at two wavelengths simultaneously can be used to make possible the

extremely simplified arrangement of the interferometer.
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Figure Captions

Fig.l Electron density and neutral particle density in air necessary

for one fringe shift as a function of X~. Solid lines are for

the conventional interferometer. Dotted and chain lines are

for the present interferometer stabilized by the fringes X,

(0.63 pin) and Xo, respectively.

Fig.2 Block diagram of the experimental setup.

Fig.3 Schematic diagram of the feedback stabilization circuit.

Fig.4 Variation of output voltage of PD, in reference to the difference

of length L between two optical paths of the interferometer.

Fig.5 Experimental setup for measuring the stability of the inter-

ferometer.

Fig.6 Stability (open circles) and maximum controllable peak to peak

amplitude of vibration (closed circles) in reference to driving

frequency.

Fig.7 Records of the output voltage of PD-, with (t > 77 sec) and

without (t < 77 sec) the stabilization.

Fig.8 Oscilloscopic traces of the output voltage of PD, with (lower

trace) and without (upper trace) the stabilization. Horizontal

scale is 10 ms/div.

Fig.9 Fringe patterns obtained by producing the plasma with (a) and

without (b) the stabilization. Horizontal scale is 0.5 ms/div.
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