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ABSTRACT

The present paper presents the results of the revealing of optimal regimes
of HF low power input into limited magnetoactive plasma on the basis of plasma
parameters measurements in the gas discharge tubes under changes of working
gases (air, argon and xenon) pressure, power and frequency of the HF generator,
the induction of external magnetic field and the gas discharge tube length.

INTRODUCTION

The analysis of the literature [l,2] showed that HF ion thrusters and
sources are prospective from the point of view of space and ground plasma
technologies. Using HF ion sources it is possible to obtain beams of inert and
chemically reactive gases with small amount of impurities in the range of ion
beam current densities - 0.2...5 ma/cm2 necessary for space and ground
applications.

From the physical point of view the existing schemes of HF ion
thrusters and sources can be divided into two large groups. The first one
represents the devices which operational regimes are based on capacitive [3]
or inductive [4] modes of HF discharge. In these ion devices electrons are heated
in the sheathe near electrodes or walls of plasma vessel. The second group
represents the ion thrusters and sources which operational regimes are based
on the resonance absorption of HF power due to the excitation of own
plasma waves in HF discharge located in external magnetic field. Typical
examples of such equipment are ECR ion thruster [5], ECWR [6] and helicon ion
sources, suggested by R.W. Boswell and P.J. Christtiansen in [7]. The excitation
of helicons is known to be possible at plasma densities higher than threshold
density n* [8] which for conventional lengths of gas discharge chambers
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field B <0.1 T and HF frequencies f <100 MHz is higher than 1012¢m=3. It's
easy to estimate that corresponding values of extracted ion current density
exceed 10 mA/cm? that is to high value from the point of view of ion extraction
system lifetime.

It's shown in [8,9] that at any electron concentration the excitation of
electrostatic waves is possible. Moreover electrons are shown [8] to be heated
more effectively in the case of electrostatic waves generation than in the case
of helicons excitation. These facts motivated the development of low power HF
ion thruster (IT) of the new type based on the excitation of electrostatic waves
in magnetoactive limited plasma. The development of the new type HF ion
thruster included several stages:

1) the revealing of the conditions of electrostatic waves excitation and
optimal regimes of HF low power input into limited magnetoactive
plasma on the basis of plasma parameters measurements in the gas
discharge tubes under changes of working gases (air, argon and xenon)
pressure, power  and frequency of the HF generator, the induction of
external magnetic field and the gas discharge tube length was carried out;

2) the design and tests of the laboratory model of the new type HF ion
thruster aimed at the increasing of ion thruster efficiency on the basis of
optimization of it's construction [10].

EXPERIMENTAL INSTALLATION.

The investigation of parameters of limited magnetoactive plasma of HF
discharge excited by the external inductor was carried out at the installation
for physical measurements (see Fig.l.). Installation evacuation was performed
by a forevacuum 1 and diffusion 2 pumps with a pumping rate of I/sec and
100 1/sec respectively. Pumps provided the pressure in the installation 3.10-2
Torr. In case if traps 3-5 were filled with liquid nitrogen the pressure in the
installation was not worse than 1.10-2Torr. The models of HF IT gas discharge
chamber (GDC) 6 were connected to vacuum installation with a glass tube
7 so the natural air inleakage into gas discharge devices at a given pumping
rate was negligible. Working gas supply to the gas discharge device 6 from the
tank with Xe 15 was provided by needle valve 16. The pressure in the gas
discharge devices was controlled by the manometer lamp 8 in the absence of HF
discharge.

In order to simulate the discharge in GDC of HF IT, two glass gas
discharge tubes 9.2 cm in diameter and 8 and 4 cm in length were
manufactured. The cylindrical probes 0.3 mm in diameter and 5 mm in length
were mounted into the discharge tubes in the tube axis and in half radius to the
axis.  On the lateral surface of the GDC the inductr was located.

ELECTRIC CIRCUITS AND METHODS OF MEASUREMENT.

To excite the discharge inductor’s ends were connected to a matching
device 13 of a HF generator 14 (See Fig.1.) with operating frequencies 20,
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Fig.1.
The scheme of experimental installation.
1 - forevacuum pump;
2 - diffusion pump;
3-5 - traps with liquid nitrogen:
¢ - model of GDC:;
7 - glass tube:
3-15 - manometer lamps;
11 - solenoid:
= matching device;
14 - HF generator with power meter:
i3 - tank with Xe;
¢ - needle valve.,
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30, 40 ,60 and 81 MHz and power 0 - 200W. Gas discharge devices together
with inductor were located inside solenoid |1. Coils power supply source 12
provided the change of magnetic field inside a solenoid in the range of 0...60
mT. For plasma diagnostics the measurements of probe curves, second
derivatives of electron current and ion saturation probe current i+ were
carried out.

RESULTS OF MEASUREMENTS.

The first series of experiments were aimed at detailed examination of
conditions of HF power resonance absorption. During the experiment the probe
ion saturation current was measured when the external magnetic field induction
was being changed. The measurement results are shown on Fig.2. On the abscissa
axis the magnitude of the magnetic field induction, corresponding to the center of
GDC, is marked. The magnetic field at the model's edge is 20% lower than at its
center, thus for all results 20% bands are dashed, complying with the conditions

Do =Qe, (1
)20 =Q, (2)

One can't see any increase of ion saturation current i+ in the ECR domain
(1) while in the realm 2 ® = Qe the increase of i+ can be easily noticed, but its
magnitude is much lower than the magnitude of the broad maximum, located in
the magnetic field realms, exceeding the fields, defined by relations (1 - 2).

The local maximum of ion current which is defined by condition (2) exists
in the narrow realm of the magnetic field induction values. This can affect the HF
IT operating stability ( under drifting of magnetic svstem parameters or the
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Fig.2.
Dependence of probe ion saturation current on
magnetic field. Air, p=.5mTorr, f=81MHz.
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generator frequency) in the case of technical realization of the effect of ion
current increase under condition (2). In this connection the main attention in the
further work was focused on the basic maximum existence conditions.

The probe measurements showed (see Fig.3) that in the domain
corresponding to the basic maximum of ion current the concentration and the
mean energy of the electrons reached maximum. Electron mean energy £ and
concentration ne reach their maximal values at magnetic fields about 100 Gs
at HF power P = I5W and then rapidly decrease their values. At the lower
magnetic fields B < 40 Gs ne and € measured at different points inside the model
of GDC are close to each other. The Larmour radius and free path of electrons
heated in skin near the walls are comparable with the tube radius, so fast
electrons can easily reach the central parts of the discharge. At B > 40 Gs the
Larmour radius becomes smaller then the tube radius and in the range 40 - 80 Gs
and B > 120 Gs the mean electron energy at the axis is far lower than near the
walls of the tube. On the contrary in the range 80-120 Gs one can see that ¢ and
ne in the center are higher than near the walls. That means that here HF fields are
not located in the skin but penetrate into plasma volume. That means that
electrons are heated in the whole volume of GDC model.

Theoretical estimations showed [8,9] that under conditions
®p >> Qe >> © >> v >>kvTe (cop, Qe - plasma, cyclotron frequencies, » =
2pf, f -generator frequency, v - collision frequency, k - wave number, VTe -
thermal velocity) at any electron concentration the excitation of electrostatic
waves is possible. One can see (see Fig.4) that the above mentioned conditions
coincide with the observed conditions of electron mean energy and density
increase.
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The Fig.2 shows that the basic maximum location significantly depends on
the input HF power and the power increase leads to the maxima displacement in
the direction of the higher values of the magnetic field. This fact can be
explained in the frame of electrostatic waves excitation as well. The increase of
HF input leads to the increase of electron concentration and plasma
frequency and shifts the right border of electrostatic waves existence to higher
magnetic fields.

The measured displacement of the basic maximum location in dependence
of HF power input outlines that if deloping HF IT contains magnetic system
based on electromagnets the level of extracted ion beam current 1Ip and thrust F
can be guided to a large extent by the variations of magnetic field value, i.e. at a
given HF power input one can significantly increase iy, and F by increasing the
induction of magnetic field.

If HF IT contains magnetic system based on permanent magnets the single
variable parameter is the HF power, contributed to the discharge under constant
value of magnetic field. The following series of experiments were aimed at the
investigations of the possibilities and percularities of this situation.

Fig.5 represents the dependence of ion saturation current on the HF power
value, contributed to the discharge under constant values of the magnetic field.
One can see that every magnetic field value has the threshold power,
characterized by the sharp increase in ion current. Under further increase of the
power the ion current increase is significantly lower. Probe measurements
showed that the jump in ion current was caused by the jump of concentration
and mean electron energy. The further power increase was followed by drawing

together of the mean electron energy on the tube axis with the mean energy
near the walls.
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The measurements showed that the increase of the threshold values of
the ion current was provided by the increase of the magnetic field, which was
accompanied by the increase of the necessary input of the HF power.

Summing up the results one can see that in the case of HF IT with
magnetic system based on permanent magnets optimal operating regimes
correspond to the domains of sharp increase of ion current but good efficiency
can be achieved only in the limited interval of extracted ion current and thrust,
the values of iy and F being determined by the value of external magnetic field.

CONCLUSIONS

I. At the pressures higher than 0.5 mTorr no increase of probe ion saturation
current in the ECR domain was observed.

2. The increase of ion saturation current in the domain 2 @ = Q, exists in the
narrow region of external magnetic field induction.

3. In the domain of electrostatic waves excitation electrons are heated in the
whole volume of GDC.

4. The most preferable regime of HF IT operation corresponds to the domain of
the jump of ion saturation current.

5. In order to obtain larger value of extracted ion current with good efficiency it's
necessary to increase the induction of external magnetic field.
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