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Abstract. Many experimental data along with their theoretical interpretations on the
rf low-temperature cylindrical plasma have been issued until today. Our Laboratory
has contributed to that research by publishing results and interpretative mathem-
atical models. With the present paper, two issues are being examined; firstly, the
estimation of electron drift caused by the rf field gradient, which is the initial reason
for the plasma behaviour, and secondly, many new experimental results, especially
the electron-neutral collision frequency effect on the other plasma parameters and
quantities. Up till now, only the plasma steady state was taken into consideration
when a theoretical elaboration was carried out, regardless of the cause and the effect.
This indicates the plasma’s complicated and chaotic configuration and the need to
simplify the problem. In the present work, a classification about the causality of
the phenomena is attempted; the rf field gradient electron drift is proved to be the

initial cause.

1. Introduction

Although the plasma as a physical state has been stud-
ied by the scientific community during the last dec-
ades of the 20th century only (Drummond 1961; Ar-
zimovich 1965; Spitzer 1967), enough bibliography has
been gathered concerning the plasma and its phenomena
(Krall and Trivelpiece 1973; Lieberman and Lichten-
berg 1994; Wesson 1997). Waves of any kind that are
developed because of the increasing plasma loss have
been systematically overhauled. Among these waves,
there are the electrostatic ion waves (D’Angelo 1963;
Chen 1964) and the drift waves which propagate at
low frequencies and are caused on various gradients
(D’Angelo and Motley 1963; Hendel et al. 1967; Ellis
et al. 1980; Marden-Marshhall et al. 1986; Lakhina and
Shukla 1987; Shukla et al. 1995; Vranjes et al. 2004).
Extensive research has been done on the drift waves of
the quiet fully ionized gas caused by the density gradient.
Drift waves may rise in weakly ionized plasma as well,
if we consider that the waves helically propagate. There
is a small component k,of the wave vector, which is
indispensable for the growth rate existence of the col-
lision mechanism between electrons and neutral atoms
(resistive instability).

The plasma production method is also of import-
ant significance. The rf-produced plasma is a method
which has remarkable advantages in comparison with
other production methods. The possibility of having
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electrodeless discharge is one of them. When one rf-
produced discharge is created in a constant magnetic
field, these advantages grow in numbers. By using the
electron—cyclotron resonance, the produced plasma has
higher energy than the one that occurs without magnetic
field. Moreover, the discharge lights up easily (Krall and
Trivelpiece 1973; Wesson 1997).

Such an rf-produced plasma with magnetic confine-
ment was established in the Plasma Physics Laboratory
of NCSR ‘Demokritos’ and many results were observed
and studied during the last two decades (Xaplanteris
1987, 2009, 2011; Xaplanteris and Filippaki 2011). By
having a coaxial geometrical symmetry of the cavity,
we always had the ability to give the appropriate in-
terpretation on the phenomena in a determinative way.
All the theoretical elaborations on the measurements of
the plasma steady state have been studied. But, as the
plasma quantities are numerous and bound together, we
are not able to know what is the cause and what is
the result, and the state becomes chaotic (Koepke et al.
1996; Klinger 1998; Block et al. 2001). In the present
paper, it is proved that the rf-electric potential gradient
gives an azimuthal drift velocity especially to electrons
(ions are far away from resonance). This proof is based
on the Microwave Transmission Theory (Moreno 1948;
Heald and Wharton 1965), and leads to the electron rf-
drift without any presupposition. So, as the electron rf-
drift rises, a creation of a chronological-causality series
of plasma quantities is attempted. The mapping of the
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risen plasma electrostatic waves was another intention
of this work, as well as the gas mixture plasma study.

The paper is organized as follows: in Sec. 2, the
purpose and the experimental device are given. In Sec.
3, the experimental data presentation is included. The
mathematical elaboration is presented in Sec. 4 and Sec.
5 contains the complete interpretation of the experi-
mental results. Finally, the detailed rf-drift elaboration
is presented in the Appendix.

2. Experimental part
2.1. Experiment purpose

As is well known, plasma is a complex state, as it
contains a large number of degrees of freedom, which
makes it virtually very difficult to achieve the defined
target by designing an experiment for laboratory plasma
production. In very few cases, experimental plasma be-
haves in the way that was predicted by the plan. So,
for a sufficient limitation of the discrepancy between the
predicted and actual outcome of the experiment, a quiet
Argon plasma with the simple and symmetric geometry
has to be designed for the semi Q-machine. Beyond
the secondary observations and phenomena which have
arisen, the main idea was to study the role of the rf elec-
trical field on the other plasma parameters, as well as to
find the priority and cohesion of plasma phenomena and
physical quantities. These phenomena are impossible to
be distinguished on the plasma steady state. Since the
symmetric cylindrical geometry is the most convenient
mathematically, the following experimental apparatus
was used.

2.2. Experimental set-up

With the purpose of producing quiet plasma using the
simplest geometry, a cylindrical cavity has to be chosen.
Moreover, the complete symmetry of the plasma column
has been sought to make the theoretical elaboration
convenient and understandable. In this way, a cylinder
made of steady steel with 50 cm in length and 6 cm in the
internal diameter, is enclosed by two circular metallic
disks. A steady steel antenna 40cm in length and 0.6
cm in diameter is fastened on one base’s centre, so as
to form along with the cylinder (external conductor) a
coaxial line. The rf wavy power is entered into the cavity
through this antenna. Two portals on the cylinder’s
curved surface are antidiametrically opened, one for the
gases input and the other is connected to the pump. The
first one is equipped with two valves, so that two gases
(Argon and Helium) or their mixture can be used.

A disk probe is radially moving around its axis in
favour of the azimuthal drift current. Other Langmuir
electrostatic probes are moving radially and parallel to
the tube axis, since a five-probe array is checking up the
plasma column azimuthally. A drawing of the apparatus
is given in Fig. 1.
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Figure 1. (Colour online) (a) The cavity outline at the
external magnetic field. (b) The probe array system.

Table 1. Plasma parameters ranging values.

Parameters Minimum value ~ Maximum value
Argon pressure p 0.001 Pa 0.1 Pa
Argon number density, n, 2% 10 m3 2% 1017 m=3
Magnetic field intensity, B 10 mT 200 mT
Microwaves’ power, P 20 Watt 120 Watt
Frequency of the rf power 2.45 GHz

(standard value)
Electron density, ng 2% 105 m3 4.6 x 10 m=3
Electron temperature, T, 1.5eV 10 eV
Ion temperature, T; 0.025 eV 0.048 eV

Tonization rate 0.1% 90%

Electron drift velocity, u, 1 x 10*m/g 1.7 x 10%m/q

Electron-neutral collision 1.2 x 107 s71 3x107s7!
frequency, v,

3. Measurements and results

Just as it was shown in previous publications of our
Laboratory (Xaplanteris 1987, 2009, 2011; Xaplanteris
and Filippaki 2011), an Argon plasma may light within
a large value range of the external plasma parameters
(gas pressure p, rf-field power P, magnetic field stress B).
Those large value ranges lead to an extension of plasma
parameters range as well. Such plasma parameters are
the plasma density, plasma temperature, dc electrical
potential, collision frequency, etc. It must be noted that
the Helium plasma is produced within closer parameter
values than the Argon plasma. The range of plasma
parameter values is listed in Table 1; the minimum and
maximum value of each parameter is visible.

3.1. Waves mapping
Among the first observation was the fact that the plasma

may easily light up when the magnetic field B slightly
varies around the value B,,, = 84,5mT, which cor-
responds to the electron—cyclotron resonance with the
external rf-field frequency. It must be noted that plasma
originates only from the electron—cyclotron resonance,
although it can afterwards be maintained far away from
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Figure 2. Wave rising ranges.

it. The opposite process for plasma to originate far away
from resonance has never been observed.

Another important observation was the persistent and
clear appearance of different kinds of plasma waves.
These waves have been classified in three frequency
ranges of 10kHz, 80kHz and 500kHz. Each funda-
mental was always accompanied by its higher harmonics.

As the waves are sensitive from the external plasma
parameter point of view, they have been completely
mapped for four pressure values. Figure 2 shows the
range of the three basic parameters (gas pressure, mag-
netic field stress and absorbed rf power), that is where
the plasma waves rise or disappear.

The absence of waves is shown with an almost rectan-
gular shape, which moves for lower magnetic field stress
values as the gas pressure increases. The results of Fig. 2
are the same, regardless of the probe that was used;
only the wave amplitude is different on each probe, a
fact that indicates that the wave development is affected
by the probe’s position into the cavity.

3.2. Pressure influence on plasma temperature and density

After the experimental definition of the external para-
meters’ range where the plasma is produced, the plasma
parameters (electron temperature T,, plasma density ny,
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dc electric field E, etc.) were measured. So, the electron
temperature and plasma number density dependence on
the gas pressure for different absorbed power values are
listed in Table 2 and depicted in Figs. 3, 4.

Figure 3 shows that the electron temperature decreases
as the gas pressure increases at low pressure values, while
it remains the same as the gas pressure moves at high
values.

At the same time, the estimation of the plasma density
was carried out, as the gas pressure varied. The measured
values are also shown in Table 2, while the drawing is
separated in Fig. 4 for clarity.

It must be noted that the plasma density is increasing
with the gas pressure until it reaches a definite pressure
value p., and then it begins to decrease.

3.3. Study on the radial dc electric field

It is expected that the electron drift velocity strongly
affects the charge separation and a dc electric field
can be produced. So, the dc electric potential must
be researched and studied in all directions, and espe-
cially along the cylinder radius. The measurement was
performed by the radially moving electrostatic probe,
properly placed near the antenna where the plasma
is produced. Gas pressure and magnetic field stress
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Figure 3. (Colour online) The electron temperature versus the gas pressure.
Table 2. Gas pressure influence on electron temperature and plasma density.
P W = 35 Watt W = 35 Watt W =70 Watt W =70 Watt W =110 Watt W = 110 Watt
Pa T.(eV) no(x1015 m=3) T.(eV) no(x1015 m=3) T.(eV) no(x1015 m=3)
0.0013 3.58 1.10 4.20 2.00 5.32 2.81
0.0027 3.85 1.15 4.20 2.10 5.30 2.88
0.0040 3.74 1.20 4.12 2.15 5.30 292
0.0053 3.74 1.22 4.03 2.32 5.20 291
0.0067 3.75 1.23 3.70 2.38 5.03 2.99
0.0080 3.15 1.26 3.75 2.41 4.70 311
0.0093 3.04 1.28 3.55 242 4.64 3.13
0.0107 3.04 1.28 3.50 243 4.52 311
0.0120 3.10 1.25 3.52 240 4.50 3.10
0.0133 2.89 1.23 3.45 2.40 4.33 3.03
0.0200 2.74 1.20 3.36 2.37 4.29 3.00
0.0267 2.66 1.18 3.28 2.30 4.27 295
0.0333 2.49 1.16 331 2.29 4.30 2.90
0.0400 2.57 1.15 3.23 2.26 4.25 2.83
0.0533 2.62 1.12 3.20 2.20 4.21 2.75
0.0667 3.32 0.9 3.19 2.03 4.20 2.71
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Figure 4. (Colour online) The plasma density versus the gas pressure.
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Figure 5. (Color online) The dc electric field versus the power above and under the electron cyclotron resonance.

remained at the same value, while the absorbed power
varied. The measured values are depicted in Fig. 5; as
the experiment was repeated for magnetic field intensity
above and below the electron—cyclotron resonance, it
must be noted that, in the first case, the dc electric field
grew along with the absorbed power, whereas in the
second one it remained at the same value.

As the experiment was repeated in the same way but
at a higher gas pressure (p = 0.01 Pa), the dc electric
field behaved similarly as before, except for the electron
number density, the values of which increased. This
result confirms the previous one and both of them are
presented in Fig. 5.

3.4. Pressure influence on wave frequency and amplitude

The gas pressure influence on the wave is shown in
Fig. 6, by presenting four wave spectra.

It is evident that the increase of the pressure causes
a perceptible decrease of the wave frequency and amp-
litude. The complete series of measurements for three
absorbed power values and for magnetic field intensity
above the electron—cyclotron resonance (B = 87mT) is
listed in Table 3 and is depicted in Fig. 7.

The complete series of measurements have been re-
peated for the magnetic field below the upper hybrid
resonance (B = 79mT). As the results were similar to
the previous one, they seemed not important to be stated
again.

3.5. Gas mixture plasma

In the experimental device description, the ability to pro-
duce Helium plasma was mentioned. So, both the pure
Argon plasma and the mixed Argon-Helium plasma
were examined. The discharge gas was firstly pure Ar-
gon; during the experiment, the gas was gradually en-
hanced with Helium while Argon was gradually de-
creased, till the gas mixture ended in pure Helium.
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Figure 6. Four wave spectra for different pressure values.

The results for the pure Helium plasma are the fol-
lowing: the low-frequency waves appeared. These waves
obey the middle range (80 kHz) dispersion relation and
they have a smaller value at the fundamental frequency
(I = 1), as well as at the higher harmonics. Figure 8
shows a typical spectrum of low-frequency waves pro-
duced in the Helium plasma.
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Figure 7. (Colour online) Wave frequency and wave amplitude for three power values.

Table 3. Wave frequency and amplitude as the gas pressure changes.

P = 35 Watt

P =70 Watt

P = 110 Watt

Wave frequency  Wave amplitude

Wave frequency

Wave amplitude ~ Wave frequency ~ Wave amplitude

Pressure (Pa) (kHz) V) (kHz) V) (kHz) (V)
0.0025 80.0 1.42 86.2 1.64 91.5 1.79
0.008 70.5 1.55 76.1 1.71 83.0 1.87
0.013 61.2 1.48 65.5 1.70 71.8 1.84
0.020 60.0 1.37 64.8 1.64 68.7 1.77
0.025 57.3 1.31 62.1 1.56 69.7 1.70
0.030 54.6 1.10 61.3 1.35 67.1 1.51
0.040 534 0.90 59.1 1.15 63.8 1.30
0.048 51.0 0.83 56.6 1.03 62.4 1.19
B=80 mT 4. Theoretical model
p=0.01Pa . . .
P=70 Watt If a charged parjlcle (g, m) is present in a homogeneous
magnetic field B and rf electric field E(r,t), then the
20.3 kHz . . . . . .
particle motion is described by the following equation:
39.5 kHz %/ = % “E(r,t) + w.Vxz —0vV, (1)

marker

ASB.B kHz

Figure 8. A typical wave spectrum in a helium plasma.

Moreover, it was observed that the maximum wave
amplitude appears near the antenna, in comparison with
the Argon plasma wave.

The wave frequency of the mixture of Argon—Helium
plasma decreases with the rate of Helium concentration.
In Fig. 9, four spectra are presented with the aim to
show the influence of the mixture percentage on the
wave frequency.

Starting from pure Argon plasma (Fig. 9(a)), we end
up with pure Helium plasma (Fig. 9(d)). In the ab-
sence of suitable devices for measuring gas participation,
Fig. 9(b) is characterized as ‘low percentage of Helium’
and Fig. 9(c) as ‘high Helium percentage’.
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where 7 is the particle distance from the cavity’ axis, v
is the collision frequency between charged particles and
neutrals and w, = n—? the cyclotron frequency.

It is considered that the rf electric field stress for the

TEM mode (Moreno 1948) into a coaxial line is

_ 3771,

e(r,t) = E(p,t)e, = M\/Tip (2)

“sinwgt - e,

(0f —v? — )’ + 4’0 — wp(0f +0° — o7)
(0% — 02 — w2)? + Wlok

>

which is the plasma perpendicular electric constant
(Heald and Wharton 1965).

By the electric field expansion around the centre of the
cycloid orbit and the separation of the zero- and first-
order perturbation, we get the azimuthal drift velocity
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Figure 9. Wave spectra for different percentage of argon-helium mixture.

as
Uy =
o, E o} +v? — 0}
o + 12 2R} (0} — v? — w?)? + 42w} — wp (0} + 102 — v?)’

c

(3)
where
Ey = 377q -10.
2nm
The radial drift velocity is
v
y = = -th, 4)

which has a powerful influence due to the collision
frequency.

When the plasma is considered as collisionless, (3) is
simplified as follows:
_ Ej 1

2R3 0, 0} — wF — )

()

Uy =

For the given magnetic field stress (maximum value
2000 mT), it is impossible to have the ion—cyclotron
resonance; as (5) shows, the azimuthal ion drift is very
limited. On the contrary, the electron—cyclotron is a
presupposition for the plasma to be lit and as wg =
e, the electron drift velocity can temporarily take big
values. In fact, the collisions limit the drift velocity even
around the resonance.

Due to the collision mechanism, a radial drift velocity
for the electrons exists and in accordance with (4) it
is coupled to the azimuthal velocity. This radial drift
velocity appears to be responsible for the radial dc
electric field production, as, when the first quantity
changes direction, the second one changes configuration,
as justified below.

5. Experimental data interpretation

The basic purpose of the experiment was the chronicle
arrangement of the physical phenomena, the cause and
the result. As the transition time is very limited, only
the measurements on the steady state can be described
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while the phenomena on the transitive state are hidden.
In the transitive state, the optical observation can be
in use, which has the ability to be recorded on video.
By using the optical observation, we assured that the
wave is moving from a higher frequency value and it
is established in the low final one fy. The higher wave
frequency requires a bigger electron drift velocity, which
can be produced by the rf electric field at the electron—
cyclotron resonance, as (5) shows. It was experimentally
assured that the plasma lights up only at the electron—
cyclotron resonance, and then it exists far away from
this resonance. The opposite process does not occur: the
plasma cannot light up away from the resonance. The
same conclusion is theoretically verified, as was shown
in Sec. 4 (in detail in the Appendix), the rf electric drift
production does not require any presupposition, apart
from the rf field presence. By the above consideration,
the following succession is unavoidable: firstly, a big
electron rf drift is produced near the electron—cyclotron
resonance. This big rf electron drift, due to the radial
drift component u, = _i”" separates the charge and
the dc electric field is produced. The dc electric field
creates in its turn an azimuthal drift for electrons and
ions and the low-frequency waves are developed. The
electrostatic waves trap the free electrons, reduce their
velocity and steady state is established.

5.1. Waves mapping

The waves mapping shows absence of waves which are
moving towards lower magnetic field values as the gas
pressure is increasing. Although the causes were not
determined exactly, it is evident that in these range
values of B, P and p, the wave growth rate does not
exist, because the rf electron drift and the electron drift
from the density gradient are opposite.

5.2. Pressure influence on plasma temperature and density

As we can see in Fig. 3, the increase in gas pressure
leads to the electron temperature diminution. This result
can be explained by the following consideration. If the
absorbed power remains constant, the gas ionization
increases until a definite pressure value p. is reached
(after that, gas ionization decrease occurs); the amount
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of microwave energy, which is required for gas ion-
ization, is large and the remaining amount for the
electron kinetic energy increase is low. In addition, the
pressure increase causes the increase of the collision
frequency v,, while the energy transfer from electrons
to neutrals reduces the electron temperature. When the
pressure becomes high, gas ionization is reduced and the
microwave energy, which is disposed of for the electron
kinetic energy, is higher. The increase of the electron
temperature T, is balanced by the energy loss due to the
collision frequency, and results in temperature stability.
Figure 4 shows that gas ionization firstly increases as
the pressure increases to a definite value p., and then
reduces due to the electron collision frequency increase.
It must be noted that between the absorbed power and
electron density, the expected quasi-analogy exists.

5.3. Studies on the radial dc electric field

In Fig. 5, the dc electric field is shown as the absorbed
power varies. Measurements were taken near the an-
tenna where the plasma is produced for two magnetic
field values, above and under the electron—cyclotron
resonance. We must take into consideration two factors,
which contribute to dc electric field formation: the
perpendicular electron diffusion and the electron moving
due to the radial rf electric drift-up. When the magnetic
field is B = 79mT, which is under upper hybrid res-
onance, the electrons radially drift with u, > 0 from
the antenna to the external conductor. In the plasma
diffusion, as Spitzer (1967) showed, the magnetic field
presence causes the ions to diffuse more quickly than the
electrons and a superabundance of electrons is formed.
The positive drift velocity of electrons has the tendency
to neutralize the superabundance of electrons and the
plasma comes into the neutrality state. As the Poisson
law shows, V- E = e‘;‘)", the charge difference An has
the tendency of becoming zero and, consequently, the
electric field E must be constant. By increasing the ab-
sorbed power, the two factors are increased together, in
order to secure the plasma neutrality and consequently
the electric field stability.

For the magnetic field B = 86 mT, which is above
the hybrid resonance, the drift velocity is negative and
the electrons are moving from the external conductor
to the antenna. In this case, the diffusion and the electron
radial drift are acting the same way, so that the total
electric field E grows along with the absorbed power.

If the experiment is repeated for higher gas pressure,
the same phenomena will appear. The only difference as
the pressure increases is that the measured dc electric
field is slightly higher. This is understandable because
an increase of the pressure leads to the increase of the
electron density as well. The electron density affects both
the collision frequency and the diffusion in the same way,
and finally, the dc electric field.
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5.4. Pressure influence on wave frequency and amplitude

The general result of the present experiment is the
following: the increase of the gas pressure always causes
1) the wave frequency to decrease and ii) for the wave
amplitude to decrease below the critical value p. and to
decrease for higher pressure values. The understanding
is easy if we take into consideration a) the electron
number density change versus the gas pressure (Fig. 4);
the plasma density ng increases until the critical value p,.
and afterwards it decreases as the pressure p becomes
higher, b) the collision frequency v, is proportional to
the plasma density and it follows its changes with the
pressure and c) for the wave range of 80 kHz, the
dispersion relation is valid (see (5) of Xaplanteris 2009)
02 1202 — C2) — 2

[;L’ .k (u CS ) C()Cl . (6)

pi

o = ku, + ju, >
wce

From (6), it is evident that the growth rate and
consequently the wave amplitude follow the collision
frequency changes in the same way, as Fig. 7 thus show-
ing that d) the electron trapping, which strongly affects
the electron drift velocity u,, is directly influenced by the
wave amplitude. As (6) indicates, the wave frequency
o 1s proportional to up, which is affected by the gas
pressure, in accordance with the above considerations.

The experiment was repeated for three absorbed power
values and the results, which are shown in Fig. 7, can
be interpreted as follows: in an rf field discharge where
an external magnetic field is present, the ion production
power S (ions which are produced per unit of volume
and time), is given by the equation

2aASt _
—e
&

where A is the absorption factor, ST the intensity of
the entered power, x the thickness and ¢ the average
needed energy for the production of a couple of ions.
That means that the plasma density and, consequently,
the collision frequency, is proportional to the absorbed
power. The collision frequency affects the growth rate
of the wave (see (6)), and the result is the increase in
electron trapping. This is accompanied by the azimuthal
electron drift increase and an increase in the wave
frequency as well.

s = o ™)

5.5. Gas mixture plasma

Although some observations about the gas mixture
plasma were given in Sec. 3.5, an effort to give a
physical interpretation of the results is also made in this
paragraph. As the Helium ion is almost 10 times smaller
than the Argon ion, the rf azimuthal drift for Helium
ions cannot be neglected. From this point of view, the
total azimuthal ion drift appears to be strengthened,
whereas the radial drift becomes smaller. The charged
particles separation gives a small dc electrical field, which
produces a little azimuthal drift. Perhaps the Helium
ions, lighter as they are, are trapped by the wave and so
the total trapped charge is reduced. The influence of the
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Helium ion fraction on the wave frequency decrease is
shown in Fig. 9. In this way, the confirmation that the
decrease of the frequency is caused by the Helium ion
participation, is obtained.

The study of the gas mixture plasma has not been
completed yet, and this remaining part of the research
may be the object of the following work.
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Appendix: Electron drift due to rf power
finding
Momentum equation for a charged particle into a ho-
mogeneous magnetic field B and a high- frequency radio
wave is written as:

v

m—— =q-E(f,t)+q-VxB —vmV,

ot Al

where 7 is the particle distance from the axis z, V the
particle velocity and v the collision frequency between
charged particles and neutrals.
Taking into consideration that the cyclotron frequency
1S w, = %, the above equation becomes
v - 4. E(F,t) + o Vxz —vV.
ot m
The rf field intensity for the TEM mode into a coaxial
line along z-axis is taken (Moreno 1948) as

. ~ 3771,

t) = E(p,t = —
€00 = B8, = 3
where p is the particle distance from tube axis, Iy is
the line current amplitude in amperes, wg the radio

frequency and ¢, is the perpendicular electrical constant
which is given by the relation (Heald and Wharton 1965)

(A2)

sinwgt e, (A3)

20,2 4 12 2
cap(wR +v°— ;)

w2)? + 42?2

el =1— (A4)

2 __y2
(wz —v

with w, being the plasma frequency which is wﬁ = %

and ng is the plasma number density. If in (A3), Eq is
replaced by
377q - 1
g = 3774 o
2nm
then (A2) is written as
vV E

ot pfer

-sin wgrt e, + wCVxEZ —yV. (A5)
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Due to the radial gradient of the rf field E(p,t), the
charged particles on cycloid orbits are moved. Consid-
ering one period of cycloid motion, the electrical field E
may be expanded around the centre of the orbit

- - 0E ~ 20 ~
E(p.t) = E(R.t) + — ‘Rxp — E(R,1)e, — E(R,0 "¢,
op R
and then (AS5) becomes:
i— Eo Csinowpt - e, — 2. Eo -sinwgt - e
ot  Ryer TR r e Ko
+w. Vxe, —vV, (A 6)

where R is the position vector of the orbit centre and ¥
the position vector of the particle from the orbit centre.

By omitting the first-order component, the remaining
equation leads to a zero-order solution

6170 E() . ~ 0.~ =0
e = R i “sinwgt - e, +w.V'xe, —vV .

Separating (A7) along the radial and azimuthal dir-
ections, we take

(A7)

vy E

p 0 : 0 0
__P . t. VP — vV,
T R e smawgt. +wcVy —vV,
8V(9 0 0
WZ—(UCVP—VV(;.

A combination of the last two relations given above
leads to the differential equation for V;)

2V ov?o E
p p 24 210 0
p + 2‘)? + (w; +v Vp = 7 RcuR cos wgrt
E .
+ 0 _y-sin WRL. (A8)

Ji R

A solution of the following form is sought:

Vg = acos wgt + bsin wgt,

where a and b are determinable factors.

With substitution of the proposed solution into (AS)
and separation of the trigonometric terms, we end up
with the algebraic system.

Ey
/€1 R
Ey
= v
/€1 R
from which the factors’ value is estimated as

2,2 2
w; — v — g

Ey
= w s
/e; - R R(a)f, +v2 —03)? + Hlo

a(wf +v2— w,zz) + 2vawgrb = WR * —2Vwgra

+ (@2 +v? — wx)b

a

b Eq o? +v? 4+
= v .
/ol R N (w2 +v2— wx)? + 4ok

(A9)
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0
From the definition Vp0 = %" =

the following relation is obtained:

acos wgt + b sin wrt,

dxg = acos wgrtdt + b sin wgtdt.

The integration of the above equation from 0 to ¢ gives

a . b b
Lp = —— SINwWgrt — — €OS WRt + —.
WR WR WR

With substitution of the x2 into (A6), we have
o v ks 2 Eo
ot o JeiR R JeIR

+ o V'xe,+o Vi xe, —vV—yy!

sin wgrt — sin wgt

and the first order is

oVl 0 Ey . _ =
—_fp_ %o sinwgrt + o V! x &, —vV!

ot R iR

or

o wrR eI R

sin®

Rt

+L Eo sin wgt - COS Wrt — ——
wrR JeIR R RO wrR
Eq

sincuRH—wcf/1 X @, 72 (A 10)

/SJ_R
If we take the average value of time on a motion
period, the drift velocity u will appear as
a 1 Eo + TR N
=— = WU X &; — Vil
wRRZ /SJ_R ¢
Separating the above in radial and azimuthal direc-
tions, we have

(A1l)

_ a EQ +

= o N g2 TOco—VUp

(A12)

By solving the (A12) system, the rf gradient drifts are
obtained as

ug = @ a4 Eo andu, = ———u
0= V2 + (U(z WR 2 /€1 R2 e (O o
(A 13)

If a is taken from E(A9) and ¢, from (A4), the azi-
muthal drift is obtained as
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and 0= —w.u,—vuy.

Uy =
o, E? o} —v?— o}
w2 +v2 2R3 (0 —v2 — 02)? + 420f — 02(wf +v2 — 0?)

(A 14)
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