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PLASMA PHYSICS
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Abstract. The aim of the paper is emphasizing the possibility of stimulating the emission of
electromagnetic waves in the centimetric domain within a plasma column coupled with a pulsating
double layer of electric charge. The experiment indicates the stimulation by the double layer of a
longitudinal iono-acoustic stationary wave. When the plasma column is crossed by a rapid electron
beam, coming from a cathode of special geometry, for instance as a result of the processes of electron
acceleration in the electric field of the longitudinal stationary wave, there appears an electromagnetic
field within the range of microwaves. The paper also presents a phenomenological scenario of the
microscopic mechanisms that induce the appearance of the pulsating double layer and, as a
consequence, the generation of the microwaves.
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1. INTRODUCTION
When theorists analyze the possibility for oscillations to be excited within a
plasma column, they usually employ the so-called model of non-collisional plasmas.
Such a model allows to determine the oscillation frequencies of an ionized
environment. Comparison of the theoretical results with the experimental data
generally reveals a remarkable agreement. However, the attempts to use this model
in order to explain self-stimulation of oscillations within the electric discharges
have proved unproductive. The possibility for self/sustained oscillations to appear
in a column of ionized gas has long been proved by Tonks and Langmuir [1]. Due
to the special interest these phenomena present, systematic experimental studies
were conducted on them in a number of laboratories. In this connection, the work
and experiments carried about by Donahue and Dieke [2] in the U.S.A, and by
Zaitsev and Klimontovich in the former U.S.S.R. [3] are remarkable. Also regarding
the phenomenon of self-excitation of the oscillations within the ionized gas, the
process positive column stratification has to be reminded. This kind of instabilities
has been studied thoroughly by Pekarek [4].
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In order to explain the spontaneous appearance of oscillations within ionized
environments, two problems must be solved: determining the frequencies specific
to the plasma column (which can be done as shown before) and establishing the
physical system, which, once connected with the ionized gas column, can store and
rhythmically give out the energy received from the source towards the ionized gas
column. However, solving the latter problem has proved a much more difficult
issue. Gradually, the conviction has compelled recognition in the literature of the
domain that the source capable of rhythmically providing the energy necessary to
maintain the oscillations in the plasma column is localized in a restricted region
within the electric discharge. The simplest system occurring within the electric
discharges capable of sustaining the oscillations specific to the ionized gas column
is made up of two distributions of adjacent opposite electric charges. Such a system
is known in the literature by the name of double layer (DL). Although such double
layers were also obtained in plasmas which are traditionally considered to be
non-collisional [5], careful analysis of the processs that underlie their generation
has imposed the idea that such structures cannot be explained otherwise than
starting from the inelastic interactions between the electrons accelerated within a
local electric field and the atoms of the gas [6]. Thus, there obviously appears an
impossibility of understanding the spatial-temporal phenomena, be they periodical
or random, which spontaneously occur in laboratory or natural plasmas on the basis
of the simplistic model of non-collisional plasmas.
The relatively vast literature concerning the instabilities induced by DLs within
the electric discharges in gases under low pressure has demonstrated the possibility
for them to sustain oscillations over a broad frequency range. Simplifying a little
bit, we can consider that the fact has been proved that DLs can excite oscilations in
two frequency beaches: the beach of low frequencies (starting from a few scores of
Hz and going down to a few kHz), determined by the transition from the so-called
maintained DL to the self-maintained DL, and the beach of the high frequencies
(scores of kHz up to MHz), determined by the so-called unstable DL. In the
presence of magnetic fields, DLs can also sustain such cases of instability as, for
instance, the iono-cyclotronic oscillations [7].
The fact is known that, in some plasma installations electromagnetic fields
can be generated within the microwave domain. To explain the occurrence of these
radiations the so-called beam-plasma interacting is usually employed. We have the
conviction that this mechanism is not sufficient in order to explain all the aspects
concerning the generation of microwaves in plasma devices, and so it is absolutely
necessary to consider the contribution of DLs in that explanation, as well. The
main aim of the present paper is to experimentally demonstrate that the appearance
of microwaves in a plasma device is preceded by the formation of an unstable DL,
which, through the excitation of an iono-acoustic wave in the ionized gas column,
allows the modulation of electron speeds within a rapid electron bunch going
through the gas. The rapid electron bunch can be generated by a hall cathode in
half-closed geometry, for example.

3

Generating microwaves in plasma devices

63

2. EXPERIMENTAL CONSIDERATIONS
2.1. THE EXPERIMENTAL DEVICE
The basic scheme of the experimental device is presented in Fig. 1. The
essential idea in making up this device was the following: to create an ionized
environment (which is done by means of the cylindrical cathode in the left-hand
side of Fig. 1), in which a beam of rapid electrons is injected, once with the making
up of an unstable double layer – these two conditions were achieved by means of
the specially devised cathode, see the right-hand side of Fig. 1). Such a cathode
was first made by G. G. Brãtescu, D. Ciobotaru and G. Dima [8] and is part of the
broader category of the half-closed geometry cathodes, presented for the first time
by Van Paassen and Allen [9]. Such a cathode works in two distinct modes: the
high impedance mode, where the cathodic cavity plays a minor role in establishing
the discharge current, and the low impedance mode, where the processes within the
cavity are essential in establishing the discharge current.

Fig. 1 – The experimental device.

In the experimental installation, the two cathodes were made of alloy steel.
The cylindrical cathode had this sizes: diameter – 27 mm; depth – 30 mm. The
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conic cathode had these sizes: diameter of base – 24 mm; the walls slope angle –
30° and depth – 25 mm. The grid that covered the base of the conical cathode was
made of alloy steel with the arm of the mesh – 0.2 mm. The anode was made of a
wolframium ring with the diameter of 40 mm. The distance between the laterals
electrodes could vary between 5 mm to 50 mm.
The experiments were done in water vapors at low pressure. To obtain a
clean water atmosphere, the following steps were taken: the discharge tube was
connected with a glass ball in which twice-distilled water had been put. By
continuously evacuating the gases within the precinct, a stationary regime was
reached where the residual pressure was 10–3 torr. Because the installation was
made of perfectly watertight glass, the precinct could be isolated from the vacuum
device. After half an hour, during which we supposed the equilibrium between the
absorbed gases and the inner pressure (which reaches, virtually instantaneously, the
pressure of the saturating water vapors at ambient temperature – 17 torr) had been
reached, we repeated the washing-up of the installation. We repeated the operation
three times. To measure the water vapors pressure we used an oil-manometer. The
oil used in that manometer had the pressure of the saturating vapors at ambient
temperature of 10–8 torr. The pressure corresponding to a level difference of one
mm oil-column was of 6.4⋅10–2 torr.
2.2. THE RESULTS OF THE EXPERIMENT
The cylindrical cathode, which is part of the hall cathodes, allows to obtain a
high discharge current (and thus a high gas ionization) at a relatively low voltage.
Once reached a stationary regime of the discharge on the right, the dependency
I = f(V) (see Fig. 2) for the half-closed geometry cathode could be achieved (SCC).
The presence of the initial ionization of the gas causes the two working regimes of
that cathode to be obtained at much lower voltages than in the case it worked
independently. This allows the utilization of a power source with a relatively low
maximum value, which allows its fine tuning.
In Fig. 2, the AB region corresponds to the high impedance mode, and the EF
region corresponds to the low impedance mode of the SCC.
In the AB region the fact can be noticed that from within the cavity emerges
an electron beam which penetrates the plasma over a long distance before being
dispersed. Somewhere between the two cathodes a DL develops, which is crossed
by the electron beam.
In the low impedance mode, the light in front of the SCC is completely
different from that corresponding to the high impedance mode, belonging to the type
of that presented in Fig. 3. The appearance of an exceptionally luminous formation
can be noticed in front of the cathodic grid, as well as the appearance of another
luminous zone within the cavity (in order to partly emphasize the inner luminous
zone a notch was made in the wall of the electrode, very close to the grid).
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Fig. 2 – The I = f(V) characteristic for the semi-closed cathode under
the influence of the cylindrical cathode.

Fig. 3 – The luminous aspect of the discharge
in the EF region along the I–V characteristic.

Fig. 4 – The luminous aspect of the discharge
in the CD region along the I–V characteristic.

What we can find is that, in the case the SCC works in the presence of the
plasma generated by the cylindrical cathode, an extra intermediary regime (CD along
the I–V characteristic) appears, in addition to the two modes presented previously,
which are also known from the literature. The typical aspect of the light in front of
the SCC within that region is similar to that in Fig. 4. The partial preservation of
the electron beam going through the entire luminous structure can be noticed, the
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forming of an external luminous structure of a smaller intensity than that along the
EF region, and the beginning of the development of the inner luminous structure.
If the time evolution of the current through the SCC circuit is followed, it is
oscilloscopically found that in the AB region there is a low amplitude periodic
signal as in Fig. 5. In the CD region the signal has a much higher amplitude and its
shape resembles that in Fig. 6. When the low impedance regime is installed the
oscillation in the electric circuit suddenly stops.
What is specific to the CD region of the I–V characteristic of the SCC is the
appearance of the microwave field. Its frequency spectrum as well as the evolution of

Fig. 5 – Oscillations typical of the AB region
along the I–V characteristic.

Fig. 6 – Oscillations typical of the CD region
along the I–V characteristic.

Fig. 7 – The dependence of the microwave signal frequency upon the
intensity of the current which passes through the cathode circuit.
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the microwave signal frequency in accordance with the intensity of the discharge
current is presented in Fig. 7. One finds that the frequency spectrum of the
microwaves goes towards lower frequencies as the discharge current rises.
3. THE PHENOMENOLOGICAL EXPLANATION
OF THE EXPERIMENTAL RESULTS
Sunk in the echipotential plasma of the dark Faraday space of the cylindrical
electrode, the SCC is surrounded by a cloud of positive ions. When a voltage is
applied to this electrode, smaller than the potential of the plasma where it lies,
positive ions come to its grid. These ions can attract electrons of the surface of the
grid. As the voltage applied to the half-closed geometry cathode increases in
absolute value, the current of the electrons injected in the environment in front of
the grid increases. Injection of these electrons results in the fact that in front of the
SCC there develops a new type of plasma, rich in electrons, whose potential is
smaller than that of the plasma in the dark Faraday space of the cilindrical cathode.
When the two plasmas come into contact with each other, there appears a potential
difference. In this potential difference slow electrons in the low potential plasma
are accelerated. If, as a result of this acceleration, the cross-section of excitation
and ionization, respectively, of the gas molecules reach their maximums in two
distinct spatial regions, on the basis of the scenario already known in the literature
[10], a double layer is generated. This DL appears as a luminous zone separating
the two dark plasmas. Because fast electrons set out from the half-closed geometric
cathode which can hit the wall of the glass tube, there also appears an emission
mechanism out of the latter’s surface. The slow electrons emitted from the surface
of the glass are accelerated in the electric field of the DL, thus being able to
produce new ionizations when going out of it. The double layer is therefore turned
into a pulsating DL with a frequency given by the capacity glass tube which has to
periodically emit slow electrons towards DL. This mechanism was first analyzed
by Sanduloviciu [11] for DLs occurring in front of the anode and was consequently
called “anodic instability”. This instability determines the appearance in the electric
circuit of a periodic signal like the one in Fig. 5.
Not every ion going towards the half-closed geometry cathode hits the grid.
As the grid exhibits a certain transparency factor for the ions going towards it, part
of the ions go into the cavity. Hitting the inner walls of the half-closed geometry
cathode the ions tear the electrons out of them. Because the electric field lines
concentrate towards the hole bored inside the cathodic grid, the electrons emitted in
the cathodic cavity are strongly accelerated towards the outer part of the cathode.
Thus there appears a beam of electrons relatively well collimated and having a
kinetic energy (expressed in eV), of the same order as that of the voltage applied on
the SCC. Owing to the very high energy of the electrons in the bean of electrons
going out of the cathodic cavity, these undergo a few processes of elastic or
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inelastic clash with the molecules of the gas. Because of that, the beam of electrons
goes over a long distance inside the plasma.
As the ions flow going into the cavity increases, the number of electrons
emitted out of the inner walls increases as well. Under these circumstances, the
electrostatic distribution of the electric field inside the cavity is perturbed by the
appearance of the process of ionization of the gas molecules by the electrons
emitted. The causes of this increase in the charge-bearers within the cathodic cavity
are known by the name of “effect of electrostatic trap” and also “effect of
geometric trap” of the hall cathode [12]. Under the influence of the two mechanisms
mentioned above, a massive group of thermalized electrons appears inside the
cavity, which leaves the cavity through the orifice in the grid. Once out of the
cavity, the slow electrons are accelerated by the electric field generated by the grid
outside the cathode. Under the influence of this field, the slow electrons are capable
of producing new excitations and ionizations of the gas. This supplementary
ionization of the gas in front of the SCC causes a new plasma to appear, whose
separation zone as to the plasma produced by the cylindrical cathode is much
nearer the special geometry cathode than that in the previous phase. As a result of
the above-mentioned phenomena, the position of the double layer also moves
towards the SCC. Along the I–V characteristic, this process is marked by the leap
of the static functioning point from B to C.
If the pressure of the working gas is not too high, in the CD region along the
I–V characteristic, from within the cathodic cavity a beam of high-energy
electrons, relatively well collimated, continues going out.
The double layer which limits the luminous external cathodic formation
proves to be an unstable double layer, which is also proved by the appearance of
the periodic signal presented in Fig. 6. To explain the periodic character of the
oscillations of the double layer along this region, as the latter lies in the immediate
vicinity of the negative electrode, an external triggering mechanism can no longer
be claimed, as was the case along the AB region of the characteristic. For this
situation one has to admit an internal triggering mechanism of the oscillations in
the double layer. This mechanism, known in the literature [6], is based in principle
on the triggering of the drifting of the double layer off the region where it was
generated by the electrons originating in the breaking up of the previous DL.
The observation that is remarkable for the aim of the present paper lies in the
fact that the amplitude of the oscillations along the CD region is much higher than
that along the AB region. This suggests the appearance of a resonance phenomenon.
Such a resonance phenomenon in which high oscillations are generated in a column
of ionized gas coupled with a double layer has been studied [13]. In principle, in
this case we have the excitation of longitudinal stationary iono-acoustic waves
under the influence of the periodic injection of ions by the unstable DL in the
ionized gas column.
The presence of the stationary iono-acoustic wave in the ionized gas column
located between the cathodic fall of potential of the cylindrical cathode and the
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luminous entity in front of the semi-closed geometry cathode causes an axial
electric field to appear, whose polarity changes periodically. Entering this electric
field, the electrons in the fast electron beam are modulated into velocity. As a result
of the rhythmical accelerations, the fast electrons emit electromagnetic radiations
within the range of the microwaves. The spectrum of the electromagnetic radiations
emitted by the experimental device within the centimetric range is presented in
Fig. 7. Because the frequency of the radiations emitted by the electrons decreases
as their acceleration gets lower, the reduction of the frequency of the signal at the
same time as the increase in the discharge current has to be related to the fact that
the intensity of the electric field within the stationary iono-acoustic waves is
reduced. The experiment proves the fact that the amplitude of the oscillations in the
electric circuit is reduced along with the increase in the discharge current [13],
which demonstrates again that the emission of the microwaves is done as a result of
the interaction between the fast electrons in the bunch and the longitudinal electric
field created by the iono-acoustic wave.
If the working conditions are such that in the CD region along the I–V
characteristic of the SCC a well collimated bunch of fast electrons is no longer
emitted (if for instance pressure is too high), the stationary iono-acoustic waves can
be developed without however it being possible for the microwaves to be
generated. This proves the necessity for the existence of the fast electron bunch in
the mechanism of microwave-generating.
By increasing the voltage applied to the SCC, a new current surge is achieved,
accompanied by the disappearance of the electric oscillations from the circuit. This
proves that the DL in front of the cathode becomes stationary. The stationary
character of the DL is also phenomenologically manifest through the fact that the
edges of the luminous structure in front of the semi-closed geometry cathode
become much clearer. Thus, we find that the succession of the stages of existence
of the DL in front of the cathode is partially different from the one corresponding
to the DL forming in front of an anode; in the case of the cathode, an unstable, an
then a stationary DL is formed. Yet, in both situations, the transition from the
stationary DL of the unstable DL is done through the decrease of the current in the
circuit. The abrupt disappearance of the oscillations of the DL automatically
implies the ceasing of the iono-acoustic waves. At the same time, the disappearance
of the microwave field is found. This proves that the appearance of the microwaves
is closely related to the existence of the stationary iono-acoustic waves.
4. CONCLUSIONS
The present paper has emphasised the fact that a microwave field can be
generated in an ionized environment when the latter is crossed by a collimated fast
electron beam. In order for those electrons to be able to emit electromagnetic
radiations they must undertake a periodically accelerated motion. This periodic
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acceleration can be done by the agency of the electric field generated by a
stationary iono-acoustic wave developed along the same direction the flow of fast
electrons propagates.
The experiment has demonstrated the fact that the two systems that interact in
order to generate the microwaves (the beam of electrons and the iono-acoustic
wave) can exist independently one of the other within the ionized environment.
This proves their relative independence, which means that the iono-acoustic waves
are not excited by the electron bunch, as is usually postulated.
The formation of the unstable double layer within the electric discharge can
generate, in the conditions where its own oscillation period is close to that of the
resonator represented by the ionized gas column, stationary iono-acoustic waves
through the so-called relaxation instability of the plasma (PRI).
The above observations prompt us to conclude that the explanations current in
the literature as to the mechanism of microwave generation in the plasma devices
(but also, very probably, in the semiconductive devices with the Gunn effect) are
not sufficient to fully explain the whole mechanism of the stimulation of the
microwave emission. The main shortcoming of those explanations is based on neglect
of the processes of interaction between the electrons and the gas molecules. That
omission, accompanied by the written “demonstration” of the possibility for the
beam of fast electrons and the longitudinal ionic waves to appear simultaneously
within the ionized gases, has led to the failure to notice the outstanding importance
of the physical object capable of rhythmically accumulating and yielding the
energy provided by the CC source to the plasma resonator.
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