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Self-oscillations of non-neutral plasma diode operating in the anode-glow mode are analysed
using the self-consistent one-dimensional Particle-in-Cell Monte Carlo collisions model. In order
to obtain these states, the current exceeding the space-charge limited current has to be emitted
from the cathode, the electron mean free path must be much longer than the cathode-anode
gap, and the cathode voltage must be slightly larger than the ionization potential of the
background gas. It is obtained that in such a case, immobile ions form the electrostatic trap for
the electrons generated in the cathode-anode gap. These electrons oscillate between the cathode
and the anode causing the self-oscillations of the plasma potential. It is shown that the increase
of the emission current leads to the increase of the frequency of the obtained self-oscillations.
Starting at some value of the emission current, a lot of the emitted electrons are got trapped in

the electrostatic well, which leads to the transition to chaos.
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I Introduction

Discharges driven by electron emission from the
walls have long history [1] and are of interest for
many applications such as electric propulsion,
plasma  etching, high-power  microwaves
generation etc. [2]. Depending on the parameters
such as emission current, background gas
pressure and gas component content, and
electrodes configuration, different modes of
discharge are obtained. The type of discharge
also depends on the electron emission
mechanism. Thermionic and field electron
emitters are two most common types of cathodes
used today.

Initially, the interest to discharges ignited by
thermionic electron emission was driven by arc
discharges [3]. Later, these discharges have
found their application for thermionic energy
conversion to electricity. [4] During the last three
decades, a lot of research is devoted to the
studies of microwaves generation from diodes
with the electron emission from the walls [5,6,7].
Also, thermionic emission drives more complex
setups for diamond film deposition, [8] or hollow
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cathodes for electric propulsion. [9]

Both experimental and theoretical research
studies have shown that these discharges exhibit
interesting properties especially at low gas
pressures [10,11,12]. These are the virtual
cathode formation, double layers, various types
of instabilities, transition to chaos etc. Non-linear
oscillations obtained in Q-machines were
investigated in numerous papers (see Refs.
[13,14] and references therein). In these papers,
both Particle-in-Cell (PIC) and fluid codes were
used. Both electrons and ions were injected from
the diode walls and were considered as
collisionless fluids. This is so-called Knudsen
regime in which ions are generated only at the
anode surface. It was obtained that the diode
states depend on two parameters: 1) the ratio
between the cathode-anode gap voltage and the
electron temperature, and 2) the ion-to-electron
density ratio.

A series of papers [10,11,15] was devoted to the
analysis of chaotic states of volume discharges
driven by thermionic emission. In these papers,
the one-dimensional PIC Monte Carlo collisions
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(1D PIC/MCC) models were used. The plasma was
generated self-consistently by the background
gas ionization. Three states of the diode were
obtained. These are the anode glow mode, the
temperature limited mode and the double layer
mode. More recently, these states were
examined by the Vlasov-Poisson equations model
[16].

In the anode glow mode, the gas ionization
occurs only in the vicinity of the anode [12]. The
emitted current is such that it is ruled by the
space charge limit, i.e. the virtual cathode is
formed in the vicinity of the cathode and reflects
most of the emitted electrons. In the
temperature-limited mode, the gas is ionized in
the entire domain except the cathode and the
anode sheaths which are usually collisionless at
the operating conditions [12]. The authors of Ref.
[12] showed that the increase of the cathode-
anode (CA) gap voltage results in the increase of
the density of plasma generated. This leads to the
expansion of the anode glow toward the cathode
and the anode glow mode finally transits into the
temperature-limited mode. They also obtained
useful expression which allows one to calculate
the length of the anode glow as the function of
the CA gap, type of gas and applied voltage (see
discussion in Section Il below).

As it follows from the results presented, for
instance, in Refs. [10,11,12], the plasma is non-
neutral in the anode glow mode. This plasma
consists of the regions with excess of either
negative or positive space charge. For long gaps
(10-20 cm), analysed in these references, the
moving virtual cathode is obtained. As it follows
from the analysis presented in Ref. [16], this
happens because the plasma ions experiencing
charge exchange collisions with neutrals are got
trapped in the virtual cathode. This compensates
the negative space charge of the virtual cathode
and leads to its shift toward the anode. However,
one might ask: what will happen with the anode
glow mode for gaps much shorter than the ion
mean free? The answer on this question is not so
trivial. For instance, recently, Pramanik et al. [17]
have shown using one-dimensional fluid model
that the accounting for weak electron-neutral
collisions generates new family of solutions for
non-neutral plasma diodes.

The main goal of the present paper is to answer
the question asked above. Here, the self-
consistent one-dimensional Particle-in-Cell Monte
Carlo collisions (1D PIC/MCC) model is used for
analysis. The electrons are injected from the
cathode  having  half-Maxwellian  velocity
distribution function. The plasma is generated by
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these electrons as well as by the electrons
generated in the CA gap due to the background
gas ionization.

II. Numerical model parameters and
problem formulation

The 1D PIC/MCC model [18] used in the present
paper resolves three velocity components of both
electrons and ions and one spatial component.
This code is similar with the one used in Refs.
[10,12] for the modelling of discharge driven by
thermionic emission for higher gas pressure. The
model considers only two plasma species,
electrons and singly charged ions. The space step
was chosen equal to 10° m, while the time step
was 10" s in order to satisfy the Courant
condition.

The working gas is helium at the pressure of 0.3
Pa and the temperature of 300 K (the gas density
is ng =7.2x10" m'3). The choice of pressure is
discussed below. The CA gap is dgqp =1 cm. The
left electrode, cathode, is at the constant
potential of ¢, = -40 V, while the right electrode,
anode, is grounded. The model takes into
account the ion-neutral collisions (both charge
exchange and elastic scattering) using the cross
sections from Phelps database [19]. Note that
these collisions can be neglected in the present
studies because the ion-neutral collision mean
free path is much longer than the CA gap. Indeed,
the typical ion energy in the vicinity of the
cathode is ~1-10 eV. The charge-exchange cross
section for such ions is g,,~ 2x10"° m?. Then, the
ion mean free path at the gas pressure of 0.3 Pa
is estimated as A;p, = - L ~7cm.

g0ex

The cathode temperature is an external
parameter which is varied in the range 1800-2050
K. The electron emission from the wall is
described by the Richardson equation:

Jem = DTZexp (_qe%). M

kgTc

Here D = 1.2x10° A/m?K? is the constant whose
value, in general, is defined by the emitter
material, g, is the elementary charge, ¢, = 4.5 eV
is the emitter work function, 4z is the Boltzmann
constant, and T, is the cathode temperature. For
simplicity of analysis, the Schottky effect, i.e. the
influence of electric field on the emission current,
was not considered here.

For the simplicity of analysis, the electrons
emitted from the cathode and electrons
generated in the CA gap are considered as two
separate species, namely, emitted (ngm,) and
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plasma (n,) electrons. They have the same
properties and experience the same collisions but
are treated as two different kinds of
computational particles. Below, the plasma
electrons are also called as generated electrons.

Three electron-neutral collisions are considered
in the model. These are the excitation of the first
electronic level of He, momentum transfer
collision and ionization. The latter process leads
to the generation of electron/ion pairs in the gap.
The cross sections are taken from the Biagi's
database [20]. The electron-neutral collisions
were modeled using the methods described, for
instance, in Ref. [21].

Now, let us discuss the choice of the initial
conditions. As was obtained in Ref. [12], the
length of the anode glow in the anode-glow
regime of the discharge driven by thermionic
emission is

L= dgqp - (HEE5en). (2)

Here, €., is the ionization threshold of He (g;,, =
24.6 eV). Then, for ¢.= -40 V one has l=
0.44 - dgqp. The mean free path of electrons in He
gas at the pressure of 0.3 Pa can reach 100 cm,
which is much longer than the CA gap. This
means that only a few electrons experience the
collisions with neutrals. However, as will be seen
below, this is enough for the generation of rather
dense plasma. Also, the electrons being
generated in the gap due to the gas ionization will
escape to the anode without any collisions. The
escape of electrons from the gap leaves behind
uncompensated positive space charge which
creates the potential well for electrons.

As it follows, for instance, from Ref. [12], the
discharge driven by thermionic emission in He
can be supported by the voltage as low as U;~25
V, which is comparable with the He ionization
threshold. This means, if we choose the value of
the discharge voltage slightly larger than Uy, the
electrons being generated in the gap will be
captured by the ion potential well. Since the
mean free path of generated electrons is much
longer than dgg,, they will oscillate in the well
untii  some  stabilization  mechanism is
established. Below, such mechanisms are
reported.

M. Results and discussion

Below, the results of simulations obtained for the
cathode temperature in the range 2000-2125 K
are presented (see Figs. 1-9). The emission
current was varied in the range 21-110 A/m?,
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which, as it follows from the Child-Langmuir law,
exceeds the vacuum space-charge limiting
current (jo,) of the considered diode. For the
conditions of the present studies, this current is
~5.9 A/m” The simulation results have shown
that for T, < 2000 K, the stable discharge is
obtained. In this regime, the cathode sheath
occupied almost entire domain, while the quasi-
neutral plasma was obtained only in the vicinity
of the anode. The formation of this plasma
suppressed the virtual cathode formation, which
is obtained for the plasma-free gap. This occurred
because the quasi-neutral plasma acts as the
virtual anode. This reduced the gap in which the
electrons are emitted, which leads to the increase
of the space-charge limiting current. The stable
plasma obtained for T, < 2000 K is not of interest
here.

For T, > 2150 K, the column of quasi-neutral
plasma also establishes between the electrodes.
The plasma density in this column reaches the
value ~10'% cm?, and this plasma occupies almost
entire domain except narrow region near the
cathode (cathode sheath). Its thickness is ~0.01
cm, which is much shorter than the electron
mean free path. That is, the cathode sheath is
collisionless. The emitted electrons form almost
monoenergetic beam while propagating through
this sheath. Depending on the emission current
and the density of plasma generated between the
cathode sheath and the anode, the plasma is
either stable or unstable with respect to the
excitation of two-stream instability. This regime
was analysed in previous publication [22] and is
not of interest here.

For the intermediate emitter temperatures
(T, =2000-2125 K), the generation of non-neutral
plasma in the CA gap was obtained. Figs. 1-3
show the results of simulations obtained for the
emitter temperature of 2000 K. One can conclude
that near the anode, the ion density exceeds the
electron density (i.e. nemm + ne), While near the
cathode, the dominant species are the electrons,
and ngmm > ne. Fig. 1(c) shows that there is no
virtual cathode formation. This means that all of
the emitted electrons enter the interelectrode
space. One can also see that the plasma potential
with respect to the anode is ~7 V.
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Figure 1. One-dimensional profiles of (a) the
density of electrons generated in the cathode-
anode gap, (b) the density of electrons emitted
from the cathode, and (c) the potential. The
cathode temperature is 2000 K.

The 1D profiles of the densities of generated and
emitted electrons are shown in Fig. 1(a) and Fig.
1(b), respectively. Fig. 1(a) also shows the ion
density. It is seen that in the region 0.4 cm < x< 1
cm, the density of generated electrons is ~3 times
larger than the density of emitted electrons.
Thus, the plasma potential seen in Fig. 1(c) is
defined by the ions and the generated electrons.
Namely, the potential trough is formed in such a
way in order to capture the generated electrons
and prevent their escape to the anode. Fig. 1(a)
shows that the plasma electrons oscillate
between the anode and the centre of the
simulation domain, while the density of emitted
electrons remains almost constant.
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These oscillations are better seen in Fig. 2, which
shows the space-time diagrams of the density of
generated electrons and potential. One can see
that both oscillate with the frequency v,~ 0.1 GHz
in spite of the constant applied voltage. The same
oscillations were obtained for the electric field
(not shown here). At the same time, the densities
of emitted electrons and ions do not vary in time.
For ions, this is obtained because they are
massive and do not respond the electric field
oscillating with the GHz frequency. The emitted
electrons do not respond the oscillating electric
field because their time-of-flight through the gap,
Temm, IS much shorter than the period of
oscillations. Indeed, one can estimate this time as
Temm~dgap/Vemm, Where ve,n, is the average
velocity of emitted electrons. Using the values
dgap = 1 cm and Ve~ 4x10° m/s (see phase
space in Fig. 3(a)), one estimates T~ 2.5 N5, i.e.
1/Temm~ 0.4 GHz, which is ~4 times larger than v,.
Thus, the emitted electrons cross the CA gap
much faster than the period of self-oscillations.
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Figure 2. Space-time diagram of (a) electron
density and (b) potential obtained for the cathode
temperature of 2000 K.

The time dependence of the potential obtained at
three different locations of the CA gap is shown in
Fig. 8(a). The Fast Fourier transform (FFT) of the
potential obtained in the centre of the domain is
shown in Fig. 9. Fig. 8(a) shows that the
frequencies of potential oscillations at 0.25 X dgq,

© by the author(s) 2020, Layout by G-Labs



D. Levko

and0.5 x dgq, are the same (~0.1 GHz, see Fig. 9).
However, the signal changes at the distance of
0.75 X dgq, from the cathode. One can see the
generation of the second harmonic at the

frequency of ~0.2 GHz.
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Figure 3. Phase space of (a) emitted electrons, (b)
electrons generated in the cathode-anode gap.
The cathode temperature is 2000 K.

The nature of the obtained self-oscillations can
be understood, using the information about the
electron motion at the given conditions. The
phase spaces of emitted and plasma electrons
(the velocity component only in the simulated
direction) are shown in Fig. 3. One can conclude
from Fig. 3(a) that the emitted electrons are not
trapped in the CA gap. The main part of the
emitted electrons does not experience any
inelastic collisions with neutrals. They leave the
CA gap in the form of beam. The velocity spread
of this beam is caused by the velocity modulation
by the oscillating potential in the vicinity of the
cathode.

As it follows from Fig. 3(b), the main part of the
plasma electrons is trapped in the CA gap. They
form the core oscillating between the cathode
and the anode sheaths. The energy of only a few
of these electrons exceeds the ionization
threshold of He atom. Therefore, the plasma
electrons contribution to the plasma generation
is negligible. The simulation results show that the
average velocity of plasma electrons is v~ 3x1 0°
m/s.
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The dominant electron-neutral collision for the
trapped electrons is the momentum transfer. In
He, the cross section of this collision is almost
constant for ¢, < 10 eV and is equal to g,,~ 5%10°
% m?. [20 Then, the mean free path of trapped
electrons is estimated as 1 = ng%m At the pressure

of 0.3 Pa, itis ~28 cm, i.e. 1 >» dgqp- Since in each
momentum transfer collision electron loses only
a small fraction of its energy, electron being
generated in the gap oscillates between the
anode and the cathode sheaths with negligibly
small energy losses. When the core of generated
electrons moves toward the anode, it modifies
the plasma potential (see Fig. 1(c)). Then, when
the electrons approach the anode, the potential
near the anode slightly decreases and some
fraction of plasma electrons leaves the potential
well. The electron escape leads to the recovery of
the anode sheath voltage which stops the
electron escape to the anode. Then, the electrons
which remain in the CA gap reflect from the
anode sheath and move toward the cathode. The
cathode sheath reflects these electrons because
the cathode sheath voltage is much larger than
the trapped electrons energy. While the reflected
electrons move back to the anode, a few
electrons are generated by the emitted electrons.
When these electrons reach the anode, they
modify the anode sheath potential distribution.
Then, most energetic of the trapped electrons
escape to the anode, etc. This process, as it
follows from Fig. 2, is periodic. Self-oscillations in
the Knudsen-type diode having the same nature
were analysed in Ref. [23].

Keeping this explanation in mind, it is possible to
estimate the period of self-oscillations as the
time-of-flight of the plasma electrons from the
cathode to the anode. This time is estimated as
Tpi~dgap/2Vp. Here, vy~ 3x10° m/s is the
average velocity of plasma electrons, and dgq;,/2
takes into account that the electron core travels
only a fraction of the CA gap. Then, one finds
1/tp~ 0.06 GHz, which is in rather good
agreement with the results of present simulations
(see, for instance, Fig. 9).

It was obtained that the self-oscillations
disappear, if one increases the cathode potential.
This result was also obtained in Ref. [12] and was
identified as the transition from the anode-glow
mode to the temperature-limited mode. This is
also demonstrated in Fig. 4 which shows the
results obtained for ¢, = -80 V. Other parameters
were the same as for ¢, = -40 V. One can see the
generation of the column of stable quasi-neutral
plasma.
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The simulation results have shown that the
increase of the emitter temperature from 2000 K
to 2125 K results in the increase of the oscillation
frequency (see Fig. 9). Fig. 9 shows narrow peaks
on the FFT spectra in this range. At T, = 2125 K,
the FFT spectrum broadens and establishes the
properties of the chaotic behaviour [24]. One can
conclude from Fig. 9 that the mechanism to chaos
transition obtained in the present studies for the
anode-glow mode differs from the one obtained
in Refs. [10,11,12]. In those studies, the transition
to chaos was obtained through the period
doubling. In order to understand how the
transition to chaos happens at the conditions of
present studies, let us analyse the plasma
dynamics at T, = 2125 K.
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Figure 4. The results of simulations obtained for
the cathode potential of -80 V: (a) densities, and
(b) potential.

Fig. 5 shows the space-time diagram of the
density of generated electrons and the potential
for T, = 2125 K. The 1D profiles of the electron
densities and potential at three different times
are shown in Fig. 6. One can distinguish several
features which are not obtained for T, = 2000 K.
For instance, several spikes are seen on the
spatial profile of the density of the emitted
electrons (see Fig. 6(b)). This means the emitted
electrons form the bunches. Note that the density
in these bunches is comparable with the density
of generated electrons, i.e. the influence of
emitted electrons on the plasma potential
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increases for increasing emission current. The
peak of plasma potential is ~100 V, which is
almost 1 order of magnitude larger than that
obtained for T, = 2000 K (compare Fig. 6(c) and
Fig. 1(c)).

The increase of the plasma potential for
increasing emission current is obtained because
the latter results in the increase of the plasma
density generated in the gap. Since the plasma is
still non-neutral for T, = 2125 K, the increase of
the ion density results in the increase of the
plasma potential.

The typical phase spaces of the emitted and
plasma electrons are shown in Fig. 7. One can see
that there are a lot of generated electrons having
the energies exceeding the ionization threshold
of He. The simulation results have shown that for
Tc = 2125 K, ~57% of plasma is generated by the
emitted electrons and ~43% is generated by the
plasma electrons, i.e. the contribution of both
groups becomes comparable. Such energetic
plasma electrons are explained by the fact that at
T = 2125 K the depth of the potential well is
~100 V. Therefore, the plasma electrons get
enough energy for the gas ionization during their
propagation through the cathode sheath.
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Figure 5. Space-time diagram of (a) electron
density and (b) potential obtained for the cathode
temperature of 2125 K.

© by the author(s) 2020, Layout by G-Labs



D. Levko

=

_4a — 15 s
‘g — 16 ps
S 3r .
OS ion density 17 ps
|

2

= 1L

g

S 0 ' ' '

0.0 02 04 06 08 1.0

f‘-‘; 1.6+(b)
° — 15us—16 us

o 1.2{

208

5

0.4

L% 0 J | "" !“4'« |

00 02 04 06 08 1.0
80 (c) 1
S 60 ]
= 40+ .
S 20¢ :
° I — 15 us
S — 16 ps
-201 —17ps |

_4 L L 1 i
%.0 02 04 06 08 1.0
Distance (cm)

Figure 6. One-dimensional profiles of (a) emitted
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generated in the cathode-anode gap, and (b)
potential. The cathode temperature is 2125 K.

The detailed analysis of the electron motion in
the electric field in the vicinity of the cathode can
be found, for instance, in Ref. [25]. It is shown
that if the amplitude of the oscillating component
of the electric field becomes comparable with its
constant component, emitted electrons start
reacting to the field oscillations. For some values
of initial phase, the emitted electrons get
decelerating and form bunches. This is obtained
for T = 2125 K.
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Figure 7. Phase space of (a) emitted electrons, (b)
electrons generated in the cathode-anode gap.
The cathode temperature is 2125 K.

This conclusion is also supported by the results of
present studies. Fig. 9 shows strong harmonic of
the electric field having the frequency ~0.45 GHz.
The period of oscillations at this frequency is
comparable with the time-of-flight of emitted
electrons through the gap. This means the
emitted electrons respond the oscillating field. If
these electrons are emitted in phase with the
oscillating field, they are kept accelerating while
they propagate to the anode. However, if the
electrons are emitted out of phase, they gain
smaller velocity during the half period of
oscillations. Some of these electrons have the
energy smaller than the depth of the potential
well and are got trapped in the potential well of
ions. The bunching of these electrons is seen in
Fig. 6(b).

Thus, one can conclude the following. The
increase of j,,, results in the increase of the ion
density, which leads to the increase of both the
plasma potential and the time-of-flight of plasma
electrons. This leads to the increase of the
oscillation frequency of the plasma potential and
increase of the oscillating component of the
electric field. At it follows from the electron
trajectory analysis, at high oscillation frequencies
of the electric field, emitted electrons start
responding the oscillating field. The electrons,
emitted out of phase of the electric field, form
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bunches which influence the distribution of
electrostatic potential. The slowing down of the
emitted electrons generates additional harmonics
seen in Fig. 9(b). The contribution of the emitted
electrons into the plasma potential also
influences the trajectories of plasma electrons,
which also leads to the generation of additional
harmonics.
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Figure 8. Time dependence of the potential
obtained at three different locations of the
cathode-anode gap for the emitter temperature
of (a) 2000 K, (b) 2075 K, and (c) 2125 K.

The growing coupling between the plasma and
emitted electrons through the plasma potential
allows one to make the analogy between the
diode considered in the present paper and the
controlled nonlinear oscillator [24]. It is know that
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if the external force is controlled by motions of
the oscillator itself, this system allows the
transition to chaos through intermittency [24].
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Figure 9. Fast Fourier transform of the potential
obtained in the center of the cathode-anode gap
(@) T =2000 - 2100 K, and (b) 2125 K.

It is important to note that while in the vacuum
gaps with intense electron beams chaotic and
periodic regimes change each other,6 this is not
obtained for the conditions of the present
studies. The simulation results have shown that
further increase of the emission current results in
the increase of the density of generated plasma.
At some temperature, this plasma becomes
quasi-neutral. Then, the plasma diode states
reported in this paper disappear and other
regimes of discharge operation are established
[22].

Iv. Conclusions

Self-oscillations of the non-neutral plasma diode
were analysed using the self-consistent one-
dimensional Particle-in-Cell Monte Carlo collisions
model. These states are obtained for the emitter
current in the range 21-110 A/m?” Below this
range, the diode is stable, while for higher
currents the quasi-neutral plasma is generated.

The analysis has shown that the diode self-
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oscillations are obtained if the following three
conditions are satisfied: 1) the space-charge
limiting current is emitted from the cathode; 2)
the electron mean free path is much longer than
the cathode-anode gap; and 3) the cathode
potential only slightly exceeds the ionization
potential of the background gas. The self-
oscillations were induced by the electron
oscillations between the cathode and the anode
sheaths in the potential well created by the ions.

It was obtained that the increase of the emission
current leads to the increase of the frequency of
self-oscillations. This led to the bunching of the
emitted electrons, which finally led to the
transition to chaos.
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