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A NEW TYPE OF PLASMA
ACCELERATOR WITH CLOSED ELECTRON DRIFT

A new type of plasma accelerator with closed electron drift and open walls has been stud-
ied further. In particular, the current-voltage characteristics in various operation modes are
obtained. Two operation modes, low- and high-current ones, with specific parameters are re-
vealed. To make the earlier proposed physical-mathematical model more adequate to the exper-
iment, a hybrid model, in which the dynamics of neutrals and ions is described by kinetic equa-
tions, is applied. The distribution of the electric potential in the accelerating gap is numerically
obtained. An insignificant difference between the potential distributions in the hydrodynamic
and hybrid models consisting in higher potential gradients in the hybrid model is found.
K e yw o r d s: plasma accelerator, closed electron drift, Hall-type accelerator, hydrodynamic
model, hybrid model.

1. Introduction

Accelerators with closed electron drift and open (gas)
walls have not been studied so extensively as the well-
known and widely applied plasma accelerators with
anode layer and accelerators with closed electron drift
and dielectric walls [1]. However, the accelerators of
this type may be of interest for generating a flux of
charged particles with various currents and minimum
impurities of an electrode material. They can also be
attractive as a prototype for low-cost ionic rocket en-
gines [2].

Accelerators with closed electron drift and open
(gas) walls have a number of advantages. In par-
ticular:

1. Minimization of solid walls results in a lower con-
tent of a wall material in the ionic beam. At the same
time, the minimum curvature of magnetic power lines
remains preserved.
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2. Minimization of walls favors the preservation of
the electron dynamics in the plasma medium, because
conditions for the formation of secondary electrons
by the emission from the plasma accelerator walls are
reduced to the minimum.

2. Experimental Part

Experiments were carried out on a laboratory stand
at the Institute of Physics of the National Academy
of Sciences of Ukraine. The schematic diagram of the
stand is showm in Fig. 1.

Vacuum chamber 1 contained a test mockup of the
accelerator with open walls. The accelerator consisted
of a magnetic core with permanent magnets 2 and an
electrode system with cylindrical anode 3 and cath-
ode 4 formed by a system of pins. The experimental
installation allowed a controlled gas input, by using a
CHA-2 system. The gas pumping was performed with
the use of a vacuum unit with an oil-vapor pump.

The experimental model of the accelerator had
the following characteristics: the cylindrical cooled
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copper anode had a diameter of 6.7 cm, the cath-
ode pins were arranged in a circle and equidistantly
from system’s axis. The pin positions could be varied
by changing the circle diameter and the anode-to-
cathode distance. The latter could be varied from 1
to 3.5 cm.

A system of permanent magnets created a mag-
netic field of 650–750 Oe. The anode voltage was up
to 2.5 kV, and the working gas pressure was in the
interval 10−5–10−3 Torr. The system of permanent
magnets was arranged in such a way that the mag-
netic field in the gap between the cathode and the
anode was parallel to system’s axis as much as possi-
ble. It was owing to this configuration of the magnetic
field that a system with open walls was created.

The working gas in the system was argon. In the
course of the experiment, the chamber was filled with
the working gas. The anode was supplied by a volt-
age of up to 2.5 kV obtained from a power source, and
the cathode was grounded. A self-consistent distribu-
tion of the potential emerged between the electrodes,
which resulted in the generation of a plasma and its
acceleration.

3. Experimental Results

First, the dependences of the current density on the
working gas pressure were measured. In general, the
operation modes of this accelerator are very similar
to those of an accelerator with anode layer. In partic-
ular, the appearance of a well-distinguishable narrow
emitting layer between the anode and cathode was
observed at about 10−4 Torr, which was character-
ized by low discharge currents. As the pressure was
increased, this layer expanded over the whole accel-
erator volume, and a bright radiation emission from
the accelerator volume through the ends of the cylin-
drical canal along the cylindrical symmetry axis was
observed. In this mode, the discharge current was up
to 2 A. The results concerning the influence of the
working gas pressure in the source volume on the dis-
charge current density in the low-current mode are
shown in Fig. 2.

The curves measured at various (up to 1.5 kV) volt-
ages applied across the discharge gap make it evident
that the current weakly depends on the gas pressure
in the system in the measured pressure interval. This
result is explained by the fact that the concentra-
tion of ionized particles under experimental condi-
tions was almost independent of the working gas pres-

Fig. 1. Experimental setup; vacuum chamber (1 ), magnetic
system (𝐻 = 650–750 Oe) (2 ), anode (3 ), cathode (4 )

Fig. 2. Dependences of the discharge current density on the
working gas pressure for various voltages across a discharge gap
in the low-current mode

sure. This conclusion also corresponds to our theoret-
ical results obtained earlier [2].

Figure 3 exhibits the accelerator current-voltage
characteristics (CVCs) with high-current sections. It
is evident that the transition into the high-current
mode occurs under the action of two factors: the
working gas pressure and the voltage applied across
the discharge gap. In a certain voltage interval, we
obtained the low-current mode (Fig. 4). Ordinary lin-
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Fig. 3. CVCs of the accelerator for various working gas pres-
sures in the high-current mode

Fig. 4. CVCs of the accelerator for various working gas pres-
sures in the low-current mode

ear characteristics are typical of this mode. When the
voltage reached a certain value, the discharge current
increased in a jump-like manner, and the discharge
transited into the high-current mode, in which the
distinct anode layer was absent. In this mode, a typi-
cal discharge current was several orders of magnitude
higher (up to 2 A) than in the low-current mode.

Another characteristic feature of the high-current
mode is the formation of a plasma torch (Fig. 5). In
the discharge concerned, ions are accelerated along
system’s radius toward system’s axis. The torches at
the ends, on the contrary, are observed along the axis,
perpendicularly to the radius and the direction of ini-
tial ion acceleration. Owing to the discharge geome-

Fig. 5. Image of the accelerator operating in the high-
discharge mode. Plasma torches are visible at system’s ends

try, a large fraction of generated ions escape from
the system perpendicularly to its radius. That is why
well noticeable plasma torches are formed in the high-
current mode. Our earlier results testify that, under
certain conditions, a potential drop can emerges along
the plasma torch axis [2]. This effect can be used to
accelerate a beam of charged particles.

4. Theoretical Model and Its Results

In order to explain the obtained experimental data,
a one-dimensional theoretical model was developed
(Fig. 6). It is based on hydrodynamic equations. In
the framework of this model, both exact analytical
and numerical solutions were obtained [2, 3].

Nevertheless, although the hydrodynamic model
can well describe the dynamics of the electron and
ionic components, it does not make allowance for ion-
ization processes, as well as the influence of neutral
atoms in the working gas. A purely kinetic descrip-
tion cannot also be used because of a significant differ-
ence between the velocities of electrons and ions. The-
refore, a description using the hybrid model may be
an optimal solution. In the framework of this model,
the hydrodynamic description is used for the electron
component, and the kinetic description for the ionic
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and neutral ones. This approach also allows the lim-
ited stay time of ions in the system to be taken into
account.

As was done earlier [2, 3], a one-dimensional model
was considered with regard for only the single ioniza-
tion. In this case, we can write the following equations
for neutrals and ions, respectively:

𝜕𝑓0
𝜕𝑡

+ 𝜈0
𝜕𝑓0
𝜕𝑥

= −⟨𝜎𝑖𝑒𝜈𝑒⟩𝑛𝑒𝑓0, (1)

𝜕𝑓𝑖
𝜕𝑡

+ 𝜈𝑖
𝜕𝑓𝑖
𝜕𝑥

+
𝑒

𝑀
𝐸
𝜕𝑓𝑖
𝜕𝑣

= ⟨𝜎𝑖𝑒𝜈𝑒⟩𝑛𝑒𝑓0, (2)

where 𝑛𝑒 is the electron concentration, and 𝑓0 and 𝑓𝑖
are the distribution functions for neutrals and ions,
respectively, which satisfy the following boundary
conditions:

𝑓0(0, 𝑣, 𝑡) =

(︂
𝑀

2𝜋𝑇

)︂3/2
exp

(︂
−𝑀𝑣2

2𝑇

)︂
, (3)

𝑓𝑖(0, 𝑣, 𝑡) = 0. (4)

The right-hand sides of Eqs. (1) and (2) are different
only in the sign. They describe the recession of the
neutral component in Eq. (1), and the growth of the
ionic component in Eq. (2).

For the right-hand sides of Eqs. (1) and (2), we may
write
⟨𝜎𝑖𝑒𝜈𝑒⟩ = 𝜎𝜈𝑒(𝑇𝑒) exp

(︂
−𝑈𝑖

𝑇𝑒

)︂
, (5)

where 𝜎 is the maximum ionization cross-section, 𝑇𝑒

the electron temperature, 𝜈𝑒(𝑇𝑒) the average heat ve-
locity of electrons, and 𝑈 the ionization potential. In
those notations, the ion concentration 𝑛𝑖 and the ion
current density 𝑗𝑖 are expressed as follows:

𝑛𝑖 =

∫︁
𝑓𝑖𝑑𝑣, (6)

𝑗𝑖 =

∫︁
𝑣𝑓𝑖𝑑𝑣. (7)

Again, we proceed from the statement that the to-
tal current in the system is equal to the discharge
current,

𝑗𝑑 = 𝑗𝑖 + 𝑗𝑒, (8)

where the electron current density

𝑗𝑒 = 𝜇

(︂
𝑒𝑛𝑒𝐸 − 𝜕𝑛𝑒𝑇𝑒

𝜕𝑥

)︂
. (9)

Fig. 6. Plasma accelerator model: anode (1 ), cathode (2 ),
magnetic system (3 ). Dashed curves denote power lines of the
magnetic field. Arrows indicate the ion acceleration direction

Here, 𝜇 = 𝑒𝑣𝑒/
(︀
𝑚𝜔2

𝑒𝐻

)︀
is the electron mobility, and

𝐸 the electric field strength. Assuming that electrons
loss their energy mainly due to collisions of various
types and denoting the characteristic time of temper-
ature recession as a result of collisions by 𝜏0, the fol-
lowing expression can be written for the temperature
evolution:

𝑇𝑒 = 𝑗𝑑𝐸𝜏0

(︂
1− 𝑒− 𝑡

𝜏0

)︂
/𝑒𝑛𝑒. (10)

In the stationary state,

𝑇𝑒 = 𝑗𝑑𝐸𝜏0/𝑒𝑛𝑒. (11)

Then expression (9) can be rewritten in the form

𝑗𝑒 = 𝜇

(︂
𝑒𝑛𝑒𝐸 − 𝑗𝑑𝜏0

𝜕𝐸

𝜕𝑥

)︂
. (12)

Adding the Poisson equation

𝜕𝐸

𝜕𝑥
= 4𝜋𝑒 (𝑛𝑖 − 𝑛𝑒), (13)

we obtain a closed system of equations describing the
system.
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Fig. 7. Comparison between the results of numerical calcula-
tions for the potential distribution in the discharge gap in the
hydrodynamic and hybrid models

Fig. 8. Comparison between the results of numerical calcula-
tions for the electron concentration in the discharge gap in the
hydrodynamic and hybrid models

This model was used to numerically calculate the
distributions of electric potential and electron con-
centration in the accelerating gap (see Figs. 7 and
8, respectively). The calculations were continued un-
til the system reached a stationary state. In order to
compare the results obtained in the hybrid and hydro-
dynamic models, the same parameters were used for
both models. As was mentioned in works [2, 3], the
potential drop in the accelerating gap can be com-

plete, incomplete, or exceed the applied potential, by
depending on the physical parameters of the system,
which are described by the parameter 𝑎 = 𝜇𝜏0𝜑

𝑑2 in
the hydrodynamic model. In particular, the optimal
mode, when the potential drop in the gap is com-
plete, is realized at 𝑎 = 0.5. At 𝑎 > 0.5, the potential
drop is incomplete, and at 𝑎 < 0.5 the potential drop
exceeds the applied potential.

From Fig. 7, one can see that, for the poten-
tial distribution, there is a slight difference be-
tween the hydrodynamic and hybrid models in all
cases. Concerning the electron concentration (Fig. 8),
its behavior, at first glance, is different in two mod-
els: in the stationary state, it is almost constant
across the gap in the hybrid model and slightly
changes in the hydrodynamic one. However, a de-
tailed analysis shows that, qualitatively, the pro-
files of the electron concentration curve in the hy-
brid and hydrodynamic models are similar, whereas
the corresponding variation across the gap in the
hybrid model is even smaller than in the hydro-
dynamic one. Thus, the hydrodynamic model de-
scribes the examined system rather well. Its advan-
tages include a possibility to obtain exact analytical
solutions.

5. Conclusions

Our research of the accelerator with closed elec-
tron drift and open walls demonstrates its similar-
ity to the accelerator with anode layer and metal-
lic walls in the accelerator channel. The low-current
operation mode with an anode layer confined by
the interelectrode gap and the high-current opera-
tion mode with well-distinguishable plasma torches
at system’s ends are obtained. The jump-like tran-
sition between the modes is shown to occur under
the influence of the anode potential and the work-
ing gas pressure. In the low-current mode, the dis-
charge current depends much stronger on the voltage
applied across the discharge gap than on the work-
ing gas pressure. A hybrid theoretical model was de-
veloped, and simulation results on its basis are ob-
tained. A comparison between the results of both
models obtained in model experiments testifies to
an insignificant influence of the neutral component
of a working gas on the formation of the potential
drop across the discharge gap for the examined ini-
tial conditions.
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НОВИЙ ТИП ПЛАЗМОВОГО
ПРИСКОРЮВАЧА IЗ ЗАМКНЕНИМ
ДРЕЙФОМ ЕЛЕКТРОНIВ

Р е з ю м е

Проведено подальше дослiдження плазмового прискорюва-
ча нового типу iз замкненим дрейфом електронiв та вiдкри-
тими стiнками. В ходi лабораторного експерименту отрима-
но вольт-ампернi характеристики прискорювача в рiзних
режимах роботи. Виявлено два режими роботи: слабко-
струмовий та сильнострумовий, якi мають свої особливо-
стi. З метою наближення запропонованої ранiше фiзико-
математичної моделi до експерименту було здiйснено пере-
хiд до гiбридної моделi, в якiй динамiка нейтральної компо-
ненти та iонiв описується кiнетичними рiвняннями. З вико-
ристанням запропонованої моделi було чисельно отримано
розподiл електричного потенцiалу в прискорюючому про-
мiжку. Виявлено незначну рiзницю для розподiлу потенцi-
алу в гiдродинамiчнiй та гiбриднiй моделях, яка полягає у
бiльшому градiєнтi потенцiалу для гiбридної моделi.
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