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2D-hybrid model was created for the proposed new type accelerator with a virtual cathode which allows to avoid
sputtering of the cathode surface and to preserve the dynamics of accelerated ions. In the framework of the model, it
was shown that ions first form a positive space charge in the system center, and eventually, under an action of creat-

ed own electric field, emerge from both ends of the system.

PACS: 52.65.-y
INTRODUCTION

The accelerator with closed electron drift is one of
the types of the electric rocket engines and devices for
ion-plasma surface treatment of materials, because of
they have been intensively developed. The first acceler-
ator of such kind appeared in variants of the accelerator
with an anode layer and with a dielectric wall of the
acceleration channel [1, 2] Since then the designs have
been gradually improved and obtained results have been
used in space technology and industry [3]. The creating
new resource- and energy-saving economically attrac-
tive models of low-thrust engines suitable for spacecraft
control has become relevant in the space industry. How-
ever, existing models even in modern versions, have
certain disadvantages, including significant energy
costs, low lifetime of electrodes and transport channel
walls where ion flow is formed and accelerated.

One of the most serious problem is the erosion of the
accelerator channel wall [4], that has a negative effect on
the operation of the accelerator. In order to minimize this
effect for accelerator with a long acceleration zone use
complex configuration of the magnetic fields and search
out operation modes of the accelerator to avoid the con-
tact of plasma ions and electrons and accelerated flow
with channel walls. But, given the electron free move-
ment along the magnetic field lines, it is not possible to
avoid contact of electrons with the walls. For accelerator
with an anode layer trying to resolve this problem by
minimizing the channel wall across the magnetic field.
But since the wall of the acceleration channel is usually at
the same time the pole of the magnetic circuit, it is im-
possible to avoid contact of the ion flow with the cathode
material [5, 6]. So these attempts while are not complet-
ed, quite complicated and bring many skepticisms.

One of the promising ways to resolve these prob-
lems is the separation of the magnetic and electrical
circuits of the accelerator, which is easier to do in the
cylindrical geometry to create a converging ion beam.
This principle is carried out in the original accelerator
with closed electron drift and open walls that was pro-
posed and experimentally studied on a laboratory stand
at the Institute of Physics NAS of Ukraine [7 - 9]. The
novelty of the proposed method is the use of a virtual
cathode parallel to surface of the anode due to the prin-
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ciple of equipotentialization of magnetic field lines
which allows to avoid sputtering of the cathode surface
and to preserve the dynamics of accelerated ions.

Early a one-dimensional hydrodynamical [7 - 9] and
hybrid [10] theoretical models was developed. In the
framework of these models, both exact analytical and
numerical solutions were obtained. A comparison be-
tween the results of both models obtained in model ex-
periments for stationary case 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 initial conditions. But for correct
description (especially high-current mode), it is neces-
sary to model ionization, collisions, and plasma crea-
tion, as well as motion of neutrals and formed ions in
the whole volume of accelerator, thus need consider
two-dimensional hybrid model.

In this paper we discuss the current status and ongo-
ing experimental and theoretical research based on
2D-hybrid model as well as obtained simulation results of
the accelerator based on the axially symmetric cylindrical
electrostatic plasma lens configuration and the fundamen-
tal plasma-optical principles of magnetic electron isola-
tion and equipotentialization of magnetic field lines.

1. EXPERIMENTAL RESULTS
1.1. EXPERIMENTAL SETUP

Experiments were carried out on a laboratory stand,
the schematic diagram of which is shown in Fig. 1 on
the left. Vacuum chamber 1 contained a test model of
the accelerator with open walls. The accelerator consist-
ed of a magnetic core with permanent magnets 2 and an
electrode system with cylindrical anode 3 and cathode 4
formed by a system of pins. The experimental installa-
tion allowed a controlled gas input, by using CHA-2
system. The gas pumping was performed with the use of
a vacuum unit with an oil-vapor pump. The photo of the
accelerator with anode layer and open wall is shown in
Fig. 1 on the right. As can be seen from the Fig. 1 on the
left, the cathode is composed of two parts that are sepa-
rated in space. The ends of the cathode pins coincide
with the magnetic surfaces that in area between them
are parallel to the anode surface. The application of the
plasmaoptics principles to the design of a cylindrical
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accelerator with anode layer and open walls allowed to
create an accelerator with virtual cathode that is parallel
to the anode surface for its entire width and with cath-
ode that is several centimeters wide. That allows to form
a wide flow of accelerated ions to the system axis of
symmetry. Due to that each part of the cathode is made
in the form of pins, the collecting surface area is signifi-
cantly reduced, that reduces the contribution of the
cathode material in the flow.
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Fig. 1. Left: Experimental setup; vacuum chamber (1),
magnetic system (H = 650...750 Oe) (2), anode (3),
cathode (4). Right: Photo of the accelerator with anode
layer and open walls

The discharge in the system glows due to the work-
ing gas (argon) ionization by the electrons. Electrons are
magnetized and formed stable negative space charge.
The created ions are accelerated from the ionization
zone towards the cathode.

The formation of the magnetic field is provided by a
system of permanent magnets located in the magnetic
circuit. By selecting the number and polarity of the mag-
nets in each system layer, it was possible to change the
magnetic field geometry in a wide range. In experiment
the system of permanent magnets was arranged in such a
way that the magnetic field in the gap between the cath-
ode and the anode was parallel to system’s axis as much
as possible. It was owing to this configuration of the
magnetic field that a system with open walls was created.

1.2. EXPERIMENTAL RESULTS

As mentioned above, the cathode is composed of
two parts separated in space and their edge coincide
with magnetic field lines that are parallel to anode sur-
face. The magnitude of the magnetic field is such that
Larmor radius of the electron is much smaller than the
system radius. Due to this, the principle of the
equipotentialization of magnetic field lines with accura-
cy up to the electron temperature works [11]. Accord-
ingly, a cylindrical virtual surface is formed between
these parts, which potential is close to cathode potential.
Through the electrons drift in the crossed electric and
magnetic field ExH there is a closed Hall current and
corresponding space charge, that creates a layer near the
anode surface where the main potential drop occurs
[12]. With the appearance of the Hall current in the per-
pendicular direction, the electron current along E be-
comes small. In turn, the ions are almost unaffected by
the magnetic field, because the Larmor radius of the ion
is more than characteristic system size [3, 13]. lons un-
der the electric field influence, moving in the cathode
direction, converge to the center and are pushed out of
the system along the axis. The electrons exit speed from
the system along the axis is quite small and is compen-
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sated by the working gas ionization by these electrons.
At low pressure, ionization occurs between the anode
and virtual cylindrical cathode. With increasing pres-
sure, the anode layer size can reach the radius of the
system. The operation modes of the accelerator also
change [14].

Note that the operation modes of this kind accelera-
tor are very close to those of the classical accelerator
with an anode layer. There are two operation modes of
this kind accelerator. The first is low-current, with a
clearly visible narrow radiating layer between the anode
and cathode, in the range of 10 Torr. The current in-
creases monotonically with increasing applied voltage
(Fig. 2). With increasing pressure at a constant applied
voltage, this layer gradually occupies the entire volume
of the accelerator. During this mode, the ions are mostly
formed in a narrow anode layer and move towards the
system axis, hardly experiencing the influence of a
magnetic field. Accumulating on the system axis, they
are pushed out of the volume along it. The study of the
distance changing influence between the virtual cathode
and anode showed the existence of the optimum. The
maximum current on the system axis is fixed at a dis-
tance d=10 mm between electrodes, as one can see from
Fig. 2.
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Fig. 2. Volt-ampere characteristic of the accelerator
in low-current mode at a) different distance between
the anode and cathode at pressure 10 Torr

In the second mode — high current, the discharge ex-
tends to the entire internal system volume. When the
voltage reached a certain value (U > 1.8 kV), the dis-
charge current increased in a jump-like manner (Fig. 3),
and the discharge transited into the high-current mode,
in which the distinct anode layer was absent. In this
mode, a typical discharge current was several orders of
magnitude higher (up to 2 A, as can be seen from Fig. 3)
than in the low-current mode.
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Fig. 3. Volt-ampere characteristic of the accelerator
at different pressure
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Thus, it is evident that the transition into the high-
current mode occurs under the influence of two factors:
the working gas pressure and the voltage applied across
the discharge gap.

Another characteristic feature of the high-current
mode is the formation of a plasma torch. At the discharge
voltage U > 1.8 kV bright radiation is observed from the
system volume from the ends of the cylindrical channel
along the rotation symmetry axis. In the discharge con-
cerned, 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 radi-
us and the direction of initial ion acceleration.

Thus, owing to the discharge geometry, in space
limited by electrodes of the accelerator there is an ac-
cumulation of ion space charge like a lens with a posi-
tive space charge, that was proposed earlier for nega-
tively charged particles beam focusing [15, 16]. The
generated ions reach the system axis and accumulate in
the region around it. lons are stored in the cylinder
volume until their own space charge creates a critical
electric field. This field forces ions to leave the vol-
ume. The main part of the generated ions escapes from
the system perpendicularly to its radius. Due to this
plasma torches are formed at the edges of the device,
which are clearly visible in high-current mode. The
results of measuring the floating potential along the
axis of the system show that under certain conditions
along the plasma torch axis there may be a potential
drop, which can be used to accelerate the generated ions
and form a charged particles beam.

Radial studies of the plasma flow coming out along
the system axis in this device at different pressures re-
vealed a significant increase in current density on the
axis (Fig. 4). That fact may indicate the plasma acceler-
ation in this direction.
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Fig. 4. Distribution of the current density along
the system radius at the accelerator output (a);
The dependence of the current density on the system
axis on the pressure in chamber at different values
of potential at the anode (b)
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The study of the dependence of the uncompensated
current density on the accelerator volume shows the
existence of a maximum for a pressure of 6-10™ Torr.
This operation mode of the accelerator is mostly inter-
esting for use as a prototype of the ion-plasma small
rocket engine.

Determination of the ion energy distribution func-
tion (see Fig. 5,a) in this accelerator was performed by
retarding potential method using a three-grid analyzer
(discharge current 1.5...2 A; voltage 1.5...2.1 kV; pres-
sure in the range 10*...10° Torr). The research results
showed the formation of a sufficiently monoenergetic
beam with of FWHM (as can be seen from Fig. 5,b), at
the level of 10% of the average value which reached
two thirds of the anode discharge potential (in particu-
lar, at U anode = 1.8 kV, E = 1.2 keV).
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Fig. 5. lon energy distribution function (voltage 1.8 kV;
pressure 3-10 Torr) (a); The dependence of FWHM
(full width at half maximum) on the voltage applied
to the anode (b)

2. THEORETICAL MODEL

In the framework of 2D-hybrid model the kinetic de-
scription is used in cylindrical geometry for the ionic
and neutral components and the hydrodynamic one-
dimension on each special layer zj<z<z;+1 description
for the electron ones. Thus, for ions and neutrals de-
scription we use Boltzmann kinetic equation:

i +V, afi;” + 2 (E +1[v>< B) o, —st{f, ) @
ot o M c ov, '
We solved this equation by splitting on the Vlasov
equation for finding trajectories of ions and neutrals:
Mo yg Moy e lnwg) e, @
ot Tor M c ov,
and to correct the found trajectories we considered the
collision integral, in which we took into account the
processes of ionization and elastic and inelastic colli-
sions:

Df,
- = st{f, . }- 3)
The Vlasov equations were solved by the method of
characteristics [17]:

v k. (@

dt dt
To solve these equations the PIC method [18] with
Boris scheme [19] was used to avoid singularities at the
axis. For initial electric field distribution was taken elec-
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Monte-Carlo method was used for modeling of ioniza-
tion in this field. The probability of a collision of a par-

.1 dr,
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tric field in the plasma absence: E(r) =
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ticle with energy ¢ during time At was found from ex-
pression [20]:

P =1-exp(-v,Ata(e;)n, (F)). (5)
here o(¢) — collision cross-section (elastic, ionization or
excitation), n; — density of similar particles at the point
ri. To determine the probability of collision, a random
number s is chosen from interval [0,1] with the help of a
random number generator. If s<P;, we assume that colli-
sion has occurred. It is determined by the ratio of the
cross-sections with the random number generator,
which collision has occurred — elastic, excitation, or
ionization. In dependence of this particle parameters
change or new ion add in computational box. The evolu-
tion of all particles that are in the modeling region is
traced at each time step. For this, motion equations were
solved, and new velocities and positions of the particles
were found. Particles that move out the modeling box
boundaries are excluded from consideration. After quite
a long time particle density distribution was found. The
ion charge density and current density are calculated
from coordinates and velocities particles according to
formulas:

P =2 X0 REF ()
irn=>4q Vv, OR(FF (1), (6)
]

where R(r,r;) — usual standard PIC — core, that character-
izes particle size and shape and charge distribution in it.
For a cylindrical coordinate system it has form [21]:
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()
here V, = 2zr;h h, — volume of the cell, h;, h, — steps in
the spatial coordinates.

After that the Poisson equation was solved and new
electric field distribution was found. Since electrons are
magnetized, we consider their movement in radial plane
only, thus can solve for electrons one-dimensional hy-
drodynamic equations on each layer at z separately. By
solving it we find electron density, calculate electric
field on each layer and correct particle trajectories. Af-
ter that the procedure was repeated. Modeling time is
large enough for establish of ion multiplication process.
The formation of the sufficient quantity of ions is possi-
ble due to magnetic field presence, which isolates anode
from the cathode. lons practically don’t feel the magnet-
ic field action and move from anode to the axis, where
they create a space charge, first in the center of the sys-
tem. Electrons move along the magnetic field strength
line, but due to collisions with neutrals, they start move
across the magnetic field. An internal electric field is
formed which slows down the ions and pushes out them
from the volume along system axis. In Fig. 6 the calcu-
lated ion trajectories for different time steps are shown.

One can see that the ions that appear due to ioniza-
tion move to center of the system. Coinciding on the
system axis, they accumulate and create a positive space
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charge, and then diverge along the axis in both direc-
tions under the action of created own electric field. The
ion space charge distribution for this case is shown in
Fig. 7.

Fig. 6. lon’s trajectories (calculation for U;=1kV,
H=0.03 T) for different time step N; =50 (a), N;=200 (b)
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Fig. 7. lon space charge for time step 70 (a) and 340 (b)

The electrons trajectories for this case are shown in
Fig. 8,a. One can see that the electrons are magnetized,
moving along magnetic strength lines, and their trajecto-
ries are almost parallel to the surface of the anode. The
ions trajectories are Shﬁﬂﬂﬂfig' 8,b.

N D I b
Fig. 8. Electron (a) and ions (b) trajectories
in accelerator for H=0.03 T

The Fig. 9 shows the potential distribution for dif-
ferent time steps. One can see that at the beginning of
ionization, the potential drop is not complete in the gap
and even has a negative sign in the center of the system.
With ions quantity increasing, they coincide in the cen-
ter of the system and form a positive space charge
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cloud, the potential of which even exceeds the applied
potential U..

: c
Fig. 9. Potential distribution for different time step:
N=10 (a); N=100 (b); N;=300 (c)

This creates an electric field under which ions begin
to move along the axis of symmetry in both directions,
from the center to the edges, taking out with them part
of space charge, reducing it in the center and creating
the space charge bulks at the ends of the system (see
Fig. 7).

If we look at the potential distribution along the z-
axis, we see that the maximum potential first declines
with distance from the center, but then gradually begins
to increase (Fig. 10). One can see that at a distance of
0.16 m from system center maximum potential is 222 V
(~ 0.22 U,), while at a distance 0.21 m it is already 396
V, which is equal to 0.4 U,, and current density of ion
beam reaches 0.7 mA/cm?. Thus, the formed ions, ini-
tially accumulated in the center of the system, under
action of own created electric field can accelerate and
create a powerful ion flux from both ends of the accel-
erator.

: , b
Fig. 10. Potential distribution on the system axis
at different distances from the center of the system:
z=0.16 m (a); z=0.22 m (b)

CONCLUSIONS

Here we discuss the created 2D-hybrid model and
the obtained results showing that the ions first form a
space charge in the system center, and eventually, under
an action of created own electric field, emerge from
both ends of the system. The potential drop formed at
the axis can be used for ion beam accelerating.

The formation of the actual traction beam should oc-
cur due to the acceleration of ions by the accumulated
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positive space charge. Thus, such type of accelerator
could be of interest for manipulating high-current flow
of charged particles as well as it can be attractive for
many different high-tech applications for potential de-
vise of low cost and compact thrusters. This may be of
particular interest for research in space industry owing
to the urgency of the problem of creating new resource-
and energy-saving economically attractive models of
low-thrust engines suitable for spacecraft control.
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HOBBIE TEHJAEHIIUA B PA3BUTUHA BECCTEHOUYHBIX DJIEKTOPEAKTUBHBIX IBUT ATEJEN
XOJUIOBCKOI'O THITA

U.B. /lumoexo, B.IO. baycenos, A.A. I'onuapos, A.H. /looposonsckuii, U.B. Haitko

Co3nana 2D-TubpuaHas MOAETb MPEAIaracMoro yCKOPHUTENs HOBOTO THIA C BUPTYAJIBHBIM KaTOJOM, YTO MO-
3BOJISIET N30€XKAaTh PaCIbIIICHUs! TOBEPXHOCTH KaTo/la M COXPaHUTh JUHAMHKY YCKOPEHHBIX HOHOB. B pamkax mone-
71 OBUIO TIOKA3aHO, YTO MOHBI CHadana o0pasyloT MOJIOKUTEIbHBI OOBEMHBIN 3apsi/i B LIEHTPE CHCTEMBI, a 3aTeM
OJ] ICUCTBHEM CO3JJAHHOT'O COOCTBEHHOTO AJIEKTPHUYECKOTO MOJIS BBIXOSAT C 00OMX KOHIIOB CUCTEMBI.

HOBI TEHJIEHIIIT B PO3BUTKY BE3CTIHHUX EJIEKTPOPEAKTUBHUX JIBUT'YHIB
XOJIBCBKOI'O THITY

LB. Jlimoeko, B.IO. Basicenos, O.A. I'onuapos, A.M. /looposonvcovkuii, 1. B. Haiiko

CrBopeHo 2D-TiOpuaHy MoJesb IPOIOHOBAHOTO PUCKOPIOBaUa HOBOTO THITY 3 BipTyaJbHUM KaToJOM, IO J10-
3BOJISIE YHUKHYTH PO3IUJICHHS ITOBEPXHI KaroJa i 30eperTy AMHaMiKy MPUCKOPEHHX i10HIB. Y paMkax mozeni 0yio
MOKa3aHo, 1110 10HKU CHOYaTKy YTBOPIOIOTH MO3UTUBHUN 00'€MHUIA 3apsil y LIEHTPl CUCTEMH, a MOTIM MiJ Ji€lo Biac-
HOTO CTBOPEHOTO EJIEKTPHUYHOTO TOJISI BUXOASTh 3 000X KiHIIIB CHCTEMHU.
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