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Abstract: To develop elements of a system for contact-free transportation of objects in space has now
become an urgent task for the contemporary space-related activities. The purpose of work that is
presented hereinafter was to conduct ground tests of the ion source, which is a key element of the
above-mentioned system, and to compare the obtained experimental data with the mathematical
simulation results in order to build a refined physical and mathematical model of the ion source. Such
model was built on the basis of the classical problem regarding the motion of charged particles in
an electrostatic field. Parameters of the ion source have been determined experimentally for several
operating modes using various structural designs of the ion source electrodes. Two types of ion
optics were tested—with slit and round apertures. Good correlation between simulation results and
experimental data has been demonstrated. The optimum ion source operation modes have been
identified to ensure minimum divergence angles for the plasma beam exiting from the ion source,
which in its turn maximizes the pulse transmitted to the transported object.

Keywords: ion source; extraction system; plasma beam divergence angle; specific impulse; simula-
tion; experimental research

1. Introduction

The service spacecraft (SSC) can be used to insert a new spacecraft (SC) into operating
orbit or to perform its orbit raising in the event of the main propulsion system failure in
order to extend the lifetime of operating SC by raising its orbit or transferring the SC into
other operating orbits, as well as to remove dead or failed SC into graveyard orbits.

Various ways of SC transportation between orbits and their removal from operating
orbits by SSC are being considered by the world scientific community. Various types of
space tugs (FREND [1], SMART-OLEV [2], EDDE [3], SUMO [4], ODDS [5], ROTEX [6],
and ESS [7,8]); space tether systems (the space elevator, electro-dynamic tether [9,10]); SC
capturing using throw-nets (ROGER SC by EADS Astrium team (ESTEC, Noordwijk, The
Netherlands) and QinetiQ (Farnborough, England, UK) [11,12]) and various harpoon and
laser systems [13], solar and magnetic sails [14] have been proposed. Comparison of the
listed concepts is of a subjective nature because none of the mentioned concepts has been
fully implemented from the engineering standpoint and none has been tested in actual
spaceflight conditions. Each concept has its pros and cons.

An ion source (IS), which is being developed for its use onboard an SSC as part of a
system for contactless transportation of passive space objects (SO) is the main object of the
present study.

Transportation of SOs by an ion beam was initially proposed to perform transportation
in the “Earth-Moon” system [15]. A similar principle for space debris (SD) removal was
subsequently proposed by Japanese [16] and European [17,18] experts. Such SD removal
method was named the Ion Beam Shepherd.
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Relevance of the proposed method is driven by the contemporary trends to secure
safety of space-related activities in the long-term by implementing all possible methods to
protect and clean the near-Earth space from man-made SD. This point has been validated
by development efforts for a large number of space system projects to ensure transportation
of dead or failed SC to graveyard orbits, which are sponsored by the space agencies of the
nations that participate in space-related activities and by members of the United Nations
Organization [19,20].

The use of the ion source for transportation of dead SC or SD appears to be the most
promising area of its use due to SO material ablation that is observed during Space Object
transportation by an IS jet.

The SD removal problem has now become exceptionally urgent, and it can be formu-
lated as follows: if in the coming decades there is no transition to new rocket and space
hardware technology in order to prevent the SD number growth, then in 50-60 years the
near-Earth space environment contamination with SD will significantly complicate further
space-related activities, which, in turn, will negatively affect the global economy [11,19].

An increase in the number of SO in near-Earth orbits as a function of time is shown by
the plot below (Figure 1 [21]). The increase of SO mass and area is in approximately the
same proportion. It should be noted, though, that currently it is impossible to reliably track
SD with a size below 1 m in and around GEO due to limitations in sensitivity of radars and
telescopes; therefore, there are many more unidentified and unaccounted SO in the GEO
region.
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Figure 1. Number of space objects in near-Earth orbits (LEO—Low Earth orbits; MEO—Medium
Earth orbits; GEO—Geostationary Orbit) as a function of the year from 1956 to 2020.

By January 2019, an estimated number of SD fragments in near Earth orbits amounted
to 34,000 fragments larger than 10 cm in diameter, 900 thousand SD fragments ranging
from 1 cm to 10 cm, and more than 129 million SD fragments less than 1 cm [22].

The problem of the man-made near-Earth space pollution is particularly acute in
relation to the region of low-Earth orbits and to the GEO region because at the altitudes
of up to 600 km, SD re-enters the Earth’s atmosphere in several years, while centuries are
required to do so at altitudes above 1000 km [23].

High SD velocities around the Earth pose a severe threat to SC that are being launched
into operating orbits and to SC that are already operating there, including crew vehicles.
According to experts, the risk of a catastrophic collision between the Space Shuttle type
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spaceship and SD was roughly rated as 1 to 300. The same risk for the Hubble Space
Telescope was rated as 1 to 185 due to the fact that the Telescope’s operating orbit is
more populated with SD. The International Space Station performs a collision avoidance
maneuver when the probability of collision is 1 to 10,000 [24].

2. The Status of the Problem

High-frequency ion thruster (HFIT) has a number of advantages that ensure its ef-
fective use to eliminate space debris objects. The advantage of this type of thrusters is
the absence of a high-current cathode in the discharge chamber because the discharge is
independent. Electrodes are removed from discharge chamber. No magnetic system is
needed, and the design is generally simpler due to the small number of structural elements.
During operation, high uniformity of current density distribution near the emission elec-
trode (screen greed) and low erosion of the emission electrode is ensured. It is possible to
use strong throttling of mode parameters by ion beam current and thrust.

Results of preliminary analysis regarding the feasibility to use an IS to remove SD
to a graveyard orbit show that this method is a promising solution to the GEO pollution
problem [25]. An important advantage of this method is that SDs are removed without any
mechanical contact between the SSC and SD. It is safer from the perspective of potential
collision between two bodies. In addition, there are no issues related to docking the SSC to
SD that is normally tumbling relative to its center of gravity, and the robotic arm systems
to capture space debris are not required [25].

Simulation of the ion beam force and erosive action on SD was carried out by means
of calculation in [26,27]. Problems of SSC control during SD transportation by the ion beam
are studied in [28,29].

2.1. The Ion Source (IS)

The IS includes three main units: an extraction system (ES), an outer flange unit,
and a gas discharge chamber (GDC) (Figure 2). The ES includes screen, accelerating, and
decelerating electrodes. The GDC serves to ionize the plasma-forming gas and can be made
of a radio-transparent dielectric (quartz, aluminum oxide, etc.) in various configurations:
a cylinder, a truncated cone, a dome. There is an inductor located outside the GDC that
is used to input power into the discharge from a radio-frequency generator. Acceleration
of the ionized propellant occurs in the ES due to the potential difference applied to the
electrodes.

Decelerating electrode

Accelerating electrode
Screen electrode

Propellant
"

Gas distributor

Inductor _/

GDC wall

Neutralizer \X

re

Figure 2. Radio-frequency ion thruster—Basic configuration (see text for more details).

The IS distinguishing characteristic is that the only thermal power source is the
electromagnetic field initiating an inductive discharge. The main processes that stipulate
the IS thermophysical state are the following.
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A neutralizer based on a hollow cathode is installed near the ion thruster/source exit
plane in order to neutralize the ion beam by emitting electrons. The plasma-forming gas is
fed into the GDC through the gas distributor. The inductive radio-frequency discharge is
initiated by applying a negative voltage pulse to the neutralizer following gas supply and
RF power input. The ion beam is generated when voltage is applied to the ES electrodes.
Quasi-neutral plasma is generated downstream from the ES decelerating electrode. Plasma
density is governed by the ions beam and by slow ions originating in the gas as a result
of the process of resonant charge-exchange of the beam fast ions with propellant atoms
flowing out of the gas-discharge plasma. The plasma density in the neutralization zone is
lower than the plasma density in the GDC by two orders of magnitude, approximately. The
position of the electrodes is selected so that the distribution of potential of the electrostatic
field along the beam keeps the electrons in the potential well of the volume charge of ions
and does not pass them to the ion source.

The RF discharge is insensitive to foreign gases, including chemically active gases of
propellant, in terms of its effect on ES electrodes, which can provide economic benefits
during ground development testing of RF ion thrusters/sources and their flight operation.

The process of propellant ionization in the GDC is primarily characterized by its
ionization factor, which should be as high as possible, and by power consumption needed
to obtain the ion current, which should be as minimal as possible.

Acceleration of ions in the ES is defined by the relationship among the ion beam
current and the extracting potential difference, and the ion current density. The ES should
have high geometric transparency and provide a high degree of the ion beam focusing
with deceleration as low as possible inside the system.

The analysis of aggregate physical processes that comprise operational processes in
the GDC, ES and in the IS as a whole, the correlation between the introduced parameters,
which evaluate the efficiency of the IS units, and the output IS characteristics, as well as the
ways to achieve high overall characteristics of the IS are discussed below.

2.2. The Laminar Ion Beam Model

Electrodes with various hole (aperture) configurations are used to extract ion beams
from plasma and to accelerate them. The electrode placed at the boundary of the GDC
plasma and extracting ions out of the plasma volume, which is called a screen electrode
(SE), is at a positive potential. Downstream, there is an electrode with a negative potential
value, which is called an accelerating electrode (AE). The third electrode—a decelerating
electrode (DE)—is optional, but it helps to focus the ion beam and partially resolves issues
with the secondary ion fluxes generated as a result of ion charge exchange in the beam
volume. A general layout of a three-electrode ES is shown in Figure 3.

« L =T
. [
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n_< n.
Electron : Transient layer

T
-

Screen
_ electrode
€  Ion acceleration area

- Accelerating
electrode

Ion deceleration area

Decelerating
electrode

Ton beam

Figure 3. Location of Electrodes in the IS—General Layout.
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It is necessary to generate an ion beam with high current density and low spatial
divergence in order to force on SD. Let us determine the principles to select the design of
electrodes that allow to obtain an ion beam with such characteristics.

The motion of ions in the flow is exclusively driven by the electrostatic field of the
electrodes and by their interaction with other charged particles in the flow. Let us consider,
in the first approximation, an ion flow without any admixture of other particles. For a
one-dimensional case, parallel migration of ions can be supported by using electrodes in
the form of infinite planes. The solution of such a classical problem was found by C.D.
Child and refined by L. Langmuir [30]. The solution of the Poisson’s equation for the Child’s
model problem gives the following density of the current in the beam, and this current
density is the maximum possible:

. 4e (U U

I=9\\Mm1Zz =12

where U is the potential difference between SE and AE; L is the effective length of the
accelerating gap (the distance between SE and AE); M is the propellant ion mass; e is the
elementary electron charge; g9 = 8.85 x 1012 F/m is the electrical permittivity of free space;

X = ‘Lgﬁ % is the Child’s constant.

-\ 2/3
The potential variation along the ion flow is U(z) = (%) z*/%, where z is the coordi-

nate measured from the plasma boundary along the ion flow (Figure 4).

Further refinement of the problem regarding a parallel ion flow was carried out by J.R.
Pierce [31], who has considered a beam for a two-dimensional case with the SE potential
taken as the origin of the reference equal to zero. In this case, the potential distribution is

as follows [32]: .
.\ 2/3 2/
U(y,z) = (i) (y2 +22) 3cos(§arctg<;>).

N\ 2/3
where y is an axis perpendicular to the ion flow direction; Uy = (%) zé/ ? is the potential

at the plasma boundary; and z is the inter-electrode distance (Figure 4).

=0

emitter
surface

Figure 4. Geometry of Pierce’s electrodes [32].

All equipotential lines at the beam edge are perpendicular to the ion motion direction
and, up to a distance equal to z, are well described by cylinders with a radius R = 3z [31,32].
This means that by placing electrodes under U and Uj potentials along the indicated lines,
we will provide boundary conditions at the electrodes, under which the ions will move
rectilinearly, even being at the beam edge. Therefore, Pierce proposed to use specially
configured electrodes to create strip ion beams [32]. A wedge-shaped SE with a certain
chamfer angle and a slit-type aperture configuration ensures formation of a parallel ion
flow. Nevertheless, the AE output slit-type aperture acts like a spreading lens, diverging a
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beam. It is necessary that the distance zy be much greater than the slit-type aperture width
for an error of the Pierce’s approximate method to be insignificant. Ref. [32] proposes the
zo/a ratio (Ref. to Figure 4) be of at least to four.

However, it is not sufficient to select the configuration of electrodes only; it is also
necessary to select the potential difference for electrodes and the density of plasma, out of
the volume of which the ions will be extracted. This selection should secure two factors:
the velocity of outgoing ions and the configuration of the plasma emitter—the boundary,
from which the ions start. In order to provide parallel ion flow, a flat plasma boundary is
required from the SE side [32]. It is also possible to use a concave boundary configuration;
then the ion beam will be converging.

Let us consider a beam injected by a slit-type aperture with the width a and length b
(a << b). Under the influence of transverse field of the space charge, the ions stop moving
in parallel and begin to diverge at increasing angles relative to the symmetry plane of the
slit-type aperture as the distance from the SE increases (z coordinate).

With account of the slit-type aperture area, the beam current is as follows: [ = jS =
jab = xU*/? 4%,

The space charge effect on the beam motion is usually described using perveance:
p=_-L = xi—g. However, the best parameter for estimating the degree of influence of

I
3

spatial charge and beam expansion is considered to be normalized perveance IT = L}’C f [32],

as a criterion for geometric similarity of an electrostatic accelerating system. Perveances in
two geometrically similar systems operating with different plasma-forming gases differ by
the square root of the ion mass ratio. The normalized perveance compares the efficiency
of the electrode system with the maximum possible efficiency independent of the inter-
electrode distance.

Ion beams are subject to divergence under the influence of their own space charge
due to an ordinary electrostatic repulsion of positive ions. Action of electrostatic fields
also leads to trapping of electrons and to rapid beam neutralization almost immediately
downstream from the DE. As a result, the ions move through the plasma, which consists
of the primary beam ions, secondary slow charge-exchange ions, and “thermalized” cold
electrons. In this case, a radial drop of potential is established in the beam volume at
the electron temperature level. Plasma is positively charged in the ion beam center, and
ions will gradually escape outward as secondary ions are formed. Expansion of the beam
is associated with a change of potential in the plasma and in the layer at the boundary.
Beam expansion beyond that caused by angular spread occurs as a sequential separation
of the outer layers of the beam, where the transition layer ions are located. The transverse

expansion of the beam can be estimated as [32] % = % + 11—81_1(5)2 if we assume that
there is no ion velocity spread in the ion beam and there are no other types of particles
(collision-free motion).

Given the distances at which the ion beam should interact with space debris, it is
necessary that the slit-type ES normalized perveance be significantly less than 1. For
ensuring narrowness of the ion beam at a distance z to SD of about 40 m and the slit width
a =2 mm, the ES normalized perveance should be about 10~8.

In this case, the plasma beam actually contains monokinetic primary ions. Their
energy spread does not exceed £2%. The plasma beam structure was studied qualitatively
in [33,34]. The experimentally obtained distributions of the ion beam energy as a function
of the deviation angle from the thruster axis validated an inconsiderable energy spread.
The profiles of current density for the propagating beam have a clear-cut symmetry and
are fairly well described by the Gauss distribution [34].

Thus, it has been shown that it is possible to develop an electrode system generating a

laminar monoenergetic and weakly diverging ion beam.
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2.3. Simulation of ES with Slit-Type and Round-Type Apertures

A great number of apertures are used to obtain heavy current. Each aperture acts
independently, i.e., the perveance and angular divergence for each aperture with a close-
packed arrangement of the apertures are the same as in the case of a single aperture,
as shown in [35]. Therefore, it is possible to simulate an electrode system with a single
aperture.

A close-packed arrangement of the apertures in the SE surface is necessary to achieve
high electrode transparency (to collect heavy current). Such a close-packed arrangement
reduces the side space required for the electrodes with Pierce’s (or near-Pierce’s) geometry.
It is also essential that the electrode systems of high-precision sources initially accelerate
ions up to the energies higher than those required, and subsequently decelerate them down
to a given energy level (the classical acceleration—deceleration concept). The reason for
such operation principle is the need to suppress the back electron current to the source. The
resulting equipotential surfaces are bent out (arched) towards the SE not only in the vicinity
of the electrode itself, but also throughout the deceleration gap, which deteriorates the beam
focusing. The third electrode (the decelerating electrode—DE) provides the occurrence of
equipotential surfaces that contribute to beam focusing in the plasma neutralization region.
Therefore, systems comprising three or more electrodes are always used to form beams
with a narrow angular divergence. The third, decelerating, electrode is most often made
circular, enveloping the entire beam, and this electrode is under the potential of the SSC
body.

Therefore, it is proposed to force on space debris with an ion beam formed by a
three-electrode slit-like ES using the classical ion flow acceleration—deceleration principle.

Requirements for the formation of an ion beam are driven by an estimated distance
between the SSC and SD. Assuming 5 m as a baseline SD size, we obtain an estimate for
the maximum distance, from which it is necessary to impact SD with an ion beam. This
distance should not exceed 36 m (an impact area is estimated to be 20 m? with an ion beam
divergence angle of 4°). The required value of the ion beam divergence angle decreases as
the distance between the SSC and SD increases. As a characteristic of the beam divergence,
we use the divergence half-angle that is a half of the flat angle at the apex of the cone, inside
which 95% of the ion beam current flows.

The peculiarity of the slit-type ES is that the beam divergence in the transverse
direction relative to the slit occurs in accordance with the laws of electrostatics and can be
varied by modifying the ES electrode design [32].

The ion beam divergence depends on the ratio between the thermal ion velocity and
the accelerated ion velocity at the ES exit; the influence of the space charge of the beam and
of the electron temperature in the neutralization zone is significant. Thus, the ion energy
distribution measurements presented in [33] showed that the spread of ion energies in the
beam can be as high as +20 eV. We will take this value into account in order to assess the
ion beam divergence.

In practice, the ES design is selected based on mathematical simulation methods. A
sectional view of a single aperture of the electrode system is considered, and when taking
into account the electric field symmetry, it is sufficient to analyze half of the ion beam. Such
a single aperture is usually called as an ES elementary cell. A cell with selected electrode
geometry (corresponding to Pierce’s electrodes in some approximation) is studied, and the
perveance value is defined, at which the required ion beam geometry is achieved (in this
case, with the minimum divergence). For the selected electrode potentials, the obtained
perveance value is used to calculate the ion current density and plasma density needed to
provide the required ion current density.

Like most of the plasma problems, the problem of primary ion beam generation is
self-consistent. Mathematical simulation implements the following algorithms: calculating
electrostatic fields by solving the Poisson equation iteratively, calculating the trajectories
and space charge of charged particles in self-consistent electrostatic fields, modeling the
extraction of positive ions out of plasma sources with a mobile plasma boundary, and
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calculating the flows and density of neutral particles with a free-molecular current with
diffuse and mirror reflection from solid surfaces.

Essentially, the plasma boundaries are “traveling”; their location and shape are not
known in advance. The shape of the plasma boundary can be flat or curved towards
the GRC depending on the distribution of electrode potentials and plasma concentration
in the GRC. Thus, their position is determined through an iterative process to solve the
equation system, based on the condition that the electrostatic fields inside and outside the
beam are consistent. A transient layer is established between undisturbed plasma and the
plasma boundary in the SE aperture. The article [36] shows the results of mathematical
modeling of the transient layer, confirmed by the results of experimental measurements. It
has been shown that the length of the transition layer far exceeds the Debye length and
is commensurate with the diameter of the hole in the emission electrode. There is also a
“hole effect” in the layer. The curvature of the transient layer and its significant extent has
a significant effect on the formation of motion paths of ions extracted from the plasma.

The value of plasma emitter potential is calculated on the basis of the double layer
theory using the equation for the equality of the density of ion currents j; and the density of

electron currents j, when solving the self-consistent problem [36]: V), ~ — % In (0.86, / 5 ) ,

where: m, and T, are the mass and the temperature (in eV) of electrons, respectively. The
analysis has shown that the plasma potential difference between the GDC and AE always
exceeds the potential difference between the SE and AE by 20-30 V. This value corresponds
to the potential of the plasma emitter, and therefore it is possible to estimate the electron
temperature of about 5 eV. With respect to plasma, the SE is under a floating potential
(Usg). Therefore, the ES extracting (or throughput) capacity is defined by the potential
difference: Ugs = Usg + |Uap | + V).

Mathematical simulation was carried out in two stages. At the first stage, two-
dimensional modeling was carried out using the IGUN software [37], which uses the
simplest one-dimensional model of the transient plasma layer. This software allows you
to conduct quickly a series of calculations to select the ES geometric parameters and the
source plasma density to ensure the minimum divergence angle at the given electrode
potentials. At the second stage, three-dimensional modeling is carried out with the selected
parameters to refine and coordinate the design using the I0S-3D program [38].

a  Slit-Type ES Simulation

The temperature of electrons in the beam plasma was chosen to be 5 eV based on
the results obtained in [34,35]. Plasma density is selected to ensure the minimum beam
divergence. The shape of the SE profiling, AE parameters and inter-electrode gaps were
varied. Best performances from the divergence angle perspective were obtained for a
chamfered SE profile with a certain ratio for the triangle sides of the SE profile chamfer
(Figure 5). In this case, the angle between the SE equipotential surface and the boundary of
ion beam trajectories is close to the Pierce’s angle of 67.5°.

Dependence of the divergence half-angle on the ES normalized perveance was studied
for the selected layout (Figure 6).

For such configuration, the current density is equal to 1.84 mA /cm?, taking into account
the SE slit-type aperture width of 0.25 cm. With the plasma density of 0.70 x 10'! cm™, the
linear current density is 0.46 mA /cm, approximately, and the divergence half-angle is 2.9°.
The energy of ions in the beam is about 2500 eV. The perveance is 8.1 x 1071°A/V3/2, The
normalized perveance is 0.0793 taking into account the a/L (aspect) ratio. The velocity of
ions (Xenon) is 56 km/s in this case.

The modeling was performed to study the influence of the inter-electrode gap (the
SE-AE distance) and of the SE slit width on the ion beam current density (Figure 7) at the
minimum divergence angle. It can be seen that the ion current density corresponding to the
minimum beam divergence angle decreases with an increase in the SE slit width and in the
inter-electrode gap. However, the inter-electrode gap widening reduces the ES breakdown
probability.
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Figure 5. Optimal layout—configuration and location of electrodes with slit-type apertures (geometric

parameters are presented in millimeters).
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Figure 6. Divergence half-angle as a function of slit-type ES normalized perveance.
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Figure 7. Ion current density as a function of slit width for the inter-electrode gap of 1.7 mm, 2 mm

and 3.5 mm at the minimum divergence angle.

Three-dimensional simulation was performed to check the correctness of the selected
parameters of the slip-type electrode system. Simulation results of the distribution of the
potential in the beam and of the ion trajectories are present in Figure 8.
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Fx = -0.03 mN Angle tox = 068 deg

Fy = 0.86 mkN Half angle (95%) = 3.5 deg
Fz= 0.3 mN

Figure 8. Distribution of Potentials in the Cell of ES with Slit-Type Perforation.

A more thorough solution of the self-consistent problem, taking into account the
transition layers, the space charge of the beam and collision processes, gives a slightly
higher value of the divergence half-angle of 3.5°.

b Experimental Results for Slit-Type ES

Tests of the slit-type electrode system were carried out, the parameters of which were
selected based on the modeling results. The IS laboratory prototype (Figure 9) with the ES
geometrical parameters presented in Table 1 have been tested with Xenon as a propellant
(Figure 10). Table 2 shows basic experimental parameters, at which the minimum ion beam
divergence angle for an IS with slit-type ES was obtained.

Figure 9. ES with Slit-Type Perforation.

Table 1. Parameters of the Slit-Type ES.

Parameter Value (Test 1) Value (Test 2)
AE slit width, mm 2.49 2.49

SE slit width, mm 2.49 2.49
Inter-electrode gap, mm 1.7 1.7

SE thickness, mm 1.33 1.33

AE thickness, mm 1.3 1.3

SE potential, V 2500 3000

AE potential, V -200 =300
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Figure 10. Operating IS with Slit-Type ES.

Table 2. Experimental results for IS with slit-type perforation with minimal divergence of the ion

beam.

Calculated, Based on the
Experiment

pRF! USEI ISE/ UAEI IAE/ Isp; Ip/ Pir W/
W \Y% A \% A sec A mN  keV

0.771 220 2500 0.190 200 0.001 2083 018 16.0 2.50
0.947 235 3000 0280 300 0.010 2737 027 2597 3.00

Measured Parameters

Mass flow rate, mg/s

The above table shows parameters measured in the experiment and those calculated
from the results of measurements: Pgr is the radio-frequency generator (RFG) power, Usg
is the SE potential, Isg is the current in SE circuit, Uar is the AE potential, I4g is the current
in AE circuit, sy is the specific impulse, I, is the beam current, P; is the injector specific
thrust, and W is the ion energy. In the experiment, two modes of an ion source operation
were defined, close in parameters, which provide minimum half-angle of divergence.
Accordingly, the second mode was tested by simulation. The following Table 3 compares
simulation and experimental results.

Table 3. Comparison of experimental and simulation results for a slit-type ES providing minimal
beam divergence.

Parameter Experimental Result Simulation Result
SE potential, V 2500 2500
AE potential, V -200 -200
Ton current, A 0.19 0.15
Perveance, A/kV3/2 0.043 0.034

Inter-electrode electric field

intensity, kV/mm 1.59 1.59
SE potential, V 3000 3000
AE potential, V -300 -300
Ion current, A 0.28 0.21
Perveance, A/kV3/2 0.047 0.035
Inter-electrode electric field 1.94 1.94

intensity, kV/mm

¢ Simulation of ES with Round Apertures

Two-dimensional modeling for ES with round apertures was performed also. The
angle between the SE equipotential surface and the ion beam boundary was selected
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close to the Pierce angle of 67.5°. That is, a quasi-Pierce geometry was used. The electrode
geometry, electrode position and plasma density were selected to form a beam with minimal

divergence. Figure 11 shows the selected electrode layout.

078 SE
_|_o0s
o17_|= " -
| L v [ TR
B g s
S LA
[‘\-H .
= z
101 17 113 2013
Ug=2500v U, =-300v U,=0V

Figure 11. Optimal layout—configuration and location of electrodes with round holes.

For the selected design, the divergence half-angle dependence on the normalized
perveance was studied (Figure 12). For the optimal configuration, the current density is
equal to 5.95 mA /cm? with the plasma density of 0.97 x 10'! cm, and the half-angle of
divergence is 4.22°. Energy of ions in the beam is 2800 eV approximately. The perveance is

2.05 x 1072 A/V3/2, The normalized perveance is 0.061, if the aspect ratio 72—22 is taken into
account, where the r is the hole radius and L is the distance between the electrodes.

Divergence half-angle, degree

455 -
4.50-
4.45—-
4.40—-
4.35-
430
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4.20 -

4.15

Round-type aperture electrode

1. SE aperture diameter - 2.52 mm
2. SE thickness - 1.01 mm

3. AE aperture diameter - 2.5 mm

4. AE thi

ckness - 1.3 mm

5. Inter-electrode gap - 1.7 mm /

-\ /

\/

0.050

T
0.052

T T T T T
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Normalized perveance

1
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Figure 12. The divergence half-angle as a function of perforated ES normalized perveance.

3D simulations showed a slightly greater value of the divergence half-angle of 7.5°.
The distribution of potential in the beam and ion trajectories are shown in Figure 13.
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Figure 13. Distribution of Potentials in the Cell of ES with Round-Type Perforation.

d  Experimental Results for ES with Round-Type Perforation

The IS laboratory model (Figure 14) with the ES geometrical parameters presented in
Figure 11 has been tested with Xenon as propellant (Figure 15).

Figure 14. IS with Round-Type Perforation.

Figure 15. Operating IS with Round-Type Perforation.

Table 4 shows basic experimental parameters of the ES mode, at which the minimum
ion beam divergence angle for round-type perforated IS was obtained. There are also two
modes that ensure the minimum divergence of the ion beam.
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Table 4. Experimental results for IS with round-type perforation providing minimal ion beam
divergence.

Measured Parameters Calculated, Based on the

Experiment
Prp,  Usg,  Isg,  Uap,  lak, Isp, Iy, p;, w,
Mass flow rate, mg/s W v A v A s A N keV
0.561 230 2500 0204 300 0.0050 3073 0204 174 250
0.732 270 3000 0285 300 0.0075 3604 0285 264 @ 3.00

Table 5 shows the measured operation parameters, as well as those calculated on the
basis of measurements: P is the radio-frequency generator power, Ug is the SE potential,
Isg is the current in SE circuit, U4 is the AE potential, I4g is the current in AE circuit, I is
Table 5 compares simulation and experimental results for the selected IS configuration and
the best modes specified above.

Table 5. Parameters of the IS ES with Round-Type Perforation providing minimal beam divergence.

Parameter Experimental Simulation Result
Result

SE potential, V 2500 2500
AE potential, V -300 =300
Ion current, A 0.204 0.210
Perveance, A/kV3/2 0.044 0.045
Inter-electrode electric field

intensity, kV/mm 1.65 1.65
SE potential, V 3000 3000
AE potential, V -300 -300
Ion current, A 0.285 0.245
Perveance, A/kV3/2 0.048 0.041
Inter-electrode electric field

intensity, kV/mm 1.94 1.94

3. Conclusions

The possibility of forming an ion beam with low divergence and high specific impulse
was experimentally confirmed.

If the geometric similarity of the ES electrodes is maintained, the transparency of
electrodes with the round-type perforation is two times less than that of the electrodes
with the slit-type perforation, but this fact did not lead to a proportional decrease in the
extracted ion current for the modes with the corresponding minimum half-angle of ion
beam divergence due to the higher density of the ion current. At that, IS with round-type
perforation provides higher specific impulse and higher thrust at lower mass flow rates of
working gas than the source with slot-type perforation (Tables 2 and 4).

A comparison of ion beam parameters for ES with round-type and slit-type apertures
validated the advantage of the slit-type ES. The divergence half-angle of the slit-type beam
in the transverse direction is as low as 4.5°, whereas for the ES with round-type apertures,
the beam divergence half-angle is uniform along the cone and is 7.5°. The limiting current
value for the slit-type ES in the experiment was 0.41 A with the maximum SE voltage of
4000 V. For the IS with round-type aperture ES, the maximum voltage in experiment was
3300 V and the maximum current was 0.29 A.

It has been demonstrated that the conducted physical and mathematical simulation of
the processes in the ES is in good agreement with the obtained experimental data. However,
electrodes with slit-type apertures are modeled worse than those with round-type apertures.
However, modeling allows us to identify a range of geometric and plasma parameters,
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ensuring that minimal beam divergence can be used to develop optimal ES designs for
implementing the necessary engine parameters.

The optimum IS operation modes have been identified to ensure minimum divergence
angles of the IS plasma beam, which in turn maximizes the pulse transmitted to the
transported object.
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Abbreviations

The following abbreviations are used in this manuscript:

AE accelerating electrode
DE decelerating electrode
ES extraction system

GDC  gas discharge chamber
GEO  geostationary orbit

HF high-frequency

IES ion-extraction system

IS ion source

LEO  low Earth orbits

MEO medium Earth orbits

RF radio-frequency

RFG  radio-frequency generator
RIT radio-frequency ion thruster
SC spacecraft

SD space debris

SE screen electrode

SO space object

SSC  service spacecraft

Nomenclature

Indexes

AE index of accelerating electrode parameter
ES index of extraction system parameter

SE index of screen electrode parameter
Parameters

a width of the slit-type aperture

b length of the slit-type aperture

e electron charge
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IAE current in AE circuit
Ise current in SE circuit
I beam current
Isp specific impulse
j ion current density
L the effective length of the accelerating gap (the distance between SE and AE)
Me mass of electrons
M propellant gas atom (ion) mass
P perveance
P; injector specific thrust
Prr radio-frequency generator power
T electron temperature (eV)
u potential difference between SE and AE
Uag potential of the acceleration electrode
Ukgs potential of the extraction system
Uk potential of the screen electrode
Vp floating potential
w ion energy
X Child’s constant
y axis perpendicular to the ion flow direction
z coordinate measured from the plasma boundary along the ion flow
Z0 inter-electrode distance
) electrical permittivity of free space
IT normalized perveance
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