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The current article describes the process of optimization of the ion-optical system based on the results of

numerical modeling. The main objectives of the work are to increase the effective transparency of the ion-optical

system for ions and expand the upper limit of the range of focused current densities. The optimization methods

used are changing the shape of apertures from round to hexagonal, reducing the width of the bridges between the

apertures and reducing the width of the grid-to-grid gap. The configuration of the ion-optical system created within

the work has an advantage over the previously used one in all the main parameters except for the resource.
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Introduction

Ion thrusters (IT) are among the most common types

of electric rocket thrusters, which have characteristic high

values of specific impulse and lifespan. The main com-

ponents of the IT are a gas discharge chamber (GDC),
responsible for the formation of plasma by shock ionization

of the neutral component of the propellant by electrons, an

ion-optical system (IOS) that extracts ions from the plasma

of the GDC and creates thrust through their electrostatic

acceleration, and a neutralizer that emits electrons into

a beam of accelerated ions, compensating for its positive

charge [1].
Most often, the IOS IT consists of an emission electrode

(EE) and an accelerating electrode (AE), which are two

plates made of refractory metal or carbon and perforated

with circular apertures [2]. The ion beam is extracted,

focused, and accelerated by applying a high potential

difference to the electrodes. Electrons from the plasma

of the GDC cannot overcome this potential difference,

as a result of which charges are separated near the EE

and a plasma boundary is formed, beyond which only

ions penetrate into the space between the IOS electrodes.

Plasma, called beam plasma, is also located outside the IT

although in a lower concentration. To prevent the extraction

of electrons from it, a potential barrier is created for them

in the AE apertures by applying a potential lower than that

of the plasma beam to the electrode [3]. The most common

scheme of a single IOS cell and the potential distribution in

it are shown in Fig. 1.

The effective transparency for ions of the IOS is one of

its most important parameters. Ions that fall on the bridges

between the EE apertures are neutralized on its surface and

return to the GDC in the form of atoms, the re-ionization

of which requires additional energy expenditure. The higher
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Figure 1. Scheme of a single IOS cell and potential distribution in

it: 1 — EE; 2 — interelectrode gap; 3 — AE; 4 — GDC plasma;

5 — beam plasma; 6 — single ion beam; ϕp — GDC plasma

potential; ϕb — beam plasma potential; ϕ0 — the potential of the

spacecraft body.

the effective transparency of the IOS, the lower the ion price,

and the higher the efficiency of the thruster [4].
Another extremely important parameter of the IOS is its

transparency for neutral atoms because the propellant in the

GDC is not fully ionized. The lower this transparency, the

higher the gas efficiency and the lower the flow rate of the

propellant required by the thruster to achieve the required

thrust. Some of the neutral atoms that have passed through

the EE apertures return to the GDC after impact with

the AE and for this reason their transparency is reduced

mainly by lowering the geometric transparency of the AE

by reducing the diameter of its apertures. Since the ions
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Table 1. General parameters of the studied IOS configurations

Parameter ds , mm da , mm ts , mm ta , mm ϕp, V ϕs , V ϕa , V

Value 1.7 1.0 0.5 1.0 2030 2000 −300

Note. ds — diameter of the circle inscribed in the EE aperture, da — diameter of the circle inscribed in the AE aperture, ts — EE thickness, ta — AE

thickness, ϕp — GDC plasma potential, ϕs — EE potential, ϕa — AE potential.

in the IOS are not only accelerated, but also focused, a

reduction of the geometric transparency of the AE, as a

rule, does not prevent them from leaving the thruster [5].
Each IOS is capable of focusing a limited range of ion

current densities, at which their trajectories do not intersect

the surface of AE. Both the highest and lowest current

densities of ions extracted from the GDC should fall within

this range. Increasing the diameter of the AE apertures and

reducing its thickness are the simplest ways to expand the

range. The wider the range of current densities focused

by IOS, the greater the thrust range can be achieved with

constant IOS parameters [5].
This study is devoted to the continuation of the im-

provement of the IT scheme, the previous stages of which

are presented in Ref. [1,6]. The results of a study of

the main dependencies of the GDC parameters on the

magnitude of the magnetic field induction and its topology

were presented in the earlier papers of the cycle, and a

technical solution was developed and tested that makes

it possible to optimize these parameters independently of

each other. The most obvious disadvantage of the ID-

200PM, which was the subject of tests in previous studies,

was the relatively low effective transparency of its IOS for

ions. Thus, taking into account the existing groundwork,

it is advisable to further improve the parameters of IT

efficiency by improving its IOS. The aim of the this study

is to optimize the IOS and, in particular, to increase its

effective transparency for ions and expand the upper limit

of the range of focused current densities. The optimization

criterion is to maximize the above-mentioned parameters,

corresponding to the current capabilities of the production

base, which will ensure the mechanical strength of the IOS,

as well as its resistance to high-voltage breakdowns. The

planned result of optimization of IT parameters comprise

an increase of efficiency and thrust density.

1. Optimization methodology

Several main parameters of the studied IOS configura-

tions were compared in this study: effective transparency

for ions, transparency for neutral atoms, and the range

of focused current densities. Single cells of IOS config-

urations were modeled in the IOS-3D software package

for calculating the parameters [7]. The fluxes of single-

charged xenon ions were calculated, the initial velocities of

which at the entrance to the simulation area were directed

perpendicular to the EE plane. The modulus of the initial

velocity was set equal to the minimum velocity of the Bohm

criterion v i0 =
√

kTe/M i at the thermal energy of electrons

in the plasma kTe = 5 eV. The main algorithms of the

program, including the plasma emitter modeling method,

are described in Ref. [8]. The general parameters of the

IOS, which are not changed in all developed configurations,

are listed in Table 1. The potentials and thicknesses of the

electrodes are borrowed from the basic configuration of IOS

of ID-200PM [9], since the IOS is optimized at a fixed ion

velocity in the beam in this study. The effect of the AE

potential on the focusing of the ion beam is insignificant

because of its small absolute value, in addition, the range

in which this value can vary is extremely narrow, therefore,

the optimization of the AE potential has not been carried

out at this stage of work.

It is assumed that titanium will be used as an EE

material in all studied IOS configurations. The transition

from a carbon-carbon composite material to titanium is

attributable to the higher strength properties of hard-

melting metals and, as a result, a higher limiting geometric

transparency. The change of the EE material does not

have any negative effect on the parameters of the IOS

and the thruster as a whole, however, it requires taking

into account thermal deformations when designing it, since

titanium has a temperature coefficient of linear expansion

of about 9 · 10−6 K−1, and the temperature coefficient of

linear expansion of carbon is less than 2 · 10−6 K−1. These

deformations can be ignored when designing an IT with

a small diameter of the perforated area of the IOS. If the

diameter is over 100mm, a convex shape is given to them

so that their deflection arrows are directed in one direction

to maintain the stability of the gap between the electrodes

when the thruster is heated.

The AE material is less important in this study because

the geometric transparency of this electrode is not increased.

Titanium is also the intended material of all the studied

configurations, but it can later be replaced with some

carbon-based material, if necessary, to extend the IOS

lifespan.

2. Electrode perforation

Effective transparency for ions depends on a variety of

parameters, including the ratio between the ion current

density and the potential difference between the electrodes,

the thickness of the EE, the width of the interelectrode

gap, the potential difference between the EE and the GDC

plasma, etc. The effective transparency most obviously

depends on the geometric transparency of the EE and the
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Table 2. Parameters of IOS configurations with different perforations

Parameter Shape of EE and AE apertures la , mm ws , mm 1 jXe, A/m2 τn, %

Configuration C Circle 1.0 0.5 10−190 8.5

Configuration 5 Hexagon 1.0 0.5 10−170 9.5

Configuration 4 Hexagon 1.0 0.4 10−180 10.5

Configuration 3 Hexagon 1.0 0.3 10−170 11.6

Configuration 2 Hexagon 1.0 0.2 10−180 12.9

Configuration 1 Hexagon 1.0 0.1 10−170 14.8

Note. la — width of the interelectrode gap, ws — width of the bridge between the EE apertures, 1 jXe — range of focused current densities of xenon

ions, τn — transparency for neutral atoms.

possibility and expediency of changing the shape of the

apertures and reducing the width of the bridges between

them were studied in this paper for increasing the EE

geometric transparency.

Currently, EE perforation with circular apertures, the

centers of which are located at the nodes of the hexagonal

lattice, has become the most widespread. This aperture

shape is traditional and has been used for over 60 years [10].
The choice of a round shape is primarily attributable to the

fact that generally the electrodes were previously perforated

by boring. The apertures of modern IOS have a much wider

range of possible shapes because the laser cutting is the

most common perforation method nowadays. Considering

that the apertures are located in the nodes of the hexagonal

lattice, the openings having a hexagonal shape will have an

obvious advantage in terms of geometric transparency of the

EE, since the area of the hexagon is about 10% higher than

the area of the circle inscribed in it.

The main parameters of configurations with different per-

forations and the dependence of their effective transparency

for xenon ions on the density of their current from the GDC

to the EE, obtained from the results of numerical modeling,

are presented in Table 2 and in Fig. 2, respectively.

Samples with perforations corresponding to EE configu-

rations 3, 2 and 1 were made to evaluate the technological
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Figure 2. Dependences of the effective transparency of IOS

configurations with different perforations for xenon ions τiXe on the

density of their current from GDC to EE jXe.

feasibility of using the hexagonal shape of the apertures

and reducing the width of the bridges between the EE

apertures. The samples were made of titanium and had

a thickness of 0.5mm. The samples were perforated using a

three-axis laser machine in an argon medium. Configuration

1 was not further considered because part of the bridges

between the apertures was completely burnt out in sample

with a bridge thickness of 0.1mm during the cutting

process. The appearance of perforated samples with bridge

thicknesses of 0.2mm (EE Configuration 2) and 0.3mm

(EE Configuration 3) is shown in Fig. 3.

The inspection found a burring characteristic of laser

cutting on both perforated samples. Configuration 3 was

chosen for further optimization at the current stage due

to high probability of damaging the EE of Configuration 2

during deburring. Despite the fact that this configuration

is only an intermediate link in the optimization process,

its parameters already significantly exceed the parameters

of the IOS used in Ref. [1,6]: transparency for neutral

atoms has been reduced from 17 to 11.6%, and effective

transparency for ions has been increased by more than 5%.

3. Width of the interelectrode gap

The second stage of the IOS optimization consisted in

reducing the width of the interelectrode gap for increasing

the electric field strength in the accelerating layer. As

the voltage increases, the effective transparency of the

IOS for ions increases, and the range of focused current

densities expands to higher values, which makes it possible

to increase the thrust density of the thruster. The maximum

strength is limited by several factors, the most important

of which is the resistance of the IOS to high-voltage

breakdowns: the electric field strength in the interelectrode

gap should not exceed a certain limit value at which regular

breakdowns or a discharge occur between the EE and the

AE.

Experimental studies show that IOS with electrodes made

of molybdenum or carbon can properly function with

an electric field strength in the interelectrode gap of at

least 5 kV/mm hboxjcite5,11-13. At the same time, the

electric field strength between EE and AE of the majority

of modern IT, such as NSTAR [14], T6 [15], RIT-10 [16],
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a b
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Figure 3. Appearance of perforated samples with different bridge thicknesses: a — 0.2mm, front side; b — 0.2mm, back side; c —
0.3mm, front side; d — 0.3mm, back side.

Table 3. Parameters of IOS configurations with different width of interelectrode gap

Parameter Shape of EE and AE apertures la , mm ws , mm 1 jXe, A/m2 τn,%

Configuration 3 Hexagon 1.0 0.3 10−170 11.6

Configuration 5 Hexagon 0.5 0.3 10−280 12.0

Note. la — width of the interelectrode gap, ws — width of the bridge between the EE apertures, 1 jXe — range of focused densities of xenon ions, τn —
transparency for neutral atoms.

IT-200KR [9] and etc., does not exceed 2.5−2.7 kV/mm.

The choice of such values is most often attributable to

the need to ensure resistance to high-voltage breakdowns

with an uncontrolled decrease of the gap caused by thermal

deformations of the electrodes and inaccuracy of assembly.

If the assembly quality allows setting the required gap width

with sufficient accuracy, and the thermal deformations are

small or can be accurately calculated, the electric field

strength between the electrodes can be set significantly

higher than 2.5 kV/mm.

An experiment was conducted with a set of titanium

plates to determine the maximum electric field strength

between electrodes made of titanium. Both plates with and

without perforation were used in the experiment. The plates

were polished before the experiment to reduce the number

of voltage concentrators on their surfaces. The plates in
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the vacuum chamber were secured relative to each other

at a certain distance, after which a potential difference was

applied between them. The potential difference increased

from 0 to the value at which the breakdown occurred,

in 500V increments. An excessive potential difference

was applied to the plates before the experiment to initiate

multiple breakdowns for removal of roughness, oxide films

and impurities. The maximum potential difference at which

no breakdowns between the plates were recorded was 6

and 10 kV in the pressure range from 5 · 10−4 to 5 · 10−2 Pa

with 0.5 and 1mm gaps between the plates, respectively.

The obtained result is almost identical for both perforated

and non-perforated plates and is similar to the results of

a similar experiment with a set of molybdenum plates

described in Ref. [5]. A margin coefficient with the value

in the range from 1.5 to 2 should be used in accordance

with the quantitative estimates presented in Ref. [5] in

case of transition from plates to IOS electrodes. If the

margin coefficient is 2, the limiting electric field strength

for titanium will be 6 kV/mm with an interelectrode gap

of 0.5mm and 5 kV/mm with a gap of 1mm.

Since the potential difference between EE and AE in

this work is 2.3 kV, taking into account the results of

the measurements, the width of the interelectrode gap in

the developed IOS configuration can be reduced up to

a value of 0.4mm. Nevertheless, the gap was reduced

only to 0.5mm in further calculations to compensate for

inaccuracies that may occur in case of subsequent assembly

of the IOS.

The effectiveness of the reduction of the gap width was

evaluated by comparing Configurations 3 and 5. The main

parameters of the configurations and the dependences of

their effective transparency for xenon ions on the density

of their current from the GDC to the EE, obtained from

the results of numerical modeling, are provided in Table. 3

and on Fig. 4, respectively.

The advantage of Configuration 5 is obvious according

to the results of comparison. This configuration allows
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Figure 4. Dependences of the effective transparency of IOS

configurations with different width of the interelectrode gap

for xenon ions τiXe on the density of their current from GDC

to EE jXe.
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(efficiency curves) for various configurations of IOS.

for increasing the effective transparency for ions by more

than 10% and raise the upper limit of the range of

focused current densities by 65%, without any significant

negative impact on other parameters of the IOS. The main

disadvantage of Configuration 5 is the average increase by

5◦ of the half-angle of the ion beam divergence, which,

however, does not significantly affect the IT parameters as

a whole.

The advantages of Configuration 5 are more clearly

demonstrated in Fig. 5. The first dependence of the ion

price on gas efficiency was obtained experimentally and

corresponds to the lowest values of the ion price achieved

by ID-200PM in the studies covered in Ref. [1,6]. The

transparency of the initial configuration of ID-200PM IOS

for neutral atoms and its effective transparency for xenon

ions during firing tests were about 17 and 63%, respec-

tively. The second curve was obtained by calculation and

corresponds to thruster ID-200PM, in which its original IOS

configuration was replaced by Configuration 5. The linear

dependence of the ion price on the effective transparency

for ions described in Ref. [4] was used for calculating this

curve.

The evaluation shows that Configuration 5 can reduce

the price of the ion price of ID-200PM by 25% with a gas

efficiency of 90%. In this case, ID-200PM will have the

lowest ion price among all existing similar thrusters with a

diameter of the perforated area of the IOS up to 300mm,

with the exception of the XIPS-25 IT, information about

which is insufficient to analyze the parameters it has

achieved.

The combination of increased effective transparency for

ions and a high upper range of focused current densities

of the developed IOS configuration is likely to also allow

the IT to achieve significantly higher thrust densities. The

maximum beam current density that the initial config-

uration of ID-200PM IOS can extract from the GDC

is 73 A/m2 with 0.1mm misalignment of the EE and AE

apertures.. Configuration 5 with a similar misalignment

can extract 115A/m2, which is 57% greater. In the
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case of successful implementation of the developed IOS

configuration, in some operating modes, the IT will be able

to achieve thrust almost identical to a Hall thruster of a

comparable size.

The estimation of the lifespan of the developed IOS

configuration is the most urgent task at the moment.

Configuration 5 and the basic configuration of ID-200PM

IOS will have an almost identical lifespan with equal ion

beam current densities and identical AE materials. Since

the diameter of the AE aperture in Configuration 5 is

smaller, optimizing the AE potential at subsequent stages

of operation will increase the lifespan.

The problem of ensuring the lifespan of the IOS remains

unresolved at increased ion beam current densities that

can be extracted from the GDC with Configuration 5. It

will be necessary to introduce new technical solutions into

the configuration or use a AE made from a carbon-based

material for providing a lifespan of more than 10 000 h with

a xenon ion beam current density of more than 50A/m2.

Conclusion

This paper describes the process of optimizing the

IOS based on the results of numerical modeling. The

main objectives of the study are to increase the effective

transparency of the IOS for ions and expand the upper

limit of the range of focused current densities. The

optimization process is divided into two stages. The

geometric transparency increases at the first stage as a

result of changing the shape of the apertures from round

to hexagonal and reducing the width of the bridges between

the apertures. The width of the interelectrode gap is reduced

at the second stage.

All main parameters of the IOS configuration designed

in the study surpass the parameters of previously used

configuration, with the exception of the lifespan. The esti-

mation shows that replacement of the initial configuration

of ID-200PM IOS with Configuration 5 can reduce the

ion price of the thruster by 25% with a gas efficiency of

90%. The combination of increased effective transparency

for ions and a high upper range of focused current

densities of the developed IOS configuration is likely to also

allow the IT to achieve significantly higher thrust densities.

However, the problem of ensuring the lifespan of the IOS

extracting increased ion beam current densities from the

GDC remained unresolved.
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