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The current article describes the results of studies of the dependence of the efficiency parameters of an ion

thruster on the magnitude of the magnetic field induction in a discharge chamber with ionization of the propellant

in a direct current discharge. As part of the work, fire tests were carried out on an ion thruster with various

configurations of the magnetic system, differing in the magnitude of the magnetic field induction, but having a

single topology. Based on the test results, efficiency curves and radial distributions of the ion beam current density

for the studied configurations were obtained. Based on the data obtained, the dependences of the efficiency

parameters of the ion thruster on the magnitude of the magnetic field induction were formulated. An increase in

the induction value in the discharge chamber corresponded to an increase in the discharge voltage, as well as a

decrease in the uniformity of the distribution of the ion beam current density and the ion cost. The results of the

work are fully consistent with earlier studies.
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Introduction

Ion thrusters (IT) are among the most common types of

electric propulsions, which have characteristic high values

of specific impulse and lifespan. The main components

of the IT are a discharge chamber (DC), responsible for

the formation of plasma by shock ionization of the neutral

component of the propellant by electrons, an ion optics

(IO) that extracts ions from the plasma of the DC and

creates thrust through their electrostatic acceleration, and

a neutralizer that emits electrons into a beam of accelerated

ions, compensating for its positive charge.

Since ITs have been developed and used as part of

spacecraft since the second half of the twentieth century [1],
at the moment there are many variants of circuits for

each of the thruster components. IT IO differ from each

other mainly in the number, material and geometry of the

grids. As a rule, IO used in thrusters consist of two

or three grids made of titanium, molybdenum or carbon

and perforated with round apertures [2]. In most cases,

the neutralizer is a hollow cathode, however, there are

ITs that use high-frequency and microwave cathodes [3]
to compensate for the positive charge of the ion beam.

Nevertheless, ITs are classified mainly according to the

type of DC. DCs with ionization of the propellant in high-

frequency and microwave discharges, as well as in a direct

current discharge are the most common [4].

In general, the following three main parameters are used

to evaluate the efficiency of the IT DC: ion cost, mass

utilization efficiency and homogeneity of the ion beam

current density distribution.

The ion cost determines the energy cost of creating

one ion that leaves the DC and creates thrust. This

parameter directly affects the temperature of the thruster

during its operation, since heating is mainly attributable to

the discharge power. The discharge power decreases when

the ion cost decreases, and, accordingly, the total power of

the ion decreases. Thus, the lower the ion cost, the higher

the efficiency of the thruster. At the same time, however, it

should be noted that the effect of the ion cost on the overall

efficiency becomes less significant with an increase of the

specific impulse of the thruster.

Unlike ions, the neutral component of the propellant

is not accelerated by the IO and leaves the thruster at

thermal speeds, without making a significant contribution

to the thrust. The mass utilization efficiency shows which

part of the flow rate of the propellant leaves the DC

without ionizing. The lower the mass utilization efficiency,

the greater the consumption required by the thruster to

achieve the required thrust. In addition, the IO lifespan

decreases with a decrease of mass utilization efficiency, and,

consequently, the IT lifespan decreases as a whole. The

mass utilization efficiency is calculated as the ratio of the

mass flow of ions drawn into the beam to the mass flow rate

of the propellant entering the DC in a unit of time. When

evaluating the effectiveness of an IT, its ion cost and mass

utilization efficiency are usually considered not separately,

but in combination, since they are interrelated parameters.

The homogeneity of the ion beam current density distri-

bution is a parameter that affects the range of regulation of

the ion beam current, and, accordingly, the thruster thrust.

Each IO is capable of focusing a limited range of current
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densities. Both the highest and lowest current densities of

ions extracted from the DC should fall into this density

range. Thus, the higher the homogeneity, the greater the

thrust range can be provided with constant parameters of

the IO. The homogeneity affects the lifespan of the IO like

the mass utilization efficiency, since the grids also have the

highest erosion rate in areas where the highest ion current

density is extracted from the DC.

It is necessary to take into account the discharge voltage

and the proportion of double-charged ions in addition to

the main parameters for evaluating the efficiency of the DC.

The discharge voltage determines the energy with which

the ions collide with the DC surfaces located under the

cathode potential, and, consequently, the rate of erosion

of these surfaces. The proportion of double-charged ions

shows the percentage of these particles in the ion beam.

Significantly higher energy costs are required for creating

a double-charged ion than for creating a single-charge ion,

and double-charged ions are accelerated to high speeds in

IO. The formation of double-charged ions in the DC is

undesirable because they increase the value of the power

required for the thruster to achieve the required thrust.

This study is devoted to DC with ionization of the

propellant in a DC discharge. An idealized 0-dimensional

numerical DC model of this type shows an ion cost value

of less than 90W/A at a mass utilization efficiency of

90% [4]. Since the ion cost for most of the currently

developed ITs exceeds 200W/A, it is obvious that the task

of increasing the efficiency parameters of the ITs is still

relevant. The main reason for the relatively low efficiency of

the developed IT DC is the high surface losses of charged

particles, in comparison with the simulation results. The

magnitude of surface losses is attributable to the complexity

of development of a sufficiently effective magnetic system

(MS) which is an element that increases the residence time

of charged particles in the plasma volume by reducing their

mobility in the direction of part of the DC surfaces [5].
The effect of MS on the homogeneity of the ion beam

current density distribution was not considered in the above-

described 0-dimensional model. In fact, it is necessary

to take into account the impact of MS on all efficiency

parameters when creating a IT DC, which complicates the

development process because of additional requirements

for MS.

DC MS can be made on the basis of electromagnets

or permanent magnets. Only MS based on permanent

magnets are considered in this paper, since higher efficiency

parameters are were achieved when they were used [6].
Generally, the DC comprises the cathode, anode and

collector in addition to MS as shown in Fig. 1, a through

which the main part of the propellant flow enters the DC.

The propellant is ionized in the DC both by primary

electrons emitted by the cathode and by secondary electrons

formed in the volume of the DC during the process of ion-

ization and inelastic collisions of primary electrons [4,5,7,8].
The energy of the secondary electrons obeys the Maxwellian

distribution, and averages about 5 eV [5,9–11]. Primary

electrons have an energy of about 20 eV [9]. Primary

electrons gain most of this energy by accelerating in the

cathode potential drop 1ϕ2, shown in Fig. 1, b [4,12]. It is
the primary electrons that play a key role in the ionization

process since the energy of primary electrons is several

times higher than the energy of secondary electrons [4,5,8].
The energy the primary electrons receive is usually

insufficient to reach any surface of the DC located under

the cathode potential because of the presence of a potential

drop 1ϕ1 inside the hollow cathode which is not involved

in the acceleration of primary electrons [4]. Since the

IO screen grid is under the cathode potential, and the

anode is shielded by a magnetic field, most of the primary

electrons cannot reach the surfaces surrounding the plasma,

and remain in its volume until the moment of ionization [7].
At least the amount of electrons necessary to maintain the

discharge in the DC shall be absorbed by the anode, despite

its shielding by a magnetic field. The energy of the absorbed

electrons is thus removed from the volume of the DC and

spent on heating the thruster structure. For this reason the

discharge current shall be maintained mainly by secondary

electrons with lower energy for ensuring the lowest ion cost

achieving which requires consideration of two main areas

of surface electron losses during the development of the

DC [4,13].
The first region comprises MS poles, where the absorp-

tion of both primary and secondary electrons is present in

the general case [4,5,10]. In this case, the poles are the areas

in which the magnitude of the magnetic field induction has

the greatest values, and the lines of tension converge and

cross the outer surface of the DC [4,13]. Moving parallel

to the lines of magnetic field strength, electrons can reach

the surface of the DC and, in particular, the anode. One of

two additional retention methods is usually used to reduce

the surface loss of electrons in the pole region [4,13]. The

first method is electrostatic retention: the poles are isolated

from the anode and placed under the cathode potential. The

second method is based on the effect of a magnetic mirror:

if the increase in magnetic field induction in the pole area is

large enough, then, the component of the electron velocity

vector parallel to the magnetic field lines will turn to zero

approaching the pole, and then will begin to grow in the

direction of the decrease of the induction.

The second region is the zone between the MS poles, in

which the magnitude of the induction modulus weakens

moving away from them [4,13]. The lines of magnetic

field strength in this area are oriented mainly parallel to

the housing of the DC. In this regard, the surface losses

of electrons are caused by their movement across the lines

of magnetic field strength, and the theories of classical and

anomalous diffusion are used to describe the losses. The

largest value of the magnetic field induction modulus, the

contour of which does not intersect the surface of the anode,

is called closed-loop induction [7,14]. Early studies show

that the value of closed-loop induction should be 50G foe

the most effective retention of electrons between the poles

of the MS and ensure the lowest ion cost [7,15]. In
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Figure 1. a — IT diagram: 1 —neutralizer; 2 — GRK; 2.1 — MS; 2.2 —cathode; 2.3 — anode; 2.4 —collector; 3 – IO; 3.1 —screen

grid; 3.2 — accelerator grid; b — distribution of potential in DC: Ud —discharge voltage; ϕc —cathode potential; ϕa —anode potential;

ϕp —plasma potential; 1ϕ1 — potential drop inside the hollow cathode; 1ϕ2 — cathode potential drop [4].

the framework of later studies, it is recommended to use

the largest possible closed-loop induction for the same

purposes, in which the number of electrons necessary

to maintain the discharge in the DC is absorbed by the

anode [7,16]. In the general case, only the losses of

secondary electrons are considered in the zone between the

MS poles, since the losses of primary electrons in it are

insignificant in comparison with their losses in the field of

poles [4,5,7,17–19].

The surface recombination of these particles has a key

impact on the ion cost because the formation of plasma

for the subsequent extraction of ions from it using IO the

main task of the DC [5]. The ion cost can be decreased by

reducing the proportion of ions recombining on DC surfaces

and increasing the proportion of ions extracted by IO [6].
The cathode, the screen grid and the magnetic field-shielded

surfaces, which, in particular, include the anode are the main

areas of ion recombination [4,5].

One of the simplest and most effective methods of

reducing the ion cost is to increase the effective transparency

of the IO for ions which is a parameter showing which part

of the ion current from the DC to the screen grid is extracted

and forms an ion beam, and which is recombined on the

grid surface [4,14]. The simulation results show a 20%

decrease of the ion cost in the IT DC with an increase of the

effective transparency of its IO for ions from 70 to 80% [14].
Also, the transparency of the IO for the neutral component

of the propellant is an equally important parameter that

shows which part of the flow of the non-ionized propellant

to the screen grid leaves the DC [4]. The reduction of

this parameter makes it possible to increase mass utilization

efficiency with constant discharge parameters.

In contrast to the ion cost, the homogeneity of the

ion beam current density distribution is usually negatively

affected by the limitation of the mobility of charged particles

by the magnetic field in the DC. The current density of

the ion beam in the center of the IO for IT with DC with

ionization of the propellant in a DC discharge can be several

times higher than at the periphery, therefore the homo-

geneity is usually considered only in the radial direction.

The experimental results show that the homogeneity of the

plasma near the IO which depends mainly on the magnetic

field has the key impact on the homogeneity of the ion

beam current density distribution [5,14,20]. The ITs near the
IO of which the magnitude of the magnetic field induction

modulus is less than 10G have the most homogeneous ion

beam current density distributions [21–23]. Other areas

of the magnetic field also have an impact in addition to

the area near the IO. For example, a strong magnetic

field in the central region of the DC can results in the

excessive retention of primary electrons on the axis of the

thruster [7,10,14]. This will result in a high concentration

of ions in this area, which will also negatively affect the

homogeneity of the ion beam current density distribution.

Technical Physics, 2024, Vol. 69, No. 11
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The task of MS optimization has been repeatedly raised

by various IT developers throughout almost the entire exis-

tence of these devices. Efforts for creation of MS for IT DC

were taken in Japan, China, the UK and the Russian Fed-

eration, but the greatest results were achieved in the USA

in the early two-thousands [4,24]. In addition to the above-

mentioned work for the optimization of MS and DC in

general, it is also possible to highlight experimental studies

of the possibility of miniaturization of this node, which ac-

companied the development of the MiXI IT [9,25–27]. The
highest efficiency to date have been demonstrated by ion

thrusters XIPS-25 [4,21,28,29], NSTAR [4,5,7,9,16,30–33],
NEXIS [4,14,23,34] and NEXT [22,31,35,36], developed in

the USA, and ion thrusters with IO perforated area diameter

of 35 cm [37–40], developed in Japan. The parameters

corresponding to the most efficient operating modes of

all the above-described thrusters or their modifications are

listed in Table 1.

The DC circuits of all the thrusters listed in Table

1 are similar. The MS of each of them is based on

permanent magnets, and the magnetic field in the DC

has a homogeneous arched structure, where areas with

magnetic field induction of more than 10G are localized

near the anode. The efficiency parameters of these thrusters

vary significantly. At the moment, XIPS-25 [28] has the

lowest ion cost, however, the available information about

this thruster is not sufficient to analyze the parameters

achieved by it. More obvious is the method of ion cost

reduction used for the development of the NEXT IT,

namely, increasing the effective transparency of the IO

for ions. The effective transparency of IO IT is at the level

of 70% on average, this parameter reaches 86% for IO of

NEXT IT [36].
The work for the optimization of MS IT was conducted

in the Russian Federation mainly by
”
Keldysh Research

Center“. Relevant studies include a series of tests that

compared with each other the MS configurations consisting

of 3 and 4 annular permanent magnets as well as with MS

based on electromagnets [41]. The aim of the paper was

to determine the dependence of the efficiency parameters

on the topology of the magnetic field, as well as to identify

the topology corresponding to the highest values of these

parameters. According to the results of study, MS based on

permanent magnets showed a better homogeneity of the ion

beam current density distribution and a higher ion cost in

comparison with MS based on electromagnets. At the same

time, the use of permanent magnets made it possible to

achieve the required values of the mass utilization efficiency

of MS at lower discharge voltages. It should be taken into

account that the efficiency parameters of DC with MS based

on electromagnets were obtained with the optimal value of

the magnetic field induction, which was adjusted during

the tests by changing the current in the winding of the

electromagnets. It is obvious that the efficiency parameters

of the DC with MS based on permanent magnets could

be improved by a similar optimization, however, in this

case it would require stopping the tests and interfering

Table 1. IT parameters

IT c i ,W/A ηm,% Ud , V

XIPS-25 [28] 122 89 28.0

NSTAR [5] 168 90 25.6

NEXIS [23] 170 92 26.3

NEXT [31] 140 90 24.0

35 cm [38] 140 90 32.3

Note. c i — ion cost, ηm — mass utilization efficiency, Ud —discharge

voltage.

with the design of the IT. The studied configurations would

have to be divided into sub-configurations, which would

correspond to the same topology of the magnetic field, but

different values of its induction [41]. Due to the considerable

complexity of these studies, they were included in a separate

series of tests described in this paper, the purpose of

which is to determine the dependence of the DC efficiency

parameters on the magnitude of the magnetic field induction

without changing its topology.

1. Item under test

The prototype of IT-200PM thruster shown in Fig. 2

was tested in this study. This thruster was devel-

oped on the basis of the ID-200KR and has a power

of 3 kW [41].
IO of ID-200PM consists of screen and accelerator grids

made of carbon-carbon material having a flat shape and a

diameter of the perforated area 200mm. The transparency

of the IO of ID-200PM for neutral atoms is 17%, the

calculated dependence of the effective transparency of the

IO for xenon ions on their current density is shown

Figure 2. Appearance of prototype of ID-200PM.

11 Technical Physics, 2024, Vol. 69, No. 11
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Figure 3. Dependence of the effective transparency of IO of

ID-200PM for xenon ions τiXe on their current density from DC

to screen grid jXe.

in Fig. 3. The DC cathode and the thrust neutralizer are

hollow cathodes with emitters made of porous tungsten

impregnated with barium compounds. The DC housing

consisting of cylindrical and conical parts is used as an

anode in the IT. The main part of the flow of the propellant

is supplied to the DC through a collector located near

the IO, in addition, a fixed flow value enters the chamber

through the cathode.

The diameter of the housing of the DC of ID-200PM

is 240mm and exceeds the diameter of the perforated area

of the IO, which is attributable both to the requirements

for the design of the thruster and to an increase of

the homogeneity of the current density distribution of

the ion beam. The requirements for the thruster design

comprise the need to place the collector and part of

the MS near the IO without overlapping its perforated

area. An increase of the homogeneity of the ion beam

current density distribution is achieved by cutting off the

current of low-density ions from the peripheral region of

the plasma, where a magnetic field of more than 10G is

present [14].
The three-pole circuit, which showed the highest char-

acteristics during the first series of experiments, was

selected as the initial configuration of the MS, on the basis

of which the dependence of the parameters of the DC

efficiency on the magnitude of the magnetic field induction

was studied [41]. The distribution of the magnetic field

induction module in the ID-200PM DC corresponding to

this configuration is shown in Fig. 4, c.

It is significant that a lower ion cost was achieved

during the first series of experiments when a three-pole

configurations of MS was used than in case of usage of

the four-pole configuration [41]. The results of numerical

simulation show that the majority of not only primary

electrons, but also secondary electrons are absorbed in the

region of the poles located under the anode potential [10].
Ion recombination occurs more evenly on the surfaces of

the DC, but nevertheless, most of the ions, in addition to

the screen grid and cathode, also recombine precisely in

the region of the poles [10]. Thus, the result obtained is

completely consistent with earlier study, which states that

an increase of the number of poles with equal induction of

a closed circuit, as a rule, leads to an increase of the ion

cost [6,13,18].
The MS of the configuration selected for the start of

the current operation consists of three annular perma-

nent magnets and a ferromagnetic flange located near

the IO. Sa2Co17 was selected as a permanent magnet

material since it is the most high-temperature rear earth

magnet of the available rare earth magnetic materials,

the maximum operating temperature of which is 350◦C.

Permanent magnets are placed close to the housing of

the DC, their axis of magnetization is directed normal to

it, and they are separated from the plasma volume by a

sheet of 0.5mm thick steel. The small distance between

the permanent magnets and the plasma volume makes

it possible to achieve the largest possible magnitude of

the magnetic field induction modulus in the pole region,

which exceeds 2000G for the selected MS configuration.

The pole regions are the main places of surface losses

of charged particles and for this reason the magnitude of

the induction modulus in pole regions has a key impact

on the parameters of thruster efficiency because, since

the efficiency of retention of charged particles depends on

it [17].
The magnetic field in the DC has a uniform arched

structure, where areas with magnetic field induction of

more than 10G are localized on the periphery of the

DC, and the induction of a closed circuit is about 30G.

The ferromagnetic flange in this configuration constitutes

some kind of an additional pole in the DC at the

boundary with IO. Most lines of magnetic field strength

close on the flange due to its high magnetic permeability,

weakening the magnitude of induction near the IO. Since

the magnitude of the magnetic field induction on the

flange surface is orders of magnitude smaller than in the

region of poles formed by permanent magnets, the effect

of a magnetic mirror is not observed on it. In this

case, electron retention in the plasma volume is achieved

by the electrostatic method by placing the flange under

the cathode potential. An analogue of this solution is

used in the DC circuit of IT T6 [42], developed in

the UK, as well as almost any IT with MS based on

electromagnets.

Three additional MS configurations were developed for

the purposes of this study, which differ from each other

and from the original in the magnitude of the magnetic

field induction. The induction magnitude was regulated by

changing the thickness of the annular permanent magnets,

i.e. the distance between their north and south poles.

Changing the width of the magnets was not used, as

it would entail an increase of the area of the poles,

which would result in additional differences between the

configurations. The distributions of the magnetic field

induction module in the ID-200PM DC corresponding to

the developed configurations are shown in Fig. 4, a, b, d.

Technical Physics, 2024, Vol. 69, No. 11
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Figure 4. Distributions of the magnetic field induction modulus |B| in ID-200PM DC corresponding to the studied MS configurations:

a — configuration 1; b — configuration 2; c —configuration 3; d — configuration 4.

2. Experimental setup

Tests for this study were performed using the test

bench of
”
Keldysh Research Center“ KVU-90, designed

for testing electric propulsions and shown in Fig. 5.

The test bench has a vacuum chamber with a diameter

of 3.8m and a volume of 90m3, cryogenic pumps with

a total xenon pumping capacity of 140m3/s, as well

as control systems, power supply and propellant supply

systems [43].

Inert gases (xenon, krypton and argon) and their mix-

tures can be used as a propellant for electric propul-

sions tested using the test bench. Two pre-chambers

of test bench KVU-90 make it possible to perform

operational tests and replace thrusters without inflow

of the atmosphere into the main part of the vacuum

chamber. The thrust measuring device ensures the mea-

surement of thruster thrust in the range from 20mN

to 2N. The probe diagnostics system of the test bench

allows for non-contact studies of the jet parameters of

thrusters [43].

The current density distribution of the ion beam was

measured during the tests using a Faraday probe. The probe

Figure 5. Appearance of test bench KVU-90 [43].

was mounted on a bracket attached to a carriage, which

was moved by a stepper motor. Current measurements

were carried out in increments 2.25mm. The distance from

the accelerator grid to the collecting surface of the probe

collector at each measurement point was 28.5mm, collector

diameter was 10mm.

11∗ Technical Physics, 2024, Vol. 69, No. 11
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3. Test procedure

All four studied MS configurations were tested with

identical DC and IT designs by replacing one set of

permanent magnets with another. An IT control system

with two stabilization circuits was used during testing: the

first circuit maintained the ion beam current at 1.25A

by regulating the discharge current, the second circuit

maintained the discharge voltage at a predetermined level by

regulating the flow of the propellant into the collector. The

potentials of the screen and accelerator grids were 2000V

and −300V, respectively. The support current of the DC

cathode was zero, the support current of the neutralizer

was 1A. Xenon was used as the propellant. The pressure in

the vacuum chamber did not exceed 5.0 · 10−3 Pa.

The MS configurations were compared based on the

discharge voltage and three main parameters characterizing

the efficiency of the IT DC: ion cost, mass utilization

efficiency and homogeneity of the ion beam current density

distribution.

The ion cost was calculated as the ratio of the discharge

power to the ion beam current according to the formula (1).
Since the proportion of double-charged ions was not

measured in the experiment, the current in the screen grid

circuit was used as the ion beam current in this formula.

c i =
Id ·Ud

Ib
, (1)

where Id —discharge current, [A]; Ud — discharge volt-

age, [V]; Ib — ion beam current, [A].
The mass utilization efficiency was calculated using the

formula (2) as the ratio of the mass flow of xenon ions

corresponding to the current in the screen grid circuit to the

mass flow rate of the propellant entering the DC in the unit

of time.

ηm =
Ib · MXe

ṁ · e
, (2)

where Ib — ion beam current, [A]; MXe — xenon atom

mass, [kg]; ṁ — total flow of the propellant in the DC, [kg/s];
e — electron charge, [C].
The homogeneity of the ion beam current density distri-

bution was estimated using the inhomogeneity coefficient,

which is equal to the ratio of the highest current density

of the ion beam to the average area of the IO according

to the formula (3). The highest density was calculated by

averaging the current densities in the central region of the

IO with the diameter of 20 mm for reducing the impact

of measurement errors on the results of comparing MS

configurations.

ηn =
jmax

javg
, (3)

where jmax — the highest ion beam current density, [A/m2];
javg — the average ion beam current density, [A/m2].
During the tests to determine the ion cost and mass

utilization efficiency, the discharge voltage was changed in

increments of 0.5V, in a range ensuring the maintenance

of the mass utilization efficiency value from 75 to 95%.

Additional operation modes of the IT at stabilized discharge

voltage values were ensured by changing the flow rate

of the propellant into the cathode in the range from 0.3

to 0.45mg/s in increments of 0.05mg/s.

The ion beam current density distribution was measured

in the radial direction. The flow rate of the propellant into

the cathode was 0.35mg/s during measurement, and the

mass utilization efficiency of about 90% was maintained by

the discharge voltage. The distribution was measured by the

probe with an ammeter was installed in the circuit that was

connected in series to the
”
ground“ terminal. The ammeter

readings were used as measurement results. A power source

was sequentially installed in the circuit to cut off electrons

from the beam plasma, ensuring the potential of the probe

collector minus 30V. The probe passed the measured region

of the ion beam twice during the experiment (in the forward

and reverse directions), and the results were averaged when

calculating the final values.

4. Test results

The test results for determining the ion cost and mass

utilization efficiency are a series of efficiency curves —
dependences of the ion cost on the mass utilization

efficiency of the IT DC. Fig. 6 shows the efficiency curves

for the propellant flow into the cathode of 0.3, 0.35, 0.4

and 0.45mg/s, respectively. The intervals of change of the

discharge voltages, ensuring the range of mass utilization

efficiency specified in the test procedure (from 75 to 95%),
are listed in Table 2.

The results of measurements of the radial current density

distribution of the ion beam are shown in Fig. 7, where

the abscissa axis is the distance from the IT axis, and

the ordinate axis is the current recorded by the probe at

this distance normalized to the ion beam current of the

corresponding configuration of the MS. The point
”
0“ on

the abscissa axis corresponds to the IT axis. The value of

the normalized current was introduced instead of the current

density, since different ion beam currents corresponded to

different configurations of the MS during measurements.

The inhomogeneity coefficients corresponding to the ob-

tained radial distributions of the ion beam current density

are also listed in Table 2.

5. Discussion of findings

A noticeable decrease of the ion cost is observed when

considering the efficiency curves obtained from the test

results in case of switching to MS configurations with

greater magnetic field induction. The ion cost decreases

with an increase of the induction value with the exception

of several modes of operation, in addition, this dependence

persists with a change of the flow of the propellant into the

cathode and collector. At the same time, the rate of decrease

is not monotonous. Transition from configuration 1 to
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Figure 6. Dependences of the price of ion c i on mass utilization efficiency ηm (efficiency curves) for studied MS configurations

at propellant flow in cathode: a — 0.3; b — 0.35; c — 0.4; d — 0.45mg/s.

configuration 2 and from configuration 2 to configuration 3

corresponds to a decrease of the ion cost by an average of

more than 30W/A, while the differences of the efficiency

curves of configuration 3 and configuration 4 are not

significant. Perhaps the result obtained is associated with the

peculiarities of the increase of the induction of the magnetic

field in the DC. The closed loop induction increases from 30

to 50G in case of the transition from configuration 3 to

configuration 4, but the induction modulus in the pole

region almost does not change jcite13. It can be assumed

that, by analogy with the Ref. [6,13] any further increase

of induction is no longer advisable in the studied topology

of the magnetic field with closed-loop induction of 30G,

since the surface losses of charged particles in the region

between the poles become insignificant in comparison with

their losses in the region of the poles. In this case, the

efficiency curves of configuration 3 and configuration 4 will

not have any significant differences, since they both ensure

approximately equal efficiency of retention of charged

particles in the area of poles.

The discharge voltage increased with the increase of the

magnetic field induction. All the values of the discharge

voltage obtained during the experiments are within the

acceptable range, at which the erosion of cathode surfaces

by single-charged ions is insignificant. Despite this, the MS

configurations that ensure the lowest discharge voltages are

considered optimal, since there is a proportion of double-

charged ions in each DC, which have twice as much

energy during the bombardment of surfaces and can cause

significant erosion.

Measurements of the radial distribution of the ion beam

current density showed a decrease of homogeneity with
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Figure 7. Dependence of the normalized current per probe In

on distance from IT axis lr for studied MS configurations.

Table 2. IT parameters for the studied MS configurations

Item under test Ud , V ηn

ID-200PM configuration 1 21.7−23.7 1.37

ID-200PM configuration 2 21.7−24.2 1.44

ID-200PM configuration 3 22.5−25.5 1.48

ID-200PM configuration 4 24.6−27.0 1.66

Note. Ud — discharge voltage, ηn — inhomogeneity coefficient.

an increase of the magnetic field induction. The result

is generally consistent with earlier studies [5,14,20]. The

decrease of homogeneity is attributable to the increase of

induction in this study taking place throughout the entire

volume of the DC, including near the IT. For example,

the magnitude of the induction module near the entire

perforated area of the IT is less than 10G in configuration 1,

and the contour of the induction module 10G crosses the

surface of the screen grid at a distance of about 50mm from

the IT axis in configuration 4.

A comparative analysis of the results obtained in this

study with the results published earlier in the article devoted

to determining the optimal topology of magnetic fields [41]
shows a significant decrease of the efficiency parameters

in case of usage of the latest tested MS configuration. In

addition, the configuration 3 tested in both studies showed

significantly lower efficiency parameters during later tests.

The discrepancies in the parameters are probably caused

by the use of different IO for the first and second series

of tests. Also, a more advanced probe diagnostics system

was used in the current study, which could affect the

measurement results. Similar conclusions can be applied

to the comparison of the results of the current study with

the results of the IT tests provided in Table 1. The effective

transparency of IO of ID-200PM during the measurement of

efficiency curves was about 63%. It can be argued based on

the dependence given in the Ref. [14] that when a number

of tested MS configurations will show an ion cost of less

than 180W/A with a mass utilization efficiency of 90% in

case of increase of the effective transparency of IO of ID-

200PM to the level of IO of IT NEXT (86%), . Thus, the

efficiency parameters of tested MS configurations are similar

to those listed in Table. 1, and the results of the comparative

analysis are primarily associated with the disadvantages of

the IO used.

A more detailed study of the dependence of the IT

efficiency parameters on the characteristics of the magnetic

field is one of the priority goals of further research based

on the results of the work. The MS configurations studied

in this paper do not allow for an optimization of parameters

independently of each other. For example, the lowest ion

costs were obtained during the tests of configuration 3

and configuration 4, which corresponded to the highest

values of magnetic field induction in DC. A completely

opposite result was obtained during measurements of the

ion beam current density distribution, where the lowest

inhomogeneity coefficient has a configuration of 1, which

corresponds to the lowest induction value.

Obviously, the optimization of one parameter has a

negative effect on the other for tested MS configurations.

The reason for this, as already mentioned, is that an increase

of induction in the current work during the transition from

one MS configuration to another occurs throughout the

entire volume of the DC, including near the IO. In this case,

DC with MS ensuring a magnetic field induction modulus

of less than 10G near the IT regardless of the magnitude

of the closed-loop induction is of interest for subsequent

studies.

Conclusion

This paper describes the results of studies of the de-

pendence of IT efficiency parameters on the magnitude

of magnetic field induction in a DC with ionization of

the propellant in a DC discharge. Fire tests of various

MS configurations of the IT DC constitute the main part

of the study. The experimental prototype of ID-200PM

thruster is the item under test in this study. The studied

MS configurations consist of three annular permanent

magnets and a ferromagnetic flange located near the IT.

Sa2Co17 is selected as the material of permanent magnets.

The magnetic field in the DC has a uniform arched

structure, where regions with magnetic field induction of

more than 10G are localized near the anode. The MS

configurations differ from each other in the magnitude

of the magnetic field induction, but at the same time

they have the same topology. The induction magnitude

was regulated by changing the thickness of the annular

permanent magnets, i.e. the distance between their north

and south poles. The MS configurations were compared

based on the discharge voltage and three main parameters

characterizing the efficiency of the IT DC: ion cost, mass
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utilization efficiency and homogeneity of the ion beam

current density distribution.

Efficiency curves and radial distributions of ion beam

current density for the studied MS configurations were

obtained based on the test results, and the dependences

of the IT DC efficiency parameters on the magnitude of

the magnetic field induction were defined. An increase of

the magnitude of the magnetic field induction in the DC

corresponded to an increase of the discharge voltage, as well

as a decrease of the homogeneity of the ion beam current

density distribution and the ion cost.

Te direction of its further improvement was defined based

on the obtained data for the used magnetic field topology.

This topology also significantly increases the magnetic field

induction modulus near the IO , with an increase of the

closed-loop induction, which results in a decrease of the

homogeneity of the ion beam current density distribution.

Thus, the optimization of one parameter has a negative

effect on the other for tested MS configurations. In this case,

DC with MS ensuring a magnetic field induction modulus

of less than 10G near the IT regardless of the magnitude

of the closed-loop induction is of interest for subsequent

studies.
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