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Abstract: The article presents a scheme for the complex calculation of the parameters of 

a radio-frequency ion thruster. The share of power losses due to spurious induction heating of 

metal elements of the thruster, the  discharge plasma parameters; heat fluxes and temperature 

fields and thruster operating modes. In the course of experimental work, using indirect 

measurements and measurements by Faraday probes, the ion current values were determined. 

Comparison of calculation results and experimental data is analyzed. The corresponding 

recommendations for the design of engines of this type are proposed. 

Nomenclature 

qe = elementary charge  

kB = Boltzmann constant 

m, M = electron and atom mass 

V = discharge chamber volume 

A = total discharge chamber area 

l = discharge chamber length 

R = discharge chamber radius 

Aw = discharge chamber wall area 

As = total screen grid area 

fs, fa = transparency for ions (screen grid transparency) and for neutrals (accel grid transparency) 

Q = neutrals flow rate (s-1) 

Kex = rate coefficients for electron-impact excitation 

Kiz = rate coefficients for electron-impact ionization 

Kel = rate coefficients for electron-impact elastic scattering 

Kin = the rate for ion-neutral elastic collisions 

κ = xenon gas thermal conductivity 

Λ0 = heat diffusion length 

Uiz = potential of ionization 

Uex = average potential of excitation 

υg = mean velocity of atoms 
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I.  Introduction 

 

HE number of small satellites launched annually is experiencing rapid growth, and this is often attributed to the 

current trend of creating small satellite constellations in low orbits. The biggest space companies such as OneWeb 

and SpaceX have announced their intention to launch of thousands of satellites in the next 5 years [1, 2]. This fact puts 

forward serious requirements for the spacecraft production, such as the relatively low cost and spacecraft creation 

time and the increase in the duration of active existence.  The creation of groupings from a large number of spacecraft 

requires the ability to carry out a spacecraft dilution along the orbit. Moreover, the concept of formation (or swarm) 

of satellites also implies increased costs of the working fluid to maintain the orbital construction of such a grouping. 

This leads to the need for a small propulsion system with a high specific impulse [3]. 

In this regard, the main goal of the Avant Space Systems start-up project is creation a compact efficient propulsion 

system based on a radio frequency (RF) inductively coupled discharge in an external magnetic field [4]. At this stage, 

the company has developed bench-mounted power sources (RF generator and high voltage power supply) and a 

thruster laboratory model. The purpose of which is to study ongoing processes and study factors that affect the 

efficiency and performance of the engine. In the design process of the propulsion system, a complex approach was 

taken to simulate the thruster physical processes. During the study, the calculated process models and the complex 

simulation scheme are constantly updated and verified according to the obtained experimental data. The steps of 

calculating and developing the lab model are described in this article. Chapter II describes a complex approach to 

calculating the classical design of an RF ion thruster, including the calculation of plasma parameters and heat fluxes, 

simulation the processes of an ion-optical system (IOS), determining the fraction of power losses due to induction 

heating and calculating the temperature conditions of the thruster. Chapters III and IV describe the current 

configuration of the laboratory engine model, the used vacuum facility and the engine performance diagnostic systems. 

Also in these chapters is a comparison of the experimentally measured beam current with the calculated results for 

different operating modes. Chapter V presents the current research conclusion and plans for the future. 

 

II.  Complex calculation  

The development of an RF ion thruster requires a deep understanding of the physics of processes in a radio-

frequency inductively coupled discharge. As a result of the large number of interconnected processes occurring in the 

engine nodes, it is incorrect to consider them 

separately. For example, as a result of induction 

losses in the structural details and skin effect in the 

conductive elements, the useful power of the 

generator can be lost up to tens of percent. In the 

process of plasma interaction with surrounding 

parts, temperature heating and thermal 

deformation of engine elements occur, and the 

temperature-dependent properties of materials 

change. Thermal deformations of the IOS have a 

significant effect on the ion beam focusing, and, 

consequently, on the traction and operational life 

characteristics of the propulsion system. All these 

factors, to varying degrees, affect the engine 

operating modes and its characteristics. Therefore, 

the discrepancy between the calculated data and 

the experimental results can be associated not only 

with the errors of the plasma model, but also with 

the influence of related factors. Consideration of 

all these factors in the framework of a single plasma model is currently impossible. In order to increase the accuracy 

of the calculation, a complex scheme of calculating and optimizing the structural and traction characteristics of the 

engine was implemented. Based on the proposed scheme, a laboratory model of the engine was designed to study the 

influence of parameters on the characteristics of the thruster, including the influence of an external magnetic field. 

The optimization cycle for calculating the RF ion thruster is shown in Figure 1. 

At the first stage of the cycle, the geometric parameters of the electrodes and the ion-optical system (IOS) potentials 

are determined. Next, the share of losses of the input RF power for induction heating of the thruster metal elements 

T 

 
Figure 1. The complex calculation scheme of the RF ion 

thruster 
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for the selected operating mode is calculated. The characteristics of the discharge plasma and heat fluxes to the 

surrounding parts are found. Using the obtained  data, a thermomechanical calculation of the engine is performed. 

At the second stage, the input data is refined. Using the information obtained on the electrodes temperature 

deformations, the minimum possible grid gap is found. The hole diameters and IOS potentials are specified by the 

deviation of the holes from the alignment as a result of thermal displacement and technological production capabilities. 

Using the new IOS parameters, the electromagnetic properties and plasma and beam parameters are recalculated, and 

new temperature conditions are determined. The cycle was repeated until an acceptable operating mode and engine 

configuration were found. The controlled parameters were the beam current and the thermal state of the engine. In the 

end, according to the data obtained, the traction characteristics of the thruster and its efficiency were evaluated. 

A. Ion-optical system parameters 

 

The ion-optical system of the thruster is a unit that determines both the efficiency of ion extraction and the engine 

operational life. In the calculation, for the selected beam diameter, the diameters of the holes, their number and location 

were selected with the condition of obtaining the maximum ion transparency of the electrodes. 

 

Using the open source IBSIMU program code [5], the motion of the ion beam in one of the IOS apertures was 

simulated (Figure 2). According to the calculation results, the most suitable electrode thicknesses and interelectrode 

gaps were found. Using preliminary ranges of ion current densities and engine operating modes, the necessary 

potentials on the grids were determined. According to the results of chapter II.F, the selected interelectrode gap was 

adjusted based on the thermal deformation of the electrodes during thruster operation. 

B. Radio-frequency power losses 

 

The radio-frequency fields create eddy currents in 

metal elements, which act as an additional source of 

heating and reduce the fraction of the useful power 

absorbed in the plasma. The magnitude of the power loss 

strongly depends on the design features of the product, 

such as the material of the parts and the proximity of their 

location to the inductor. In order to determine the share of 

power losses, the calculation was performed in the 

COMSOL Multiphysics software package (Magnetic and 

electric fields module). After a series of calculations for 

the selected thruster configuration, it was revealed that 

the  inductance and resistance of the inductor do not 

depend on the current amplitude, but depend only on its 

frequency and the presence of surrounding metal parts. 

As a result of the simulation, the dependences of the 

 
Figure 2. The results of ion beam motion simulation in the ion-optic system 

 

 
Figure 3. Dependences of the active resistances of an 

isolated inductor and thruster assembly on the current 

frequency 
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resistance of the isolated inductor and the thruster assembly as a whole on the RF generator frequency were determined 

(Fig. 3).  

Since the resistance of metals depends on temperature, at the stage of refinement, the resistance of the inductor 

and parts was recalculated according to the empirical formula: 

 

𝑅𝑇 = 𝑅0(1 + 𝛼·𝛥𝑇), (1) 

 

where α is the temperature coefficient of resistance (1/°С), ΔT is the difference between the current object temperature 

and room temperature. 

C. Plasma parameters calculation 

 

The discharge parameters were simulated using a hydrodynamic plasma model based on papers by P. Chabert [6] 

and D. Goebel [7]. The main dependences of the model were the equations of energy and particle balance, where the 

independent variables are the density and temperature of the neutrals (ng, Tg) and electrons (n, Te). 

Particle balance equations: 

 
𝑑𝑛

𝑑𝑡
= 𝑛𝑛𝑔𝐾𝑖𝑧 −

(𝐼𝑠𝑒 + 𝐼𝑤𝑒)

𝑉𝑞𝑒

 , (2) 

 
𝑑𝑛𝑔

𝑑𝑡
=

𝑄

𝑉 
+

(𝐼𝑠𝑖 + 𝐼𝑤𝑖)

𝑉𝑞𝑒

− 𝑛𝑛𝑔𝐾𝑖𝑧 −
𝑛𝑔𝜐𝑔𝐴𝑔

4𝑉
  (3) 

 

Energy balance equations: 

 
𝑑

𝑑𝑡
(

3

2
𝑛𝑔𝑘𝐵𝑇𝑔) = 3

𝑚

𝑀 
𝑘𝐵(𝑇𝑒 − 𝑇𝑔)𝑛𝑛𝑔𝐾𝑒𝑙 +

1

4
𝑀𝜐𝐵

2𝑛𝑛𝑔𝐾𝑖𝑛 − 𝜅 (
𝑇𝑔 − 𝑇𝑤

𝛬0

)
𝐴

𝑉
   (4) 

 
𝑑

𝑑𝑡
(

3

2
𝑛𝑘𝐵𝑇𝑒) = 𝑊𝑎𝑏𝑠 − 𝑊𝑙𝑜𝑠𝑠 , (5) 

 

where υB is the Bohm velocity, Tw is the temperature of the discharge chamber walls. 

The dependences of the averaged cross sections for the interaction of various kinds of particles (Kiz, Kel, Kin) were 

taken from the D. Goebel’s textbook [8]. 

In considering the quasi-neutral plasma volume, the currents of ions and electrons to the dielectric walls of the 

discharge chamber and electrodes are determined by the following relationships: 

 

𝐼𝑤𝑒 =  
𝑛

4
𝑞𝑒√

8𝑘𝐵𝑇𝑒

𝜋𝑚
 𝐴𝑤  𝑒𝑥𝑝 {−

𝑞𝑒𝜙𝑤

𝑘𝐵𝑇𝑒

} , (6) 

 𝐼𝑤𝑖 =  0.6 𝑛𝑞𝑒√
𝑘𝐵𝑇𝑒

𝑀
 𝐴𝑤, (7) 

𝐼𝑠𝑒 =  
𝑛

4
𝑞𝑒√

8𝑘𝐵𝑇𝑒

𝜋𝑚
 (1 − 𝑓𝑠)𝐴𝑠 𝑒𝑥𝑝 {−

𝑞𝑒𝜙𝑠

𝑘𝐵𝑇𝑒

} , (8) 

𝐼𝑠𝑖 =  0.6 𝑛𝑞𝑒√
𝑘𝐵𝑇𝑒

𝑀
 (1 − 𝑓𝑠)𝐴𝑠, (9) 

𝐼𝑏 =  0.6 𝑛𝑞𝑒√
𝑘𝐵𝑇𝑒

𝑀
 𝑓𝑠 𝐴𝑠, (10) 

where fs is the transparency of the emission electrode for ions, calculated in Chapter II.A. 
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According to the theory of sheath-layer [9], in the presence of dielectric or metal walls under a floating potential, 

the conditions for particles to leave on the wall must satisfy the condition of equality of the density of electron and 

ion currents. Since the mobility and thermal velocity of electrons far exceeds the mobility of ions, a sheath layer should 

be established near the surface in which the condition of quasi-neutrality is violated and a potential barrier for electrons 

is established between the wall and the unperturbed plasma. The sheath layer creates a potential barrier for electrons, 

due to which its fastest component is retained in the plasma. The height of the barrier is maintained in such a way that 

the condition of current continuity is fulfilled, i.e., a balance is maintained between the generation and loss of charged 

particles in the plasma. In particular, if the wall is insulated, then the fluxes of ions and electrons to this wall should 

be equal. 

 

𝐼𝑤𝑒 =  𝐼𝑤𝑖 , (11) 

𝜙𝑤 =  
𝑘𝐵𝑇𝑒

𝑞𝑒

𝑙𝑛 {
5

6
√

2𝑀

𝜋𝑚
 } , (12) 

The potential drop near the surface of the screen grid is less due to the partial departure of the ion flux from the 

plasma into the electrode holes: 

 

𝐼𝑠𝑒 =  𝐼𝑠𝑖 + 𝐼𝑏 , (13) 

𝜙𝑠 =  
𝑘𝐵𝑇𝑒

𝑞𝑒

𝑙𝑛 {(1 − 𝑓𝑠)
5

6
√

2𝑀

𝜋𝑚
 } , (14) 

The absorbed volumetric power was determined by the transformer model proposed by P. Chabert in articles 

[6, 10] as a function of the equivalent plasma resistance Rind and the amplitude value of the current Icoil in the inductor. 

 

𝑊𝑎𝑏𝑠 =  
1

2𝑉
𝑅𝑖𝑛𝑑𝐼𝑐𝑜𝑖𝑙

2 , (15) 

Total losses of input volumetric power include energy losses due to ionization, excitation of neutral atoms, heating 

of a neutral gas as a result of elastic interaction, and losses due to the escape of electrons on the discharge chamber 

surface: 

𝑊𝑙𝑜𝑠𝑠 = 𝑈𝑖𝑧𝑞𝑒𝑛𝑛𝑔𝐾𝑖𝑧 +   𝑈𝑒𝑥𝑞𝑒𝑛𝑛𝑔𝐾𝑒𝑥 + 3
𝑚

𝑀 
𝑘𝐵(𝑇𝑒 − 𝑇𝑔)𝑛𝑛𝑔𝐾𝑒𝑙 +

1

𝑉
[𝐼𝑒𝑠(2𝑇𝑒 + 𝜙𝑠) + 𝐼𝑒𝑤(2𝑇𝑒 + 𝜙𝑤)], (16) 

The total power transmitted by the RF generator is determined by the equivalent plasma resistance and the total 

resistance of the surrounding parts and inductor Rstr, calculated in Chapter II.B: 

 

𝑃𝑅𝐹 = 𝑃𝑎𝑏𝑠 + 𝑃𝑠𝑡𝑟 =  
1

2
(𝑅𝑖𝑛𝑑 + 𝑅𝑠𝑡𝑟)𝐼𝑐𝑜𝑖𝑙

2 , (17) 

 

A system of four first-order nonlinear differential equations (1) - (4) was calculated by numerical integration by 

the Runge-Kutta (SciPy python library dop853) method until a stationary state was established. Stationary values of 

the calculated values were used to calculate subsequent thruster characteristics. 

This model considers the dependences only for neutrals and electrons, the ions temperature is assumed to be equal 

to a neutral gas temperature, and the number density of ions is equal to electrons. The obtained plasma parameters are 

averaged over the volume, the electron velocity distribution function is considered Maxwellian, the ionization process 

is considered a one-step process, and the contribution of secondary ions is not taken into account. All these 

approximations limit the scope of this model and can cause deviation with experimental data. 

D. Heat flow 

 

Using the results of the calculation of the plasma parameters from Chapter II.C, the heat fluxes to the plasma 

surrounding thruster elements were calculated [11, 12]. 
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The total power balance of the discharge can be written as: 

 

𝑃𝑎𝑏𝑠 = 𝑃𝑠𝑐𝑎𝑡 + 𝑃𝑤 + 𝑃𝑠𝑒 + 𝑃𝑠𝑖 + 𝑃𝑥𝑤 + 𝑃𝑥𝑠 + 𝑃𝑥𝑎 + 𝑃𝑥𝑜𝑢𝑡 + 𝑃𝑏 , (18) 
 

where Pscat is the power lost during elastic scattering of 

electrons by a neutral particle; Pw — heating of the 

discharge chamber walls due to the flows of ions and 

electrons; Pxc — radiant flux from excited atoms to the 

walls; Pse is the electron flux on screen grid; Psi is the 

ion flux on the screen grid; Pxs is the radiant flux from 

excited atoms on the screen grid; Pxa is the radiant flux 

from excited atoms on the aceel grid; Pxout - radiant 

flux from excited atoms leaving through holes in the 

IOS; Pb is the power flux carried away with the beam 

ions (Figure 4). 

The total heat flux to the discharge chamber walls 

can be written as the sum of the fluxes of each plasma 

component: 

 

𝑃𝑤 = 𝐼𝑤𝑒(2𝑇𝑒) + 𝐼𝑤𝑖(0.5𝑇𝑒 + 𝑈𝑖𝑧 + 𝜙𝑤) , (19) 

 

The flow of electrons slows down in the sheath layer 

by the floating potential 𝜙𝑤, and comes to the wall with 

the energy that it had in the pre-sheath layer  - 2Те. Ions 

with an energy of 0.5 Te in the pre-sheath layer are 

accelerated by the potential 𝜙𝑤. As a result of 

recombination, an energy equal to the ionization 

potential  𝑈𝑖𝑧is released on the wall. 

The flow of electrons and ions to the screen electrode: 

 

𝑃𝑠𝑒 =  𝐼𝑠𝑒(2𝑇𝑒 + 𝑤𝑠), (20) 

𝑃𝑠𝑖 = 𝐼𝑠𝑖 (ϕs +
1

2
𝑇𝑒 + 𝑈𝑖𝑧 − 𝑤𝑠) , (21) 

 

where ws is the electron work function from the screen grid material (for titanium 3.95 eV) expended during the 

recombination of an ion on a metal electrode. 

In this model, it is assumed that all the energy spent on the excitation of neutral Pex atoms is given in the form of 

radiation to the surrounding surfaces. 

 Radiant flux from excited atoms to the walls of the discharge chamber and electrodes: 

 

𝑃𝑥𝑤 =
𝐴𝑤

𝐴
𝑃𝑒𝑥  , (22) 

𝑃𝑥𝑠 =
(1 − 𝑓𝑠)𝐴𝑠

𝐴
𝑃𝑒𝑥  , (23) 

𝑃𝑥𝑎 =
(1 − 𝑓𝑠)𝑓𝑎𝐴𝑠

𝐴
𝑃𝑒𝑥  , (24) 

 

 In the calculation, it was assumed that the optics are well focused and the beam ions practically do not touch the 

accelerating electrode. Consequently, the accelerating electrode is heated due to radiation from the plasma and the 

process of recharging neutral atoms in the ion beam, which creates a reverse current of slow ions on the accel grid. 

This process is the main factor determining the service lifetime of the ion-optical system. The current of charge 

exchange ions to the electrode is usually about 2% of the ion beam current. 

 The value of the ion flux is calculated from the equation: 

 

𝑃𝑐𝑒𝑥 = 𝐼𝑐𝑒𝑥(𝑈𝑎 + 𝑈𝑖𝑧 − 𝑤𝑎) , (25) 

 
Figure 4. Distribution of heat fluxes from plasma to 

engine elements  
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where Ua is the potential on the accel grid, wa is the work function of the electron from the accel grid material. 

The power balance also contains flows leaving the engine that do not affect the temperature fields and the operation 

of the product. 

The radiant flux of radiation from excited atoms leaving the thruster: 

 

𝑃𝑥𝑜𝑢𝑡 =
𝑓𝑠𝑓𝑎𝐴𝑠

𝐴
𝑃𝑒𝑥  , (26) 

 

And the fraction of power that goes with the ion beam: 

𝑃𝑏 = 𝐼𝑏 (𝜙s +
1

2
𝑇𝑒 + 𝑈𝑖𝑧) , (27) 

 

E. Plasma distribution profile 

 

In reality, the distribution of the plasma density of the RF discharge is not uniform in radius and length, and the change 

in parameters is determined by the following parameter: 

ℎ =
𝑛𝑖(𝑟)

𝑛𝑖(0)
 , (28) 

Studies have shown that this parameter depends on the concentration of the neutral gas and the mean free path of the 

neutral-ion interaction: 

𝜆𝑖 =  
1

𝑛𝑔𝜎𝑖

 , (29) 

 

where σi is the total cross section of the neutral-ion elastic interaction. 

Then, in the radial direction, the ion diffusion parameter [10, 13]: 

 

ℎ𝑟 ≈
0.8

√4 + 
𝑅
𝜆𝑖

 , (30) 

Based on the analytical [13] and experimental data, M. Dobkevicius and D. Feili [11] derived the dependence of the 

parameter change in the form: 

ℎ = √1 − (√1 − ℎ𝑟
2

𝑟

𝑅
)

2

, (31) 

The obtained ion distribution profile was used to calculate the temperature fields in Chapter II.F. 

F. Thermal and thermomechanical analysis 

 

The initial data for calculating the temperature fields used were the heat losses of the conversion of the supplied 

electric power into traction, directly perceived by the construction of Chapters II.B and II.D. 

In the thermal model, only two heat transfer mechanisms are used that correspond to vacuum conditions: radiant 

and thermal conductivity (including contact thermal conductivity, taking into account the actual areas of contact spots). 

In the radiant heat transfer model, the law of diffuse reflection and absorption is applied. 

The results of the thermal calculation are the temperature fields in the thruster design (Figure 5), the temporal 

dynamics of their changes (time to reach a stationary solution) when the engine is turned on / off, its operation in 

mode, and when changing modes. 
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The data on temperature fields were then used in the iterative calculation cycle (Figure 1) to: clarify the boundary 

conditions on the walls of plasma-treated parts, clarify the temperature-dependent properties of models of structural 

materials (electromagnetic, thermal, mechanical) and to conduct thermomechanical analysis. 

During the thermomechanical calculation of the engine design, the relative thermal displacements of the IOS 

electrodes (Figure 6) were determined (change in the electrode gap, decentration of the perforation holes), the 

relationship of these thermal displacements with the engine operating modes was revealed. The tasks were solved 

iteratively during the development of the engine by detailed modeling of the structure, taking into account the contact 

interaction of the parts and the conditions of their mates (tight fit, clearances, fastening torque). The thermomechanical 

strength was also evaluated to exclude possible damage (cracking of brittle ceramic parts, loosening of fasteners, etc.). 

Based on the simulation results, adjustments or changes to existing nodes were carried out. 

 

III.  Experimental setup 

 

 
Figure 6. The result of modeling the thermal 

displacement of the electrodes 

 
Figure 5. Stationary temperature field in the 

laboratory model of the engine with dissipated 

thermal power of 50 W, ° C 

 
 

Figure 7. Experimental setup scheme 
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According to the proposed calculation schemes, a laboratory model of the RF ion thruster GT50 (Avant Space 

Systems LLC) was designed (Figure 7). The experimental results presented in Сhapter IV correspond to a thruster 

assembly with a cylindrical quartz discharge chamber, a 5-turn antenna, and a two-electrode IOS, interelectrode gap 

was 0.8 mm. 

 Experimental studies of the engine were carried out on the basis of the Scientific Educational Center «Ion plasma 

technology» of Bauman Moscow State Technical University (Russia), in a vacuum chamber with a volume of 0.38 

m3, vacuum pumping was carried out by a turbomolecular pump to a residual pressure of 1e-6 torr. Using a capacitive 

membrane MKS 627D, the pressure in the vacuum chamber was determined. Xenon mass flow was provided by the 

MKS GV50A flow regulator with an accuracy of setting 0.2% over the selected flow range. The maximum pressure 

at a flow rate of xenon 3 sccm was of the order of 7e-5 torr. The ion beam current was measured by the following 

methods: indirectly - as an electron current in the circuit of the screen electrode, and directly - using Faraday probes. 

Two types of probes were used in the experiment: the Faraday cup — a disk 18.2 cm in diameter and a side 78 mm 

high and a Faraday nude probe with a diameter of 8 mm. 

The Faraday cup was used to determine the total beam current, located at a distance of 15 cm from the thruster 

exit section; the ion current was recorded using a Fluke 17B digital multimeter. The current in the emission electrode 

circuit was recorded using an internal high-voltage power supply measuring system developed by Avant Space 

Systems LLC, and was also duplicated using a Fluke 17B digital multimeter. Using the Faraday probe, the radial 

profile of the ion beam density was determined, measurements were taken at 6 points with a step of 1 cm, and the 

distance to the thruster exit section was 14 cm. 

In order to study and verify temperature fields, at the bottom of the discharge chamber in the area of the injector, 

a platinum thermal resistance sensor was installed with automatic compensation in a three-wire circuit to eliminate 

the influence of heating of the input wires. All measured data using an automatic registration system recorded a file 

on a PC with a frequency of 1 Hz. 

 

IV. Research results and analysis 

 

Using the equipment described in Chapter III, a 

series of experiments was carried out to experimentally 

determine the characteristics of the ion beam and 

thruster operation modes (Figure 8). 

The thruster studies were carried out using an RF 

generator developed by Avant Space Systems LLC 

[14], which ensures the operation of the engine at 

frequencies of 2-6 MHz at a power of up to 140 watts. 

The error in measuring the RF power is ± 5%, however, 

the error in setting the power mode is less than 0.1%. 

The engine was tested on xenon mass flow rate 1-3 

sccm. 

The main contribution to the error of ion current 

measuring using Faraday probes is associated with 

secondary emission processes from the collector 

surface. It is also necessary to take into account the error in determining the coefficient of secondary electron emission 

for xenon ions and the probe material, and as well as the error in the total area measuring of the collecting probe 

surface.  

 
Figure 8. Thruster operation in a vacuum vessel using 

a Faraday probe 
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The most difficult to determine is the error introduced by resonant charge exchange, as a result of which part of 

the beam ions on the way to the probe become neutral atoms, which do not contribute to the total measured current 

[15]. Using these processes, we can estimate the relative error of the measurable current. 

 It was assumed that the presence of a Faraday cup in the path of the ion flux a will collect a neutral gas in itself 

and create a local increase in pressure. Thus, the Faraday cup would increase the reverse gas flows into the discharge 

chamber and change the thruster operating modes. However, comparing the readings of the current in the circuit of 

the screen grid with Faraday cup and without it (Figure 9), we can conclude that its presence has an insignificant effect 

on the engine operation mode.  

The results of comparing the current recorded in the circuit of the screen electrode are presented and the current 

of the Faraday cup are presented in Fig. 9. Given the relative error in measuring the current of the Faraday Cup (for 

these conditions, about 12%) and the instrumental error in measuring the current in the electrode circuit is ± 1mA, the 

results give a good agreement. Consequently, we can conclude that it is legitimate to estimate the beam current from 

the current of the emission electrode and a small fraction of doubly ionized ions in a selected range of modes. In the 

future, it is planned to examine the last circumstance with using of a mesh energy analyzer. 

 

 

 

The thruster parameters were compared at different frequencies (Figure 10). As the calculation of Chapter II.B 

showed, with increasing frequency, there is an increase in power losses as a result of heating of metal parts of the 

engine.  

  
Рисунок 9. Comparison of measurements of the total beam current by the Faraday cup and current readings 

on the screen electrode 

 
 

Figure 10. The measured values of the ion total current as a function of the RF generator frequency for 

operating modes 1 and 2 sccm  
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Therefore, there is a decrease in the discharge absorbed power. The validity of this conclusion is confirmed by 

experimental data, where, with increasing frequency, the ion beam current decreases at constant RF power. 

Using the Faraday probe (Figure 11), the ion beam current density profile was determined for the mass flow rate 

of 1 and 2 sccm and the frequency of the RF generator 2 MHz. The Faraday probe under consideration was made of 

steel and did not have a guard ring, while the value of the collecting area of the probe exceeded the recommended 

value for the current density under study. The experiment was carried out without an ion beam neutralizer. In this 

regard, the measurements had a large error. As a result of this, when integrating the distribution of the ion current 

density, the total beam current turned out to be 2 times less than the current measured in the screen grid circuit. 

Therefore, Figure 11 shows only a qualitative picture of the distribution of the current density of the thruster beam. 

During the study of the temperature fields of the engine, the temperature sensor was located on the outside of the 

discharge chamber. To exclude the influence of nonlinearities related to the heating processes of the structure on the 

recorded engine operation parameters, the engine was kept at one fixed input power for an hour (until the time of 

dependent readings of the temperature sensor reached a constant value). After that, the studied parameters of the 

engine were measured. The error of the temperature sensor was ± 2 ° C. Analysis of the experimental and calculated 

data gives an idea of the linear relationship between the temperature of the discharge chamber and the input power of 

the RF generator (Figure 12). Due to the uncertainty of the values of the blackness degree coefficient of the thrust 

materials and the surrounding vacuum chamber, as well as the not ideal contact surfaces of the parts, the calculated 

values of the temperature fields are overestimated. In this case, the functional dependence practically does not differ 

from the experimental one and the deviation between the values is approximately 80 °C.  

 

 
 

Figure 11. Ion current density profile measured 

using a Faraday probe 

Figure 12. Comparison the discharge chamber 

temperature from simulation and experimental data 

for the 2 sccm and 2 MHz modes 

 

The discrepancy between the calculated and experimental temperatures explains the need for further refinement 

of the thermal model of the engine in terms of boundary conditions. This will be realized by experimental refinement 

of the optical characteristics and contact thermal conductivities of structural elements, as well as subsequent 

verification of the model by the readings of thermal sensors located at several characteristic points of the thruster. 

A complex calculation of the thruster was performed for the configuration and modes that corresponded to the 

above experiments. In the course of calculating the plasma parameters, an attempt was made to take into account the 

influence of the magnetic field of the inductor on the particle flow rate on the chamber walls as a result of ambipolar 

diffusion across the field. For this, according to the method proposed by D. Goebel [7], a coefficient was introduced 

for the particle flux, which was determined by the ratio of the ion velocity across the field and the Bohm velocity: 

 

𝑓𝑐 =
𝑣𝑖

𝑣𝐵𝑜ℎ𝑚

 , (32) 
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Comparison of the calculation results for 

different series with a 2 MHz engine mode and 1 

sccm mass flow rate are shown in Figure 13. The use 

of magnetic field corrections to a different extent 

reduces the deviation of the calculated and 

experimental data. In this case, the functional 

dependence of the beam current on the RF power 

changes greatly. The greatest coincidence with the 

experimental data has the option in which the 

confinement factor is 0.75. On the example of the 

calculated flow rate of 1.5 sccm, it can be seen that 

the theoretical curve fits well on the experimental 

points for the flow rate of 1 sccm, and for the 

experimental regime of 2 sccm a close simulation 

case for 3 sccm. 

Such a deviation of the obtained data with good 

agreement of the functional dependence may be due 

to both inaccuracies in the calculation and in the 

experiment. Underestimated calculation results may 

be due to the low ionization efficiency compared to 

the experiment. Since the efficiency of ion formation depends on the xenon ionization cross section and the density 

of electrons and neutrals, it will increase with an increase in the density of neutrals. This determines the coincidence 

of the curves at different xenon mass flows. If the flow rate in the discharge chamber is specified exactly, then the 

error may be contained in determining the effective cross section for ionization of xenon atoms. For example, stepwise 

ionization or other phenomena that were not taken into account in this calculation can play a significant contribution.  

On the other hand, the experiment was carried out in a relatively small chamber, the pressure of which at a flow 

rate of 1 sccm was 5E-5 torr. In this case, neutral flow back to the discharge chamber could have influenced the 

operating modes, thereby increasing the real flow rate and overestimating the real characteristics of the engine. In 

connection with these uncertainties, it is planned to study the effects of the degree of vacuum rarefaction on the engine 

characteristics, and expand the calculated plasma model taking into account the stepwise and double ionization of 

xenon atoms. 

V. Conclusion 

In the course of the research, a complex calculation approach for the RF ion engine was implemented taking into 

account losses due to induction heating and the mutual influence of the discharge plasma and the temperature fields 

of the thruster. Comparison of the calculated and experimental data gives good qualitative agreement. In this case, 

possible reasons for the quantitative discrepancy with the experiment were identified, such as the need to take into 

account stepwise and double ionization in the plasma model, and the refinement of material characteristics for the 

thermal model. On the other hand, ways were proposed to refine the obtained experimental data. In general, the 

complex scheme has proved its worth in the design of radio-frequency ion thruster of the classical scheme. 

In the future, a large amount of work is planned on the study of RF ion thruster. The calculation scheme based on 

the fluid plasma model will be refined taking into account stepwise ionization and the influence of the magnetic field. 

In parallel with this, a kinetic plasma model is being developed to describe the discharge in the presence of an external 

magnetic field. In the future, this model will be integrated into the current simulation cycle. In order to verify the 

models, a number of experimental studies of the RF discharge in a magnetic field are planned. Measurements will 

include the use of Faraday probes to measure the integral parameters of the beam, as well as a three-electrode Langmuir 

probe to distribute local plasma parameters in the gas discharge chamber of the engine. 
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Figure 13. Comparison of simulation results and 

experimental data for the 2 MHz RF frequency  
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