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Abstract 

 

The article analyses an ideal and a real model of thrust creation in ion plasma thrusters. The correction of the ideal ion 

plasma thruster model is proposed to be carried out with the help of efficiency factors. Factors affecting the efficiency 

of thrusters are analyzed. 

Thrust to power ratio, which is one of the most important indicators of ion plasma thruster perfection, is evaluated as 

well. 
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1. Introduction 

  

The operating principle of plasmatron (electrothermal) spacecraft electric thrusters (SET) [1] is close to the 

operating principle of traditional chemical rocket engines, in which jet thrust is created by a gaseous (or gasified) 

working fluid jet flowing out of a quasi-closed volume; the working fluid expands in a discharge chamber (an analogue 

of the combustion chamber of traditional engines) under the effect of heat released during arc discharge. In such SETs, 

the mechanism of structural element heating is similar to the mechanism of heating the combustion chamber and nozzle 

of traditional rocket engines.  

One of the most important problems is a necessity of building a model of processes occurring in SETs in order to 

correctly evaluate the thermal power being generated during SET functioning. Once such a maximally accurate 

evaluation has been provided, it becomes possible to reduce the energy consumption, mass, dimensions and cost of the 

cooling system, which is important for a spacecraft.  

This article analyses the processes occurring in spacecraft electric thrusters (SET); it also provides calculations 

of losses and describes their influence upon the total thermal power generated during SET operation. At the same time, 

it considers thrusters, in which the process of jet thrust creation is related to the ionization and further acceleration of 

working fluid ions – ion plasma thrusters (IPT) [2-4]. 

 

2. An Ideal and a Real Model of Thrust Generation in Ion Plasma Thrusters 

 

From the equation, which connects jet power Pjet and ion plasma thruster (IPT) thrust Т, it follows that thrust 

augmentation can be achieved by increasing thruster jet power without increasing the consumption of working fluid: 
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where ni is the number of ions; mi - is the mass of working fluid ion. 

The energy of electric field accelerating the ion in the IPT is equal to the product of ion charge qi and the 

difference of the potentials of this field (the voltage between the electrodes, the difference of potentials between which 

is a source of this field Vb expressed in volts). According to the law of energy conservation, after conversion to ion 

kinetic energy, field energy will be equal to ion kinetic energy: 
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From (2), it is possible to express ion flow velocity: 
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Ion beam current Ib expressed in amperes is equal to the product of ion charge qi and the number of ions ni, 

which can be expressed through the ion mass flow: 
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Whence the ion mass flow can be expressed through the ion beam current: 
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From Eq. (1), which determines the thrust of the thruster, by substituting (3) and (4) and taking into 

consideration the assumption that ions in the IPT have a single degree of ionization, i.e. a single charge is qual to е, 

there appears the following expression for IPT thrust (in Newtons): 
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Such a form of representation is convenient because the first cofactor of expression (5) 
e

m2
 is a constant for 

each type of working fluid; thus, thrust is determined by the beam current intensity and by the square root of 

accelerating voltage value. 

The value of constant 
e

m2
 is: for hydrogen = 1.44537·10-4; for helium = 2.88042·10-4; for 

neon = 6.467598·10-4; for argon = 9.09981·10-4; for krypton = 1.31796·10-3; for xenon = 1.64968·10-3; for 

air = 7.75058·10-4. 

For example, the expression for the thrust of xenon thruster (in millinewtons) acquires the following form: 

 

 .65.1 bb VIT =   (6)  

 

It is obvious that thrust is growing along with the increase of working fluid atomic weight; at the same time, the 

ratio of thrust constants for hydrogen and xenon pairs and for helium and xenon is 11.414 and 5.727 respectively. 

Equation (5) describes the ideal model of thrust generation in the IPT – when the ion beam does not have 

divergence, i.e. all ions move along the trajectories that are strictly parallel to the axis passing through the thrust vector. 

Besides, when forming the expression for the thrust of the thruster, it was assumed that all the ions had a single 

degree of ionization, though in reality the degree of ionization has probability distribution. 

In a general case, the equation of ion motion in an electromagnetic field in conditions of low-density plasma 

takes the following form [5]: 
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where mi is the ion mass; vexi is the ion flow velocity; q is the ion charge; E is the electric field strength; VPi is the ion 

pressure gradient; n is the plasma concentration; j is the electric current density; δ is the plasma conductivity; B is the 

magnetic induction. Here and further on, х is a sign of vector product, while vector variables are marked in bold. 

Expression (5) does not take into account positive effects of other forces described in equation (7), for example, 

the increase of ion kinetic energy due to electronic heating, as well as negative effects related to the inhomogeneity of 

IPT plasma flow, for example, ion beam dispersion at collisions with neutral atoms contained in the thruster plasma 

flow. 

Generally, expression (5) qualitatively describes the mechanism of thrust generation based on general model (7) 

and can be applied as an ideal model for calculating the error-free characteristics of a thruster. 

In general terms, expression (5) for real thruster characteristics can be presented as: 
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where γ is the coefficient which takes into consideration the above described effects reducing the thruster efficiency: 

 

    =   ,  (9) 

 

where α is the coefficient of beam dispersion taking into consideration the dispersion of ion beam; β is the ionization 
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coefficient taking into consideration the degree of ion beam ionization; δ is the dissipation coefficient taking into 

consideration heat effects, dispersion on neutral atoms, oscillatory processes in plasma, etc. 

At the same time lim α = lim β = lim δ = lim γ = 1. In the ideal case, γ = 1. 

In some particular cases, it is just required to create models for the calculation of the above coefficients. 

For the ion beam with uniform conic divergence after exiting the thruster, with constant current density and 

uniform electric field, correction coefficient α is equal to the cosine of the half mean angle of beam divergence θ or to 

the cosine of angle θ between the generator and ion beam symmetry axis. In this case, taking into account the 

divergence of ion beam, Eq. (5) takes the following form: 
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=

2
cos . (10) 

 

For example, if the angle of beam divergence is equal to 60 degrees, θ = 30º and cos θ = 0.866, i.e. the loss of 

thruster thrust due to beam divergence is 13.4%. 

If the source of plasma does not provide a uniform plasma flow, i.e. the above listed conditions related to current 

density, field and beam geometry are violated, the correction coefficients have to be integrated for the given surfaces 

with account of their curvatures. 

In this case, for cylindrical thrusters: 
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where J(r) is the function of ion current density depending on radius r. 

When J(r) = const, expression (11) transforms to (10).  

In practice, the distribution of ion current can be measured during the experimental development and testing of 

thrusters with the help of Langmuir probes or other similar devices. 

Ionization coefficient β correction takes into account the presence of multicharged ions in plasma. 

If thruster plasma simultaneously contains singly charged, doubly charged and triply charged ions, the total beam 

current is equal to the sum of currents that correspond to the flows of singly charged, doubly charged and triply charged 

ions: 

 

 
bI I I I+ ++ +++= + + ,  (12) 

 

where I+, I++ and I+++ are the currents of the flows of singly charged, doubly charged and triply charged ions 

respectively. 

In this case, the total thrust generated by the flows of singly charged, doubly charged and triply charged ions will 

be: 
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Then ionization coefficient β can be expressed as follows: 
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In practice, the ion current created by singly charged, doubly charged and triply charged ions can be measured 

with the help of a magnetic sector charge analyzer during the experimental development of the IPT. 

Dissipation coefficient δ is to a considerable extent determined by two groups of factors: 

− by the ratio of the number of ionized atoms to the total number of working fluid atoms, or by the ionization 

coefficient; 

− by the inhomogeneity of magnetic and electric field in the IPT. 

The development of a reliable mathematical model for determining dissipation coefficient δ poses a difficult 

challenge because the reliable model has to describe various types of plasma flow inhomogeneities, the inhomogeneities 

of magnetic and electric fields and their fluctuations for different Volt-Ampere and thermal modes of the thruster, etc.  

Such models are developed for series-produced IPTs on the basis of empirical data acquired as a result of trial 

operation and experimental development by measuring the spatial distribution of the electric, magnetic and thermal 

field of an operating thruster. In the long run, this sort of modelling reduces to determining heat losses, so this type of 

research is usually carried out while developing thruster thermal models based on experimental data, as for instance in 
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work [5]. 

Dissipation coefficient δ can be expressed as: 

 

 
1 2ik N k =  + ,  (15) 

 

where k1 is the coefficient taking into consideration the interaction of neutral atoms and ions; Ni is the degree of 

ionization; k2 is the inhomogeneity coefficient. 

Another method of determining dissipation coefficient δ is obtaining its value when determining the efficiency 

factor and utilization factors [6].  

 

3. Conclusion 

 

The approach proposed in the article allows to develop the mathematical models of IPT operation, determine IPT 

losses and efficiency, it also allows to make the equation of IPT heat balance more precise and achieve sufficient 

accuracy when performing calculations on IPT thermal loads and cooling system. 

This approach will allow to avoid overheating and destruction of high-power spacecraft electric thrusters, 

increase their thrust and specific impulse as well as to optimize the cooling system in the course of development and 

testing. 

 

References 

 

1. Brown, D. 2009. "Investigation of low discharge voltage hall thruster characteristics and evaluation of loss 

mechanisms". A dissertation submitted in fulfillment of the requirements for the degree of Doctor of Philosophy 

(Aerospace Engineering) in The University of Michigan). 

2. Goebel, D.; Katz, I. 2008. «Fundamentals of Electric Propulsion: Ion and Hall Thrusters», Pasadena: Jet Propulsion 

Laboratory, California Institute of Technology. 

(http://descanso.jpl.nasa.gov/SciTechBook/series1/Goebel_cmprsd_opt.pdf) 

3. Jonathan, L. Van Noord. 2010. "NEXT Ion Thruster Thermal Model". Glenn Research Center, Cleveland, Ohio, 

NASA/TM—2010-216919, https://ntrs.nasa.gov/archive/nasa/casi.ntrs. nasa.gov/20110000534.pdf 

4. Morozov, A.; Savelyev, V. 2000. «Fundamentals of Stationary Plasma Thruster Theory». ISBN: 978-0-306-11064-

1. Springer US (Boston, MA). 

5. Encyclopedic Series "Encyclopedia of Low Temperature Plasm" Edited by V. E. Fortov, Introduction Volume, 

Book IV, XI.4 Ion and Plasma Rocket Thrusters., Moscow: Nauka publishers, 2000. 

6. “Electric Propulsion Innovation & Competitiveness” (EPIC) project (http://epic-src.eu/?page_id=63) 

 

http://descanso.jpl.nasa.gov/SciTechBook/series1/Goebel_cmprsd_opt.pdf
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110000534.pdf
http://epic-src.eu/?page_id=63

	0 Titulinis EN
	517-521 Kraus_Kotvaldová_Pleninge
	522-526 Blatnická_Sága_Blatnický_Diž
	527-531 Patlins_Hnatov_Arhun 
	532-536 Gill_Smoczyński_Panicz_Kobaszyńska-Twardowska
	537-541 Kašpárek_Škopán_Sedláček
	542-548 Rimkus_Pukalskas_Čižiūnienė
	549-554 Neumann
	555-559 Zboinski_Golofit-Stawinsk
	560-563 KučeraP_Píštěk_ŘehákK_Prokop 1
	564-568 Szczepański_Jachimowski_Kłodawski_Jacyna-Gołda
	569-573 Lusková_Leitne
	574-579 Patlins_Hnatov_Arhun
	580-584 SochaV_Kušmírek_Hanáková_Lališ_Pereverzeva_Průcha_SochaL_Hanák
	585-591 Warguła_Waluś_KrawiecP
	592-596 Sejkorová_Verner_Sejkora_Hurtová_Šenkýř
	597-600 Droppa_Riečičiar
	601-605 Vichova_Hromada_Viskup
	606-609 NowakowskiJ_Brzozowski_Knefel
	610-614 KučeraM_Čorňák_Do_Horák
	615-622 Stoilova_Pop–Andono
	623-629 Mašek_Čamaj_Grandsart_Marlier_Paragreen_Paleta
	630-633 ŚwiderskiW
	634-639 Petrenko
	640-644 Kuśmińska-Fijałkowska_Kozyra_Olszańska
	645-650 Sommerauerová_Chocholáč_Hyršlová
	651-654 Borucka_ŚwiderskiA
	655-659 Sojka_Čorňák
	660-664 Paulauskas_Henesey_Paulauskas_Ronkaitytė_Gerlitz_Jankowski_Canepa
	665-668 Kavan
	669-672 Zajac_Prokop_ŘehákK
	673-678 Dubra_Šveistrys_Fiodorov
	679-686 Shah_Lukoševičius_Varghese_Pakalnis
	687-690 Kral_Janoskov
	691-699 Thankachen_Shah_Bhatt_Lukoševičius_Balakrishnan
	700-704 Senčila
	705-708 KučeraP_Píštěk_ŘehákK_Prokop 2
	709-713 Stojić_Vittek_Lališ_Plos
	714-718 Van Kleef_Čižiūnienė
	719-723 Stopka_Ľupták_Jeřábek
	724-728 Kunche
	729-736 Kale_Jankovics_Gandotra_Bizonics_RohacsJ_Rohacs
	737-742 Stopka_Chovancova
	743-748 Deja_Kaup_Ignalewski
	749-752 Hanzl_Bartušk
	753-758 Pyza_Izdebski_Jacyna-Gołda_Gołda
	759-764 Novotny_Jonak_Doman
	765-770 Ballay_Macúrová_Kohút_Čopiak
	771-776 Ksiądzyna
	777-780 Boniecki_Tomaszewska_Toruń_Iwański_Woch_Zieja_Żurek
	781-785 Mężyk
	786-790 Dębicka
	791-796 Kostrzewski_Varjan
	797-802 Lewandowski 
	803-806 Absolon_Hůlek_LiptákT_NovákM
	807-810 Sventeková_Urbancov
	811-815 Michálek_NovákM_Absolon_Hůlek
	816-821 Urbancová_Sventeková
	822-827 Korecki_Adámková
	828-833 Szymanek
	834-838 Toruń_Sokołowska
	839-843 BodnarB_Ochkasov_BodnarE_Hryshechkina_KeršysR
	844-848 Maczyński_Brzozowski_Ryguła
	849-854 Kuśmińska-Fijałkowska_Kozyra_Olszańska
	855-859 DvořákP_Štoller_Baláž_Krejčí
	860-863 Xu_Samoilenko_Kalam_Yun_Cho
	864-868 Pniewski_Kornaszewski
	869-872 Wojs_Samoilenko_Orliński_Bednarski
	873-878 Kasalis_Kassalis
	879-882 Bojarczak_NowakowskiW_Łukasik
	883-888 Kirschenstein_Ambroziak_Tyburek
	889-892 Salava_Pojkarová_Švadlenka
	893-897 Furch_Glos
	898-902 Ratkiewicz_Lewczuk
	903-908 Bauer
	909-913 Kirschenstein_Ambroziak_Lukas
	914-919 BodnarB_Ochkasov_Bobyr_Korenyuk_Bazaras
	920-925 NowakowskiW_Bojarczak_Łukasik
	926-929 Zboinski_Woznica
	930-934 Kleprlík_Bečičková
	935-940 Ciszewski_NowakowskiW
	941-949 Bažant_Bulíček_Veselý_Krýže
	950-955 Żak_Gołębiowski_Popiela
	956-961 NowakowskiW_Ciszewski_Łukasik
	962-967 BodnarB_Ochkasov_Chernyayev_Skvireckas
	968-971 Lewandowski 3
	972-977 Čerňan_Pecho_Cúttová_Semrád
	978-982 Drápal_Vopařil
	983-986 Kravchenko_Urbahs
	987-990 Andrzejczak_Selech
	991-995 Kozachenko_Dovbnia_Ochkasov_Serdiuk_Shepotenko_KeršysA
	996-1001 Kornaszewski_Pniewski
	1002-1007 Łukasik_Kuśmińska-Fijałkowska_Kozyra_Olszańska
	1008-1013 Kardas-Cinal
	1014-1017 LukášikP_Marchevka_Droppa_Marko
	1018-1023 Vorobiov_Nechyporuk_Bychkov
	1024-1026 Hloušek_Jonák
	Author’s Index-II
	END Page



