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Chapter 1 

Introduction 

Electric propulsion is a technology aimed at achieving thrust with high exhaust 

velocities, which results in a reduction in the amount of propellant required for 

a given space mission or application compared to other conventional propulsion 

methods. Reduced propellant mass can significantly decrease the launch mass 

of a spacecraft or satellite, leading to lower costs from the use of smaller launch 

vehicles to deliver a desired mass into a given orbit or to a deep-space target. 

 

In general, electric propulsion (EP) encompasses any propulsion technology in 

which electricity is used to increase the propellant exhaust velocity. There are 

many figures of merit for electric thrusters, but mission and application 

planners are primarily interested in thrust, specific impulse, and total efficiency 

in relating the performance of the thruster to the delivered mass and change in 

the spacecraft velocity during thrust periods. While thrust is self-explanatory, 

specific impulse (Isp) is defined as the propellant exhaust velocity divided by 

the gravitational acceleration constant g, which results in the unusual units of 

seconds. The total efficiency is the jet power produced by the thrust beam 

divided by the electrical power into the system. Naturally, spacecraft designers 

are then concerned with providing the electrical power that the thruster requires 

to produce a given thrust, as well as with dissipating the thermal power that the 

thruster generates as waste heat. 

 

In this book, the fundamentals of the ion and Hall thrusters that have emerged 

as leading electric propulsion technologies in terms of performance (thrust, Isp, 

and efficiency) and use in space applications will be presented. These thrusters 

operate in the power range of hundreds of watts up to tens of kilowatts with an 

Isp of thousands of seconds to tens of thousands of seconds, and they produce 

thrust levels typically of some fraction of a newton. Ion and Hall thrusters 

generally use heavy inert gases such as xenon as the propellant. Other 

propellant materials, such as cesium and mercury, have been investigated in the 



2 Chapter 1 

past, but xenon is generally preferable because it is not hazardous to handle and 

process, it does not condense on spacecraft components that are above 

cryogenic temperatures, its large mass compared to other inert gases generates 

higher thrust for a given input power, and it is easily stored at high densities 

and low tank mass fractions. Therefore, the main focus will be on xenon as the 

propellant in ion and Hall thrusters, although performance with other 

propellants can be examined using the basic information provided here. 

1.1 Electric Propulsion Background 

A detailed history of electric propulsion up to the 1950s was published by 

Choueiri [1], and information on developments in electric propulsion since then 

can be found in reference books, e.g., [2], and on various internet sites, e.g., [3]. 

Briefly, electric propulsion was first conceived by Robert Goddard [4] in 1906 

and independently described by Tsiolkovskiy [5] in Russia in 1911. Several 

electric propulsion concepts for a variety of space applications were included in 

the literature by Hermann Oberth in Germany in 1929 and by Shepherd and 

Cleaver in Britain in 1949. The first systematic analysis of electric propulsion 

systems was made by Ernst Stuhlinger [6] in his book Ion Propulsion for Space 

Flight, published in 1964, and the physics of electric propulsion thrusters was 

first described comprehensively in a book by Robert Jahn [7] in 1968. The 

technology of early ion propulsion systems that used cesium and mercury 

propellants, along with the basics of low-thrust mission design and trajectory 

analysis, was published by George Brewer [8] in 1970. Since that time, the 

basics of electric propulsion and some thruster characteristics have been 

described in several chapters of textbooks published in the United States on 

spacecraft propulsion [9–12]. An extensive presentation of the principles and 

working processes of several electric thrusters was published in1989 in a book 

by S. Grishin and L. Leskov [13 (in Russian)]. 

 

Significant electric propulsion research programs were established in the 1960s 

at the National Aeronautics and Space Administration (NASA) Glenn Research 

Center, Hughes Research Laboratories, NASA’s Jet Propulsion Laboratory 

(JPL), and at various institutes in Russia to develop this technology for satellite 

station-keeping and deep-space prime propulsion applications. The first experi-

mental ion thrusters were launched into orbit in the early 1960s by the U.S. and 

Russia using cesium and mercury propellants. Experimental test flights of ion 

thrusters and Hall thrusters continued from that time into the 1980s.  

 

The first extensive application of electric propulsion was by Russia using Hall 

thrusters for station keeping on communications satellites [14]. Since 1971 

when the Soviets first flew a pair of SPT-60s on the Meteor satellite,
 
over 238 

Hall thrusters have been operated on 48 spacecraft to date [15]. Japan launched 
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the first ion thruster system intended for north–south station keeping on the 

communications satellite Engineering Test Satellite (ETS) VI in 1995 [16]. 

Although a launch vehicle failure did not permit station keeping by this system, 

the ion thrusters were successfully operated in space. The commercial use of 

ion thrusters in the United States started in 1997 with the launch of a Hughes 

Xenon Ion Propulsion System (XIPS) [17], and the first NASA deep-space 

mission using the NASA Solar Electric Propulsion Technology Applications 

Readiness (NSTAR) ion thruster was launched in 1998 on Deep Space 1 [18]. 

Since then, Hughes/Boeing launched their second-generation 25-cm XIPS ion 

thruster system [19] in 2000 for station-keeping applications on the high-power 

702 communications satellite [20]. The Japanese have successfully used ion 

thrusters to provide the prime propulsion for the Hayabusa asteroid sample 

return mission [21], and the European Space Agency (ESA) has used Snecma’s 

PPS-1350-G Hall thruster on its SMART-1 mission to the moon [22]. The 

Russians have been steadily launching communications satellites with Hall 

thrusters aboard and will continue to use these devices for future station-

keeping applications [15]. The first commercial use of Hall thrusters by a U.S. 

spacecraft manufacturer was in 2004 on Space Systems Loral’s MBSAT, which 

used the Fakel SPT-100 [23]. Additional ion and Hall thruster launches are 

planned in the U.S. in the near future using thrusters produced by commercial 

vendors [24–26]. 

 

In the past 20 years, electric propulsion use in spacecraft has grown steadily 

worldwide, and advanced electric thrusters have emerged over that time in 

several scientific missions and as an attractive alternative to chemical thrusters 

for station-keeping applications in geosynchronous communication satellites. 

Rapid growth has occurred in the last 10 years in the use of ion thrusters and 

Hall thrusters in communications satellites to reduce the propellant mass for 

station keeping and orbit insertion. The U.S. and the Russians have now each 

flown well over a hundred thrusters in communications satellites, and will 

continue to launch more ion and Hall thrusters in the future. The use of these 

technologies for primary propulsion in deep-space scientific applications has 

also been increasing over the past 10 years. There are many planned launches 

of new communications satellites and scientific missions that use ion and Hall 

thrusters in the coming years as the acceptance of the reliability and cost 

benefits of these systems grows. 

1.2 Electric Thruster Types 

Electric thrusters are generally described in terms of the acceleration method 

used to produce the thrust. These methods can be easily separated into three 

categories: electrothermal, electrostatic and electromagnetic. Common EP 

thruster types are described in the following. 
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Resistojet 

Resistojets are electrothermal devices in which the propellant is heated by 

passing through a resistively heated chamber or over a resistively heated 

element before entering a downstream nozzle. The increase in exhaust velocity 

is due to the thermal heating of the propellant, which limits the Isp to low levels 

(<500 s). 

Arcjet 

An arcjet is also an electrothermal thruster that heats the propellant by passing 

it though a high current arc in line with the nozzle feed system. While there is 

an electric discharge involved in the propellant path, plasma effects are 

insignificant in the exhaust velocity because the propellant is weakly ionized. 

The Isp is limited by the thermal heating to less than about 700 s for easily 

stored propellants. 

Ion Thruster 

Ion thrusters employ a variety of plasma generation techniques to ionize a large 

fraction of the propellant. These thrusters then utilize biased grids to 

electrostatically extract ions from the plasma and accelerate them to high 

velocity at voltages up to and exceeding 10 kV. Ion thrusters feature the highest 

efficiency (from 60% to >80%) and very high specific impulse (from 2000 to 

over 10,000 s) compared to other thruster types. 

Hall Thruster 

This type of electrostatic thruster utilizes a cross-field discharge described by 

the Hall effect to generate the plasma. An electric field established 

perpendicular to an applied magnetic field electrostatically accelerates ions to 

high exhaust velocities, while the transverse magnetic field inhibits electron 

motion that would tend to short out the electric field. Hall thruster efficiency 

and specific impulse is somewhat less than that achievable in ion thrusters, but 

the thrust at a given power is higher and the device is much simpler and 

requires fewer power supplies to operate. 

Electrospray/Field Emission Electric Propulsion Thruster 

These are two types of electrostatic electric propulsion devices that generate 

very low thrust (<1 mN). Electrospray thrusters extract ions or charged droplets 

from conductive liquids fed through small needles and accelerate them 

electrostatically with biased, aligned apertures to high energy. Field emission 

electric propulsion (FEEP) thrusters wick or transport liquid metals (typically 

indium or cesium) along needles, extracting ions from the sharp tip by field 
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emission processes. Due to their very low thrust, these devices will be used for 

precision control of spacecraft position or attitude in space. 

Pulsed Plasma Thruster 

A pulsed plasma thruster (PPT) is an electromagnetic thruster that utilizes a 

pulsed discharge to ionize a fraction of a solid propellant ablated into a plasma 

arc, and electromagnetic effects in the pulse to accelerate the ions to high exit 

velocity. The pulse repetition rate is used to determine the thrust level. 

Magnetoplasmadynamic Thruster 

Magnetoplasmadynamic (MPD) thrusters are electromagnetic devices that use a 

very high current arc to ionize a significant fraction of the propellant, and then 

electromagnetic forces (Lorentz J  B forces) in the plasma discharge to 

accelerate the charged propellant. Since both the current and the magnetic field 

are usually generated by the plasma discharge, MPD thrusters tend to operate at 

very high powers in order to generate sufficient force for high specific impulse 

operation, and thereby also generate high thrust compared to the other 

technologies described above. 

 

Some of the operating parameters of thrusters with flight heritage (resistojet, 

arcjet, ion, Hall, and PPT) are summarized in Table 1-1. There are many other 

types of electric propulsion thrusters in development or merely conceived that 

are too numerous to be described here. This book will focus on the 

fundamentals of electrostatic ion and Hall thrusters. 

Table 1-1. Typical operating parameters for thrusters with flight heritage [30]. 

Thruster 
Specific 
Impulse 

(s) 

Input 
Power 
(kW) 

Efficiency 
Range 

(%) 
Propellant 

Cold gas 50–75 — — Various 

Chemical 

(monopropellant) 

150–225 — — N2H4 

H2O2 

Chemical 
(bipropellant) 

300–450 — — Various 

Resistojet 300 0.5–1 65–90 N2H4 monoprop 

Arcjet 500–600 0.9–2.2 25–45 N2H4 monoprop 

Ion thruster 2500–3600 0.4–4.3 40–80 Xenon 

Hall thrusters 1500–2000 1.5–4.5 35–60 Xenon 

PPTs 850–1200 <0.2 7–13 Teflon 
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Fig. 1-1. Ion thruster schematic showing grids, 
plasma generator, and neutralizer cathode. 

1.3 Ion Thruster Geometry 

An ion thruster consists of 

basically three components: the 

plasma generator, the accelerator 

grids, and the neutralizer cathode. 

Figure 1-1 shows a schematic 

cross section of an electron-

bombardment ion thruster that uses 

an electron discharge to generate 

the plasma. The discharge cathode 

and anode represent the plasma 

generator in this thruster, and ions 

from this region flow to the grids 

and are accelerated to form the 

thrust beam. The plasma generator 

is at high positive voltage 

compared to the spacecraft or 

space plasma and, therefore, is 

enclosed in a “plasma screen” 

biased near the spacecraft potential 

to eliminate electron collection 

from the space plasma to the 

positively biased surfaces. The 

neutralizer cathode is positioned 

outside the thruster and provides 

electrons at the same rate as the 

ions to avoid charge imbalance 

with the spacecraft.  

 

Ion thrusters that use alternative plasma generators, such as microwave or radio 

frequency (rf) plasma generators, have the same basic geometry with the 

plasma generator enclosed in a plasma screen and coupled to a gridded ion 

accelerator with a neutralizer cathode. The performance of the thruster depends 

on the plasma generator efficiency and the ion accelerator design. A photograph 

of a large, 57-cm-diameter ion thruster fabricated by JPL, called NEXIS [26], is 

shown in Fig. 1-2. This thruster is capable of operating at over 20 kW of power 

with an Isp exceeding 7000 s and a design lifetime of over 100,000 hours. 

1.4 Hall Thruster Geometry 

A Hall thruster can also be thought of as consisting of basically three 

components: the cathode, the discharge region, and the magnetic field 
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Fig. 1-2. Photograph of the NEXIS ion thruster [27] showing the 

57-cm-diameter multiaperture grids and plasma screen enclosing 
the thruster body. 

generator. Figure 1-3 shows a schematic cross section of a Hall thruster. In this 

example, a cylindrical insulating channel encloses the discharge region. 

Magnetic coils (not shown) induce a radial magnetic field between the center 

pole piece and the flux return path at the outside edge. The cathode of the 

discharge is an external hollow cathode, and the anode is a ring located at the 

base of the cylindrical slot shown. Gas is fed into the discharge channel through 

the anode and dispersed into the channel. Electrons attempting to reach the 

anode encounter a transverse radial magnetic field, which reduces their mobility 

in the axial direction and inhibits their flow to the anode. The electrons tend to 

spiral around the thruster axis in the E  B direction and represent the Hall 

current from which the device derives its name. Ions generated by these 

electrons are accelerated by the electric field from the anode to the cathode-

potential plasma produced at the front of the thruster. Some fraction of the 

electrons emitted from the hollow cathode also leave the thruster with the ion 

beam to neutralize the exiting charge. The shape and material of the discharge 

region channel and the details of the magnetic field determine the performance 

of the thruster. 

 

Figure 1-4 shows a photograph of an Aerojet BPT-4000 Hall thruster [25,26] 

that has completed qualification for flight. This thruster operates from 1 to 

5 kW with an Isp near 2000 s and a total system efficiency of up to 52%. This  
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Fig. 1-3. Schematic illustration of a Hall thruster 
showing the radial magnetic field and the 

accelerating electric field. 

 

 

Fig. 1-4. Photograph of a BPT-4000 Hall thruster manufactured by  

Aerojet [25,26]. 
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thruster is in development for satellite station-keeping and deep-space 

propulsion applications. The more familiar Russian SPT-100 Hall thruster, 

which has considerable flight heritage on Russian spacecraft [15] and is 

described in Chapter 9, operates nominally [28,29] at a power of 1.35 kW and 

an Isp of 1600 s. This thruster includes a redundant hollow cathode to increase 

the reliability and features a lifetime in excess of 9000 hours
12

. In addition, the 

SPT-100 has also been flown on U.S. commercial communications satellites 

[23]. 

1.5 Beam/Plume Characteristics 

The ion beam exiting the thruster is often called the thruster plume, and the 

characteristics of this plume are important in how the exhaust particles interact 

with the spacecraft. Figure 1-5 shows the generic characteristics of a thruster 

plume. First, the beam has an envelope and a distribution of the ion currents in 

that envelope. Second, the energetic ions in the beam can charge exchange with 

neutral gas coming from the thruster or the neutralizer, producing fast neutrals 

propagating in the beam direction and slow ions. These slow ions then move in 

the local electric fields associated with the exit of the acceleration region and 

the neutralizer plasma, and can backflow into the thruster or move radially to 

potentially bombard any spacecraft components in the vicinity. Third, energetic 

ions are often generated at large angles from the thrust axis due either to edge 

effects (fringe fields) in the acceleration optics of ion thrusters, large gradients 

in the edge of the acceleration region in Hall thrusters, or scattering of the beam 

ions with the background gas. Finally, the thruster evolves impurities associated 
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Fig. 1-5. Generic thruster-beam plume showing the ion distribution, 

sputtered material, and “large angle” or charge exchange ions. 
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Fig. 1-6. Example of a 3-D plot of an ion 

thruster plume. Calculated and plotted by Dr. 
Thomas LaFrance, Manhattan Beach, 
California, 2007, and used here with 
permission. 

with the wear of the thruster components. This can be due to the sputtering of 

the grids in ion thrusters, the erosion of the ceramic channel in Hall thrusters, or 

the evolution of cathode materials or sputtering of other electrodes in the 

engines. This material can deposit on spacecraft surfaces, which can change 

surface properties such as emissivity, transparency, etc. 

 

The plume from a thruster typically has a complex structure. Figure 1-6 shows 

an exploded view of a calculated three-dimensional plume from a three-grid ion 

thruster. In this case, the ion beam is shown as the extended plume, and the 

molybdenum atom plume escaping through the third grid from sputter erosion 

of the center-accel grid is shown by the wider angular divergent dark plume and 

several beam lobes. Since the energetic ions tend to sputter surfaces that they 

come into contact with, and the metal atoms tend to deposit and coat surfaces 

they come in contact with, the net interaction of these plumes with the 

spacecraft is very different and must be examined with three-dimensional (3-D) 

codes of the spacecraft layout coupled to these types of thruster plume plots. 

Techniques and models for doing this are described in detail in Chapter 9, 
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