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A Study of the Electric Rocket (Ion Enginel

by Wang Nanhao

I. Survey

The electric rocket is also called the electric thruster

or electric propulsion (some nations call it the ion engine).

It is a type of rocket engine with high specific impulses, low

thrust and long life.

The building of electric rocket engine thrust is the same

as any other type of propulsion engine (liquid-propellant

rocket engines, air propulsion engines, nuclear propulsion

engines etc.), it depends on the acceleration and jet of the

working,.,ubstance, the method of the acceleration or jet of the

workin sublstadceo r use of electric heating, or the method of

using electric andmiageti volume force. Therefore, based on

the definition of the elecitric rocket, we can divide it into
three asic cator-i-ex,:,

-1. The electrothermil rocket propels the gas by electric

* .heating and afterwkrda.i. expands to produce thrust in a suitable

nozzle area. .

* 2. The electrostatic rocket (ion engine) produces thrust by

means of.propellant particles (ions) with added electrostatic

field accelerated jet charge.

*3. The electromagnetic rocket propels the ionized propellant

2
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flow by means of the mutual action of the external magnetic

field and internal magnetic field, and the electric current

which causes it to accelerate and produce thrust.

The common features of the electric rocket engines are:

1. The electric rocket engine is an engine which separates

the energy source and working substance. Because of this, its

economy is not like that of thermochemical propulsion engines

(liquid-propulsion engines, solid-propulsion engines and gas-

propulsion engines) which are only determined by one parameter -

the specific impulse. It is determined by two independent

parameters - specific impulse and efficiency (i.e., the

efficiency of the input electric power being transformed into

thrust).

Specific impulse

T

5 p2

Efficiency

Pt Pt -4wkBo * 72)

Key: 1. Effective kinetic energy of flux
2. Electric power of input

2. It is always hoped, as far as possible, to have the

largest efficiency value under any conditions. At the same time,

3



under certain conditions, the specific impulse possesses the
optimum value (corresponding to the minimum quantity of the

,- energy source system). This optimum value is related to the

original data of certain energy source equipment and engine

" equipment. It is also related to determining a spacecraft's

preset maneuvering parameters under the action of electric

rocket thrust.

S. In principle, it is possible to attain specific impulse
for an electric rocket engine many times greater than for a

liquid-propellant rocket engine because of the high concentra-

tion provided by the energy of the working substance.

Theoretically, the concentration of the working substances'

energy and the velocity of the jet are not limited (because it

is theoretically possible for the electric energy to transform

without loss into mechanical energy - kinetic energy).

Actually, it is natural in electric rocket engines that

joule losses and flow losses occur in heating certain structural

components (in electrostatic rocket engines). The joule loss in

electrostatic rocket engines mainly appear on the working

substance of electric conduction (plasma). Therefore, there is

an aggregation limit in supplying energy. This is due to the

limitations of the heat-resistant qualities of the structural

materials. However, the flow velocity of the working substance

corresponding to this limitation is many times greater than

that of the thermal propulsion rocket. Therefore, the specific

impulse of the electromagnetic rocket engine can reach 10

* seconds and the specific impulse of the electrostatic rocket

engine can reach 105 seconds (loss is small, and therefore the

* .. specific impulse is high).

• -. 4. The special feature of the electric rocket engine is that

it has a very large specific mass.

• 4
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Pt T V5

The thrust of the electric rocket engine is very small and

* the mass of the power equipment supplying energy is very large

exceeding the thrust many times. Therefore, the electric rocket

can only be used in (? illegible) and when the effective load

is large it can only be used in space.

• As regazis the categories and comon features of electric

rockets, based on investigations and summaries of foreign

developments in electric rockets we proposed the making of

electrostatic type rockets (i.e., ion engines) according to our

specific circumstances. This was in light of the fact that, in

principle, the ion engine has many advantages. They are mainly:

they can guarantee a high specific impulse value (2,000-105

seconds, there is relatively high efficiency in this specific

impulse range) in a high efficiency value; the temperature during

8operations is quite low which actually eliminates the problem of

cooling the structural components; they can be repeatedly started

many times (internationally, close to 10,000 times) and can

operate continuously or with interruption; life-time is long

(exceeding 10,000 hours); thrust is small requiring long pro-

pulsion time and they can raise control accuracy when controlling

aircraft. One of the major objectives in our study of ion

engines is their application in space, as well as to carry out

4 fundamental research.

II. Special Features in the Study of the Electric Rocket (Ion
Engine)

5
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(11 Mission Analysis

Following the continual increase of design accuracy for

trajectory aircraft and propulsion systems, it is necessary

* to carry out mission analysis to determine the occasions for

use and development avenues for the electric rocket. In a

sense, mission analysis is similar to forming a complex,

complete system design from many related separate systems. To

accomplish mission analysis, it is first necessary to resolve

the actuality of the mission and finally carefully design the

flight mission.

Mission analysis typically begins from parametric study of

trajectory to the desired objective. In this type of study, we

find the size of the power source, the weight of the aircraft,

the required type of boost for the aircraft, and the general

range of the flight time and specific impulse. Afterwards, the

preliminary document design of the aircraft and propulsion
system will show whether or not it can use present technology to

complete the mission given all of these parameters. If it is

satisfactory, then the detailed design of the aircraft and

propulsion system can be completed so as to determine a realistic

compromise between related and unrelated variables, for example,

* .i between the weight model and number of thrusters, the solar

array design and the size of the power supply and the specific

impulse, launch data and flight time. Afterwards, this type of

design research becomes the basis for even more detailed

trajectory analysis and is used to adapt to the actual thruster
number of the aircraft. Then, we will obtain a set of improved

mission analysis curves from this type of trajectory analysis

and from them complete the second detailed aircraft design. The

second aircraft design is commonly used to accomplish the final

determination of the trajectory (this can be repeated once more

if necessary).

6



After the mission is determined, we must understand the

majority of separate systems of the electric rocket so as to

obtain a complete analytical model of the propulsion system.

The final optimum design must, at the same time, optimize the

propulsion system and trajectory.

(2) Design Calculations

Based on the object determined by mission analysis, we can

first use the following formulas to estimate thrust T required

by the electric rocket engine:

T-065XI0- 2 (M3L

te.-u"5x1o9 So t *gn9 gi) (2) (4)

Key: 1. Semi-continuous propulsion correction
2. Continuous propulsion correction
3. Pulsed propulsion correction

We then carry out a series of calculations for the electric

rocket engine:
I. Thrust

Key: 1. (Newton)

Translator's note: No formula (5) in the original
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2. Specific impulse

Key: 1. (Seconds)

3. Utilization ratio of propellant

4. Beam

J(9)

Key: 1. Amperes

5. Beam power (output power)

o': o

Key: 1 (Watts)

8



6. Beam velocity

Key: 1. (Meters/second)

7. Thruster's power supply efficiency (see formula (2))

96)

8. Discharge power

PD VD 03

Key: 1. (Watts)

9. Ion produced energy

r II,, O_ 2
b 18

Key: 1. Or

10. Thruster's total power

- ~ ~ ~ ~ l -. . Im+ •.<9



11. Propellant's flow (exp.essed in equivalent ampere)

--Qb49Xl 0(
1,

I (*1 (2)

Key: 1. Ampere
2. Ampere

12. Total input power

Pt 4B -LI V4 --6j)DjVK+D4D'1V

.(X) (1) G

Key: 1. (Watts)

There are many other formulas for the design calculations

of the electric rocket but we will not list each of them here.

By using the above calculations we can consider an electric
rocket prototype (including a performance prototype, engineering

prototype and flying prototype). Based on the demands of

mission analysis, each prototype must undergo stringent ground

tests so that the electric rocket will gradually be perfected

and finally meet the demands for use in space.

We selected an ion engine with an anode diameter of 8

centimeters with thrust between 3-6 mN.
S

(3) Each Separate System of the Electric Rocket (Ion
Engine) and Its Working Contents

10
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(14)

(2)

Fig. 1 Schematic of the Electric Rocket System

Key: 1. Energy source
* 2. Ion propulsion system

3. Distribution regulating separate system
4. Storage tank and delivery separate system
5. Thruster separate system
6. Neutralizer

The basic components of the electric rocket are the energy

source and ion propulsion system (see fig. 1). The energy source

should be o;erated by a special unit. The ion propulsion system

is the major content required for the research of the ion

engine. It is divided into three main separate systems: (1)

-q thruster separate system; (2) storate tank and delivery separate

system; (3) distribution regulating separate system (supplies the

power source and control for the thruster separate system and

storage tank and delivery separate system).

11
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The thruster separate system includes the ion source, ion

acceleration system (also called the ion extraction system)

and neutralizer. Aside from the distribution regulating separate

system, fig. 2 shows the structure of the electric rocket (ion

engine).

(see next page for Fig. 2)

.1

S

S.
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Fig. 2. Schematic of the Structure of the Ion Engine.
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Fig. 2 Schematic of the Structure of the Ion Engine

Key: 1. Mercury storage tank
2. Compressor storage tank
3. (? illegible)
4. Main evaporator
5. High pressure insulator
6. Main hollow cathode
7. Circulating electrode
8. Bottom plate
9. Ion flow casing
10. Anode
11. Permanent magnet
12. Engine casing (? illegible)
13. Discharge chamber
14. Neutralizer's hollow cathode
15. Accelerating grid
16. Screen grid
17. Screen grid pole shoe
18. Neutralizer evaporator
19. Electron baffle plate

Several aspects of the operating contents of the electric

rocket (ion engine) are listed below:

1. The Research and Testing of the Ion Source

The ion source is mainly composed of the cathode, anode,

discharge chamber, pole shoe, magnetic rod and propellant
distributor. The anode opposite the two terminal plates maintains

the positive potential causing the electrons transmitted by the
cathode to use the plasma layer and enter the potential region

in accordance with the changes of radial and axial distances.

The approximate axial magnetic field is used to prevent the

electrons from directly reaching the cylindrical anode. In this

type of crossover electromagnetic field structure, the electrons

Um will spirally encircle the magnetic line of force and have
*longitudinal oscillation. Because of the results of the ioniza-

tion by collision between the electrons and propellant gas atoms

there will be a continuous supply of plasma with ions and

electrons. The initial electrons will diffuse the lost energy

14
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and line of force to the anode and be collected there resulting

in the electric current going from the anode to the cathode.

This type of neutral plasma fills the discharge chamber. In

principle, this type of discharge mechanism can be used to cause

the ionization of any gas. In reality, the most commonly used is

the propellant made from (? illegible) and mercury. We used

mercury to make the propellant.

Research of the ion source includes: the investigation of

the physical model of the ion source's discharge chamber;

investigation of the manufacture of ion sputtering of the

discharge chamber; the theoretical calculation of the doubly

charged ion component; computer simulation of the ion chemistry

in the ion extraction system (to study the effect of beam trans-

mission on thrust); the theoretical calculation of the charge

exchange ion bombardment sputtering on the downstream surface of

the accelerating electrode; understanding the manufacture of the

ion beam neutralizer; and understanding the manufacture of the

high vacuum insulator.

Tests of the ion source include: ion source performance tests

and performance optimization tests. The aim of these tests is to
design the optimum ion engine structure so that together with

the distribution regulating separate system we can carry out

joint tests and complete engine thermal performance tests on the

ion engine. Ion source tests are a major work content in the

research of ion engines and whether abroad or domestically, the

focus of the work must be put into testing.

Some optimum ion sources also require a good ion extraction
system. Usually, the ion drawing system comprehensively considers

such factors as beam flows, beam voltage specific impulse, the
minimum accelerating voltage (Vt min) required to prevent electron

q reverse current, the minimum total accelrated v6ltage "(Vt min)

required
15
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for extracted beam current, the area ratio of the screen grid

opening (Fos), maximum net - total accelerating voltage ratio

(Vn/Vt), the beam's divergence angle (A ), the factor influenc-

ing discharge (utilization efficiency of the propellant,

discharge loss, discharge voltage), the experienced transmitting

environment and the repeating heat cycle. Based on the following

equations (equations derived from the Charles' law) we can

describe the characteristics of the ion extraction system:

Current density

2)

Current(single opening current)

"(1.)

S 3'

In considering the heat distortion when the ion source is
working, the two grid electrodes (the screen grid and

accelerating grid) of the ion extraction system both become

dish shapes. To lower the thrust loss caused by forming dish

shaped grid electrodes, it is necessary to carry out distortion

compensation for the dish shaped grid electrodes. The compensa-

tion values are:

16
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(20)

gin. ~t2hdoc

our calculations of the ion chemistry system were carried
out on a Z-80 microcomputer.

2. Research and Testing of the Evaporator

(4) a.-(5)_

N "N

(2) jjl/K I7

L'

Fig. 3 Schematic of the Evaporator

Key: 1. Tantalum tube
2. Stainless steel tube
3. Liquid mercury
4. Porous tungsten plug
5. Tubular heater
6. Gas mercury
7. Stainless steel tube

.9 Fig. 3 is a schematic of the structure of the evaporator.

17
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It is a component in the ion engine's transmission system. Its
function is to act as a steam separator of the mercury so that

afterwards the liquid state mercury in the storage tank will be
heated and evaporate into a steam state mercury with a certain

flow rate to supply the thruster discharge chamber and hollow

cathode. It can also prevent the liquid mercury from entering

the-discharge chamber.

Testing of the evaporator includes,

(1) Air flow tests to measure the rate of the air flow

through the evaporator under different pressures.

(2) Mercury flow tests. The evaporator's measuring flow is

the function of the temperature. Its flow size is controlled by

the heater.

(3) Penetration tests test the limit pressure of the liquid

mercury penetrating the porous tungsten Imercury and tungsten

are non-penetrating and therefore when the liquid mercury comes
in contact with the porous tungsten capillaries it cannot go

through until the liquid mercury pressure exceeds the liquid

mercury's meniscus and forms additional pressure). The osmotic

pressure can reach 10 atmospheric pressure.

* (4) Mercury flow tests are carried out again after the

penetration tests to show that before and after porous tungsten
.U penetration there was basically no change in the mercury flow.

(5) Life-time tests are mainly for testing the rationality

of the structure, the changes o the circulation characteristics

after long use and for determining a life-time of the evaporator.

The life-time of our evaporator has already reached 6,500

hours. The steam mercury flow cf the evaporator has basically

not changed and it can satisfy the requirements of electric

18
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rocket tests.

3. Cathode Research

Based on mission analysis and the operational features of
the electric rocket, it is necessary to manufacture two types

of cathodes. One type is the discharge chamber cathode (main

cathode). It is a thermoelectric source to start and maintain

the electric rocket's discharge for steedy operation. The

other type is the neutralizer's hollow cathode. Its function is

to inject an equally charged electron flow into the ion beam

sprayed out from the electric rocket so as to avoid aircraft

electrification.

The common requirements for the two types of cathodes are:

(1) The transmission density is high and the transmitted

body is in the same maceration assuming the surface area has

uniform transmission (actually it is very non-uniform).

(2) Long life-time and high reliability

(3) The cathode heater can withstand repeated electric

current impact and the cathode can withstand repeated strong

heat and cold impact. In a cold state, the cathode heater's

resistance value is only - the resistance value when there

is working temperature. When the cathode begins to heat, the

impact current is large which causes the heater to vibrate.

This in turn causes the heater to break, the welded points to

come off and the aluminum oxide layer to peel off.

The cathode is located outside the aircraft casing and its

lowest temperature can reach -300C (keeps the mercury from
I

19



condensing). Within 5 to 10 minutes, the temperature rises to

1,000-1,2000 C and in long-life the cathode need to withstand

the repetition of this type of repeated, strong cold and heat

impact. This can easily bring about changes in the material's

crystal phase and the material becomes brittle and distorted.

Therefore, the cathode has very stringent technical and

structural requirements.

(4) The cathode endures ion bombardment, especially the

neutralizer- cathode. Its ring electrode voltage is twice that

of the discharge chamber's ring electrode voltage. During the

later period of the cathode's life after performance declines,

its ring electrode voltage and (? word missing) voltage both

rise. This causes a further increase of the ion energy of the

bombarded neutralizer cathode. The ion bombardment can not

only cause the cathode performance to decline but can also
cause the cathode's welded seams to break. The size of the small

holes on the top of the cathode expand or shrink and distort

causing the parameters of the cathode to change.

(5) It can withstand the impact and vibration when an air-

craft is launched. This impact and vibration can cause the oxide

coating to possibly obstruct the small holes on the top of the

cathode because of the launched body's fallen powder. This can

* . cause the cathode to be non-operative.

(6) Stellar energy sources are limited. Their power con-

sumption requirement is low, that is, the energy-launch ratio

W/A must be small.

* (7) Before an aircraft is launched, the cathode can exist
*. in the atmosphere for a certain time without degenerating.

The manufacture of the cathode is of crucial importance in

20



the testing of the cathode. Several tens of cathodes were

tested in (? illegible) and mercury steam and there were no

heater and tantalum tube short circuits or outer layer aluminum
oxide peeling. The reader should refer to our essay on the test-

ing of cathodes.

(4) Research on the Distribution Regulating Separate System

This is an important separate system of the ion propulsion

system and is the key to whether or not the electric rocket

engine can be used in space. We must first study suitable ground

test power sources to guarantee the success of the electric

rocket engine ground tests, and on the basis of a large number

of ground tests, develop research work on the use of the dis-

tribution regulating separate system in space.

* (5) Comprehensive Tests of the System

In the final stage in the development of electric rocket

components, these components must be joined together and act as

a system in'order to study the problem of determining the

compatability and the interaction between the separate systems.

Naturally, a small number of design changes can be permitted

during testing.

6. Testing Long-Life and Reliability

In order for the electric rocket to be able to fulfill the
. operational long-life required by a space flight mission and

convince people of its reliability, aside from using a series of

long time endurance tests, clarify the mechanism of losing

effectiveness in each component, and making structural, material

and technical improvements, it is also necessary to research and

evaluate long-life characteristics as well as use mathematical

21



statistical methods to carry out quantitative estimates of the

reliability. For this reason, it is necessary to build test

equipment to fulfill the requirements of long-life testing. The

requirements for this equipment are:

(1) The corrosion of the sputtering objects should be as

small-as possibl.

(2) Because of the influence of the residual gas on the

electric rocket and long-life, the test vessel should have the

environmental vacuity required for the tests.

(3) As far as possible reduce the test vessel's proportion

of harmful gas component for the electric rocket.

(4) Raise the test equipment's operating reliability and the

monitoring control capabilities required for the long-life tests

as well as reduce equipment breakdowns.

Long-life test equipment have the following several major

requirements:

(1) The test vessel (including the main cabin, delivery

cabin, distribution cabin, mercury target, cold wall, shut-off

valve and other equipment).

(2) Vacuum pumping equipment.

(3) Liquid nitrogen supply system

(4) Heating mercury dispersion system

(5) Monitoring control system

(6) Other auxiliary equipment

We should also consider multiple usage in the long-life

tests, that is, should also be able to carry out dynamic state

heat vacuum environment tests on the electric rocket.

22



Aside from this, when considering the situation wherein the

electric rocket is mounted in the aircraft and is launched

from the ground, it must also withstand impact and vibration

tests. The development of test work for the electric rocket

mechanical environment is also necessary.

(2) Conceptions and Views

In order to be able to further develop research on the

electric rocket (ion engine), we feel that it is necessary to

undertake work in the following areas:

(1) Develop Basic Scientific Research on the Electric Rocket

1. Research on Low Density Discharge Plasma

Low density discharge plasma physics is the physical basis

of the electric rocket's ion source. It deals with the electric

rocket's electric efficiency, the propellant's utilization rate

and related performances.

2. Research on Magnetofluid Mechanics

To develop and lay a foundation for the research of the

magnetic plasma electric-rocket.

3. Ion Optics Research

4. Research on High Vacuum Insulation
U

The third item of research is closely connected to the

fourth item of research.

(2) Development of Research on the Utilization of and
Technology Related to the Electric Rocket

23
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II

1. Mission Analysis

Starting from the actual situation of China's national

economy, formulate realistic plans for the utilization of and

research on the electric rocket.

* 2. Establish advanced test measures required for electric

rocket development using microcomputers as the basis.

3. Research a distribution regulating system with high

reliability, high efficiency, light weight and which is fully

automated.

* 4. Strengthen research on electric rocket manufacturing

technology.

5. Research on the application of ion beams

By expanding the range of the ion beam energy and tN Peam

*current, it can be used in many industries. For example, ion

beam etching, ion surface crystallization, ion beam polishing,

ion beam welding.

* 6. Resolve the problem of providing an effective measure

for the active control of the synchronous satellite charge.

*g For example, to providean electric rocket or neutralizer.

(3) Other

1. Understand Major Foreign Developments in Electric
Propulsion

Nuclear-electric propulsion is the final system operating

in the solar system. It's constant power is unrelated to solar

strength, it has long life, it does not endure radiation damage

24
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and it does not require an added energy storage system or solar

tracking system. It is suitable for orbit transport systems,

earth orbit platforms, lunar and stellar bases, and stellar

orbit research stations. It is necessary to lay a foundation

in order to develop research on the use of. the magnetic plasma

electric rocket for primary propulsion.

2. Understand foreign advances in earth synchronous satellite

solar power stations and where the special requirements for

electric rockets are being placed.

3.When conditionally allowable, actively participate in

international cooperation and research on electric rockets.

Study from foreign workers researching electric rockets so as to

supplement deficiencies in our own work.

The above is the work and conceptions we have accomplished

in the field of electric rockets (ion engines). It is very

incomplete. We invite the criticism and advice on our proposals

from Japanese workers researching electric rockets.

Upon completing my report, I would like to wish the best

for your country's greater success in ion engine research and

success in your country's ETS-III satellite flight tests

carrying ion engines. May the friendship between the people and

N scientific workers of China and Japan be everlasting!
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