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SESSION I
Rapporteur's Report
Session 1
Plenary Session

Geograhcal Reviews

This important review session followed very appropriately the "keynote" address given by Mr Eric Slachmuylders
of ESTEC, in which he referred to several new flight demonstration opportunities for electric propulsion (EP)
systems which have emerged in the recent past. It is most encouraging that such flights are now funded, after so
many years of dedicated research and development. This theme of flight experience was continued throughout the
session, with the closely associated topics of life-testing , reliability and durability also receiving considerable
attention. Although it has been said before at other IEPs, the technology is coming close to full maturity in many
areas.
These themes were strongly emphasised by Dr C Bartoli of ESTEC in summarising European EP programmes. He
concentrated initially on the RIT-10 flight on EURECA, and the operational application of both the UK-10 and
RIT-10 thrusters to north-south station-keeping (NSSK) on ARTEMIS, pointing out that at long last flight
hardware has been manufactured. As he put it, the time for showing drawings only at the IEPC has ended; pictures
of real hardware are now required. Dr Bartoli also stressed the importance of demonstrating in the laboratory
acceptable durability and environmental characteristics of EP systems, referring to the very successful RIT-10
neutraliser life-testing currently underway at ESTEC. He pointed to the very strong effort in Europe on arcjets and
MPD thrusters, which were represented by over 40 papers in the Conference. There is also a continuing effort on
pulsed field-emission thrusters, and a new large ion thruster is being designed for ESTEC, combining features of
the RIT-35 and UK-25 devices.
The expanding US efforts in EP were competently described by M Patterson of NASA Lewis, who also
emphasised the forthcoming flight tests and the associated life and environmental considerations. The various US
programmes cover almost every conceivable concept, together with supporting theoretical analyses and technology
developments. It is clear that the trend towards greater concentration on arcjets has continued, specifically those
with the medium values of specific impulse appropriate to orbit transfer missions. The forthcoming ESEX and
ELITE missions will feature high power arcjets; the latter will be the first demonstration of practical orbit-raising.
The acceptance of the RRC 1.4 kW arcjet for NSSK on the Telstar 4 spacecraft is of major significance, because
this is a genuine commercial application. Another equally important decision concerns the use of a resistojet for
drag compensation on the Space Station, with the propellant being derived from waste products. Finally, Mr
Patterson stressed the continued importance of power source technologies, and he suggested that nuclear systems
should not be discounted; they are virtually mandatory for many difficult high energy missions.
The survey of Soviet EP programmes, delivered by Prof A H Popov, was something of a revelation. After many
years of scant information, augmented on occasions by what was little more than rumour, it was remarkable to be
given so much data in a short talk. It was made clear that virtually all EP devices have received attention in the
USSR, but that the stationary plasma thruster (SPT) has come to dominate. The news that more than 50 of these
have been flown operationally was most encouraging to those struggling to find real missions. Prof Popov also
mentioned flights of ammonia resistojets and pulsed plasma ablation-type thrusters, and referred to a forthcoming
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use of an ion thruster on the MIR Space Station for an experiment concerned with the motion of ions in the Earth's
magnetic field. Research underway includes studies of a "heavy current" Hall thruster, with input power levels
perhaps exceeding 100kW.
Flight plans featured very strongly in the presentation by Dr T Yoshikawa of the very extensive Japanese
programmes. Of greatest importance is the application of the MELCO Kaufman-type ion thrusters to NSSK on
ETS-VI, scheduled for launch in 1993. Previous flight experience goes back to an ISAS experiment in 1980.
This involved the test of an ammonia arcjet on the MS-T4 spacecraft, and it was followed in 1983 by an argon
MPD thruster on Spacelab 1, and also by a 5cm mercury ion thruster on ETS-III. A more powerful MPD device,
using hydrazine, is to be flown on the Space Flyer Unit in 1994. The many other activities include ring-cusp
geometry ion thrusters and Hall ion thrusters. The impression given was of a very dynamic programme, with clear
objectives and the funding to achieve them.
Many of the questions concerned the Soviet presentation, with emphasis on reliability and life issues. This is the
reason for the use of two external cathodes on the SPT, for which the longest operating period in space appears to
have been 325 hr. Similarly, the design of the combined anode and gas distributor aims at both increased
performance and life. It was stated that a typical anode temperature is 300 0 C. A question concerning the possible
dependence of efficiency on discharge channel erosion was deferred to a later session.
The only question on the European survey concerned the launch date of ARTEMIS; Dr Bartoli was not able to
give a precise answer to this.
There was time for only a single question on the Japanese contribution. This, posed by Dr R Beattie, related to the
life-testing qualification requirement for ETS-VI. Perhaps due to language problems, the answer from Dr H Toki
was not completely clear, around 9000 hours was indicated.
To summarise, the main themes of a very encouraging Plenary Session concerned the various aspects of flight
demonstrations, both in the past and in the future. Each of the four papers contained many references to these,
indicating that the long years of research and development are now bearing fruit It is possible that this meeting
will mark the boundary dividing a predominately R & D phase in the West from a period of intense flight activity.
It certainly confirms the beginning of close co-operation with the Soviet Union.

DG Feam
DRA Farnborough

SESSION 2
Rapporteur Report for Session 2:
Proramme Reviews

Raporteur: P. Turchi

Chairman: C. Bartoli

General Comments: This session continued the tradition of beginning the IEPC with reviews of programs on a
broader scale than individual projects, including national and/or international efforts, and organization or agencywide activities. Session 2 comprised three papers (the fourth scheduled paper was withdrawn): the first on activities
in Italy (91-005); the second on USAF sponsored developments (91-006); and the third on efforts at Culham
Laboratory (UK), (91-007).
91-005 Review of Plasma ProDulsion Activities in Italy
Survey of efforts at SNIA-BPD, University of Pisa, and University of Rome.
- No Questions.
91-006 The Status and Future Plans for Electric Propulsion Development by the United State Air Force
- Discussed both the ESEX and ELITE Projects and also, the present and planned development of
an electric propulsion laboratory at Phillips Laboratory, Edwards AFB, CA.
Question:
- Answer:

What is the difference between ESEX and ELITE?
ESEX seeks to demonstrate a 10-30 kw arcjet in space, without regard to the
overall system.
ELITE is designed to demonstrate the integrated system, including a 30 kw
arcjet thruster, power source, power condition, etc.

91-007 The Advanced Space Propulsion Programs at AEA Technology. Culham Laboratory
- Described several projects at Culham Laboratory, UK, including the UK-10 and UK-25 electronbombardment ion thrusters, an RF-heated plasma flow, and a design study for a tokamak-based
fusion powered rocket.
- uestion:
Answer:
Ouestion:

Answer:
Question:
Answer:
Response:

Why do you use RF instead of microwaves? Don't you need microwave heating
to obtain reasonable efficiencies at high specific impulse.
Present experiments are convenient and are adequate for initial studies.
You indicated interest in low power electric propulsion for orbit-raising small
satellites. At what point would your gain in using electric propulsion for such
purposes, while relatively significant, become absolutely unimportant (for the
overall vehicle cost)?
Perhaps, 50-70 kg.
What was the specific power (or mass) for the tokamak-based fusion-powered
rocket?
The mass was 300 tons, and the power is 10 Gw.
So we can perform the arithmetic ourselves. [Specific power a 3x10' w/kg] what
about mass of heat rejection?
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Note:

In this design; the tokamak reactor is used to heat hydrogen propellant to
about 3,000 K,
so system is operated open-cycle. At a specific impulse of 1,000 sec, and assuming
a
thrust-power efficiency 50%, the maximum thrust-to-weight ratio is about 0.3, which
may
be interesting for some missions.

SESSION 3
SESSION 3 - Monday, 14 October 1991, 14:00 hours
Geostationary Spacecraft Propulsion Systems
Chairman: M. Protto, Alenia Spazio, Rome, ITALY
Rapporteur: T.M. Miller, McDonnell Douglas Space Systems Company, Huntington Beach, CA, USA
The Geostationary Spacecraft Propulsion Systems Session concentrated on the parametric systems analysis, system
characterizations, hardware system descriptions, and hardware testing results of electric propulsion system
applications to both flight experiments and operational spacecraft. In particular, the mass and cost benefits of a 25
mN UK-10 ion propulsion system to ESA's ARTEMIS spacecraft were outlined; the description, performance, and
operating characteristics of an 18 mN XIPS ion propulsion system for stationkeeping of spacecraft was presented;
and the results of hydrazine arcjet system/communications spacecraft compatibility tests were described. IEPC
papers 91-011 and 91-012 were withdrawn from the session, replaced by a presentation on the contents of an optimal
EOTV design book published by Prof. Yuri Zakharov of the Moscow Aviation Institute. The session was
significant in that the electric propulsion systems described are either planned for, or soon will reach operational
status and flight test.
IEPC 91-009
The UK-10 Ion Propulsion System - A Technology for Improving the Cost Effectiveness of
Communications Spacecraft
D. FEARN, Space Department, Royal Aircraft Establishment, Farnbourough,UK
The mass savings realized for the ARTEMIS 1500 kg-class spacecraft are quantified by the use of a UK-10 ion
propulsion system in the North-South stationkeeping role. The reduced costs or additional benefits of this several
hundred kilogram mass savings are shown to be substantial. Consideration is given to the optimization of system
operating parameters and thruster-spacecraft interactions. A brief overview of the UK-10 ion propulsion system is
given.
B. Free - Scionics Inc.
Could additionalpropellantmass savings be realizedfor perigee raisingorplane changingroles ?
The system could be used for (1) part of the plane changing and (2) perigee (orbit) raising. It would depend on the
allowable time for the spacecraft to reach its destination orbit.
J.R. Beattie - Hughes
Is the 6000 hour thrusterburn time requirement the time neededfor system qualificationor thatfor its operational
mission?
It is for the operational mode which may require 9000 hours of qualification testing time.
How much would it cost to qualify a system like this?
Culham Laboratory has been conducting life tests. The Lab is now using helium in closed circuit life tests which
has reduced costs. However, the man costs (1-1.5 men) are the largest contributors.
M.J. Patterson - NASA-LeRC
Is propellantcontaminationcontrol being consideredin the design?
Yes, we understand and realize the need for such a system and plan to incorporate it in the design, however, we do
not have cost estimates at this time.
S. Zafran - TRW
Reliability and redundancy considerationsare very importantin today's chemical auxiliarypropulsion systems. Does
your expected life number assume no single pointfailure, and have you included the dry mass of redundantsystems?
There are four in-plane thrusters available in the system. Only one thruster is required at each node. Should we lose
one thruster in a pair, the others could not be used because of East-West station drifts. We have examined the
reliability of the propulsion system itself, but not the whole spacecraft.
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IEPC 91-010
18-mN Xenon Ion Propulsion Subsystem
J.R. BEATTIE and R.R. ROBSON, Hughes Research Laboratories,Malibu, CA, USA
The paper describes an 18-mN Xenon Ion Propulsion Subsystem (XIPS) under development for North-South
stationkeeping of three-axis and spin-stabilized communications satellites. The XIPS consists of a 13 cm diameter three grid thruster, an efficient and compact (400 parts) power supply, and a xenon storage and control unit. The
performance and operating characteristics of two qualification model thrusters operated with breadboard-model power
supplies and laboratory-model flow control systems are presented.
What programsareplanning to use the engines ?
None at present - the company philosophy will be to talk to spacecraft buyers about the options. We believe that in
the next few years it (the system) will be used and we are therefore independently supporting the development
program.
Will the qualfication tests include the entire system together?
Qualification will use long-term life tests of the thruster but not the power supply since the power supply will have
very minor front-end design changes relative to the breadboard model.
What pressure regulatorwill you use for the 18-month testing time ?
We will use a regulator similar to the EUREKA and Mars Viking program. We have a pressure regulator in use
since 1985 including six years of testing that regulates to ± 0.4 psi.
MJ. Patterson - NASA-LeRC
What is your estimatefor the tankagefraction of the xenon storage unit ?
Approximately 12%. Similar tanks are currently flying.
Question on the input voltage range There are two bus voltage ranges or levels of interest. This power supply is designed for a bus voltage range of 29
to 34 V. Three-axis-stabilized satellites typically use higher bus voltages (49-54 V). However, regulation could
easily be accomplished for both levels.
IEPC 91-013
Hydrazine Arcjet Propulsion System Integration Testing
S. ZAFRAN, TRW, Redondo Beach, CA, USA
Two sets of compatibility tests between a 1.4 kW hydrazine arcjet propulsion system with the FLTSATCOM
qualification model satellite in a large thermal-vacuum test chamber were described. Electromagnetic compatibility
data obtained included radiated and conducted emission as well as cable coupling measurements. Other test data was
taken with a diagnostic array of calorimeters, radiometers, witness plates, and a residual gas analyzer. Results
presented indicated that the satellite performed nominally during periods of arcjet transient and steady-state operation
in the frequency ranges of interest for typical communications satellites.
T.M. Sanks, USAF
How long were your tests ?
There were two series of tests, each with four hours of operating time limited by the power supply. The spacecraft
battery simulator, representing a realistic spacecraft bus, provided approximately 90 min. operating time.

SESSION 4
REVIEW SESSION 4 :MODERATE POWER ARCJET PARAMETRIC TESTING

Rapporteur. Helmut Kurtz, IRS, University of Stuttgart

The four papers presented fit in well with the scope of the session, describing experimental
results of arjets with power levels between less than 500 W and 30 kW. The propellants used in
the described tests were Ar, Hz, N2 and H2/N2 mixtures. The arcjets were water cooled as well
as radiation cooled. For Hz also data of regeneratively cooled devices from historic experiments
were presented as reference. All test data showed the superior performance of radiation
cooling compared to water cooling.
Paper 91-014, E. Tosti and B. Glocker, Final Results of 15 kW Water Cooled Arjet.

Mrs. Tosti described the ESA sponsored 10-15 kW arcjet developed by the IRS, University of
Stuttgart, and BPD, Collefero, Italy. The data of tests which had been performed at both
facilities were compared. They coincide quite well for H2 and H2/N2 mixtures, but only fairly
with nitrogen. These discrepancies could not yet be explained.
Q: (W.W.Smith, RRC): Have differences in the current distribution on the anode be observed
in these tests?
A: The anode current distribution was only measured at IRS Stuttgart.
Paper 91-015, H. Tahara, T. Sakakibara, K. Onoe, T. Yoshikawa: Experimental and Numerical
Studies of a 10 kW Water Cooled Arjet Thruster.
Mr. Tahara gave in this presentation only the experimental results, the numerical ones are
described in his paper. The experimental arcjet device presented has a unique feature: the
optical access to the constrictor as well as to the plenum chamber, which was used to get
spectral data as well as temperature distributions of the arc in the constrictor. Also the
temperature of the cathode tip could be measured through this window. The current input into
the anode can be discriminated between nozzle and constrictor plus plasma chamber. The
investigated propellants were Ar and N2 . With argon, the current attaches preferably to the
constrictor, also the measured gas temperatures were higher, which could be explained by the
different behaviour of atomic and molecular gases.
Q: (D. Zube, IRS): Did you Abel-invert your spectral profiles to get the temperature?
A: Yes, Abel-inversion was used.
How do you define electrode gap?
Q:
A: As the difference between cathode tip and constrictor inlet.
Paper 91-016, B. Glocker, T. Roesgen, A. Laxander: Medium Power Arjet Analysis and
Experiments
The presentation was divided in three parts: experiments with a radiation cooled thruster,
which was compared to a water cooled one (described in the paper by Mrs. Tosti); a numerical
thermal analysis of this device; and experiments with the water cooled device with an optical
access to the constrictor. Propellants used were Hz and H2 /N 2 mixtures. The efficiencies and
specfic impulses were considerably increased by switching to the radiation cooling. For the
thermal analysis a FEM program of the University of Stuttgart was used, which incorporates
radiation, convection and thermal conductivity. The heat influx was determined by
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measurements with water cooled devices. To verify the numerical result one temperature
measurement was made, the result coincides very well with the numerical one.
The are column analysis used pictures taken by a CCD camera with short exposure time.
The
column data were used to determine column temperatures and the arc diameter as a function
of the mass flow and current.
Q (T. Sanks, Phillips Lab.): What was the ratio of N to H2 in the gas mixtures you used ?
A: The ratio was 1:2 NJ/H, simulating decomposedzhydrazine.
Paper 91-018, JM. Sankovic, JA.Hamley, T.W. Haag, CJ. Sarmiento, F.M. Curran, Hydrogen
Arcjet Technology.
The paper was presented by J.C. Andrews, Phillips Laboratory. It gave an overview
of the
historical and present status of hydrogen arcjet technology in the USA, the present activities
,concentrating in NASA Lewis, on the low power (1 - 4 kW) and medium power
(10 - 40 kW)

range. The efficiencies reached with these radiation cooled devices were high, and historical
experiences with regeneratively cooled devices indicate that even better results can be expected.
Q: (D. Zube; IRS): What are the dimensions and configuration of the very low power arcjet (<
500W)?
A: The dimensions were described in the paper (Table XIV).
Q:
You mentioned that the 10 kW thruster was shut down due to high erosion. What was
the operation time?
A: 28h, part of the problem was the operation on a slightly too high power point (about 11 kW).

SESSION 5
RAPPORTEUR REPORT FOR SESSION 5 OF THE 22nd INTERNATIONAL ELECTRIC
PROPULSION CONFERENCE

Paper 91-019 Review of the Theory of Self-Field MPD Thrusters;
J. L. Lawless and V. V. Subramaniam.
This paper reviews developments in the theory of self-field
MPD thrusters, concentrating mainly on one-dimensional and quasi
one-dimensional types, and compares them to available experiments.
There is an emphasis on theories devoted toward explaining the
phenomenon called onset where plasma instabilities and electrode
erosion become dominant. The paper is organized as follows; Early
flow models are first discussed, followed by a discussion of
theories of onset. Electrode and boundary layer models are then
reviewed, followed by the current status of analyses of electrode
behavior under steady-state MPD operation.
Questions and answers;
1.
Dora E. Gonzalez, University of Alabama/Huntsville;
What were the levels of ionization considered? -Fully ionized at high current with the possibility
of some double ionization.
Peter J. Turchi, Ohio State University; Must we fix
2.
the density distribution in order to get a^*? -a^* must come out of the thermodynamics of the
problem.
3.
Elliot H. Niewood, MIT; The electric field is set
by experiment, hence, the back EMF will never
4.

exceed the applied electric field! -- True.
Do the
?????????, Imperial College of London -Shock
theories take shock waves into account? --

fronts depend on the conditions of the problem.
Local Analyses in MPD Thrusters: Magnetodynamic
Paper 91-020
Regimes; J. M. Chanty and M. Martinez-Sanchez.
In this paper they propose an asymptotic analysis valid in the
high magnetic Reynolds number magnetodynamic regime. A singular
perturbation method (also called an inner-outer expansion method)
is used to establish the perturbation and to match the different
expansion regions. This approach is based on the idea of a basic
separation between the largely non-dissipative core flow and the
limited thin layers where ohmic dissipation concentrates.
Questions and answers;
Peter J. Turchi, Ohio State University; Would your
1.
analysis work for a rounded corner? -- Yes.

Paper 91-021 Onset and Erosion in Self-Field MPD Thrusters; V. V.
Subramaniam.
The focus of this paper is to show that the conditions leading
to voltage oscillations and electrode erosion (Onset) are linked
and to provide a basis for quantitative prediction of. erosion rates
at and below the onset limit. It is shown that the Back-EMF theory
of Onset is capable of explaining voltage oscillations as well as
increased erosion. A methodology is outlined whereby evaporative
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erosion rates can be predicted purely as a function of the global
parameters such as total mass flow rate, total thruster current and
thruster geometry.
Questions and answers;
1.
Henri P. Wagner, University of Stuttgart; Were the
calculations

dimensional.
- No.

2.

3.

4.

one

or

two

dimensional?

--

Two

Was the current density calculated? -

????????, Imperial College of London; What was the
range of cathode sheath drop? -- 5 to 10 volts.

Herbert 0. Schrade, University of Stuttgart; The
current density is high at the inlet, what are the
plasma conditions there? --The conditions must be
such that the plasma flow will choke downstream of
the inlet.
Peter J. Turchi, Ohio State University; Dave King
showed that electron cooling occurred at the

cathode, does this analysis substantiate that? -- I

5.

don't know.
James E. Polk, Jet Propulsion Laboratory; What are
the effects of pressure on the cathode temperature
distributions? --

6.

That

has not been modeled yet;

will be looked at next.
Dora E. Gonzalez, University of Alabama/Huntsville;
What are the radiation conditions like at the
cathode

tip?

--

The

radiate to cold space.

cathode

tip

is

assumed

to

Paper 91-022
The Onset Phenomena Explained by Run-Away Joule
Heating; Herbert 0. Schrade, Thomas Wegmann and Thomas Rosgen.
In this paper a qualitative and quantitative explanation of
the onset phenomenon is presented. It is based on a run-away Joule
heating process caused by the self-magnetic field of a current
carrying plasma channel which drastically decreases the radial
conduction heat loss.
The consequence is a contraction of the
discharge cross section which leads to an unstable plasma behavior.
This explanation is also in excellent agreement with the
experimentally found onset condition.
Questions and answers;
1.
Manuel Martinez-Sanchez, MIT; We also looked at the
same approach - looks like a good method!
2.
Peter J. Turchi, Ohio State University; Given all
the theories of onset, might there not be a
different theory for each experiment!
3.
V. V. Subramaniam, Ohio State University; Why not
design an experiment to look for onset!
4.
Herbert 0. Schrade, University of Stuttgart; This
theory
is
for
a
configuration
with
a
throat/constrictor only, what happens with other
geometries is an unknown!
5.
V. V. Subramaniam, Ohio State University; This
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6.

model goes beyond the MPD, it may apply to arcjets
as well!
???????, MBB; Are there any conclusions on engine
geometry?

7.

8.

--

This theory assumes the plasma will

fill the constrictor, if it does not the results
will not apply.
James E. Polk, Jet Propulsion Laboratory; How
sensitive are these results to the assumption that
the electron and atom temperatures are equal? -That was not checked-for directly but it was an
assumption.
Manuel Martinez-Sanchez, MIT; The Hall parameter
plays a roll, is it fundamental? -- No.

SESSION 6
Session 6: Ion Engine Flight Neutraliser Subsystems
Chairman: Dr.M.Nishida
Rapporteur: Mr.N.Wallace
The first paper of the session was presented by Dr. Vladimir Kim, Head
of the Research Institute of Applied Mechanics and Electrodynamics of Moscow
Institute. Dr. Kim described the design of the hollow cathodes used over the
past 20 years in the Soviet Electric Propulsion (EP) programme. He also dealt
briefly with the operational and manufacturing problems they have experienced.
The presentation stimulated a number of questions, all dealing with the
lifetimes and testing performed on these devices. Notable points from this
question and answer session were that the failure modes of these devices were
the evaporation of emitter material, the erosion of the keeper (igniter)
electrode and materials problems associated with the high operating
temperatures of these devices (approximately 1750 0 C for the emitter). Upon
further questioning it became clear that the emitter is a Lanthanum Hexaboride
device and testing has indicated a lifetime of approximately 4,000 to 5,000
hours.
The second presentation was made by Mr.G Matticari and concerned the
endurance testing of RIT-10 neutralisers at ESTEC. The presentation briefly
covered the test facility and the design of the neutralisers. Results were
presented for 6,500 hours of testing completed to date. The test is scheduled
to continue to 8,000 hours. To date the results are very encouraging with no
failures and an impression of great confidence in both the neutralisers and
the test facility was obvious. The question and answer session was short and
dominated by the use of an oxygen absorber in the life testing. It was
explained that the absorbers were being used purely as a precaution against
impurities in the gas or leaks that could develop in the gas feed lines. They
are also to be fitted to the flight systems for usee on the ARTEMIS mission.
The third presentation was given by Dr.H Takegahara of Space Systems
Department, Mitsubishi Electric Corporation, Japan. This was a very
interesting presentation that stimulated considerable post session discussion.
The paper concerned the very ambitious life testing programme of 6 ion
thruster systems for the ETS-6 project. In particular the very important
finding that during simultaneous operation of two thrusters an imbalance in
neutraliser emission current was repeatedly observed. A number of solutions
to this problem were given and possible causes briefly discussed. The question
and answer session was dominated by this imbalance. Considerable interest was
expressed in the detailed test configuration, electrical conditions and the
apparent loss of up to 200mA of neutraliser current.
The fourth and final presentation was made by Mr.G Matticari of PROEL
Technology, concerning the mechanical design consolidation of the RIT-10
neutraliser for the ARTEMIS qualification process. The presentation briefly
covered thee vibration analysis and mechanical modifications made to thee
devices. A description of the testing programme and the facilities at the
PROEL site was also given. The question and answer session was brief and only
dealt with the steps taken to ensure emitter quality. An automated emitter
manufacturing process was described.
In conclusion the session was very interesting but probably only of any
real concern to delegates dealing with hollow cathode devices for ion
thrusters and their qualification. The exception to this was the presentation
given by Dr.Takegahara. The findings presented could prove very relevant to
any mission in which operation of more than 1 ion thruster simultaneously is
planned.

SESSION 7

Session No. 7

Power Conditioning and Control

Chairman : P.Evans University of Birmingham
Raporteur : R. Kukies

1. IEPC-91-027 Power Supply and Control Unit for Radiofrequency Ion
Thruster RIT 10
Speaker : Mr. Cesa

- Question :
It was asked about the total number of components , used to built the PSCU.
Answer:
The PSCU consists of about 2500 parts.

- Question :
The question was regarding to the stability of PSCU output voltages.
Answer:
The requirement of stability of different powersupplies of PSCU are not the
same. Where high stability is required, a postregulator pilosophy is used and it
allows to reach a +/-1% stability of output voltage.

- Question :
It was asked to the different types and numbers of digital interfaces of PSCU.
Answer:
There are 3 types of digital interfaces:
* 2 lines ON/OFF telecommands
* 3 lines for serial digital memory load (16 bit format) to receive
telecommands
* 3 lines for serial digital lines for transmitting data in 16 bit
format to ground

-

1-
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2. IEPC-91-028 Operating Limits of Power Converters
for High Power
Ion Engine Control
Speaker : A.J. Forsyth University of Birmingham.
- Discussion
There was a discussion about the trade off between weight
and efficiency in
power converters. Many in the audience contributed and
although the answer
depend on the type of mission. It was generally agreed that
high efficiency is
probably more important than low weight.

3. IEPC-91-029 Developement of a Power Conditioner
for a 1KW Arcjet.
Speaker : M. Sanducci, Centro Spacio. Pisa Italy
-Question:
About succesfully attempts to start the arcjet assembly?
Answer :
In 95%of case the discharge was sucessfully reached and
it was stable. The
output magnitude does not acceed 1500V.
-Question :
Where are your power losses located?
Answer :
Mainly in the power MOS-FET's section, because we choose
the JRF250
devices for reability resource. Other points of power dissapation
is the primary
winding of the power transformer, because we increased
the turn number to
keep lower magnetic field inside the transformer

- 2 -

SESSION 7

4. IEPC-91-030 Testing of the 30KW Arcjet PCU Starter Using the
Shorting Switch Approach
Speaker : S.P.Wong Space Power Incorporated, San Jose USA

-Question :
What about the problems in switching High Voltage?
Answer :
The costs to switch high voltage are not so high to avoid this switching. The
high current is switched after the output inductance, so the high voltage goes
directly to the Thruster. For switching the new power MOS-FET's are used
with avalache energy rated. They could connected in series safely without
external compensating components.

15.10 1991
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Ralf Kukies

SESSION 8
Rapporteur Report - Session 8
Dennis Keefer, PhD
University of Tennessee Space Institute
Tullahoma, Tennessee 37388

The four papers presented in this session included three papers which reported on experiments with
microwave sustained plasmas from Pennsylvania State University and one theoretical study of heat transfer
from a microwave sustained plasma within a convectively cooled cylindrical chamber. It appears that the
fundamental problem of discharge stability has been solved by placing a bluff body in the inlet flow. This
creates a recirculation cell which stabilizes the spatial location of the plasma in a manner analogous to the
flame holders used in chemical combustion chambers. Experiments have been conducted in helium at
powers up to 2.5 kW and pressures up to 500 kPa with electrical coupling efficiency greater than 95%.
Operation was also reported using nitrogen ammonia and hydrogen plasmas. Direct measurement of specific
impulse was not attempted, but extrapolation of experimental choked orifice data using ideal vacuum
expansion gives specific impulse values which are similar to those obtained experimentally for arcjets.

IEPC -91-031
Performance Measurements of a
Resonant Cavity Electrothermal Thruster
P. Balaam and M. M. Micci
Presented by P. Balaam
Experiments performed with helium and nitrogen in an 8.89 cm diameter resonant cavity demonstrated that stable plasmas could be sustained using a bluff-body in the inlet flow, but not by introducing
swirl into the inlet flow. By moving the position of a tuning short the cavity could be tuned to eliminate
reflected power and provide a coupling efficiency near 100%. Spectroscopic measurements of the plasma
indicate relatively uniform temperatures of 11,00(X to 12,0(00 K. The calculated specific impulse for the
helium propellant based on the ideal expansion to vacuum conditions varied from 287 to 543 s with
calculated system efficiency from 43.8 to 68.9%.
Q.
A.

D. Gonzales - What was the typical experiment time?
Typically 10-15 minutes. One run lasted for 2 hours.

Q.
A.

M. Martinez-Sanchez - What assumptions were used for the specific impulse calculations?
Ideal choked orifice flow determined an average temperature for the experiment. Ideal expansion of
the propellant at this temperature and pressure was then used to calculate the values of specific
impulse.
H. Kuninaka - What was the contribution of the cold gas low?
The cold gas kinetic energy was small.

Q.
A.

SESSION 8
IEPC-91-032
Theoretical Modeling of Diagnostic Evaluations of
Microwave Generated Plasma Systems
S. Haraburda, M. C. Hawley and D. W. Dinkle
Presented by S. Haraburda
This paper reports a numerical study of the radiation transfer between a microwave sustained
plasma and its convectively cooled quartz containment chamber. The plasma was treated as a solid body and
the walls were assumed to emit as a graybody. The calculated plasma temperature was 1500 K using
emissivity values characteristic of the brass resonant cavity.
Q.
A.

M. Micci - How was the plasma temperature determined?
From radiation equilibrium with the wall. The microwave power absorption directly into the plasma
was neglected.

Q.
A.

P. Balaam - What was the power used for the calculation?
250 W, but larger powers will be used later.

Q.
A.

M. Micci - You mentioned a future use of laser spectroscopy. What method will be used?
Absorption of the laser beam by the plasma.

IEPC-91-033
Design and Performance Characteristics of a
New Microwave Electrothermal Thruster
J. Mueller and M. M. Micci
Presented by M. Micci
This paper describes experiments in which a plasma was sustained in a circular waveguide using
bluff-body stabilization. In contrast to rectangular waveguide plasmas, the plasma can be sustained on the
axis without contacting the waveguide walls. High coupling efficiencies of 80-90% were obtained, but
calculated performance was lower than for the resonant cavity experiments because the plasma stabilized
further upstream of the exhaust orifice.
Q.
A.

H. Kuninaka - Was this experiment done at 2,45 (;Hz? What is the minimum diameter?
Yes, 2,54 GHz. The plasma diameter is 2-3 cm in a chamber 9.8 cm diameter with a cutoff
frequency of 2.35 GHz.

SESSION 8
IEPC-91-034
The Effect of Molecular Propellants on the
Performance of a Resonant Cavity Electrothermal Thruster
D. J. Sullivan and M. M. Micci
Presented by M. Micci
This paper describes experiments with nitrogen, ammonia and hydrogen propellant plasmas
sustained in a resonant cavity. The plasmas were stabilized using a bluff-body, and were ignited by transition
from a helium plasma or by the use of a tungsten wire placed in the chamber and heated by the microwave
field. Use of the TM011 mode in an 8.89 cm diameter, 7.21 cm long cavity permitted operation in helium at
pressures to 3 bar with 97% coupling efficiency. The transition from helium to nitrogen was successful at
pressures above 1 bar. However, hydrogen would not transition and complete transition of ammonia was not
obtained at 1 bar. Hydrogen was successfully ignited using the heated tungsten wire at 250 kPa.
Q.
A.
0.
A.

0.
A.

P. Balaam - Will you use coaxial center microwave coupling in the future to remove the asymmetries?
Perhaps, but we will concentrate our efforts on the circular waveguide for now.
S. Haraburda - Would you consider using cooled cylindrical containment to reduce the quartz
heating in nitrogen?
A real microwave thruster would operate in a metal waveguide structure. Quartz is used now, but
only to provide optical access.
V. Subramanium - What is the potential thrust? Do your calculated values include the losses due to
internal modes?
We assume that all of the available enthalpy is converted to kinetic energy. We plan to make direct
thrust measurements in the future.

Q.
A.

H. Schrade - Did you measure the plasma size as a function of pressure?
Yes. Many measurements of plasma size will be reported in a forthcoming PhD dissertation.

Q.
A.

R. Spores - What was the electrical efficiency and reflected power?
Magnetrons have 85% efficiency wallplug to microwave. Reflected power can be reduced to zero by
tuning.

SESSION 9
RAPPORTEURS REPORT
SESSION 9 - INTERPLANETARY MISSIONS AND SYSTEMS
CHAIRMAN - C ANDREWS, PHILLIPS LABORATORY, EDWARDS AFB, USA
RAPPORTEUR - J REALE, SPACE DEPT, RAE FARNBOROUGH, UK

A very thought provoking session which was attended by a large number of delegates. No significant
developments were presented as most of the papers outlined comparisons between EP and chemical systems for
various interplanetary missions. One paper assessing the feasibility of a Nuclear EP system using existing
technologies for Lunar/Mars missions. All speakers were at a disadvantage during this session because of the
late hour. If evening sessions are required they should start on time.
IEPC-91-35 A number of NASA space science missions were analysed in terms of replacing chemical thrust
with nuclear EP and comparisons made. Paper was not well delivered, no questions were asked.
IEPC-91-36 The Ulysses mission was re-assessed using solar EP and useful comparisons made to the
Ulysses/PAM-S mission made. A very well delivered paper which was well received.
Jim Gilland of Sverdup technology asked about propellant storage considerations and also about radiation belt
degradation.
No analysis has yet been made of radiation degradation; propellant storage should not prove to be a problem.
Todd Miller of McDonnell Douglas asked the mission start altitude.
500 km.
IEPC-91-37 Mars and Venus missions using EP were presented and compared with such missions using
chemical propulsion. The analysis suggested EP could enable greater payload ratios than would be obtainable
using chemical propulsion. A well delivered paper, no questions were asked.
IEPC-91-38 Strategies for the optimisation of Lunar and Mars missions using Nuclear EP were presented.
Optimal power and I, values were presented for a range of trip times to maximise payload mass. A well
delivered paper, no questions were asked.
IEPC-91-39 Systems options for Nuclear EP for Lunar and Mars missions were presented including reactors,
thrusters, temperature control and power conditioning. The current state of the art of each of these systems was
presented. A well delivered paper which was favourably received.
Jim Gilland of Sverdup Technology asked if nuclear thermal technology would generate too high a temperature
for such an NEP system to handle.
Nuclear thermal does generate higher temperatures but the technology is more advanced than other options and
should be able to handle such temperatures.
IEPC-91-40 A complete strategy for a manned mission to Mars starting from the Earth/Moon libration point (Ll)
was presented. All significant factors effecting such a mission were assessed. The analysis suggested was the
most economical way to go to Mars yet suggested. A very well delivered and received paper which was
recommended for the session best paper, no questions were asked.

SESSION 10

Rapporteur Report for Session
Low Power Arcjet Testing
91-041

10

Ignition Stability of a Low Power Arcjet

T. Yamada, Y. Iwamoto, Y. Shimizu, K. Toki, and K. Kuriki,
Institute of Space & Astronautical Science, Kanagawa, Japan.
In this paper, the ignition stability of a low power (<7A) arcjet was
investigated. The important conclusions from this work were: operation of
the arcjet at high mass flow rates and a close anode/cathode gap are
desirable for stable ignition, and spontaneous arc extinction is observed at
extremely low power operation.
Questions:
H.L. Kurtz, Institut fur Raumfahrtsysteme, Univ. of Stuttgart.
"How did you determine the anode to cathode gap?"
Ans: "The distance between the cathode tip and cathode holder was
measured, with the constrictor as the frame of reference."
(1)

(2).

D.M. Zube, Institut fur Raumfahrtsysteme, Univ. of Stuttgart.
"Was power supply regulation checked, and what was the power
source?"

and power supply specifications were
Ans: Power supply characteristics
presented; regulation was 10% at 10 A.
Que. "Did you use a ballast resistor?"
Ans. "A ballast resistor was used in series with the anode."
H.O. Schrade, Institut fur Raumfahrtsysteme, Univ. of Stuttgart.
"Any explanation why the minimum arc current rises with time?"
Ans. "We have no explanation of the physical mechanism at this time."
(3).

W.W. Smith, Rocket Research Co., Redmond, Washington.
"Would the use of real hydrazine give different results?"
Ans. "No difference between simulated and real hydrazine is expected."
Que. "Did you or will you test with real hydrazine?"
Ans. "It is difficult to perform these tests at a university."
(4).

SESSION 10
91-042

Development of a Low
Thermal Arcjet

Power

Radiatively

Cooled

D. M. Zube, B. Glocker, and H.L. Kurtz, Institut fur Raumfahrtsysteme, Univ.
of Stuttgart; M. Kinnersley and G. Matthaus, MBB-ERNO Raum-fahrttechnik
GmBH, Bremen, Germany.
This paper provides a description of the DARA project and the
performance characteristics of a 1-2 kW arcjet.
In particular, performance
data of an arcjet operated on simulated hydrazine on both cold gas and hot
gas tests were presented.
These data show that engine thrust, Isp, and
engine efficiency increased when the simulated hydrazine was heated to
870 OK. Potential flight opportunities on the Eureca platform or PZD (an
amateur radio satellite) were discussed.
Questions:
(1)

R.L. Burton, Dept. of Aero. and Astro. Engineering, Univ. of Illinois.
"You added 10% power to the heater, but efficiency went up to 44%,
from 32%. There seems to be a discrepancy here."
Ans: "This may be due to the fact that pre-heating makes a difference in
this design. We will later try to measure gas temperatures, and will
vary gas temperatures from 200-600 oC."
(2).

P. Balaam, Dept. of Aerospace Engineering, Penn. State Univ.
"How does the performance of your thruster operated on heated
propellant compare to other engine performance (operated on heated
propellant)?"
Ans: "There are no known comparisons."
(3)

W.W. Smith, Rocket Research Co., Redmond, Washington.
"Rocket Research has not tested warm gas thrusters. (However, there
have been performance comparisons, using the same arcjet, between
cold (room temperature) simulated hydrazine arcjet operation and
warm (decomposed) hydrazine).
We don't see any difference in
efficiency between cold and warm propellants.
Efficiency was about
36%, but we only went to an expansion ratio of about 200. Your
performance numbers do seem high."
Que. "What was your constrictor diameter?"
Ans. "0.6 mm, the same as was used in your tests. Electrode configuration
was also the same, but efficiency is still different (comparatively)."

SESSION 10

91-043

Development

of a Low

Power Arcjet Thruster

T. Yoshikawa and K. Onoe, Faculty of Engineering Science, Osaka University,
M. Ishii, and K. Uematsu, Ishikawajima-Harima Heavy
Osaka, Japan;
Industries Co. Ltd., Kanagawa, Japan.
Dr. Yoshikawa discussed the development of a low
In his presentation,
Performance
power arcjet for NSSK of geosynchronous satellites.
characteristics and thruster erosion rates for steady-state and start-up
operation were presented. For unstable operation, cathode tip erosion was
Thruster performance
50% of that obtained on stable operation.
characteristics were unchanged after 30 hrs of steady-state operation and
500 cyclic engine restarts.
Questions:
(1). H.L. Kurtz, Institut fur Raumfahrtsysteme, Univ. of Stuttgart.
"Why did you stop the steady-state life test after only 30 hrs?"
Ans. "Arc voltage gradually increased for the first 25 hours of testing, but
remained nearly constant after that time period. (This was
considered sufficient for an erosion measurement at steady-state.)"

91-044

Advanced
Testing

Laboratory Model,

1 kW-Class

Arcjet

Engine

G. Cruciani, M.J. Glogowski, and W.D. Deininger, Space Division, BPD Difesa e
Spazio, Colleferro, Italy; A. Trippi, ESA/ESTEC, Noordwijk, The Netherlands.
Design and performance characteristics were presented for both a
laboratory and engineering model arcjet. The facility design allowed for
Anode temperatures between
operation of the arcjet on N2, H2, or N2H2.
750-950 oC were measured at 1 kW; the arc voltage showed a dependence
on the anode temperature.
Questions:

None.
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91-045

Performance Study of a Laboratory Model of Low
Power Arcjet

M. Andrenucci, Univ. of Pisa, Pisa, Italy;
G. Saccoccia, ESA/ESTEC,
Noordwijk, The Netherlands;
F. Scortecci, N. Panattoni, and U. Schulz,
Centrospazio, Pisa, Italy; W.D. Deininger, Space Division, BPD Difesa e Spazio,
Colleferro, Italy.
This paper describes the testing of a low power arcjet and propulsion
system with the goal of developing this arcjet for flight on the DIVA
program.
Facility descriptions and test data on two different engine
configurations were presented.
Performance data for two different flow
rates showed that the engine runs more efficiently at a higher flow rate.
Questions: None.

SESSION 11
SESSION 11
MPD THRUSTER DIAGNOSTICS
Chairman:
E. Tosti, Space Division, BPD Difesa e Spazio, Colleferro, Italy.
Rapporteur:
J. Polk, Jet Propulsion Laboratory, California Institute of Technology, Pasadena,CA,
LEUSA.
Plasma Diagnostics in MPD Thruster Plumes
91-047
M. Andrenucci, F. Paganucci, A. Venturini, A. Turco, Centrospazio, Pisa, Italy;
G. Paccani, University of Rome, Rome, Italy.
Summary:
Electrostatic and magnetic field probes have been developed for studying the
plumes of gas-fed MPD thrusters at Centrospazio and teflon-fed engines at the
Electrostatic probes were used with a probe positioning
University of Rome.
system at Centrospazio to measure electron temperatures and time-of-flight
velocities. The centerline electron temperatures were about 3 eV at the exit
The centerline axial velocity
plane and dropped rapidly in the axial direction.
a value of 9000 m/s.
to
plane
exit
the
from
cm
15
first
the
over
increased
Discussion:
Q (T. Wegmann, University of Stuttgart, Stuttgart, Germany): Why does the
axial velocity appear to increase in the first 15 cm beyond the exit plane?
A: There is more scatter in the data in this region.
Q (E. Choueiri, Princeton University, Princeton, NJ, USA): Do the disturbances
you measure with the time-of-flight method travel with a certain phase
velocity in addition to the flow velocity?
A: These corrections have not yet been made.
Q (M. Auweter-Kurtz, University of Stuttgart, Stuttgart, Germany): Do you use
single or double probes?
A: Double probes.
Q (E. Choueiri): Are they symmetric?
A: Yes.
Have you made comparisons with single probes?
Q (M. Auweter-Kurtz):
A: No.
Q (D. Tilley, Princeton University, Princeton, NJ, USA): Do you have a
mechanism to rotate the probes?
A: No, not yet.
Q (E. Choueiri): Do you glow discharge the probes to clean them after every
discharge? This is often necessary to obtain repeatable data.
A: We do not clean ours after every discharge--we see no signal change until
The special ceramic we use helps prevent contamination.
after about 20 shots.

SESSION 11
91-048
Optical Measurement of Velocity Distribution in MPD Arcjet
T. Nakayama, T. Yoshida, K. Toki, K. Kuriki, Institute of Space and Astronautical
Science, Sagamihara, Kanagawa, Japan.
Summary
Fabry-Perot measurements of ion velocities and Hall probe measurements of
magnetic field strengths were conducted in a "two-dimensional" MPD channel.
The measurements indicate that the current and accelerations patterns are
determined by the ratio of the current squared and the mass flow rate. At high
values of this parameter the current was concentrated in the upstream end of
the channel, resulting in rapid plasma acceleration.
Under some conditions
the plasma appeared to decelerate downstream by supersonic heating.
At high
currents, the concentration of the discharge upstream caused the back-EMF to
increase more rapidly than the thrust, resulting in a decrease in the thrust to
power ratio.
The measurements also indicated the development of a magnetic
nozzle at high currents which constrained and accelerated the plasma.
Discussion
Q (M. Martinez-Sanchez, MIT, Cambridge, MA, USA): The measurements
indicate the formation of a high voltage region near the anode. Did you
measure the fall voltage?
A: No.
Q (E. Choueiri, Princeton University, Princeton, NJ, USA): Describe the Nshaped transition (decrease in thrust-power ratio) and why it occurs.
A: At low currents, neutrals collisionally suppress ion acceleration in the
upstream region, limiting the back-EMF.
At high currents, the plasma is
highly ionized upstream, allowing rapid acceleration and the generation of a
high back-EMF.
Q (E. Choueiri): Do you see an ionization front in the upstream region?
A: Yes.
Q (E. Niewood, MIT, Cambridge, MA, USA): What is the ionization level before
and after the ionization front?
A: We don't know.
Q (E. Neiwood): Why is the deceleration due to supersonic heating? This is
often seen in numerical simulations, but is not a physical phenomenon.
A: We first thought it was due to friction, but this effect is too low to explain
the deceleration.
Supersonic heating was chosen as the cause primarily by
eliminating other potential explanations.
Q (D. Tilley, Princeton University, Princeton, NJ, USA):
How large are the
error bars?
A: The error is due mostly to uncertainty in the position of the measurement
(about 10 mm), and yields error bars that are smaller than the data points.

SESSION 11
MPD Exhaust Velocity Measurement Using Injected Plasma
91-049
Waves
K.D. Diamant, D.L. Tilley, E.Y. Choueiri, A.J. Kelly, R.G. Jahn, Electric Propulsion
and Plasma Dynamics Laboratory, Department of Mechanical and Aerospace
Engineering, Princeton University, Princeton, NJ, USA.
Summary
A technique for deconvoluting the flow velocity from the phase velocity in
One
time of flight measurements with electrostatic probes has been developed.
probe is used as an emitter, producing broad band spectrum of disturbances
The geometry
that are detected by four receiver probes arrayed downstream.
of the array allows the calculation of the flow velocity, phase velocity, and
Preliminary results
flow angle, assuming that wave propogation is isotropic.
of measurements in the plume of a 20 kWe class MPD thruster indicate that the
phase velocity is about equal to the flow velocity.
Discussion
Q (H. Wagner, University of Stuttgart, Stuttgart, Germany): What parameter is
measured?
A: Perturbations in the electric field.
Q (M. Martinez-Sanchez, MIT, Cambridge, MA, USA): The phase velocity must
be isotropic in the plasma frame? (Concerned about anisotropy due to the
magnetic field).
A: Yes.
Q (H. Wagner): Explain how isotropy is determined.
A: Isotropy can be assumed when the plasma is sufficiently collisional.
Q (H. Wagner): Why do you use low frequencies?
A: We wanted to excite lower hybrid mode waves.
Q (Questioner not identified): How do you avoid cross-talk?
Cross-talk measured by short-circuiting the probes is used to correct the
A:
signals.
Will you verify these measurements with laser-induced
Q (Holiday, Air Force):
fluorescence?
A: No, we have no money.
Ionization Processes in the Interelectrode Region of an
91-052
MPD Thruster
T.M. Randolph, W.F. von Jaskowsky, A.J. Kelly, R.G. Jahn, Electric Propulsion
and Plasma Dynamics Laboratory, Department of Mechanical and Aerospace
Engineering, Princeton University, Princeton, NJ, USA.
Summary
Spectroscopic measurements of the interelectrode region of a 20 kWe class
steady-state MPD thruster were performed through an axial slit cut in the
thruster body. The spectra indicated the existence of ionized argon at all axial
Electron temperature inferred from
locations within the discharge chamber.
line intensity ratios was nearly constant at about 1.5 - 2 eV. The ion/neutral
density ratio scaled with the current squared over the mass flow rate and
increased from about 20 at the inlet to about 100 at the exit.
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Discussion
Q (E. Niewood, MIT, Cambridge, MA, USA): Where does full ionization occur?
A:
Where the ratio of ion/neutral densities reaches infinity.
Q (E. Niewood): Do the Soviet references indicate the existence of an ionization
front?
A: There are at least four experimental papers in which observations of an
ionization front are reported.
Q (R. Burton, University of Illinois, IL, USA):
What is the thruster geometry?
A: (Diagram in paper).
Q (M. Auweter-Kurtz, University of Stuttgart, Stuttgart, Germany): What was
the ionization level in the station closest to the cathode?
A: The measurements were integrated over the radius.
Q (E. Niewood):
Our models don't show an ionization front. However, high
electric fields and high currents at the inlet arise because of high sheath
voltages further downstream in the starved anode regions (No large sheath
drop at the inlet, so the voltage drop must appear across the plasma).
Is this
what the Soviets observe?
A:
There are different explanations for the observed ionization fronts.
Q (M. Martinez-Sanchez, MIT, Cambridge, MA, USA): Open question for the
audience - How does one measure ionization fractions (or ground state
densities)?

SESSION 12
SESSION 12 - ARTEMIS SATELLITE APPLICATION
Tuesday 15 October 1992,08.30 - 10.35
Chairman: L. Van Holtz, ESA/ESTEC, Noordwijk, The Netherlands.
Rapporteur: M. Andrenucci, CENTROSPAZIO Pisa, Italy.
This was a very interesting session as it focused on the specific subject of the Ion
Propulsion Application on the ARTEMIS Satellite in all of its features, ranging from
system aspects to those related to the technology of the two ion thrusters involved. There
was a rather extensive introduction by the Session Chairman, Mr. Leo Van Holtz, which
is recorded below:
"Good Morning Ladies and Gentleman. I most heartily welcome you to
Session 12 of the 22nd IEPC. This session is rather special as it is fully dedicated
to the first operational use of European ion engine technologies on an Agency
telecommunication spacecraft. Both the British UK-10 and the German radiofrequency (RIT ) engines will be flown side by side, with the latter, the German
engines, supported by power supplies and neutralizers provided by Italian
industries.
With this unique opportunity in sight, I believe I must spend a few words as
an introduction to this session that, I am certain, the official chairman, the Agency
ARTEMIS Programme Manager, Mr. Dickinson, would have spoken, had he not
been called to attend to urgent matters at ESA Headquarters in Paris.
I would thus like to brief you, as you would all like to know (as apparent
from your queries yesterday to the European Chairman of the IEPC), on the status
of the ARTEMIS spacecraft, its payload, its propulsion system, its target launch
date and its general status in the context of the European Space Programmes.
Starting with the last point, which is certainly not the least, it is most
satisfying to be able to state that the ARTEMIS programme is fully subscribed. A
great deal of commonality is now being secured between the ARTEMIS programme
and the European Data Relay Satellite System Programme for two very good
reasons: Firstly, to ensure a cost effective execution of both programmes, and
secondly to ensure continuity in handling market demands and evolution of
technology. This commonality will be ensured by the combined management of
ARTEMIS and DRS by one office, the DRTM Programme Office, which Mr.
Dickinson is in charge of. The situation on ARTEMIS, then, is presently as
follows.
Firstly, the payload. For commonality reasons, both ARTEMIS and DRS
(the European Data Relay Satellite) will carry optical k-band and s-band
communication payloads. In addition, ARTEMIS will consolidate the European
Mobile System that will be inaugurated with the launch of Italy's second flight
model of Italsat. To achieve this target, some redefinition of the payload is
mandatory and Alenia, as the Agency prime contractor for both ARTEMIS and
DRS, are most cooperative in maximizing payload performance.
Secondly, propulsion. For commonality reasons, again, a redefinition of the
propulsion system is being undertaken. It has now been decided that on ARTEMIS
and DRS Ion Propulsion is the baseline for North/South Station Keeping and that
the tank size of the chemical propulsion system will be selected to be just adequate
to support 10 years of mission life on DRS without ion engines , in case both ion
engine technologies on ARTEMIS prove not to be viable.
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Thirdly, ARTEMIS launch date. The ARTEMIS Programme has applied, and
Ariane Space has accepted, the launch of ARTEMIS on the first APEX launch of
Ariane 5. This arrangement saves funds on the ARTEMIS launch that can be
ploughed back into the ARTEMIS programme, mainly in the development of the
optical terminal for ARTEMIS. The development of the partner optical terminal on
the French user spacecraft, SPOT 4, has already been approved, with the contract
for the flight model on SPOT 4 either very close to signature or being signed.
Again, the Agency Prime Contractor for ARTEMIS, Alenia, is most actively
involved in the version of the Programme to meet Ariane space requirements for
APEX launches and to meet the 1995 launch date.
As you can conclude from the status presented to you, there is a great
challenge on the cards for the European ion engine community. If they succeed to
have at least one technology qualified and operating on ARTEMIS, then two more
spacecraft of the DRS Programme will fly this technology operationally. If not,
well, there better be no such alternative to this scenario for the European ion engine
community!
You are therefore all invited to note the quality of the papers presented by
European Industry on the ARTEMIS application during this conference, not only
those presented in this session, but also paper 144 in session 33 on Thursday.
I will close my introduction to the papers of this session by giving credit to
the role the Japanese ion community has assumed on the development of this
technology.
It is, I believe, generally recognized that Japan has shown commitment to
develop this advanced technology to flight status, and determination to resolve
complicated and detailed technology and system related problems.
This steadfastness has made Japan the leading nation in the world on ion
engines, with their first operational mission on their communication satellite ETS VI
ready to support 10 years of inclination control. The international ion engine
community owes, in my opinion, a lot to the Japanese effort, since they are
providing credibility and life experience to this maturing technology. We in Europe
have now also assumed such commitment, and we are determined to stay close to
the leader in ion engine technology"

91-053
"Mission and Operation Aspects of In-orbit Ion Propulsion Management"
L. Mazzini, A. Notarantonio, Alenia Spazio S.p.A, Rome, Italy; F.
Palutan, Space Engineering, Rome Italy
This paper dealt with a variety of aspects of mission and operation management for
the ARTEMIS satellite equipped with an ion propulsion NSSK system. The paper
described the various problems related to the integration of the ion propulsion system with
the satellite systems and operational consequences of the adoption of this technology, as
compared to conventional propulsion systems.
Ouestion

How many corrections per day are carried out by your system ?

Answer

Two corrections per day.

SESSION 12
91-054
"Integration of Ion Propulsion Technology in a Synchronous Satellite:
The Artemis Challenge"
M. Silvi, Alenia Spazio S.p.A, Rome, Italy; H. Kellermeier, MBB,
Munich, Germany.

(presented by M. Silvi)
Following the general introduction provided by the first paper, this paper described
in greater detail, the specific aspects related to the integration of ion propulsion technology
into the ARTEMIS system with particular reference to: mechanical, electrical and thermal
interfaces; integration procedures and their breakdown among the various companies
involved and test procedures and sequence.
Question

Do you intend to test EITA at Giessen and RITA at Culham for comparison
reasons?

Answer

RITA at Giessen and EITA at Culham

Question

No, vice versa for comparison reasons?

Answer

I think that it would be difficult in terms of test facilities because we would
have to arrange totally different test equipments. I think that it should be
technically a very valid test, but I think in terms of practical applicability quite
difficult.

Chairman I think there is also the question of schedule and of course this comes into this
picture as implementation of Ion engines on a spacecraft is not a
straightforward issue. From the previous two papers you can see all the effort
that Alenia necessarily has to do to implement these Ion engines so although
of course we would like to see cross-checks on equipment level perhaps, it is
more important to ensure in the schedule that we have a proper fit and a
proper implementation in all these systems and mission aspects and we leave
it to the experts to sort out their own system and we are sure that the
competition which is inherent in this approach of flying the two technologies
will make sure that all the test facilities and the equipment delivered will be in
good shape.

91-055
"Ion Propulsion Package for N/S-Stationkeeping of the Artemis Satellite"

H. Bassner, H.-P. Berg, K. Fetzer, G. Miiller, MBB, Munich, Germany.
(presented by H. Bassner)
This paper described in detail the operational aspects of the ion propulsion package
on the ARTEMIS satellite and highlighted the considerable s/c mass savings and optional
by-advantages offered by the adoption of an ion propulsion AOCS.
No questions were posed.

SESSION 12
91-056
"The UK-10 Ion Thruster Test Programme at AEA Technology, Culham
Laboratory"
S. D. Watson, Staff of the Space Applications Centre, AEA Technology,
Culham Laboratory, Abingdon, Oxon, UK.
(presented by S. D. Watson)
This paper described the current test programme of the UK-10 Xenon Ion Thruster
and summarized test results obtained to date which confirm the suitability of this thruster
to meet the mission requirements of s/c such as ARTEMIS and Intelsat.
H. Bassner

If you are doing your EMC test in this glass tube, do you put this glass
tube into an EMC laboratory ?

Answer

Yes, the idea is that Marconi will bring in some of their anechoic
chamber panels up to Culham where we are building a chamber around
the glass vessel.

91-057
"RITA Development and Fabrication for the Artemis Satellite"
H. Bassner, H.-P. Berg, R. Kukies, MBB, Munich, Germany.
(presented by H. P. Berg)
This paper described the development and fabrication activities of the RITA system
intended for the ARTEMIS satellite. The paper looks at the latest results obtained with the
functional tests, the lifetime tests and EMI tests, all confirming performance levels
suitable for the purpose.
No questions were posed.

Mr. Van Holtz closed the session with the following words:
"I would like to thank all of the speakers for their discipline in this session,
despite the late start we are almost on time - I am sure that this team will maintain its
performance during all the preparations of the ARTEMIS launch activities because
Ion propulsion, if it wants to have a chance, must be on time for ARTEMIS to
demonstrate its capabilities. If the measure of discipline that the team has shown
today is any measure, then I am sure that Ion engines will go on ARTEMIS
properly".

SESSION 13
REVIEW SESSION 13: MPD THRUSTER THEORY - ANALYSIS
Rapporteur Monika Auweter-Kurtz, IRS, University of Stuttgart

The topics of the papers within this session vary over a wide range, therefore it is unfortunately
impossible to compare the methods used and the results obtained.
Paper 58
An attempt was made to develop design criteria for an MPD-arcjet in the gigawatt power level.
The author suggested to use the inner electrode as anode and the outer as cathode in order to
minimize the anode heat input.

Q: Did you let your students perform system application mission studies ?
A: My calculations result in a reduction of the mission time by a factor of 10.

Q: Decreasing the scale does not mean scaling down microturbulences.
A: To avoid this you must stay below the drift speed, which is a threshold.
Q: Which is the minimum power to achieve GW in the thruster in your planned experiments.
A: It is not a flight power system, therefore the total energy of the PFN is not essential. It is
built to have a flat power pulse.
Paper 59
The paper was presented by M. Maurer, MAN, Miinchen, Germany. A four fluid model was
considered and all basic equations needed are given in detail. As an introduction an overview of
the investigation of plasma instabilities performed in a cooperation between the University of
Stuttgart and MAN was presented. It was stated that the instabilities were taken as gradient
driven macroscopic phenomena. This paper is of great importance for the explanation of--- the
onset phenomena, because the second ionization level and/or impurities, such as Cu, both
found experimentally near the onset point, could be taken into account. It would have been
better to place this paper in the section which deals with the onset phenomena.
Q: What are the boundary conditions?
A: The boundary conditions are substituted by the relative gradients during a first step. They
are planned to be included in future calculations.
Q: Do you allow to relax the equations?
A: The time behaviour is determined by the QAM method, which is referred to in this paper.
C: Damping of the LHD was measured, collisions can become a source term.
Q: Do you consider microscopic instabilities?
A: Onset is shown to be a macroscopic phenomenon, therefore the flow equations are used.
Paper 60
A first step was undertaken to describe numerically the influence of viscous and diffusive
effects, which are of great importance for electrothermal as well as MPD arcjet thrusters. As an
example an MPD-arcjet was calculated.
Q:
A:
Q:
A:

Have you started with an ionization fraction?
Yes, about 1%.
What are the boundary conditions of the temperature at the electrodes.
500K

Q: What is the typical thickness of the boundary layer.
A: In the order of cm
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Q. Did you consider real gas effects? This would lead to smaller boundary layers.
A: Considering the viscous effects yields a strong coupling of Ti and Te.
Paper 61
A rather simple model was presented, in which the MPD flow was treated as quasi-onedimensional.
Q: Why is the current density distribution so different compared to the results of Paper 60?
A: It is due to the geometry effects, it is only a linearly diverging anode.
Q: Why are your calculated thrust values so close to experimental data?
A: Viscous effects are included in the calculation.
C.: The current distribution depends on the boundary conditions at the cathode.
Paper 62
Whereas the first four papers described above considered self-field MPD thrusters, Paper 62
dealt with applied field thrusters. The authors succeeded as the first to develop a thrust formula
for an applied field MPD thruster, which they derived from the energy conservation equation.
This is of great importance for the understanding of the different acceleration mechanisms
within such apparatus, creating a self-field, a hall and a swirl part of the thrust. Using this thrust
formula, an explanation of the influence of the different thrust components on the total thrust
was given by changing the thruster parameters I, ih and B over a wide range.
Q:
A:
Q:
A:

Could you explain the assumptions for energy convertion?
Not all energy is converted to axial energy.
Did you compare your results with the Russian experiments ?
No.

Q = question, A = answer, C = comment

SESSION 14
22nd IEPC, Viarregio, 14-17 October, 1991
SESSION 14: NON-PROPULSIVE

APPLICATIONS

Rapporteur: P M Latham, Culham Laboratory, Abingdon, Oxon, UK.

The non-propulsive applications session was as varied as usual. Two papers were presented
on plasma sources constructed for flight experiments - a hollow cathode neutraliser system and
a plasma contactor. These were followed by two papers on ion sources for metal-ion implantation,
material processing, and surface modification. Finally, a paper was presented, giving theoretical
comparisions of the performance of different plasma rail gun configurations with an external
magnetic field.

IEPC-91-063A Flight Test of the Alleviation of Spacecraft Charging Using a UK-10
Ion Thruster Cathode (Presented by N.C. Wallace, DRA, RAE Farnborough)
The paper described the design of the charge alleviation package, based on the UK-10
hollow cathode neutraliser, which forms part of the payload on the 50 kg STRV-IA (Space
Technology Research Vehicle) satellite, being built by the Defence Research Establishment, RAE
Farnborough. Launch will be in 1993 by Ariane 4, using the ASAP facility, into a geostationary
transfer orbit (GTO). Details of the cathode, xenon storage, and propellant supply systems were
given with a description of hardware testing and integration.
In response to questions, further details were given on the orbit (40,000 km x 200 km
apogee/perigee, with a 10 hour orbital period). After separation from the ASAP ring, the satellite
will be spun up using small cold gas xenon thrusters. This will use approximately 20g of xenon out
of the total of 260g available.
The cathode body will be grounded directly to the spacecraft. Charging will be measured
using an instrument developed at RAE. A potential difference across a surface is determined by
measuring the rotation of the plane of polarisation of light from a small solid state laser, caused
by the presence of an electric field (Pockel effect).

IEPC-91-064 Plasma Contactor for the ISTP/Polar Spacecraft (Presented by R.R.
Robson, Hughes Research Laboratories, Malibu, CA)
The paper described the development of the Plasma-Source Instrument (PSI), a plasma
contactor to be used for control of electrostatic potential. This is one of 12 instruments, including
sensitive mass spectrometers to be included on the POLAR spacecraft, as part of the International
Solar Terrestrial Physics programme. The source is a conventional Penning discharge source,
operating on xenon, with a typical flow rate of 0.5 sccm. Keeper currents of 0.25-0.4 A are used,
delivering more than I mA of ion current with an input power of less than 10 W. Control of the
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potential to within a few tenths of a Volt relative to the ambient plasma potential is anticipated,
allowing other instruments to measure fluxes of low energy ions, without disturbance due to
relatively low levels of spacecraft charging. All the hardware has been successfully tested and
delivered.
In response to a question, it was explained that there is no active feedback between the
PSI and other payload instrumentation.

IEPC-91-065A Metal-Ion Implanter Based on Ion-Thruster Technology (presented by
P.J. Wilbur, Colorado State University)
The paper described the design of a metal ion source, operating at energies of tens of kV,
with much higher current densities than presently available. The metal vapour required for
operation is produced by drawing sufficient electron current to an anode-potential crucible to
vaporize a solid, pure metal placed in it. Extraction of ion beams several centimetres in diameter
has been achieved at current densities ranging to several tenths of a mA/cm 2 of titanium or copper
onto targets 50 cm from the ion source. The system has been shown to be simple, rugged, reliable,
and easy to maintain.
In response to questions, the crucible was stated to be made of graphite. It was of
particular interest to run on boron, but problems had been found with the formation of boron
carbide in the crucible. With the metal ion source, it is not necessary to take special precautions
to 'filter out the junk', and obtain the necessary purity. There was some evidence of initial
outgassing from the equipment, but this was reduced simply by runningthe discharge and beam
for a while. Electrode temperatures were not excessive, and high temperatures did not cause
problems.

IEPC-91-066 The RF Ion Sources 'RIM' and 'PRIS' for Material Processing and
Surface Modification (presented by K. Groh, University of Giessen)
This paper described the 'RIM' family of RF ion sources for materials processing, based
on experience gained with the RIT (Radio-frequency ionisation thruster) systems and RF neutral
particle beam injectors. The RIM sources have diameters between 4 cm and 35 cm, use a quartz
discharge vessel with an external RF coil, and are very similar to the RIT design. A variety of
materials (up to 15) have been used in the RIM, though the paper concentrated on argon, oxygen,
and nitrogen. For applications such as operation on metal vapours, where this discharge
arrangement is not suitable, a metallic discharge chamber is used with an internal RF antenna.
These sources constitute the 'PRIS' (Plasma Reactor Ion Source) family. Extracted ion energies of
25 eV to 8 keV have been used in the RIM and PRIS sources. Examples of applications were
production of high quality thin films, sputtering, and ion beam seed texturing.
There were a number of questions on the design of the sources. In reply, it was explained
that no magnetic field is used in such an RF source, and the pressure inside the discharge chamber
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is higher than that for electron bombardment sources. The grid designs were derived very closely
from the .RIT systems, and the electrical efficiencies were similar, although for ground
applications, this was not a problem in any case.

IEPC-91-067 Electric Propulsion Applications in Plasma-Driven
Railguns (presented by E. Cardelli, University of Pisa)

Electromagnetic

Results of theoretical modelling were presented which examined the effect of application
of an external magnetic field to an arc-driven railgun. Such fields have been proposed as a method
of reducing the plasma armature length to limit material ablation and parasitic current losses,
thereby improvingperformance. The performance of EARs (External Augmented Railguns),SARs
(Series Augmented Railguns) and conventional configurations were compared, both with each
other, and with experimental work in the literature. The benefits of external field application
were found to be significant for small bore railguns, while for larger bores, the EAR, SAR, and
conventional railguns were found to have similar performances.
Various questions and comments were made. It was confirmed that the work described was
theoretical, but that good agreement had been found with published experimental data. The
current pinch effect was discussed: for the small bore, this occurred at currents of a few kA, while
current of the order 1 MA were needed in the larger bore system. Asked to comment on the
effect on efficiency of the energy required for the external field, the speaker pointed out that
this was less important for ground based applications such as fusion (accelerating hydrogen pellets
to 20 km/s), but clearly important in propulsion applications. The gains in efficiency for the small
bore system would probably offset the external field requirement.
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Rapporteur Report for Session 15
by R. Spores
Phillips Laboratory

Paper 91-068
This was a status paper reporting current results for an endurance test of
The testing, which is for
;a 30kWe class ammonia arcjet operated at 10kWe.
the United States Air Force, has demonstrated 1300 hours of operation and
During the endurance test,
should easily achieve the goal of 1500 hours.
the measured performance has increased from approximately 650 sec specific
This is
impulse at 36 percent efficiency up to 675 sec at 39 percent.
has
which
erosion
thought to be caused by a small amount of cathode
growth.
lengthened the arc. There is currently no evidence of whisker

Dieter
Q.
testing?"

Zube,

IRS:

"How

much

has the cathode retracted

during

The erosion has resulted in a
"Cathode has retracted (eroded) 0.2".
A.
lower current which has led
and
drop
voltage
higher
a
causing
arc,
larger
to increased performance."

Paper 91-070
This paper discussed the history of development of a 30kW arcjet power
Tests at NASA LeRC, JPL, and RRC
conditioning unit for space propulsion.
regulator with a built-in flyback
buck
simple
a
is
PCU
The
discussed.
are
starting circuit and has a maximum efficiency of 97 percent.

"You
Dieter Zube, IRS:
Q.
simulator?"
this
you describe

tested one PCU

with an arcjet simulator; can

The
"The terminals of the PCU are connected to an ohmic resistor.
A.
the
by
triggered
are
they
until
current
primary
the
block
SCRs of the PCU
starting circuit."
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Paper 91-155
An experiment for demonstrating the flight readiness of a 0.7 to 1kW thermal arcjet thruster system is proposed for use on the European Retrievable
Carrier, Eureca.
The experiment will consist of two redundant arcjet
thrusters (one operating at a time), PCU with rechargeable battery system,
and propellant storage and feed systems. A CCD camera will be on board to
establish the size and constituency of the plasma plume.
The experiment
will be developed by IRS in Stuttgart and MBB-ERNO in Bremen.
Q.
Capt Terry Sanks,
processing unit (PPU)?"

USAF:

"Could

you

please describe the power

A.
"The PPU is connected directly to the battery pack and is of standard
design. The PPU is anticipated to have a mass of 5kg and an efficiency of
90 percent."
Comment (Sid Zafran, TRW):
"One of the most important diagnostics to get
is radiated emissions.
TRW is developing a small electromagnetic antenna
sensor that you should consider including in your experiment."
Q.

(?):

"Can you describe the propellant feed system?"

A.
"The thruster will be operated in a blow down mode.
rate will be 55mg/sec and will fall off to 40-45mg/sec."

The initial flow

Paper 91-072
A water cooled, 100kW thermal arcjet was designed and tested at IRS.
This
thruster was tested over a mass flow range from 100 to 500 mg/sec; an optimum performance of 1500 sec specific impulse was achieved at 200 mg/sec
with an efficiency of 22 percent. The current distribution in the segmented
nozzle was found to be in good agreement with the heat flux distribution.
Q.
Sid Zafran, TRW:
"Did you try to increase propellant feed pressure in
order to raise efficiency by increasing atomic collisional rates so
that the
frozen flow losses were decreased?"
A.
"With the current setup, we are unable to increase feed pressure
above 2500 mbar.
The chamber pressure is determined by the mass flow
rate and constrictor diameter."

SESSION 16

Ouestions to the presented paoers of session No. 16 on "Applied-field MPD
Thruster Testing"
Rapporteur: Herbert Schrade, IRS, University of Stuttgart

1st Paper presented by H. TAHARA
91-073 Performance Characteristics and Discharge Features of a Quasi-Steady
Applied-Field MPD Arcjet
Question by Gillard : Did you also look into the relative thrust contribution versus the
magnetic field ratio Bz/Bself?
Answer: No

2nd Paper: presented by TJ. Pivirotto
91-074 An Experimental and Numerical Investigation of an Applied-Field Magnetoplasmadynamic Space Propulsion Engine

1st question by a Japanese colleague, referring to a certain picture: Is that a steady state
condition?
Answer: It seems that way, but we cannot say it for sure.
2nd Question by Wegman: Did you see the cathode damage also without an applied B-field?
Answer: No, we always tested without B-field during the initial phase but switched on
always the applied B-field afterwards
3rd Question by Martinez-Sanchez: Do you have plans to build different diffusors?
Answer: Before we do that I would like to see some calculations be done which can direct
the design change.
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4th question by Mrs.Gonzales: Did you move the magnectic field coils with respect to the
thruster and make measurements for other positions?
Answer: Not yet, but we have planned to do this later well

3rd Paper was presented by T. Yoshikawa
91-075 Continuous Operational Tests of a Quasi Steady MPD Arject System
Question by rapporteur: Do you have any physical explanation why the minimum arc current
should increase with time
Answer: not yet

A few questions and remarks were brought up before which have been recorded to my
knowledge but which I have not written down.

4th Paper presented by J. H. Gillard from NASA Lewes Research Center - Nuclear
Propulsion Office on behalf of M. Matenieks and Roger Myers who could not attend.
91-076 Hollow Cathode MPD Thruster

Questions came up by Subramania and Pivirotto concerning erosion rate, arc stability and
magnetic field configurations.

SESSION 17
Session 17
Hall Thruster Theory
Chairman: P. Turchi, The Ohio State University, Columbus, OH, USA
M. M. Micci,
Rapporteur:
University Park, PA, USA

The Pennsylvania

State University,

This session consisted of three papers, two Soviet and one
Japanese, describing analytical and experimental research and
development of hall thrusters.
Paper 91-080
of End Hall Plasma
The State of Research and Development
Thrusters in the USSR
Zhurin, V. V., Front Range Research, Fort Collins, CO, USA;
Popov, A. G., Porotnikov, A. A., Tikhonov, V. B., Moscow Aviation
Institute, Moscow, USSR; and Utkin, Y. A., Research Institute for
Thermal Processes, Moscow, USSR.
Space Systems
Day of
This paper was presented by Michael
thrusters:
plasma
hall
end
of
He described three classes
Loral.
class of
kW
30-200
a
thrusters,
tested
a 1-20 kW class of flight
of
class
kW
200
than
greater
a
and
thrusters under development
plasmas
of
types
Two
hall thrusters.
end
high current
and ion-sonic.
instabilities were discussed, magnetogasdynamic
of thrusters.
classes
three
Experimental data was shown for all
of up to 62%
efficiencies
For the high current end hall thruster,
lower power
the
for
while
at powers of 500 kW were reported
of 40
powers
at
reported
were
42%
to
thrusters efficiencies up
kW.
Q (P. Wilbur): How was efficiency measured?
From exhaust velocity, thrust and mass flow.
A:
Were erosion rates ever measured?
Q (M. Fearn):
No, but a 1000 hour lifetime test was conducted with lithium
A:
propellant.
Q (M. Fearn): What was the power level for this lifetime test?
Some kW's.
A:
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Paper 91-078
Plasma Acceleration Processes in a Hall-Current Thruster
Komurasaki, K.,
Hirakawa, M. and Arakawa, Y.,
Department of
Aeronautics, University of Tokyo, Tokyo, Japan.
This paper was presented by K. Komurasaki.
Numerical and
experimental results were presented for two different thrusters
using either xenon or argon as the propellant.
Efficiencies up
to
32% at a specific impulse of 1400 s were
obtained with the
second thruster type using xenon propellant.
The analytical
model
was initially
formulated one-dimensionally
but was
subsequently upgraded to two dimensions.
It was reported that
the use of hollow cathodes was tried.
Q (P. Wilbur): What would be the effect of nonparallel
walls?
A:
A divergent channel should improve performance.

channel

Q (P. Balaam): What was the power and thrust in the experiments?
A:
Power was less than 1 kW. Thrust was less than 25 mN.
Q (M. Fearn):
Were beam divergence measurements made?
A:
Yes, a 30 degree half angle for the beam was measured.
Q (R. Burton): Can you operate at a higher voltage for argon?
A:
We would like to but equipment to provide a higher operating
voltage was not available.
Paper 91-079
Physical Processes and Characteristics
of Stationary Plasma
Thrusters with Closed Electron Drift
Bugrova, A.
I., Moscow Institute
of Radioelectronics and
Automatics, Moscow, USSR;
Kim, V.,
Moscow Aviation Institute,
Moscow, USSR; Maslennikov, N. A., Fakel Enterprise, Kaliningrad,
USSR and Morozov, A. I.,
Institute of Atomic Energy
"I. V.
Kurchatov", Moscow, USSR.
This paper was
presented by
V. Kim.
He
explained how
stationary plasma thrusters operated and reviewed the work that
had been conducted on them in the USSR over the past 25 years.
Q (P. Wilbur): Were doubly charges ions measured?
A:
Yes. At 200 volts approximately 5% doubly charged ions
measured while at 300 volts up to 7% were measured.

were

Q (P. Wilbur): Was there any sputtering by doubly charged ions?
A:
Yes, on the walls.
It appears
to limit lifetimes to less
than 4000 hours.
Q (M. Fearn):
Do
the
asymmetries?
A:
Not more than 1%.

external

cathodes

introduce

any
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SESSION #18 REPORT
91-091

"Optical Diagnostics of a Low Power H2 Arcjet"

Dr Spores of the Phillips Laboratory presented
this paper written by several members at Stanford
University. The paper described the diagnostic techniques
that have been used on low power arcjets and those that are
planned to be utilized. These techniques included LIF,
Vacuum Ultraviolet Absorption, Emission Spectroscopy and
Raman Scattering. Temperature measurements obtained to date
indicate the low power arcjet is very near thermal
equilibrium.
Question: Mr Zube, IRS
- Is the electron density shown derived from the Stark
Broadening?
Answer: Dr Spores assumes the measurements indicated in the
paper are from Doppler Broadening only, the Stark Broadening
component appears to have been omitted.
Question: Mr Welle, Aerospace Corp.
- Was there any correlation of atomic hydrogen to the
ground state?
It was not included in the paper.
Answer:
91-092 "Plume Analysis of 10kWe N2 Arcjet using Emission
Spectroscopy"
Emission Spectroscopy measurements of a N2 arcjet
performed at BPD were reviewed including the experimental
apparatus and thruster design. Scans of the plume were
obtained at several different distances from the exit plane
and at several angles from the centerline. Results indicate
several mechanisms that are making accurate neutral
temperature distribution difficult and there appears to be
an off-axis thrust component causing lower peaks to be
measured at the different view angles.
Question: Mr Pivorrotto, JPL
- For the specific impulse of 408 seconds, what was the
average exhaust velocity measured?
Answer: Approximately 4000 m/sec.
Question: Dr. Sasoh, Tohoku University
- Assuming dissociation, were molecular vibrational
states observed?
Answer: Not all the transitions were considered in this
paper.
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91-093
Plume"

"Laser Flourescence Velocimetry of an Arcjet Exhaust

Laser Flourescence Velocimetry of an argon arcjet
operating at a power level of 300 watts was performed. A
unique calibration technique was employed utilizing a hollow
cathode lamp (optogalvanic cell) to provide a reference
signal for the excited state in the plume. Radial and axial
velocity components of the flow were measured and the data
indicates a non-isotropic distribution of the velocities in
the arcjet plume.
Question: Mr Pivorrotto, JPL
- What was the vacuum level during the tests?
Answer: 0.3 Torr.
Question: Dr Spores, PL
- Would there be an advantage to bringing the second
argon beam in at a higher angle?
Answer:
It would introduce a difficulty, not increase
-resolution and require a larger number of scans.
Question: Mr Deininger, BPD
- How much time was needed to collect the data?
Answer: 2 minutes per point in order to average out
fluctuations.
91-095

"Optical Diagnostics of Hydrogen Arcjets"

The Aerospace Corporation has a number of optical
diagnostic techniques available for making measurements on
the arcjet thruster. This includes time-of-flight mass
spectrometry, Emission Spectroscopy, and LIF. Utilizing
these techniques, the frozen flow losses inherent in arcjets
were investigated. Measurements of the NH radical, the
first excited state and the ground state of an arcjet
running with NH3 have been obtained. Other data indicate an
uncertainty of 200 degrees Kelvin in temperature
calculations and vibrational temperatures. Conclusion
reached was that Emission Spectroscopy will not provide good
temperature results since it is a combination of plume and
light from constrictor area.
Question:

Dr Subramanian, OHIO State University

- What was the J-level approximately?

Answer:

J level was 8 or 9.

Question: Dr Hollida, EOARD
- Is the goal to squeeze more energy from the
vibrational and rotational losses?
Answer: Our goal is to measure what we have and proceed
from there.

SESSION 18

Question: Dr Auweter-Kurtz, IRS
- What are the uncertainties associated with the low
signal level?
Answer: Approximately 10% or less comparing time-of-flight
data to thrust stand data.
Question: Mr Zube, IRS
- On the NH3 arcjet, the velocity of the nitrogen is
not the same as the velocity of the hydrogen, yet your LIF
measurements show them to be approximately equal, how do you
explain this?
Answer: We believe there is something in the formation of
the NH which makes it energetic enough to have a similar
velocity to the hydrogen.

J. Chris Andrews
Group Leader, Electric Propulsion
Phillips Laboratory, USAF

SESSION 19
SESSION 19 - MPD THRUSTER THEORY - IONIZATION EFFECTS
Tuesday 15 October, 14.00 - 16.05
Chairman:J. Lawless, Space Power Inc., San Jose, CA, USA.
Rapporteur:M. Andrenucci, Centrospazio,Pisa,Italy.
This session included only three papers as papers 91-086 and 91-087 had been
withdrawn before issuing the final programme:
91-087
High Ionization Modes"
Considering
Calculation
"MPD Thruster
P. C. Sleziona, M. Auweter-Kurtz, H. 0. Schrade, Institutfiir
Raumfahrtsysteme, University of Stuttgart, Stuttgart, Germany.
(presented by P. C. Sleziona)
This paper presented a code developed and tested to gain a better understanding of
the fundamental processes taking place in MPD thrusters, and to develop thruster design
and performance prediction criteria. The paper presented examples of numerical results
obtained with the code and a few comparisons with experiments.
Questions were posed to the author as to the applicability of the Saha equations in
the model considered. The author replied that the reason for using Saha equations was
related to the fact that the ionization in an MPD thruster is dominated by the electron
temperature, due to the higher mobility of the electrons. A member of the audience
observed that this in itself did not justify an equillibrium assumption. The author replied
that although equillibrium conditions could only be considered as an assumption, this was
sufficiently justified for the numerical calculation that was intended in the work.

91-088
the Inlet of an MPD Thruster"
at
Ignition
"lonizational
E. J. Sheppard, M. Martinez-Sanchez, Space Power and Propulsion
Laboratory, Department of Aeronautics and Astronautics, MIT,
Cambridge, MA, USA.
(presented by M. Martinez-Sanchez)
This paper described work being carried out to investigate the inlet flow in an MPD
thruster, where a transition between a cold gas and a plasma takes place. Two isothermal
models were described: A constant velocity case yielding an ignition/extinction constraint
on either the flow speed or mass flow, and one which considers a plasma accelerating due
to pressure and self-field magnetic forces.
After the presentation only marginal comments were made by the audience as to the
general form of the momentum equation and the role played by the heavy particles in that
respect.

SESSION 19

91-089
"Pre-lonization Processes in a Self-field MPD Accelerator"
R. L. Burton, N. Tiliakos, Department of Aeronautical and Astronautical
Engineering, University of Illinois at Urbana-Champaign, IL, USA.
(presented by R. Burton)
This paper described the three different models of pre-ionization processes in a selffield MPD accelerator: a constant electron temperature model; a constant electron
temperature gradient model and a finite thermal conductivity model. As a general result,
the analysis shows that the assumption of an inlet ionization fraction of about 1% is a
justifiable value at the entrance of an MPD accelerator.
P. Turchi

What do you intend by the term upstream ?

Answer

Point x in fig.1

P. Turchi Is that at the exit of the holes in the insulator ?
Answer

Not exactly. I'd prefer to have a porous plate rather than a single hole injector
in that respect.

M. Mardi4ez-Sanchez

Could you comment on the effect of the Hall parameter? You considered
that, quite rightly, while we didn't.
Answer

We considered that because it's large.

H. Schrade
How big is the voltage drop ?
Answer

We didn't consider that.

H. Schrade
You should.

SESSION 20
Session 20

Ion Engine Testing
Stewart D. Watson, Space Applications Department
AEA Technology, Culham Laboratory
Abingdon, OXON OX14 3DB, UK

The session contained five papers on experiences obtained of ion thruster testing. The first
paper recounted the USSR ion thruster programme, which has been in competition with the
more successful closed drift or 'Hall Thrusters' in the USSR. The next two papers detailed
test experience with two of the German Radio-frequency Ion Thrusters, RIT-10 and RIT-15.
The final two papers described the work in the USA at NASA Lewis on the 30-cm thruster.
The derated operation and cathode experiences were described.
Summary of Session
IEPC-91-081
This paper was presented by V.R. Korovkin, it related the experiences in the Soviet Electron
Bombardment Ion Thruster Program. Overshadowed by the extensive use of Stationary
Plasma Thrusters, there has still been significant activity. Current thrusters use both xenon
and argon propellants although early work was with caesium which flew on a short duration
mission.

O&A

J. Mitterauer, Technical University of Vienna
Has evaluation of caesium contamination in space been done?
Q.
Space experiments were low thrust and short duration, no measurements were made.
A.
J. Beattie, Hughes
Does the Soviet thruster use a pole-piece/baffle combination?
Q.
Early thrusters did, experience from SPT's allowed them to be removed.
A.

IEPC-91-082
Paper presented by Dr. K. Groh. The paper described the refurbishment, improvements and
test of a RIT-15 ion thruster. The device has a larger thrust level than the RIT-10. Xenon
and krypton have both been evaluated with good operation. Nitrogen, argon and methane
have also been tested the latter with poor results.
O&A

P. Wilbur, Colorado State University
What accel grid voltage was used?
Q.
-1500 volts in all tests.
A.
D.G.Fearn, DRA, RAE Farnborough
Why were the results with methane so poor?
Q.
+,
+
The ion optics are very poor for the RMM of 16. CH4 , C may be produced.
A.
Anon!
How does the beam stability compare to the RIT-10?
Q.
Very similar, although extensive testing is yet to be done.
A.
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IEPC-91-083
Paper presented by Dr. K. Groh. The diagnostics equipment for ion beam measurement on
the RIT-10 were described. Test results were also given. Beam stability on startup of within
±0.5* was shown.
O&A
P. Wilbur, Colorado State University
Q.
What causes the 'brim' at the edge of the beam profiles?
A.
This is artificial due to amplifier offset variations which are swept through 360°.
D.G.Fearn, DRA, RAE Farnborough
Q.
At what distance from the thruster were measurements taken.
A.
Approximately 2.5 m.

IEPC-91-150
This paper presented by M. Patterson described work on, and summarised other papers
relating to, the 'derated' 30 cm thruster concept. The lowering of ion current density through
the thruster reduces the load on the unit giving expected increased component lifetimes. The
derated operating parameters can compete with auxiliary propulsion thrusters.

Q&A
P. Wilbur, Colorado State University
Q.
The Isp seems low, why is this?
A.
A low VB/VT ratio was used in most tests. Isp of 1500 - 3000 s is the area of interest.
Anon.!
Q.
If a smaller unit was made, what would its operating characteristics be?
A.
The Hughes 13 cm thruster operates at 18 mN, it can be considered to be 'derated'.
J. Gilland, NASA LeRC
Q.
How would MW class thrusters be approached, would a derated view be used?
A.
Yes!, lower current densities would be considered.
J. Beattie, Hughes
Q.
In later tests the magnetic circuit return has been lost, is the performance still good?
A.
Limited work has been done and indications are good. The mass reductions gained
by the loss of the iron/steel are significant.
IEPC-91-151
This paper presented by M. Patterson described work on neutraliser optimisation for the 30
cm thruster over nominal and derated performance ranges. An optimum design and tests to
investigate coupling effects into the ion beam from the thruster were described.
O&A
D.G.Fearn, DRA, RAE Farnborough
Q.
Is noise generation a problem?
A.
Limited work has been done. Plume mode operation is preferred.
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Session 21

Ion Engine Erosion Testing

This session consisted of 4 papers on the subject of erosion testing of Ion Propulsion
Engines. It was moderately well attended by an interested audience. The papers covered
various aspects of the subject. The first presented a review of data from discharge erosion
studies and a postulated mechanism for fast ion generation in the cathode region. The next
presented experimental data on the erosion of metals and metal nitrides, and attempted to
provide an explanation for the reduction observed when Nitrogen is present. A non-intrusive
Laser Induced Fluorescence sputter measurement diagnostic featuring high accuracy and with
the potential for 3 dimensional sputter rate profilometry was described. Finally,
computational results on the optics of 2 & 3 grid ion extraction systems were presented, and
a simple method of reducing the effect of grid erosion on thruster performance for 3-grid
systems was described.
Summary of Papers, Questions and Answers
IEPC-91-096
This paper presented a method of normalising previously obtained baffle region
erosion data for various materials. Experimental results of an investigation into the presence
of high energy ions from the cathode were described for both pure and nitrogen enriched
propellant. A mechanism for the presence of high energy ions was postulated.
Question
Answer

Question
Answer

A temperature of 20000 K was quoted for the final temperature of the Xenon
in the discharge chamber. What prompted the choice of this in the example
given?
The example was describing a postulated mechanism. The values used had
been derived from experimental data where possible, otherwise intuitive values
had to be inserted.
In the normalisation process, a correlation with the square of the current
density was described. At which point had this value been taken?
The current density had been taken at the cathode orifice.

IEPC-91-097
Descriptions of the erosion rates of various metals and their nitrides were presented,
both with and without nitrogen added to the propellant. Results indicated that the sputter rate
for the metal nitride was greater than that of the metal for the two types tested, and a theory
involving the desorption of nitrogen from the surface was postulated to explain the results
obtained.
Question
Answer

What precautions had been taken to ensure the purity of the samples of each
material, particularly with regard to surface contamination.
Sample analysis had been performed on the body of each material at various
depths in the sample. Surface contaminants could be expected to rapidly
removed, having a minimal effect over the erosion depths being measured.

IEPC-91-098
A Laser Induced Fluorescence sputter diagnostic was described. The calibration
procedure and experimental data were presented showing the effects of variation in a
thruster's working parameters on the sputter yield. The sensitivity of the diagnostic was
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shown to offer the possibility of real-time, spatially resolved sputter measurement.
Question
Answer

Does the composition of the facility background pressure show an effect on
the sputter production rate?
The background effect had not been determined, but the operating pressure in
the facility is 3 x 108 Torr, and consequently any effect is expected to be
minor.

IEPC-91-120
A computational ion optics model was used to analyze various grid geometries to
determine if sputtering effects could be reduced. Methods of reducing grid sputtering by
careful grid design incorporating enhanced accel grid thickness, and by the reduction of the
accel voltage required were also described.
No questions were asked, but it was noted from the floor that the accel grid sputter
might effectively be better than calculated, since some material sputtered from it would be
intercepted and re-deposited.
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SESSION 22
MPD THRUSTER THEORY - INSTABILITIES
Chairman:
H. Schrade, IRS, University of Stuttgart, Stuttgart, Germany
Rapporteur:
J. Polk, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA,
USA

91-099

The Hall Effect in a Numerical Model

of MPD Thrusters

E.H. Niewood, M. Martinez-Sanchez, Space Power and Propulsion Laboratory,

Department of Aeronautics and Astronautics, MIT, Cambridge, USA.
Summary

A study of the Hall effect using a two fluid non-equilibrium numerical model
of an axisymmetric thruster is described. The model predicts large anode fall
voltages as a result of anode mass starvation. Previous analytical models
predicted smaller voltage drops because the high electric field was contained
in a relatively small region near the anode. This was the result of neglecting
A hybrid analytical
the viscous terms and transverse temperature gradients.
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Discussion
Q (P. Turchi, Ohio State University, Columbus, OH, USA.): What is the effect of
particle gyro motion?
A: That can be important, but we have not included it.
Q (E. Choueiri, Princeton University, Princeton, NJ, USA): In experiments the
anode power fraction decreases with increasing power. Does your model show
this behavior?
A: We haven't done many cases yet. This behavior occurs because the anode
fall voltage levels off at some current level, but we haven't reached that
plateau.
Q (E. Choueiri): Alec Gallimore's data may be useful--it shows that the anode
fall voltage scales with current over the square root of the mass flow rate. Do
you have any ideas on how to control the anode fall with applied magnetic
fields?
A: Sounds like a good idea, but we haven't considered it.
Q (Questioner not identified): Would it help to have narrower channels?
A: Viscous losses would then become more important.
Q (D. Tilley, Princeton University, Princeton, NJ, USA):

What is the overall

efficiency when the anode voltage drop becomes significant?
A: Our model indicates about 24 V total, of which 8 V appears across the plasma
and 16 V in the anode region, so the efficiency is 15-20%.
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91-100
Current-Driven Plasma Acceleration Versus CurrentDriven
Dissipation.
Part II
Electromagnetic Wave Stability
Theory and Experiments
E.Y. Choueiri, A.J. Kelly, R.G. Jahn, Electric Propulsion and Plasma Dynamics
Laboratory, Department of Mechanical and Aerospace Engineering, Princeton
University, Princeton, NJ, USA.
Summary
An experimental and theoretical investigation of dissipation by
microinstabilities in MPD thruster plasmas was reported.
The dielectric tensor
for a plasma including finite-beta effects was derived.
Plasma parameters
measured with Langmuir probes and magnetic field probes in the plume of a
quasi-steady MPD thruster were used in the solution of the dispersion relation
for the phase and spatial growth spectra. The actual dispersion of
disturbances actively injected into the plasma were measured and compared
with the theoretical results.
Waves near the lower hybrid frequency were
found to be unstable, and the real part of the dispersion relation agreed well
with the predicted behavior. The imaginary portion was sensitive to the ratio
Ti/Te, but fit the predicted growth rate when Ti/Te=3 was assumed.
Discussion
Q (H. Wagner, University of Stuttgart, Stuttgart, Germany):
Is linear theory
valid when nonlinear effects are important?
A: Our experiments were designed to produce linear disturbances. The last
paper (91-102) explains the nonlinear theory used in describing anomolous
transport.
91-101
Gradient Influenced Space Charge Instabilities in MPD
Thrusters
H.P. Wagner, M. Auweter-Kurtz, E. Messerschmid, Institut fir
Raumfahrtsysteme, University of Stuttgart, Stuttgart, Germany, H.J. Kaeppeler,
Institut far Plasmaforschung, University of Stuttgart, Stuttgart, Germany.
Summary
A linear stability analysis of a four-fluid plasma model indicated the existence
of two unstable modes--an ion acoustic mode and a space charge or diode
instability. A stability analysis of a simple model for a discharge between two
electrodes was then examined.
Space charge instabilities were found to arise
as a result of velocity gradients in the plasma. This was then generalized to
unbounded plasmas by using the ratio of velocity to characteristic length as
an approximation to the local velocity gradient, and stable and unstable
regions identified. The growth rate of the instability was found to depend on
the gradient.
Discussion
Q (M. Martinez-Sanchez, MIT, Cambridge, MA, USA): How does this instability
occur physically?
A: At a certain point the electron drift velocity gradient matches the plasma
frequency.
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An MPD Code with Anomolous Transport
91-102
G. Caldo, E.Y. Choueiri, A.J. Kelly, R.G. Jahn, Electric Propulsion and Plasma
Dynamics Laboratory, Department of Mechanical and Aerospace Engineering,
Princeton University, Princeton, NJ, USA.
Summary
A two-dimensional two-fluid numerical model of the MPD thruster was used to
The
investigate the effect of anomolous transport on the plasma behavior.
nonon
based
calculated
were
anomolous ion heating rate and resistivity
linear saturation of the lower hybrid current-driven instability and included
This instability becomes important
in a self-consistent manner in the code.
only when the electron drift velocity exceeds the ion thermal velocity, and the
A
anomolous rates are strongly dependent on the electron Hall parameter.
properties
transport
anomolous
comparison of results assuming classical and
indicated that the cathode root, tip and anode tip are particularly susceptible to
turbulent dissipation.
Discussion
Q (V. Subramanian, Ohio State University, Columbus, OH, USA): The "hot spots"
indicate that the cathode region is more susceptible to anomolous transport
Is this correct?
than the anode region.
A: Yes, for this geometry.
The anomolous transport increases with Hall parameter?
Q (V. Subramanian):
A: Yes.
Are the contributing
Q (P. Turchi, Ohio State University, Columbus, OH, USA.):
of the thruster?
scale
length
characteristic
the
wavelengths large compared to
sizes.
grid
the
than
A: No, the wavelengths are smaller
Q (P. Turchi): Can you see collisionless shocks with this code?
A: We could model the effects of collisionless shocks.
Q (E. Niewood, MIT, Cambridge, MA, USA): What is the effect of the instability
on the Udi? Will the instability tend to decrease the strength of the energy
source?
A: Yes, the anomolous transport tends to increase Ti/Te, which decreases the
This prevents runaway heating.
Hall parameter.
Q (P. Turchi): You should benchmark the code by running other cases for
which there is more experimental data.
Q (C. Slezioni, University of Stuttgart, Stuttgart, Germany): Does the model
assume axisymmetry?
A: Yes, it is a two dimensional code.
Q (M. Martinez-Sanchez, MIT, Cambridge, MA, USA): Is your saturation
mechanism different from that assumed by Niewood and Hastings?
A: No, we both assume ion-trapping. Hastings and Niewood attempted a selfconsistent solution but it failed to converge.
Yes, it failed because they were only using a oneQ (M. Martinez-Sanchez):
fluid model.
Can the model describe anomolous heating of the electrons?
Q (E. Niewood):
A: Yes, joule heating of electrons could be incorporated easily.

SESSION 23

22nd IEPC

Report on Session 23 "Pulsed Power Conditioning"

A.J.Forsyth, University of Birmingham, U.K.

Two papers were presented, each describing a different technique for
producing the high current pulses required by MPD and similar thrusters. The
first approach used a switched inductor network whilst the second used an L-C
ladder pulse forming network, the details of each being :
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Paper 114

Ashkenazy et al
"Operation of a Pulsed Electrothermal Device with the
XRAM Inductive Generator"

The current pulse is generated using a network of five inductors, the
inductors being connected in series for charging and in parallel for discharging by means of SCR and GTO devices. The technique offers the advantages of a
higher energy storage density through the use of inductors instead of capacitors, no single device must switch the total output current, the current
pulse shape is to some extent controllable and also the inductive output characteristics of the generator are compatible with the input characteristics of
propulsion devices.
The generator was tested on both a resistive and an electrothermal device load and produced peak currents of 8 kA. In the case of the
electrothermal device a quasi-steady-state analysis was used to derive an expression for the current pulse. The energy transfer efficiency of the system
was 84% but there were significant discrepancies between the measured and predicted durations of the output current pulse. It was thought that a series
resistance could account for this.
During the questions it was explained that about 5% of the input energy
was lost as condution losses in the inductors and 10% lost as switching losses
in the devices. The devices used were manufactured by Marconi, had a continuous rating of 1.8 kA and a turn-off time of 1-2 ps.
Paper 115

Cardelli et al
"An Optimal Design Procedure for a Pulse Forming Network"

An optimisation procedure is proposed which determines the L-C components in a 6-stage pulse forming ladder network and which also takes into
account the presence of parasitic resistances and inductances in the L-C components. The procedure uses Guillemin's theory to determine initial component
values from the pulse specification. Then, by using manufacturers data for the
parasitics the L-C component values are adjusted using the simplex optimisation procedure to minimise the deviation between the required pulse and the
predicted pulse, the constraint being that the sum of the capacitors is kept
constant. The results showing current pulses of 10 kA illustrated that considerable improvements in pulse shape could be achived using the procedure.
During the questions the problem was raised of obtaining the precise
component values required. This was not thought to be a serious problem since
small differences in component values were thought to be unimportant in ladder
networks consisting of several stages.
The benefit of adding additional stages to the network was discussed
but it was thought not likely to result in significant improvements in the
current pulse shape.
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SESSION 24 - ASSOCIATED SYSTEMS TECHNOLOGIES
91-106
This paper reviews the history and current state of development of energy
conversion concepts that could be used in support of nuclear-electric propulsion systems

in light of proposed space-exploration-initiative missions. In-core thermionic
convertors are shown to be attractive in comparison to other options.
Questions:
Bernard Free - What is the overall conversion efficiency of the proposed
system? Response - About 9% and it can be expected to increase as emitter
temperature is increased.
Paul Wilbur - At one point you suggested Rankine-cycle systems were most
attractive, but much of your data suggest thermionics would be better. Which is
correct? Response - It was a NASA study that suggested Rankine systems were
most attractive not this one.
Jim Gilland - What is the design output voltage and will it change with power
and/or emitter temperature? Response - 60 V dc and the same power processor
concept is anticipated if power or temperature are changed so the voltage should
be the same.
91-107
This paper presents analytical results that identify optimal propellant storage
conditions and yield tankage fractions for hydrogen, helium, argon, krypton and xenon.
Both cryogenic and supercritical-storage options are considered.
Questions:
Bernard Free - Is the safety factor associated with supercritical storage
independent of tank size? Response - That would be up to the designer;
whatever that person feels comfortable with. Can you subdivide cryogenic
tanks without suffering a tank mass penalty? Response - Supercritical tanks can
be subdivided without mass penalty, but the insulation mass of the cryogenic
tanks varies as surface area squared, so there is a substantial penalty for
subdividing cryogenic tanks.
Sid Zafran - Comment - The numbers given may be appropriate for this
particular study, but it is also important to consider fracture mechanics
phenomena in the design of the cryogenic tanks.
Charles Garner - I have seen tankage fractions ranging from 12 to 26% for
xenon. Are there other factors that make your fraction so much lower?
Response - The most attractive storage concept is somewhat mission dependent,
but if supercritical storage fits the mission, then the 6% factor given in the
paper plus an additional amount for plumbing is reasonable.
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91-108
This paper examines improved liquid-hydrogen-storage systems suitable for use
with arcjet-propelled orbit transfer vehicles.

Questions:
Sid Zafran - What volumetric and packaging constraints have been defined for
the lightweight tanks being proposed? Response - The present tank is 10 ft in
dia. and 10 ft. long. There is a need to look at volume and packaging
constraints.
Bill Smith - What are your thoughts about scaling? Can flight tests be done on
a smaller tank to validate the technology? Response - The possibility of scaling
is being examined.
91-109
This paper describes the mass-flow-controller system that is being used in
ground tests and will be used in space operation of the ETS VI ion engine system.
Questions:
David Fearn - Do you use the output of the mass-flow sensor as input to the
thruster-control system? Response - No, closed-loop control is used.
Unknown questioner - Why do you go through both valves and a regulator to
reduce the supply pressure? Response - This particular arrangement is required
to assure proper real-time operating conditions are sustained.

Paul J. Wilbur
Rapporteur
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Session 25: "Arcjet Performance Modelling"
Rapporteur Report
Rapporteur: Edgar Y. Choueiri
EPPDyL, Princeton University
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Paper IEPC-91-110: Modelling Arcjet Thruster
Performance

Authors: R. Spurrett and R.A. Bond. Presented by: R. Spurrett of Culham
Laboratory.
Summary: This paper described a simple numerical model for the flow of
an ideal dissociating gas in arcjets. The model although one-dimensional can
account for the variable area of the arcjet constrictor and nozzle. Comparisons
of the model's predictions with data from arcjets operating at 1 kW and 30 kW
were presented.
Post-presentation Discussion
Q: Sasoh (Nagoya U.) How do you determine the current distribution?
A: There is no explicit current distribution. In the 9v/ax equation there
is an input heat profile that simulates the effects of the current attachment
point. The effects of the current attachment at the tip of the cathode are thus
represented by a peak in the input heat profile.
Q: Schrade (IRS, U. Stuttgart) But I thought you had a model for the arc
in the 8Q/zx equation. What is that model like?
A: We do not model the arc, just the heat input.
Q: Auweter-Kurtz (IRS, U. Stuttgart) I understand the mass flow rate is not
from experiments but rather from the code itself. How does your m compare
with that of experiments?
A: The mass flow rates of the experiments at Plasmadyne are at rh = 4.3 6
7.2 x 10- 6 kg/sec and we assume rh = 5.75 x 10- kg/sec. The assumed mass
flow rates are within the ranges of reported experiments.
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Paper IEPC-91-111: Comparison of Model
Calculations with Experimental Data from
Hydrogen Arcjets.

Authors: R. Rhodes and D. Keefer Presented by: D. Keefer of UTSI of the
University of Tennessee.
Summary: A numerical arcjet model previously developed by the authors was
used in this paper to compare predicted and experimental trends of the variations of the specific impulse and efficiency with the specific power. Agreement
and discrepancies were discussed.
Rapporteur's notes: Results presented during the talk included LTE effects
while paper considered only complete equilibrium.
Post-presentation Discussion
Q: Sasoh (Nagoya U.) What inlet temperature did you assume and did it
effect the results?
A: The assumed inlet temperature was 1000 degrees Kelvin and it was not
critical.
Q: Martinez-Sanchez (MIT) How important was radiation?
A: Not very important. especially for the wall calculations. It also did not
depend strongly on the power.
Q: Auweter-Kurtz (IRS, U. Stuttgart) How did the calculated voltage compare with experiments?
A: We came to within 10 volts of experiments.
Q: Auweter-Kurtz (IRS, U. Stuttgart) Was it higher or lower ?
A: It varies.
Q: Kurtz (IRS, U. Stuttgart) What was the influence of swirl on the results?
A: There was almost no influence.
Q: Gonzalez (U. of Alabama) How did you calculate the temperature distribution?
A: The temperature distribution on the boundaries is taken to be 1000
degrees K and downstream it increases linearly up to 1500 degrees K.
Q: Polk (NASA-JPL) Is radiation important for the cathode surface ?
A: We did not resolve the cathode tip but we think it might be important.
Q: Shimizu (ISAS) Why is there a maxima in the I, vs P/rh plot?
A: I really do not know.
Q: Schrade (IRS, U. Stuttgart) Where did you get your transport coefficients?
A: We got them from a Chapman-Enskog code developed by a student of
Professor Eddy when he was at Georgia Tech.
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Paper IEPC-91-112:

3

Numerical Studies of

the Flow Field in a Low Power DC Arcjet
Thruster Using Navier-Stokes Equations
Authors: H. Okamoto, M. Nishida and K. Tanaka. Presented by: M. Nishida
of Kyushu University.
Summary: The Navier-Stokes equations were solved for an arcjet flow while
accounting for radiation cooling at the walls and finite ionization-recombination
rates. Nozzle used in actual experiments were simulated by the code. Maps of
various flow field parameters were used to discuss the effects of Joule heating,
heat transfer and viscous dissipation.
Post-presentation Discussion
Q: Sleziona (IRS, U. Stuttgart) A temperature of 3000 degrees K seems very
low to produce any ions.
A: Yes, I agree.
Q: Subrmariam (Ohio U.) The MacCormack Scheme is notorious for not
conserving mass. Was mass conserved in your simulations?
A: This is the case only for the time-dependent MacCormack scheme which
we did not use. The mass was conserved in all of our calculations. Indeed, the
implicit scheme that we used requires hin = rhout as a convergence criterion.
Q: Schmde (IRS, U. Stuttgart) Did you include any swirl in your calculations?
A: No.
Q: Schrade (IRS, U. Stuttgart) It might help.
Q: D. Keefer ( UTSI, U. Tennessee.) Time-dependent codes usually force
the current downstream artificially. We believe that electromagnetic effects
must be included.
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Paper IEPC-91-113: Development of a Computer Programme for the Analysis of Arcjet
Nozzles

Authors: M. Andrenucci, F. Scortecci, G. Capecchi and T. Wiinsch. Presented by: G. Cappechi and T. Wiinsch of Centrospazio.
Summary: A computer code for the numerical simulation of axisymmetric
flows in arcjets was presented. The model includes the effects of viscosity, radiation and radial convection and conduction and yields radial profiles of various
flow field parameters.
Post-presentation Discussion
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Q: Auweter-Kurtz (IRS, U. Stuttgart) Have you compared your calculations
with experiments?
A: yes
Q: Auweter-Kurtz (IRS, U. Stuttgart) The throat seems too large. I am not
aware of any arcjet with a 1.5 mm constrictor.
A: The arcjet we modelled is basically that of Centrospazio.
Q: Auweter-Kurtz (IRS, U. Stuttgart) What parameters did you compare?
A: Voltage and mass flow rates.
Q: Auweter-Kurtz (IRS, U. Stuttgart) What gases did you use?
A: Hydrogen only.
Q: Martinez-Sanchez (MIT) I believe that a choking correction that scales
with M 2 - 1 (where M is the Mach number) may alter the results.
Q: Subramariam (Ohio U.) In your stability criterion Az/Ar 2 < ua/2 is u
the axial component of the velocity?
A: Yes only axial.
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SESSION 26 - TESTING OF ALTERNATIVE CONCEPT ION ENGINES

Prepared by:
J.R. Beattie
Hughes Research Laboratories
Malibu, California
USA
91-084
Microwave Ion Thruster with Electron Cyclotron Resonance Discharge
H. Miyoshi, S. Ichimura, H. Kuninaka, K. Kuriki, Institute of Space andAstronauticalScience,
Sagamihara,Kanagawa,Japan, Y. Horiuchi, NEC Corporation,Yokohama, Kanagawa,Japan.
This paper describes an experimental investigation of an ion thruster that utilizes an Electron
Cyclotron Resonance (ECR) discharge chamber configured in a cusp-type magnetic-field
geometry. Performance data are presented for the ECR thruster operating on argon and xenon at a
microwave frequency of 5.9 GHz, and with a variety of magnet materials and cusp-magnetic-field
arrangements. Optimum performance reported for the ECR thruster corresponds to a propellant-

utilization efficiency of 90% with an ion-production cost of 700 eV/ion. Plasma-property
measurements are employed to relate discontinuities in measured performance curves to the
discontinuous behavior of the plasma density with increasing microwave input power.
Question (R. Beattie):
Answer:

How is the shape of the ECR layer determined?
By numerical calculations of the magnetic field using finite-element
analysis.

Question (G. Perrotta):

How sensitive is the discharge-chamber performance to microwave

Answer:

frequency and how is the frequency selected?
The microwave frequency must be matched against the cut-off density
of the plasma and is determined by the size of the discharge chamber.

Question:

Have you measured or estimated the fraction of doubly charged ions in

Answer:

the ECR discharge chamber?
No.

Question:
Answer:

How long was the ECR thruster operated?
About 100 hours.

Question:
Answer:

Whate material is used for the ion-extraction electrodes?
Stainless steel.

Question:

What was the voltage applied to the ion-extraction electrodes?

Answer:

The total accelerating voltage was 1400 V.
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91-085
Performance Characteristics of a Microwave Ion Thruster Using a Resonant
Cavity
T. Yasui, H. Tahara, K. Onoe, T. Yoshikawa, Faculty of Engineering Science, Osaka University,
Toyonaka, Osaka, Japan.
This paper describes an experimental investigation of two types of microwave ion thrusters. One
uses an ordinary microwave discharge, and the other uses an ECR discharge. Experimental results
are presented for both devices, indicating microwave-power coupling efficiencies > 90%. Electricfield and beam-current-density profiles are presented for two different configurations of the
resonant cavity of the ordinary microwave discharge source. Performance data are presented for
both thrusteroperating on argon at a microwave frequency of 2.45 GHz.
Question (G. Perrotta):
Answer:
Question (J. Beattie)
Answer
Question:
Answer

Are you going to emphasize ECR or ordinary microwave devices for
future work?
Microwave with resonant cavity.
Why do your microwave sources operate at substantially lower
frequency than the ECR discharge described by the previous speaker?
The diameter of our discharge chamber is larger (160 mm as compared
to 120 mm).
The propellant-utilization efficiencies of both microwave sources is quite
low (12.7 to 18.7%). Do have ideas on ways to increase it?
Yes, by optimizing the magnetic-field arrangement and the dischargechamber size.

91-103
Experimental Study of FEEP Emitter Starting Characteristics
M. Andrenucci, S. Marcuccio, L. Spagli, Centrospazio, Pisa, Italy.
This paper provides an historical overview of the development of FEEP thrusters, a description of
the thruster and vacuum test facility used for FEEP testing at Centrospazio, a discussion of the
performance relationships of the FEEP thruster, and experimental results obtained using thrusters
having slit lengths of 30 mm and 50 mm.
Question :
Answer

Is it possibel to have arcs inside the thruster?
Yes, bad vacuum conditions can lead to arcing.

Question:
Answer

Have you operated in pulse mode, or is it all CW?
Yes, we can operate in pulsed mode, but not CW.

Question(G. Perrotta):
Answer:

How much thrust can you get out of the FEEP thruster?
We can achieve millinewton thrust levels, but we want low thrust for the
application to attitude control We are not trying to achieve high thrust

because the FEEP thruster will not compete with the ion thruster. The
practical upper limit on the ratio of thrust to slit length is 0.3 mN/cm.
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91-154
Electrostatic Propulsion Using C60 Molecules
S.D. Leifer, Jet PropulsionLaboratory,CaliforniaInstitute of Technology, Pasadena,CA, USA,
W.A. Saunders, DepartmentofApplied Physics, CaliforniaInstitute of Technology, Pasadena,
CA, USA.
This paper describes C60 (buckminsterfullerene), its relatively short history, and its advantages as
a potential heavy-atom propellant for use in ion thrusters. Because of its high molecular weight,
C60 has a low power-to-thrust ratio, resulting in efficient operation in the 1000 to 3000 s range of
specific impulse (where ion thrusters operating on monatomic propellants are inefficient). Other
advantages of C60 include its low ionization potential, low sputtering yield, low fragmentation
potential, and storability.
Question :
Answer:

How do you ionize C60?
Sublimate it first, and then ionize it by electron bombardment

Question (S. Zafran)
Answer:

Can the C60 leave an insulating film on the electrodes?
There should not be any condensation of C60 at the typical operating
temperatures of ion thrusters.

Question:

How did you calculate that 10% of the total energy cost per ion could be
carried away by the C60 molecules due to sublimation?
A simple calculation based on statistical mechanics that accounts for the
internal energy storage modes of a polyatomic gas (described in paper).

Answer:
Question:
Answer:

Do you plan to continue to pursue C60 as a propellant at JPL?
Yes.

Question:
Answer:

What are the most critical areas that need to be investigated?
Measuring the ionization cross section.

3

SESSION 27

Report of Session 27 ION ENGINE SYSTEM COMPONENT ANALYSIS
Reporter : P. Balaam, Matra Marconi Space, Toulouse

IEPC-91-105
Prospects of Liquid Metal Ion Thrusters for Electric Propulsion
J. Mitterauer
This presentation discussed the use of cesium FEEP (field emission electric propulsion)
thrusters with a different approach to the practical implementation of ssuch devices in high
power spacecraft systems. Current microfabrication techniques allow the production of
arrays of "micro-volcanoes" with array densities of the order 106 volcanoes/cm 2 .
Such devices are proposed to be of potential interest for high power missions (such as
nuclear electric) which do not have constraining contamination requirements. Another
proposed application is that of a metal ion source for inertial confinement fusion systems.

Questions
- Have these devices been tested ? (D. Fearn, RAE, Farnborough)
- Not with liquid metals, but some work has been done with nonmetals.
- Are there concerns regarding erosion ? (D. Fearn)
- No, it is generally a self-sustaining, self-healing system. In the
event where erosion is a particular concern, coatings of nonwetting material may be used in the micro-fabrication.
- What are the pulse characteristics for the fusion application ? (R. Glasl, MBB, Munich)
- Not known.

IEPC-91-118
A Numerical Code for Cusped Ion Thrusters
Y. Arakawa and K. Ishihara
A numerical code was presented to predict the performance of cusped ion thrusters,
indicating the governing equations and the solution procedure. Results were presented
and compared to published experimental reuslts.
Questions
- Was the trajectory of each ion across the grids calculated ? (P. Wilbur, Colorado State
University)
- No, an average was calculated.

- Could you perform these calculations with doubly-charged ions ? (P. Wilbur)
- Yes, but these calculations have not yet been performed.
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IEPC-91-119
Three-Dimensional Particle Simulation of Grid Erosion in Ion Thrusters
X. Peng, W.M. Ruyten and D. Keefer
Presentation of a particle -based code with a discussion of the modelling approach. The
major aims of this paper were to study the effect of the downstream potential field
boundary condition, the effect of residual facility gas pressure and to determine whether
space life could be predicted. Numerical results were presented and compared with
experimental data.

Questions
- Will this model be extended to a 3-grid system ? (R. Beattie, Hughes Research Lab.)
- Yes.

- Are electrons included in the grid and downstream regions ? (P. Wilbur)
- Yes, but only with a Maxwellian distribution. This would be interresting but expensive
due to the time scales involved (1/plasma frequency).

IEPC-91-121
Orbital Control and Manoeuvring of Lightsats / Synchronous Satellites...
G. Perrotta, M. Bianconi, A. Bicci, M. Capacci, G.F. Cirri, G. Matticari
The purpose of the study presented was to begin the development of an electric
propulsion device in the milli-Newton range for application to "lightsats". The basic
physics of ECR thrusters were presented, as were potential applications and mission
parameters.
Questions
- Will these thrusters serve more than one function on-station ? (P. Balaam)
- No mission analysis has yet been performed.

IEPC-91-153
The Advanced Propulsion Space Test Facilities at AEA Technology, Culham
Laboratory
M.S. Harvey et al.
A description of the facilities at Culham for the development and testing of electric
propulsion systems. In particular, the UK-10 lifetest facility and diagnostics were
presented. Other facilities presented in less detail were the 2nd ion engine test facility, the
inductively coupled plasma test bed, the large structure assessment facility and the oxygen
erosion test facility.
Questions
- No questions were asked.
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Session 28
Self-Field MPD Thruster Testing
Chairman: J. Polk, Jet Propulsion Laboratory, Pasadena, CA, Usa
Rapporteur:
M. M. Micci,
University Park, PA, USA

The Pennsylvania

State University,

This
session consisted of
four papers, two from Princeton
University,
one from Italy and one from the USSR, describing
experimental measurements taken from MPD and railgun thrusters.
Paper 91-122
An Investigation of Microinstabilities
in a kW Level
Self-Field
MPD Thruster
Tilley, D. L.,
Chouieri, E. G.,
Kelly, A. J. and Jahn, R. G.,
Department
of Mechanical
and Aerospace Engineering, Princeton
University, Princeton, NJ, USA.
This paper was presented by D. Tilley. Probe measurements
were made of electron number density
and temperature and
azimuthal magnetic field in MPD thrusters.
Power spectra were
performed on the measurements
to look for plasma instabilities
and double probes were used to measure phase velocities.
Two
microinstabilities were found and were predicted to occur in all
MPD thrusters.
Q (P. Turchi): Does power level not affect the microinstabilities?
A:
Yes, in the range of thrusters considered.
Q:
A:

Was the beta high or low?
The beta was high.
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Paper 91-123

Scale Effects on the Performance of MPD Thrusters
Andrenucci, M., Paganucci, F., Frazzetta, M., LaMotta, G. and
Schianchi, G., Centrospazio, Pisa, Italy.
This paper was presented by F. Paganucci.
Three MPD
thrusters were tested: a one-to-one scale, a one-to-square root
of two scale and a one-to-two (half) scale. Voltage, current and
thrust were measured and scaling parameters were found.
The
development of a cathode heating system was also discussed.
Q (V. Subramanium): How do you determine full ionization?
A:
It is assumed to occur at the knee point of the V-I curve.
Q (P. Turchi): Martinez-Sanchez predicted V-I characteristics for
the Princeton thruster.
Did you apply his theory to your
thruster?
A:
No
Q

A:

(V. Subramanium):

How was the thruster geometry chosen?

Arbitrarily.

Q (M. Martinez-Sanchez): Have
the anode?
A:
No

you measured

Q (H. Schrade):
What was the
before pulsing?
A:
We haven't measured it yet.

cathode

the voltage

surface

drop at

temperature
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Paper 91-125

Anode Power Deposition in Steady and Quasi-Steady MPD Thrusters
Gallimore, A. D.,
Kelly, A. J.,
and Jahn, R. G., Princeon
University, Princeton, NJ, USA.
This paper was presented by D. Tilley.
Large amounts of
power are deposited into the anode due to the anode fall voltage.
This paper reported thermocouple measurements of the heat flux to
the anode and probe measurements of the anode fall voltage. The
anode
fall voltages were correlated with the electron Hall
parameter. Measured electrical
conductivities were found to be
lower than expected based on current models.
Q (V. Subramanium): How was the anode fall measured?
A:
From the probe measurements and the heat flux to the anode.
Q (P. Turchi): What was
the
distance from the surface?
A:
Small

electron

gyro

radius versus

the

C (M. Martinez-Sanchez): The agreement between the probe and heat
flux measurements is surprising.
Q (J. Polk):
The anode V-I characteristic for helium is heavily
mass flow dependent. Why is that?
A:
I don't know.
What
Q (J. Polk):
fall voltage?
A:
I don't know.

would one

seed with

to decrease

the anode

Paper 91-126
Experimental
Comparison
of
Electric
to
Kinetic
Energy
Transformation
Effectiveness
in
Electrodischarge
and
Electrodynamic Systems
Rutberg, F. G., Kulishevitch, A.
I., Cherniavsky,
G. M. and
Kaliadin, S. A., USSR Academy of Sciences, Leningrad, USSR.
This paper was presented by A. Kulishevitch.
Experimental
results for railguns in the form of measured voltages, currents,
Measured
pressures and projectile velocities were presented.
erosion rates for several rail metals were given.
Q (D. Tilley): What was the mass of the projectile?
A:
From one to five grams.
Q (P. Turchi): What was the highest achieved velocity?
A:
About 5 km/s for the low energy railgun and 4 km/s
high energy one.
Q:
A:

for the

What was the pressure in the downstream test section?
10-20 Torr.

Q (J. Polk):
Yes.
A:

Is erosion less for the cathode than the anode?
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Session 29: Advanced Concepts
Chairman:
Rapporteur:

Paper 91-127:

H. Loeb, Glessen University, Glessen, Germany
J. L. Lawless, Space Power Inc., San Jose, CA, USA

"From Anti-Gravity to Zero Point Energy..." by G. D. Hathaway

Mr Hathaway presented an overview of advanced propulsion concepts. Many of these concepts involved new forms
of the laws of physics.
Yang:
Hathaway:
Loeb:
Hathaway:
Anon:
Hathaway:
Chang-Diaz:

Paper 91-128:

How can the electron balls be made to oscillate?
This effect can be accomplished by quickly producing and destroying the balls. Alternatively, they
can be shot over a bumpy substrate
Has the Zinser experiment been repeated?
Not that I know of. I have put his experiment on display at a conference in Toronto. Some
independent experiments are expected to begin soon.
Are there concepts for coupling to the Earth's magnetic field?
Yes. Wachspress has a patent on such a device. His concept tries to avoid the problem of
flipping over.
A tether device which couples to the Earth's magnetic field will be tested in space next year.

"A System's Analysis and Mission Performance on the Variable Isp Plasma Rocket" by F. R.
Chang-Diaz and T. F. Yang

Dr. Chang-Diaz discussed engineering studies on the "Variable Isp Plasma Rocket" concept which uses a plasma
confined in a tandem mirror arrangement.

Chang-Diaz:
Wagner:
Chang-Diaz:
Yang:

How does the mass injected into the boundary layer compare with the total mass flow?
The injected gas is less than 10% of the total.
Are you considering high frequency heating?
No.
What is the application for this thruster?
Primarily, the mission to Mars.
What is antenna erosion rate?
The rate is unknown but appears to be small. No erosion has been observed so far.
Have you considered the Alfven speed limitation which occurs when a partially ionized flow
crosses magnetic field lines?
We have not looked at this yet.
Can other sources of heat be used, such as anti-matter?
Yes.
JPL is now considering anti-matter as an energy source.

Paper 91-152:

"The Use of Superconducting Magnets for Plasma Thrusters" by D. E. Gonzalez and G. R. Karr.

Wagner:
Chang-Diaz:
Loeb:
Chang-Diaz:
Loeb:
Chang-Diaz:
Anon:
Chang-Diaz:
Gilland:

Ms. Gonzalez discussed the technology of superconducting magnets and their application to plasma thrusters.
Gilland:
Gonzalez:
Pivirotto:
Gonzalez:

What is the ionization fraction of hydrogen in your nozzle?
About 1%.
What do you inean by stable superconductors?
Superconductors lose their superconductivity if limits for temperature and current density are
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Pivirotto:
Gonzalez:
Anon:
Gonzalez:

exceeded.
How is radiation in space, such as from the Van Allen belts, dealt with?
Shields are provided.
Are you aware of the work at NASA-Lewis on magnetic nozzles?
Yes. We are following their progress.

SESSION 30
SESSION 30
EARTH ORBITAL MISSIONS
Thursday, 17 October 1991, 2:00 PM
Chairman:

F. Rossi, Italian Space Agency, Rome, ITALY

Rapporteur:

W. D. Deininger, BPD Difesa e Spazio, Colleferro, ITALY

The four papers in this session discussed ways to improve the information gain from
electric thruster life testing, low altitude remote sensing spacecraft and EOTV systems analysis.
Two of the papers were from the Soviet Union while the others were from England and the USA.
Two of the original papers (91-131 and 91-135) were withdrawn and the paper on accelerated
life testing was added from another session which was canceled.
Paper IEPC 91-143
"The Problems of Electric Thruster Life Tests," V. I. Baranov, A. L Vasin, V. V. Zhurin
and V. A. Petrosov.
Presented by M. Day, Loral Space Systems, San Jose, CA, USA.
The is paper discussed methods which could be used to maximize information return from
electric thruster endurance testing by use of short term wear out tests and math:m atical
modelling. The concepts were referenced to the stationary plasma thruster (SPT) work conducted
in the Soviet Union. The techniques can reportedly provide a factor of 3 to 5 reduction in the
test resources required to evaluate engine endurance.
Discussion:
M. Patterson - NASA Lewis Research Center, Cleveland, OH, USA:
The reported mass loss for the SPT is 10 to 30 g per 1000 hours of operation, is this correct?
M. Day: There is a substantial mass loss which can cause contamination.
Dr. Kim - Moscow Aviation Institute, Moscow, USSR: 10 g per 1000 hours of operation is the
correct figure.
M. Patterson: So then it would be 40 g of 4000 hours of operation?
M. Day: Yes, the qualified life is on the order of 5000 hours with a nominal mission life of 3500
hours.
D. Fearn - Royal Aerospace Establishment, Farnborough, UK:
Modelling processes can not be used for hollow cathodes, what is missing?
M. Day: That is true. There is not enough statistical data on hollow cathode operation and the
theory is not well developed. Better understanding of the basic erosion mechanisms is required.
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Paper IEPC 91-132
"A Low Altitude Ion-Propelled Remote Sensing Spacecraft," J. Reale.
Presented by R. Reale, Royal Aerospace Establishment, Farnborough, UK.
This paper described the use of the UK-10 ion engine system for drag compensation of
low altitude (292 km, 970) L-SATs (light/small satellites). Such a spacecraft could be used to
map the Earth's surface at a 1:50,000 scale for resource use and allocation analysis. This would
provide 5 m resolution on the ground from space. Such a spacecraft could map the entire Earth's
surface in 8 days (no cloud cover). The paper discussed the main satellite subsystems, ground
and launch operations and focused on the data collection system (telescope and CCD arrays) and
ion engine package.
Discussion:
S. Zafran - TRW Space and Technology Group, Redondo Beach, CA, USA:
Have the operations costs and life cycle costs been traded off?
R. Reale: Not yet, will be done in the future.
S. Zafran: What is the minimum altitude for a 3 year mission life?
R. Reale: 350 km. However an instrument sizing trade needs to be done.
S. Zafran: What about drag on the solar arrays?
R. Reale: The arrays are aligned along the satellite velocity vector to minimize drag
power is not maximized.

Array

P. Balaam - MATRA Espace, Toulouse, FRANCE:
Does the tradeoff show the ion systems are better than chemical systems?
R. Reale: Yes.
W. Smith - Rocket Research Company, Redmond, WA, USA:
What is the delta-V for one year?
R. Reale: We can not say for sure yet, we are still developing the atmospheric model and
thrusting strategy.
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Paper IEPC 91-133
"Systems Analysis of an Operational EOTV," T. M. Miller.
Presented by T. M. Miller, McDonnell Douglas, Huntington Beach, CA, USA.
This paper focused on a trade study of specific impulse for various parameters describing
with
an operational EOTV mission. A solar array-powered LEO to GSO mission was considered
to
compared
was
an upper limit on trip time of one year. An advanced chemical system
ammonia arcjet, hydrogen arcjet and krypton ion engine systems. The theory used to conduct
specific
the parametric analysis was presented. The study focused on finding the optimum
cycle costs.
impulse which maximized vehicle payload fraction while minimizing vehicle life
when
fraction)
A hydrogen arcjet system provided the best performance (highest payload mass
all systems were normalized to the power system specific mass.
Discussion:
B. Free - Scionics, Inc., Derwood, MD, USA:
Why krypton instead of xenon for the ion systems?
ion
T. Miller: The availability of xenon is a concern. However, with xenon propellant the
system only shows a small improvement from a system perspective.
J. R. Beattie - Hughes Research Laboratory, Malibu, CA, USA:
The analysis appearsbiased towards arcjets by limiting the trip time?
T. Miller: The sponsor (U. S. Air Force) limits trip time to one year.
ion
J. R. Beattie: Why not compare,for instance, a 180 day arcjet transfer time with a 250 day

engine transfer time?
T. Miller: The mission is driven by life cycle costs, above 250 days operations costs are high.
However, this is a good point.
J. Reale - Royal Aerospace Establishment, Farnborough, UK:
What is done to accountfor Van Allen belt caused degradation?
T. Miller: The overall model includes five codes which treat Van Allen belt degradation effects.
A trade study of array types will be conducted in the future.
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Paper IEPC 91-134
"Optimal Electric Propulsion Orbital Transfer Vehicle Design," Y. A. Zakharov.
Presented by Y. A. Zakharov, Moscow Aviation Institute, Moscow, USSR.
This paper discussed the general philosophy of traffic models for .sacecraft
(constellations), reusable EOTVs and life cycle costs (including development, power, launch and
ground operations costs, etc.). A general theory for these applications was presented based on
an OTV Existence Equation. The costs were expressed as the ratio of delivery costs to launch
costs with a value of 5 appearing to correspond to the best OTV performance.
Discussion:
J. R. Beattie - Hughes Research Laboratory, Malibu, CA, USA:
The payloadfraction is linear with trip time, does the specific impulse vary?
Y. Zakharov: The specific impulse is constant, the mission is fixed.
J. R. Beattie: Does the payloadfraction go up with specific impulse?
Y. Zakharov: Yes.
General Question: When will an English translation of your book be available?
Y. Zakharov: It is not planned at this time.

SESSION 33
Paper 91-144

SESSION 33

System and Programmatic Aspects of the Ion Propulsion Package onboard the Artemis Satellite
The paper presented a survey of the mission benefits resulting from the use of Ion Propulsion for orbit
control in general and for the Artemis mission in particular. It gave an overview of the major satellite design and interface requirements for the use of electric propulsion. The main program objectives with emphasis on the Satellite Design and Development Plan have also been discussed.
Questions: None
Paper 91-145
Ion Engine System Development of ETS-VI
The paper presented a good description of the Ion Engine System design, North-South-Stationkeeping
operation and location/integration of the Ion Thrusters on the satellite. Details of power processing unit
in mechanical design and software design were given. A description of the tests necessary for verification and qualification showed a good planning of this phase.
Questions: None
Paper 91-146
Elite Program Status
Chris Andrews reported on the purpose and status of the High Power Arcjet Program and the development history. Elite vehicle and solar array concepts have been shown. The mission has been defined by
baseline mission parameters and by reference timeline. The difference between Elite and an EOTV has
been demonstrated by layout- and system data.
Questions: None
Paper 91-147
Development of MPD Arcjet System EM for SFU-1
The paper describes the development activities going on and being planned for the MPD-Arcjet system
which is under development for a testflight on the Space Flyer Unit Mission one (SFU-1). The configuration of the Electric Propulsion Experiment (EPEX) has been described and the tests performed on the
hardware have been shown in detail.
Questions: None
Paper 91-148
Low Power Hydrazine Arcjet Flight Qualification
The paper describes in detail the system and the operational data of a 1.8 kW arcjet as developed by
Rocket Research Company in USA. The thruster has allready been qualified for the telstar satellite for its
launch in 1993. The sequence of qualification tests has been shown and the progress made during the
tests.

Questions: None
Paper No. 91-149
Review of Development of the Closed Drift Hall Thruster
This paper describes the history of the development of this SPT Russian Thruster, its working principle
and its operational data.
Questions: None
Rapporteur - H. Bassner

