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Abstract performance of north-south station-keeping (NSSK) of
geosynchronous communications satellites. Evaluation

A comprehensive test and evaluation study of the of the UK-10 for potential use on Air Force and other
British T5 (UK-10) ion thruster, currently in progress, military satellites is a component of the FCT T&E pro-
is outlined. The project falls under the umbrella of gram. There are other ion thruster candidates which
the Foreign Comparative Test (FCT) Program. The may be competitive for this role, and Air Force interest
Aerospace Corporation was tasked by the US Air Force exists for these also. The large investment and strong
to perform the work. A comprehensive test and evalu- commitment of the European Space Agency and British
ation (T&E) plan was originated, and is currently be- government toward UK-10 use on the Artemis (Ad-
ing executed. Some of the details of this effort are de- vanced Relay and Technology Mission) spacecraft, s -"
scribed, and the status of the program is discussed. coupled with its state of development, a strong existing

liaison between the USAF Space and Missile Systems
Center (SMC) and the UK, and the possibility of a

Introduction timely program inception, led to the selection of that
thruster for a comprehensive evaluation. The UK vol-

The potential benefits of ion engine propulsion unteered to provide the thruster for evaluation free of
in space have been well-established during the past charge, and to periodically provide a scientist to work
decades. Recently, the level of interest in using ion with US counterparts at the Aerospace Corporation.
propulsion has increased to a level which may lead to As such, the program is a highly cooperative effort be-
resolution of the various obstacles preventing its rou- tween US and UK governments, with the active partic-
tine use. x- s One roadblock to the routine use of ion ipation of both necessary for success.
thrusters pertains to inadequate knowledge concerning
their characteristics and interactions with the space- The UK-10 is a divergent field thruster, after the
craft. Ion propulsion is a largely untested propulsion classical Kaufman design. 9' 10 It generates ions by elec-
alternative, which carries a higher risk than the use of tron bombardment of the propellant atoms, and pro-
the current, established technologies. Before it can be duces thrust by electrostatic acceleration of the rare
widely accepted, it must be very well-characterized. To gas ions. The basic design of the thruster was virtually
obtain the potential benefits, an ion engine must func- frozen in the mid-70s, with only minor design modifica-
tion reliably, with adequate lifetime and performance tions being implemented following the transition from
figures. It is essential to understand the reliability, life- mercury to xenon propellant. 1 The most significant
time, and performance issues concerning ion engines, modification of the thruster to be used on Artemis, is
as well as the risk to other systems and functions of the the inclusion of a triple-grid extraction system. This
spacecraft. The T&E program is intended to contribute change was made for two reasons: 1) the two-grid sys-
significantly to this understanding, and enable satel- tem could not be guaranteed to last for the duration
lite designers and mission planners to make informed of the 10 year Artemis mission plus safety margin, and
choices concerning use of ion propulsion technology. 2) the spacecraft contamination issue is less a problem

with a three-grid system.
The UK-10 is a prominent candidate for space-

craft auxiliary propulsion on future satellite systems. Efficiency is normally well above 50%. The UK-10 .
At present, its utility is thought to be greatest for the and most other ion thrusters operate at low flow rates
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Figure 1. Photograph of the T5 Mk3 thruster dur- Portsmouth, UK, 13 '- i with funding provided by ESA.
ing operation. The beam waist and illuminated That version, designated the UK-10 IPS (ion propulsion
beam stop are visible to the left and right, respec- system), is to be a fully qualified system with entirely
tively. automatic operation.

and low thrust levels, often necessitating high sensitiv- A photograph of the thruster operating in the

ity for the detection of effluents and thrust levels. The Aerospace test chamber is shown in Figure 1. The com-

operating parameters and detailed specifications for the ponents for the two-grid T5 thruster are diagrammed in

thruster may be found in the literature. 10 - 12  Figure 2. Unlike other thrusters, the grids are dished
inwards. This promotes thermal stability and mini-
mizes beam divergence. Figure 1 clearly shows that the

The T&E Program primary ion beam has a waist about 15 cm downstream
from the accelerator grid. This is a direct consequence

The subject for evaluation of the grid configuration. The use of six electromagnets
rather than permanent magnets enhances thruster per-

The thruster being currently evaluated in the formance range, at the expense of greater system mass
Aerospace Corporation laboratories (ACL) is desig- and complexity. The design philosophy of the thruster
nated a T5 Mk3 ion engine, by the UK." No for- has been described in some detail. 12

mal space qualification has been provided for it, and
the thruster came without supporting systems. The Program scope
propellant feed and laboratory power conditioning sys-
tems were made at ACL. Another version of the T5 The primary goal of the effort is to perform a com-
thruster is being developed by Matra Marconi Space in plete ground-based evaluation of the UK-10 using US
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Aerospace, and the results of limited- duration life-tests
in the UK. The test plan for each of the three primary

... issues will be described in some detail. In a number
of cases, a given T&E sub-program will impact more

I -'than one of the three categories. Fifteen diagnostic
S ."". sub-programs are planned as the essential portion of

-,..-.- ..-- - the laboratory T&E. These are listed in Figure 3, with
Sthe tentative schedules created for each in December,

.O..... C-4 1992. Six different individuals, each contributing on a
. .. ' " part-time basis to the T&E, are responsible for the fif-

S. .. .--- , ... teen sub-programs. The duration of the FCT program
'""' "*?Ia N- ) . is nominally 2 years, with completion of the final report

S"'.,scheduled for September 30, 1994.

lllC.*O. TN .. i.o. c.T.* eo Thruster characteristics for evaluation
flUTanis$ AISIML*

Operational characteristics of the T5 thruster
which are to be examined are listed in Table 1. It is

Figure 2. Schematic diagram of the T5 thruster. desirable to measure the characteristics by a spatially
resolved technique for a set of coordinates, except for
the performance envelope, where spatial resolution is

diagnostic capabilities, to verify performance, evaluate irrelevant. It is impractical to measure each character-
lifetime potential and examine thruster/spacecraft in- istic as a function of coordinate and thruster operating
teraction issues. The resulting data base is intended point, however.
to allow determination of suitability for USAF satellite
stationkeeping. The major part of the effort therefore Each of the fifteen diagnostic sub-programs uses
consists of thruster diagnostic evaluation based upon some technique(s) to characterize an aspect of the ion
the laboratory data. However, close attention will be thruster; the technique(s) is (are) different for almost
paid to all of the various studies, on paper and in every sub-program. A summary of the various tech-
the laboratory, pertaining to thrusters of the UK-10 niques will be given in the next section.
or T5 type. A considerable data base already exists
regarding lifetime and contamination potential, 11' 17 - 19  Experimental configuration
thrust vector stability20 and EMI characteristics, 2 1 due
in substantial measure to the work past and present The test chamber is 5.5 m in length with a 2.4
at Culham Laboratory. The need to provide qualifica- m diameter. The chamber has been used in the past
tion data to meet ESA's requirements for the upcom- for arcjet research; 22 it was transitioned from arcjet
ing Artemis launch seems to be the driver for this. In to ion engine use for the FCT program. Two 48 inch
addition, an examination of the integration problems CVI nude cryopumps of >35,000 l/s pumping speed on
which will be encountered with a UK-10 on a USAF xenon were custom-made; they are positioned inside the
satellite, is intended. Positive evaluation results at the chamber, suspended from flanges on top. The thruster
Aerospace Corporation, coupled with successful space is normally mounted in a side chamber, for easier opti-
qualification on the Artemis spacecraft and positive re- cal access, with the ion beam directed across the main
suits of the Nuclear Electric Propulsion Space Test Pro- chamber. A water cooled aluminum plate, painted with
gram (NEPSTP) of BMDO, will firmly establish the aquadag, served as the beam stop. A bothersome pres-
readiness of the UK-10 ion propulsion system for US sure rise due to the evolution of H2 from the beam stop,
satellites. after the ion beam heated it beyond a critical temper-

ature, was eliminated by the water cooling. During en-
The primary issues related to the T&E are I) gine operation at the flow rates recommended for a 25

thruster operational characteristics, II) thruster life- mN thrust level, the background gas was nearly pure
time/life limiting processes, and III) thruster-spacecraft xenon at a chamber pressure of 2 x 10-6 torr. This
interaction and integration. Under category II falls the pressure is somewhat lower than test facilities in the
analysis of thruster operational lifetime and lifetime po- UK achieve, and therefore will allow a more precise de-
tential of the thruster for realistic satellite missions. No termination of facility effects related to pressure. Flow
lifetesting per se is intended. Rather, estimates will be rates were set to the recommended levels for 25 mN op-
made on the basis of real time diagnostics applied at eration, by monitoring the pressure rise with time in a
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Figure 3. Tentative schedule for the 15 diagnosticFigure 3. Tentative schedule for the 15 diagnostic the thrust vector centroid. The device has been tested,
sub-programsand found to perform very well. A full report of the

thrust vector measurements which have been obtained,

known volume. Test results were generally obtained at will be presented at a later date. 24 A study of thrust

ion beam current levels of 200-300 mA, corresponding vector stability has also been made very recently by

to thrust of 11-16 mN. Culham Laboratory.2' The results in each case indicate
that the thrust vector is quite stable; relative deviations
associated with a change in operating point were always

Summary of Techniques for less than 0.5 degree.
the FCT Program Tunable pulsed laser-induced-fluorescence (LIF) - this

Langmuir probe - single and double probe measure- technique utilizes the intense, pulsed output of a tun-

ments yield floating potential, ion flux, and "character- able dye laser to excite atoms or ions of the propel-
istic" electron energy contours, and degree of neutral- lant, producing fluorescence from the excited level. Its

ization. A comprehensive study using this technique is primary intended use here is to drive multiple photon

being reported in reference 23. transitions from ground state Xe or Xe+ to permit ex-
amination of the charge exchange phenomenon in the

Electric probe bridge - this is a set of four individual vicinity of the grids. The two-photon transition of neu-
double probes, devised by J.E. Pollard, arranged in a tral xenon which will be employed has been studied
single plane along the "north, south, east and west" previously. 25 The challenge is to make the technique
axes, with the east/west and north/south axes set per- sensitive enough to detect the xenon at the low den-
pendicular to the primary beam axis. Mounted on a sities associated with the operational ion thruster flow
four-axis positioning table, it allows determination of rates.
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Table 1. Thruster Operating Characteristics.

1. Performance envelope.
2. Thrust vector direction, magnitude, and stability.
3. Plasma density outside the primary ion beam.
4. Non-propellant efflux - velocity distribution, charge state, density distribution and
deposition rates.
5. Propellant efflux - velocity distribution, charge state, and density distribution.
6. EMI/EMC.
7. Spectral emission.
8. Temperature distribution - start-up and steady state.
9. Thermal distortion - grids.
10. Electron velocity distribution.
11. Plasma potential and degree of neutralization.

Tunable continuous wave LIF - utilizes the continuous ing reactions at surfaces, can be monitored. Non-
output from a tunable dye laser to excite a plume atom, propellant effluents such as neutral molybdenum may
producing fluorescence. It has the potential to monitor be detectable by means of the magnetic mass spectrom-
efflux from the ion engine, such as sputtered molybde- eter with an electron-impact ionizer.
num, at very low densities. Velocity and density distri-
butions can be measured as a function of coordinate. Electromagnetic interference (EMI)- measures the elec-
The technique for monitoring molybdenum will be sim- tric and magnetic fields produced by the thruster dur-
ilar to that employed in the recent study on the Hughes ing operation, as a function of spatial coordinate. The
XIPS-13 engine.2 6  measurements will be calibrated using a known signal

source. The approach taken will be similar to the suc-
Microwave interferometry/plume interaction - mixes cessful techniques used recently for arcjets." Results
the microwave signal transmitted through the primary will be compared with those obtained by the UK under
ion beam with the microwave source, to detect the different circumstances. 21

phase shift during transmission, allowing the determi-
nation of electron density. Study of the reflection of Thermal imaging - the thruster will be imaged using
RF frequencies from the beam has potential to yield an an infrared camera operating in the 2-5 micron region
electron velocity distribution and the cutoff frequency, of the spectrum. The absolute temperature distribu-
A report of this study is described in reference 27. tion will be determined, with special attention given

to the grids, which should exhibit more thermal dis-
Ion mass spectrometry - this will measure the absolute tortion than other engine components. Images will be
flux of trace non-propellant ionic species. The second taken during start-up and for the steady-state.
function will be determination of the doubly charged
to singly charged xenon ratio in the primary ion beam. Tele-microscopy - a pair of tele-microscopes with video
The voltage on a floating magnetic sector mass spec- camera detectors will view the grid assembly from
trometer, at a similar potential as the thruster body, downstream, probably at 45 degree angles to the beam
will be scanned over a range of several hundred volts, axis. Due to the stereoscopic nature of the imaging, and
at constant magnetic field, to produce a mass spectrum the magnification and high resolution of the cameras,
broad enough to monitor propellant and non-propellant any grid deformation larger than 10 microns should be
species. This device is currently undergoing assembly, detectable, along any of the three possible distortion

axes. Data will be obtained during start-up and steady
Neutral mass spectrometry- by replacing the mass spec- state operation, and compared to the results of thrust
trometer with a simple conversion dynode and channel- vector measurements.
tron detector, and using a slotted-disk chopper wheel
and upstream electric field to reject unwanted species, Thrust stand - a conventional measurement of thrust -
metastable xenon atoms, which can undergo ioniz- on a water cooled thrust stand is planned, primarily
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Table 2. Status of sub-programs.

Performance envelope - still in progress.
Langmuir probe study - complete with finished scientific paper, see ref. 23.
Beam centroid - one complete set of data exists, experiment may be repeated at different
operating point in the future.
Pulsed LIF - Preliminary data exists. Detection needs to be made more sensitive.
Microwave interference - A complete data set exists, with finished -scientific paper, see ref.

27.
Thrust stand - Work in progress, thrust stand needs improvement in sensitivity.
EMI - Preliminary data exists.
cw LIF - Work necessary to setup spectrometer is nearly complete.
Ion mass spectrometry - device is in assembly.
IR Spectrometry - IR camera is on order.
Thermal analysis - IR camera is on order.
Grid deformation - Tele-microscope and video camera on order.
Ultraviolet-visible spectroscopy - scheduled to begin in October/November.
Neutral mass spectroscopy - design phase.
Quartz crystal microbalance/spacecraft surface modification - QCM has been acquired.

to compare with the calculated figure obtained from techniques (laser and mass spectroscopy), and the work
beam current, thruster body floating potential, propel- of Culham Laboratory.11,16

lant mass and charge, and correction factors due to
multiply charged ions and beam divergence. If thrust
is calculated assuming the Xe+2/Xe+ ratio to be zero, General Discussion
an overestimate of the thrust will be obtained. Since
the ion mass spectrometry sub-program will determine The status of the T&E effort is summarized by
the double to single charge ratio, it should be possible Table 2. Results have been obtained for a number of
to obtain very good agreement between calculation and the test plan sub-programs. Some results are very pre-
thrust stand measurement. First, however, the thrust liminary whereas others (see ref.s 23-24,27) are nearly
stand accuracy has to be improved to the sub-mN level, finished products. A two month hiatus in ion engine

testing occurred during July and August, as the test
Emission spectroscopy - will measure the radiation chamber was used for arcjet experiments.
background due to the ion thruster, spanning vis-
ible and ultraviolet regions of the spectrum, using The science program planned for the BMDO NEP-
a monochromator/optical multichannel analyzer ar- STP mission, in which a number of ion thrusters includ-
rangement. Some emission spectroscopy has been per- ing a T5 IPS are to perform spacecraft orbit-raising
formed in the past on xenon ion thruster plumes. 10 ,29  from 6,000 to >20,000 km, 29 is extensive. 3 0 Should the
It will be useful to obtain absolute spectral radiance proposed NEPSTP mission become a reality, it will be
levels. of great interest to compare the FCT program results

with those obtained in QCM, EMI, Langmuir probe,
Quartz crystal microbalance (QCM) - measures depo- thrust and ion energy measurement, plume imaging,
sition rates of non-volatile non-propellant efflux. The and other experiments.
location of the QCM will be varied along two spatial
coordinates to map the deposition rates. The deposi- As indicated previously, the final report for the
tion rate of material, which should be molybdenum and FCT program will include an evaluation of the UK-10
iron to a good approximation, will be monitored as a thruster system and its readiness for USAF satellite
function of thruster operating point. The rates will be use, using all available data and analysis, both US and
compared with results obtained by the species-specific UK. Some attention will be given to existing mission
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analysis studies as well. The possibility of conducting 2. D.G. Fearn and N.C. Wallace, "Advanced Propul-
one study investigating aspects of the IPS/satellite in- sion Systems for Space Station Applications," J.
tegration problem, and a second project to model the Brit. Interplan. Society, Vol. 40, 3-10, 1987.
ion thruster plasma and operating characteristics, in-
corporating existing data, is being actively pursued as 3. M.J. Patterson and F.M. Curran, "Electric Propul-
a part of the FCT program. sion Options for 10 kW Class Earth Space Mis-

sions," NASA Tech. Mem. 102337, May 1989.

Concluding Remarks 4. D.L. DeVincenzi, K.P. Zondervan, R.B. Cohen,
S.W. Janson, D.C. Marion, and D.J. Caldwell,

The UK-10 IPS is an attractive system for appro- "ELITE Systems Analysis," AIAA Paper 90-2530,
priate satellite missions. A major part of its appeal July 1990.
stems from the on-going process, which is progressing
quite well, by which it must achieve final qualification 5. S.W. Janson, "The On-orbit Role of Electric
status for the Artemis mission, and attempt to perform Propulsion," AIAA Paper 93-2221, June 1993.
NSSK for a minimum of 10 years. No US IPS currently
comes close to this level of commitment, with a firm 6. H. Bassner, H.P. Berg, K. Fetzer, and G. Miiller,

flight date for a mission of great importance. "Ion Propulsion Package IPP for N/S-Stationkeep-
ing of the ARTEMIS Satellite," IEPC Paper 91-

The FCT program results pertain to the UK-10 055, Viareggio, Italy, October 1991.
IPS for Artemis and potential usage on USAF satellites,
although it is the unqualified T5 Mk3 variant which is 7. M. Silvi and H. Kellermeier, "Integration of Ion

being tested. The results will also further the under- Propulsion Technology in a Synchronous Satel-

standing of ion engine characteristics and phenomena lite: The Artemis Challenge," IEPC Paper 91-054,
in general, and help to answer the broader question: Viareggio, Italy, October 1991.

does it make sense to put any ion propulsion system on 8. L. Maini, A. Notarantonio, S. Falzini, and F.
a satellite, given current technology.a satellite, given current technology. Palutan, "Mission and Operation Aspects of In-

Orbit Ion Propulsion Management," IEPC Paper
91-053, Viareggio, Italy, October 1991.
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