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Abstract

the 1970's were not adequate to carry out advanced
mission requirements, if operated at baseline levels
was not confined to the UK of
of performance,
course.
Work was undertaken in several countries to
attempt to increase the beam current and extraction
Both these
voltage at which the systems operated.
parameters have been successfully increased, leading
some cases) significantly higher levels of
to (in
This work provides a
thrust from individual units.
convenient starting point for discussion of high
thrust performance capabilities.

The ion thruster used in the UK-10 rare gas electric
propulsion system was originally specified for a
With the trend towards
thrust level of 10 mN.
larger spacecraft and longer spacecraft lifetime
such a relatively low thrust is no longer appropConriate to the station keeping requirements.
sequently, the thrust limits of an engineering model
thruster, designated T4A, have been investigated,
No modifications were made to the thruster during
these high thrust tests.
The maximum thrust level
achieved was over 70 mN.
Detailed characterisation
of the thermal stability and performance have been
carried out at 25 mN (the present thrust level
specification) and at 40 mN (of interest to a range
This paper describes
of more advanced missions).
the thruster
operation at these elevated thrust
levels,

1.

2.1

UK-10

ion

thruster

system

is

United States of America

In the USA th% 8 centimetre diameter mercury
ion thruster system
was developed primarily to
provide north-south station keeping of satellites
The presently
with masses up to about 1.8 tonnes.
foreseen on-orbit requirements of larger systems are
beyond the baseline capabilities of this thruster,
and efforts have been made to xtend the performance
levels that can be achieved

INTRODUCTION
The

England

derived

data

Performance

for

this

thruster

are

work carried out in the 1960's and 1970's on

summarised in Table 1, for the baseline case and for

the development of a 10 centimetre beam diameter
The
thruster which used mercury as propellant.
engineering model thruster which resulted from this

The thrust has been increased
extended performance.
four-fold by raising the beam current (in either the
advanced
configuration
or an
original
two-grid

from

programme was designated T4A,
model version, which differed
1
T4A, was designated T5 ' .

and the final flight
only

slightly

three-grid

The thrusters were aimed at carrying out the
north-south station keeping duties for geostationary
At the time of their
communications satellites.
development, such spacecraft had masses of one tonne

or less and maximum installed power of around 1 kW.

and

by

almost

a

factor

of

Wessel

et

al

9

'

10

discuss

some of the

changes that had to be made to the 8 centimetre
These were
thruster to achieve high thrust levels.
necessitated by two different barriers to increased
performance.
The first
was limitations imposed by
specific thruster components, where loss of control
of the discharge vapouriser occurred at high discharge currents and high voltage breakdown of the
thruster insulators took place above screen voltage
Better heat removal paths and
values of 3 kV.
The second
improved isolators had to be fitted.
barrier related to limits imposed by the physics of
These required
the plasma processes taking place.

The nominal thrust level specified for the T4A/T5
was therefore 10 mN, which was adequate to perform
without
excessive
the station
keeping required
and
consumed an acceptable
thruster lifetimes,
Because of the
amount of power (about 250 watts).
relatively limited power available there was little
limitations,
to explore thrust level
incentive
although a throttle range from 7-15 mN was demonstrated and operation at 17 nN was also recorded .
The present trend is towards communications
satellites with greater mass and longer lifetime,

In addition,

thruster),

seven by increasing both the current (by about five
times) and the beam voltage (by a factor of two).
The power-to-thrust ratio, an important parameter
when judging the performance and efficiency of a
thruster system, varied in the range of 22-30 W/mN
during this exercise.

from

various modifications

the use of mercury, with the possibi-

to be made,

such as an inc-

lity of adverse chemical reactions between this
propellant and spacecraft materials and components,
Consequently,
is no longer the preferred option.

rease in the electron baffle diameter to increase
an increase in the disthe discharge impedance,
charge magnetic field for the same reason, and the

recent work has been based upon the use of T4A/T5

addition of a second vapouriser for the mercury,

thrusters with rare gas propellants, and in particular xenon, at higher thrust levels than the
The
nominal 10 mN specification previously chosen.
complete system (thruster, power conditioning and
propellant
supply and
monitoring
control unit,
3
equipment, etc.) is designated UK-10 '.

provide propellant injection into the main discharge
chamber (rather than through the cathode alone).
2.2

The nominal performance of a RIT-10 operating in xenon is given in Table 211.
The thruster
could be operated over a thrust range of 5-8 mN,
At the
compared to 10 mN for mercury propellant.
lower thrust level the production costs were
reduced,
but at the expense of lower values of
propellant
utilisation, electrical and total

PREVIOUS EXPERIENCE WITH EXTENDED
THRUST LEVELS
The

realisation

that thrusters developed

Federal Republic of Germany

The 10 centimetre diameter radio frequency
ion thruster RIT-10 has been under development for
many years, designed to carry out similar tasks to
The RIT-10 was also initially
the T5 thruster.
optimised for operation with mercury as a propellant, but has changed to xenon in recent years.

The initial testing carried out with the
5 .
UK-10 in the rare gases has already been reported
The present paper discusses the thruster operation
at elevated thrust levels, applicable to a range of
missions
currently relevant to spacecraft
operations.

2.

to
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data for values of n > 1.5, as found in NASA
experiments. The difference in absolute values can
be explained by consideration of extraction grid
For a given grid spacing and applied
operation.
voltage, then the limit to operation will be direct
particle impingement on the accel grid as the beam
current is increased, the perveance limit is
approached and the beam divergence becomes very
large.
This is the condition under which the data
of Figure 1 were taken i.e. "perveance limit".

efficiencies,
The operating range of the thruster was
subsequently increased to about 14 mN by increasing
12
the flowrate and RF power . The data for this case
are also shown in Table 2. It can be seen that the
main parameter to change (apart from the beam
current and thrust) is the value of the ion production cost, and this reduction is directly reflected
The
in the electrical and total efficiency values.
thruster could be throttled from 6-13.5 mN with a
practically constant total efficiency of 55-60%.

However, again for a given extraction system, there is a combination of total voltage and
extracted current which results in the optimum
focussing of the ion beam, where the beam divergence
This combination is termed
is at a minimum.
"perveance match".
Figure 2 shows the perveance
limited and perveance matched lines for T4A operation in xenon. The Hughes perveance values are also
shown, and agree very well with the present matched
data, if it is assumed that the former were taken
Also shown in
under optimum beam conditions.
Figure 2 is the perveance limit set by the value of
beam current at which the accel drain current starts
to increase rapidly.
Stable operation is possible
with low accelerator impingement currents, and hence
acceptable grid lifetimes, up to this line.

At higher values of extraction current,
above 200 mA, the negative high voltage had to be
increased to - 1.9 kV to maintain optimum focussing
and to keep the accel drain current as low as
possible. Even so, the accel drain was of the order
Part of this would be due to the backof 10 mA.
ground pressure in the test facility, as a result of
It was
the limited pumping speed available.
possible to operate the thruster at 270 mA (17.5 mN
thrust), but with continuous thrust interruptions
for this reason,
Finally, a RIT-10 has been operated at 25 mN
thrust, with a total power input of just under
1 kW1 3 , and these data are also shown in Table 2
(the beam voltage is estimated from a quoted beam
velocity; the accel voltage was not given). It has
been reported$ that "some thermal and operational
problems occurred beyond the 25 mN level", but these
were not detailed,
2.3

The thruster performance resulting from
operation at the perveance limit is shown in
The current limit of the beam supply in
Figure 3.
use at the time was 580 mA, and this saturation is
reflected in the values of the last three data
points in Figure 1.
The maximum thrust level
achieved during this set of experiments was 34.4 mN,
with a total power input of about 930 W.

United Kingdom

Initial work on extending the thrust level
of the UK-10 system (with a T4A engi eering model
thruster) has already been reportedg. At constant beam voltage, of 940 V, the thrust could be
throttled over a range of 3.5-24.6 mN in xenon. The
lower limit to the thrust level was found to be
discharge instability, presumably due to baffle/main
The upper limit to the thrust
plasma coupling.
level was found to be grid breakdown instability,

3.

An unmodified T4A thruster has had its range
of operation extended from the original specification of 10 mN thrust to a level in excess of
70 mN. The details of this extended performance are
given in Table 3, and discussed below.

This latter problem can be avoided by
changing the voltages applied to the thruster grids.
The current and voltage of an ion thruster are
related by an expression of the form

IB
where

IB
VTo t
M
d

-

a

3.1

Operation at Re-specified Thrust Level

In response to the station keeping requirements of present-day satellites the thrust level of
the UK-10 system has been re-specified at 25 mN.
Performance and operational stability have been
verified at this level and re-qualification of the
complete system is under way at present.

VT n
X-7

beam current, amps
total accelerating voltage,
propellant mass, amu
electrode separation, mm

EXTENDED PERFORMANCE OF THE UK THRUSTER

The thruster performance envelope
in Figure 4, with the selected operating
This point gives an
Table 3 indicated.
margin of stability against coupling and
problems.

volts

For constant conditions, then theory predicts that
the exponent for the voltage, n - 1.5, leading to
the "three-halves law" for the current variation
with a change in voltage,

is shown
point of
adequate
breakdown

Despite the factor of two increase in the
discharge current the equilibrium temperatures of
the thruster are almost unchanged from those found
during operation at the 10 mN thrust level.

Data in xenon and krypton taken using a T4A
The data are
thruster are shown in Figure 1.
well-fitted by a "three halves" relationship, as
shown by the line drawn through them in Figure 1. A
wide range of data were reviewed in Reference 15,
from previous
for mercury and the rare gases,
It was noted that previous
thruster programmes.
results were consistent with two different scaling
laws.
These were the so-called "Hughes perveance
value" with n - 1.5 i.e.
the conventional relationship, and the "NASA limiting perveance value" with
n - 2.25 (the detailed data and references are given
in Reference 15).

The beam extraction conditions are such that
operation is comfortably below the current at which
the accel grid drain increases (Figure 2), and grid
lifetimes should be adequate for anticipated operational requirements.
3.2

Advanced Non-station Keeping Applications

Traditionally, small thrusters of the size
of the UK-10 have only been considered for use in
the auxiliary propulsion role. More recently, however, the use of such thrusters as primary propulsion systems for relatively small spacecraft has
been studied. One proposal for such an application

Both these scaling laws- are also indicated
There is no support in the present
in Figure 1.
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is a Lunar Get Away Special (GAS) spacecraft which
would use electric propulsion to spiral out from
Earth orbit 1 .

total input power.
The thruster operation over a
seven-fold range of thrust at a total efficiency of
66-70% compares very favourably with the extended
performance levels of similar sized thrusters,
listed in Tables 1 and 2.

The suggestion was made that the Lunar GAS
would use two highly modified SERT-II ion thrusters.
Proposed changes to the design included the use of a
high perveance dished accelerator system, an updated
cathode and neutraliser and feed system modifications to allow operation on xenon rather than
mercury propellant.
The performance predictions for
such a thruster are given in Table 4, together with
data from the SERT-II flight test (no. 1 thruster
measured at 1,000 hours) for comparison .

4.

An unmodified T4A ion thruster, the system
used in the engineering model version of the UK-10
rare gas system, has operated over a thrust range of
11 mN to 71 mN in the work reported in this paper.
In previous experiments it was demonstrated that
stable operation took place down to 1.1 mN.
This
factor of 65 in thrust range is thought to be unique
for a thruster of this size.

Data for the UK-10 thruster is also shown in
Table 4, where it can be seen that the power-tothrust ratio is better than that assumed for Lunar
GAS, with other parameters being very similar. The
T4A thruster has been operated at close to 42 mN for
an extended period, reaching and maintaining thermal
equilibrium.
It
has been established that the
operating temperatures are within component limitations at this level of thrust.

The UK-10 system is now specified for 25 mN
thrust.
Performance at this level is very satisfactory, with thruster operating temperatures only
slightly higher than those found at the previous
specification of 10 mN.
The applicability of the thruster to more
advanced missions has also been demonstrated, by
operation at a thrust level suggested for the
propulsion system on a spacecraft which would spiral
from Earth orbit to Lunar orbit.
Such primary
propulsion tasks are an interesting new application
for thrusters of this size.

The UK-10 system is already capable, therefore, of carrying out such an advanced mission,
without further modification or development,
3.3

Extended Thrust Range

Table 3 also gives data on thrust values
approaching the limit of operation of the thruster.
At the highest thrust recorded, 71 mN, the temperature of the solenoidal magnet insulation was
approaching the upper value of its specified operating range (550 K).
In addition, inter-grid breakdowns were beginning to occur, a phenomenon which
never takes place with the UK-10 thruster under
normal operating conditions.
This is thought to be
a result of excessive grid movement as a result of
the high power input levels,

Above this thrust level operation appears to
be limited by component temperatures.
More
generally, however,
component lifetimes must be
re-evaluated for high thrust performance.
The
effects of increased temperatures and emission
currents on cathode lifetime'are being investigated
in an experimental programme directed by the RAE
Farnborough.
The implications of high current
operation on discharge components and thrust grid
lifetimes are being assessed by modelling of discharge processes and sputtering yield calculations,
carried out by Culham Laboratory.

Figure 5 shows the thrust, power-to-thrust
ratio and total system efficiency as a function of

Table 1

SUMMARY

8-centimetre Thruster Performance
Extended Performance

Parameter

Baseline
Performance

AIAA Paper No.
81-0754

Discharge voltage (V)
Discharge current (A)
Ion production cost (W/A)
Beam current (mA)
Beam voltage (V)
Propellant utilisation (%)
Specific impulse (secs)
Thrust (mN)
Input power (kW)
Power-to-thrust ratio (W/mN)
No. of grids

39
0.5
250
72
1275
84
2850
4.8
0.13
27.1
2

360

26
4.5
360
264
1380
86
3040
20.4
0.45
22.1
2

82-1913

30
4.0
500
300
1400
95
3400
22
0.58
26.4
3

82-1955

30
4.0
350
338
2400
87
4060
32
0.97
30.3
2

RIT-10 Thruster Parameters, for Operation in Xenon

Table 2

Baseline
aseine
Performance

Parameter

Extended Performance

1500
3000
125
47
3592

1500
3400
240
47
3496

2800
386
64
5310

167

330

477

75
1300
8

73
500
14

81
690
25

Total power input (W)

320

515

980

RF power input (W)
Power-to-thrust ratio (W/mN)
Electrical efficiency (%)
Total efficiency ()

100
40.0
60
45

120
36.8
70
51

232
39.2
73
59

Beam voltage (V)
Total voltage (V)
Beam current (mA)
Exhaust velocity (km/sec)
Specific impulse (sec)

Neutral flow (mA equiv)
Propellant utilisation (1)
Ion production cost (W/A)
Thrust (mN)

Table 3

UK-10 Thruster Parameters, for Operation in Xenon

Baseline
Perfmane
Performance

Parameter
Thrust (mN)
Beam voltage (V)
Total voltage (V)
Beam current (mA)
Anode voltage (V)
Discharge current (A)
Anode-keeper potential (V)
Ion production cost (W/A)
Total input power (W)
Power-to-thrust ratio (W/mN)
Specific impulse (sec)
Propellant utilisation (%)
Electrical efficiency (5)
Total efficiency (%)

Extended Performance
25
1,100
1,450
457
47
2.5
34
257
641
25.6
3,486
85
78
67

11.4
940
1,240
225
45
1.2
35
240
275
24.1
3,405
90
77
69

44
1,500
1,950
688
50
4.0
38
290
1,260
28.6
3,879
81
82
66

64
1,500
2,000
1,000
50
8.0
43
400
1,930
30.2
4,071
85
78
66

57
1,500
2,000
890
42
6.0
35
283
1,615
28.3
4,071
85
83
70

Values not corrected for doubly-charged ions or neutraliser flow rate.
includes keeper powers, magnet, etc.

Table 4

Propulsion System Performance Summary
for Lunar GAS

Parameter

Lunar GAS

SERT-II

UK-10

Input power (W)
Thrust (mN)

1333
42.4

860
28

1260
44

Specific impulse (sec)

4493

4150

3879

Engine efficiency (C)
Total efficiency (%)
Beam current (mA)
Beam voltage (V)
Discharge current (A)
Discharge voltage (V)

70
66
632
1817
4.31
35.0

74
64
253
2930
1.76
36.9

66
62
688
1500
4.00
38.0
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71
1,700
2,250
1,050
54
7.5
44
386
2,215
31.2
4,334
85
81
68

Total power

I

10,000
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UK-1O/T4A thruster
operation in xenon.
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Previously established operating
meters of the T1A thruster.
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T4A performance envelope in xenon, at
25 mN thrust (with the selected operating
point indicated).
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Extended performance operating parameters
of the T4A thruster.

