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Abstract Although the level of EMI emitted by a thruster
and its exhaust is of critical importance in many

This paper reviews a comprehensive series of applications, the evidence available to date suggests
tests designed to establish the electromagnetic that careful design and appropriate operational
emission characteristics of the T5 Kaufman-type ion strategies can eliminate potential problems. This
thruster. A variety of different test facilities were process is aided by the move to higher frequencies
employed, with antennas placed within a metal for communications links, since thruster emissions
vacuum chamber adjacent to the ion beam and then tend to be below the range of interest. Past
outside a glass tube through which the beam was flight programmes which have avoided significant
propagated. The frequency range 150 kHz to EMI problems include the SERT II1 , ATS-6 2 and
40 GHz was covered for thrust levels of 10, 18 and ETS-1113 ion thruster tests; information concerning
25 mN and both double and triple-grid versions of these and other programmes has been collated by
the thruster. Noise exceeding the ARTEMIS satellite Sovey4.
specification was found in the range 150 kHz to
30 MHz. This was due almost entirely to the More recently, with an increasing number of
neutraliser discharge. Beyond 80 MHz, no flights scheduled for a variety of thrusters, greater
emissions could be detected and the thruster was attention has been paid to the measurement of EMI
fully compliant with the ARTEMIS specification, emissions. For example, the RIT-10 radio-frequency
especially in the communications bands, ionisation thruster was tested by MBB and the

1. Introduction University of Giessen 5 prior to its flight on the
European Space Agency's (ESA's) Eureca platform,
and TRW have carried out comprehensiveIn the development of electric thrusters intended measurements 6 of the emissions from the 1.8 kW

for space applications, considerable effort is usually hydrazine arcjet to be used for north-south station-
expended in characterising any phenomena which hydrazine arcjet to be used for north-south station-

may adversely affect a host spacecraft. However, keeping (NSSK) on the Telstar-4 spacecraft.
such work has often been concentrated on those Although problems have been identified in these
parameters that can be measured within tests, including that of reducing background noise to
conventional vacuum facilities by the use of probes, an acceptably low level, nothing has been found to
quartz crystal microbalances, and similar suggest that electric thrusters are not fully
instrumentation. Examples are the ion or plasma compatible with most spacecraft.
beam profile and the spatial distribution of the
deposition of thruster erosion products. The The UK T5 ion thruster 7 ,8 has followed a similar
measurement of electromagnetic interference (EMI) development history, with measurements of EMI
is often left until late in a programme, partly because it being undertaken only after full characterisation of
is not a simple task, despite its importance to the most other aspects of its operation. However, a
acceptance of a thruster for any particular mission. comprehensive series of EMI studies has now been

completed, covering two thruster configurations,
thrust levels from 10 to 25 mN, and all phases of the

© Crown Copyright (1993) start-up procedure. This paper summarises the
Defence Research Agency results of these studies.

Farnborough Hampshire GU14 6TD UK
Published by the International Electric Propulsion Measurements were first made of the neutraliser
Conference with permission. IEPC Paper 93-234 discharge in isolation, because this is relatively
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noisy 9 and, being situated on the exterior of the The excellent performance achieved with
thruster, it is not shielded in any way. In addition, the mercury 18 has been repeated with xenon, although
neutraliser system is being used as a charge- it has been found that the two propellants differ in
alleviation device10 on DRA's STRV-la spacecraft 11, important respects, with a major impact on cathode
and its early characterisation was necessary for that physics 19 , and on discharge chamber 20 and grid
application, erosion2 1. The cathode effects have an influence

on the operating range of the thruster and on the
Since the T5 thruster is an essential component development of instabilities, the need to alleviate

of the UK-10 ion propulsion system (IPS) to be used discharge chamber erosion limits the anode potential
in the NSSK role on ESA's ARTEMIS spacecraft 12, to just below 40 V, and considerations of grid lifetime
together with the RIT-10 thruster, ESA sponsored have led to the adoption of a triple-grid ion extraction
the EMI characterisation of both devices by system.
DASA/MBB. For this, the thrusters were mounted in
a glass tube evacuated by a turbomolecular pump,
with external antennas used to detect any emitted
radiation 3 . In the case of the T5 thruster,
frequencies of up to 20 GHz were investigated and
thrusts of up to 18 mN.

Later, a more comprehensive series of tests was
undertaken at the Culham Laboratory. For these, the
thruster was mounted in a large diameter glass tube
attached to a port in one wall of a major test facility1 4.
Both internal and external antennas were used, the
thrust level was taken to 25 mN, and the frequency
range to 40 GHz. Thruster configurations with both
double and triple-grid ion beam extraction systems
were tested.

The results of these separate measurements
were in broad agreement. Noise in excess of the
ARTEMIS specification was generated by the
neutraliser alone under almost all cases, but only at
frequencies below about 30 MHz, where coupling
into the spacecraft is not thought to be of concern.
At all higher frequencies, the measured emissions
were well below specification, usually below the
background levels.

After describing these measurements and Fig. 1. Photograph of the triple-grid
discussing the results, the paper concludes with a version of the T5 thruster
comparison with theory1 5 . This suggests that a
considerable safety margin exists in all relevant A photograph of the triple-grid version of the
communications bands. thruster is shown in Fig. 1. This differs from the

double-grid configuration only in the addition of a
2. The T5 ion thruster decelerator (decel) grid, the associated insulators,

and the extensions to the downstream face of the
The T5 thruster was originally designed, follow- earth screen needed to shield them 8 .

ing the principles established by Kaufman 1 6 , to
operate at 10 mN in the NSSK role on geostationary The main structural element of the thruster
communications satellitesl 7. Mercury propellant was remains the soft iron backplate. To this is bolted the
selected, and the thruster was given great versatility cathode/isolator assembly, the main xenon feed
by the use of a variable magnetic field and three tube with its own electrical isolator, the inner
independently controllable feeds to the hollow polepiece and main flow distributor, and the
cathode, the discharge chamber and the cylindrical discharge chamber. In addition, the
neutraliser 18 . More recently, xenon propellant has conical rear enclosure and the alumina electrical
been adopted, and the nominal thrust level has been terminal blocks are mounted on the backplate, the
increased to 25 mN 7,8 to take account of the trend rear enclosure via 6 sputter-shielded insulators.
towards larger, heavier comsats with longer lifetimes. Those insulators also act as the supporting points for

attachment of the thruster to the spacecraft, and hold
the rear ends of the solenoids in place. The rear flat
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face of the conical enclosure supports the cathode of the neutraliser discharge with the STRV-la
and main flow isolators, the neutraliser xenon feed satellite11.
pipe, and the electrical leads to the thruster.

Although the outer polepiece is located at the
downstream end of the discharge chamber, it is
physically attached only to the ends of the 6 -fi eld nrrowban
solenoids. This polepiece carries the grid system via
6 attachment points, and also the neutraliser 100  

162-

cathode/keeper assembly. The screen grid butts 167
against the downstream face of the polepiece, and is E

supported in 6 places by a mechanical arrangement -
allowing both longitudinal and radial thermal I-
expansion, whilst maintaining accurate alignment and 2o .---.- -- " 22-
separation of the grids. The accelerator (accel) grid is - o 23 1426

mounted on 6 sputter-shielded insulators which 100oo 10 oo 1 io 3
define its separation from the screen grid. Similar kHz MHz MHz MHz GHz GHz GHz
insulators located at the same positions carry the Frequency

decel grid, which has supporting tabs that project 15 E-fied broadband
forward of the front face of the earth screen. As no
illustrated in Fig. 1, these tabs and the associated --
insulators are shielded by cylindrical screening cups. -:C; 65 

-- ------ 
---- --

Unlike many other Kaufman-type thrusters, the c - -- ---------
grids are dished inwards. This configuration was o 400-

chosen to promote thermal stability and to assist in o
minimising beam divergence. The grids are made W 0 1 0 "

100 1 10 100
from molybdenum sheet and are perforated by kHz MHz MHz MHz GHz
means of a spark erosion process employing Frequency
precision carbon tools. Depending upon exact H-fild
design details, they provide a divergence half-angle no
of 8 to 130 at the 95% beam current streamline and a
very low inter-grid arc rate. ss

The cylindrical anode is supported from the
discharge chamber by three sputter-shielded o
insulators. Its position, together with the 20HZ 2kHz SOkHz
configuration of the magnetic field and the Frequency
dimensions and location of the inner
polepiece/baffle disc assembly, was selected to
optimise propellant utilisation efficiency. This can
reach 90%, but the need to minimise discharge Fig. 2. EMI specification for the
erosion by reducing anode voltage restricts the value ARTEMIS spacecraft
appropriate to long-term operation to 80%.

Table 1
The flexibility of operation provided by the 4

control loops 22 is unsurpassed. With no mechanical ARTEMIS frequency bands
changes, the thrust level can be increased from 1 to
more than 70 mN, while maintaining utilisation Frequency Depth
efficiency at a selected high level. The separate Band range of notch Function
control of the xenon flow to the discharge chamber (GHz) (dB)
and neutraliser hollow cathodes permits the
associated keeper voltages to be kept constant,
thereby controlling cathode degradation. B 0.4-0.5 20 Tracking radar

3. Requrements L 1.62-1.67 30 Uplink/downlink
3. Requirements

S 2.0-2.3 30 Housekeeping
The work reported in this paper was conducted telemetry

primarily to ensure that the T5 thruster complies with
the requirements of the ARTEMIS spacecraft 2 3 , Ku 14.22-14.26 30 Communications
insofar as its EMI characteristics are concerned. A
secondary objective was to assess the compatibility
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The requirements of the ARTEMIS programme 10-9 torr under favourable conditions. Although the

are shown in Fig. 2, which includes both narrowband power supply/controller for this pump had to be
(NB) and broadband (BB) E-field emissions and also situated within the anechoic chamber, the backing
H-field limits. Deep notches are included pump was outside. It was also necessary to locate
corresponding to various communications and the vacuum gauges and their control unit within the
tracking bands; these are listed in Table 1. The screened area, but the active components of the
notch from 400 to 500 MHz is not relevant to ion xenon feed system were excluded.
thruster testing, since it is appropriate only to radar
tracking during the launch phase of the mission. The power supplies to initiate the neutraliser

discharge were brought temporarily into the
4. Neutrallser emissions anechoic chamber, but were removed once stable

operation had been achieved; they consisted of the
There is copious evidence from the T5 thruster cathode heater and keeper electrode high voltage

development programme that the neutraliser is the supplies. The discharge was then maintained by the
main source of electrical noise9,24 and thus probably keeper low voltage supply, which was located
of EMI. For this reason, the initial measurements outside the screened area. Its output was fed
were concentrated on this component. There was through the wall via appropriate filters, with series line
also a need to obtain data to ensure that the impedance stabilising networks.
neutraliser to be used as a charge alleviation
device 1o on STRV-la 11 would not interfere with the The antennas used to cover the frequency
spacecraft's S-band communications link. range 10 kHz to 18 GHz are listed in Table 2, and the

bandwidths employed are given in Table 3. All
This work was carried out in an anechoic antennas were mounted at least 1 m from the walls

chamber at DRA Farnborough, with as many noise- and ceiling of the screened room, and the overall
producing items of equipment as possible, such as configuration was standard for the EMI characteris-
rotary pumps, located outside this facility. Special ation of small pieces of electronic equipment.
shielded lead-throughs and cables with appropriate
filters were used to minimise the external noise Table 2
conducted into the system under test. In addition, all
recording instrumentation was located outside the Antennas used in the neutraliser
anechoic chamber. EMI measurements

Frequency range Antenna type

Em CaA - 10 kHz-32 MHz 41 inch rod (92197-3)
stnk. e ; | alib t

30-192 MHz Biconical (94455-1)
f.-on -Peat 2br 186 MHz-1 GHz Conical log spiral (93490-1)

S...otary 1-10 GHz Double ridge guide horn
I O (RGA-50)

-Antnn ,-Y 10-18 GHz Double ridge guide horn
(RGA-100)

Tu3- I dr droud

S . ,o.,,g Table 3

p" Measurement bandwidths

Frequency range 6 dB bandwidth
Fig. 3. Experimental arrangement for

the measurement of neutraliser 50 kHz-1 MHz 1 ± 0.1 kHz
EMI emissions at DRA

1-30 MHz 10 ± 1 kHz
The main items of test equipment used and their 30 MHz-18 GHz 100 ± 10 kHz

configuration are shown schematically in Fig. 3. The
neutraliser under test was contained within a vertical
pyrex glass tube of 15 cm internal diameter and
length 39 cm. Its base sat on a turbomolecular pump
capable of providing an ultimate vacuum of about
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10oon . . ,, . ... ... ". Owing to the need to satisfy STRV

requirements 11 , the tests covered a wider range of
neutraliser operating parameters than would

ao - otherwise have been necessary. The xenon flow
Srate was varied from 0.02 to 0.1 mg/s and the keeper

current from 0.4 to 1.0 A. The keeper voltage was in
6o - the range 21 to 39 V, the lowest values being

ARTEMIS / recorded, as expected9, at the higher flow rates and
Sspec / currents. The background pressure in the glass

o SV tube was about 5 x 10-4 torr at the highest flow rate,
.5 falling to 6 x 10-5 torr at the lowest.

20- 4/^ii * ' - 4.1 Results

The background noise level over the whole
frequency range is shown in Fig. 4a, which also

00  1 0 1 00 1 10 includes the specifications for STRV and ARTEMIS.
kHz MHz MHz MHZ GHz GHz The background was generally satisfactory, apart

(a) from in the Ku-band notch where it was about 12 dB
too high. As indicated in Fig. 4b, there was a

8 ' -significant increase at the lower frequencies when
the pumps and gauges were turned on. This was
particularly prevalent at below about 5 MHz, although

6o- ARTEMIS there were significant contributions at various points
S e ' in the range 5 to 200 MHz.

o STRV The effect of the neutraliser discharge can be
Sseen in Fig. 4c. This was most apparent at

' frequencies below the 400 to 500 MHz notch. The
discharge emitted mainly in the region up to about

20 1, 20 MHz, where the ARTEMIS specification was
lli uexceeded by up to about 10 dB at some

frequencies. There was also some minor
0o 0 1 10 00 1 enhancement of the emitted noise in the range 20 to

knH MHz MHZ MHz GHz GHZ 300 MHz; the greatest amplitude of this was at about
FreQuency 10 MHz, where it reached 40 dB. However, beyond

1 GHz there was no sign of any increase above the
background seen in Fig. 4a.

/ As regards any correlation with discharge
" 0 / conditions, this was only evident on a qualitative

Sbasis. Absolute emission levels changed with both
I i ./ xenon flow rate and keeper current, as did the

- 'I *'ftl , \frequencies at which clearly defined peaks occurred,
0- - but not in an obvious pattern. In general, the overall

SST RV emission levels increased and higher frequencies2 ec  
became more significant as both flow rate and

20 - - current were reduced. There did, however, seem to
S.,. be a clearer correlation between discharge electrical

noise and the level of emitted radiation, as might be
,, , ,expected. The two extremes are compared in

kz M z MHz M2z GHZ GHn Figs. 5a and 5b, in which the emissions from
to) discharges at 0.1 mg/s and 0.8 A and at 0.02 mg/s

and 0.5 A respectively are plotted. The keeper
Fig. 4. Neutralser N MI s m voltages were 21.0 to 22.5 V and 34.5 to 38.5 V,

(a) Background noise respectively, and the latter discharge was very noisy.

(b) Background, plus pumps and 5. Test programme at DASA/MBB
gauges

(c) Background, pumps, gauges The ESA-sponsored EMI testing of a T5 thruster
and dscharge at 0.5 A, with a at DASA/MBB utilised an experimental arrangementxenon flow rate of 0.06 mg/s

5



2155 IEPC.93-234 screened area. The directional antennas were
pointed at several positions along the glass tube
housing the thruster, but the data reported here
were taken from the midpoint. Both NB and BB
results were obtained over the complete frequency
range, with scanning and bandwidth selection under
computer control. Corrections due to antenna

o .. , ,, , ,11 ,1111t , ,' 111 , , - factors and gains were also applied via computer
processing of the data.

60

? ",i A'RTEMIS

r RFS T " " Shride cablcs

SXe, flow aSOrbe

2 - , . 1 mg/s - Screeni Mounting
0k8eA ,

l 
rr ange f < h

S20 - m . f t hruster

CO 1 10 100 1 10
kHz MHz MHz MHz GH GHz

Frequency tenna 1 Earth
(a) . ............... o strap

-- Glass "~

disoARE I o cs

a-

v y . ,sdtm ., , u h

*14'

20 mont i Fi 3 Fig. 6. Experimental arrangement for the
k .oSA rL, measurement of thruster EMI

1o emissions at DASA/MBB
(DASA/MBB diagram)

m 10 100 1 tokz MHz M Hz GHz GH 5.1 Results
Frequency

The main aim of the test was to characterise the
Fig. 5. Neutraliser NB emissions with emissions from the thruster at the operating

discharges at xenon flow rates of conditions to be used on ARTEMIS 12 , and this was
(a) 0.1 mg/s and (b) 0.02 mg/s satisfactorily achieved. It was also found possible to

vary the thrust down to 10 mN, but values higher
similar to that shown in Fig. 3. The thruster was than 18 mN were not feasible because the
mounted at the top of a vertical glass tube of internal background pressure within the glass tube then
diameter 40 cm and length 100 cm, as shown in became too high for stable operation. The influence
Fig. 6. The ion beam was directed into the entrance of various thruster parameters on emitted noise was
aperture of a large turbomolecular pump, which was also investigated, including flow rate of xenon,
backed by another, smaller pump of the same type discharge chamber magnetic field, cathode keeper
and a two-stage rotary pump. On this occasion, a full current and accel grid voltage.
set of thruster power supplies was provided by DRA;
these and other electronics units were located As seen in the composite broadband results
outside the anechoic chamber, and great care was shown in Fig. 7, most of the noise observed during
taken to minimise the amount of noise conducted thruster operation at 18 mN was due to the pumping
through the shielding. system and the electrical support equipment (ESE).

Consequently, although the ARTEMIS specification
As in the work at DRA, a variety of antennas and was exceeded from 150 kHz to 20 MHz, the actual

auxiliary equipment was employed to cover a wide emission from the thruster was found to be
frequency range; this was 150 kHz to 20 GHz. All acceptable. Beyond 20 MHz nothing significantly
data acquisition hardware was located outside the above background noise was observed.

6



For comparison, the neutraliser emission is IEPC-93-2342156
shown in Fig. 8; this trace includes the same
contributions from the pumps and ESE as in Fig. 7. It
can be seen that the result closely resembles that
from the complete thruster, suggesting that the main so
discharge and ion beam contributed very little to the
outcome.

a- ambient50
120 b -turb-opump

Sd - thruster.18 mN 30

6,00  _ I 11 I nrl I I I ,1, u0 '

'I0  I a I v s 10 20
"a -Frequency (GHz)

o I 00 oo Fig. 9. Comparison of thruster BBkI Frquency MHM  MHI  GH emission at 18 mN with the
ambient background, from
1 to 20 GHz (DASA/MBB data)

Fig. 7. BB emission measurements made at
DASA/MBB. (a) Background, The changes made to the operating parameters
(b) pumps on, (c) electrical of the thruster had only a minor influence on the
support equipment on, (d) thruster emission characteristics. Within the frequency range
operating at 18 mN (DASA/MBB data) 150 kHz to 40 MHz variation of the total mass flow

rate from 2 to 6 scc/min and of the accel grid potential
o from -300 V to -500 V had no observable effect,

S120 whereas an increase in the magnetic field applied to
Sthe discharge chamber caused a measurable rise in

o1 1 1 , I I | emission over the whole range studied. This is not
o I surprising, since the plasma parameters within the

Sthruster are largely determined by the magnetic field.
6o Typically, an increase of solenoid current from 60 to

I 160 mA caused the emission at 40 MHz to rise by 10
l Ito 15 dB. Similarly, the keeper discharge conditions

20 altered the emission characteristics significantly.
S10 oi'0 6. Test programme at Culham Laboratory

kHz MHz MHz MHz GHz
Frequency The most recent EMI tests were carried out at the

Culham Laboratory using the large vacuum facility 14

employed earlier for long duration studies of doubleFig. 8. Neutraliser BB emission from and triple-grid ion extraction systems8 . This
150 kHz to 1 GHz provided a much larger volume and lower operating
(DASA/MBB data) pressure than did the equipment at DASA/MBB,

thereby reducing any effects due to interactionsThe results from 1 to 20 GHz were conclusive, between the ion beam and the test facility. The
No emissions were detected greater than the opportunity was also taken to examine thrust levels
ambient noise. This is clearly demonstrated in Fig. 9, up to 25 mN and frequencies up to 40 GHz, and toin which 18 mN and ambient background traces are determine whether differences occur betweenoverlaid. Irrespective of the source, the emissions double and triple-grid ion extraction systems, insofar
were compliant with the ARTEMIS specification, as RF emissions are concerned.

The H-field emissions were also measured over A major feature of the programme was to
the frequency range 30 Hz to 50 kHz at 18 mN compare two different measurement techniques.
thrust. With the thruster operating, the measured These were the standard method, in which the ionemissions were identical to the ambient background, beam is passed through a glass tube and theand were well below specification, measuring antennas are situated externally. The

7
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experimental alternative was to place the antennas attenuation at 14 GHz. Significantly, radio and TV
inside the metal vacuum facility, accepting the stations were attenuated by typically 30 dB.
possible complication caused by multiple internal However, its effectiveness deteriorated seriously
reflections of any emitted signals. If the investigation below 100 MHz.
proved that the latter technique was viable, it could
be used in the future more easily and cheaply than
the conventional method.

6.1 The test facility

The test facility at Culham is shown schematically
in Fig. 10 in the configuration employed during most
of the T5 thruster development programme. Using
two mechanical cryopumps, which are not included
in Fig. 10, an operating pressure of the order of 6 to
10 x 10-6 torr can be achieved with the thruster at
25 mN. The ion beam then travels freely along the
vacuum chamber until it enters the cylindrical section
containing the aluminium target.

L-qud He Rectcngular Secton

ThrnTls,

secton

Beaom[t rget

F Fig. 11. Photograph of the T5 thruster
installed in the glass tube-at

C 7F ~the Culham Laboratory

- ,. 1Man vacuum chambrner Anechoic chamber

Thruster
Glass tub. /

Fig. 10. Diagram of the ion thruster test
facility at the Culham Laboratory , - -

For the EMI test programme using external
antennas, which was funded by Intelsat and A^nt.nras .n×.t
conducted by Matra Marconi Space UK, a 0.6 m ////
diameter, 1.0 m long glass tube was mated to oneL I'
end of the rectangular part of the facility. The T5
thruster was mounted at the other end of this tube T r-'
on a specially constructed flange. A view of this I *
arrangement can be seen in Fig. 11. Daa

acquisiton PLAN VIEW

6.2 Equipment for external measurements

As shown in the diagram in Fig. 12, a temporary Fig. 12. Experimental arrangement for the
anechoic chamber was constructed around the glass measurement of EMI emissions at
tube. This provided space for personnel and for a the Culham Laboratory
variety of antennas to be placed at a distance of 1 m
from the tube. Extreme care was taken to minimise the electrical

noise fed into the anechoic chamber on power and
The anechoic chamber, formed from large blocks other cables. All leads were shielded, extensive

of "radio absorbent material", was most effective at filtering was employed, and considerable attention
high frequencies. For example, the carbon- was paid to achieving an effective earthing scheme.
impregnated material provided more than 40 dB of Isolation transformers were used in mains supplies as

8
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appropriate, and ferrite cores were applied locally to (b) A spectrum analyser operating from DC to
various cables to reduce further noise propagation. 26 GHz

The antennas used in the various frequency (c) A quasi-peak adaptor.
ranges are listed in Table 4 and the associated
bandwidths in Table 5. The outputs from the (d) A micro-controller interfacing with the spectrum
antennas were fed to a Hewlett Packard 8572A analyser, and controlling the rate at which the
receiver system. Where increased sensitivity was frequency range was covered.
required, as in the notches in Fig. 2, external
amplification was used. The system automatically (e) A 40 GHz extender/downconverter.
corrected the recorded data for the characteristics of
these amplifiers and their connecting cables, also of (f) A plotter and printer.
the antennas.

6.2 Equipment for Internal measurements
Table 4

Antennas used outside the Culham In some ways, the equipment used for internal
test facilit measurements, which were conducted by ERA Ltd

Swith MOD funding, was more complex, since a great
deal of effort was needed to ensure that it was

Frequency range Antenna type Polarisation properly calibrated. The main problem concerned
the multiple reflections of any signals within the metal

150 kHz-30 MHz 41 inch rod V vacuum facility; an extensive calibration programme
(94 60 7-1 )  was necessary to ensure that they were fully(94607-1) accounted for.

30 MHz-200 MHz Bi-conical H,V
(94455-1) Initial calibration was carried out in a full-size

simulator of the vacuum facility at the Culham
200 MHz-1 GHz Log-conical C Laboratory. This was constructed of wood coated

(93490-1) internally with a conducting layer of copper.
1 GHz-18 GHz DRG Hom H,V Although not entirely realistic, it gave an early insight

(9600-1) into the problems that would be encountered within
the test programme and good approximations to the

18 GHz-22 GHz DRG Hor H,V antenna correction factor (ACF) needed for each
antenna and for the sensitivity likely to be achieved.

22 GHz-40 GHz DRG Hor H,V This was an essential part of the preparations for the
test programme, since the Culham facility could be

C = circular, H = horizontal, V = vertical, made available for a limited period only for setting up
DRG = double ridge guide and calibrating the experimental equipment.

Table 5 Seven antennas were used to cover the
complete frequency range 150 kHz to 40 GHz; they

Measurement bandwidths are detailed in Table 6. The bandwidths are as in
Table 5. They were sited within the vacuum facility in
positions well away from the ion beam, and they wereFrequency range NB bandwidth BB bandwidth also protected from the deposition of sputtered

(kHz) (kHz) material. Transmitting antennas occupied other
suitable locations for calibration purposes.

150 kHz-250 kHz 1 10
As mentioned above, the characteristics of250kHz-30MHz 10 30 antennas positioned inside an enclosed metal

30 MHz-1 GHz 100 1000 environment vary greatly from those of the far field
situation. The performance of such an antenna is

1 GHz-40 GHz 100 - usually defined by its gain or directivity relative to an
isotropic antenna. The ACF, which results from this

The receiver system consisted of the following comparison, allows the voltage V at the input to the
components: consisted of the following receiver to be converted into a field intensity in V/m.

The required factor can be defined as ACF =
(a) An RF pre-selector, which determined the best 9.76/(XNG), where X is the wavelength and G is

filter input combination to use to optimise the the numeric gain of the antenna.
receiver sensitivity.

9



2159 IEPC-93-234

Table 6 [s 11 I -

Antennas used Inside the Culham
test facility - TEM g

Frequency range Antenna type Polarisation

, 20 - -
150 kHz-30 MHz 41 inch rod V 0o15 s 5 10 30

(94607-1) Frequency (MHz)

30 MHz-1 GHz Two miniature H,V 60

bi-conicals

1 GHz-12 GHz Log conical C
spiral -I

12 GHz-18 GHz WG18 Horn H,V
30 50 100 200

18 GHz-26.5 GHz WG20 Horn H,V Frequency (MHz)

26.5 GHz-40 GHz WG22 Horn H,V ____---

55

C = circular, H = horizontal, V = vertical -

One method of obtaining the ACF is given in 35 J
Ref. 25, and this was used in calibrating the 15L,,,.-
antennas in both far field conditions and within the 0.2 0.4 0 8 1
chamber, with the necessary near field corrections. Frequency (GHz)

The far field ACF is compared with the chamber IO0
calibrations over the frequency range 150 kHz to
1 GHz in Fig. 13, from which it can be seen that 8___
significant differences were found, with resonances R s
related to the facility dimensions.

60,-

A Hewlett Packard Type HP8563E analyser was
used to receive the emitted signals, with an external 2 s lo 1s
mixer for the frequency range 26.5 to 40 GHz. An Frequency (6Hz)
ERA broadband amplifier provided the sensitivity ioo
required above 1 GHz. Hard copies of the output ARTEMIS
were obtained from a plotter connected to the E-FIELD NB

60 1

9c i l 18 20 22

_ _ __ ' ! I I ! ! ' i II
SFrequency (GHz)

Frequency (MN.)

Fig. 13. Comparison, over the range Fig. 14. Background NB noise detected by
150 kHz to 12 GHz, of the far field the external antennas over the
correction factors for the internal full frequency range, 150 kHz to
antennas with in situ calibration 40 GHz
data

10
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receiver via an HP1B data bus. The raw data were 6.4 Background measurements
input onto spreadsheets where, adding the
appropriate ACF, the amplifier gain where applicable The basic background noise for the external
and the bandwidth corrections, the actual emissions antennas is shown in Fig. 14 for the full frequency
were calculated, range of 150 kHz to 40 GHz , for the NB case. As can

be seen, these measurements confirmed the
As with the external antenna measurements, effectiveness of the shielding and noise

great care was taken to reduce background noise. suppression efforts made, in that the recorded levels
For instances, an isolation transformer was employed were well below the ARTEMIS specification, apart
as a mains source and ferrite cores were used from isolated spikes between 1 and 30 MHz and
extensively on power cables to minimise unwanted around 100 MHz; these were due to radio and TV
signals. An external battery and switch automated transmissions.
the selection of the 8 bands on the rod antenna, with
filtering applied to the battery leads to prevent The use of additional low noise amplification in
transients from entering the chamber, the communications bands (Fig. 2) confirmed that

the values there were also below specification.
6.3 Experimental technique Typical margins were 15 dBgV/m from 400 to

500 MHz, apart from isolated transmission spikes,
The test programme commenced with an 13 dBuV/m from 1.52 to 1.67 GHz, 20 dBuV/m from

investigation of the background noise detected over 2.0 to 2.3 GHz, and 5 dB.V/m from 14.226 to
the complete frequency range of interest, 150 kHz 14.250 GHz.
to 40 GHz. To cover this range, the external
antennas were changed manually. This was not Similar results were obtained from the BB
necessary for those mounted inside the test facility background measurements, although the spikes
since connectors penetrating the vacuum system mentioned above were largely suppressed. An
wall were provided, example is shown in Fig. 15, in which the ARTEMIS

specification is exceeded only by spikes of noise
These initial measurements were gradually between 10 and 20 MHz.

extended to include the vacuum pumps, the xenon
feed system to the thruster, the power supplies, Also shown in Fig. 15 are the BB results in this
then the thruster in operation. The latter was split frequency range when the other items of test
into three distinct stages, which were neutraliser equipment were operated. It can be seen that the
discharge only, neutraliser and main discharge cryopumps contributed very little to the overall noise
together, then the complete thruster. Three thrust level (Fig. 15b), and that the power supplies also had
levels were investigated, 10, 18 and 25 mN, and also very little effect (Fig. 15c). The same was true of the
both double and triple-grid thruster configurations. xenon flow control system.
The latter variation required exposure of the thruster
to air to allow the decel grid to be removed. A Unfortunately, the same low levels of
summary of the test programme is given in Table 7. background noise could not be achieved with the

Table 7

Summary of EMI test programme

Test number
1 2 3 4 5 6 7 8 9 10 11 12

Background - everything off X
150 kHz-40 GHz X X X
150 kHz-30 MHz X X X X X X
150 kHz-15 GHz X X X
Triple grd X X X X X X X X X
Double grid X X X
Vacuum pumps on X X X X X X X X X X X
Power supplies on X X X X X X X X X
Xenon feed on X X X X X X X X X
Neutraliser on X X X X X X X X
Discharge on X X X X X X X
Beam on - 25 mN X X
Beam on- 18 mN X X
Beam on - 10 mN X

11
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Fig. 16. Background noise detected by
the internal antennas

6o- ---- -- I (a) BB, 150 kHz to 1 GHz
0.2 05 1 2 5 10 20 (b) NB, 150 kHz to 40 GHz

Frequency (MHz)
(c) lower frequencies were much reduced, as can be

seen by comparing Fig.15 with Figs. 4b and 7.

Fig. 15. BB noise measurements made by Using the 41 inch rod antenna, mounted
the external antennas over the externally, the NB emission from the neutraliser
range 150 kHz to 30 MHz discharge was found to exceed the ARTEMIS
(a) Background, (b) background specification by up to 20 dBjLV/m in the range
and pumps, (c) background, 150 kHz to 12 MHz (Fig. 17a). Although taken with
pumps and power supplies the triple-grid configuration of the thruster, this result

is applicable to both ion extraction systems. The BB
internal measurements, despite great care being emissions also exceeded the specification over the
taken to eliminate leakage of signals into the vacuum whole of this range, but by only about 5 to
chamber. The BB results are shown in Fig. 16a and 10 dBV/m/MHz, except around 16 MHz where the
the NB in Fig. 16b. It can be seen that the ARTEMIS discrepancy reached 20 dB.V/m/MHz (Fig. 17b).
specification was exceeded from 150 kHz to
100 MHz and in two of the communications bands. Unexpectedly, the main discharge caused the
However, there was no measurable change when average noise level to decrease, possibly because
the pumps, power supplies and xenon feed system of the increased plasma density in the vicinity of the
were turned on, confirming the results from the neutraliser. As shown in Fig. 17c, the NB emission
external antennas. then exceeded the specification only in isolated

broad peaks, primarily those at 0.25, 1.2 and
6.5 Test results 2.3 MHz. The BB noise exceeded the specification

only around the peak at 2.3 MHz. Multiple records
In general, the experimental data from both sets were made of both the neutraliser only and

of antennas confirmed the results of the work neutraliser plus main discharge situations. They
completed earlier. It was found that the neutraliser were very repeatable, especially as regards the
discharge produced most of the observed noise, frequencies at which peak emissions occurred.
and that the main discharge and the ion beam
contributed only marginally to the measured levels. As can be seen in Figs. 17d and 17e, the NB
Owing to the substitution of cryopumps for and BB emissions of the thruster operating fully
turbomolecular pumps, the total emissions at the under 25 mN conditions were somewhat below

12
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those of the neutraliser by itself, except in the range Although the results shown in Fig. 17 were from
8 to 20 MHz, where there was a significant increase, the external rod antenna, very similar conclusions
It can thus be concluded, as in the DASA/MBB can be drawn from the internal antenna. A direct
experiments, that the neutraliser is the main source comparison between the above three experimental
of the observed noise. situations is provided in Fig. 18, which exhibits the

same peaky structure as described previously. The
differences between these curves and those shown
in Fig. 17 can be attributed to the different positions

c80 " I 11 of the two antennas in relation to the thruster and ion
S-beam, and to the influence of the chamber walls on

60 the signals received by the internal antenna.

ARTEMIS
1a 40Spec0160

1) E120

Sao80z___ ofL c ____ IV in ' I

11 cFrequency (MHz)

60[ - I------ I -"- -

so (Fig. 18. BB response of the Internal rod
80 = ls  8 eantenna to (a) the neutraliserE -- ---- -- Ndischarge, (b) the neutraliser and

6 - - main discharge, and (c) the
0 T Oper n all1 thruster at 25 mN

l0 - -_11 - Above 30 MHz the operating thruster had
o !1 b practically no influence on the observed noise.

20 There was a minor increase over background up to
0 iabout 80 MHz, of typically 5 dBglV/m in the NB

80 ,. °M I ruster results, then nothing whatsoever from that

SI frequency up to 40 GHz. The enhancement below
E G1 l, ,10 2 80 MHz was even less significant in the BB case.

nNowhere did the thruster cause the ARTEMIS
S- specification to be exceeded under any operating

conditions, ncluding within the communications
d) bands. The latter point is illustrated in Fig. 19, in

Swhich the external antenna results show that
0 . kThrus ter operation at 18 and 25 mN had no affect on the

A) "u-l iar oy observed noise in the S-band region. These results
S ' I i were obtained using a low noise, high gain amplifier

80 -s to augment the antenna gain.

60. Using the external antennas, there was no major
Frequency (Mz) change in the noise levels in the 150 kHz to 30 MHz

() frequency range as thrust was altered from 10 to 18,
then to 25 mN. This was not surprising, in view of the
domination of the neutraliser discharge. There was

Fig. 17. Thruster emissions measured with perhaps a slight increase in amplitude at the 10 mN
the external rod antenna over the level at frequencies below about 0.6 MHz, which
frequency range 150 kHz to 30 MHz might be expected since the noise generated by the
(a) neutraliser discharge only; NB hollow cathode discharge in the thruster became
(b) neutraliser discharge only; BB greater at lower currents26.
(c) neutraliser and main

discharge only; NB As shown in Fig. 20, the emissions from the ion
(d) thruster at 25 mN; NB beam itself, which was viewed by the internal
(e) thruster at 25 mN; BB antennas, were more clearly dependent upon the

13
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thrust level. The noise generated at 10 mN was A more surprising result, shown in Fig. 21, was a
consistently higher than at 18 and 25 mN over most difference between the double and triple-grid
of the frequency range in question, possibly due to emissions at 25 mN thrust, as seen by the internal
the more noisy operation of the discharge under antenna in the BB case, from 150 kHz to 30 MHz. No
these conditions. However, the 25 mN emissions obvious explanation exists for this effect, bearing in
were very close to those at 18 mN, perhaps as a mind that the ion beam characteristics were almost
consequence of the more stable discharge at higher identical in the two cases8. At 18 mN, there were
thrusts. similar differences, with various discrete peaks

shifted in frequency as at 25 mN.

0 A Vertical polarisatioLS ARTEMIS spec

Fig 21 Comparison of emission levels

bFig. 21. Comparison of emission levels
S_- from the double and triple-grid

S(b) versions of the thruster operating
at 25 mN, using the Internal rod

0- . antenna

20-\ 6.6 Comparison with theory

An attempt has been made 1 5 to explaino theoretically the emissions observed from the T5
20 2\ 22 23 thruster, assuming an average electron number

Frequency (GHz) density in the discharge chamber of 1012 cm-3 and a
c) reasonable plasma temperature. The mechanisms

considered have included fluctuations in the
Fig. 19. T5 thruster N emission in the conduction currents in the plasma, BremsstrahlungFig. 19. T5 thruster NB emission n the and black body radiation, and cyclotron radiation in aARTEMIS 2.0 to 2.3 GHz

communicaons band, using magnetic field of the order of 10-3 Tesla.

external antckgroundnas At low frequencies, less than the plasma collision
() 18 mN operation frequency of 100 MHz, the primary source of

(c) 25 mN operation radiation is the fluctuating conduction current in the(c) 25 mN operation plasma. This also flows in the associated metal
components and cables, which then act as an

0: ' '10MHz.

SIt has been shown that for frequencies up to the8
_" Fig.TE -.' 2 p plasma frequency of about 10 GHz the radiation

S___ I emitted directly from the plasma is primarily•! r' , !blackbody in nature. Beyond this frequency it is
'I0 o e -o -- Bremsstrahlung. However, the magnitude of both is

Fr, u.ncy (MH) low and completely buried within the general
background noise level of a sensitive receiver

i. 20. B response perating within an EMC enclosure, typically of the
antenna to three thrust levels order of 25 dBiV/m. The cyclotron radiation at aboutantenna to three thrust levelstemperaturapedhet

(a) 10 mN, (b) 18 mN, (c) 25 mN 30 MHz is trapped within the plasma.
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120 b - turbopump

S1 A c c - electrical
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Fig. 22. Comparison of experimental and theoretical thruster emissions at 18 mN thrust

The estimated Bremsstrahlung level at 10 GHz is 80 MHz there was a minor contribution from the
typically 10 dBpV/m and the blackbody radiation at thruster above background, but beyond 80 MHz
10 MHz is about -20 dBgV/m. A comparison nothing was detected. In particular, only background
between these predictions and the experimental noise could be measured in the ARTEMIS
data acquired at DASA/MBB is presented in Fig. 22. communications bands.
It can be seen that there is qualitative agreement
below 30 MHz and that a very large safety margin It was found that small changes were detectable
exists in the region of the ARTEMIS communications at the lower frequencies as thrust level was altered;
bands. explanations for this effect have been proposed.

There was also a measurable increase when the
7. Conclusions triple-grid version of the thruster was tested. The

reason for this is unknown.
This paper has reviewed a comprehensive series

of EMI tests of the T5 ion thruster, including a study There has been some success in explaining the
of the neutraliser discharge alone. A variety of test measured emissions theoretically, taking into
facilities has been employed, including antennas account various possible sources of radiation. This
placed within a vacuum chamber adjacent to the ion indicates that a good safety margin exists in the
beam and outside a glass tube through which the ARTEMIS communications bands, probably of the
beam was propagated. Thrust levels of 10, 18 and order of 20 dBgV/m.
25 mN have been studied, together with the double
and triple-grid thruster configurations. Acknowledgements
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