
NASA Technical Merrtorandum 100120 
AIAA-87-2028 

Using Ektric Propulsion 
A Survey 

James S. Sovey and Lynnette M. Zana 
Lewis Research Center 
CEeveW,  ?%io 

Systems- 

Steven C. Ktlowles 
Rocket Research Company 
Redmnd, Washington 

(hASA-TB- 100120) 
EXPERIENCES ESflhG 
cC&SIEt!S: A S U E V E Y  
EC A G J / B €  A C 1  

=_- -  

Prepared for the 

E L E C P R C W A G I E I 2 C  EB.ISSZOI  
E L E C l B I C  €bCECLSIOI  

( N A 5 A )  37 Avai l :  BTIS 
CSCL 21c 

63/20 

23rd Joint Propulsion Conference 
cosponsored by the AIAA, SAE, ASME, and ASEE 
San Diego, California, June 29-July 2, 1987 

B 8  7-228 C5 

https://ntrs.nasa.gov/search.jsp?R=19870013372 2020-03-20T10:42:08+00:00Z



ELECTROMAGNETIC EMISSION EXPERIENCES USING ELECTRIC 

PROPULSION SYSTEMS - A SURVEY 

James. S. Sovey and Lynnette M. Zana 
National Aeronautics and Space Administrat ion 

Lewi s Research Center 
Cleveland, Ohio 441 35 

and 

Steven C. Knowles 
Rocket Research Company 

Redmond, Washington 98073 

SUMMARY 

As  e l e c t r i c  propuls ion systems become ready t o  i n teg ra te  w i t h  spacecraft 
systems, the impact o f  propulsion system radiated emissions a re  of  s i g n i f i c a n t  
i n t e r e s t .  Radiated emissions f r o m  electromagnetic, e l e c t r o s t a t i c ,  and e lec t ro -  
thermal systems have been characterized and r e s u l t s  synopsized from the l i t e r -  

H a tu re  descr ib ing 21 space f l i g h t  programs. Electromagnetic rad iated emission 
e7 r e s u l t s  from ground tes ts  and f l i g h t  experiences are presented w i t h  p a r t i c u l a r  

a t t e n t i o n  paid t o  the performance of  spacecraft subsystems and payloads dur ing 
t h r u s t e r  operations. The impacts t o  transmission o f  rad io  frequency signals 
through plasma plumes are a lso reviewed. 
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INTRODUCTION 

As e l e c t r i c  propuls ion systems become ready t o  i n t e g r a t e - w i t h  spacecraft 
systems, the character lzat ion of  propulsion system radiated emissions a re  o f  
s i g n i f i c a n t  i n t e r e s t .  
electromagnetic experiences using electromagnetic, e l e c t r o s t a t i c ,  and e lec t ro -  
thermal propuls ion systems. Electromagnetic radiated emission r e s u l t s  from 
ground t e s t s  and f l i g h t  experiences are presented w i t h  p a r t i c u l a r  a t t e n t i o n  
paid t o  the performance o f  spacecraft subsystems and payloads dur ing t h r u s t e r  
operations. The impacts t o  transmisslon o f  rad io  frequency signals through 
plasma plumes are a lso reviewed. 

This paper b r i e f l y  summarizes comnunications and dynamic 

Over the l a s t  30 years more than 60 spacecraft were f lown using e l e c t r i c  
propuls ion systems f o r  drag makeup, stationkeeping, and experiments ( r e f s .  1 
t o  3 ) .  
t h rus te rs  (PPT),  i o n  thrusters ,  magnetoplasmadynamic (MPD) thrusters ,  and 
r e s i s t o j e t s .  
about 3 W f o r  e a r l y  pulsed plasma devlces to ,about  1 kW f o r  each SERT I1 i o n  
t h r u s t e r  ( t a b l e  I) ( r e f s .  1 t o  21). Table I does not character ize a l l  e l e c t r i c  
propuls ion f l i g h t s ;  only the  publ icat ions which make reference t o  th rus te rs  EM 
emissions o r  RF In te rac t i ons  w i t h  plumes were considered .in th is  survey. 
Except f o r  some r e s i s t o j e t  systems, m o s t  e l e c t r i c  propuls ion systems requ i re  

The major f l i g h t  q u a l i f i e d  thruster systems a re  a b l a t i v e  pulsed plasma 

Average power dedicated t o  the propuls ion system ranged from 
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power processing equipment to tailor the battery or solar array power to that 
of the thruster. The thruster/power processor produces an electromagnetic 
environment that could potentially impact spacecraft systems such as communi- 
cations, guidance, navigation and control, payloads, and experiments. The EM 
environments may have permanent and varying magnetic fields along with radio 
frequency and conducted electrical emissions. Prior to flight, electromagnetic 
interference (EMI) measurements must be made, and hardware must be immunized 
or the level of EM1 reduced to satisfy the compatibility requirements. 

Previous papers have surveyed the particle and field interactions using 
ion thrusters and MPD arcjets (refs. 22 to 24). This paper will review RFI 
component test specifications, results of spacecraft integration tests, and 
radiated emissions from flight systems using electromagnetic, ion, and electro- 
thermal thrusters. Spacecraft schematics and ground test configurations will 
be discussed, general test procedures will be synopsized, and spacecraft inte- 
gration test results will be reported. 
obtained from four flights using ablative pulsed plasma thrusters, six ion 
propulsion flights, and three flights using electromagnetic devices (table I). 

Most of the EM emission results were 

Only published or publicly available information was used in compiling 
this report. Host of the electric propulsion work, pertaining to EM emissions 
characterization was performed in the United States, Japan, Russia, Germany, 
and China. 

SYMBOL LIST 

ACS 
AFAL 
AGC 
ASC 
ATS 
C-band 
C OMM 
cw 
dBm/Hz 
d BpT 
dBpV/m 
dBpV/m/MHz 
DC 
EM 
EMC 
EM1 
ETS 
E/W 
GTE 
HV 
INTELSAT 
IR 
Ku-band 
LES 
MIL-STD 
MJS 
MPD 

attitude control system 
Air Force Astronautics Laboratory 
automatic gain control 
Amerlcan Satellite Company 
Applications Technology Satellite 
4 to 6 GHz range 
c omnun i cat i on s 
continuous wave 
decibels above one milliwatt per hertz 
decibels above one picotesla 
decibels above one microvolt per meter 
decibels above one microvolt per meter per megahertz 
direct current 
electromagnetic 
el ect romagneti c compat i bi 1 1  ty 
electromagnetic interference 
Engineering Test Satellite 
eas t/west 
General Telephone and Electronics 
high voltage 
International Telecomnunications Satellite 
i nf rared 
10.7 to 18 GHz 
Lincoln Experlmental Satellite 
military standard 
Mariner Jupiter Saturn 
magnetoplasmadynamic 



MSFC-SPEC 
N/S 
PC u 
PPS 
PPT 
PPU 
REO1 
RE02 
RF 
RF I 
R I T  
S-band 
s/c 
SCATHA 
SEP 
SEPAC 
SERT 
S- K 
SNAP 
SPEC 
STS 
TM 
TV 
UHF 
VHF 
vo 
X-band 

Marshall  Space F l i g h t  Center spec i f i ca t i on  
north/south 
power condi t ion ing u n i t  
pulses per second 
pulsed plasma th rus te r  
power processing u n i t  
rad iated emission tes ts  f o r  magnetic f i e l d  induc t ion  
rad iated emission tes ts  f o r  e l e c t r i c  f i e l d s  
rad io  frequency 
rad io  frequency in ter ference 
Radio Induct ion Thruster 
2.2 t o  2.6 GHz 
spacecraft 
Spacecraft Charging a t  High A l t i tudes  
Solar E l e c t r i c  Propulsion 
Space Experiment with Par t i c l e  Accelerators 
Space E l e c t r i c  Rocket T e s t  
stat ion-keeping 
Space Nuclear Aux i l i a ry  Power 
spec i f i ca t i on  
Space Transportat ion System 
t e  1 emet r y 
t e l e v i s i o n  
u l t r a  h igh frequency 
very h igh frequency 
Vik ing Orb i te r  
7 t o  8 GHz range 

ELECTRIC PROPULSION SYSTEM CHARACTERISTICS 

Most o f  the e l e c t r i c  propulsion devices f lown t o  date requ i re  l e s s  than 
1 kW o f  power per th rus te r  and produce t h r u s t  less  than 0.5 N. 
power (16 t o  50 V) has been provided t o  the  e l e c t r i c  t h rus te r ' s  power process- 
i n g  system from the  spacecraft bus or ba t te ry  system. Power csnverters t a l l o r  
power t o  heaters, i g n l t o r s ,  discharge and accelerator  electrodes, and neut ra l -  
i zers .  
and load res i s to rs  t o  e l iminate start-up current  surges. 

Low vol tage 

Some r e s i s t o j e t  systems simply couple t o  the ba t te r i es  through switches 

Some o f  the basic charac ter is t i cs  o f  the Teflon PPT, the MPD a r c j e t ,  i o n  
th rus ter ,  and r e s i s t o j e t  are described i n  t a b l e  I1 ( re fs .  18 t o  25). The H a l l  
cur ren t  t h rus te r  and thermal a r c j e t  parameters are a lso  l i s t e d  f o r  comparison 
purposes. 
discharge between two electrodes which bound the  Tef lon propel lant .  A capaci- 
t o r ,  charged t o  1 t o  2 kV, i s  discharged across the electrodes a f t e r  i n i t i a l  
breakdown i s  produced by an i g n i t o r  plug. 
by gas dynamic forces and Lorentz forces produced by the discharge cur ren t  and 
i t s  self-generated magnetic f i e l d .  The primary mission app l i ca t i on  o f  the  
Tef lon PPT has been a l t i t u d e  cont ro l  and stat ionkeeping o f  s a t e l l i t e s .  The 
NOVA-1 spacecraft,  f o r  example, uses an e lec t ro -op t ica l  sensor t o  a c t i v a t e  two 
PPT 's  which n u l l  atmospheric drag and r a d i a t i o n  pressure forces. Thrusters 
are mounted f o r e  and a f t  on the  spacecraft and produce a "drag f ree "  environ- 
ment ( f i g .  1 )  ( r e f .  8). 

The PPT accelerates fluoropolymer gas products by es tab l i sh ing  a 

The polymer products a re  accelerated 
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A MPD arcjet was flight tested in the pulsed mode in the SEPAC experiment 
aboard the STS-Spacelab-1 (ref. 11). The SEPAC MPD experiment provided data 
on basic plasmadynamic phenomena, vehicle charge neutralization, and air glow 
excitation. The HPD arcjet uses coaxial electrodes to produce a 240 V, 8 kA 
discharge, which ionized and electromagnetically accelerated argon propellant. 
The arcjet power processor input was provided by a 28 VDC bus. Basic elements 
of the power processor were a 480 V capacitor bank and charger, pulse forming 
network, and switches. The MPD arcjet processes nearly 25 KJ during a 1 ms 
pulse. 
highest power level of any thruster/PPU system flown to date. Figure 2 shows 
the location of the MPD arcjet assembly relative to the other diagnostic sub- 
systems on the SEPAC pallet. 

The peak power (2x106 W )  processed by the arcjet represents the 

Ion thrusters have been integrated on spacecraft and demonstrated as com- 
patible with the satellite subsystems. For example, geosynchronous satellite 
operations were accomplished on the ATS-6 flight of 2 cesium ion thrusters 
(ref. 17). Flight objectives were to demonstrate N/S stationkeeping, unloading 
momentum wheels, and spacecraft charge control. Each thruster provided 4.5 mN 
thrust at 2500 sec specific impulse. Sixteen power outputs to the thruster 
system were provided by 4 DC converters operating from an 18 VDC bus. The ion 
beam converter had a 500 V ,  113 mA capability. Figure 3 shows the location of 
an ATS ion thruster relative to the spacecraft body, reflector, and antenna 
(ref. 26). About 2.6 mN of the thrust was applied normal to the orbital plane, 
and the two thrusters were operated so these thrust components would cancel. 
It was estimated that about 90 percent of the exhaust plume would not impinge 
on spacecraft components or structures. 

Communication satellites, using up to 24 transponders for C-band or dual 
C-band/Ku-band communications, have employed resistojets for N/S stationkeeping 
(ref. 20). The RCA spacecraft use two resistojets simultaneously with two 
redundant thrusters in a standby condition. Hydrazine resistojets produce a 
mission average specific impulse of 290 sec and a total impulse capability 
consistent with an 8 to 10 year satellite mission life. The power to the 
thruster is provlded from a nominal 28 VDC battery system to a solid state 
controller, resistance banks, and switches used to limit current spikes due to 
the increasing heater resistance during start-up. Operational heater resist- 
ance is achieved In less than 8 sec. In this case, thrusters are symmetrically 
body-mounted on the RCA spacecraft near the center of mass.  

Because of the lack of detailed information on Russian flight systems, 
only the USSR flight of the Hall current thruster on the Meteor spacecraft is 
included in this compilation (ref. 9). 
least 13 electric propulsion space tests have been undertaken by the USSR 
dating back to 1964. 

Reference 9 reported, however, that at 

RADIATED EMISSIONS FROM ELECTRIC PROPULSION SYSTEMS 

Characterization of the electromagnetic environment produced by an elec- 
tric propulsion system is an important consideration in component level testing 
as well as spacecraft systems integration. The propulsion system, along wlth 
all major spacecraft subsystems must demonstrate that radiated and conducted 
emissions do not pose a problem to susceptible spacecraft .systems. Detailed 
ground testlng i s  required to verify spacecraft subsystems do not produce con- 
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ducted o r  rad iated emissions t h a t  might upset d i g i t a l  c i r c u i t r y ,  in t roduce 
f a l s e  s ignals  i n  comnand and telemetry, o r  impact other communication systems. 
For example, t y p i c a l  comnunlcations ca r r i e r  s ignals  are a t  frequencies o f  2 GHz 
o r  higher. Radiated and conducted emlssions from th rus te r  power cond i t ion ing  
equipment can be w e l l  con t ro l l ed  o r  reduced w i t h  ca re fu l  a t t e n t i o n  t o  the  
design of shields, gaskets, and f i l t e r s .  Table 111 l i s t s  the p o t e n t i a l  rad i -  
ated emission sources f o r  each of the e l e c t r i c  propuls ion concepts surveyed i n  
t h i s  paper. As an example, the  i o n  thruster ,  dur ing normal operations, can 
produce RF emissions from the  th rus ter  discharge chamber, the  neut ra l i zed  i o n  
beam, o r  the neu t ra l i ze r  plasma. 

Appl icat ion o f  the  MIL-SPECS 

P r i o r  t o  f l i g h t ,  the propuls lon systems usua l ly  undergo some type o f  
ground-based EM1 charac ter iza t ion  a t  the component l eve l  and a lso  upon space- 
c r a f t  i n teg ra t i on .  The standards and t e s t  procedures ( o r  some v a r i a t i o n  
thereo f )  set  f o r t h  by the  Department o f  Defense were usua l ly  fo l lowed f o r  EM1 
documentation. The two primary publ icat ions are MIL-STD-4616 and MIL-STD-462 
( r e f .  27). The former establ ishes both the  electromagnetic emission l i m i t s  
and s u s c e p t i b i l i t y  requirements f o r  a l l  e l e c t r i c a l ,  e lec t ron ic ,  o r  e lec t ro -  
mechanical equipment wh i le  the  l a t t e r  def ines t e s t  procedures and measurement 
techniques. Table I V  l i s t s  spec i f i c  radiated and conducted emission l i m i t s  as 
w e l l  as s u s c e p t i b i l i t y  requirements as establ ished by MIL-STD-4618, along w i t h  
the  frequency range o f  I n t e r e s t  f o r  each spec i f i ca t ion .  

Reference 27 provides a fundamental descr ip t ion  o f  electromagnetic i n t e r -  
ference and compa t ib i l i t y  p r i nc ip les  and serves as a p r a c t i c a l  guide t o  imple- 
mentation o f  the Standards. 

Since th i s  paper focuses on radiated emissions, only R F I  t e s t  spec i f i ca-  

The l i m i t  
t i ons  w i l l  be discussed. Figure 4 displays the  s p e c i f i c a t i o n  l i m i t  se t  by 
REO1, MIL-STD-461B f o r  magnetic f i e l d  emissions from 30 t o  50 kHz. 
i s  g iven i n  terms o f  magnetic f l u x  density, and decreases a t  a r a t e  o f  4Q d6 
per decade, f r o m  140 dBpT a t  30 Hz t o  20 dBpT a t  50 kHz. The-reason f o r  the  
decrease i n  al lowable densi ty  i s  t h a t  magnetic f i e l d  i nduc t i ve  coupling, such 
as between t w o  o r  more w i r e s ,  increases w i t h  frequency. 

The t e s t  set-up f o r  the  REO1 magnetic f i e l d  t e s t  has a magnetic-loop 
transducer placed 7 cm from the t e s t  sample or  7 cm from the  w i re  harness. 
The loop sensor consis ts  o f  m u l t i p l e  loop o f  L i t z  w i r e  w i t h  a 13.3  cm diameter. 
The purpose o f  the  t e s t  i s  t o  ensure tha t  the magnetic f i e l d  from the t e s t  
sample w i l l  not  i nduc t i ve l y  couple t o  nearby, suscept ib le components o r  w i r ing .  
I t  should be noted t h a t  the spec i f i ca t ion  l i m i t s  use the  dec ibe l  system o f  
no ta t i on  where the p i co tes la  (10-12 T) i s  the basic u n i t  o f  magnetic f l u x  
densi ty .  The magnetic f l u x  densi ty must  be converted t o  a meaningful EM1 
receiver  reading by c a l i b r a t i o n  o f  the loop-transducer. 

Figure 5 d isplays the spec i f i ca t lon  l i m i t s  f o r  both narrowband and broad- 
band e l e c t r i c  f i e l d  emissions, as set  by RE02, MIL-STD-4616. Here, the  terms 
narrowband and broadband have a de f i n i t e ,  quan t i t a t i ve  meaning and descr ibe 
the emission bandwidth w i t h  respect t o  a reference bandwidth, t h a t  o f  the  EM1 
measurement receiver.  The spec i f i ca t ion  l i m i t s  are g i v e n , l n  terms o f  e l e c t r i c  
f i e l d  i n t e n s i t y  (dB pV/m). The RE02 t e s t  set-up has the  antenna located 1 m 
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from the  t e s t  sample; both devices are  located I n  a shielded enclosure. The 
purpose of  the  t e s t  i s  t o  conf i rm t h a t  e l e c t r i c  f i e l d s  produced by t h e  t e s t  
specimen o r  i t s  wire harness are  less than the  narrowband o r  broadband emission 
l i m i t s  over t h e  0.01 MHz t o  10 GHz frequency range. 

S c i e n t i f i c  payload experimenters may have a d d i t i o n a l  EMC requirements. 
For example, space plasma experiments can be af fected by narrow band e l e c t r i c  
f i e l d  emissions due t o  EM s ignals  and t h e i r  harmonics. Users from t h e  Univer- 
s i t y  o f  Iowa suggest t h a t  t h e  upper bound o f  a l lowable emissions a t  t h e  i n s t r u -  
ment loca t ion  be 10 pV/m f o r  s a t i s f a c t o r y  performance o f  plasma d iagnost ic  
instruments ( r e f .  28). A thrust ing/science t ime-sharing phi losophy would 
probably produce the optimal EM environment. 

It should be mentioned t h a t  the  MIL SPECS are intended as a guide t o  
ensure EM compatibi l i ty.between a l l  e l e c t r i c a l  and e l e c t r o n i c  components i n  
use as an integrated system onboard the spacecraft.  
components and c i r c u i t r y  t h a t  can withstand electromagnetic environments i n  
excess o f  the  l i m i t s  imposed by the  MIL SPECS. Overa l l  system c o m p a t i b i l i t y  
w i l l  govern t h e  actual implementation of each spec i f i ca t ion .  I n  many cases, 
the speci f icat ions may be relaxed o r  waivered. Further, d e f i n i t i v e  c r i t e r i a  
do no t  e x i s t  f o r  impulsive noise, such as t h a t  which would be generated by the  
pulsed plasma thruster,  so  special  spec i f icat ions are  sometimes appl ied 
( r e f .  29). 

C lear ly ,  there  are  

Ground-based EM1 Documentation of E l e c t r i c  Propulsion Systems 

A l l  o f  t h e  e l e c t r i c  propuls ion systems surveyed underwent some type o f  
EM1 character izat ion p r i o r  t o  f l i g h t .  References 6, 18, 22, 30, and 31 present 
de ta i led  informat ion on the types o f  t e s t s  conducted, t h e  experimental set-ups 
employed, and the ground t e s t  data measured along w i t h  discussions o f  exper i -  
mental uncer ta in t ies.  Although i t  i s  apparent t h a t  a f u l l - s c a l e ,  in tegra ted  
documentation i s  necessary i n  order t o  ensure EM c o m p a t i b i l i t y  between a l l  
spacecraft sub-systems, meaningful in format ion may be obtained a t  the  component 
leve l ,  i n  order t o  prevent and/or minimize the comnunications impact due t o  
EM1 re la ted  problems. The primary engineering d i f f i c u l t y  encountered i n  
ground-based t e s t i n g  i s  the adequate s imulat ion o f  the f u l l - s c a l e ,  spacecraf t  
con f igura t ion  i n  a near-space (vacuum) environment. Concerns about p rope l lan t  
contamination o f  sens i t i ve  spacecraft surfaces o r  about vacuum tank r e f l e c t i o n s  
o f  EM waves o f ten  precluded the p o s i t i o n i n g  o f  the  t h r u s t e r  and antennae i n  
t h e i r  actua l  f l i g h t  o r ien ta t ion .  The r e f l e c t i o n  o f  EM emissions from metal 
vacuum f a c i l i t y  wal ls may g ive  inaccurate' EM f i e l d  measurements and a l s o  can 
prevent conclusions on time-dependent EM charac ter is t i cs .  For example, about 
a 10 dB reduct ion i n  S-band s ignal  var ia t ions  was observed a f t e r  absorber 
mater ia l  was i n s t a l l e d  i n  a metal vacuum f a c i l i t y .  I f  no r e f l e c t i o n s  were 
present, the received s ignal  would be near ly  constant over the  frequency range 
( r e f .  32). Frequency s h i f t s  a t t r i b u t e d  t o  r e f l e c t i o n s  I n  metal vacuum f a c i l i -  
t i e s  were a lso  detected. 

Figure 6 displays the t e s t  con f igura t ion  o f  a novel EMC f a c i l i t y  developed 
s p e c i f i c a l l y  f o r  the EMC charac ter iza t ion  of the  mercury i o n  t h r u s t e r  propul- 
s ion system, which was flown onboard the Engineering Test S a t e l l i t e  111 
(ETS-111) i n  1982 ( r e f .  18). The i o n  th rus ter  and the  e n t j r e  s a t e l l i t e  were 
placed i n s i d e  a large screen room. The i o n  t h r u s t e r  exhausted i n t o  an EM1 
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s imulator  , a cryo-pumped vacuum environment o f  approximately 4x10-4 Pa 
(3x10-6 t o r r ) ,  dur ing normal thruster  operation. The simulator was fabr ica-  
t ed  w i th  U f i b e r  re in forced p las t i c " ,  a h igh  s t rength mater ia l  o f  s u f f i c i e n t  
electromagnetic permeabi l i ty .  
caused f l u c t u a t i o n  of the  AGC l e v e l  on an up l i nk  receiver,  the t e s t  conf igura- 
t i o n  demonstrated the a b i l i t y  t o  adequately document and assess EM1 re la ted  
impacts of the i o n  th rus ter  t o  the s a t e l l i t e .  

Despite some f a c i l i t y  re la ted  e f f e c t s  t h a t  

RESULTS OF GROUND BASED AND FLIGHT TESTS 

Radiated emissions from e l e c t r i c  propuls ion systems can cover a broad 
range o f  electromagnetic frequencies. This paper w i l l  focus a t t e n t i o n  on the  
10 Hz t o  10 GHz range, where propulsion system electromagnetic emissions or  
plasma plumes might impact the operation o f  comnand, cont ro l ,  telemetry, o r  
communication systems. 
component l e v e l  tests ,  i n teg ra t i on  t e s t s ,  and f l i g h t  experiences t o  character- 
i z e  th rus te r  produced electromagnetic f i e l d s ,  plume e f fec ts ,  and in te rac t i ons  
w i t h  spacecraft subsystems. This informat ion i s  synopsized I n  t a b l e  V 
( re f s .  3 t o  63). These data have been obtained from spacecraf t  t ha t ,  on 
average, provide less than 1 kW t o  each th rus ter .  Peak power i n  the  case o f  
the  MPD a r c j e t  has exceeded 1 CIW ( re f .  11). The discussion of  r e s u l t s  w i l l  be 
organ- i zed  under 5 propuls ion system classes, namely: a b l a t i v e  PPT, H a l l  
cur ren t  and MPD thrusters ,  i o n  thrusters,  res i s to je t s ,  and thermal a rc je t s .  
Since the a r c j e t  i s  an a t t r a c t i v e  candidate f o r  N/S stat ionkeeping, i t  i s  
inc luded as a subset even though there i s  no known f l i g h t  experience. Each 
sect ion w ' i l l  b r i e f l y  discuss the  resu l ts  o f  propuls ion system ground and 
f l i g h t  t e s t s  as they p e r t a i n  t o  radiated emissions and RF communications 
through th rus te r  plasma plumes. 

A s ign i f i can t  amount o f  publ ished data e x i s t s  from 

Ablat ive Pulsed Plasma Thruster 

Published resu l t s  o f  three f l i g h t s  using PPT's  have ind icated no evidence 

During component l e v e l  and i n t e g r a t i o n  tests ,  
o f  EM1 e f fec ts  on spacecraft subsystems. 
f o r  E/W Stationkeeping ( r e f .  4). 
i t  was concluded t h a t  the  induced noise pulses must be less than 60 dB above 
the  antenna receiver  threshold n o i s e  and no t  exceed 1150 sec i n  dura t ion  
( r e f .  34). Test r e s u l t s  o f  the PPT i n  a vacuum anechoic chamber s a t i s f i e d  the 
requirement. One o f  the  PPT's  operated a t  l eas t  8900 h r  over a 5 year period, 
and there was no evidence o f  in ter ference w i t h  spacecraft comnunlcations or 
telemetry. The MDT-2A, a 37 min b a l l i s t l c  f l i g h t ,  was China's f i r s t  e l e c t r i c  
t h rus te r  f l i g h t  t e s t  ( r e f .  7). The PPT system, which has an average i n p u t  
power o f  about 5 W, d i d  not  d i s t u r b  the te lemetry o r  communication systems 
dur ing f l i g h t .  No obvious e f fec ts  on spacecraf t  subsystems were noted dur ing  
i n t e g r a t i o n  t e s t i n g  p r i o r  t o  f l i g h t .  

The LES-6 spacecraft- had fou r  PPT's 

The NOVA-1 spacecraft used two PPT's t o  cancel drag a t  an a l t i t u d e  o f  
1170 km ( r e f .  8) .  
a t  the component l eve l  o r  on in tegra t ion  tests ,  dur ing f i v e  months o f  f l i g h t  
experlence and more than 1x106 thruster  pulses, no EM1 e f f e c t s  on spacecraf t  
subsytems were reported. 

Although there was no published In format ion on ground t e s t s  

7 



The LES 8/9 development program f o r  a PPT f l i g h t  system included extensive 
t e s t i n g  a t  t h e  component and system l e v e l .  
power r a t i o s  compared t o  the  LES-6 devices ( r e f .  38). LES-8/9 component EM 
emission t e s t s  were performed i n  a vacuum tank w i t h  RF absorbing wal ls .  The 
r a d i a t i o n  i n t e n s i t y  and spect ra l  d i s t r i b u t i o n  i n  t h e  0.2 t o  20 GHz range was 
t o  be determined i n  t h i s  case w i th  an accuracy o f  about an order o f  magnitude. 
Results Indicated a rad iated energy densi ty  o f  6 t o  60 pW/MHz which was e s t i -  
mated t o  be s u f f i c i e n t  t o  saturate an antenna receiver  i n  t h e  v i c i n i t y  o f  the  
PPT. The R F I  was 0.5 t o  1.0 sec durat ion ( r e f .  37). During spacecraf t  l n t e -  
g r a t i o n  tes ts ,  EM r a d i a t i o n  and e l e c t r o s t a t i c  pickup other than plasma r e t u r n  
currents af fected operat ion o f  an i n f r a r e d  sensor and some l o g i c  c i r c u i t s  
( r e f .  38). The basic problem was inadequate sh ie ld ing  o f  e l e c t r o n i c  boxes and 
the  w i r e  harness. Because o f  the R F I  d i f f i c u l t i e s  and problems encountered i n  
t h r u s t e r  thermal c y c l i n g  i n  the  spacecraft conf igurat ion,  t h e  PPT's were 
replaced on t h e  spacecFaft w i t h  co ld  gas ammonia th rus ters  i n  order t o  expedi te 
the LES 8/9 f l i g h t .  Although the  PPT 's  were n o t  used on LES 8/9, they were 
successful ly integrated t o  the spacecraft a f t e r  R F I  problems were resolved. 

These PPT's had improved t h r u s t  t o  

Radiated emission from the ETS I V  PPT was reported i n  1981. Tests were 
conducted i n  a glass vacuum f a c i l i t y  according t o  the  MIL-STD-461 s p e c i f i c a t i o n  
( r e f .  6). A f t e r  the  prototype th rus ter  system was r e t r o f i t t e d  w i t h  a d d i t i o n a l  
sh ie ld ing  and high vol tage cable f i l t e r s ,  and the PPT was e l e c t r i c a l l y  f loated,  
the average noise l e v e l  was below the  RE02 broadband s p e c i f i c a t i o n  except i n  
the 100 t o  120 MHz range. RE02 was s a t i s f i e d  a t  the  u p l i n k  frequency o f  
148 MHz and the  communication frequency o f  1 t o  3 GHz. Later,  an EM compati- 
b i l i t y  t e s t  was conducted w l t h  the PPT and VHF and S-band antenna/receivers 
s i m i l a r  i n  charac ter is t i c  t o  the  ETS I V  system. A 20 hr t e s t  a t  1.4 pps was 
conducted. Occaslonal nolse was estlmated t o  be the  same l e v e l  as the command 
signal .  The noise pulse was very narrow, and i t  was predic ted t h a t  i t  would 
n o t  i n t e r f e r e  wi th up l ink  communications. Published space f l i g h t  r e s u l t s  o f  
ETS-IV ind ica ted  t h a t  31 propuls ion system t e s t s  were conducted over a 3 year 
f l l g h t  period. 
t o t a l  operat ion time o f  about 100 hr. The PPT system was EM compatible w i t h  
ETS-IV ( r e f .  40). There were no EM1 e f f e c t s  on telemetry, command s ignals  o r  
spacecraft instruments. 
were unaffected by PPT operations. 

About 4x105 th rus ter  system f i r i n g s  were undertaken i n  a 

The AGC l e v e l s  o f  VHF and S-band comnand receivers 

I n  summary, an excel lent  descr ip t ion  o f  EM emissions ground t e s t i n g  o f  
the PPT was reported dur ing the ETS-IV program. The LES-6, NOVA-1, and ETS-IV 
have demonstrated long-term f l i g h t  operat ion o f  the P P I  w i t h  no apparent i n d l -  
c a t i o n  o f  EM1 e f fects  on spacecraft subsystems. 

H a l l  Current and MPD Thrusters 

Three plasma th rus ter  f l i g h t s  made some reference t o  RF emissions. 
USSR Meteor-18 spacecraft accumulated over 600 hr o f  operat ing t ime on two 
H a l l  cur ren t  thrusters w i t h  a t o t a l  o f  273 act iva t ions .  Reference 9 ind ica tes  
t h a t  there was no d i s r u p t i o n  o f  spacecraft communications produced by t h r u s t e r  
system RF emissions. I t was observed t h a t  Ilclose l o c a t i o n  o f  rece iv ing  anten- 
nas and t h r u s t e r  i n  some cases brought a s l i g h t  in f luence on the  propagatlon 
o f  the r a d i o  signals." Generally, the RF s ignals were s i g n i f i c a n t l y  higher 
than the s igna l  nolse and the  q u a l i t y  of te lemetry was no t  'Influenced. 

The 
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The MS-T4 f l i g h t  experiment of a 240 N MPD t h r u s t e r  operated i n  the pulse 
mode was performed by Japan i n  1980 ( r e f .  10). During f l i g h t ,  t he  MPD t h r u s t e r  
operated a t  a low duty cycle over a per iod of  5.6 hr .  
w i t h  t h r u s t e r  f i r i n g s  (1.5 ms) were observed on the AGC s ignals o f  the 400 MHz 
antenna system; however, the AGC signals o f  t he  S-band antenna system were no t  
a f f e c t e d  by th rus te r  operations. Apparently, discharge current pulses o f  about 
700 A d i d  not  ser ious ly  impact seven telemetry and f i v e  r e a l  t ime command 
signals.  

Pulses synchronized 

A t  l e a s t  6 papers described EM1 r e l a t e d  component tests ,  i n t e g r a t i o n  t e s t s  
and f l i g h t  experiences o f  the SEPAC experiment aboard the STS Spacelab-1 
( r e f s .  11, 30, 31, 45, 46, and 53). The MPD a r c j e t  aboard t h i s  f l i g h t  was 
coupled t o  a 240 V capacitor bank and produced a current  pulse o f  about 8 kA 
f o r  1 ms. A r c j e t  peak power was about 2 MW dur ing the 1 ms pulse. Based on 
the authors '  review of. the l i t e r a t u r e ,  the SEPAC MPD a r c j e t  was the highest 
peak power e l e c t r i c  propuls ion device ever f lown on a spacecraft. The basic 
ob ject ives of the SEPAC t e s t  were associated w t t h  spacecraft charge contro l ,  
a i rg low  exc i ta t i on ,  and plasmadynamics experimentation. Although s p e c i f i c  
propuls ion experiments were not performed, the MPD a r c j e t  discharge character- 
i s t i c s  and on-orbi t  operat ional  experiences were documented. 

During ground based component t e s t s ,  the MPD device was operated i n  a 
metal vacuum chamber. EM rad ia t i on  l eve l s  exceeded the narrow and broadband 
RE02 SPEC ( r e f .  31). The EM1 general ly lasted as long as the MPD a r c j e t  d i s -  
charge per iod and was, therefore, thought t o  o r i g i n a t e  from the a r c j e t  plasma. 
I t should be noted t h a t  antenna locations were not optimized and there were 
probably s i g n i f i c a n t  r e f l e c t i o n s  f r o m  vacuum f a c i l i t y  metal wal ls,  which may 
have enhanced the EM noise. 
the Spacelab p a l l e t  were l a t e r  conducted i n  a metal vacuum chamber w i t h  the 
antennae located i n  the chamber. There were no malfunctions o f  f l i g h t  hardware 
due t o  EM1 dur ing the course of  t h i s  i n t e g r a t i o n  tes t i ng .  RF emissions were 
above the MSFC-SPEC-521 a t  frequencies less than 100 MHz. The MSFC SPEC was 
s a t i s f i e d  over the 100 MHz t o  10 GHz range implying no S-band l i n k e d  RFL. 
Some c l i c k  noises were observed on the UHF comnunication l i n k .  

In tegrat ion t e s t s  w i t h  the MPD a r c j e t  mounted on 

The SEPAC f l i g h t  experiment was a l so  intended t o  serve as a testbed f o r  
MPD a r c j e t  inf luences on UHF and S-band communications. Any EM1 impacts on 
the STS Orb i te r  subsystems due t o  MPD a r c j e t  operation would a lso be apparent. 
During the f l i g h t  t es t ,  the a r c j e t  was operated dur ing t h i r t e e n  t ime segments 
w i t h  a t o t a l  o f  260 f i r i n g s .  The MPD a r c j e t  was usual ly  operated i n  conjunc- 
t i o n  w i t h  an e lect ron beam accelerator. Operations were usual ly  conducted 
w i t h  a plasma diagnostics package, a TV'monitor, and many other Shu t t l e  Orb i te r  
and Spacelab subsystems. Space plasma experimental data were r e a d i l y  obtained 
dur ing the course o f  MPD a r c j e t  operations. Experiments were r e l a t e d  t o  vehi- 
c l e  charge neu t ra l i za t i on ,  ambient gas i on i za t i on ,  plasma wave e f fec ts ,  and 
plasma plume dynamics ( r e f .  64). Reference 44 simply states t h a t  the MPD arc- 
j e t  "induced ne i the r  hazard nor EM1 w i th  the Spacelab o r  other payloads." 
These r e s u l t s  are p a r t i c u l a r l y  i n te res t i ng  i n  view o f  the MPD a r c j e t  f i r i n g s  
w i t h  peak power l eve l s  approaching 2 MW dur ing the 1 ms pulse. 
r e s u l t s  t o  date have been accomplished using pulsed mode operation, rad iated 
emissions from steady s t a t e  propulsion sys tems w i l l  probably have d i f f e r e n t  
cha rac te r i s t i cs .  

As the MPD 
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I o n  Propulsion 

Reports describing r e s u l t s  o f  s i x  f l i g h t s  o f  i o n  th rus te rs  o r  i o n  sources 
conta in  informat ion concerning RF emissions. The f i r s t  i o n  t h r u s t e r  f l i g h t  
was the  SERT-1 b a l l i s t i c  f l i g h t  ( r e f .  12). A cesium i o n  t h r u s t e r  f a i l e d  t o  
s t a r t  wh i l e  the  mercury th rus te r  operated 31 out  o f  the 46 min. t r a j e c t o r y .  A 
t o t a l  o f  53 e l e c t r i c a l  breakdowns occurred dur ing t h r u s t e r  operation. Nonethe- 
less, dur ing the course of  steady s ta te  i o n  beam operat ion o r  dur ing the  HV 
f a u l t s ,  no anomalies were produced i n  the telemetry, command, o r  con t ro l  
systems. 

The SNAP-1OA was a reactor powered s a t e l l i t e  which included a 9 mN cesium 
i o n  t h r u s t e r  as an experiment ( r e f .  13). Abnormal t h r u s t e r  arc ing o f  h igh 
vol tage produced severe e f f e c t s  on telemetry, the con t ro l  system and hor izon 
sensors. Severe vehic le  slewing occurred, abnormal amounts o f  p rope l l an t  were 
used by the a t t i t u d e  con t ro l  system, and telemetry mu l t i p lexe r  synchronization 
was upset. 
which i n  t u r n  caused deleter ious conducted EM1 below 1 MHz. Such damaging 
impacts reinforced the need f o r  de ta i l ed  system i n t e g r a t i o n  tes t i ng .  

Arcing a t  h igh voltage terminals produced power supply cyc l ing,  

I n  the SERT-I1 program, the prototype spacecraft was thermal vacuum tested 
i n  excess o f  3200 h r  w i t h  th rus te r  operation o f  a per iod greater than 2400 h r  
( r e f .  16). These spacecraft i n t e g r a t i o n  t e s t s  establ ished long term e l e c t r i c a l  
c o m p a t i b i l i t y  and a l so  provided an evaluat ion o f  t h r u s t e r  a rc ing  problems. 
the actual  f l i g h t  demonstration o f  SERT-11, the th rus te rs  were operated w i t h  
i o n  beam ex t rac t i on  f o r  a t  l eas t  6900 h r  over the 11 year l i f e  o f  the space- 
c r a f t  ( r e f .  50). RF emissions produced by the th rus te r  system had no e f f e c t  
on spacecraft c o m n d  o r  contro l .  
a lso unaffected. Further, t h rus te r  operation was no t  detected on 1.7 and 
2.1 kHz R F I  sensors; sensor output was about the same as one would expect from 
thermal-generated Earth noise ( r e f s .  16 and 47) .  

I n  

Up and down l i n k  data (136 t o  149 MHz) was 

Two cesium i o n  thrusters  were aboard the ATS-6 spacecraft ( r e f s .  17 
and 26). System i n t e g r a t i o n  t e s t s  were conducted w i t h  a th rus te r  s imulator 
and a f l i g h t  power processing u n i t .  
t h r u s t e r  simulator/PPU and other spacecraft subsystems dur ing normal h igh v o l t -  
age operat ion or dur ing HV overload s i t ua t i ons .  During the ATS-6 f l i g h t ,  a 
th rus te r  operated 92 h r  w i t h  no evidence o f  R F I  t o  telemetry, command systems, 
t e l e v i s i o n  relay, o r  communication systems. The basic communication frequen- 
c ies were 153 MHz, 2.25, 4, and 6.15 GHz.  High vol tage breakdowns normally 
occurred dur ing the th rus te r  start-up period. 
i c a t i o n  equipment d i d  no t  detect  the presence of  the i o n  thruster ,  i n d i c a t i n g  
c o m p a t i b i l i t y  of the two subsystems dur ing both t rans ien t  and steady s t a t e  
operat ion ( re fs .  15 and 52) .  

No in te r fe rence  was obsewed between the 

During these events, the commun- 

Component leve l  t es ts  of  a mercury i o n  t h r u s t e r  f lown on ETS-111 were 
conducted i n  a glass b e l l  j a r  w i t h  the receiver antennae and PPU a t  atmospheric 
pressure ( r e f s .  18 and 30). Broadband noise i n  the 3 t o  100 MHz range exceeded 
the RE02 SPEC. The RE04 SPEC was a lso exceeded i n  the 20 t o  70 KHz range. 
Consequently, noise speci f icat ions f o r  the t h r u s t e r  system on ETS-111 were 
relaxed s l i g h t l y .  The electromagnetic c o m p a t i b i l i t y  o f  t he  i o n  t h r u s t e r  system 
and the  
chamber. The spacecraft was tested i n  an anechoic room w j t h  the t h r u s t e r  mated 
t o  the vacuum chamber f lange ( f i g .  6 ) .  

ETS-111 was l a t e r  confirmed using an EM1 s imulator o r  p l a s t i c  vacuum 

During the course of  the i n t e g r a t i o n  
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testing, the AGC level of the VHF comnand receiver indicated poor reception. 
This effect, however, was thought to be associated with the test configuration. 
No fluctuation of the AGC level was observed with S-band. During actual flight 
test operations, there was no indicated increase in the AGC level of VHF sig- 
nals implying compatibility of the ion thruster with VHF communications 
(ref. 53). 
while a second thruster operated at least 182 hr and was restarted 1 1 1  times. 
All spacecraft operations and parameters were reported to be within allowable 
ranges during ion thruster operation implying EM compatibility with ETS-I11 
subsystems including power, telemetry, tracking, command, attitude control, 
and thermal control(ref. 54). 

One of the thrusters had operated at least 27 hr with 13 restarts, 

A xenon ion source was flown on the P78-2, SCATHA satellite (ref. 19). 
The spacecraft integration test program was conducted with the ion source mated 
to a small vacuum chamber (ref. 56). Only conducted emissions and suscepti- 
bility tests were conducted on the component level. Spacecraft integration 
testing was performed for 2 hr, with all system power, experiments, telemetry, 
and command systems functioning properly. No problems were encountered with 
RFI or experiment performance. In flight, the ion source was operated in the 
pulsed mode on 392 occasions during Warch/April of 1979. The ion source oper- 
ated at low duty cycle for more than 1 year with no indications of spacecraft 
anomalies (ref. 57). 

The German high frequency ion thruster, RIT-10, will be flown on a direct 
broadcast satellite TV-SAT (ref. 58). MIL-STO-461 SPECS were applied for EM 
compatibility tests. The thruster was mounted in a glass vacuum chamber with 
antennae and power processing hardware located outside at atmospheric pressure. 
The background noise was below the MIL-STD-461 limits over nearly all of the 
frequency range, so RFI tests of the thruster could be undertaken. RF emis- 
sions from 10 MHz to 10 GHz did not exceed the RE02 SPEC. Some broadband 
noise, however, did exceed the RE02 SPEC at less than 10 kHz and a waiver con- 
cerning EM1 requirements may be necessary. No RFI was observed in frequency 
ranges of command or telemetry during steady state or HV fault clearing 
operations. 

A significant number of EWC test programs were undertaken by the Jet Pro- 
pulsion Laboratory during the solar electric propulsion development program. 
Early tests in 1973 were conducted in atmosphere with a PPU, solar array simu- 
lator and a resistive load (ref. 59). Significant RF emissions were recorded 
during steady state operation and HV breakdown simulation (table V). The pri- 
mary cause of the high RF emissions was poor shielding of a 5 kHz power cable. 
EMC tests in a metal vacuum chamber were later reported in 1981 (ref. 22). 
The RF emissions were at least 40 dB above ambient noise from 5 kHz to 1 MHz. 
In the frequency range of 10 kHz to 80 MHz, the RF broadband emissions were 
independent of ion beam current over the range of 0.75 to 1.75 A. This beam 
current range is about 40 to 90 percent of the design beam current level. 
The warm-up mode, which only has the discharge chamber plasma in operation, 
was much noisier than the ion beam extraction operation over the frequency 
range of 500 kHz to 80 MHz. Electric fields in space vacuum will probably 
differ from the aforementioned results, because of field perturbation by the 
metal vacuum tank walls. 
the effectiveness of spacecraft S-band communication through the ion beam 
exhaust. 

Additional EMC testing was undertaken to evaluate 

These data are reported in a separate section of. this paper. 
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Res i s to j ets 

In the years 1965 to 1971, over 20 spacecraft utilized more than over 50 
resistojets for stationkeeping, orbit maintenance and experiments. Propellants 
were either nitrogen, ammonia or hydrazine. 
spacecraft batteries or use the most rudimentary power processing. Since 
resistojets do not produce a plasma, any EM emissions would come from the 
heater coil, wire harness or power processor. 
of resistojets was for orbit adjustment of the Vela I11 spacecraft using nitro- 
gen resistojets (ref. 60). 
operation were reported. In 1968, the ATS IV used an ammonia resistojet system 
with 18 mN thrusters (ref. 14). 
dc/ac power converter and a transformer closely coupled to thruster with a 
tubular heater element. 
without interference to command and telemetry operations. The INTELSAT V 
series of spacecraft used four hydrazine resistojets to perform N/S station- 
keeping (ref. 21). The thrusters were first operational in January 1981. 
Mission average specific impulse was 295 sec with each thruster consuming about 
1.1 W/mN over a thrust range of 220 to 490 mN. 
INTELSAT-V resistojet were probably minimized since the heater coil was 
immersed in the flow in a metal vortex chamber upstream of the nozzle. Assess- 
ment of early spacecraft maneuvers indicated that operation and performance of 
the spacecraft was "entirely nominal for system and orbit cond1tions.I' There 
were no apparent impacts of RFI to spacecraft command or telemetry subsystems. 

Resistojets operate directly from 

The first mission application 

No system anomalies or failures during resistojet 

Each low power resistojet on ATS IV  used a 

The resistojet propulsion system operated over 800 hr 

EM emissions from the 

Spacecraft developed by RCA use hydrazine resistojets with a coiled wire 

Many successful hours 
heater which radiates to an annular heat exchanger which surrounds the coil. 
The heaters are operated directly from a DC power bus. 
of operation on the SATCOM IR and SATCOM IIR spacecraft have been reported 
(ref. 20). 
detected. Thrusters of this genre are qualified and operational on a number 
of RCA developed spacecraft. 

No anomalous behavior of the thruster or spacecraft subsystems was 

Thermal Arcjets 

Arcjet thrusters have application for satellite N/S stationkeeping at 0.5 
to 1.5 kW power level and also primary propulsion, where the power levels per 
thruster may be in the 30 to 100 Kw range. 
hydrazine arcjet thruster for spacecraft stationkeeping is underway (refs. 25, 
65, and 66) 
Impulse of more than 500 sec and at thrust levels in the range of 120 to 
180 mN. Thirty kilowatt ammonia arcjets are under development for a space 
nuclear power system reference mission (ref. 24). 
would be provided to produce about 8.5 N thrust from the arcjet thrusters. 

A program to develop a low-power 

The 1.5 kW hydrazine arcjets are expected to operate at a specific 

Nearly 100 kW electric power 

Arcjet radiated emissions may span from 10 kHz to 30 GHz. There are sev- 
eral potential sources. Broadband voltage oscillations of 15 to 200 kHz have 
been reported by investigators of 30 kW arcjets (refs. 67 and 68). These fluc- 
tuations were attributed to rapid movement of the arc attachment point. Ground 
shlelding will probably contain radiation caused by arc induced broadband 
emissions. 
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The a r c j e t  plume i s  a second possible Ef4 emission source. 
ion ized and d i ssoc ia t i ve  species and thermal energy l e v e l  t r a n s i t i o n s  are 
accompanied by some l e v e l  of emission I t  i s  expected tha t ,  because o f  the  
broad frequency range t h a t  extends past the  v i s i b l e  region, the  energy l e v e l  
o f  any one frequency w i l l  be very low.  However, no EM1 measurements o f  an 
a r c j e t  plume has been conducted t o  date. 

Recombination o f  

The PPU, which i s  comnon t o  most e l e c t r i c  propuls ion systems, i s  another 
source o f  rad iated EM emissions. Ant ic ipated PPU switching frequencies w i l l  be 
i n  the  20 t o  100 kHz range. A narrow, h igh vol tage pulse i s  used t o  i n i t i a t e  
the  arc  discharge. 
ava i l ab le  current .  Af ter  the i n i t i a l  breakdown, the  arc cur ren t  increases t o  
i t s  steady s ta te  value w i t h  over a mi l l isecond. This sudden current  r i s e  may 
Induce EM emissions. However, the PPU can be designed t o  con t ro l  the  r a t e  o f  
increase t o  an acceptable l eve l .  
t o  a r c j e t  th rus ters .  
operated i n  EM1 sens i t i ve  environments. 
h i b i t i v e  E M I  i n  these appl icat ions.  

I t  i s  t y p i c a l l y  less than 10 ps wide and has very l i t t l e  

The process o f  s t a r t i n g  an arc i s  not unique 
Arc welders employ s im i la r  techniques and are o f ten  

S t a r t i n g  an arc does no t  produce pro- 

Emissions caused by arc attachment a t  the electrodes w i l l  l i k e l y  be at ten-  
uated because o f  the surrounding metal anode. 
i s  d i s t r i b u t e d  over a broad range of frequencies i n  the  i n f r a r e d  t o  u l t r a  v io-  
l e t  spectrum because o f  the  recombination energies. No ind i v idua l  frequency 
w i l l  t ransmi t  a t  a s i g n i f i c a n t  energy l eve l .  
e f f e c t s  o f  plasma plumes are required. 

Energy rad iated from the plume 

Further i nves t i ga t i on  o f  the  EM 

TRANSMISSION IMPACTS DUE TO ELECTRIC PROPULSION SYSTEMS 

Problem D e f i n i t i o n  

It i s  o f ten  necessary f o r  ca r r i e r  s ignals f o r  both up l i nk  and downlink 
communications t o  be transmit ted through some p o r t i o n  o f  the  th rus te r  plume. 
The p o t e n t i a l  i n t e r a c t i o n  between t h e  rad io  frequency (RF)  s igna l  and the 
charged species o f  the  th rus ter  plume may present a serious communications 
Impact. Typical  RF signal-plume in te rac t ions  include: r e f l e c t i o n  o f  the 
t ransmi t ted s ignal  by the  plume; at tenuat ion and phase s h i f t  o f  the  s ignal  as 
i t  passes through the plume; and generated noise on both s ignal  and amplitude 
and phase. 

Free electrons i n  the  plume, because they are l i g h t  weight and very 
mobile, are the major source o f  interact ’ ion w i t h  RF transmissions. 
i l y  absorb more Inc ident  energy than t h e i r  ion ized counterparts. 
lower frequencies, p a r t i c u l a r l y  below 500 MHz, the  i o n  con t r i bu t i on  a lso  
becomes important. 

They read- 
However, a t  

Ref lec t ion  o f  the t ransmi t ted signal by the  plume depends upon the  d ie lec -  
t r i c  cha rac te r i s t i cs  o f  the  plume boundary. 
considered t o  be adiabat ic,  t h a t  i s ,  i f  the  plume charac te r i s t i cs  vary s lowly 
near the  boundary, r e f l e c t i o n  losses are  minimal ( r e f .  32). 

Generally, i f  the  plume can be 

RF at tenuat ion and phase s h i f t  r e s u l t  from a combination o f  phys ica l  
mechanisms inc lud ing  absorption, re f rac t ion /sca t te r ing ,  and d i f f r a c t i o n  (beam 
spreading). Absorption, o r  l ine-o f -s igh t  at tenuat ion,  removes energy from the  
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electromagnetic fields in the vicinity of the plume and converts it to other 
forms of energy. If the RF signal must pass through a region of the plume 
which is "overdense," e.g., plasma electron frequency Is greater than the RF 
frequency, severe attenuation may occur, particularly at lower frequencies 
(ref. 13). 

If the RF frequency is greater than the plasma electron frequency, absorp- 
tion of the transmitted signal Is not expected to occur and the primary trans- 
mission loss mechanisms are diffraction and refraction. These mechanisms may 
redirect the incident energy through large angles. Given the required pointing 
accuracies of the transmitted beam and receiver antennae for deep-space comnun- 
ications, refraction of even a few degrees becomes significant (ref. 13). 

' RF-Plume Interaction Calculations 

A guide for the prediction and evaluation of the Interaction effects 
caused by a rocket exhaust may be found in reference 69. Generally, the plume 
may be thought of as a homogeneous, isotropic plasma which modifies the exist- 
ing electromagnetic field state in space. 
which affect the steady state RF-plume interaction are electron number density 
and electron collision frequency. 
and frequency, overall spacecraft geometry (propagation path), static magnetic 
field intensity, and ion density and mass. 

The two primary plume properties 

Other factors include: the RF power density 

Sellen calculated the refraction effects on 2.3 GHz waves transmitted 
through the exhaust of an ion thruster beam (ref. 13). 
principle refraction of the wave occurs in the encounter with the dense, uni- 
form core of the ion thruster plume. However, some refraction may also result 
from the "exponential wing region" of the plume, especially if it is broad. 
Total refraction of the wave front in excess of l o  occurred if the propagation 
path encountered the thrust beam within the first five meters of the plasma 
column. 

He found that the 

The effects of the exhaust plasma of a 30 cm mercury ion'thruster on 
S-Band signals was investigated both experimentally and analytically (refs. 32 
and 70). 
It was found that signal amplltude loss and phase advance increased wlth ion 
beam current. Maximum amplitude loss was 0.38 dB or 8 percent. 
advanced as high as 67 degrees. The effect of this phase shift is only signi- 
ficant during fast ion beam current transients (ref. 70). No additional noise 
was observed on the carrier frequency during normal thruster operation, and 
the carrier frequency was not offset due to plasma effects. Poor space simu- 
lation may have existed in these experiments due to exposed metal vacuum tank 
surfaces causing signal reflections and an abnormal EM environment. Improve- 
ments in analytical modeling of electron density distributions and RF beam 
spreading are needed in order to confidently predict plume/RF carrier inter- 
actions with space flight geometries. 

An illustration of the experimental arrangement is shown in flgure 7. 

Phase shifts 

The SERT-I1 spacecraft had a wideband RF antenna that viewed Earth through 
the ion thruster plume. 
noise levels expected from a thermal Earth indicating no apparent comnunicatlon 
impact to S-band (refs. 16 and 48). 

Antenna/receiver bands at 1700 and 2110 MHz indicated 
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Correct ive Actions 

Min imizat ion of the p o t e n t i a l  Impacts t o  RF transmissions caused by 
i n t e r a c t i o n  o f  the RF s ignal  w i t h  the  th rus te r  exhaust requires spacecraf t  
design and operat ional  const ra in ts .  I n  general, most transmission impacts may 
be avoided i f  the RF propagation path encounters only the less dense regions 
o f  the  th rus te r  plume. This can be accomplished i n  p rac t i ce  by placement o f  
the  th rus te rs  and communications antennae on the  spacecraft such t h a t  there i s  
a wide angular separation between the RF l ines-o f -s igh t  and the  t h r u s t  axes. 
The spacecraf t  i t s e l f  may be used as a sh ie ld .  Further, using higher frequen- 
c ies  f o r  transmission w i l l  negate the  absorpt ion loss mechanism. A t h rus t i ng /  
user-time sharing philosophy would produce the  optimal environment f o r  space- 
c r a f t  upl ink/downlink communications. 

CONCLUDING REMARKS 

Character izat ion of the electromagnetic environment produced by an elec- 
t r i c  propuls ion system I s  an important considerat ion i n  component l e v e l  t e s t i n g  
as w e l l  as spacecraft systems in tegrat ion.  The propuls ion system, as w i t h  a l l  
major spacecraft subsystems, must demonstrate t h a t  rad iated and conducted 
emissions do no t  pose a po ten t i a l  problem t o  spacecraft systems such as com- 
munications, guidance, navigat ion and cont ro l ,  payloads, and experiments. 
A lso ,  because o f  the  po ten t i a l  impact t o  comnunications, the i n t e r a c t i o n  o f  
the  th rus te r  plume w i t h  RF s ignals  t ransmit ted through the plume must be w e l l  
understood. This survey paper has provided a b r i e f  summary o f  comnunications 
and dynamic electromagnetic experiences using electromagnetic, e l e c t r o s t a t i c ,  
and electrothermal propuls ion systems. F ive propuls ion system classes were 
reviewed: namely, ab la t i ve  pulsed plasma thrusters ,  H a l l  current  and MPD 
th rus ters ,  i o n  thrusters ,  res is to je ts ,  and thermal a rc je t s .  Results o f  ground- 
based component and systems l e v e l  t e s t s ,  along w i t h  the  r e s u l t s  o f  21 f l i g h t  
experiences, have been presented. Some of the  s i g n i f i c a n t  experiences w i t h  
regard t o  EM emission character izat ion and impacts are h igh l ighted.  

I n  1986, the  LES-6 spacecraft using pulsed plasma th rus ters  demonstrated 

Other PPTs, such as the two onboard 
a t  l e a s t  8900 h r  o f  f l i g h t  operation over a 5 year per iod w i t h  no i n d i c a t i o n  
o f  EM1 e f f e c t s  on spacecraft subsystems. 
the  NOVA-1 spacecraft launched i n  1981, have produced a t  l eas t  1x106 opera- 
t i o n  cycles w i t h  no evidence o f  EMI .  Also, an exce l len t  documentation o f  
ground-based EM1 measurements dur ing the ETS-IV development program was 
reported. Component l eve l  tes ts  conducted i n  accordance w i t h  m i l i t a r y  speci- 
f i c a t i o n s  ind icated t h a t  rad iated emlssions from the  PPT were above ove ra l l  
compa t ib i l i t y  requirements. Once countermeasures t o  reduce the  l e v e l  o f  rad i -  
ated emissions were employed, the prototype PPT successfu l ly  completed a 20 hr ,  
systems l e v e l  compa t ib i l i t y  demonstration. 

A USSR plasma th rus ter  has accumulated over 600 h r  operat ing t ime and 27 
ac t i va t i ons  wi thout  major impact t o  spacecraft subsystems. 
operated a t  8 kA i n  the pulsed mode aboard Spacelab-1 f o r  260 f i r i n g s  w i thout  
hazard t o  the spacecraft o r  i t s  payloads. The MPD a r c j e t  peak power was about 
2 MW dur ing the  1 ms pulse and, thus, was the 'h ighes t  peak power e l e c t r i c  pro- 
pu ls ion  device f lown t o  date. 
space plasma experimental data were read i l y  obtained, and.there were no repor ts  
o f  abnormal Shut t le  Orb i te r  o r  Spacelab-1 operations. 

An MPD a r c j e t  

During the  course o f  MPD a r c j e t  operations, 
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Ion thrusters have been operated in excess of 6900 hr over an 1 1  year 
A period on the SERT-I1 without impacting spacecraft comnand or control. 

broadband S-band antenna viewing Earth through the ion thruster plume did not 
show evidence of comnunications impact. 
ducted during Japan's ETS-111 ion thruster development program. The electro- 
magnetic compatibility of the mercury ion thruster system and the ETS-I11 were 
confirmed with the use of a novel EM1 simulator. During flight operations, 
ion thrusters accumulated more than 200 hr of operation demonstrating EM com- 
patibility with ETS-I11 subsystems. 

Detailed EMC ground tests were con- 

In terms of electromagnetic contamination, the resistojet is the most 
benign of the electric propulsion systems surveyed in this report. During the 
last 20 years, over 30 flights using resistojets for N/S stationkeeping, orbit 
adjustments, or experiments have been successfully accomplished with no indica- 
tion of EM1 associated.with the thruster heater coils, wire harness, or power 
processing units. 

The thermal arcjet, although it has no record of flight experience or 
ground-based EM1 testing, was included as a subset to this survey because it 
is an attractive propulsion alternative for N/S stationkeeping of communica- 
tions satellites. It is expected that the experiences and practices developed 
for ion and plasma propulsion systems can be applied to the arcjet thruster. 

Available literature documenting quantitative Impacts to transmission o f  
RF communications signals through the electric thruster plume was scarce; how- 
ever, many of the references cited in this survey indicated that the presence 
of a plasma plume did not significantly affect the transmission of RF signals 
for command and telemetry. The effects of the exhaust of a 30 cm mercury ion 
thruster was investigated both experimentally and analytically during the Solar 
Electric Power development program. It was reported that signal amplitude 
loss and phase advance increased with ion beam current. 

In sumary, the electric propulsion systems which were surveyed in this 
report had distinctly different operating characteristics and power processing 
requirements. Average power per thruster ranged from 3 W to 1.6 kW, with peak 
powers as high as 2 MW. 
repetitively pulsed. Nonetheless, it may be concluded that, although electro- 
magnetic contamination from electric propulsion systems is a serious integra- 
tion concern, the bulk of flight experiences to date indicated that MPD, PPT, 
ion thrusters, and resistojets do not adversely impact spacecraft mission com- 
pletion. It must be stressed, however, that comprehensive EM1 documentation 
at the component and systems level is a critical element to the successful 
integration of the electric propulsion system to the spacecraft. The primary 
engineering difficulty encountered in ground-based EM1 testing is the adequate 
simulation of the real-space, vacuum environment. Further advancement in the 
field of electromagnetic compatibility requires more sophisticated ground test 
facilities to accurately measure electromagnetic emissions during developmental 
compatibility tests. It has been demonstrated that better EM backgrounds can 
be provided through the use o f  nonmetallic vacuum facilities with RF absorbing 
liners. Further, detailed descriptions of the pulsed plasma, ion, and arcjet 
plumes are needed to better understand the potential interaction between the 
plumes and comunications signals. 

The mode of operation was either steady state or 
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TABLE I. - ELECTRIC PROPULSION FLIGHTS SURVEYED 

P ropu ls ion  
system 

A b l a t i v e  
pu lsed  plasma 

H a l l  c u r r e n t  
t h r u s t e r  

MPD t h r u s t e r  

I o n  p r o p u l s i o n  

I o n  source 

R e s i s t o j e t  

Spacecraf t  

LES-6, USA 
T I P  11, USA 
T I P  111, USA 
ETS I V Y  Japan 
MDT 2A, China 
Nova 1, USA 

Meteor-18, USSR 

MS-T4, Japan 
Space1 ab-1, USA/ Japan 

SEKT I, USA 
SNAP 10A, USA 
ATS 4, USA 
ATS 5, USA 
SERT 11, USA 
ATS 6, USA 
E T S  111, Japan 

Scatha P78-2, USA 

20 f l i g h t  t e s t s ,  USA 

6 GTE and ASE, RCA S / C  
INTELSAT V 

Year 
1 aunched 

1968 
1976 
1981 
1981 

d1981 
1981 

1974 

1980 
1983 

d1964 
1965 
1968 
1969 
1970 
1974 
1982 

1979 

1965-1971 

1980-1985 
1980-1985 

Thrus t  

18 uN 
400 uN 
400 uN 

90 pN 

290 ~ J N  
------ 

20 mN 

240 V N  

20 mN 
9 mN 

20-90 mN 

28 mN 
4 mN 
2 mN 

_----- --- 

52 pN 

18-360 uN 

220 mN 
220 mN 

Average power 
p e r  t h r u s t ,  W 

(Number o f  
t h r u s t e r s )  

1000( 2 )  

110( 2 )  

60( 1) 

E O (  2 )  

3-100 

e500( 2 )  
e500( 2 )  

' rope1 l a n t  

Te f  1 on 
Te f  1 on 
T e f l o n  
Te f  1 on 
T e f l o n  
Te f  1 on 

Xenon 

Ammon i a 
Argon 

Mercury 
Cesium 
Cesium 
Cesium 
Mercury 
Cesi  um 
Mercury 

Xenon 

N i t rogen  
Ammonia 

Hydrazine 
Hydrazine 
Hydraz i ne 

Appl i c a t  i o n  

E I W  S-Ka 
Drag makeup 
Drag makeup 
Exper iment 
Exper iment 
Drag makeup 

I r b i t  c o r r e c t i o n  

Exper iment 
Exper iment 

Exper iment 
Exper iment 

S-K 
S-K 

Exper iment 
Exper iment 
Exper iment 

Exper iment 

Exper iment 
ACS 

O r b i t  a d j u s t  
N / S  S-Kb 
N / S  S-K 

i e f  erencc 

4 
5 
5 
6 
7 
8 

9 

10 
11 

12 
13 
14 
1 5  
16 
1 7  
18 

19 

3 

20 
2 1  

aEast /west  s ta t i onkeep ing .  
bNor th /  sou th  s t a t  ionkeeping. 
C B a t t e r y  charger.  
d B a l l i s t i c  f l i g h t .  
eP lus  two redundant th rus te rs .  
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P r o p u l s i o n  
system 

Spec i f  i c  
impulses, 

S 

---_ 

1000 

---- 
2500 

---- 

290 

450 

~~ 

Pu l sed  plasma 
( r e f .  8 )  

H a l l  c u r r e n t  
t h r u s t e r  
( r e f .  9 )  

MPD a r c j e t  
( r e f .  11) 

I o n  t h r u s t e r  
( r e f .  17 )  

I o n  source  
( r e f .  19) 

R e s i s t o j e t  
( r e f .  20) 

r c j e t  
( r e f .  25) 

Average I 
(peak power), 

W 

30 (-1 
390 (390) 

200 (2x106) 

150 (150) 

60 (60) 

500 (500) 

1000 (1000) 

TABLE I I .  - TYPICAL THRUSTER CHARACTERISTICS 

s/c, 
yea r  

Nova 1, 
1981 

Meteor, 
1974 

Spacelab 1, 
1983 

ATS 6, 
1974 

Scatha, 
1979 

Spacenet, 
1984 

Average 
t h r u s t ,  

p r o p e l l a n t  
~~ 

290 pN, 
Te f  1 on 
20 mN, 

Xe 

------ 
A r  

4.5 mN, 
cs  

52 NN, 
Xe 

220 mN, 
N2H4 

130 mN, 
N2 H4 

R e p i t i t i o n  
r a t e ,  
Hz 

1 

cw 

0.067 

cw 

cw 

cw 

cw 

a T o t a l  impu lse  o f  a l l  t h r u s t e r s  on S / C .  

TABLE 111. - RADIATED E M I S S I O N  SOURCES FROM ELECTRIC 

PROPULSION THRUSTERS 
~~ ~ 

Th rus te r  

Pulsed plasma t h r u s t e r  

I o n  t h r u s t e r  

MPD t h r u s t e r  

A r c j e t  t h r u s t e r  

R e s i s t o j e t  

Power p rocessor  

~ 

T o t a l a  
impu lse  

c a p a b i l i t y ,  
Ns 

2x103 

> 4x104 

------- 

7x104 

> 60 Ns 

2 x 1 ~ 5  

2x105 
( p r o j e c t e d )  

P o t e n t i a l  r a d i a t e d  
RFI/EMI source(s) 

I g n i t o r  d ischarge 
Main d ischarge 
Exhaust plasma 
Wire harness 
Discharge chamber plasma 
N e u t r a l i z e r  plasma b r i d g e  
Beam plasma 
E l e c t r i c  breakdown a t  i o n  o p t i c s  
Wire harness 
Main d ischarge 
Exhaust p 1 asma 
Wire harness 
Arc d ischarge 
Exhaust plasma 
Wire harness 
Heater o r  w i r e  harness 

Plasma i g n i t o r  c i r c u i t s  
Power swi tches  
Cables and w i r e  harness 
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TABLE I V .  - E M I S S I O N  AND SUSCEPTIBILITY REQUIREMENTS FOR ELECTRICAL, 

ELECTRONIC, OR ELECTRO-MECHANICAL EQUIPMENT AS SET-FORTH BY 

i e q u i  rement 

CEO1 

CEO3 

CEO6 
CEO7 

C so1 
cso2 
CS03 
CS04 
C SO5 
CS06 
C SO7 
cso9 

REO1 
R E02 
RE03 

RE04 

R S O l  
RS02 

RS03 

UM03 

UM04 

UM05 

MIL-STD-4616; PART 1; APRIL 1, 1980 

D e s c r i p t i o n  

Conducted emissions, power, and i n t e r c o n n e c t i n g  leads, 

Conducted emissions, power, and i n t e r c o n n e c t i n g  leads, 

Conducted emissions, antenna t e r m i n a l s  10 kHz t o  26 GHz 
Conducted emissions, power leads, sp ikes ,  t i m e  domain 

Conducted s u s c e p t i b i l i t y ,  power leads, 30 Hz t o  50 kHz 
Conducted s u s c e p t i b i l i t y ,  power leads, 0.05 t o  400 MHz 
In te rmodu la t i on ,  1 5  kHz t o  10  GHz 
R e j e c t i o n  o f  unders i red  s igna ls ,  30 Hz t o  20 GHz 
Cross-modulation, 30 Hz t o  20 GHz 
Conducted s u s c e p t i b i l i t y ,  spikes,  power l eads  
Conducted s u s c e p t i b i l i t y ,  sque lch  c i r c u i t s  
Conducted s u s c e p t i b i l i t y ,  s t r u c t u r e  (common mode) 

low f requency  (up  t o  15  kHz) 

0.015 t o  50 MHz 

c u r r e n t ,  60 Hz t o  100 kHz 

Rad ia ted  emissions, magnet ic f i e l d ,  0.03 t o  50 kHz 
Rad ia ted  emissions, e l e c t r i c  f i e l d ,  14 kHz t o  10 GHz 
Rad ia ted  emissions, spu r ious  and harmonics, r a d i a t e d  

Rad ia ted  emissions, magnet ic f i e l d ,  0.02 t o  50 kHz 

Rad ia ted  s u s c e p t i b i l i t y ,  magnet ic f i e l d ,  0.03 t o  50 kHz 
Rad ia ted  s u s c e p t i b i l i t y ,  magnet ic i n d u c t i o n  f i e l d ,  sp i kes  

Rad ia ted  s u s c e p t i b i l i t y ,  e l e c t r i c  f i e l d ,  14 kHz t o  40 GHz 

Rad ia ted  emissions, t a c t i c a l  and s p e c i a l  purpose v e h i c l e s  

Conducted emiss ions  and r a d i a t e d  emiss ions  and s u s c e p t i b i l i t y  

t echn  i que 

and power f requenc ies  

and eng ine-dr iven  equipment 

eng ine  genera tors  and assoc ia ted  components UPS and MEP 
equipment s 

and e lec t romechan ica l  equipments 
Conducted and r a d i a t e d  emissions, commercial e l e c t r i c a l  
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Type of p ropu ls ion ,  
spacec ra f t ,  yea r  

launched, S / C  o p e r a t i o n s  

TABLE V .  - RADIATEC EM! RESUI 

Pu lsed  plasma, 
4 t h r u s t e r s ,  
F t  z 320 Ns, 
LES-6 S / C ,  1968, 
E/W S-K 

Pu lsed plasma, 
2 t h r u s t e r s ,  MDT-2A, 
1981, B a l l i s t i c  
t e s t ,  37 min  

Pu lsed plasma, 
2 t h r u s t e r s ,  NOVA-1, 
1981, d rag  
cance l  1 a t  i o n  

Pu lsed plasma, 
2 t h r u s t e r s ,  
F t  x 2200 NS, 
T IP  11. 1976. 
d rag  cancel  1 a t  i on 

Pu lsed plasma, ground 
t e s t s  o f  LES-7 
system, 1970 

Pu lsed plasma, ground 
t e s t s  o f  LES 8 / 9  
system, 1973, 1976 

Pu lsed plasma, 
4 t h r u s t e r s ,  ETS I V ,  
1981 

Pu lsed plasma, AFAL 
s tudy  o f  4 mN PPT, 
1977 

Ground t e s t  
s p e c i f i c a t i o n s  and 

equipment 

L i m i t  RFI t o  
-110 dBm/Hz UHF 
S i g n a l s  > 50 us  
above -169 dBm/Hz 
would cause 
i n t e r f e r e n c e  

tank  w i t h  absorb ing  
m a t e r i  a1 

- S / C  i n t e g r a t i o n  t e s t s  
conducted 

Used meta l  vacuum 

* R F I  measurments made 
a t  s p e c i f i c  
f requenc ies  and 
p o s i t  i ons  
Atmospher ic t e s t s  

Broadband (100 MHz) 
measurements a t  
8 GHz 
Used meta l  vacuum 
f a c i  1 i t y  w i t h  
broadband absorber 

Order o f  magnitude 
measurements 0.2 t o  
20 GHz 

* Used vacuum tank  
w i th  absorb ing  
w a l l s  
Broadband antenna 
2 t o  3 m f r o m  PPT 
o u t s i d e  vacuum tank  

Spacec ra f t  i n t e g r a t i o n  
t e s t s  

* MIL-STD-461 
PPT i n  g l a s s  vacuum 
b e l  1 j a r  

* Power supp l i es  
e x t e r n a l  t o  b e l l j a r  

M I  L-STD-46 1 

T h r u s t e r  s i m u l a t o r  
i n  screen room 

* RFI measured f rom 
5 KHz t o  10 GHz 

' M I  L-STD-1541 

j FROM STUDIES, GROUND TES' 

Ground t e s t  r e s u l t s  

RFI t i m e  d u r a t i o n  
above -169 dBm/Hz was 
15 U S  
RFI was n o t  
d e t r i m e n t a l  t o  S / C  o r  
exper iments 

* PPT had no obv ious  
e f f e c t s  on S l C  
subsystems 

* RFI generated a 
d ischarge  i n i t i - t i o n  
100 t o  300 U S  pu lses  
Exceeded MIL-STD-461 
cw s p e c i f i c a t i o n s  

No abso lu te  
measurements 
Peak n o i s e  * 25' f r o m  
PPT b o r e s i g h t  

Rad ia ted  energy 
d e n s i t y :  6 t o  

* S u f f i c i e n t  t o  s a t u r a t e  
antenna r e c e i v e r  near  
PPT 

d u r a t i o n  

60 ~ w / M H z  

RFI o f  0.5 t o  1 V S  

* I R  sensor a f f e c t e d  by  

L o g i c  c i r c u i t s  

PPT rep laced  by c o l d  

Average no ise  l e v e l  

RFI 

a f f e c t e d  

gas ammonia t h r u s t e r s  

exceeded RE02 o n l y  a t  
120 MHz 

* RE02 s a t i s f i e d  a t  
u p l i n k  f requency  o f  
148 MHz and COMM 
f requency  o f  1 t o  
3 GHz 

No abso lu te  

* S h i e l d i n g  o f  PPT 
measurements 

system was e f f e c t i v e  
i f  cove rs  a re  w e l l  
f i t t e d  o r  gaskets a r e  
used 

AND M I S S I O N  

F l i g h t  r e s u l t s  

- One PPT opera ted  
8900 h r  d u r i n g  
5 yea rs  - No i n t e r f e r e n c e  w i th  
TM o r  COMM 

PPT d i d  n o t  d i s t u r b  
TM o r  COMM 

More t h a n  1x106 
t h r u s t e r  pu l ses  
d u r i n g  5 months 
o p e r a t i  on 

subsystems 
No EM1 e f f e c t s  on S / C  

ORIGIFU'AL P m z  E 
OF POOR QUALITY 

3 1  t e s t s  ove r  3 yea r  
f l i g  t p e r i o d  

100 h r  o p e r a t i o n a l  
p e r i o d  
No EM1 e f f e c t s  on TM, 
command s igna ls ,  o r  
S / C  i ns t rumen ts  
No changes on AGC 
l e v e l s  o f  VHF and 
S-band 

4x10 s .  f i r i n g s  d u r i n g  

t e f  erence 

4,33,34 

7,35 

8 

5 

36 

37 

38 

6,39,40 

4 
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TABLE V .  - Cont inued 

Type o f  p ropu ls ion ,  
spacec ra f t ,  yea r  

launched, S / C  ope ra t i ons  

l a1  1 c u r r e n t  plasma 
t h r u s t e r s  , Met eor-18, 
1974, System 
i n t e r a c t i o n s  exper iment 

I P D  t h r u s t e r ,  

S / C ,  1980, 
exper iment  

F t  NN 170 Ns, MS-T4 

I P D  a r c j e t  STS-9, 
Space1 ab-1, SEPAC 
Experiment, 1983 

I o n  t h r u s t e r ,  S E R I - I ,  
1964, B a l l i s t i c  f l i g h t  
exper iment  

I o n  t h r u s t e r ,  
SNAP-1OA, 1965, 
exper iment  

I o n  t h r u s t e r ,  
2 t h r u s t e r s ,  SERT 11, 
1970, exper iment  

Ground t e s t  
s p e c i f i c a t i o n s  and 

equipment 

sed meta l  vacuum 
chamber; No s p e c i a l  
p recau t ions  f o r  EM1 
suppress ion  

Spacelab s tandard  f o r  
antennae 1 oca t  i ons 

* MIL-STD-461 

n t e g r a t i o n  t e s t  

M I  L-STD-46 1 
* MSFC-SPEC-521 

Meta l  vacuum f a c i l i t )  
used w i t h  Spacelab 
p a l l e t  and a r c j e t  
i n s i d e  

Ground t e s t  r e s u l t s  

EM1 l e v e l s  
exceeded Spacelab 
and RE02 
s p e c i f i c a t i o n s  
EM1 l a s t e d  as l ong  as 
t h e  MPD d ischarge 
p e r i o d  
EM1 was thought  t o  
o r i g i n a t e  i na in l y  f r o m  
t h e  a r c j e t  plasma 
No e s t i m a t e  o f  vacuum 
chamber r e f l e c t i o n s  

No m a l f u n c t i o n  of 
f l i g h t  hardware due t c  
EM I 
RF emiss ions  ahove 
MSFC-SPEC-521 a t  
< 100 MHz 
Specs s a t i s f i e d  f o r  
100 MHz t o  10 GHz 
No S-band l i n k  R F I  
S l i g h t  VHF R F I  c l i c k  
n o i s e  on vo i ce  COMM 

Pro to type  S / C  
thermal  vacuum t e s t e d  
> 3200 h r ;  Opera t iona 
t h r u s t e r s  on > 2400 h 

F l i g h t  r e s u l t s  

~~ 

Ope ra t i ng  t ime  o f  
t h r u s t e r s  > 600 h r  
w i t h  273 a c t i v a t i o n s  
Th rus te r  RF emiss ions  
d i d  n o t  d i s r u p t  COMM 
C lose  l o c a t i o n  o f  
t h r u s t e r  and antenna 
caused some RFI 

T h r u s t e r  opera ted  
5 h r ,  39 min  a t  low 
d u t y  c y c l e  
Pu lse  ohserved on AGC 
s i g n a l s  o f  400 MHz 
antenna system - AGC s i g n a l s  f r o m  
S-band (2.28 GHz) n o t  
a f f e c t e d  b y  MPD 
t h r u s t e r  

MPD a r c j e t  opera ted  
d u r i n g  13 t i m e  
segments w i t h  a t o t a l  
o f  260 f i r i n g s  - Opera t ions  were doni? 
w i t h  a plasma 
d i agnos t i cs  package 
and TV mon i to r  

n e i t h e r  hazard no r  EM1 
w i t h  Spacelab o r  o t h e r  
pay 1 o ads 

MPO a r c j e t  induced 

T h r u s t e r  o p e r a t i o n  
and HV f a u l t s  producec 
no anomalies i n  TM, 
command o r  c o n t r o l  
systems 
Thrus te r  opera ted  
31  min  
I o n  beam a p p a r e n t l y  
d i d  n o t  i n t e r f e r e  
w i t h  commands t o  o r  
t ransmiss ion  f rom S / C  

* T h r u s t e r  a r c i n g  
produced severe 
e f f e c t s  on TM, c o n t r o '  
system and ho r i zon  
sensors 

conducted EM1 a t  
< 1 MHz 
Re in fo rced  need f o r  
system i n t e g r a t i o n  
t e s t i n g  

- Up/down l i n k  d a t a  
(136 t o  149 MHz) 
u n a f f e c t e d  by t h r u s t e i  
ope ra t  i o n  

- Probab le  cause : 

~ 

. e fe rence 

9,42,43 

10,44 

.1,30,31, 
16,49,53, 

45 

12 

13 

16  
47 t o  51  
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TABLE V. - Cont inued 

Type of  p ropu ls ion ,  
spacecra f t ,  y e a r  

1 aunched, S / C  o p e r a t i o n s  

I o n  t h r u s t e r ,  
2 t h r u s t e r s ,  ATS-6, 
1974, exper iment  

I o n  t h r u s t e r ,  ETS-111, 
1982, exper iment  

I o n  Source, SCATHA, 
P78-2, 1979, 
exper iment  

I o n  t h r u s t e r ,  
RIT-10 mN Hg t h r u s t e r ,  
ground t e s t  o f  TV-SAT 
system 

~ ~~~~ 

Ground t e s t  
s p e c i f i c a t i o n s  and 

equ i pment 

S / C  i n t e g r a t i o n  t e s t  
i n  anechoic chamber 
S / C  f u l l y  assembled 
and deployed 

MIL-STD-461 
Thrus te r  i n  g l a s s  
vacuum b e l  1 j a r  
PPV a t  atmosphere on 
ground p l a n e  f o r  
component t e s t  

MIL-STD-461A 
conducted emissions 
and suscep tab i l  i t y  
o n l y  
S l C  i n t e g r a t i o n  t e s t  
conducted w i t h  i o n  
source  i n  vacuum 
chamber 

M I  L-STD-461 
Used g l a s s  vacuum 
chamber 

Ground t e s t  r e s u l t s  

E s t a b l i s h e d  e l e c t r i c a l  
c o m p a t i b i l i t y  w i th  
t o t a l  S I C  
Eva lua ted  t h r u s t e r  
a r c i n g  problems 

System i n t e g r a t i o n  
t e s t s  conducted w i t h  
t h r u s t e r  s i m u l a t o r  
and f l i g h t  PPU; No 
EM1 de tec ted  on S / C  
subsystems d u r i n g  
normal o p e r a t i o n  o r  
HV breakdowns 

Eomponent t e s t  

Broadband n o i s e  3 t o  
100 MHz exceeded RE02 
s p e c i f i c a t i o n s  
RE04 exceeded i n  20 t o  
70 KHz range 
Thrus te r ,  and S / C  
c o m p a t i b i l i t y  
con f i rmed  u s i n g  EM1 
s i m u l a t o r  

I n t e g r a t i o n  t e s t  

AGC l e v e l  o f  VHF 
command r e c e i v e r  
inc reased t o  wors t  
case r e c e p t i o n  l e v e l  
No f l u c t u a t i o n s  o f  AGC 
l e v e l  f o r  S-band 

S / C  i n t e g r a t i o n  t e s t  
f o r  2 hr  w i th  S/C 
power exper iments,  
TM, and command 
systems f u n c t i o n i n g ;  
no problems w i t h  RFI 
o r  exper iment  
p e r f  orinance 

RF emiss ions  below 
SPEC f r o m  10 MHz t o  
10 GHz 
Less than  10 MHz some 
broadband no ise  
exceeds RE02. 
No RFI observed. 
In f requency  ranges o f  
COMM o r  TM d u r i n g  
s teady  s t a t e  o r  f a u l t  
c l e a r i n g  opera t ions .  

-~ 

F l i g h t  r e s u l t s  Reference 

- No e f f e c t s  on S / C  
comnand o r  c o n t r o l  
T h r u s t e r  o p e r a t i o n  n o t  
de tec ted  on 1.7 and 
2,1 GHz RFI sensors  

* No apparent e f f e c t  on 
COMM w i t h  wideband RF 
antenna v iew ing  E a r t h  
th rough t h e  i o n  beam 
Operated over  11 y e a r s  
Over 6900 h r  of  
t h r u s t e r  o p e r a t i o n  
wi th ion beam 
e x t r a c t  i on  

No RFI on comnand l i n k  
(150 MHz) o r  TV r e l a y  
( 4  GHz) 
Th rus te r  opera ted  
92 hr. No ev idence o f  
RFI on TM, command 
systems, o r  COMM 
(153 MHz, 2.25 GHz, 
6.15 GHz). 

No i n d i c a t e d  i nc rease  
i n  AGC l e v e l  of  VHF 
s i g n a l s  due t o  
t h r u s t e r  ope ra t i ons  - One t h r u s t e r  was 
182 h r  and 111 c y c l e s  
S / C  ope ra t i ons  and 
parameters w i t h i n  
a l l o w a b l e  ranges 
d u r i n g  i o n  t h r u s t e r  
o p e r a t i o n  i m p l y i n g  
t h r u s t e r  c o m p a t i b i l i t y  
w i th  S / C  subsystems. 

I n  M a r c h l A p r i l  1979 
t h e r e  were 392 i o n  
source p u l s e  
opera t i ons  
I o n  source opera ted  a t  
low d u t y  c y c l e  f o r  
more than  1 year ;  no  
i n d i c a t i o n  of  S I C  
anomalies w h i l e  
o p e r a t i n g  . 

15,17, 
26,52 

18,30, 
53,54 

19 
55 t o  57  

58 
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Type o f  p ropu ls ion ,  
spacec ra f t ,  yea r  

launched, S / C  ope ra t i ons  

[ o n  t h r u s t e r ,  30 cm 
d iameter  Mercury 
t h r u s t e r ,  SEP 
development, ground 
t e s t s  

I o n  t h r u s t e r  30 cm 
d iameter  Mercury 
t h r u s t e r ,  ground t e s t s  

Ground t e s t  
s p e c i f i c a t i o n s  and 

equipment 

* MIL-STD-461, VO-75, 
MJS-77 

\tmospheric t e s t s  o f  PPU 
and s o l a r  a r r a y  s imu la r  
u s i n g  r e s i s t i v e  loads  

l e t a l  vacuum chamber 
used 

Used s t e e l  vacuum 
tank  w i t h  some 
microwave absorb ing  
m a t e r i  a1 
Data ob ta ined  on 
S-band (2.1 t o  
2.3 GHz) a t  i o n  beam 
c u r r e n t s  f r o m  1.0 t o  
1.7A and d i scha rge  
plasma o n l y  
Measure S-band phase 
s h i f t  a t t e n u a t i o n  due 
t o  communication 
th rough  i o n  exhaust 
beam 

Used s t e e l  vacuum 
tank  w i t h  microwave 
absorber  

p reced i ng t e s t  
Same goa ls  as 

3LE V. - Cont inued 

Ground t e s t  r e s u l t s  

MJS-77 RFI SPEC 
exceeded by  50 db over  
0.1 t o  10 MHz 
RF emiss ions  10 t o  
20 dB avove normal 
d u r i n g  HV breakdown 

Pr imary  cause: poo r  
s h i e l d i n g  of  5 KHz 
power harness 

> 40 dB p V / m  above 
ambient f r o m  5 KHz t o  
1 MHz - RF emiss ions  
independent o f  beam 
c u r r e n t  (0.75 t o  
1.75 A) f r om 
10 KHz t o  80 MHz 
Warm-up mode w i t h  o n l y  
d ischarge chamber 
plasma was n o i s i e r  
t h a n  beam e x t r a c t i o n  
o p e r a t i o n  f rom 
500 KHz t o  80 MHz 

Transmiss ion  l o s s  o f  
S-band s i g n a l  t h rough  
beam was measured as 
h i g h  as -1.3 dB and 
measured phase s h i f t  
was between 20 and 
45' 
S igna l  r e f l e c t i o n s  i n  

- RF emiss ion  

me ta l  t a n k  may be 
s i g n i f i c a n t  

S igna l  ampl i tude l o s s  
and phase advance 
increased w i t h  i o n  
beam c u r r e n t .  
Maximum ampl i tude 
l o s s  was 0.38 dB o r  
8 pe rcen t  
Phase s h i f t s  Bdvanced 
as h i g h  as 67 
No a d i d t i o n a l  n o i s e  
observed on c a r r i e r  
f requency  
No c a r r i e r  f requency  
o f f s e t  was observed 
due t o  plasma - M e t a l  t a n k  e f f e c t s  
may e x i s t  

F l i g h t  r e s u l t s  Reference 

59 
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TABLE V. - Concluded 
Ground test results Type of propulsion, 

spacecraft, year 
launched, S/C operations 

Resistojet, early flight 
experiments, ACS and 
orbit adjust (two 
examples) 

Resistojet RCA developed 
S/C GSTAR, Spacenet, 
ASC and Satcom 
(4 thrusters per S/C) 

Resistojet INTELSAT V 
S/C, TRW thrusters, 
(4 thrusters per S/C) 

Ground test 
specifications and 

equi pinent 

Flight results 

First operational 
resistojet used for 
orbit adjustment on 
Vela S/C, 1965, N 2  
propellant; no failures 
indicated 

ATS-IV NH3 resistojet 
system operated for over 
800 hr before reentry; 
TM data indicated 
successful operation 

First operational S/C 
maneuver o f  N2H4 
resistojets on RCA 
developed S/C in April 
1983; many hours of 
operation reported on 
Satcom IR and IIR; no 
anomalous behavior of 
thrusters reported 

operational firings of 
resistojets in January 
1981; operation and 
performance of S/C 
maneuvers was "entirely 
nominal for the system 
and orbital conditions"; 
no apparent RFI effects 
on TM; used N2H4 
propel 1 ant 

First INTELSAT V 

Reference 

3,60,61 

14,62 

20,63 

2 1  
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FIGURE 1. - NOVA SPACECRAFT FEATURES. 
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FIGURE 2. - MPD ARCJET ON SPACELAB-1 PALLET. 
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FIGURE 3. - ATS-6 SPACECRAFT AND ION ENGINE CONFIGURATION. 
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FIGURE 4. - LIMITS FOR MAGNETIC FIELD EMISSIONS (REOI, 
MIL-STD-461B). 
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