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LIFETIME OF THE STATIONARY PLASMA THRUSTER

A 1= M) .r
N & Maslenniley

Sxperimentzl Design Sureau Fakel'
raliningragd. Rucsia

INTRODUCTION

Plasma Thruster {SPT) has besn successiulh cperated sinc2 1972 on board of several
J -
spacecrait: ‘Meteor', 'Meteor-Priroda’, since 1582 on some spacecraft of 'Kosmos', and

94 - on 'Luch’, 'Exprass’ and 'Gals’ series. Design and sperstion have been well described in
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FARKEL's experience chows that SPT lifetime depends primarily upon the erosion of the
dischargs chamier 2dgee and the cathede life. Currantly cperated thrustars SPT70 and SPT1C0
have demonsirated the following performance: thrust/oower - 40 mN/680 W and 80 mN/1350 W
racpectively, specific impulse - 1500-1500 ¢, sfficiency - 45-50% (3] and life, maintaining all principal
parameters - 3300 and 7000 hours respectively. SPT100 had pacced the life testing at FAKEL
facility {4] with accumulatsd 7008 hours anc facility of Jet Propulsion Laboratony (U'SA) [5], the
accumuiated life ic 3700 hours at 8000 cycies on one cathods. SFT100 is still cperable.

Currently operated Russian spacecrait did not recuire from SPT the iifetime in excess of 700~
2000 hours. But, tince parforming 'morth-south! station-kesping on the gscctationary orbit, and,

naving increaced the iife of geoctationary spacecrait to 10-15 veare, lifetime reauirement is now
i —
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gpacitiad gz 2000-5C0CC hours, at mentionsd thrust and power.

1. EFFECTS ON THE SPT LIFETIME

Main effects on SPT iifetime are givided by two riaallloloh

* - effect on 2noa= unit lifs i e, isoiator edge smsion:
- fiow strses - fow =i2/diccharge chamber passage cross section area {m/S) ratio;
- acceierating voitage 1ij);

JSET riva

- plume divergence - anaie, containing 0% of ion current:
- materai of diccharge chember isciator;
- {9st conaoitions

27 - cathoge iife;
- smitter matsniai;
- bunty graae of v.2non (especialiy by orvgen and water). direciad into cathode;
- x=ncn ficw rate through cathode;
- test conditions.

Currently, the investigation of phenomena, causing 3 higher erosion of spare, non-opsrating
cathode, ic being condictad

* This will be dic

O
&
%)
©

ed in ceparate report.

2. FLOW STRESS AND DISCHARGE VOLTAGE

These effects wers diccoversd at the very baginning of SPT development both by study of
campiss 3nd in the ife tests of SPT. Fig. 1 shows the change in the rate of asrosion (V) with the
cischargs voltags (U for different matsrials.
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't is Known that each matenal has its own voltage threshold (Up), belew which it does nct
erode because of insufficient energy of charged particles. At the voltage close to the threshold, SPT
evicantly would have very low efficiency, thus being not suitable for most applications.

The cischarge chamber adge rate verus the discharge voltage and the flow stress can be
expressed as follows:

- VEe Mg (U-UpXi-n) . (1)
where c - factor of the discharge chamber material and the plume aperture angle;

T - the thrust efficiency of SPT.

The crosion rate is the most in the beginning of operation. Then it decreasas according to the

specific relationship, Fig. 2 [6]. The lifatime, the firing time (v), of SPT is determined according to the
following equation:

wa KOO s omy . Up) (1-1)) G

where & - thickness of the inner wall of the discharge chamber,
b - width of the passage of the discharge chamber,
K - cceiTicient.

As zli geometrical dimensions in SPT are directly connected with the diameter, T can be
expressed in the following way:

I3

T=He % (e Mg (U= Up) (1- ) - 3

wherc. J is the diameter of the discharge chamber.

This reiationship shows satisfactory usefulness till 1200 hours of the accumulated operation
time of SPT100, Fig. 3, that corresponds to the half erosion angle of 220, the angle of flow
divergencs, containing the 30% of the ion current. At this moment the direct impingement at the
discharge chamber surface by the charged ions becomes negligible. However, isofator is still being
sputtered, but at the rate by 10-12 times slower. The physical process changes. Paper [7] assumed
the erosion by electrons, heated by near-wall conductivity.

There is another one varsion - ions, formed at the discharge chamber outlet, contribute to the
erosion. This process exists from the beginning of life, but contributes significantly less than erosion
by the acceierated ions. et a

Erosion of dischargt chamber after 7000 hours life testing show Fig. 7.
Aftsr 277 the SPT life is determined by the following expression:

s Kz d ((a- 1)/%'9)/(6 M/g (U-Up)(1 -1)) : 4)
'where K2 - coefficient,
a - cone angle of discharge chamber edge;
ag g - angle, containing 90% of the ion current.
The total time of SPT operation is determined as follows:
TW=T+14 = (Ked +Kzd (- 1)/‘10.9))/«: M/s (U - Up) (1-m)) )
For SPT, at the specific parameters M/g = 0.1 mg/sec em2, U =300 V:

1y =12d + 58d = 704, (6)
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The rasvits of SPTI00 life testing provided this valus,

ta! thruzt impulce, achieved by SPT100, 12 2.0-10° Mzac, that comscponds to 7000
noUTs. Singis catheds demonsitalsd more than 9000 oyciss. which axceeds tha requirsmant for
2UtR oroit maneuvering by 3 Geostationary pacecraft with active lifa of 15 years.

3. EFFECTS ON THE LlFETlME BY THE SPT DIMENSICNS AND THE VALUES OF
PARAMETERS M!c AND U.

"FAKEL' hze developsd the SPT mcduls line (Fig. 4) at oi”"!di =+ 2. 4 ranges from 35 to
250 mm

Life of the whole model line was discussed in [8].
The geometrical similarity shows

“i=1/ ¢ =2 then Fiﬂi;: = Sisvg =2 (7Y

whare g;, o. - the diameter of the discharge chamber and the cross section of the accelerating

- & ~F .Ah - *e
cnann ' - !an’ = gte -.-..-- &S :’.‘,CU.’E",'
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it ld=et i s 215
Y
P F

adbi® 1 prasants ths iifs assumptions of tha SPT modsi lina 5t Mig=91 MG/ ne emeand U =
v2iUaz werg redefinad on the razults of life tasnti ng W Aith mecpact 1o Ceh}ﬁw in 1M

(S8 IR

Tabla 4
Pzrzmater SPT35 | SPTS0 | SPT?0 | SPTI0OC | SPT140 | SPFTZ00 | SPT280
MAAS 200 350 &30 o Tadsel Y ol 5400 11000
F g 1 2 NN T 32 84
=r, hours 2500 3500 4900 7000 | 10000 15000 22000 |
P~ kNecec 80 200 | 600 2000 | 6000 18000 50000
S 1300 ! 1400 | 1450 | 1500 | 550 1600 1630~

The iifs of SPT100 has been test demonstratsd .

incrsasing the discharga voltags, the lifs Ty and the total thrust impuisa Py decraasa,
decreacing the flow stress and the discharge woltage - opposite. Changing the flow stress within the
rangda as wili ca descrnibad forh, the tcii thru..t impulsa is aimost the sama. and Ty <changss
iy ;pha,\ 0 *he l|-\~, ~0f°n: ~ra,~~°

Tatle 2 zummarizes the sxpactad t*‘m” valuss 2t thg total thrust impulse 2nd the S°T
SLSIEtoN Uims with the incraasa of M/q at constant U=300 \V and U at constant M/a=0.1 mg/is within
maxima! power

Tavle 3 - with the decraase of M’z and U
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iNCT83sing tha powsr abovée nominai By increasing sither mzs or U, tv for
decrezcsc inversely to the axpression ’“/S (- Up), where Up =BOV

At the Z3me tima the thrust is proportiona! to Mg U - AU), where AU =

S0V, ie., whan the
DOWB(r iNCreasas by incraasing "’"/’5 , thrust increases proporticnally to the power

changa. or by

increasing U, in VKU - aU / VU - &U,
~hers ¥ - factar by which U hac bean increased

Decreasing the power relative to the nominal level
4

ot
ascreasa /g by

~easifls -
o

ceCific characteriztics of the thruster are worzse,

, Tt increases, however it is
mors than 2 times, and to decraase U beiow 15

act desired o

0 V, as iower these lavais the

Table 2
Paramatar SFT35 | CPTS0 | SPT70 T SPT100 | SPT140 | PT200 |S535
Nooa W 450 750 1500 3000 8000 | 12000 | 25000
e 2.0 45 3 18 36 2 150
P Mimmmry, KNE| 60 200 600 2000 | 6000 | 18000 | 50006
oMoy, B 300 1300 2100 3200 4700 7200 | 11000
ISP ), S 1300 | 1400 1450 1500 1550 1600 1650
|
Fritmaxy 9 15 3.0 6.0 12 -24 48 96
T 0 100 300 900 2700 8000 | 24000
¢t immy D 800 ] 1200 1800 2700 4500 5000 9000
JSP (Umax), 5 1800 2000 2100 200 | 2300 2400 2500
Table 3
Paramater SPT35 | SPTS0 | SPT70 | SPT100 | SPTid0 | BPT200 | SFT355
Mo, 5% S0 170 340 €80 1400 2800
F(Myaminn @ 05 1.0 2.0 40 8.0 16 32
Vigiming
P rmrmimy, KNE 50 170 500 1500 | 4500 | 13500 | 40000
T — 2000 4700 7000 | 10000 | 15000 | 24000 | 35000
ISP (Tiarming, & 1250 1350 1200 1450 1500 | 1550 1600
F(Uminy 3 T 25 590 10 20 40
 Priliminy KNS 100 350 1000 3000 | 9000 | 27000 | 80000
X Uimin, 4500 7000 1 10000 | 15000 | 24000 | 35000 | 50000
1%P (Umin), € 1000 | 1100 1200 1200 | 1250 | 1270 1300

The appiication amas for these thrusters are pictured in Fig. 5.
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4. PLUME DIVERGENCE

Plume Jdivergence is very important. it is usually de
cf the ion current. SPT100's Charactenistical ion distribution s pictured in Fig. 6. Cone angle for

SP110C is 45° It is almost impossible tc select such ExH farameter of the field, sc that sach
charged paricle was accelerated in the same direction - parailel to the walls of the discharge
chzmber. However, the investigation on plume divergence decrease should be conducted. The
success in this area would be significant contribution to the SPT life axtending effort.

scribed by the cone angle, containing 90%

S. DISCHARGE CHAMBER MATERIAL
=MD AR VAAMBER MATERIAL

Vatiuus requirements are imposed on the material of the
insulative at temperaturs of 1200-1800 °C, temperature resistant,
tight and not to evaporate. And to sati
erosion resistant and not to
Investigation held at MAI
impact are isolators with

discharge chamber. It must be

thermocycling resistant, vacuum

sfy the lifatime and repsatability requirements it must be
CGause contamination on thruster

and other entities demonstratad that the
minimal ratio of the molecular mass to the dansity.

Such material may be boron nitri

de and boron nitride - based materials. The sputtaring of this
matenal is low contaminating as well.

6. THe : :'= TEST CONDITIONS

Chief :~ngitions are: static prassure inside theg vacuum chamber of < :3-10‘s torr and dynamic
of < 51075 torr by xenon. At the pressure ovar $¢107° torr the thrust drops at the sama input power
The experience shows that vacuum chamber dimensions shouid be as follows: diameter over 2.5 m,

iencth over 3 m. The residual gas in the vacuum chamber must be composed of inert gases: xanon,
krypton, helium. |

To prow. iz 31l above conditions,

crycgenic pumping systems are the best:
smell helium pumps.

helium or neon with

Very iiiiportant is to Operate the thruster till its end without o
that :solator was not saturatec with water vapor and air, a
beginning of each test cycle after o

pening tha vacuum chamber, so

ffecting the thruster performance in the
pening the vacuum chamber.

in this conditions SPT100 parameters are stable both at 'FAKEL' and at JPL for more than
7000 hours of operation and 6000 cycles (Fig. 8)

Whiie >onducting the iife test with oil pum

and mechanical cleaning of the discharge cham
incicates the thrust change within t

ps, SPT100 performance continually deteriorated
ber of the thruster had to be performed. Fig. 9
he life period. (* marks the time ahen the isolator was cleaned). -

7. PARAMETER REPEATABILITY WITHIN LIFETIME PERIOD

. Without having accomplished the life test, it is very hard to predict the parameters. Paper [9)

presents the attempt to obtain the thrust versus time relationship. Life test at ‘FAKEL' and JPL
dem..- irated that conclusion was wrong.

Fig. 8 indicates that parameters are even

mors stable beyond 1500 hours of operation and
remaincd <o till 7000 hours of operation. The testin

g is going on.
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T uncer 1500 hours raiativa thrust Snhange (Fmax/Fmin; is £5%, then pstwasn 1500 and 7000
RAces _ 12 EOL
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8. THE WAYS TO INCREASE LIFETIME

The ife tests at ‘FAKEL' and at JPL demonstrates that required 5000 hours of operation with
A the came time the follcwing ways of extending the lifetime are worked cut:

- selection of such configuration of the magnetic and electrical fields so that {0 previde the

benter focusing of piume (lifeurne and efficiency woulg surely be improved );
- selection of berter reiative to smsion material for the discharge chamber edge;
- FENIx' design is being deveiopes, aflowing to move the chamber forward at least once as

it dg2 is worn out.

9. METHODS OF LIFETIME DEMONSTRATION

Maturatly the most easy and raliable method ic the dirast lifa tect of the thruster or prepulsion
Syctem in lhe conditions maximaliy close to rea!.

However, direct lifs test has such disadvantages as iong time requirsd and exiremely high
cest.

v

7Ence ceveral other methods were considersd and cubmitted. Among Cthers, these are
noner esting, higher stress tasting and iasling with propsiiant simuiators.

13

FAKEL's experisnce dsmonstratad totai S0000 hours both with SPT70 and SPT100, at
different length of testing. 4t eartiar phase of SPT70 and SPT100 development all defects were
discoversC during the first 250 hours o testing. If thruster passec this phase without
nonooniormances, then they aff cemenctrated highly staple Farameters.

Such expenence allows to cenclude that for sach SPT modai (SPTTQ or SPT 100} it is
sufficient to conduct the fuil iife tssting no mors than two thrusters. 3 thrusters are needed to iast for
determination of relanonshic between the SPT performance and the erosion geometry of the
discharge chamber, testing for nc longer than 300 hours - required and sufficient time to check out
the erocion rate - and 500 Cycles. The thrusters undergo the measurement of the geometry of the
discharge chamber ang X-ray anaiysis of the cathode. The Quaiity critaria are ac foliows: the
ConEtant relationshin the discharge chamber geometrical farameters versus time and cathode
emitier gsomstry, and consiant utput and spacific parametars,

isakage and siectrical paramstars,
ag declared in the specification. Such method could be recommendad for use.

Higher strecs modes and use of cheaper propelant.

Other accelerating methods were use of chea
discharge chamber with less erosion resistan
matenal and propellant would 2ffect the SPT
conseguently more expansas.

per propellant, e.g., argon, material of the
ce, or both altogether. Howsver, usage of mock-up
performance and requires comparstive testing and

Method of higher stress on the

thruster, e.g., highar xenon flow stress or higher dischargs
voltage was considered as welf.
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hP'\nP"ﬂﬂ' V Droguoe simiar ,:"""'"‘ norh

AR g il

S ngiffarent locations on
SPT changs in cifiarant ways. ang aifact
thair limits, some !ndicate daterioration m

{, Some matsiisis nesr

[n\f.a::.:ao-a;- of DIrEmetsr relationshi P ang matana! proparties iz tha task no |8 S avpenciva
than girsct iifs testing. e
CCNCLUSICNS

e d Rt td] + = = - s o - pn
invectigat 'th of factors, an..vt"?g the SPT lifetims and the results oi the lits tsstec show that

achieved life ic more than sufficient for geostationary spacecraft 'north-south’ station-keeping at
spaceciaft life up to 15 years.

The lif2 of SPT macdslc of higher power is sufficient to provide ior the trensi
geoctanonary orbit. Smaller spacecraft with lower mace may use modeis SPT50 or

which is sufficient o provigs for ut"t.-r-r\sep.ry The same thrusters may be
maintenance sysiem.

7 he hfe of
cad |f' attitude

The life test procedures of JPL and 'FAKEL' are sufficientlv correct. The ground test recuits

comply with SPT70 and SFT100 rzal environment opsration isg datz.

-
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Fig. 2. SPT-100 erosion rate vs. time
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Fig. 3. SPT-100 No 02 erosion profiles were
expertmentally detemined during 4000 hours of life testing
{1 -SPT-100 No 05 erosion profile attar 7000 hours of
life testing)
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F/y 4. Parametric Series. 1 SPT-50,
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Fig. 6. SPT-100 current densite profiles

showing no appreciable shange between
30 and 600 hour of operation in JPL

chamber



Fig 7. SPT 100 No 0L &

rosion after 7000 hours life testing.
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Fig. 8. Thrust change of SPT-100
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Fig. 9. Thrust change of SPT-100 in the “oil" varuum
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