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ABSTRACT . grdit correction and recession of worthless satellite

fros geocentric ortit as well. In doing so thrust

) systed transiticn out of transfer regise into regiae

_The paper discusses anode layer thruster (ALT)  zuitable for orbit correction, i.e. into regige of gask
application for fulfilleent contesporary and future |, apparently will come to alternations of ghrust block
missions. It 15 shown that all of thee can be performed  paraseters. l.e. for this task those thrusters are

with so type thruster. preferable which capable of thrust paraseters variation
In aife range. -
y NOMENCLATURE — o ="
F - thrust, a . . For third task the thruster with high specific
W - power, kR iepulse is tc be developed. The icn thruster entirely
lep ={v) - specific impulse, s would be suitable., But because of low thrust density
laua - susmary ispulse, Tonna s which is inherent to it, the disensions and weight o
ne - thrust efficieicy - such thruster is unacceptable large.
?. =(v)?/{y?) - acceleration efficiency ; It
- life tise, s .. In comparison the data of Table | the attention is
# - @ass flow, 8q/s paid on the very wide range variation of thrust and
: power paraseters provided the fulfillsent of the
INTRODUCTION dbove-eentioned tasks, Range of paraseters variance

: = = wnithin each task is fairly wide as_ well, that,

At the analysis space program it may be indicated  naturally reflects level its ;uaglgtxun. This situation
three perspective directions” at which electric however faces certain difficulties at thrust systea
propulsion application can give substantial profit into  elaborating, since noaenclature elaborated thrust units
project costs, or provide opportunity its realization in vies of indefinite situation aust provide
in principle. In Table 1 the approximate data of practltill{ either coabination garaleters in the bounds
susaary ispulse l..,, which thrust systea aust perfora of each task range and available thrust unit power to
of its optimal specx#xc 1lgulse I, and power levels o be so, that total thrust systea power “and its total
power supply W for the fulfillsent of these tasks are - thrust to be provided with fairly reasonable nusber of

given. i thrust units. Below the possibility of the fulfillaent
the above-sentioned prograas at assistance anode layer

Table 1. thrusters (ALT) is discussed. bained data  about
paraseters and experience of engineering design ALT

Task Iep(s) N(kR) launils} Just affira, that above-mentioned requireaents can be

realized with this type of thruster for three these
l.6eocentric orbit  1500-1900  0.5-2 60-200 tasks,

correction _

2.8ateilite tragsfer 2000-3000  10- 20 1000-300 FIRST SECOND ¥
to geocentric . STAGE STAGE ‘
Sfyie 9 ELECTRODE  ELECTRODE

3. Mission to Hoon 4000-7000 5 103-10%  § i03-1¢0 ANODE HAGNET
and Mars %Y“TEA

Each out these tasks has its peculiarity, which FROPELLANT i
. sust be taken into actount at the choice of the type of FEED
thruster aost suitable for its realization.

The |anufacturin2 thrust systeas for orbit
correction - it’s task of greseot day, its practicsl
realization bY seans of electric propulsion was tested
on soviet satellites, Next step is the eladorating
thrusters capable to provide SUIﬂi{l 1igulse in & fen
tiaes lar?er at rather low thrust unit. Another words,
the grob ea of long [ife time becoses sost isportant : _
one at thruster elaboration for this task, NEUTRALIZER

i Thedsecong dlof { thel,gbovg-lensigned sasks Was :

iscussedrepeate in literature 2 ap . (
agpreciablgpprofitr which gives electric propulsion for - FIG. 1 T“E CSTASE ANODE LAYER
this task is quite real, It is necessary to add here, ACCELERATOR

that such eore profit will be provided if in addition

to transter task, the joint power systea provide also
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ALT PECULIARITIES

ST v y ANRT GNET
. ALT uses principle of ion acceleration inta ga ANE BAGHES
discharge with crossed electric and sagnetic +ieide. - ANCDE HOLE POLES_
Fig 1. “shows its general scheme, Its discharge chaaber
which is forsed of electrodes under applied” yoltages
and pole ﬂxeces, with cathode potential applied, ic
bounded with conductive walls. Under these conditions
agplxed voltage 15 concentrated into thin layer, of OROFELLANT
about electron cyclotron radius in disension, — Semifaa
The jon acceleration into thin layer takes 3z  “EED
nuzber of advantages, rFirst of thea, the short way o
acceizration qives less opportunity for ion coiiisians
with particles and 4alls and sinimize enarg¥.lasges as
3 result. Second, the ion path in sagnétic field is
skail because of its angular divergence ic skall ts0.
Except of that, conductive walls revesl possidiiity to
create aultistage acceleration where cathode wails ov |
one discharge chamber work as anode for next one. This —
regine of acceieration takes significant advantages ir
high ion veiocities aust be achieved,

 NEUTRALTZER

: E16. 1 LOW - D
_There are two stages aay be defined in ALt F16. 3 HOLLDE Aiﬂ ¢
investigations, On the first stage there was gereorled . MCCELERATOR-
investigation of physical peculiarities Which contrai 8
gas discharge with anode layer. The phrsxcei principles
anode 1ayer accelerator and aain'results are gxpounded
in ., e sark these or thea which are significant for . e,
thruster elaboration. At the same tise two-stage accelerators were
ks ! ’ stugied eost completely and their main paraseters were
It was defined that anode layer ic excellent ion  gefined, Fig.! just shows two-stage accelerator schese,
gensrator which effectively fulfiils ionizatien any  The first stage operates as “ion generator which
particles. % supplies ions fo second stage where they to  be
; ) i ) accaierated by  applied voltage V,. Discharge
It was shown that ion acceleration take place into  characteristics of two stage accelerator are shown in
electric field of double layer which structure don’t Fig 2, : € .
depend on value of ion current, This attribute defines Each of thea contains two typical parts. There is
capability of thrust unit paraseters change id wWide  horizontal part where dxscharge current value in a high
range varying by voltage or flow rate which are tied in  precision equal to Bass tlow current. This part
feeble wanner and eay de varied independent!y. isrrasponds t9 noraal regxle of acceleration with high
e ) [ / zFriciency (about 0,7-0.8), On the second part current
~ The significant propert¥ this acceierator is  increases rapidly with voltage decrease, At voltage
iinear dependence thrust on flow rate, which keeps at variation here and there, there are different current
flow rate variation in ten tises, vaiugs 3re  obtained.  This part of discharge
characteristic  corresponds _ to unstable, anomalols
' reise with low efficiency. This regise is the main
gns:g:ie lieited veltage declination below !.5-7 kV
-bound, ’
The aspiration te achieve  effective® ion
acceieration under low veltages was the sain goal of

10 in :tigations next step. This™ purpose was achieved
. - With heilow anode creation. Research show that
l single-stage accelerator is rather efficient for low
8 N\ sower level, F’%’-n shows schese of single-stage
\\._-‘\ FLOW 17,4 %g/3 sccelerator with hoilow anode, 1ts perforaances are

snown .3 - Fig. 4, Such  accelerator operates at
b ke sugstaatially low la?netxc field densities and provides
‘5‘L~ . nxgh e{fl::en:y at .g; voltageg.d It pro¥gd to.behvery
; Interesting 2ngine with.unexpected properties which are

A FLOW 13 eg/s realized af lagnetic field vgriatiug. i

b . There was stated existence of critical aagnetic
2 fieid K* in going through which discharge structure
FLOW 8,5 ag/s changes and  its perforsances change in radical way.
= ; Externaliy it is visible that discharge filled anode

, toilow 1F_H*CH, since anede la(er shape itsel? does not
BiTTHRRET VOLTAGE by chenge. The current to probe to be placed naar back
il Sl wail” of heilow, increases in 10-15 tises. Except of

; that, gaecz;;t, ig E!se g;ous, texceedxng. adeissible

e srnrETIAG viive 3t applied veltage and spectrograas show gresence
FIE.Z DISCHARGE CHARACTERISTIC or suilicharged ions. The ,eFfectq of gqry:ng the
- aagnetic fieid strength is indicated in Fig. 9 for a

Propellant - Bi vixed voltage. Critical la?netxc.rleld corresponds  to
82x13al value specific 1mpulse which exceeds admissible

DISCHARGE CURRENT ()
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value at 1,3 times, That aeans that aulticharged ions
share may be significant. '

Critical field  value  depends on external
paraseters so as applied voltage‘ gas flow, shape pole
pieces and electrodes. If H(H® the obvious ana!aqx
discicses hetween perforsances hollee apode thruster
and SPT: specific impulse and efficiency becoze asziaal
for definite values apﬁ!:ed voltage and 2ass flaw, tc
Biffer at deferent H. Instead ofl if HOH® these
parageters don’t depend on H, curren:t slightly depends
on voltage and efficiency rises.
features two-stage accelerator,

As & resuit the sain processes and relaticnships
gas discharge with anode la¥er had been defined, tne
sethods of control its parameters had been founc and
basis of engineering design ALT engines hat heen
created. There had been accueuiated experizental dats
atout methods of cptisization ALY ang its perforsances
in a wide range of gperation: fros 0.5 o (%0 kilowaiis
by iouer, fron 1000 to 10 000 seconds by specific
1apulse, There had been found too that ALT efficiency
tends _to xncrsase'u:th power 1pcreasing and power tco be
sore J kW, efficiency attains 0.8 and more value., A1
the low power and specific impulse levels there had
been attained efocxency,qot less then 0,5, AT the
basis of 1000 hour life time tests of two-stage
accelerator ALT an?:nes tise operation spun  wWas
estinated to be not less than 4000 hours.

In paralle]l with single- stage accelerators
physics research the evaluaticn of thrust units was
carried, which, in distinction of ressarch engines had
to ‘safxsfy to definite package of f{achnical
requirements., The oroblea consisted in choice their
optieal combination and search the way for their jcint
iapraoveaent, .

THRUST UNITS PARAMETERS

In Table 2 parameters of experimental ALT thrust

units worked out and tested in TSNIIMASH are shown.
i3 evident that they practically suger:ade shcle - range

of specific iapulse variation (see table 1). The range -
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F16.5 PARAMETERS SINGLE - STASE
ASSELERATOR  VERSUS
V=900v, propellant - Ei
progellant curreat 2,24

in power for two tasks is provided with one thrust
unit, Apparently, there is no hope tc create thruster
br he power apprexiaately ! oeegawatt for third  task,
it have to be noticed however that power 100 ki is nat
31 liait for ALT although tests thruster of such power
takes significant technical difficulties.

Taéle 2

Type — WY}  Flgt I8! N Nate
§-35  0.8-2.5 4-12 1250-2700 0.5-0.&6 1 step
2-100 3,3-15  8-&5 2000-4200 0.6-0.7 lor2 step
T™™-30 20-3¢  100-Z50 3000-7000 0.7-2.68 2 step

i . A

_ Works under two-stage thrusters were directed to
elaboration powerful engines with radiative cooling.
Disclosed methods of anomalous regxle _overcoaing were
usag at their deziqné. AS a resulf, universal engine wa
created, with high efficiency at low powers tac 8,
ic make transfer froa h:gh Isp regiee to regige 2t low
Isp it is encugh to short out first stage so that it
turns to single-stage thruster, The possibility
to siagiify electrit circuit two-stage thruster was stu
too. It was shown that one power supply is enough. For
example it can de used divider,

There are not given data about life time in Table 2,
the estimation of 1life time was qiven in previous
section, We will discuss here some aspects cause this
varageter. Firstly notice that life time is not
entirely exact definition for engine to operate as
thrust apparatus because at space mission analysis the
sumgary impulse is defined as one of significant
aizsion paraseters, which quite definitely descrides
thrust unit life adility too.
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Reaiiy, a3 far as I,,. = 7,
and in its turn F=i(v)

. {v) - average velc;xfy, and for
life time as evaluatior it fay he 24onted

T =L /qN,

where L - peraissible thickness of wal! spattering

is the

(supposed, that the wall spatter:n? ¥t
ife tiee

aain factor responsible ‘or

liaitation), Y i

¢ -coefficient of sputtering (thicknesz of
ablation, related to ion enerqgy density!,

L ¥§(v’5l2 - power flow which ions transéer to
¥d

k - share of fast ions which fall on the waii, 1t
-na¥.bg adopted as measure cof accelerafior
efficiency,

After suhstitutions it can be foune
leua = 200 /gkivy
M. = 92142 - acceleration efficiency.

This equaticn is derived on condition that s=ain
cause for life time lisitation is erosion  thege
thruster parts which have contact with acceleratad
plasaa flow, It was adopted too that erosion speed 13
proportional to ion enargy.

. It dispiays that the thruster suagary iapuise does
not depend directly neither on mass flow "nor 2n
thruster power, 1.e, isa value which resains steady
ithin thruster operation range (if lon velocity is
defined!, It shows too that it ic pessible to incraase
iwua Dy ion average ve:ocxtx er specific iagulse
decrease, This circumstance ave ! noar
account at general analysis conditions provided aission
fulfilleent” and at "initial choice thrust svstea
parageters,

Notice, that the essential I,., variation for
account of and 1&. and L increase 1s iaprobatls yet
because sodern thrusters are on that stage at
fulfilleent at which optisization these parasefers at
the contemporary level o knowledge about "the chysics

CURRENY /FULL CURRENT

L. 0 S !

FROZE VOLTAGE/RISCHARSE VOLTAGE

Fig.6. lon energy distribution
for different mass flaus
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of operaticn and of methads engineering and desiga are
ichisved already, Therefore it is necessary abipve all
to pay attention to the possxn:!xt¥ of ion flow to the
walls decrease, For this purposz the exploration of
zcssibilities to cptimize physical process into wall
25 and the seek:ng or progressive technical
salutions, preventxng interaction rapid ions flow with
discharge chaaber walls have to be stisulated.

fs for ALT, such technical sclution has been
found, Its pracfxca; value have to be scrutinized yet.
Nevertheloss prellaxnarg exaainations are vng
prosised. So, we speak about creation the engine wit
external layer, where accelerated ions don’t interact
with walls. T&e results of elaboration ang the
practical realization of this technical grxncxple is
discussed in 3, We only note here  that check
aeasurements walls sgutte[an velocity indicate on
pessibility its diminution in 3everal tiges.

. We aiso note that a small nusber of thrust uaits
is enough for all named transfer tasks to be perforaed.
Suck situation is_ proved to be feasible owing to
abilities ALT to effective operation under the wide
range  variation propellant flow and voltage, The
linitation of power of thrust units froa above is
connected with its ability to heat radiation.

23ta given in Table 2 illustrate one general trend
whicn 15 peculiar o ALT nature, _nasely, "it is growth
a¢ thryst eéé:cxenty 35 power increase. This trepd
comes out cf overall theery of d:s;ha(ge in cressed £,
# 4ieids, So. evajuation of probadility of icpization
iz evident or it to rise as gas Siow gensity ifcrease,
fe 2 resuit the jonization 20ne  becosmes saaller,
attached to anode. That comes tc disinution of ions
energy inconersace. The results of calculation the
paraseters of ion fiow fulfilled in one-disensicnal
aporoach * testify this  situation. Ion engrgz
cistribution seasuresents affira that trend too. Fig.
indicates that average ion energy rises as gas fiow
increase,

in Figure 7 the thrust efficiancr 0-55_and D-100
thrust units s a function of propellant Flok density

are preseated. The bold curves represent thrus



efficiency variation for each unit for its steady state
regise where it’s capable to operate for a long tise,
The upper border or such regime 15 defined by sost
power which the unit is able to radiate without
magnetic  systes  overheating and  efficiency
deterioration as a result,

_In addition as _separate points there are presented
the results of D-35 operation for short-time on power
exceading the utamost steady state one, where the unit
don’t gét to steady state regime and its efriciency
decreases monotonously after soae time, That regize aay
be described wéth_a.txle while the efficiency retains
within acceptable, liaits.

_ So, the gassihla way to rise thrust units
effxcxenc¥ is to heat resoval improvesent from most hot
garts of thruster, There are anode walls and its edges

o undergo to wsost influence of discharge. And heat
removal must be realized if that heat is not to cose to
garts of aagnetic systea as the most sensitive ones to

eating. That’s significant for technicai decision of
this prcblea that™ anode is fabricated cf conductive
saterial. In modern thrusters which arz designed for
large operational power there are used copper screans
to prevent heat transfer to magnetic systea and direct
it to back wali of englng.But there are only the first
steps on the way of solution the heat reacval problea.

SUNKARY

_ The sain processes and laws of closed drift
discharge with anode layer have been studied and
sethods control paraseters of accelerators used this
discharge have been defined, Perforaances anode layer
accelerator have been studied in wide range variation
gouer and cpecific impulse, These data have found base

or creation tarusters useful for any space task.
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The engineering eethods of elaboration and
panufacturing ALT "thrusters have been developed. ALT
units elaborated on the base of these methods can be
taken as a base for creation of thrusters for
grospg:txve pission tasks providing overall range or

hrust and power parameters thrust systea at the dase
of few nusber of thrust units with deeg.chanqe of their
regimes, The promised directions of life tiae probles
overcosing and efriciency isprovesent are found. To put
thic directions into practice it’s nicessarl to conduct
long-tere life time tests ALT asodule with external
layer and to _entertain wide-range enginzering
deveiopments or efficient heat transfer for

next generation thrusters.
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