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Abstract

Ion propulsions in the USSR were started to
develope in the early 60-s. The usage of the
principle of Ceasium contact ionization on
Tungsten have seemed to be a very attractive idea
at the first stage of studies due to the
possibility of  ©obtaining an extremely high
utilization factor of the propellant. In the midst
of 60-s, however, the attention of researches have
been switched over to a development of ion
propulsions with gas discharge icn sources. It is
on the base of thcse sources that practical designs
of ion propulsion have been developed. The paper is
devoted to the results of the investigations of the
ion propulsions in the USSR during 60-s - 80-s.

Introduction

The reszearches in the field of ion thrusterz
in the USSR were started in the early 60s. It was
beleived that ion engines with potentially high
efficiency and lifetime will be able to meet most
urgent demands in thrusters with high specific
impulse. For this reason, alwost all countries are
interested in electric propulsions supported the
programs with researches on ion thrusters. These
researches in the USSR coveres a wide range of
possible designs and applications of ion thrusters,
the idea attracting a large number of researchers.
In 1964-1965 in rocket experiments YANTAR there
have been carried out tests of ion thrusters with
volume ionization of Argon, Nitrogen and air.

These experiments, which were by.;heiz aims
close to an American experiment SERT-1°, helped
to prove serviceability of ion engines in the
conditions of wupper layers of atmosphere, in
particular, a possibility for neutralization of the
space ion beam charge by electrons being injected
into it. Characteristics of ion thrusters of those
years did not yet meet the requirements for theix
practical application. In 70-s the main direction
of works was to develop relatively low-impulse
modules of 1ion thrusters and power plants. The
solution of the said problem demanded deep study of
phy=ical processes in the main units of icn engines
in ion sources and ion optical systems. These works
were closely connected with the analysis and
synthesis of both ion thrusters and electric
propulsion in a whole.

What can be distinguished in the process of
development of electric propulsions in the USSR are
noticeable successes in the research and
development and in operation of stationary plasma
thrusters, which, as assumed” , may mee:t the
demands of the USSR in thrusters with high specific
impulse untill the end of the century. This could
not have but affect the interest shown in 80-s to
other types of electric rocket engines, including
ion thrusters. However in view of tendencies to
increase a period of active life cf the artificial
earth satellite, the power of on-bocard power
installations, to implement programs of space
research and utilization, possible wide use in
non-engine aspects, one should expect a new wave of
interest in ion thrusters.

Ceasium ion propulsion "AGAT"

The central place in program of works cr:  ion
thrusters in 1968-1375 included the development of
"AGAT" ion propulsion with Ceasium ion thruster,
called by developers an ion thruster with
oscillatory discharge (IEOD-100). The ion
propulsion is designed for installing on the
artificial earth satellites operating on lcw or
highly elongated orbits aimed to compenzats air
resistance.

The propulsion was developed at the 1level of
thrust P=20 mN and with 1lifetime 1000 hours.

Thruster IEOD-100

A design of the thruster is schematically
shown in Fig.T The thruster diameter by ancde ic
2R=100 mm. A plasma emitter (a discharge chamber)
contains a hollow cathode 1 mounted on the back
wall, a cylindrical anode 2 and a Ceasium vapour
deflector 3. An ion optical system is formed by
emitting electrode 4, set on the dischazge
Chamber, as well as by accelerating 5 and annular
decelerating electrode 6, set on the case of the
engine. Ceasium vapour are bed through the emilter
hole of 0.25 mm in diameter into the hollow cathode
and also through a relief holes made in the side
wall of the cathode between the back wall of the
chamber and the deflector. A diverging from the
cathode a magnetic field is excited by the annular
permanent magnet 7, which covers the cathode. The
magnetic field lines are depicted in Fig.2 (figures
show a share of the magnetic flux in the
corresponding magnetic tube). Important parameters
of plasma emitter optimization are the value of
magnetic flux BO near the emitting hole of the

cathode and the ratio m, /mo of Ceasium flow rate
through the cathode ™, to complete expenditure m

. The Regulation of Ceasium flow rate in this
design could be only if mc/mo = const. In the

process of development the value m{_/mn varied over

a range of 0.06...0.11 by chanqgirg the diameter of
rellef holes. Value Bo varied within 30...50 mT1

depending on cathode arrangement in respect to the
magnet and by introducing ferromagnetic pieces
counteracting the magnetic field near the cathode
= is well seen in Fig.1l. The ratio of discharge
current to beam current I d/Ib with the growth of

mc/mo decreases, that corresponding tc a reduction

of specific energy expenses in the discharge
C.=( Id/Ib-l ) Ud. But at B°= 0.45 Tl the

d
cperating range by the discharge

voltage Ud narrowsgreatly and instability takes
place. So, an optimal value !30 = 0.43 mTl. The

current of electrons emitted by the hollow cathode
is near the direct dependence on m_: I(__:kcemc/M,

where K‘_ is qas efficierncy of the hollow cathode -
while operating on Ceasium 100...150 e/atom. In
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relatively narrow range by Ud =16...20 ¥V and in

relatively wide range of the ion beam current
change Ib= D:3:. .3 & (mo = 4...40 mg/s) the ratio

mc/mo may be left constant at a level of 0.01.
Dependence C q o the propellant efficiency g

Ibl‘]/emo for optimal m c/mo = 0.11 and Bo:
= 0.43 mTl is given in Fig.2 for B = S e A
mg/s. The point of sharp increase of energy

expenses corresponds to #= 0.9 and Ud = 20 V. The
course of dependence C a(#) leaves no dcubt in
selecting an optimal Uy = 20 V. Wanted thrust valus
P = 20 mH corresponds to value Ib =0.42 Aby en
accelerating voltage Ub= 0.8 kV. and specific
impalse I_= 3 x 10* n/s (1720 e/M).

Plasna parameters distribution

To define distribution of plaama parameters
and electron energy distribution function there
have been used Langmuir cylindrical probes, while
volt-ampere c!nracteristiss of probes were treated
by regularization methods”.

It turned out that fast emitted electrens by
the cathode with energy 15...17 eV are detected
only in the near-the-axis region of the discharge,
making up abcit 5% of the chamber volume. By ‘gge
estimations the life time of fast electrons ~ 10 s
is mch_&ess than the colliding thermalization time
(3 x 10 “s), that testifies classical mechanisms of
thermalization of fast electrons on plaam
electrons formed in the discharge. These featurss
of electron kinetics presuppose a considerable
plasm electron heating in the-near-the axis regicn
of the discharge and a significant role of the
convective mechanism of energy transference across
the magnetic field. Thus we may expect high
inhamogeneity of electron temperature Te and other
plasma parameters by the discharge radius, which
has been proved in the experiment. Isotherm
distribution (Te=const) is superposed on the
picture of magnetic field distribution (Fig.1l). We
observe a dip of the Te in the radius from 2.5 eV
on the axis to 0.5 eV on the discharge periphery.
Radial distributions in various sections of the
emitter (L= Z/R=0.1; 0.3; 0.90 of ion current
density Ji , Plasma potential L and Te are shown
in Fig.3 for a discharge condition Ud =20V, Id =
1.54, Ib=°'25’cd=100 W/A. Zone in which about 90% of
ions are formed (ionization zone) looks like a horn
spread towards the emitting electrode. Its volume
constitutes about 20% of the chamber volume. About
80% of electron current is closed at the cone of
the anode of =2 om width. Near the emitting
electrode (L=0.9) e is the inhomogeneity of ion
current density 11 Jum/Ib

Oscillations in plasma have been studied in®
by means of two Iindependently moving probes.
Preferable frequencies of oscillations fl = 40 kfAz
and f2 = 0.6...1.2 MHz. Low frequency oscillations
are most intensive beyond the ionization zone and
high frequency oscillations, on the contrary,
inside it. Fig.4 illustrates space distribution of
oscillations amplitude of the potential u with
frequency f2= 1.2 MHz. It is seen that it

correlates well with plasma parameters
destribution. Instability, corresponding to
oscillations of this kind, is of wave nature,
P! ting in azimuthal direction with a speed
“10"m/s, close to a drift speed. These oscillations

are li%ely” to be caussd by instability of
azimuthal drift of electrons.

By the results of prote measurements of plasma
rerameters we can calculate atom distribution and
components of integral equations of particles and
energy balance .

Balance equations are as follows:
- ion balance: .

e s npQdvs (Io/of)+0.4eé ne(ZTe/M)l/zd.SA

A
- electron balance

I +e Sn.n Q.dvx o,zméA*neazp(-eAud* /T_)(8T_/rm) 1/2
X dSA*
- power balance
Ic(U d-UC+AU d)E%J‘naneQiCRdW
+0.258¢0 (21, /@) (8T, /) Y exp(-aaU /T yas,*s

+(T /o) (U4-AU)40. te/n, (21 /m) Y2y as,.

In these eguations naé atom concentration,
Qi(Te,ne) 2 <aiVe> - ionization rate coefficient,
anevim - specific energy expenses for ionization
taking into account the losses cn radi.;tion (R), V
- volume of ionization zone, SA and SA - areas of
anode and boundaries of ionization zone (virtual
anode) , AUd and AUd - potential jumps near the
anode and the virtual anode, op - transparency of

the emitting electrode by ions. In calculations we
assumed equality of plaama potential in cathode Uc

to ionization potential Vi , Plasma temperature in

cathode ( ~ 0.5 eV) having been neglected.
Distribution of atom concentration was calculated
on the base of solutjgx of a kinetic model of atom
dynamics, described and built in the
assumption that we can neglect the collisions and
recombination in the volume but we must consider
the ionization and ion recombination on the walls.

The model includes the following saystem of
equations:
(Vm'v)"m:"“egi“m 2 na(r)zgx md -
Here na(r) - complete atom concentration

sepa.ratedinmedirectimofspeed vw . Boundary

condition reflects the fact of atom entrance from a
feed _Sstem and also &3 a result of ion
recmoinatzia‘:» ?nd atom desorbticn from the walls:
n (a, n_(a)f(a,w)+n, (a)+p(a,n)
O a(-gv)® T
na(a) - atom concentration entering the chamber

with angular distribution f(a,w), f(a,@)dady =
=1, nt(a) - concentration of atoms at point

trave}ling from other points of the volume.
Function p ( a,)) ) charactefizes redistribution of
a reflected flux entering the solid angle ¢ and
normalized Jp(a,p)dw=g(a). ValueO < g =1 is
a reflectivity factor from the wall and Q - domain
of solid angles, to which the flux falling into the
walls is redistributed. In the absence of
condensation on the walls q = 1 and redistribution
by angles runs according to Cosine law. In
ca.lc_ulations we considered different transporency
of ion optical systems for ions ( OF = 0.5) and



atoms ( e 0.35). This difference reflects the

fact that a focused ion beam does not interact,
contrary to scattered atoms, with an accelersting
electrode.

Specific energy
calculated by formula

eR~eV +"Vl§eAkp/neQi,

a,u

were

eypenses for ionization

k> 1

where Ake - downwards transfer speed by the lsvels

was determined for levels 6P, 50, 7S, 7P and
normalized for concentration of the main state €5,
wkl' energy of kl transfer.

Calculation showed a good correspondence to the
experiment. Atom distribution in the emitter is
given in Fig.I. It is non-uniform, which is
relative to a amll length of ionization ( "2 cm)
of Ceasium atom in the discharge at Te = 2...2.5

eV. Calculation of the power balance showed that a
share of energy losses supplied to the discharge
with ion kinetic energy on the walls and into the
beam is close to “40%, for non elastic collisions
~25% and in the hollow cathode “13%. The rest pcwer
is carried by electrons onto the ancde. Total
energy expenses in the discharge at a level 50...60
W are sufficient to keep up the walls of the scwces
at temperature ~ 570 K, this excluds Ceasium
condensation on the walls without any additicnal
thruster preheating.

Ion extraction system

Proceeding fram enough low requirsments with
the life time of the ion engines (1000 hours), an
ion extraction system was calculated for
mfficiently high average ion current density J £

5.6 mA/cm (forzcmmriscm in the thruster ST -87
Ja.v = 1.6 mA/am™ ). Because of inhanogeneity
of distribution Ji the maxinum current density in
the centre Jj_ = 16 mA/e’ . Calculations and

similation of an ion extraction sysbana showed
that the holes in the emitting electrode should be
mede with a variable diameter da by the electrode

radius following from a condition of approximate
equay.tya?E the wrrerbt of elementary beams j (r)x

=3.8 x 10 © A/B (where U —U +|Uac| =
1600 B, when the accelerating elec trode
potential Uac = -800 V). Calculation showed that in

the central zone of the electrode we should have d
=2 m, in the middle - 3 mm, in the periphery -
3.5 mm. The average geometry transparency of an ion
optical system is C.56. The extracting power of icn
optical system in the centre determines the value
of the gap between the emitting and the
accelerating electrodes 0.4 mm. Dished electrodes
were used with a deflection of 1.8 cm in tre
centre. The emitting electrode of 0.5 mm thiclness
was made from Molibdenium, the accelerating one of
1.0 mm thickness - from Aluminium. At the nominal
condition Ib = 0.42 A, Iac: 2 mA end it is

determined only by charge exchange icns. Life time
tests of 1000 h duration showed that errcsion in
the centre of the eccelerating electrode is higher
than that on the periphery. Maximum current density
onto the accelerating electrode does determine the
thruster life time in the whole.

Ion propulsicn.

A functicnal diagram of the ion propulsion is
given in Fig.5. Its characteristic features as
compared with the known diagrams of ion thrusters
are conditioned by the use of MAD feed system for
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liguid Ceasium end of already mentioned system of
Ceasium distributicn into the cathode and chamber,
imposing a condition of a thruster control with the
censtant ratio mc/mo.

A system of Cessium feed into the emitter
includes & storage tenk for 2.9 kg of Ceasiunm,
equipped with a capillary intake devices of a
slit tyre end an eléctromegnetic conduction pump
(MiD-pump) mounted in the feed main, a
thermovalve and a steam generator. Each of
two units of the neutralizer (main and stand-by)
includes a Ceasium feed system, which is by
principle of operation similar to the main feed
system. The neutralizer is a tube with a hole in
the side wall. The electrode, enveloping the
tube, is an electrode of the discharge firing at
the stage of the propulsion rpreparation to a
start.

The power supply and control system includes

all in all 12 sources of power supply (stand-by
neutralizer taken into account).
The control system is built on the based

of two feedback loops. Researches showed that l’b

(thrust, as well) is directly proportional to thes
current in the inductor MID-punp IMP The

thrust control system by the tight coupling
between Iba.nd Imp (the first loop) is simple,

reliable, providing the ion thruster operation
under optimal condition by propulsive
efficiency. However, it has a considerable
sluggishness, defined by the wolume of vapour
generator (relaxation time ~ 3 s). To increase the
speed of response of the thrust control system we
used a dependence of I 4 (Ib ) on Ud The

reiaxation time of the second loop of coupling is
0.01 s. Its value is especially high at starting
and transient conditions.

Fig.6 illustrates characteristics of the power
plant over the whole range of specific impulse
regulation (accelerating voltage), requiring no
variation of gap between the emitting and
accelerating electrodes ( 0.4 mm). The ion
propulsion main parameters for the most low impulse

operation regime are given in the Table.
Parameter Value
Power, assumed at nominal rating condi-

tions, W 400
Power of starting heaters, W 60
Time of starting heating-up, hours 2
Thrust, md 20
Specific impulse, m/s 3.3 x 10°
Ceasium flow rate, ka/s 0.61x 10 °
Propulsive efficiency 0.76
Mass of Ceasium reserve, kg 2.8
Mass of a bed thruster, kg 9.2

Xenon, as the most heavy among accessible
inert gases, was under study as an alternative to
Ceasium and Mercury p t of ion thrusters as
the beginning of 70-s The proximity of values
of Xenon ionization potentials (12,1 V) and
Mercury (10,8 V) makes it possible to develop
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Xenon modules based on Mercury thrusters. For
Xenon thruster with the anode diameter 5 and 10 il
there were ysed as prototypss the thrusters SIT-5
and SIT-8 with the magnetic field spread
from the cathode. For the thrusters of a larger
diameter, whose practical application is a matter
of far future , we investigated a scheme witha
reriphery megnetic field, It should be noted,
hcwever, that Xenon atom as a quantomechanical
gystem differs considerably from a Mercury atom.
With known poverty of experimental data by secticns
of the min elementary processes and by
probabilities of transfer at various states for
Xenon a numerical simulation of excitation and
lonization processes at the first stage of des

is of special interest. Mathematical modelling
helps to define such important parameters of the
discharge as a wanted level of the cathode emitting
current, energy of fast-moving electrons, under
which we can achieve necessary for ion thrusters
leveles of icnization, allowable levels of energy
expenses, rates of forming doubly charged ions ste.
Further on, using these data we can develcp
numerical models of the emitter taking into account
relations of plasm components with the emitter
walls and with the megnetic field of a given
configuration.

Calculation of excitation and icnization

Analysis of excited state populations can be
obtained solving a system of balanf? equations for
energy levels of xenon atom (Xe I)

nn <g wn_n.<g ., W _Sn.<g ., W+
e o ej(l% Jk %>k‘1 jk

* 3 *
+n. A 0= A, +n . n 5<g, W+
S & e T Jk T Tk
NN, <o wWn_n, <@, +W>+n, 5n .3, .,
e kj)lgk" &M Oy lfnf kj

no-atcm concentration in the main state, Ok ojk

- section of excitation of k-th level by collision
of electrons with atams in the main and in j-th
excited state; Jk(:j>k) - section of deexcitation;

* - section of immization of k-th level by

O,
k
electron shock; Ak J* - effective probability of

radiation transfer from k-th to j-th level; &=
three-particle recombination coefficient; Prj -

Penning ionization velocity, sign < > stands
for averaging by the electron distribution function
f (w). Limiting by the finite number of considered
levels was made following the fact that levels with
sufficiently large value of quantum number n must
stay in Sakh equilibrium with a continuous
spectrum.

For parameters we are interested in n = 10. As
distinct from Ceasium plasma the share of fast
electrons n ep/n 5 in plasma of the Xenon discharge

can reach several percent.
The electron energy distribution function (EETF)
locks as follows:
f("):fm(")mep/“e o(wep)
where fm - Maxwell function, stressing the above

rointed fact. Fig.7 illustrates a relationship of
icnization rate coefficient specific energy
losses for mdégtiog R (eV/ion) and share of doubly
charged ions n® /n’ in plasm and temperature Te'

W and nep/ne It 1is characteristic that at

cp
0.01...0.05 vamsg R a.gd show weak dependency
/

on Te. But value n n  has its minimum at Te =
4 ..5 eV. With these parameters the energy expenses

per one ionization act CR is = 25...40 eV/4ion.

Calculated with the account for self-absorption of
plaam functions Qi and R are, of course, averaged

by scme volume, corresponding to a given radiation
absorption coefficient. However in practical
studies values Qi and R thus obtained can be used

as local, relating their value with wvalues of Te,
wcp and ncp/ne in every point of the emitter volume.

Plagm emitter with a diverging megnetic field

Extensive researches have been made in
connection with the development of ion thrusters
with 10-cm anode dismeter, and creation on its base
an Argon ion injector called "ARFA" (Harp),
designed for e:ﬁeriments in the upper layers of
Earth ionosphere™®. Schematic diagram of the
source is given in Fig.8. Plasm emitter is mede
by a scheme close to that of the ion engine SIT-8
with a cathode pole piece 4, a diameter 30 mm. In
the cathode pole piece there is a hollow cathode 1
with the enveloping electrode of discharge firing
2. At the outlet from the cathode pole piece there
is an electron reflector, affecting the
distribution of fast electrons by volume of the
emitter. Working gas is fed through the cathode and
gas distributor 8 by means of two independently
regulated feed systems. Conditions of effective
operation of the emitter in the cammmnicating parts
of the discharge: in the hollow cathode, in the
interval of the hollow cathode - a firing
electrode, in the near-the-cathode volume confined
by the cathode pole piece and by the reflector, and
in the main volume of the emitter. Such a matching
is obtainable by sampling optimal paramtars:Pc,lp,

lo'db’lb ,a3 well as current in the megnet
coils Im’ potential U 4 of a firing electrode at a
duty regime discharge voltage Ud.The emitter quali-
ty criterion is thruster efficiency Ny - If we
int.roduoethecostoft.}rustct = Isp /Znt W /NN

as the given 1limit for the power expensezs on a
thrust unit creation we can establish a relationship
between specific energy expenses in the emitter Cd'

C N, and coefficient of the propellant
C472C, 2 (Wen, /p(1-[n, /6 D)

Lines Ny = const plotted on diagram Cd((a)

correspond to lines Isp= const, while lines Cd =

const correspond to lines of constancy of the icn
thruster energy efficiency ne.At optimal dimensions:

d.b=20nm, lp=30m, lc = 26ma.ndUd= 40 V we

get Cd = 250...260 W/A, g = 0.85.
Optimal canditions correspand to
Ic /Ib = 5.5...6.5 e/ion and energy of fast
electrons "cp = 30 eV (Ud =40V).

Particles and energy flows on the members of
the structure of plasm emitter were defined from
balance integral equations, considered above,
substituting the results of measurements of plasma
parameters and also the calculation of ionization
rates and specific energy expenses for non-elastic
processes. As distinct from the discharge in the
ion thruster ITOD-100, in the ion emitter the atam
length path prior to icnizaticn is by value close
to the emitter diameter, hence an approach to
constancy of atom concentration in volume should be
close to the truth. In the Xenon discharge the
power losses are distributed as follows: in the
hollow cathode - up to 40%, for non-elastic
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collisions ~ 20% (12% of which - losses for Parameter Value
radiation), with elsctrons on anode ™ 18%. Any
increase of T_ and nep/rxe causes reduction of losses p . lerating potential, V 800
for radiation but results in power inxrease,
carried by icns on the wall and in the beam. This Beam current, A 0.3
component. of power balance reaches ~ 25% and only
10% of them falls on the initial kinetic energy if  Accelerating electrode potential,V 500
beam i 5 5
o Accelerating electrode current, mA g
Discharge voltage, V 70
Argon ions injector
"""""""""""" Discharge currsnt, magnetic coil current,A e.2
Xenon plasm emitter with experimentally found
optimal geonetry made a basis for Argon ions Argon full expenditure, mg/s 0.28
injector "ARFA" (Horn) designed for experiments in
upper layers of Earth ionosphere. A schematic Expenditure through cathode, ma/s 0.14
diagram of the injector is given in Fig.9
The injector includes the main and stand-by Power consumption with the account of losses
units of gas distribution, the operating gas feed - at the regime of cathode start heating up
system and electric power supply and control system and neutralizer, kW 0.5
(the latter system is omitted). Gas pressure in the - at the nominal regime, kW 0.5
receiver is kept up on a given level, and a thermal
throttle, made as a heated cappilary, serves for Injector complete mass (including back-up
establishing a relationship of expenses into the systems) without Argon storage, kg 25
hollow cathode and gas distributor of the emitter, ES timated time of operation, hs 100

close to a unit. To simplify a functional diagram
of the injector the excitation coils of megnetic
system are included in series with a discharge gep
and are fed fram one source of direct current.

In the process of experimantal treatment we
determined the operating range paraneters,
corresponding to the pointed functional diagram.

Fig. 10 illustrates dependences I, and Uy on the

expenses of m at B = 0.14nmg/s ( " 0.3 A eqv),
Im = 2 A. Qurrent Id =1...2
parameter. Shaded area of parameters correspands to
nominal rating regime of the emitter.

A was used as a

Ion extraction system

In different it is asgxmed icnospheric
experiments to use tape beams™™, formed by a
slit ion optical system. In this case the

divergence along cne of the directions (across the
strings) dominates over the divergence in
transverse direction (along the strings), that
being a distinctive feature of the tape beam. In
the construction of "ARFA" ion source the
electrodes of ion optical system look like frames
with a set of flat springs, keeping the
slit-forming strings in a stretched state. The
influence of technological errors on the oper:a'c.:i.ou8
of ion extraction system can be defined by analysis
A tensile stress of 40 N turned out to be
sufficient for compensation of temperature
expansions of electrodes at operating regimes of
the source. The construction contains regulated
elements, by means of which control is conducted of
the electrode planeness, slits alignment and
parallelism in the 1limits of 50 pm. The pitch of
string arrangement is 2 mm, the diameter of strings

- 0.35 mm, the interelectrode distance - 0.8 mm,

the geometry transperancy of the electrode op =

0.825. Current Ib= 0.3...0.4 Aat Ub = 800 V can be
received under moderate Ia.c , provided that Uac =

-400 V. Parameters of the source ncminal rating
regimes are given in the Table

An electric power supply system is located in
the pressurized bay of the artificial earth
satellite. Injector ARFA may be wused in
experiments on board the satellites and space
stations, and on its base we can develop injectors
over a wide range of ion exhanst velocities.

Small-size icn injector

In the experiment DION of intermational
project PHOBOS there was assumed an ion beem
probing of Mars satellite - Phobos. To carry out
this experiment a compact Xenon ion injector has
been developed withlahe beam current 40 mA and ion
energy 1.5 keV "7, Injectors with close
parameters can find application in various space
experiments. The experience of such a development
is useful since due to rigid mass-clearance
limitations we menaged to meet the requirements
using this simple and relisble functional scheme
Fig.16. In the base of the injector is an ion
source with anode diameter 50 mm and 30 mm diameter
of the perphorated part of the electrode of ion
optical system.

The source megnetic system is similar to SIT-5
system and includes permenent magnets fixed on
three spokes. Volt-ampere characteristics of the
plasma emitter and dependence of Ibm Ida.regivm

on Fig.II for two values of magnetic induction B .,

measured on the axis in shear plane of the cathode
pole piece. Dash-dotted lines stand for egqual
powers. In the optimizedhvBo cmshructimlb =

15...30 mA is obtainable at power 20...60 W cons
umed in the discharge. Hollow cathode operates in
automatic regime, starting from the discharge power
less than 20 W. Nominal rating conditions of the
source correspond to parameters: Ud =32V, Id =
0.9 A, I.b: 40 mA, Nd =30W, g=0.5.

As it 1is seen from Fig.IL I, is directly
proportional to Id‘ Following from this statement,
we stabilized Ib under pressure drop in the tank
with gas spending by keeping up Id . For this the

source of discharge feed was made as a current
source. It is seen from Fig.I2, where we give
characteristics of the injector depending on gas
pressure in the tank P_, that over a range of
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4.5...7 atm. Id and Ib are stabilized with an

accuracy * 20%. The optimum by level of power
consumed corresponds to pressure 6 atm. at which
the gas expenditure m = 50 mA eqv. At low level of

consumed power there appears a problem of power
expenditures for neutralizer. To reduce them at the
regime of starting heat-up we used a hollow
cathode, operating on Ceasium varour, released
during heating up of Ceasium compounds with Carbon.

Taking into account the conducted researches
we developed a functional diasgram, characteristic
of which are the absence of receiver in the feed
aystem and of the feedback for stabilizing beam
parameters, the use of short-time spreading of gas
expenditure for increasing reliability of the
diacharge in the area of gas high pressure, that
largely simplifying its design. The injector is
made a3 a monoblock unit and designed for
installing cutside the pressurized bay artificial
earth satellite. The injector mass with electric
power supply unit and container is 11 kg.

Large-size plasma emitters

In long-term space missions, connected, for
example, with oom%ex investigations of planets of
the solar system it is possible to use ion
thrusters of 10 kW power in cne unit. Creation of
powerful ion thrusters requires the plasma emitters
developing of a large diameter (300 mm and more).
In this connection lately there were studies of
plasm emitters with a periphery magnetic field.
Cne advantage of this type of emitters is obvious -
high homogeneity of plaam by the area of emission,
conditioned by low induction of the megnetic field
in volume of the emitter.

Plasma emitters with mltipole megnetic
aystems, withlsoﬁficial or prismtic form of
magnetic poles ™’ were of great usage. Despite
a large scope of Iinvestigations, still not clear
ars questions connected with interaction of the
plasma positive column in such emitters with

multpole magnetic field (of 18 hyperbolic
configuration). Studies are mede of the
plasma emitter with longitudinal megnets,

schematically shown in Fig.I3. A multipole magnetic
field is excited by twelve prismtic megnets,
rpositioned with alteration of magnetic poles along
the side wall of the chamber and by radius on its
rear wall. They used the main anode in the form of
a ring, positioned near the rear wall and
near-the-wall anodes in the form of bands,
positioned between megnets slightly projected
beyond their ends facing the chamber axis. To study
relationships of plasma properties in the emitter
volume and its output characteristics and various
cambinations of design factors they wvaried
positions of the mein anode with respect to
megnets, the number of magnets and the number of

near-the-wall anodes, correspandingly. Parameter KC=

= (Ic M)/(e m) varied over a range of 4...8 e/atom

and was kept up in every series of experiments
constant with an accuracy 20_.5. The influence of KC

and positive shift of AUa potential of

near-the-wall anodes with respect to the main anocde

on the kind of dependencecd (3 ) is shown on
Fig.I4 a,b. Value of K.= 6%0.5 (curve3on

Fig.J4a) is close to optimal. Dependence of the
emitter efficiency on AUa is of interest. Counting

for current Ipa in the circuit of near-the-wall
anodes we should calculate value C 4 by formula
Cd:[( Id—Ib)Ud+IpaAua]/Ib

As AUa increases, there takes place a

redistribution of the discharge current between the
main anode and near-the-wall ancdes. With AUa> 3 N

the specific power expenses for maintaining
potential difference between the main and
near-the-wall anjdes exceed the gain because of
specific power reducticn in the circuit of the main
discharge. If value AUa = 3V is close to optimum,

IPa /Id = 0.25, if AUa = 6 V, this parameter
approaches 0.75 and C a increases. Still a matter of

discussion remains the question of creating a
potential barrier over near-the-wall anodes, which
could reduce the velocity of iocn drift onto the
source walls. Fig.I5 a,b gives plamm parameters
distribution by radius, which are obtained using
the Langmuir cylindrical probe moved from the
magnet surface (left parts of the graphs) via the
chamber exis towards the surface of near-the-wall
ancde (right parts of the graphs). The emitter mode
of operation was: Ud =34V, m = 0.6 mg/s, KC: 7.5

e/atom. For distributions on Fig.ISa AUa =0, for
Fig.15b distributions of Te and n are given for AUa:

= 3 V (full curves) and 6 V (dashad). At all values
of AUa we observe difference in the nature of

plasm  parameters change when approaching
riear-the-wall anode and magnet: in the anode derain
the gradients of variation of all parameters are
higher than near the magnets. As AUa grows, the

effect redoubles. As can be understood by curves 4
of Fig. 18b a potential barrier can appear near the
anodes for ions at the levelﬁflé. ..2 V. Opposite
opinicns exist on this matter™'*~”. The question
needs more thorough investigation. It should be
noted that in the works referred to the authcurs
did not use the main anode specially mounted for
collecting the main part of discharge current.
Reduction of the anode collecting surface SO wiil

result in the decrease of a negative drop on the
anode but it is effective only at Sa much less of

the emitting electrode area Se + Jn fTact; 1t
follows from a balance of electrons in the

discharge *
IcKezo / 255ne( 8T c/ﬂm)e.xp( -eAUd/‘I‘e)Sa
where Ke - coefficient of electron multiplication

in the discharge. On the o hand,

Ib=0 .4en e( 27 e/m) Se

vherein I c/Ibz Ke-‘tzs.
Taking this into account, AUd-v O, when
85" /8 + (m) %K K /1.20"/2
With typical for plasm emitters of ien

thms;ers parameters a negative anode shift can te
at SA /Se -+ 0.01. In 19 this tendency is discoversd

experimentally but at AUO* O there developed

large-scale instabilities in the diacharge nearing
the discharge supression. It is most probable tiat
introducticn into the discharge of the main anode
with a =small collecting surface (the ancde was
mounted near the magnets, positioned on  the rear
wall, so an effect of "the meanetic wall” was
obvious) allows to maintain plaams potential 3...4
V highet than the potential of the main ancde but
lower than the potential of near-the-wall ancdes
under a definite relation of areas of the main and
near-the-wall anodes. As AUa > 4 V¥ increases, the

plaam potential starts “"detecting” ths potential
of near-the-wall anodes and the near-the-anode
potential drop on the main anode falls, while the



share of =lectrun current for it become less.

Due to plasma hanogeneity the particles end
power balanceé eguations in the emitter witha
periphery megnetic field do not lock like integral
but they are rather quasilinear or transcendental
(pocwer  balance) expressions. A closed-lo?g
numerical model of such an emitter is considered
assamning a colliding mechanism of fast
electren thenmalization on plasma and Bohim
diffusion coefficient of plasma electrons on
anodes. Numerical modelling showed that in values
obtained in the experiment C = 250...300 W/a and
(3=0.85 for Xwnon sources of the scheme studied were
close to ultimate.

Conclusion

Investigations in the field of ion propulsicn
carried out in the USSR did not yet lead to a
situation of their practical application in space
technology. However, the experience gained by
scientists and engineers has pronoted general
progress both in the field of electric propul-
sions and in other applications. Basing on ion
thruster modules there have been developed
technolcgical ion socurces, ion injectors for space
experiments. Estimating a real situation in the
development of space technology, we can suggest
only a very careful forecast with respect to ion
thruster applications on Soviet artificial earth
satellites in the near ten years. [Ever greater
significance acquires a non-engine application of
ion thrusters which, in its turn, will equip
thruster menufacturing with new scientific and
technological ideas.
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