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Abstract. thrust efficiency of (50-60)%
are achievable. This fact
Resultg of development determines the Pérceptiveness
and characteristics study of of thrusteras on krypton in the
the stationary plasma case of solving the taska vith
thrusters (SPT) vith pover high total thrust pulse, vhen
range of (L L=2%) kw are large stores of the wvorking
presented in thisg paper. The gas are required.
possibility of obtaining high
thrust efficiency of the Introduction.
thruster and of extending the
exhaust velocity range As it ig already knowvn &4
(specific impulses) of SPT during many years the
vith itg dimensions increasoe Stationary plasma thrusters
te shovn. 1In particular, the (SPT) wvere operated
possibility of obtaining the vith advantage in correction
thrust efficiency of co-70% ie Systems of soviet (Russian)
showvn for spT of traditional Spacecrafts, and vorks for
design with éexternal diameter pPreparation of the sPT
of accelerating channel up to application on the vestern and
300 mm at exhaust velocities primary American satellites
of (20-30) kmrss. Received data have been begun (21 ,the
confirm the Prospectiveness of possibilities of application
SPT as the thruster for.primary of the &8PT- s as primary
propulsion Systemsa. Besides, thruster problems are studied
the poessibility of effective e B W Tharaforainvontigation of
enough vork of SPT on krypton, characteristics of the
the cost of vhich i several increasead pover SPT’g and
timeés lover vhile the spread their availability as a primary
in the nature at least by an thrusters are of interest, and
order of magnitude higher the results of such vorks will
comparing tol xenon. It is showvn be presented belowv. These
also that in the velocity vorks have been realized
range of (20-30) kms g during a number of years by the

leading organizations of



the Russtia, vhich are
concerned with researches and
development of the SPT.

1. The factors determining
SPT characteristics.

Fundamental and
conastructional arrangements of
the SPT are relatively simple,
though nature of physical
processes in them Ls complex
enough [41. So, for
achievement of high
effectiveness of the thruster
it is necessary to optimize
configuration and sizes of the
accelerating channel,
of magnetic field and
distribution of neutral gas
flove within it, modes of the
thruster operation S In the
end the design problem comes
to choose of sizes of main
«lements of the thruster
conatruction tncluding
@lements of discharge chamber
and values of basic parameters
of operation mode - value of

discharge voltage Ud' vorking

gas mass flowv rate m through
a

the accelerating channel and
hk into the cathode, currents
in coils of mcgnetization.
At firat glance this problem
feoems simple enough. Hovever,
variety of pessible wvariants

of realization itncluding
necessity of experimental
choeck makes it extraemely
bulky. Therefore at decision
of this problem Lt vas
necessary to base upon
physical analystis and
theoroetical research of bastic

processes in the SPT Among
the most important results of

such rescarches apart from
such baaic principles as
Limitation of value of

tnduction of magnetic field,
vhich determines relation of
electron and Lon Larmor

radiuses and dimenstionsg of

topclogy

IEPC-93-222 2088

the channel, it is itmpertant
to note the followv:

1. The radial component
B of itnduction of magnetic

r
field must rise from the anocde
to the end of the accelerating
channel.
This is

condition of

evident from
stability of
within

motion accelerated

crossing electric and magnetic

fields of quasi-neutral iton
flux. In actuality, from the
theory it is possible to

vrite more general condition:

B BT
i : =

vhere n - concentration of
plaama.

But because distribution
of concentration of plasma in

the accelerating channel iLg
unknown beforehand, £% is
prefoerential te use during

design the folloving condition

d B
r

g =z

> O (1a)

Besides on the basis of
conception about propinquity
of configuration
of Lines of magnetic force and

equipotentials of electrice
field it is expedient to scok
to focusing geometry of Lines
of magnetic force.

The éexperiments have
corroborated the

above-mentioned conclusionsg
completely and existence of ept imum
distribution of itnduction of
magnéetic field from the anode
to the exit for models of
traditional design diagram,

The characteristic size Ln of

magn&etic field rise region in
a first approximation ie
proportional to wvidth of the

charnnel b

accelorating
c
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CElg. 49 and optimum
configuratien of Lines of
magnetic force in a first
approximation are similar in

optimized models of different
sizes. This circumstance
determines
geometrically similar change

of sizes of main elements of

possibility of

thrusters and simplifies
design development.

2. The most important
condition of high

effectiveness of the thruster
is, naturally, condition of
high effectiveness of working
gas ionization in it. In the
simplest form this condition
can be vritten as the

followving inequality:

b B (2)
i -]
v
a
vhere A= - froee
L K<O.v >n
L e e
path of at oms before their

ionizationinalayer of drifting
@electrons with concentration
n and factor of ionization
e
rate of atoms by elaectrons
£ AN Y L - Length of the

v @ c

accelerating channel.

Velocity of atoms v Ls
a

determined by thetir mass and
temperature of constructional
elements governing energy
(velocity) of atoms. Cross -
section of itonization of gas
atoms at their collision wvith
electrons depends on the
vorking gas kind and
temperature of electrons (more
exactly the functionoftherr
distribution on energy).
Naturally, evaluations of the

parameters depending not
only on concentration, but
and on operating mode, are
complex enough. Hovever, Ln

viewv of weak dependence of
velocity on temperature of
elements and resting on

experience of preceding

developmentasa Lt is possible

for @evaluatiens to assume

o
values T ~ 1000 K, and values
a

of @electron temperature
again on experience of
preceding researches are
relatively conservative and
comprigse (40+20) eV at values
of discharge voltage Ud = (4150
< 800)V and rise in a first
approximation linearly wvith
increase of Ud.

Besides according to

measurements (4] average

energy of iLons <& > is near to
i

value corresponding to discharge

<€i>
u N eme— o 4,
d [ns euU ]

voltage

Therefore average energy
of ions ie near to
theoretical wvalue:

where ¢ and M - charge of
electron and. mass of ion
(atom) accordingly.

on this basis Lt turns
out that the relation (2) can
be used for design.

Indeed, with allovance

o r requirement of high

effectiveness, that ia

condition 7). X m_/m ~14 , vhere
i L a

m. and m are mass flow rates
L a

form of iLona and total mase
flowv rate through the
accelerator accordingly, it is

possible to evaluate the value

of n. by the folloving expression:

m

a
n =Zn = 5 (4)
=) L MS v
|
vhere s =ndb - area of
k c
crosssection of the
accelerating channel vith

couter diameter d and wvidth



Then in viev of €2, (8)
and (4>t La
conclude that for
operation of the
at L /b =

c c

possible to

effective
accelerator
const, the

folloving condition must be

fullfilled:

m M Vv v, kT ou
= a i a d
— X C — (5
d <O v > 20 v 5
i e i e
The experimental data
have corroborated importance
of effect of rate m through
a

channel
have

the accelerating
fFvqg. 2. theoy
corroborated acceptability of
relationship (5) for

evaluation of wvalue of mass flow
provides high
enough effaectiveness of the
thruater and about the
level

More over

rates which

same
of effectiveness of
optimized thrusters wvith
different sizes (Fig.3). The
latter can be understood by
recognizing, that on the
strength of similarity of
geompgetry of
accelerators of different
sizes and topology of magnetic
field within them
longitudinal size of

Layer La and

the optimized

accelerating
relative value of intoensity of
vith
valls and related losses vill be

interaction of plasama
turned out approximately
proportional to characteristic
the accelerating
c¢hannel (b ) at msd= consat.

-

sLze of

This fact means, that average

Longitudinal size of the
eroding zone of the wvallsg

in the optimized models L
<

wvill be turned out also Ln

a firset approximation

proportional to b L ~b
c & &

and area of eroding zones of

the valls s , on

vhich pover
wveo
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N gives off oving to contact
v

of acceleorated flov vith the

valls i proeportional alse
in a firast approximation
to b . thalt {5
c
s 2 2n4L = 2k ndbv 5 (S6)
ve < 1 &

vhere k ~ 1.2 =~ const-numerical
fvetor.

Therefore wvhen constant
specific power in thrusters of
different sizes is N =N/8 =

ep c
const,
then Load on
vill be alseo approximately

constant and wvith increase of

specific valls

2izes (b and L ) at L b =
c c c c

conat the problem of ensuring
of great enough lifetime of
the SPT wvill not bocome

complicated at least. If at
incroease of sizes the
condition m/d= ' const is
valid, then at appioximately
the same offectiveness of the
optimized accelerators of
different sizes can be

obtained and the specific load
» N 78 determining of
w w -
e
erosion rate of
be decreased,
the above-mentioned condition

N
wap

the wvalls will
because at

o= F mo - d (7))
d 4 zma d ks Ud

(vhere Kz, ks; are constant
factors) because

N ¥ d- O
4

N R 4 U756
v sp 2mdL 2k dm d” "¢
£=3 i <
¢?)

In o firet approximation

it ie possible to consider
that erosion rate Lo
proportional to N and

v sp

lifetime is inversely

proportional to Nv There-
fore by increase of sizes of

the SPT it is possible to
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ensure approximately the szsame

level of thrust effaectiveness

of the thruster and increase
of its lifetime at adherence
Lo the condition (2.

It can be shoved alse
that mass of the magnetic
system and =zpecific mass of

the thruster P =M /N, vhere M
T T i

is mass of the thruster, at
this condition will be

decreased vith rise of sizes.
The above-mentioned
considerations have served as
base for development of series
of optimized laboratory models
cf the modern SPT s with

d = (50+2900) mm. The thrusters
designed on their base can
overlap very wvide range of
thrusts and specific impulses
(4]1. So,the poverest from
having been realized and
tested to present date
thrusters wvith external
diameter of the

acceloerating channel d =290 mm
ie capable to opordto for a
long time at powver of 25 kW
and to provide thrust moroe
than IN. The tests of the
models of such thruster have
corroborated their high
thrust offoectiveness (Fig. 4)
and posaibility of achievement
of great enough Llifetime at
moderate values of pover. on

the vhole the authors don “ t

s@e the fundamental physical
problems, vhich vould
discourage realization of the

SPT with poever = 100kw and
more in a ¢ne untt.
The foregoing

relationships can be used

for evaluation of expected
modes of ocperation of
thrustere at applicatien other
vorking media. S, from the

-

relationahip €5} (1

tranzpires, that, for axample,
thruster on argon for
achitevement of high
“ffectiveness of the thruster

has Le cperate at

substantially increased values
ha because of higher values va
and v. and censiderably Lover
values <oiv°)-vhon values of

Ud are comparable. The levels

of Ud have te be comparable

for ensuring of sufficiently
high temperatures of
slectrons. This circumstance

vill complicate substantially

problem of oensuring of great
lLifetime of the thruster on
argon, nitrogen and cther

vorking gases, vhich are itoenizing

relatively hard. Therefore
among the nearest non-metal
vorking media krypton ie

seemed as the best one,
because realization of effective
operation on it requires to

increasoe m
a

only by tvo to three times.

In this case in the models

vith great sizes increase of
specific lecad can be
cempensated through increase

of stzes of the thruster (d,

bc) at msd = const, and

thereby lifetime of the

krypton SPT wvill achieve values
comparable vith Lifetime

of the medern sPT- 9.

Advantage of krypton Le alao
that operation on L S gives
pessibility for receiving enough
thrust offectivenesa (Fig.s5),

L L8 inert, and ite natural
occurrence and extent of
production exceead X enon
natural cccurrence and its
extent of production moreo,
than by one order. Besidos Lt
ie ecsentially cheaper, than
Xenorn. The above-ment ionad
qualitiez represent Lmportant

advantage of krypton during



|[EPC-83-222 2092

consideration of problems wvith Plan and Status of the
great total impulses of thrust development and aualification
and necessary stores of program for the Stationary
vorking gas. Plasma Thruster.
Paper AIAA-©3-1787. 410pp.
Conclusion. 3.4.M.dryaznov, Yu.V.Klychnikov.
Conceptual development of
Y ihis sl P international projects

e “"Phaeton” for investigation of
corroborated possibility of 9

: = = asteroid Surfaces by automatic
realization of sufficiently

s : = Spacecraft with nuclear pover
effective primary propulsion

systems on the base of the EXE .

=TS Paper D.1-4 on the 2-nd
Russian-derman Conference on
@lectric propulsions and their

Roferencesa. : = s

technical g Applications,
Moscow, 419909,

- A.S.Bober, V.Kim, "y A.I. Bugrova, V.Kim,

A.S.Koroteev ot al. N.A. Maslennikov, A.I.Morozov.

State of the vork on “"Physical processes and

Electrical Thrusters in USSR. characteristics of stationary

AIAA paper IEPC-9241-003, & pp plasma thrusters wvith closed

2. T. Colbert, M. Day, electron drift~.

G.Fisher, V.Kim, K.N.Kozubsky, AIAA paper IEPC-94-079, ©Opp.

N.A. Maslennikov, T. Randolph,

W. Rogers, T. Yeh.



2093 [EPC83-222
Le, Lbopt

20

10

10 20 30 be,mm

Fig.1. Characteristic erosion zone length (Le) and
length of magnetic induction distribution (T3)
versus of acceleration channel width for
optimized SPT models. : :

Li- the distance between cross~cections of
accelerating channel with B =0,8B, max and

r“Br max -
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Fig.2. Thrust efficiency !, versus mass flow rate
for thruster with d=120mm.
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Fig.3. SPT perfomance under -g—-const.



i 2085 IEPC-93-222

P,N

0,80 /c?
: d=l290m1'n, ﬁlL=25mg/s i /{ “
Hc=0,7mg/s /?/
" | d=200mm, mg=11,9mg/s | -
/ A = 0,7mg/s—
0’40 ’?C" J;’g S
: // /ﬁj o o B
TA=3
I .10 8
sp ’
5
! s |
-
: A//
= [ e
1 //
g
,?T T/An{_—‘qb C_G - a
&
0, /
/
O,A !/
0,2 ot
0 100 200 300 400 500 UgsV

Fig.4. Xenon SPT perfomance.
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Fig.5. SPT perfomance on different propellants.’





