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This paper is the extension of investigations of the RF engine designed for orientation and stabilization of the
spacecrafts orbit, and it is undertaken for measuring of plasma parameters of RF discharge in the ionization resonator
chamber. The experiments were performed at the frequency of 80 MHz on the model engine, in which a length of
coaxial line with shortening capacities at the ends was used as the ionization resonator chamber. As the result of the
experiments, conditions of the RF discharge ignition in the resonator chamber are studied; dependencies of plasma
density and temperature versus applied power and working body pressure are obtained for various gases. The
measurements of the thrust were performed at the special-purpose test bench. The data obtained allow making a

conclusion that further investigations in this direction hold much promise.

PACS: 52.75.-d

SETTING UP THE PROBLEM

Presently, in connection with intensive development of
telecommunication systems and global Internet system the
question about creation of reliable communication satellites
with long-term operating life arose. One of the main factors
defining operating life of these satellites is the operating
resource of low thrust engines, which are used for correction
and stabilization of satellites’ orbits. As a rule, electro reactive
engines of different types with plasma exhaust velocity of the
order of 10* — 10° m/s are used as low thrust engines.

Engines for orbit correction and stabilization, as well as any
other space engines, must possess high flight efficiency over
the all range of specific pulses of interest for the given
application; must have, if possible, a simple reliable
construction and minimum sizes and weight. The operating
resource of electro reactive engines is determined mainly with
the processes occurring near the surfaces and inside solid
bodies interacting with active plasma. Erosion electrodes,
insulators, and other constructional elements, which are
bombarded with accelerated particles, decrease the operating
life of the engine [1]. To increase operating life resource it is
necessary to take measures for thermo insulation of plasma
that forced us to provide several power supply sources for
engines, and high voltage sources among them.

These drawbacks are less specific for RF reactive engines
for which specific pulse increases due to heating of the
working substance through RF energy transfer from an
external source. Energy from the external source is
transformed into thermal ion energy, and the latter —gas
dynamically” is transformed into energy of accelerated motion
of the working substance. That is, energy from the external
source first is transmitted to electrons. Therefore, in the gas
discharge chamber it is necessary to form the conditions for
transfer of energy from electrons to ions by means of electron-
ion interactions.

With estimation of these conditions it is necessary to take
into consideration, that most efficient transfer of RF energy
from an external source to plasma electrons occurs on
frequencies @ much less than frequencies of elastic
interactions U, but higher than electron plasma frequency @,
and the most probable way of energy transfer to ions is elastic
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interaction between electrons and ions. At a single elastic
interaction electron transfer a small part of its energy €, of the
order of electron mass m to ion mass M ratio, gained in the
electric field. Consequently, to transfer all amount of energy a
large number of interactions, of the order of M/m, is
necessary. Thus, ratio of characteristic sizes of the gas
discharge chamber L to the electron free path Aei should be no
less than M/m. Taking into account, that Aei=1/n G;, where n
is ion density, and @ is electron elastic cross section on ions,
we would obtain the estimation of the lower limit for density
n2M/mL 0.;
With the characteristic sizes L — 10cm, and electron
temperature 7, — (1-10)eV the plasma density should be
no less than (10" — 10')cm>. From the other hand, the
plasma density should be so that during the time between
collisions electron would compensate the energy loss, i.
e., the product AeieE.y, where e is electron charge, E,r—
effective value of electric field, should be of the order of
m/M - €, the value of energy transferred by electron. From
that we would obtain the upper limit of density.
n<eE. /6. M/m ¢
When the electric field strength E.;is of the order of
100V/cm and electron energy € is about (1-10)eV, plasma
density should not exceed (10" - 107)cm®. Thus,
“thermal” acceleration of ions is possible in a rather
narrow range of densities.
(10 =10 em™ < n < (10°-10") cm™ .
With these densities, for heating plasma electromagnetic waves
are most effective with frequencies >10° Hz. In this frequency
range cavities of different types are used, in which accumulation
of RF energy occurs. However, application of cavities as a base
for construction of the engine ionization chamber is under
question. In the cavity adjusted to a certain frequency, after
ignition of the discharge additional conductivity arises that leads
to alteration of self-resonance frequency and its Q-factor. Power
absorbed with plasma depends both on the value of
mismatching, and on adjusting in frequency. Thus, for
optimization of engine efficiency it is necessary to tune the RF-
generator additionally or to regulate the parameters of the engine
itself with each start-up. That would complicate the construction
and, as a result, would increase the cost of thrust. Another
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problem is associated with creation of compact and light
generators of sufficient thrust in this frequency range.

The goal of the present work is continuation of studies
connected with development of a compact RF frequency engine
for stabilization and correction of the orbit, which could operate
in the frequency range of (107 - 10*) Hz with operating life no
less than 15 years.

THE EXPERIMENTAL INSTALLATION AND
MEASURING PROCEDURES

A number of trial experiments [2] allowed us to optimize the
engine model construction add to choose measuring procedures.
To carry out studies two model engines were manufactured.
One of the module, 50cm in length and 10cm in diameter
operated on the frequency of 80 MHz and was meant for
investigation of parameters of discharge in the chamber. The
second one, somewhat smaller in sizes, operated on the
frequency of 120 MHz and was adapted for arrangement of a
thrust meter in the operating volume of the test bench. The
choice of frequency range was due to availability of a large base
of semiconductor elements operating in this range that makes it
possible to create compact generators of the required power. As
a base for ionization cavity chamber construction was chosen a
section of coaxial line with the wave resistance of 75 Q (Fig.1).
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Fig. 1. Scheme of ionization cavity chamber

and after that the necessary measurements were performed. The
consumption of the working substance was not controlled when
measuring the plasma parameters.

The power applied to the discharge was controlled at the RF
socket of the module upon the difference in energies of incident
and reflected waves. The energies of the incident and reflected
waves were determined with power gauge. The voltage of the
discharge ignition was measured with a special voltmeter. It was
assumed that on frequencies of 10® Hz connections a probe of
the voltmeter having the wave resistance of 75 Q, large input
resistance and low input capacitance does not affect the
distribution of the electric field along the coaxial line of the
module.

The plasma density and temperature were measured upon
volt-current  characteristics of the electric probe. The
measurements of the thrust were performed at the special-
purpose test bench at the Kharkov Aero-Space University
“KhAU”. The test bench was intended for integrated
investigations of electro rocket engines and engine installations
on their base.

The basis of the test bench is a device for measuring the
thrust placed in the vacuum chamber with the operating volume
of 10 m® and with the limit residual pressure of 4.5:10° mm Hg
and the pumping rate of 40 m?*/s. The test bench is provided
with automated system for control processing and displaying of
the data. The mechanical part of the device for measuring the
thrust is a beam fixed on three thread stems. The electric part of
the device is fabricated on the technical base of “MicroDAT”.
Connect with the complex for the data processing and
displaying is performed with a RS-232 interface. The test bench
provides the thrust measuring in the range from 0 to 6500 mg
with the scaled error of 0.5%.

THE RESULTS OF THE MEASUREMENTS

As the working bodies hydrogen, helium and nitrogen were
used. The measurements were performed in the pressure range
(10 — 10*)mm Hg. The power supplied to the modules was
altered from 30 to 500 W. In the Fig.2 the typical
dependencies of the ignition voltage on the pressure in the

One of the ends of the coaxial line was open and was
shortening capacitance with a nozzle. The other end of the
chamber was provided with a conical transition to a coaxial ling

of a smaller diameter ended RF socket with wave resistance off

75 Q, through which power from RF generator was supplied to|
resonator chamber. In such construction the maximum electrid
field strength always lies at the open end of the cavity. After
ignition when resistance and frequency of the cavity change,
maximum of the current moves along the coaxial line,
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However, if the value of the shortening capacity and dimensiong
of the cavity chamber are chosen to be so that maximum current
in the “empty” cavity and after ignition of the discharge lies
inside the construction, then into the ionization chamber there
always be an area, that is a quarter wave cavity for the given
generator frequency. Thus, after ignition of the discharge, the
“automatic” adjusting of the ionization chamber into resonance
mode occurs.

The models were supplied with systems of vacuum pumping,
of gas injection, electric probes, vacuum electrostatic sockets,
and they were placed in the vacuum chamber with the residual
pressure of 10°mm Hg. The models of the engines and the
vacuum chamber were pumped off to the residual pressure, and
then with a gas injection valve the pressure required for the
experiments is established, the RF generator were switched on,
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Fig. 2. The typical dependencies of the ignition voltage
on the pressure. ( A-hydrogen,m-helium, *-nitrogen)

The ignition voltage in the pressure range of 510"'mm Hg
has a minimum near 170V and, practically, does not
depend on the sort of the gas.

The electron temperature within the experimental error is the
same over the all range of pressure, up to Smm Hg, does not
depend on the sort of the gas, slightly rises with the supplied
power and comprises 3 — 4 eV. The typical dependencies
density versus pressure for different supplied energies is
shown in the Fig.3. The electron density is almost proportional
to the pressure op the operating gas and practically does not
depend on the value of the supplied power. The value of the



thrust after the discharge ignition rose by 25 — 33% with
change of the supplied power from 100W to 250W and was
equal to 70 — 80 mg.
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Fig. 3.The typical dependencies density versus pressure:
(¢-100W, A- 150W, m—200W)

DISCUSSION OF THE RESULTS

Within the typical range of value of external parameters,
plasma in the ionization chamber is under affects of standing
electromagnetic wave with the frequency Ur less than
frequency of elastic collisions U,. So, it is a case of low
frequency (U. > @), though discharge occurs on high
frequencies @ The electron free path and their amplitude of
oscillations in the RF field are less than the chamber
dimensions. The electron motion is completely diffuse in
nature, and the main process of energy transfer to ions is
elastic interaction between electrons and ions. Estimations
show that practically over the all range of the external
parameters, the time of electron energy leveling off is one or
two order less then the time of energy transfer to ions. That is,
electron distribution in energies is Maxwellian. The shape of
volt-current characteristics of the probe testifies that indirectly.
The theory of the electric probe accounting collisions still has
not completely obvious simplifying  assumptions.
Nevertheless, obtained values of density and temperature can
be interpreted as typical for RF discharges with drifting

electron motion and discharge currents of several tens of

milliampers.

The main differences of the investigated discharge from the
typical are: slight dependence of electron density and pressure
on the value of supplied power, and independence of ignition
voltage on the sort of gas.

Apparently, the first difference can be explained by
blowing through the discharge of a neutral gas. On the stream
of the gas the discharge is stabilized at the less values of
density and temperature, and a part of energy supplied to
plasma is expended on raise of the thrust. The raise in the
thrust with increasing supplied power confirms this
assumption.

The second difference is associated with peculiarities of the
cavity chamber construction. In the area of the cone shortening
capacitance the chamber has alternating cross section, thus the
distance between electrodes changes, and the discharge can be
ignited at the optimum values of pressure p and value of the
discharge gap d.

CONCLUSIONS

The experiments carried out on the model engine, where a
section of the coaxial line of the proper sizes with shortening
capacitances of proper values was used as an ionization cavity
chamber, show that in such construction discharge is possible
on frequencies about 10° Hz. Direct measurements of thrust
confirmed efficiency of transformation of energy from
external source in internal energy of the working substance.
The simplicity of the construction and possibility to create
compact generators of sufficient power in the used frequency
range give us assurance in good prospects of future
investigations in the given direction.
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JOCJII)KEHHS TAPAMETPIB POBOYOI'O TLIIA - HUI3bKOTEMIIEPATYPHOI IJIA3MH B
IOHIBALIMHINA KAMEPI-PE3OHATOPI BACOKOYACTOTHOI'O PEAKTUBHOI'O JIBUT'YHA
C.0. Boosin, b.B. 3aiiyes, A.O. bomxo, A.®D. Kooeuyw, b.l. Pyoak, M.C. Jlecnux, B.I. ’Kypaeénvoe,
B.M. Pawkosan, JI. O. Bazuma, O.B. bacmees, B.1. bBenokons

Ipencrasiena podoTa mpoaoBxkye aociimkenns HBY — neuryHa, mpr3HaueHOro 1Tt Opi€HTAIIl Ta cTadiTizaii opOiTH KOCMIYHHX
amapariB, 1 BUKOHaHa 3 METOI0 BEMIpATH mapamerpr riasmMu HBY — po3psimy B ioHi3amiiHill Kamepi — pe30HATOpi BHTYHA.
ExcrieprvenTr poBomnick 3 yactotoro 80 MI' Ha MakeTi ABUI'YHa, B SIKOMY B SIKOCTI 10HI3AIIiHHOI KaMepy BUKOPHUCTOBYBABCS
BIJPI30K KOAKCHAIIGHOI JIHII 31 CKOPOUYBAIOUMMH €MHOCTSIMU Ha KIiHIUIX. B excriepuMeHTax BuBUeHi ymMoBH 3anamoBanas HBY —
PO3psioy B KaMepi—pe30HATOpi, OTPUMAaHI 3aIeKHOCTI TYCTHHHU Ta TEMIIEPaTypH IUIa3MHU Bill MPUKIAICHOI TOTYKHOCTI Ta TUCKY
pobodoro Tina Juist pisHUX rasiB. Ha cremiamizoBaHoMy BHUIPOOHOMY CTeHZI Oyii IpoBeneHi BUMiproBaHHS Tsru. OTpumaHi
PEe3ybTaTH JO3BOJISFOTH 3pOOUTH BUCHOBOK IO IEPCIIEKTUBHICTH MOAAIBIINX JIOCHIPKEHb Y [IbOMY HalpsIMKY.

HCCJIEJOBAHME TIAPAMETPOB PABOYEI'O TEJIA - HI3BKOTEMIIEPATYPHOM I1JIA3MBI B
HOHWBAILIMOHHOM KAMEPE — PE3OHATOPE BBICOKOYACTOTHOI'O PEAKTUBHOI'O JIBUTATEJISI
C.A. Boosun, b.B. 3aiiyes, B.A. bomko, A.®. Kobeu, b.U. Pyosax, M.C. Jlecuvix, B.I. ’)Kypaenes, B.M. Pawrxoean,
JIL.A. bBazvima, A.B. Bacmeees, B.U. benoxonn

Hacrostiiast pabota siBisiercst poioinkeHneM uccnenoBannii CBY — aBurartesis npejHa3HaueHHOTO /ISl OPUCHTALIMH U
cTa0MIM3aIMK OPOUTHI KOCMUYECKHUX aIMApaToB M NPENPHHITA C LEIbI0 H3MEepeHus napametpoB miasmbl CBY — paspsina B
MOHHU3AIIMOHHON KamMepe — Pe30HaTope ABUIaTesis. DKCIIEPUMEHTHI TIPOBOAMINCH Ha yactote 80 MI'11 Ha MakeTe Burarerns, B
KOTOPOM B Ka4yeCTBE HWOHHM3ALMOHHON Kamepbl — pEe30HATOpa HCIONB30BAICS OTPE30K KOAKCHAIBHOM JIMHUH C
YKOpPaYMBAIOIIMMI EMKOCTSMH Ha KOHIIAX. B sKkcrmepuMeHTax W3ydeHsl ycioBus saxkwranus CBY paspsma B kamepe -
PE30HATOpE, MOTyYEHBI 3aBUCHMMOCTH IUIOTHOCTU M TEMIIEPATYPhI IUIa3Mbl OT HPUIOKEHHON MOIIHOCTH U JABIICHUS] pabovero
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T€Ia UIA Pa3siINYHBIX Ta3o0B. Ha CHETMAIN3UPOBAHHOM  MCTIBITATEIIBHOM  CTEHIE ObLTH TIPOBEACHBI H3MEPEHUA TATH.
HOJIy‘ICHHI)IC JaHHBIC TIO3BOJIAIOT CACJIATh BBIBO/ O IEPCIICKTUBHOCTU ,HaJ'II:HeﬁIHPD( I/ICCJ'IC,HOBaHI/Iﬁ B 5TOM HAIIPaBJICHUMU.
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