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The mathematical model of processesin induction high-frequency sources of plasma and
electrons is presented in approximation of single-component magnetic hydrodynamics. The
preliminary estimations of depths of a magnetic skin layer and current layer are given. The
boundary conditions are formulated describing flows of particles, motion and energy on a
surface of the device. Test results are shown.

. Introduction

Electric propulsion thrusters now are widely useddpacecraft orbit correction. As a rule, plasora-or Hall
thrusters with xenon are used for these purposaseker, the cost of xenon is currently quite higis proposed to
use the residual atmosphere or interplanetary arplkanet space to reduce the mass and the ceptioécraft.

Implementation of this scheme requires the devetpnof cathodes, operating on "collected” propéllan
According to the diversity of planetary atmosphestsicture the development of "omnivorous" cathizdargent
and necessary task for the immediate future.

Widely used scheme of hollow activated cathodeh gjitecial substances for reducing of work functibmwork
on the inert gases, may be vulnerable when workinghe aggressive environment — the oxygen of Earth
atmosphere, methane and ammonia atmosphere of VetmisThe problem is solved when of high-frequency
discharge induced by non-stationary magnetic flgsed as electron source.

Helicon electron source scheme is representedjdimg the inductor fed by a sinusoidal voltage,eaternal
coil fed by constant voltage and the dischargeudirin which a cathode is one of the end surfagils external
location of the anode — a simulator of thrusterbeam.

II.  Heicon Electron Source Mathematic Modeling and Testing

M athematical model of processesinside the hollow

The equations are written down in two-dimensiorrenfevith supposition about axial symmetry of a tabke
transport of motion is described by the equatiomisfosity, where the influences of a magnetiafieh dissipative
processes in rarefied substance are taken intadsyaton.

The operation of induction high-frequency sourcethe charged particles - electrons, plasma — setdirstly
on ionization of gas in the high-frequency discleargxially symmetric magnetic field of inductor,eated by a
source ~UJ of variable (periodic) in time of voltage, induétsvolume the periodic angular electrical fieldndér
action of last one periodic angular current of &lats arises, which collisions with atoms of gasiseatheir
ionization.

In the circuit submitted on a fig. 1 the device iges as electrons (mainly) source.

Electrons emitted outside achieve the anode dyrectthrough the discharge in the device servea ypurce.
Then through a circuit of a source of a direct kiésge voltage Wthey flow to metallic back wall of ionizer and
come back into discharge volume inside the elestahells of atoms formed at a metallic wall assallteof surface
recombination of ions born in volume of a source.

Orifice plate here can be as well dielectric asattiet Presence of an additional voltage sourceldng
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orifice plate potential according to potential ofnatallic wall is possible in the latter case. #lirfaces of a source

can be dielectric in a mode of plasma generatian dutomatically provides a total current equagzéoo from a

source — with currents on source structure elements

equal to zero. iyl
"

Preliminary estimations inductar

The inductor voltage source frequency usual for
called devices isv~10 MHz. The preliminary s 5 >
estimations (with neglect of viscosity in electrons !: ]
movement) for linear sizes of 1 cm order had shown : =
as follows: - T
- skin layer depthd (the depth of magnetic field E =

o ] =

penetration into plasma) and current layer depth ] o
(current attenuation depth) make ~ 1 mm; L-E
- field tension in skin layelE~10 V/m; =
- electrons cyclotron frequenay, ~10' 1/s;
- electrons cyclotron radiug ~0.1 m; Figure 1. Induction high-frequency electrons sour ce

- electrons angular velocity,, ~10* mfs.

The consideration of electrons motion viscous iteEnmscan some increase the skin layer depth agrfgiantly
increase the current layer depth. In any case rl@rpnary estimation show that the screening dfuictor field by
plasma own magnetic field is significant but notreme one — the enough precision with finite eleimemethod use
is achievable with hollow radial size division iaveral hundreds elements. The great value,ofhere allows to
neglect Hall effect in the transition of particlesption and energy.

Initial equations set

Let us consider the plasma inside the hollow lik&é component substance including electrons, esicighrge
positive ions and neutral atoms. Each of comporisrdsscribed by substance, motion and energy iemsat
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where T, T,, T, — electrons, ions and atoms temperatures;

Ge. G, G, — electrons, ions and atoms energy flow densities;

71, — electrons viscosity tensor.
Rarify discharge substance requires the use ofapped expressiohs
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where g, — conductive component of electrons energy flonsitg (heat conduction).

—_
Tensor D in (8) relates to initial tensoD as:

B:D+DD—§5TrD, (10)

where DD — then tensor, connected with ten@r;
Tr D —tensorD track;
6 — trivial (unitary) second rank tensor:

mn)

. —~=
FormnelementD (™) of the tensorD the expression (10) means:

D ()= plmn) 4 p(am) _% s plke), (11)
k
where:
0, m#n
5mn:{1 o (12)

Discharge non-stationary mode
lons flow through Langmuir border near all the agds of the hollow is realized with ion-sonic vépcWith
ion-sonic velocity value/,, ~10° m/s the characteristic time of ions reaction onditions change thus has the order:

t ~ 3,i~106 s, (13)

Vis Vi
which is sufficiently higher then temporary scafegternal descriptions chande~10% s.

So the distribution of ions parameters can be camed like stationary one. Thus the electrons m&dnmn
axial and radial directions is caused (through-seiftained electric field) by ions movement — axaad radial
projections of electrons mass flow velocity do eateed in order the ion-sonic velocity and areisieffitly lower
than electrons individual sonic velocity. It medinat:

- non-stationary mode of process requires the densiion only in angular projection of equations4@d (9)
as well as in axial-angular and radial-angular congmts of equation (8);
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- only angular projection of electrons mass flowloe#gy (not limited by self-contained field in cled
movement but caused only by inducted angular étefield) as well as in axial-angular componentsvisicosity
tensor are of our interest in electrons motionditeon.

Besides this, with consider af >> R,L it is possible to neglect by composed with magniid in equations

(8), (9). So the equations (1), (2), (3), 68)9) in projection (and components) achieve thenfor
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Boundary conditionsfor viscosity and heat conduction
Dissipative transition of motion (viscosity) meahe motion transition without mass transition asd¢onnected

in our conditions with electrons motion loss durithg reflection from heterogeneities of potentiatrter near
dielectric and back metallic borders of hollow.
Dissipative transition of energy (heat conductiomans energy transition without mass transitionith the
. . 5 myV2 . _ .
last one but not in proportion to valuzekTe +%. The first circumstance is also connected withrgnédoss
during the reflection from heterogeneities of ptitdrbarrier near dielectric and back metallic Ersdof hollow.
The second one — with non-equilibrium energy transpy electrons overcoming the barrier:

2
o = neven[eA¢ + 24T, +%] , (30

where A¢ — potential barrier near the surface;

indexn means the normal to the surface.
So the boundary conditions for axial-angular arttialzangular components of viscosity can be writisn
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whereX=0 u X=L — axial coordinates of metallic wall and orificate;
R, — orifice radius;
qép) — the share of electrons motion losing in thetsdaig on the barrier near the surfaces.
Boundary conditions for heat conduction can betemigs:

2
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gex

4

where /7((;3) — the share of electrons energy losing in theteigag on the barrier near the surfaces.

It is possible to show considering equations (2@5) and (32):

0| _|oTe|_2_m, y9)

[ox| for| 5nkT,

V2
N, X [Vf"‘e_zewqg) +Vis(e4|¢ —% kTeﬂ . (33)

The potential barrier in this case is equal neardielectric surfaces and closed near the metatfiécto the flown
potential:

y.ry =%kTeIn Zlee' (34)

Electron source testing with argon
The circuit of testing with external magnetic fiedthd high frequency antenna and experimental staeds

shown on figs. 2, 3. RF antenna generates the micnmagnetic field, which in turn inducts the etectfield
accelerating the electrons producing the plasma.arode is the collector of electrons beam. Thienigdtion here
means the finding of operation mode with the highatue of anode current.
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Figure 2. Thecircuit of testing with external magnetic field and high frequency antenna

Figure 3. Experimental stand with a helicon electron sour ce (cathode neutr alize)

The following typical source operation modes wenenid during the tests while operation on argonratrdgen,
depending on the mass flow rate and inductor freque

- low-intensity mode with same type of an extemmalgnetic field influence, with increase of whicle ihcrease
in the intensity of the glow discharge was obsemwitth the appearance of a well seen exhaust beahelactron
current value rise;

- "bright" mode (only when operation on argon) wittitial increase in emission intensity following lits
decrease was observed with the increase of theetiadield.

Test results are represented lower on figs. 4 — 7.
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I, mA {anode current)

o 1 2 3 a 5 6 7 8 a
I, A {coil current)

discharge voltage (cathode — anode) = 150 V, aatenohiage=50 V, mass flow rate=0.2 mg/s
Figure 4. The dependence of anode current on coil current

I, mA (anode current)
[
|

0 20 a0 60 80 100 120 140 w0 UV
external magnetic coil current=2.2 A, antenna \geteb0 V, mass flow rate=0.2 mg/s
Figure 5. The dependence of anode current on discharge voltage
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discharge voltage (cathode — anode) = 150 V, maasrate=0.2 mg/s, without external field
Figure 6. The dependence of anode current on RF antenna power supply
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I, mA (anode current)
wn
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discharge voltage (cathode — anode) = 150 V, aateoltage=50 V, external magnetic coil current=4.5
Figure 7. The dependence of anode current on massflow rate

Figure 8. Experiment with a helicon electron source

Other test results are represented lower on figsl13.
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antenna voltage=60 V, external magnetic coil cur@m\, mass flow rate=0.1 mg/s
Figure 9. The dependence of anode current on discharge voltage
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Figure 10. The dependence of anode current on dischar ge voltage
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Figure 11. The dependence of anode current on dischar ge voltage
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antenna voltage=60 V, external magnetic coil curr@m\, mass flow rate=0.7 mg/s
Figure 12. The dependence of anode current on dischar ge voltage

9
The 32nd International Electric Propulsion ConfecenWiesbaden, Germany
September 11 — 15, 2011



° 4 10 20 a0 a0 50 &0 70 BW

discharge voltage=100 V, mass flow rate=0.1 mgithout external field
Figure 13. The dependence of anode current on antenna power supply

Electron source testing with nitrogen

While testing with nitrogen with discharge voltat@0 V, RF antenna power supply ~80 W and mass faie/
1.2 mg/s unstable process was observed with rat digplasma luminescence and very low dischargeentivalue
~1 mA.

It can be explained as a result of great resistafigétrogen plasma because of electrons energetosn N
molecular oscillatory and rotary excited statese Bame effects are expected to take place in operaith O,
(Earth atmosphere), GOH,SO, (Venus), NH3, CH (Venus, Titan).

"Bright" mode was not observed in tests with nigog

I1l.  Conclusion

Experimental tests with helicon electron sourceAorand N, had shown the principle serviceability of device.
At the same time the testing on hesults can not be considered yet as satisfacioeg because of extreme high
power supply and as a consequence — electron ecesgy

It means the necessity of more detailed researctedte operation with great scale of all the fexteariation
(including device configuration) to find the mogitisnal combination of them with appropriate valdeetectrons
energy and gas cost.

Calculation with use of represented mathematicatlehavould be of great importance here forecastimg t
device behavior and being able to reduce suffibjetperiments expenses.
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