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NON-EMISSION ELECTRON SOURCE WITH HIGH FREQUENCY IONIZATION

Mathematical model of the processes in inductive high frequency sources of plasma and electrons is repre-
sented in single component magnetic hydrodynamics approximation. Equations are written in two-dimension
form in the supposition about axial symmetry of task. Motion transition is described by viscosity equation con-
sidering magnetic field influence on dissipative processes in rarified substance. Preliminary estimations of
magnetic skin layer and current layer thickness are represented. Boundary conditions are written considering
particles, motion and energy flow on device surfaces. The results of source testing operating on argon and ni-

trogen are represented.
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Introduction

Electric propulsion thrusters now are widely used
for spacecraft orbit correction. As a rule, plasma-ion or
Hall thrusters with xenon are used for these purposes.
However, the cost of xenon is currently quite high. It is
proposed to use the residual atmosphere or interplane-
tary or near-planet space to reduce the mass and the cost
of spacecraft.

Implementation of this scheme requires the develop-
ment of cathodes, operating on "collected" propellant. Ac-
cording to the diversity of planetary atmospheres structure
the development of "omnivorous" cathode is urgent and
necessary task for the immediate future [1].

Widely used scheme of hollow activated cathodes
with special substances for reducing of work function at
work on the inert gases, may be vulnerable when work-
ing in the aggressive environment — the oxygen of
Earth's atmosphere, methane and ammonia atmosphere
of Venus, etc. The problem is solved when of high-
frequency discharge induced by non-stationary mag-
netic field is used as electron source.

Helicon electron source scheme is represented, in-
cluding the inductor fed by a sinusoidal voltage, an ex-
ternal coil fed by constant voltage and the discharge
circuit, in which a cathode is one of the end surfaces
with external location of the anode — a simulator of
thruster ion beam.

Helicon Electron Source Mathematic
Modeling and Testing

Mathematical model of processes
inside the hollow

The equations are written down in two-dimensions
form with supposition about axial symmetry of a task.

The transport of motion is described by the equation of
viscosity, where the influences of a magnetic field on
dissipative processes in rarefied substance are taken into
consideration.

The operation of induction high-frequency sources
of the charged particles - electrons, plasma — is based
firstly on ionization of gas in the high-frequency
discharge. Axially symmetric magnetic field of
inductor, created by a source ~U, of variable (periodic)
in time of voltage, inducts in volume the periodic
angular electrical field. Under action of last one periodic
angular current of electrons arises, which collisions with
atoms of gas cause their ionization.

In the circuit submitted on a fig. 1 the device
operates as electrons (mainly) source.
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Figure 1. Induction high-frequency electrons source

Electrons emitted outside achieve the anode
directly or through the discharge in the device served by
a source. Then through a circuit of a source of a direct
discharge voltage Uy they flow to metallic back wall of
ionizer and come back into discharge volume inside the
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electrons shells of atoms formed at a metallic wall as a
result of surface recombination of ions born in volume
of a source.

Orifice plate here can be as well dielectric as
metallic. Presence of an additional voltage source
displacing orifice plate potential according to potential
of a metallic wall is possible in the latter case. All
surfaces of a source can be dielectric in a mode of
plasma generation that automatically provides a total
current equal to zero from a source — with currents on
source structure elements equal to zero.

Preliminary estimations

The inductor voltage source frequency usual for
called devices is v~10 MHz. The preliminary
estimations (with neglect of viscosity in electrons
movement) for linear sizes of 1 cm order had shown as
follows:

- skin layer depth & (the depth of magnetic field
penetration into plasma) and current layer depth (current
attenuation depth) make ~ 1 mm;

- field tension in skin layer E~10 V/m;

- electrons cyclotron frequency . ~107 1/s;

- electrons cyclotron radius r, ~0.1 m;
- electrons angular velocity Ve, ~10* mys.

The consideration of electrons motion viscous
transition can some increase the skin layer depth and
significantly increase the current layer depth. In any
case the preliminary estimation show that the screening
of inductor field by plasma own magnetic field is
significant but not extreme one — the enough precision
with finite elements method use is achievable with
hollow radial size division in several hundreds elements.
The great value of r, there allows to neglect Hall effect

in the transition of particles, motion and energy.

Initial equations set

Let us consider the plasma inside the hollow like
three component substance including electrons, single
charge positive ions and neutral atoms. Each of
components is described by substance, motion and
energy equations:
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T,

a ions and atoms

— electrons,
temperatures;

Je, dj, 4, — electrons, ions and atoms energy flow
densities;

7, — electrons viscosity tensor.

Rarify discharge substance requires the use of
unwrapped expressions':
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where g, — conductive component of electrons energy

flow density (heat conduction).

-
Tensor D in (8) relates to initial tensor D as:

B=D+D*—§ STrD (10)

where D* — then tensor, connected with tensor D ;
TrD —tensor D track;

8 — trivial (unitary) second rank tensor:

mn)
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For mn element D of the tensor D the

expression (10) means:
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where Smn = {1 Zj: (12)

Discharge non-stationary mode

Ions flow through Langmuir border near all the
surfaces of the hollow is realized with ion-sonic
velocity. With ion-sonic velocity value Vg ~10° m/s the

characteristic time of ions reaction on conditions change
thus has the order:

(13)

which is sufficiently higher then temporary scale of
external descriptions change T ~10% s.

So the distribution of ions parameters can be
considered like stationary one. Thus the electrons
movement in axial and radial directions is caused (through
self-contained electric field) by ions movement — axial and
radial projections of electrons mass flow velocity do not
exceed in order the ion-sonic velocity and are
sufficiently lower than electrons individual sonic
velocity. It means that:

- non-stationary mode of process requires the
consideration only in angular projection of equations (2)
and (9) as well as in axial-angular and radial-angular
components of equation (8);

- only angular projection of electrons mass flow
velocity (not limited by self-contained field in closed
movement but caused only by inducted angular electric
field) as well as in axial-angular components of
viscosity tensor are of our interest in electrons motion
transition.

Besides this, with consider of 1, >>R,L it is

possible to neglect by composed with magnetic field in
equations (8), (9). So the equations (1), (2), (3), (8) u (9)
in projection (and components) achieve the forms:
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Boundary conditions
for viscosity and heat conduction

Dissipative transition of motion (viscosity) means
the motion transition without mass transition and is
connected in our conditions with electrons motion loss
during the reflection from heterogeneities of potential
barrier near dielectric and back metallic borders of
hollow.

Dissipative transition of energy (heat conduction)
means energy transition without mass transition or with
the last one but not in proportion to value

2
meve

5 . .
Ek T, + The first circumstance is also

connected with energy loss during the reflection from
heterogeneities of potential barrier near dielectric and
back metallic borders of hollow. The second one — with

non-equilibrium  energy transport by electrons
overcoming the barrier:
V2
den =neVen(eA¢+2kTe+meT°J, (30)

where A¢ — potential barrier near the surface;

index n means the normal to the surface.
So the boundary conditions for axial-angular and
radial-angular components of viscosity can be written as:
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where X=0 u X=L — axial coordinates of metallic wall
and orifice plate;
R, — orifice radius;

ngp ) _ the share of electrons motion losing in the

scattering on the barrier near the surfaces.
Boundary conditions for heat conduction can be
written as:
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where ngg) — the share of electrons energy losing in the

scattering on the barrier near the surfaces.

It is possible to show considering equations (23)
—(25) and (32):
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The potential barrier in this case is equal near the
dielectric surfaces and closed near the metallic one to
the flown potential:

1 m;
kT, In——.
2mm

(<

CA¢f =

=3 (34)

Electron source testing with argon

The circuit of testing with external magnetic field
and high frequency antenna and experimental stand are
is shown on figs. 2, 3. RF antenna generates the har-
monic magnetic field, which in turn inducts the electric
field accelerating the electrons producing the plasma.
The anode is the collector of electrons beam. The opti-
mization here means the finding of operation mode with
the highest value of anode current.

4

Figure 2. The circuit of testing with external
magnetic field and high frequency antenna:
1 — cathode; 2 — gas distribution aperture;
3 — bearing flange; 4 — magnetic coil;

5 — RF antenna; 6 — anode;

7 — glass discharge tube; 8 —nozzle orifice
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Figure 3. Experimental stand with a helicon electron source
(cathode neutralize)

The following typical source operation modes
were found during the tests while operation on argon
and nitrogen, depending on the mass flow rate and in-
ductor frequency:

- low-intensity mode with same type of an external
magnetic field influence, with increase of which the
increase in the intensity of the glow discharge was ob-

served with the appearance of a well seen exhaust beam
and electron current value rise;

- "bright" mode (only when operation on argon)
with initial increase in emission intensity following by
its decrease was observed with the increase of the mag-
netic field.

Test results are represented lower on figs. 4 — 7.

I, mA (anode current)

0 1 2 3 4

5 [ 7 8

I, & {coil current)

Discharge voltage (cathode — anode) = 150 V,
antenna voltage=50 V, mass flow rate=0.2 mg/s

Figure 4. The dependence of anode current on coil current
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Figure 5. The dependence of anode current on discharge voltage
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Figure 6. The dependence of anode current on RF antenna power supply
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Figure 7. The dependence of anode current on mass flow rate



,Zleuzameﬂu U IHEP2OYCMAHOBKU AIPOKOCMUUECKUX JIeMAME/IbHbIX annapamoe

99

Figure 8. Experiment with a helicon electron source

Other test results are represented lower on figs. 9 — 13.
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Figure 9. The dependence of anode current on discharge voltage
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Figure 10. The dependence of anode current on discharge voltage
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Antenna voltage=60 V, external magnetic coil current=6 A, mass flow rate=0.5 mg/s

Figure 11. The dependence of anode current on discharge voltage
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Figure 12. The dependence of anode current on discharge voltage
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Figure 13. The dependence of anode current on antenna power supply

Electron source testing with nitrogen

While testing with nitrogen with discharge voltage
100 V, RF antenna power supply ~80 W and mass flow
rate 1.2 mg/s unstable process was observed with red
light of plasma luminescence and very low discharge
current value ~1 mA.

It can be explained as a result of great resistance of
nitrogen plasma because of electrons energy losses on
N2 molecular oscillatory and rotary excited states. The
same effects are expected to take place in operation with
02 (Earth atmosphere), CO2, H2SO4 (Venus), NH3,
CH4 (Venus, Titan).

"Bright" mode was not observed in tests with ni-
trogen.
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Conclusion

Experimental tests with helicon electron source on
Ar and N2 had shown the principle serviceability of
device. At the same time the testing on N2 results can
not be considered yet as satisfactory ones because of
extreme high power supply and as a consequence —
electron energy cost.

It means the necessity of more detailed research of
device operation with great scale of all the factors varia-
tion (including device configuration) to find the most
optimal combination of them with appropriate value of

Calculation with use of represented mathematical
model would be of great importance here forecasting the
device behavior and being able to reduce sufficiently
experiments expenses.
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PeuensenT: n-p TexH. Hayk, npod. A.M. Opanckuii. HanmonamsHbI#i aspokocMudeckuit yausepcuteT mM. H.E. XKy-
KOBCKOT0 "XapbKOBCKHUI aBHaLIMOHHBIM HHCTUTYT", XapbKOB, Y KpauHa.

BE3EMICIMHE J’KEPEJIO EJIEKTPOHIB 3 BACOKOYACTOTHOIO IOHIBALIIEIO
A.B. Jloan, C.JO. Hecmepenxo, III. Powannyp

HaBeneHo MateMaTHYHY MOJIEIb MPOIECIB B IHAYKLIHHUX BHCOKOYACTOTHHX JKEpeNax IUIa3MH Ta eJIeKTPOHIB
B MarHiTOTiIpOJMHAMIYHIN anpoOKCHMAIl] Uil €AMHOI KOMIIOHEHTH. PiBHSHHS 3amucaHi y JBOBUMIpHIH (dopMi 3
ypaxyBaHHSIM aKciajbHOI cuMeTpii 3axadi. IlepeHic iMITynbCy ONMMCAaHO PIBHSAHHSIM B'S3KOCTi, Y SIKOMY BPaxOBaHO
BIUIMB MarHiTHOTO IOJIsl HA JUCHIIATHUBHI MPOIECH Y pO3piMKeHOMY cepenoBuiii. HaBeaeHo momnepenHi OLiHKA
TJTMOMHM MAarHiTHOTO CKiH-Iapy i ctpymoBoro mapy. CdopmynboBaHi rpaHH4YHI YMOBH, IO OMHUCYIOTH IOTOKH
YacTOK, IMITYJIbCY Ta €Heprii Ha MoBepXHi npuiany. HaBeneHo pe3ynbratu BUNPOOYBaHb JDKEpena Mpu poOOTi Ha
aproHi Ta a30Ti.

Kumrouosi ciioBa: BU-ioHi3aris, mKeperio mia3Mu, PKEPEsIo eNeKTPOHIB.

BE33MUCCHOHHBIA HCTOYHHUK JIEKTPOHOB C BBICOKOYACTOTHOM MOHU3AIIMEM
A.B. Jloan, C.JO. Hecmepenxo, III. Powiannyp

[IpencraBnena MaTeMaTH4ecKast MOAEIb NMPOLECCOB B MHAYKIIMOHHBIX BBICOKOYACTOTHBIX HCTOYHHUKAX TJIA3MBbI
U DJEKTPOHOB B MAarHUTOIMIPOAMHAMUYECKOW AamIpOKCUMAIMM JUIsl €IMHCTBEHHOW KOMITOHEHTHI. YpaBHEHUA
3arucaHbl B IByMEPHOH (hopMe € YUETOM aKCHaJIbHOM CUMMeTpHUH 3a1a4r. [lepeHoc uMmybca onucan ypaBHEHHEM
BSI3KOCTH, B KOTOPOM YYTEHBI BIMSHUS MAarHUTHOTO MOJsS Ha JAMCCHUIIATHBHBIE IMPOIECCHI B Pa3peXeHHOH cpene.
[IpuBeneHsl npenBapUTENbHBIE OLEHKH TIIYOWHBI MarHUTHOTO CKWH-CJIOS M TOKOBOro ciosi. ChopMymupoBaHbBI
TpaHUYHBIE YCJIOBHS, OIMCHIBAIOIIME IIOTOKM YAaCTHIl, HMIIyJbCa M D3HEPrUM Ha IOBEPXHOCTU YCTpPOMCTBA.
[TpuBeneHsl pe3yabTaThl HCIIBITAHUA UCTOYHHKA TIPH paboTe Ha aproHe U a3ore.
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