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In order to push the envelope of ion thruster pemfmce for interplanetary transit
applications, various electric propulsion concédyatee been presented in the past, one of them being
the Dual-Stage 4-Grid thruster (DS4G), an elecatasRF ion thruster concept proposed by D. Fearn
[1]. Unlike other thrusters in this category, DSd€®s a grid configuration that decouples the
electrostatic potentials used in ion extraction acckleration, which in turn lifts the performance
limitations of previous designs in terms of powensity, thrust density, exhaust velocity, and djeci
impulse [2]. An Australian-built [3] experimentalgtotype of DS4G was successfully tested at ESA-
ESTEC Propulsion Laboratory in 2005-2006 by theolgaan Space Agency’s Advanced Concepts
Team [4].

This paper seeks to obtain even more performaooe électrostatic RF ion thrusters, and
from the promising DS4G design in particular, thglountroduction of an assisting subsystem that is
based on the main operating principle of turbomdkecvacuum pumping technology — transmission
of turbine rotor’s impulse to neutral gas atomspriactical terms, such solution results in the thokali
to DS4G of a mechanical device based on a TurbamiaeVacuum Pump design (TMP). Abstractly
speaking, the ultimate goal of TMP in this appligatis to improve performance of such electrostatic
RF ion thruster as DS4G by Low Voltage mechaniczdns.

The feasibility assessment of such subsystembedin with a few parameters that pertain to
plasmas. The principle of operation and the etd¢d@MP on DS4G will be identified and discussed.
Basic feasibility will be discussed in terms ofralmn speeds, and at this point ignoring many peasm
parameters, including electron interactions, endigiribution functions, electrostatic potentials,
plasma drift, and so forth, until the future stepghis research.

Dual-Stage 4-Grid Thruster Design

lon thrusters consist of two major process-defiteetinological elements: plasma generator
and plasma accelerator. [5] The principle of openadf RF ion thrusters, including DS4G, can be
summarized as follows: neutral (e.g. Xenon) gdedgo produce an RF plasma from which ions are
electrostatically extracted and accelerated throogfoptics grids to produce the thrust that poveers
spacecraft. According to AheddG€nuine plasma thrusters ionize nearly all the iggscted in them.
Typical ranges of plasma densities and temperatares, ~ 100'—10° m = and T. ~ 2—40 e\ [6]

For comparison, the RF plasma density measured{BSAs DS4G experimental prototype was 2.5
x 10t-1.23 x 16° m®,

The experimenters testing the DS4G thruster idedtthree [8] subsystems in their
laboratory prototype:

“Mechanical subsystem: clamping mechanism includsihgninium clamp end plates, clamp

posts, and thrust balance mounting rin¢9]

- “Radio-Frequency (RF) subsystem: gas injector, cergasma source tube, 3-turn antenna,
stand-off transformer, impedance matching box, Bfiegator” [10]

- “High Voltage (HV) subsystem: interchangeable griddule with four grids and three ceram-
ic inter-grid spacer rings, HV vacuum feedthroughgonnectors, two HV power supplies
rated to maximum voltage of 35 kV and current offf0and one LV power supply{11]

The Radio-Frequency Subsystem is used in the plgemerator, the High Voltage Subsystem
powers the electrostatic potentials in the ionaxptrids of the plasma accelerator, and the Mechhni
Subsystem holds all thruster parts together.

This paper treats the subject of such ion thrustevery limited scope, namely considering
only the plasma generator’s chamber, and the sgnégnwhich is the plasma accelerator’s first grid
bordering with the plasma generator’s chamber.

Turbomolecular Vacuum Pump Design

Turbomolecular pumps are used to create high tahih vacuum inside a vacuum vessel.
representative turbomolecular pump design congettarbine rotor that spins at speeds [12] up to
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~80,000 rpm and that features a series of multifdded disks that are interspersed with multiple-
bladed stationary stator disks on the internalesgrfof the pump's essentially cylindrical body.
Existing TMPs’ pressure range is 31Torr to <10" Torr [13], which overlaps with the vacuum
values in Low Earth Orbit [14]. Due to the highatdn speedshe rotor is ideally suspended on
magnetic levitating high-speed bearings and isliyldaiven by a DC motor.

In its conventional role, TMB plainly redundant in spacecraft applicatiorastipularly in
terms of its gas compression performance, becaeaseuter space environment already exhibits the
vacuum conditions that such pumps are designechies, and internal vacuum inside a spacecraft is
elegantly achieved by venting into the vacuum dépspacelnstead, hie mechanics of interest to this
paper in TMP is best described as:

“The turbomolecular pump is a bladed turbine... To®r impulse is transmitted
to the particles by the superimposition of the thalrvelocity of colliding particles with
the velocity component of the moving rotor surfdt¢e nondirected motion of the
particles is changed to a directed motion... Theingpdisks have a high rotational
speed, so that the peripheral speed of the blage$a(500 m/s) is of the same order of
magnitude as the speed of the molecules of the guiggs.”[15]

The we of TMP here has been conceived on one initeahfge — a rotor blade’s transfer of
momentum to the neutral gas atoms it hits durieigh-speed rotation as those atoms emerge from
the gas injector into the plasma generator’s chaniheis TMP is sought as a candidate subsystem of
DS4G for producing an atom flux speed that is imehejent (although still within the range) of the 35
L/s — 10,000 L/s [16] speeds currently used in uatypumping.

Introducing TM P-DSAG Concept

An ion thruster’s plasma generator can be chanaettas an essentially isotropic-flow
device, and the thruster’s plasma accelerator assantially anisotropic-flow device, where at
present anisotropy begins at said screen grid.

The conventional wisdom in an ion thruster dessgior the gas injector to release neutral
Xenon gas into the plasma generator’s chamber.riéhigal gas flow will have a gradient and a
diffusion coefficient. [17] The problem with theuteal gas gradient and diffusion is that the result
ions have isotropic distribution, yet the concepba extraction using the screen grid is anisatop

Application of TMP to DS4G thruster offers an oppaity to introduce anisotropy into
neutral Xenon flow before it enters the plasma, thng in theory to turn the presently isotropic
plasma generator into an anisotropic-flow devieg tutputs anisotropic-flow plasma. The TMP, by
the impacts of atoms with its bladed rotor disksn$ isotropic neutral gas flow into an anisotropic
atom flux that, if directed to fly through the phaa generator’s chamber, can be ionized on itstfligh
path toward the screen grid.

Anisotropic TMP flux, in other words a loose strear beam of neutral atoms, can be
theoretically considered as a solution to maxingzon flow through the screen grid per molecular
flow of neutral gas through the injector, and aslation to reducing ion losses to the side wdllhe
thruster’s plasma generator chamber.

In the concept introduced in this paper, neutaal igjection into the ideally conical [18]
chamber of the plasma generator is carried outigir@ MP, more precisely the gas is injected into
TMP inlet toward the rotor blades, and an anisatrapmic flow exits TMP into the plasma
generator’s chamber.

The blades on a TMP disk can be designed to peaiither a high pumping speed or a high
compression ratio. [19] Since the purpose of TMP$8%G is to direct ions toward the screen grid
through the plasma, then the pumping speed is a owrsequential variable than the compression
ratio. The second variable of interest in this Téfiplication that is determined by disk blade
geometry, rather than said compression ratio, besdire effective range of directions imposed on the
atoms of the anisotropic TMP flux by the last disklades aiming into the plasma generator’s
chamber.
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TMP Pumping Speed for Unidimensional lonization Flight Path Analysis

The starting point for looking into the velocitiesolved in this idea is to simplify the initial
assessment and limit it to one dimension and sgdedimost important anisotropic direction in DS4G
is the x-axis along which the process handoverstakace between the plasma generator (chambre
with plasma) and the plasma accelerator (screef). gihe x-axis is the lengthwise axis of the DS4G
thruster body and is the direction of its thrust.

The pumping speed for TMP is conventionally dedias the Volumetric rate at which gas is
transported across a plane... and in Sl it is exéss units of fiis...L/s or iYh are also used”.

[20] The conventional formula for TMP’s pumping sdas henc&= Q / P, whereQ is the gas
throughput andP is the pressure at the measured plane. [21]

In contrast to the just mentioned TMP volumetdterand its published figures, for DS4G
thruster design both plasma and thrust calculatahsogically require quantitative data on paléic
flux [22] that permits factoring in of particle ns&s. Despite the irrelevance of the volumetric oate
existing TMPs, its published figures may still Isd in initial feasibility assessment of TMP-DS4G.
Using another equation for particle flux [23], EGdaa 1 shows the neutral gas atom fltxe
(Gamma) that is accelerated by TMP blades intgpthgma en route to the screen grid’s effective
surface area:

['rvp = N1wp * <Vrwp> (1)

where:
n tvp — Neutral gas atom density that is given the maumerof TMP blades
<vrvp> — average speed given to neutral gas atoms by Gikties

For a single TMP-accelerated neutral gas (e.g. Keatom, the atom’s mass (Xenon 131.293
amu) [24] for simplification may be considered ngidle in comparison to a TMP rotor blade during
an elastic momentum-transfer collision, and it benassumed during an initial assessment that the
neutral gas atom is given the speed of the TMR ltale, which is, as mentioned here, is in thgean
of up to 500 m/s.

At the same time his TMP-given atom speed has to be slow enouglarfioextremely high
probability of ionization of the atom during itsght through the plasma (prior to it arriving aeth
screen grid). Assuming atomic mass and speed mggligm comparison to a TMP rotor blade during
an elastic momentum-transfer collision, and assgrthe atom is given the speed equal to that of the
TMP rotor blade while ignoring the plasma, an ordémagnitude of the duration of such atom’s
flight through the chamber can be demonstratedilasionless ballistic flight through the plasmathvi
chamber length say 0.5 m can take such atom a3 the range of 0.001 s and at 250 m/s in the
range of 0.002 s. This is the time interval witlwhich the TMP-accelerated neutral gas atom flux
I'rvp Must be ionized with extremely high probabilitystzort interval as it is, and moreover raising a
possibility that additional requirements would haee be imposed on the ion thruster’s Radio-
Frequency Subsystem. If the achieved ionizatiom cahnot keep up with the fast atom fltgpe, the
TMP-accelerated atoms would pass the plasma gensrahamber length as ndorized neutrals and
either exit through the screen grid or bounce bacévioward TMP. If the speed of TMP-accelerated
atom fluxT'ryp is too high at the screen grid, yet the atom fhas been successfully ionized on its
flight path through the plasma generator’s cham&ech ion flux will bombard the screen grid and
erode it, while grid erosion has already provehd@n engineering challenge for ion thrusters [25].

Collisional TMP Regimein Plasma Gener ator

Considering a neutral gas (e.g. Xenon) atom thatit by a high-speed TMP blade, not
considering here the blade geometry, and limitirggdiscussion to unidimensional analysis in teris o
speeds, the atom will be set on a ballistic fligath through the plasma generator’s chamber toward
the screen grid, where it would ideally arrive asi@n and be picked up by the grid’s electrostatic
potential.
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If the plasma generator’s chamber contains isatrggasma with a density, of heavy
particles, such TMP-accelerated atom/ion will ugdera number of momentum-transfer elastic
collisions with such heavy particles as ions anatnads during its flight through the chamber. Fog t
given TMP momentum to have an effect on such atorthe destination screen grid, the TMP-
accelerated atom must have a speed that is sufficigreat so that the number of collisions it will
undergo with ions and neutrals will not diminisls grid-bound speed component before finally
reaching the screen grid. Restating it, the TMRelsrated atom speed has to be such that the atom ha
sufficient kinetic energy to overcome all elastmlisions with isotropic heavy particles (ions and
neutrals) in the plasma and still arrive at theesorgrid’s surface plane with a fraction of the -MP
given speed. If the grid-bound TMP-accelerated atomtransfers some of its kinetic energy gained
from TMP to the ions/atoms it collides with in thiasma, then this effect may be potentially loo&ed
as a TMP flux multiplier.

A rough estimate of the path of the TMP-accelerai®om is the x-axis lengthpg. of the
plasma generator’s chamber, measured from the Tidletdo the screen grid. Because the average
distance travelled by a TMP-accelerated atom béfarellides with other heavy particles in plasma
can be expressed in terms of the mean free pétimbda)A=1/(nys) [26], with ny as the density of
heavy particles and (sigma) as their elastic collision cross-sectitben the average number<oNof
elastic momentum-transfer collisions the TMP-acegéxl atom will undergo on a simplified
unidimensional path can be taken as the fractiggV/ b, the length of the chamber divided by the
mean free path. Hence Equation 2,

&N = Lpg/ [1/(noo)] (2)

Given that the mean free paitlis dependent on the densiiyof isotropic heavy particles in
plasma, it can be assumed that unless the anigofrbfiP-accelerated flukye (EQ. 1)has a
macroscopic effect on the mean free pattihen in the conditions of consecutive collisiofis
anisotropic TMP-accelerated ions with isotropicspt@a ions and neutrals, the required speed that must
be given to neutral gas atoms by TMP may be sdie tinearly proportional to chamber lengdt,
which is a majodimension of thruster size and hence a limitingireering factor. This characterizes
acollisonal TMPregimein DS4G.

With increasing TMP-accelerated anisotropic atbm Fryp within the total released gas
flow, some inverse proportionality can be foreseéh the number < (Eq. 2) of elastic collisions
encountered by the flux atoms/ions during theghflithrough the plasma generator’s chamber. If
neutral gas atom densityrvwe (EQ. 1)that is given the momentum of TMP blades approatieesotal
released neutral gas density in the plasma gemasratamber, then it may be possible to discuss a
collisionless TMP regime in DS4G, resulting in a collisionless ballistiggfit of TMP-accelerated
atoms of fluxI'ryp toward the screen grid, which may have significarglications for ionization rates
and could possibly result in plasma decay, botlsipdgies needing further investigation.

Electromagnetic Complexities of Realization of TMP-DSAG Concept

Integration of a TMP subsystem into DS4G'’s plasmaegator chamber presents technical
challenges in concept realization due to the magfietds in the plasma generator. Magnetic
bearings, magnetic fields of the DC motor, eddyenis of the rotating turbine rotor, and magnetic
containment of TMP outlet into the plasma generatdramber, represent a number of interacting
magnetic fields in close proximity to the plasma.

Due to high TMP rotor speeds in the range of 2280,000 rpm [27], levitating magnetic
bearings are used in commercial TMPs, and aredglsiwable for use in DS4G due to problematic use
of lubricants in outer space and in order to ela@maintenance requirements in long interplanetary
flights. The magnetic fields that this magneticpgrsion technology generates in its vicinity may
pose interference issues with the RF coil, withgaeerated plasma, and with magnetic plasma
containment fields (if used). One direction fordiimg a solution to this problem is to seek a design
the magnetic fields for the levitating bearings$aworable mutual positioning with the magneticdil
in the plasma generator. Another direction fora&e of solutions is to move the magnetic bearings
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away from the plasma generator’s chamber by empdpailonger rotor shaft. The same problems
apply to the magnetic fields from TMP’s DC motor.

If the TMP rotor is fabricated from a metal, mbis¢ly an Al alloy [28], then the following
engineering experience from previous TMP desigmdiepto it: ‘metallic rotors experience induction
of eddy currents... Therefore, TMPs with metaltitors can be used in magnetic fields only if certai
maximum values of the magnetic flux density willb@exceeded. These maximum values are
specified by the manufacturers and, for static negigrfields perpendicular to the axis of rotation,
typically are in the range of 10 mT to 30 mT (t&8IR29] This problem can be overcome by a ceramic
rotor [30], for example Si3N4 [31], although thidwgtion would require additional development
effort.

If TMP is installed with its outlet facing the glaa generator's chamber, the question is what
will happen with the RF sheath and possible ion lriment of the TMP rotor and stator blades by
ions from an isotropic plasma. Another questiowhat will happen to the sheath if the majority of
ions in the plasma belong to the TMP-accelerated fDne solution that should be considered to ac-
count for the sheath at the TMP outlet is magn@tisma confinement to shield the TMP outlet from
the plasma, because magnetic multipole boundasies &lready been used in some ion thrusters for
»electrostatic confinement of the ions from the..| diaé to the quasiambipolar potentials at the
boundary from the transverse magnetic fie[@2]

When looking at the listed electromagnetic compisiethe question that arises is whether
TMP will pay off in an ion thruster, even if the tbhoed principle of its operation is successfully
verified in DS4G. How will TMP and its prospects fature performance improvement compare with
those of the electrostatic RF ion thruster techgwleer se? The energy that is continually supgded
thousands of hours of ion thruster operation tolév@ating magnetic bearings, to the DC motor, to
the magnetic containment of TMP outlet, all thaéergy can instead be employed to produce and
accelerate more ions. Extra mass of TMP could baesm extra Xenon gas mass in the propellant tank.
One way of looking at the possibilities is to assuimt the energy required to hypothetically inseca
an ion thruster’s performance by a mechanical tenddecular pump could be lower than the energy
required to do the same work with RF-driven elecfields, and then test such hypothesis through
theoretical calculations.

It can also be assumed that at higher power l@fdlsS4G, the effect of TMP on the thrust at
constant TMP energy consumption would be more ealite. A turbomolecular pumping mechanism,
being an auxiliary subsystem, can be powered byw Woltage source, such as spacecraft-hull-
mounted solar cells, thus not having to divert aoldal energy from such main High Voltage source
as a nuclear reactor onboard a power-hungry speft@crdeep space that constantly requires energy
for the plasma generator and for the plasma aatetein the thruster. Whether such assumption is
justified is open to investigation.

The bottom line of application of TMP in DS4G It TMP must favorably compare with an
identical thruster without TMP by at least a faaibd..1 in order to provide a detectable perforneanc
increase and to exhibit notable potential for fatperformance improvement due to design
maturation; equally, TMP must be responsible fgresior thrust characteristics when compared to the
results of the energy to be consumed by TMP didartstead to the thruster’s existing components,
e.g. electrostatic potentials of the ion opticsigyri

Conclusion

This paper has envisaged a combination of twoasly unrelated technologies, the
turbomolecular vacuum pump that is of no use iatsventional role when its outlet faces the outer
space vacuum, and an ion thruster concept (DS4Gpficecraft, as schematically summarized in Fig.
1. The kinetic momentum transfer principle of thebbmolecular pump’s operation and the pump’s
parameter, the pumping speed, have potential usepiroving the performance of an ion thruster.
Thus the turbomolecular pump was considered heaecasdidate subsystem of the DS4G ion thruster
and as a stage of the thruster’s ion generatioal@ation process.

The method of feasibility assessment of this idethis paper has been to start with a few
basic parameters, with the understanding that sulesgly it is necessary to introduce more
parameters and reconsider their relationshipsi|tiegin a deliberate increase of complexity of
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analysis. Thus this paper has proven to be onbginhing of such assessment, and if the idea
described in this paper successfully survives apsssnent in terms of a few very basic parameters,
then the assessment can continue with graduallgasag the complexity toward a realistic
description of the plasma processes and condiiiuatved on par with that of matured competitive
thruster designs.

r CO\\ °
TMP Stator «sesss2==TTT]

Gas Feed Line

Plasma
Generator

Xenon
Tank

Magnetic
Levitating
Bearings TMP Shaft Extraction Grid

Fig. 1. Schematic diagram of the proposed turbooubée pumping stage in an RF ion thruster.

Next steps in the feasibility assessment of dresiiwill focus on four following areas:

1. Adjustments in the unidimensional speed model tmat for isotropic velocity distributions,
Bohm velocities, plasma drifts, and so forth.

2. Focused investigation into momentum-transfer aolis within the plasma inside DS4G
thrusters, particularly into energy exchange frawj collision cross-sections, rate constants,
velocity distribution functions, and averaging guoattering angle [33] for isotropic heavy
particles.Chamber lengthpc will be adjusted to account for the plasma lengitiuding the
sheath and pre-sheath widths.

3. Investigation into plasma generation, isotropispia conditions, and plasma decay, in
presence o&nisotropic atom fluXmye (EQ. 1). The effect of anisotropic atom flLixye on
ionization rates has to be theoretically predicéesdwell as hovanisotropic atom fluX'rye
will affect plasma density inside the plasma getoeimchamber.

4. The interaction between the moving anisotropic reattom fluxI'ryp that exits the TMP
stage into the plasma chamber, and the RF-drivemirg fields in the chamber, will be
investigated in the reference frame where the &oigizc neutral atom fluX+yp (representing
heavier, slower particles) is stationary, and tkedRven electric fields (representing lighter,
faster particles) are moving — using the analogy oar moving on a road intersected by a
railway crossing, as seen from an approaching'sr&iame of reference.

If TMP proves to be theoretically useful for th®posed application, and is verified as a
concept in laboratory, it would lead to a highlgsialized TMP design for a specific DS4G thruster
model, and if competitive as a technology then bdad to a family of TMP-assisted thruster designs.
If theoretical and laboratory success would nothieecase, then this consideration of this particula
idea may help broaden the search for subsysterhdeltgions to the technological progress in ion
thruster technology.
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