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Abstract: ThrustMe, in partnership with the Laboratory of Plasma Physics and
SATT Paris-Saclay is developing a complete propulsn system based on a patented ion
thruster technology, called “Neptune”. A miniaturized version with the thruster, power
processing unit and solid propellant is fully imbedied into a one-unit Cubesat module (a
10 cm cube of 1 kg). The thruster has strong techfagy heritage from classical ion
thrusters, but with significant innovation in the acceleration mechanisms using RF
voltages applied to a set of grids, instead of theonventional DC voltage. This RF
acceleration leads to a continuous ion beam neutiaéd by electrons exiting the thruster
in short instants during the RF cycle. In this way,there is no need for an additional
electron neutralizer, and thus the system is idedior miniaturization as well as cost
effective mass production. Solid iodine is integrad into the thruster body to simplify
the propellant storage and flow control. The PPU bsed solely on radio-frequency
modules operating in the MHz frequency range is atsdeveloped and can operate with
powers from 20 to 60 W. This RF power is used forlasma generation, ion acceleration,
neutralization and iodine flow control allowing the power system to be fully integrated
into the 1U Cubesat module. The complete systemtissted in various vacuum facilities
where time-averaged and time-resolved electrostaticmeasurements of beam
currents/fluxes and ion energies are compared witHirect thrust measurements.

Nomenclature

RF = radio frequency

®, Wpi = RF voltage angular frequency, ion plasma fregye
IEDF (EEDF)= ion (electron) energy distribution function

f(®) ion angular distribution function

COG centre of gravity

PIC Particle-in-cell
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[. Introduction

ecently, a newguasi-simultaneousn propulsion concept has been proposedriginally called “Neptune”

due to the acronym of the first research projeadfog this developmehtHere ions and electrons are co-
extracted from plasma and accelerated to high itsecdue to capacitive divider and self-bias ef§&® achieved
within the double-grid extraction system (see Hig.Briefly, when RF voltage is applied only betwdwo closely
spaced grids being in contact with plasma, thevedemt circuit is similar to the circuit of the asgnetric capacitive
dischargé®. The electrical asymmetry required for tt
capacitive divider effect follows from partial seréng of the (g
second grid from plasma by a first dhe 00O

One difference of RF acceleration thruster frolassical RF
source (ICP)

gridded thruster (as “RIT” for exampl® is that the gridded |;r>
extraction system is powered with RF voltage indteDC as | l>—>
seen from Figure 1. The different response timéno$§ and ll=>—>
electrons to the oscillating field leads to postirectification l>—>

of the sheath voltage (so called self-bias efféct) Thus,
massive ions are accelerated in front of the apestof the

RF biased 1=

second grid by an averagely positive potentialedéhce and grid I't A+
leave the thruster at high velocities, generatimgist. At the e
same time, much lighter electrons responding to oatn O00O0

simultaneous electrical field are extracted fromspha in a

short bursts when oscillating plasma potential apphes zero —

values. Finally, the presence of a blocking DC cépain the
system ensures absence of any DC current, thusotaé .
amount of extracted ions and electrons is timeayely equal. capacttor

This produces a well-compensated beam composedFigure 1. The RF acceleration based thruster.
continuously accelerated ions and pulsed elecfréins

This acceleration concept was proposed in 2014 paadf-of-concept has been achieved for Xe, Ar ahd
gases, where it was found that the RF ion accéberams the same efficiency as traditional DC aaegion?. The
floating potential of the beam is found to be lowean in the case of DC acceleration with neutealizvhich can be
explained by highly directional extraction of elects with the RF acceleration scheme.

One of the important questions to this conceptsisted in possible downscaling limits, since therea
significant and still growing interest for propusi systems adapted for small spacecrafts, whereelteric
propulsion system is usually replaced by less ieffic chemical or cold gas propulsion due to prolsleof
downscaling. In fact, the RF acceleration principllws to reduce mass and volume of the propulsigstem
without reducing the performance due to the absefiGe separate neutralization system that incluatiditional
power supply, gas feed line and neutralizer itSEffe possibility to achieve the self-bias effecthie miniaturized
gridded thruster has been recently demonstrated aviso called “Miniature” systelncurrently operating with
Xenon and lodine propellants and having 2 cm diamékhis system is under intensive development tdsva
complete propulsion system product, and is plarfoedn-orbit-demonstration in late 2018. Flight siem of the
thruster will be embedded into a 1U “plug-and-playdpulsion module that require only the dc voltagsut from
the satellite bus for the operation. This artictesents the current development stage and firstrasslts of this
propulsion module.

Blocking =

II. Development progress
High level target specs of the propulsion moduéerapresented in Table 1 below.

Table 1. High level target specs for the propulsimdule

Parameter Expected value (approximate)
Total power consumption 30-60W
Propellant Xe, 12
Thrust 0.2-0.7 mN
Specific impulse >1000 at max power
Number of ignition cycles >100
2
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Wet mass (integrated fuel version) <1.3 kg

Size of the propulsion module 1U (10x10x10cm)

External electrical inputs for the module opere 12V DC power input, CAN or 12C interface f
communication

Interface with a S/C thermal management sys Not required, excessive heatliation is manag« within
the propulsion module

Propellant storage and flow control Internal (12 version) ointernal regulator with external
tank (Xe version)

The development progress of the thruster and iatedrpropulsion system is presented separatelytisestion:
II' A and Il B below, while the subsection Il C biiedescribe progress achieved during the first mdira tes!
campaign at ONERA thierench Aerospace Lalt

A. Thruster

A developed thruster is schematically shown on Eigt produces a 20mrdiameterbeam and the cylindrical
dischage chamber has aspect ratio of ~1. Propellant ¢X{edine) is fed througla distributed gas injection system
and ionized using the RF antenna placed aroundiftharge chamber. The ion/electron optics setistangf two
molybdenum grids and is poweradth RF voltage. The external Faraday cage supgEdsisresulting from bott
the RF antenna and Riewered grids

¢

Acceleration
optics >

Gas injector

9000 K

(Xe or )
ya [
Di }{
1scharge Farada
RF Yy
chamber antenna cage

Figure 2. Schematic representation of a thruste and nondintegrated thruster firing on Xe.

The expected thrustgerformanc rangeis shown in Table 1 and was firstly based on resofittheoretica
modeling, including 0d low presee global model (similar twork'®), transformer mod *° and 2D PIC simulation
of RF particle acceleratipnand afterwards correctewith results of experimental measurements of pla
parameters inside a non-integratetuster and beam measuremen a relatively larg€0.7m length) low pressure
vacuum chamber. Aigture of the no-integrated thruster prototype running on iKethe test chamber is shown on
Fig. 2 Experiments conducted with a r-integrated thruster have beéwcused on three impont aspects: i)
general operational tests including thermal cyglingtgassing, reliability and shielding tests; vglidation of
theoretical plasma and beam acceleration modé)spévelopment of reliable algorithm for repetitiygasme
ignition. Theseexperiments started on July 2016 and successterminatedearly 2017. Several modifications
the thruster design have been impleme. The majority of these modifications/improvemersolved traditional
propulsion system engineeripgoblem;, however some challengase new to the propulsion community since
RF acceleration is a very recamrcept (first publication in 20%% and we willtherefore emphasize on these iss
below.

The most important difference of the developed gteu from clasical ion thrusters consists the RF
method for ion acceleration withe following electron ccextraction. Though various advantages, the RF aaif
the particle acceleration requirdsvelopment of new, more sophisticated theoretigaels for ion cceleration, as
well as new diagnostics approaches for the ion besasurementsTo model the ion and electron trajectol
between the grids and the near fiel plume region we use a 2D patrticle-in-cell (Pt@gde in a planar geometry.
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The code is stilunder development and will be publist
later, while here we present ona few important results
corresponding to an interestirgnit case whe the ion
transit time through the gridspacin( is comparable to RF
period (therefore the worst caseenarii). This may happen
either due to too high ion current density or taow
frequency for the given set of gric

In this case the ion energy sprea very significant, so
ion focusing become an important prob. This is
demonstrated on Fig. 8howing thelEDF for the case
when ion plasma frequencgpproache the acceleration
frequency(the RF voltage amplitude is 1500\The IEDF
has two major peaks, around 900 eV and 2400 eVia
centered around 1500 eV which corresponds to
averaged value of a potéal difference between the gric
Therefore, successful ion extraction requires fiomuof
both the low- and highenergy peaks, which impose cert
limits on the range of ion current density and getisn
The low accelerationfrequenc is also leading to
significant pulsations othe ion beam currermeasured at
the exit of acceleration systh (see Fig. ), though they
found to be negligible at few cm from the «. It should be
noted here, that even in this caie average values of the
extracted ion and electron fluxese equal to each other
and therefore the beam is qt-neutral. The angular
distribution of ions in the beam generated at tl
conditions can still result in gh angular efficiency (se
Fig.4).

Therefore, developmentand optimization of th
extraction optics for the cathodiess ion thruster with R

R BT TS 8

Figure 5. Footprints of beamlet:.
Obtained on missaligned acceleratiol
grid, onthe grid centre (top) and periphe
(bottom). Purple color coesponds to th
initial surface condition, light green

indicate areas with intense sputteri
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Figure 3. PIC simulation results. IEDF and time
variation of extracted currents obtained for thersi
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Figure 4. PIC simulation results: continued.
Angular distribution function of ions for the worstse
scenario whemw ~ wy,; .
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acceleration is a complicated task requiring compglensideration of various operational parametespecially if

wide range of throttling is required. Due to oumkdbnging development schedule, we solved this Iprolvia

several semi-empiric iterations, where each iteratitep included simplified modeling with followirghort-time

experimental tests. Experimental measurements stedsof ion current measurements as a functionFof/éttage

around a perveance limit, IEDF and EEDF measuresnemtd control of the beamlet footprints. lon cotrand

energy distribution functions were measured ustagdard electrostatic diagnostics as planar (Fgjgut@bes and
RFEA (RPA). It should be mentioned that with RFederation the ion beam current cannot be reliabdasared
using classical methods used in the ion thrustemeonity where differential grid current is suggelste be equal to
the beam current. This is because firstly, botls iand electrons are extracted so the average tisrelose to zero;
and secondly, the value of the ion current is gk comparing to the RF displacement current.

Fig. 5 shows the footprints of ion beamlets atdbe/nstream grid, obtained by artificial miss-afigent of the
two grids (2 minutes run on Xe at 45 Watts of t&R& power). It is clearly seen that ions are wetlused, i.e. the
beamlet size at the acceleration aperture entigrsmaller than the corresponding size of the aperin this case
the operation regime was set using results frordetiog. Further investigation (both theoretical axgerimental)
is naturally needed in order to understand erosftetts at a long timescale and at different caooilét

B. Propulsion module

As already mentioned, the propulsion module hasahksat form-factor geometry, maximal weight of kg3
and contain all necessary electronics for the terugperation. The propulsion module presented waespecially
developed for the first on-ground tests and is §firegd comparing to the flight version. In this eathe fluidics and
general microcontroller were not embedded in {7i-------mmmmmmmmmsmsmsoosmsomosoonsoo oo ooy

Thruster

module but fed from an external source. T | Matching : :
integrated PPU, illustrated by a block diagram 2 5 |RFgenerator1 | o/ network1 |- Loadl
figure 6, consisted of two RF generators powel | © g (RFGI) (MN1) (entenna) | | ;
with 12V DC, two matching networks, ignitior % =1 5 R generator 2 |
system interface and high voltage measurem | & & (RFG2) N Matching '
sy?ttem) (returns RF and DC values of the g - network 2 | I(doggi .
voltage). 3 MN2 | grids E
Fig. 7 shows a simplified composition of th| 3 N ( ) i
1U propulsion module. As seen, the thruster ha g gg“nlfﬁgrsfzie T
two-axis gimbal and its rotation axis is closele t | & 1 Measurement ;
exit plane. The 1U frame has a mechanical hol | & vde, Vrf ¢ |
(on top of Figure 7) serving for mechanic : :
connection to the pendulum during the direct thrt - ---ooooooooo oo
measurements. The center of gravity of the mod Pendulum
is located within the 1 cm radius of the geometric holder
center. All electronics is COTS-based, full |
developed in-house. RFG1 and RFG2
The propulsion module was assembled a — v

initially tested in a cylindrical vacuum tank hagin
65 cm diameter and 70 cm length (see Fig.

Residual pressure in the chamber is better tl
6x10" mBar, and pressure when thruster is firil
on Xe at full power is around (2-2.5)x10nBar. D ion (
Note here, that this first test version of a prepmri

module was designed to be tested with a

propellant only. Future versions will work ol

iodine propellant as well, for which we have proc VN2
of-concept experiments.
. HV RF&DC measurement

As already mentioned, this module is
simplified version of a flight-ready system. | e——— e
addition to missing fluidics and microcontrolle
the module thermal management is not fu Figure 7. Schematic representation of the integrad
autonomous and require external heat sink propulsion module.
5
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cycled oration to avoid overheat of sensitive elemeWe used the latter method where standard cycle length
during the firingtests was varying between 1 and 10 minutes wittodhg 15 minutes of cooling dov.
Mechanical connection of the module to vacuumchamber was performed using twelatively thin (4 mm
diameter) metal rods of 60mmlengtl each in order to suppress heat exchange between thelmand tan. The
temperature distribution in the module was contlby thermal imaging, using the transparent germanium
window and markers of defined emissivity attachedifferent elements in the modu

Figure 8. Assembled propulsion module during operation tests

C. Test campaign

After various inhouse tests, the propulsion modwas transprted to the ONERA (French Aerospace Lab
carry out adirect thrust measurements campi (see Fig. 9) The campaign is divided onto two major partsh
the target parameters listed in a Table 2 below. Th& fiart has been completed in MeApril 2017 and the
second part is planned for @42017.

- " J w
Figure 9. Propulsion module on a thrust balance at ONERAThe red square shov
1U module installed on free pendulum for direct thrust measuremer
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Table 2. Test plan of a first campaign

Parameter Test campaign — part 1 Test campaignt2 pa

Total power consumption >30W 30-60W

Propellant Xe Xe, optionally 12

Thrust 0.1-0.3 mN 0.3-0.7 mN

Number of ignition cycles >10 >20

Dry mass of the propulsion module <1 kg

Size of the propulsion module 1U (10x10x10cm) +deol

External electrical 1/0 for the modulel2V DC power input, external ignition12V DC power input, 12Q

operation power supply, analog diagnosticénterface for communication
outputs, no intelligence

Interface with a thermal management/A
system

Propellant storage and flow control Completely exdt Internal (12 version) or internal
regulator with external tank (Xg
version)

As follows from the table, the first part of th~ 390
test campaign is focused on general tests of
simplified module, described in the section Il | 250
The fluidics is represented by standard industi
mass flow controller connected to mechanic
valve, pressure transducer and regular 30 Bar
bottle (all mounted outside the vacuum tanl
ignition and operation control is performed frol
outside. The 5 m long tank is pumped usi
primary, turbomolecular and cryogenic pumg
allowing to reach the residual pressure of the ror
of 10" mBar. 0.

During the first part of campaign, in total 3
operation cycles have been performed. Each ¢\ -50 T T . T T T .
consisted from plasma ignition, a pre-heating (w $10 820 330 340 350 30 370 30
only plasma switched on) and acceleration phe U5t
when the thrust was measured. Example of rFigure 10.  Thrust signal during a short on-off cyock. The
data output from a thrust balance is shown on fdata represented here is a raw data and contain
10, demonstrating on-off steps. Complete set uncompensated offset drift and unfiltered osciliasi; the
properly processed data will be issued only afthrust signal is relative, not absolute value.
the second part of the test campaign is finished.

N

o

o
1

150

100 H

Thrust signal, uN

a
o
1

1I. Conclusion

A propulsion module based on a nquasi-simultaneou®n propulsion concept has been developed anedest
The module follows the 1U Cubesat standards, anthots thruster and a PPU; future version will ddscequipped
with fluidics and FCU. Two versions of the modufe ander development using Xe and 12, and therlaftiéhave
an internal propellant tank for simplified fluidisystem. The Xe version of the propulsion module been tested
in a medium vacuum chamber available at LPP araliala large chamber at ONERA. The test campaigotig/et
finished, however the preliminary results agreel wigh the theoretical predictions.
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