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Propulsion basics: the rocket equation

* The Tsiolkovsky (rocket) equation :
dm dv dm

e T T Qo =

* The thrust and specific impulse are :

dm T v
T f— er _— = e Qe I S — — _9
Qcgo 9o

* |n a Plasma Thruster :
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Thrust to Power ratio

e The thrust to power ratio is : %

T

Flux to the wall
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* Maximize the ion mass

e Minimize the ionization cost
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* Note that thrust increases when the acceleration voltage increases



lodine as an alternative to xenon
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lodine versus Xenon

‘ Iodine
Heavy 131 amu Heav‘ly 127 amu (atoms)
S —— Lomlr ionization energy
Low ionization energ 10,5 eV for I
12.1 eV 7
I+, Iz+
Non corrosive Corrosive
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Larger stock on Earth
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Solid at'ST ‘I and High vapor

pressure




The PEGASES prototype
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Electronegative plasma motor, WO/2007/065915 Al
publication date : 2007-06-14
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Experimental setup 'PEGASES thruster
without Magnetic Field
Pl

|, source F. Marmuse, R. Lucken, P. Grondein PhD Theses
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The absorbed power is calculated Liquid N, trap \>
using the method detailed in: -
Godyak, A. V., “RF discharge diagnostics: Some problems
and their resolution,” J. Appl. Phys. 129, 041101 (2021)




Electrons
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Tungstene wires 100 um diameter

bi-holed ceramic tube : 1.5 mm external diameter
0.25 mm internal diameter
approx. 15 cm long

3.5 mm



lodine vs Xenon
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Operating conditions : 0.5 mTorr — 50 & 100 W
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At very low pressure (thruster operating regime) lodine
produces plasmas densities comparable to Xenon




lodine vs noble gases

St Operating conditions : 2.5 mTorr — 100 W
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When pressure increases, lodine shows
stronger localization than noble gases




lodine at higher pressures

I, injection Ar injection

Thruster Axis (cm)

At higher pressures, very high density but strong gradients and

fast decay away from the antenna.
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Negative ions
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Tungstene wire 200 um diameter

—— 1
/ 3 mm
Ceramic tube : 1.5 mm external diameter
0.25 mm internal diameter
approx. 15 cm long

Laser beam
355 nm
Waist ~ 3.5 mm



Negative ion formation in iodine plasmas
M
* Main process for negative ion formation is Dissociative Attachment:
IQ +e —> 1~ -+ I*

* Heavier negative ions could be formed at high pressure/low electron
densities

° | N |Od | ne: Ligberman, A. M., ”Pri.nciples of P.Iasma .
Discharges and Materials Processing”, Wiley,

Second edition

Eaff = 3.06eV > 1.529eV = ;4 .
- gaffB

o

A+B~

Generation of |~ starts at 0 eV electrons
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Laser Photodetachment

Principle
Photodetachment process: I +hy — [ +e
Tungstene wire 200 um diameter

\ Principle :
| | _
. 1 We bias the probe above the plasmaj
7 |3mm potential and use a ns-laser to

Ceramic tube : 1.5 mm external diameter photodetach I~ ions in order to
0.25 mm internal diameter
approx. 15 cm long capture the newly created electrons.
02F s
Waist ~ 3.5 mm
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—0s} P J Ne IDC
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Time (s) X105 Bacal et al., Rev. Scient. Instruments, 2000
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Laser Power
Energy meter

Laser Photodetachment
Experimental apparatus
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Laser Photodetachment

Mandatory verifications (Bacal et al., Rev. Scient. Instruments, 2000)
F ._\E‘[ET;

Saturation with the laser energy Saturation with the bias voltage

¢y ¢

< s
0.05
=0.135 w = 3.58 mm |
| | — FIT : 0.164 x ]+tnuhlﬁ”.lix[:.r—2”.2:-1-
0.04 0.05 0.00 . ] : \ g
0 10 20 30 40 H() 60
ELuwr (.'bbil’t.‘\' (—\)
2?:“12 Eph{)r

At this position and for these plasma

At this position and for these plasma conditions : Vbias = 35V

conditions : Ejaser ~ 40 mJ
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Electronegativity in typical «Thruster» regime
D

Operating conditions : 1 mTorr— 200 W
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The electronegativity is very small at low pressure/ high power
because iodine molecules are very efficiently dissociated
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Electronegativity as pressure increases

Operating conditions : 10 mTorr — 200 W

antenna

——— ————

exhaust grid
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—
-2

L I

Electronegativity
increases rapidly as
pressure increases

Low electronegativity
near the antenna where
the electron density is

high

This suggests that
negative ions are not in
Boltzmann equilibrium



Negative ions are not in Boltzmann equilibrium
M

Assuming isothermal

electrons and ions and
Boltzmann equilibrium
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lodine atoms




lodine atom detection using laser

absorption
T
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IR absorption experimental set-up
S S ——————————

Very small signal: poor
signal-to-noise ratio

Typically use 7 paths

Spatial resolution of
about 2.5-3cm
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>

Filter 1320-20 nm
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vy
4 MHz + Vacuum
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First analysis assuming negligible “P, , density
N

119
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s it due neutral gas depletion due to strong gas heating ?



lodine atom temperature from Doppler
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Very small signal: poor
signal-to-noise ratio

Hard to trust these
experiments at low
pressure: very large error
bars (not represented)

No clear trends although
the gas temperature
seems rather high

Can we infer the gas temperature from another measurement?



lodine atom excited states temperature from
a transition at 11036.415 cm™!
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* \Very good signal:
excellent signal-to-noise
ratio

* Only one path : strong

spatial resolution

e Problem: thereis no

guarantee that the
excited states are at the
same temperature as
ground state atoms



lodine atom excited states temperature from

) a transition at 11036.415 cm™?
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Such a temperature profile cannot explain the atom density
depletion near the antenna
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The P, , density is probably significant
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A 1D fluid model tha solves for the
neutral species dynamics
(molecules, atoms in 2P;,, and 2P, ,
states)

Electron density and temperature
profiles from experiments

Assumes 2P, , is produced by
electron impact and destroyed by
electron impact and quenching on
molecules

Assumes all atoms are generated in
the 2P, , state (from dissociation)



Molecules
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lodine molecule density by broadband absorption
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lodine molecule density from broadband absorption:

Pl i

Counts (au)

Before absorption

without plasma

From Florian Marmuse PhD Thesis
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lodine molecule density by broadband absorption:
problems with plasma
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When the plasma is on, plasma emission and
absorption are of the same order of magnitude

Vibrationnal excitation likely to be significant
which would entirely change the cross section




Conclusions (1)
;T —

* lodine (l,) is a promising gas for plasma propulsion because:
» Itis heavy and easy to dissociate and ionize

» Solid state at room temperature but easily sublimates

* At high power/low pressure (typical of plasma thrusters) iodine plasmas are
comparable to xenon plasmas

* As pressure increases, the energy loss raises quickly and the molecular nature
takes over: short energy relaxation length, attachment

* The electronegativity is negligible at high power/low pressure because negative
ions are formed from dissociative attachment and efficiently destroyed by
electron impact

* As pressure increases, the electronegativity raises quickly away from the
antenna: negative ions are not in Boltzmann equilibrium



Conclusions (2)
;T —

* lodine atom density in the ?P,, state seems to be important. This makes atom
density measurements difficult via the dipolar magnetic part of the transition
around 7603 cm™ (absorption in IR between the 2P;,, and P, ,)

* lodine molecules (1) are quite easily detected by broadband absorption when
the plasma is OFF. When the plasma is ON, more work is needed to interpret
the data

* From (somewhat questionable) first measurements, it seems that the plasmais
highly dissociated near the antenna

* |odine atom seems quite hot — heating coming from dissociation is probably
quite important



Future work

* We plan to do Two-Photon Absorption Laser-Induced Fluorescence (TALIF)
experiments to probe iodine atoms, both in the 2P, and %P, , states

 We also plan to do experiments with a magnetic filter (PEGASES configuration)

* We have a global model of iodine plasmas (Grondein et al. Phys. Plasma 2016)
that is currently being compared to experiments — It will be used to test
different chemistries (with increasing complexity). Cross section calculations
(Quantemol, Klaus Bartschat) are also carried out

e Fluid simulations have recently been proposed (Levko and Raja J. App. Phys.
2021). We also plan to explore fluid modelling, in particular for neutrals species.

e 2D Particle-In-Cell simulations using LPPic2D will be performed (PhD thesis of
Nicolas Lequette, started October 2021)



