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Qutline

* [ntroduction
* Thruster operation
= Erosion

= Cathode

= Perspectives/on going activities
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Electric field in a plasma

Anode ® Cathode
o ® @ V
V, plasma ©°, ®go oc
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= Quasineutral plasma, E field in the sheath
= Grid system to extraction ions — GIE
= Child Langmuir law

= Thrust/unit of surface limitation

: : R. G. Jahn and E. Choueiri, Encyclopedia of
More details with Wallace Physical Science and Technology, 2002
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Utilization of a magnetic field barrier

Anode 1‘ T @@ Cathode
V, plasma L e Ve

| ®

nje
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= Using alocalized magnetic field barrier
o Decrease of the electron local conductivity o
o Penetration of a local electric field - E =j/o
== NO thrust/unit of surface limitation

= The electric field Is used to

o Heat the electrons to ionize the propellant gas
o Accelerate the ions to furnish the thrust
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How a Hall Thruster works (1/2)

gas injection :
. anode J outer coil

inner coil

channel
walls

magnetic circuit
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How a Hall Thruster works (2/2)

EXAMPLE OF HET
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Hall Thrusters in the world

PPS1350 Safran, Fr PPS20K Safran, Fr

Sitael — Italy HT400

Chinese
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Companies & agencies in the world
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Acompanies O start-up O agencies

North America

1 Busek, Natick, MA

2 Orbion, Houghton, M1

3 Astra Space, Alameda, CA

4 NASA GRL, Cleveland, OH

5 NASA JPL, Pasadena, CA

6 Aerojet Rocket., El Secundo, CA
7 AFR, Edwards Base, CA

8 ExoTerra Res., Littelton, CO

Europe

1 Safran, Vernon, Fr

2 Exotrail, Palaiseau, Fr

3 Cnes, Toulouse, Fr

4 Sitael, Mola di Bari, It

5CIRA, Capua, It

6 ESA, Noordwijk, Neth.
7 MarsSpace, South., UK

Russia-Ukraine-Israel

8 Rafael, Haifa, Is

9 SETS, Dnipro, Ukr

10 Seran Systems, Dnipro, Ukr
11 EDB Fakel, Kalinin., Ru

last update 2023

Asia

L IHI Aerospace, Tokyo, Ja

2 Jaxa, Chofu, Ja

8 Satrec Initiative, Daejon, Ko

4 Aersopace Propulsion, Tianjing, Ch
5 Bellatrix Aerospace, Bengalore, In
6 Aliena, Singapore, Si
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T
D

hruster: very active domain of research
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Very active research domain
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Research groups in the world
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AModeling OExperiments  [4] Both . .
X . Asia-Oceania
North America Europe Russia-Ukr.-Tur.-Israel 1 ASPL, Kyushu Univ., Ja
1 EPPE, Colorado State Univ. Co 1 ICARE, CNRS, Orléans, Fr 4 HIT, Holon, Is 2 ARL bsaka Univ Ja
2 CSTR, Georgia Institute of Tech., Ge 2 DPHY-Onera, Palaiseau, Fr 5 TIT, Haifa, Is 3 AMI_, Gifu Univ l:]a
3 NASA-JPL-Cal.Tech, Pasadena, Ca 3LPP, E. Polytech., Palaiseau, Fr 16 PPL, Soreq NRC, Is SDAA. Univ Toks'/’o Ja
4 SPL, Massachusetts Institute of Tech., Ma 4 LAPLACE, Univ. Toulouse, Fr 17 Khai, Aero. Univ. Kharkiv, Uk 5 KAIéT Daéjon K;)
5 PEPL, Univ. of Michigan, Mi 5 DPHY-Onera, Toulouse, Fr 18 TsSNIIMASH, Moscow, Ru 6 NIE Nz;myang L,Jniv Si
6 NPPDG, Univ. of Michigan, Mi 8§ CERFACSN Toulouse, Fr 19 MIREA, Moscow, Ru 7SS Dalian Maritime Univ.. Ch
7 SSRG, Michigan Tech. Univ., Mi 7 1JL, Univ. Nancy, Fr 20 RIAME-MAI, Moscow, Ru 5 SA, Beihang Univ., Beijing. Ch
8 EPPDyL, Princeton Univ., NJ 8 IMIP, Univ. Bari, It 2L Keldysh Res. Center, Moscow, RU 9 B|CE China. Aearo. Spacé Sci., Beijing., Ch
° PPPL, Princeton Univ., NJ 9 DCIE, Univ. Pisa, It 22 Tubitak Uzay, Ankara, Tu 10 PP Harbin Instit. Tech. Ch ’
10 SPPL, Stanford Univ. Ca 10 EP2, Univ. Carlos 111 Madrid, Es 1 Lanz,hou Institute 6f Phy;ics ch
11 DMP, Eckert College, FI 1 ESA, Noordwijk, Neth. 12 SSE, Beihang Univ., Beijing ,Ch
1 i 12 ) ) ] o )
PEP, Univ. Saskatchewan, Canada . :JT]?\} %?)'L'J‘t’h"osnflft?]’ UUKK JP Luna, PhD Thesis, 2008,  3Shanghai Inst. of Space Prop., Ch
' " " |ast update 2023 14 UNSW, Canberra, Au

15| PSC-ISRO, Thiruvananthapuram, In
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A Hall thruster has no Hall effect

= The Hall effect takes place in a E x B discharge with a rectangular geometry
= Hall effect: electric field opposes to the polarization field EH 5
= Negative ion sources for fusion machines

J @, )

G. Fubiani et al., New J. Physics 19, 015002 (2017)

v E B

= The Hall effect does not take place
in a E x B discharge with a cylindrical geometry

Hall thruster
Hall current thruster
Closed electron drift thruster

Hall current - uninterrupted electron drift
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Measured current-voltage characteristic

SPT100, 3.5 mg/s " Regime |
o Incomplete ionization
l o Instabilities

IRegime | Regime Il Regime Il

< 5 | | 1
S 4 - = Regime Il
3 3l - | ] o Nominal
TN ¢ 0..,_,_.-0-.4——0|—0" - o Max ionization efficiency
- ‘ d | o lg~1
O I |
(%2]
a 1 .
- = Regime lll
O L 1 i 1 L 1 " 1 L 1 L 1 L.
0 100 200 300 400 500 600 o Low efficiency
Discharge voltage (V) o Role of SEE

o Multi-charged ions
N. Gascon et al., PoP 10, 4123 (2003)
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Current oscillations (1/2)

10 fregime | regime Il regime |l L
S .
< i i IMax /
et 5 : : H .
S | | I/-
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[ 5 | ? 03@-‘565303 o——¢ | |
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| | 0000
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N. Gascon et al., PoP 10, 4123 (2003) Dlscharge Voltage (V)
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Current oscillations (2/2)

SPT100, 250V, 5 mg/s

10 [
A R
- | !,\\ f\
=
N
2| | \/
!
0 100 200

Time (us)

F. Darnon et al., IEEE TPS 27, 98 (1999)
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1D axial hybrid model

o Sheath size s << L
o Electron density = ion density = plasma density

S
= Hypothesis 1: quasineutral plasma I L
A

v
O Em v

Hypothesis 2: fluid collisional transport of electrons
o 3 first moments of the Boltzmann equation
o Maxwellian energy distribution function
o Electric field is coming from momentum equation of the electrons (Ohm'’s law)

= Non collisional and un-magnetized ions — particle description
o Calculate plasma density
o Constrains on time step (CFL- At ~ few 108 s)

= Transport of neutral atoms resolved

o 90 % of the neutral flux is ionized More details with Ahedo
Tomorrow afternoon

Static magnetic field
o Self-Magnetic field induced by Hall current negligible
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1D hybrid model

SPT100, 250 V, 5 mg/s

measurements 1D axial model of the channel
10 [ — 8

T

(00}

o
T
—
J—
_——
|

N

IS

Discharge current (A)
(o))
—
Currents (A)
D

| v \- \/ - Electron
- \ "lon -
[ \/\/\_/\ ) ]

0 I . . ] " . : . : . ] .
0 100 200 0 100 200

Time (us)

Time (us)
F. Darnon et al., IEEE TPS 27, 98 (1999)
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Breathing mode

8

Tl a0 J. P. Boeuf and L. Garrigues, JAP 84, 3541 (1998)
J4
% 4
S 2| 250 V, 5 mg/s
&) Elecni‘on o
0 e WIS A e
(6] 100 200
Time (us
200 o 200
150 150
% 100 Z’% 100
()] ()
S S
= 90 F 50
O T 1
0 1 2 3 4 0 1 2 3 4
Axial Position (cm) e Axial Position (cm)
16 1.3 1.0 0.8 05 0.2 1.4 1.1 0.8 0.6 0.3 0.0
Xe Density . Xe* Density
(X101 m) (%1018 m3)
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Experimental evidence

10'/’ ” I ﬂﬂ A' 250 V, 5 mg/s
SNy
al VALY

Measurements
of light
F. Darnon et al., emission
IEEE TPS 27, 98 (1999)
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Axial electron transport (1/2)

classical « collisional » conductivity

—> Azimuthal drift velocity independent from collision frequency

: : : : . collision
— Axial drift velocity proportional to collision frequency frequency
then to neutral density
eB Vg, =t\/
O m ||l Ev k3
B w BQHall
cycloéon
pulsation Hall parametér
cathode
5.0
€35
@)
= o
—
«—— Axial velocity
0 X (cm) 2.5
Azimuthal velocity anode

exhaust
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Axilal electron transport (2/2)

—— Azimuthal drift velocity independent from collision frequency

— Axial drift velocity is zero when neutral density is zero

E
B Vix =Vex =20
d
E
—
5.0
€ 35
O
E
0 X (cm) 2.5
anode sortie

Azimuthal velocity
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Electron-wall interactions (1/2)

« coII|S|on » wall

sheath

g % electron

no axial velocity

<+— axial velocity

be.

ExB

« wall conductivity» - Russian literature abundant (Morozov)

o Transfer of momentum
o Change of confined trajectories

Secondary electron emission under high energetic electron impact

o Influence on sheath potential
o Consistent with studies on wall materials effects

Empirical way to account for electron-wall interaction

o « Effective » collision frequency

o More refined models exist Ve-w = (R, — Ry)

aVe,th
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Electron-wall interactions (2/2)

23
- - E. Ahedo et al., PoP 10, 3397 (2003)

n _ S. Barral et al., PoP 10, 4137 (2003)

. ! , | , ! , | . | . | . Y. Raitses et al., PoP 12, 073507 (2005)
50 100 150 200 250 300 350 400 Y. Raitses et al., PoP 13, 014502 (2006)

Discharge voltage (A) F. 1. Parra et al., JAP 100, 023304 (2006)

L. Garrigues et al., JAP 100, 123301 (2006)

= Transport outside of the channe|? | Sydorenkoetal, PRL 103, 145004 (2009)

8 = Strong influence of
< I 1 wall material
= 6 AO, o -
% R, & —en—" o _o°7sic | = Different SEE rate
O 4t .".\I—<I>—I—I—I—I—I—- -
Q I )
= sl [ BNSIO, = Abundant literature
L
o 2
k%
A 1
0
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urbulence

= Instabilities inside the plasma that induce a transport of
electrons normally to the magnetic field

= Well known in plasma fusion
o Tokamaks - ITER
o Limitation of duration of plasma confinement

/

. 7
B E

= In LTP — ExB configuration
o Measurement of turbulence effect?
o Vq¢=E/B, V., =-Ev/Bw -
o Vol Ve, ratio: Hall parameter | Quwau = 3
o Abnormal diffusion: v>> v, .om
O
O

Q. ~ constant [0.1-0.3]
« Effective » collision frequency Viurp = ko

G. S. Janes and R. S. Lowder,
PFL 9, 1115 (1966)
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2D axial-radial hybrid model

= 2D axisymmetric — radial and axial directions

= Channel and near field regions

= Magnetostatic magnetic field

= Particle description: ions and neutrals

Symmetry axis

= Quasineutral plasma: n =n,=n,

= Electron fluid description including the electron-
wall and turbulence effects with an « effective » %

collision-frequency

= Energy equation, Maxwellian EEDF

I i I G.J.M. Hagel l., JAP 91, 5592 (2002
lonization rate agelaar et a (2002)
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HALLIS software

= QOpen access, free download

" Graphical user interface https://www.hallis-model.com
= Easy to use

C
H A L L I s B - HOME HALLIS PHYSICS HALLIS SOFTWARE DOWNLOAD CONTACT

HALLIS Physics

The HALLIS software contains two independent modules for the 10 and 2D (axisymmetric) description of Hall ion sources. Both are based on 2
hybrid model where electrons are treated as a fluid and ions and neutral atoms are represented by pseudo-particles [1-5]. The electron fluid model
consists in continuity, momentum, and energy eguations (assuming a Maxwellian electron velocity distribution). The user can choose between the
1D and 20 models at the beginning of the simulation and the same graphical user interface iz usad for both.

Pasitive ion and neutral atom trajectories in phase space are obtained by integrating the equations of motion taking into account collisions and
interactions with walls. For neutral atoms, only collisions with walls [specular or diffusivel are taken into account. For ions, collisions with neutral
atoms and recombination at the wall (with atom generation) are considered. The model is quasineutral, i.e. the electric field is obtained from current
continuity and not from Poisson’'s eguation. Electron cross-field transport through the magnetic barrier is described by empirical coefficients
[effective mobility and energy losses). These empirical coefficients are defined as in Refs. [1-4] but more complex models of zanomalous transpart
madels [5] are also implemented |

In the 2D model the Morozov approximation 15 made along the magnetic fisld lines, .2 eguilibrium between eleciric force and pressure gradient is
assumed along the magnetic field lines.

The principles of the quasineutral hybrid model used in HALLIS are described in the references below:

1J8

] GoJ M. HauelaarJ Bare |llec L. Garrigues -;rd J. :'. Boeuf@ppl. Phys. 91,5592 (2002).
] G J M Hagelaar,_J Barsilles L. Garrigues _and J. P Boeuf J Appl Phys 93 47 (2003)
] J.8=
1J.B

reilles, G J. M Hagelsar L Garrigues, C Boniface M. Gascon and J B Boeuf Phys. Plasmas 11 3035 (2004}
Boeuf, J. Appl. Phys. 121 011101 (2017}
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Nominal operation of the SPT100

J. Bareilles et al., PoP 11, 3035 (2004)

300V, 5mg/s

8 8 8
7 7 7E23 [
6 6 |6E23 6
. 5 5 I5E23 5
= 4 4E23 A
° 3E23
3 3 3
E23
2 B (a.u) 2 1E23 2
a.u.
M e s | 0
0123456 7 8
8 [P TR I SR B 8 8
/ oo | 12615 7
6 33619 O 1E18 G 0.63
5 1.6E19 8.6E17
0.20
—~ 8.2E18 6.9E17
g 4 4.1E18 4 5.1E17 4 0.06
- 3 2.1E18 3417 3 0.02
1E18
2 5.2E17 1TEI7 D 0.01
E17 - 0
é N (m-s) igEﬂ 1 n(m 3) g-) e perp (Q-l-m-l) o0
0123456 7 8 0123456 7 8 0123456 7 8
X (cm) X (cm) X (cm)
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Nominal operation - transient behavior

J. Bareilles et al., PoP 11, 3035 (2004) 300V. 5 mg/s
6L A
< 4f .
ol _
O
6L i
< 4] ]
—_— 2 ) i
O ] \ ] \ ] \ ] \ ] \ ] \ ] \ ] \ ] \
0 50 100 150 200 250 300 350 400 450 500

Time (us)
= Low frequency oscillations 10 — 20 kHz
o Periodic depletion of atoms (scale of neutrals transit time)
o Experimentally observed and predicted by 1D model

= High frequency oscillations 100 — 400 kHz
o Periodic extraction of ions due to oscillations of acceleration region (ions transit time)
o Experimentally observed (mainly in « old » Russian thrusters)
o Responsible for the broadening of IEDF
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Efficiency

T2 300V, 5 mg/s
n=--
szelec
2 2 1 97 2
T T m,-Ii Ii 5> m;v \"4
n= = = 1.2 . — - cos 02
2mP,., 2mIV  em I el y2
current Nominal case
efficiency energy dispersion 7,~0.9
A\ / o
\ / n,~0.8
N=MNyu Na Ne Nde* Ndo
/ / N n.~0.8 — 1N~ 0.5
utiIization/ bearfenergy angular dispersion Ng:~0.95
efficiency efficiency nde"’o- 9
Laurent Garrigues )%&Laplace 28
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Direct measurement of the Hall parameter?

= Current perpendicularto B

; E,v E, 1
= —en,v =en,———=en,—

ex eVex e e
Br w Br 'QHall

10' ; ; ————— 100
= Measurements very hard - —— Classical -
. - —#— Experimental
o Large uncertainties 10° Uncertainties 180
- Probes perturbate the operation 1 . S
: . = 107 . e
* Interpretation with B? C}j—_" (S
o Spatial resolution necessary — 107 140 %
c
More details with Trottenberg and Dannenmeyer 107 420 §
Tomorrow morning ; |
= Qualitative but not quantitative ' 0 ' :
_ _ Distance from exit (mm)
iInformations
N. B. Meezan et al., PRE 63, 026410 (2001)
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lon velocity profile — LIF measurements

Normalized ion VDF (arb.units)

1.0
0.5 ] m
0.0 —JJ

x=-15mm

1.0 4
0.5 4

0.0 T

1.0 ] x=-10 mm
0.5
0.0 - . | | | . |

1.0
0.5 4
0.0 T

1.0
0.5
0.0 T

1.0
0.5
0.0 T

1.0
0.5 4
0.0 T

1.0
0.54

0.0

5000

10000 15000 20000 25000 30000
Axial velocity (m/s)

PPSXO000, 500 V, 6 mg/s

More details with Mazouffre
Tomorrow morning

channel exit plane
x =0 mm

internal wall

collimation channel
optics centerline

| Il \ laser beam

e —I# ry ’-—-—
/’ 2 mm | \

single mode slit

optical fiber ' [

o lens

external wall +—l6mm —»

multimode OF

.

S. Mazouffre et al., PSST 18, 034002 (2009)
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Fitted anomalous transport mobility

LIF measurements el ek

APL 95, 141501 (2009)

35 .
20 ] e
% | = a0 exhaust h = LIF

] 1] .
\X/ 15 - S 25 | '? . —O— Hybl'lde 1
= :\c/ ] ]
= 1 ]
S o 207 a
O 10 <5} 1
D) = 151
> 1 o ]
S 5 S 101
X 8 ]
< 2 s
0. ]
04

= Approach with « adjustable parameters » does not properly
describe plasma properties (ion velocity profiles differ)

= Space resolved LIF measurements: adjust an “effective” collision
frequency
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lon energy distribution functions [«

Axial ion energy (eV)
200 SIDO 4[|)O 5(I)0 BOIO ?0:0 B(I)O

1.0 .
@ |(a)500V
% 08— max
% 0.6
PPSX000, 6 mg/s g
D 02t
- 095 20 - 25 30 35
= Extendable to other operational 5 "lo) 600 v
conditions s
_::i 0.4
= g>eV i ITT g o2
*% 20 2'5 ' 3' 35
1.0
@ lc)700V v
: : S o8} i (.
= Mechanisms responsible for the § ool it
electron transport? z oa
. 3 oz
More details L. Garrigues et al., =
Tomorrow afternoon APL 95, 141501 (2009) %05 20 25 30 35

Axial ion velocity (km.s™)
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Magnetic shielded configurations

. Electron temperature profile

=
[N

exhaust

high

I

o
C
2]

grazin
line

o
o

o
o

o
~
T

o
(V)

Normalized B Strength

low

o
o

0.0 0.5 1.0 1.5 2.0 25
Axial location (x/L)

NP

)

Electric isopotential lines
& lonization source term

)

ionization
region
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Plasma Properties — US vs

Kl
MS @300 V, 1 mg/s

US

Radial location (r/R)

<
n

Radial location (r/R)

a .
1.4 \V/ (@) inner - US
%\ - - - outer - US
; , —s=— jnner - MS
5 10°¢ —— outer - MS
(]
C
(b}
C
©
()
IS
c
O 10}
Max: 30 eV
0.0 r r r r L L L L
0.0 0.5 1.0 15 2.0 2.5 0.0 0.5 1.0 15 2.0 25 0.0 0.2 04 0.6 0.8
1.6 1.6
1.4 g 10° r(b) —— inner - US
1.24 ¢ 10t L - - - outer-US
10] 100k —s=— inner - MS

0.0

0.8 -

0.6 1

0.4

0.2

: 0.0

Max: 53 eV

10"k
10°F
10°%F
10%|
10°E

0.0

0.5 1.0 15 2.0 3.0 0.0

Axial location (x/L)

L. Garrigues et al., PSST 28, 034003 (2018)

0.5

Axial location (x/L)

1.0

Eroded thickness (mm/kh)

15 2.0 3.0

10

—o— outer - MS

-6
0.0

0.2 0.4 06
Axial location (x/L)
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Cathode characteristic

= Currents: 1-100 A

= Dimensions
o Radius : mm/cm
o Length:~fewto 10cm

= Plasma density: > 10?1 m™3

= Pressure: ~ 1000 Pa

= Flight model: self-heating

LaB, emitting cathode = Strong coupling plasma/thermal
= Lifetime: several kh

J. Polk et al. AIAA 2006-5150, 2006

Cathode Tube

Orifice Plate
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2D model

= Quasi-neutral fully fluid approach I. G. Mikellides, PoP 16, 013501 (2009)

= 2D axisymmetric model
3 species: Xe, Xe*, e

= Highly collisional: Maxwellian distributions
* Inter-species collisions are considered (e-n, e-i, i-n)

= Cathode plume: fluid description — strong approximation

(more qualitatively)
G. Sary et al., PSST 26, 055007 (2017)

= Plasma sheath: analytical (non-collisional) + thermionic
emission (current density given by Richardson-Dushman law)

= Fluid model coupled with thermal (heat conservation law)
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Simulation domain — NSTAR cathode

Diode mode Anode
BaO material Ori "
rifice plate i A
. @ “«e=0 “@ :
- nie :
Tube Emitter — 1—>.
e e=0—>;
A —>n n—>»>:
®:
4 External region | 100
Plume ;
Y :
:1 _:w
. 20 :
(@ : Grounded metal wall (6) : Gas expansion region
(2 : Thermionic emitter (grounded) (@) : Anode (current density imposed J,, total I, = 13 A)
@) : Injection of xenon (Qy,: 3.6 SCCM) Dimensions in mm

(@) : Keeper, external electrode (fixed current)
o _ G. Sary et al., PSST 26, 055007 (2017)
<:> : Fictitious absorbing border
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Plasma properties

T TR ER S SN AN N NN AN NI SR N

|
22 24 26 28 3

I TR RN (TN SRR SRR AN NS TN N A

2 2.2 24 2.6 2.8 3

Dimensions in cm

Plasma density Neutral density

(10%°m™3) (10%2m™3)

13 6
11.5 5.3
10 4.6
— | 8.5 3.9
. Y 4 3.3
5.5 2.6
4 1.9
2.5 1.2
1 0.5

Plasma Electron

potential (V) temperature (eV)

16.0 2.8
13.6 ! 2.5
11.3 B 2.2
8.9 1.8
32 6.5 1.5
4.1 1.2
1.8 0.9
-0.6 0.5
-3.0 0.2

G. Sary et al., PSST 26, 055008 (2017)
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Comparisons with experiments

= |nside the cathode

@)

O
O
O

Correctly reproduces measurements

Importance of electronic emission at the wall

Low volume multiplication
Partial use of the emitter

= Qutside the cathode

External region

Plume X0

o Keeper 5140

20

o Large disagreement!
T 1 ! T T T T 20 T T I: T T T T t T | T
‘ L . g ; experimental
1021 L keeper exit 5 18 - orifice entrance data +I
i/ ] 16 - \ ; + -
T = S U + + |
S : : =12} ]
= s 1
= experimental 2 10F 3
2 data L gL calculations
g 107 *a 1z
o : calculations ? © °r *@ % * 3 ; ]
e ? i g al . keeper exit ]
8 ggol 4 S L -
o E : ] o B : 7
orifice entrance otk .
[ interior region | ‘ plume | -2 interi ion | —
10" e | , , Ilnterllor region | | | | plume
2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.0 25 3.0 3.5 4.0 45 5.0
Distance along the cathode abscisse (cm) Distance along the cathode abscisse (cm)
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lon acoustic instability

Plasma density (m™)

[E

o
N
(A

[EnY

o
N
S}

=

o
N
©

=

o
N
©

IAl taken into account
o Previous work in the literature

R. C. Davidson and N. A. Krall,
Nucl. Fusion 17, 1313 (1977)

o Linear regime - additional terms in equations (momentum, energy)
o Non-linear effects (saturation - adjustable coefficient o 7, [10-3-102])

o, .=0 (w/o instability)

o =10" a =210°

@ =2.510" a =310°

@ =3510° a,..=410"
=4510° o =510"

experimental

calculations

= orifice entrance !

N

I ilnterior reglion 3 L keeper exit 2
2.0 2.5 3.0 3.5 4.0 4.5 5.

Distance along the cathode abscisse (cm)

Plasma potentiel (V)

25.,t. I
| Interior region

20 | orifice entrancé(

15+

10

0+

experimental

[ data i ﬁ a,,,=0 (w/o instability)
5'm n = | o =10° 0,=210° | -
I o _=2510" o_=310"
nTe nTe
_ 3 _ -3
a=3.510 a =410 }
. 1 o =45 10" o _=510°
| callculat|0n53| i“Te | it | |
2.0 25 3.0 3.5 4.0 4.5 5.0

Distance along the cathode abscisse (cm)

G. Sary et al., PSST 26, 055007 (2017)
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Cathode plume

Plasma Fluctuations
potential (V) density (a.u.)
! 16 3.0x10°%
14.8 2.7x1073
e 13.5 2.3x1073 B
12.3 2.0x1072
11 1.6 %1073
9.8 1.3x10°3 i
8.5 09x10 | Plasma
7.3 3 P .
6 sk potential

Oscillations starts close to the orifice
No instability inside (as expected)
Electron heating (non-visible here)
lon backflow

Normalized
fluctuations
density

0.5

O O O O

Explanation of the erosion observed in experiments?

I. G. Mikellides et. al. JPP 24, 866 (2008)

0 hrs 4693 hrs 10451 hrs 21306 hrs 30352 hrs
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Perspectives/on going activities

= Alternative propellant to xenon
o International event — Russia/Ukraine war: Xe rare and expensive
o lodine seems a good candidate — solid storage (positive return from GIE)
o New cathode concept?

= Self-induced magnetic field
) Neg|igib|e for few kW HTs L. Garrigues et al., JAP 111, 113301 (2012)
o Still for very high power HTs?

Fluid/hybrid are very versatile, low computation time

o Models are more descriptive

o How to improve the predictive capabilities?

o Combine model capability with data-driven for anomalous transport
through Al approaches? B. Jorns, PSST 27, 104007 (2018)
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