Plasma Physics Modeling and Simulations of Electric Propuls
Over the Last Two Decades at the Jet Propulsion Laboratory

_ _ _ _ “:w‘( — OrCa2D for M&S of E
loannis (Yiangos) G. Mikellides A EP hollow cathodes i
Jet Propulsion Laboratory b
California Institute of Technology 2

mmmmmmmm

ni(1,1) (m*-3)

7.6x10™"7
3.6x10""7
1.7x10""
— 8.1x10"®

Seminar at the Michigan Institute for
Plasma Science and Engineering (MIPSE)

University of Michigan

Hall2DePlume & S/C
Interactions Codes

P

November 5, 2025 - 2 Hall2De for M&S of
.l “~— | Hall-effect thrusters

a

Te (eV)

' |

aBRBLLS

CEX 2D & 3D for M&S
of ion engine optics

AFRL 6B3an@3-D
resistive -MHD
codes MACH

IS g wme omaom - = © 2025 California Institute of Technology. Government sponsorship acknowledged.



=L, Electric Propulsion Fundamentals

A Electrical energy utilized to perform work on the propellant

A Thrust produced bDAPisamfddoe o i
forces (e.g. Lorentz r E+j3 B)

A Unlike chemical propulsion, the working gas is in general not
limited by the bond strengths of matter.

A Higher exhaust speeds (several km/s) can be attained
A Higher mass fraction delivered
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Relevant Conditions in Electric Propulsion
Compared to Those in Other Fields of Plasma Physics

Advanced Propulsion (e.g. fusion magnetic
nozzles)
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U.S. Governments and Industry
Have all Benefited from Electric Propulsion

EP S/C by Manufacturer Region (June 30, . 2020)
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Investments in Electric Propulsion Expected
to Grow In the Next Decade
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ﬂ International Missions with Electric Propulsion

SMART-1: Technology demonstration mission (ESA)
- Launch: September 2003
- Propulsion: (PPS-1350G) Hall thruster
Hayabusa: Near-earth asteroid sample return (JAXA)
- Launched: May 2003; Return: June 2010
- Propulsion: Microwave electron cyclotron resonance lon engines
GOCE: Gravity field and Ocean Circulation Explorer (ESA)
Launched: March 2009
Propulsion: (T5) Kaufman lon engines
LISA Pathfinder: Technology demonstration for the Laser
Interferometer Space Antenna (ESA)
Launched: December 2015
Propulsion: Colloid thrusters and FEEPs
BepiColombo: Mission to Mercury (ESA/JAXA)
- Launched: October 2018
- Propulsion: (T6) Kaufman lon engines
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http://www.universetoday.com/2009/03/11/sexy-goce-spacecraft-will-try-again-for-launch/goce-580x410/

Deep-space Missions Need EP to Operate for Years

Published: Novemb'qr" :

Dawn
| \ Y THE NUMBERS

51,385

HOURS OF
ION ENGINE THRUSTING

172

G B SCIENCE DATA
collected

3,05 oroit

Vesta and Ceres ', *

images taken

BILLION

MILES TRAVELED
\Ince launch

N/

FARTHEST DISTANGE FROM EARTH
3 67 MILLION
MILES

Final numbers for the mission,

{500 jot Propulsion Laboratory
MRS Calitornia Institute of Technology which ended Nov. 1, 2018

Vesta & Ceres are the two most massive bodies in the main asteroid belt

I Vesta ~ 560 km in diameter (350 miles)
I Ceres ~ 970 km in diameter (600 miles)

Dawn was the first mission to orbit a main belt asteroid and orbit two

extraterrestrial bodies

The mission was made possible by its ion propulsion system
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ﬂ Overcoming the Challenge of Identifying and
Mitigating Failure Modes in Electric Propulsion

EP Testing EP Modeling (when properly validated!)
Pros Cons Pros Cons
Identifies failure Cumbersome, costly, Provides physics Complex physics 1
modes/mechanism(s)  time consuming understanding to validation
failure A reduces cumbersome, long
mission risk development time
Invaluable source for Only small samples of  Allows for reliable test
model guidance and failure data usually data extrapolations
validation possible
Limited information Allows assessment of
about the driving changes in design
physics and/or operating
conditions
Effects of facility on Helps interpretation of

failure not always clear ambiguous test results

A combination of physics -based modeling, wear tests
and laboratory experiments offers the most cost

effective, timely and low -risk approach to the
qualification of EP for deep -space flight.




ﬂ Modeling of Plasmas in Electric Propulsion
Can be Uniquely Challenging

A Complex physics
A Extensive mathematical governing laws
A Can be computationally intensive

A Wide-ranging spatial and
temporal scales |

I Plasma-material
Interactions must be
accounted for

A Model validation many
times requires i
com plicated dlag nostics “Wouldn't it be more efficient to Just find who's

i complicating equations and ask them to stop?”
and/or facilities

Y (I—¥)=3<¥+D-Z
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ﬂ The Governing Equations of

Hydrodynamics
Mass Continuity % == EI& \%
Fluid Momentum r ﬁl —-rvip Vv +Dg— %; gjij +g g
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ﬂ The Governing Equations of
Resistive-Magnetohydrodynamics
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Physical Sizes, Plasma Conditions and Modeling
Methodologies are Wide-ranging in Electric Propulsion

D ~ 500 cm
ne ~ 101-10% m-3

D~30cm
ne ~ 1016-1018 m-3

D~2cm
ne ~ 1017-1019 m-3

D ~0.025cm
ne ~10%2 m:-3
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Multi-fluid conservation laws, singiuid MHD, Navier-Stokes..|

eqn)

J

Numerical Methodologies

=
| }

Direct solutions for Particle methods
the distribution

function

(pioneered in late 50s

and early 60s, by
Buneman, Dawson,
Birdsall, and others)

Conventional fluid discretization methods (methods
& stability pioneered by Courant, Friedrichs, Lewy, Von

Neumann, Lax, Wendroff and many others, 50s-60s)
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n Pr o fObextb bas been

right with so many of his early
proposal s; |  woul
surprised If one day we flew to

Mars electrically! 0

0 Wernher von Braun to Ernst Stuhlinger in reference
to HermannOb e r ti M@= s on Nnel ec
propul siono, 1947 at the /

Front: Hermann Oberth

Middle left: Ernst Stuhlinger
Middle right: Wernher von Braun
Back-left: (General) Holger Toftoy

Back-right: Eberhard Rees.
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Gridded lon Engines Accelerate lons
Electrostatically

Neutralizer Cathoge

Electrons

......

Discharge Cathode
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.H- Hall Thrusters Accelerate lons
Electromagnetically

Anode- Hollow cathode

Propellant

Magnetic coils

Inner pole

Channel Outer pole

A Hall thrusters produce a high -energy ion beam using crossed electric (E)
and applied magnetic (B) fields.

I Strong applied B acts as resistance to magnetized electron motion across it
I E3 B drift of electrons generates Hall current which interacts with B A (jxB)

I Un-magnetized ions free to accelerate axially to high energy by component of
E=bfr*toBaccording to Ohmdés | aw.

15



Hollow Cathodes Produce Electrons by Thermionic Emission and
are Absolutely Critical for the Operation of lon and Hall Thrusters

M,>0.2 A Compressible, viscous flow for neutral gas
(Poiseuille approximation invalid)

Re~1, M, <<1 A incompressible,
viscous neutral -gas flow

. Electrons released by thermionic emission
A endence on temp. & work function
——— -‘\\.__
\“ A - “““‘-«..__q_
Q.QQQ““

S84 —

\7~ /\\ LT /‘ ()

Sheath (loss of quasi -neutrality in ionized gas)
A boundary conditions highly non  -linear

Cold propellant
(usually xenon)

Partially -ionized gas with non -equilibrium ionization
Must account for three -species transport:  ng;, ey, Ny

Kn 2 1 loss of continuum approximation

Cathode plume: supersonic electrons at Kn  >1
A plasma micro -turbulence enhances transport

Applied magnetic field confines expanding plasma
A requires electromagnetic terms ( W,>1)

16



nNBy a model Il S meant a mat
with the addition of certain verbal interpretations,
describes observed phenomena. The justification of

such a mathematical construct is solely and precisely
that it is expected to work 8 that is, correctly to
descri be phenomena from a

d John von Neumann (‘Method in the Physical Sciences', in John
von Neumann and L. Leary (ed.), The Unity of Knowledge, 1955)

17



With the 2-D Orificed Cathode (OrCa2D) Code JPL Pioneered

the Simulation of Plasma Physics in EP Hollow Cathodes

Cathode Tube Emitter .

Orifice Plate

Code development began in 2004 at JPL [1]
+ OrCaz2D firsts at the time:

— solved the most comprehensive system of
conservation laws in these devices

— used largest 2-D axisymmetric domain,
encompassing cathode interior and exterior

— accounted for applied magnetic field

— revealed the 2-D structure of the interior
plasma

* About a decade later similar codes emerged in
China and France

Mo Ring Heater

Plasma Density & Electron
Current Density Streamlines\,

[~ Orifice entrance

nefleldm 3 10 20 30 40 50 60 70 B0 80 100 ~— Keeper exit

® Experiment

T?

—— Theory (fully-viscous)
..... Theory (inviscid)

el

Plasma Density (m'e)

The OrCa2D Governing Equations

d(nmu);
ot

+ V' (nmuu); = —enV$ — Vp; + R;

d(nmu),

T-J-V' (nmuu), = enVy - Vp, + R, —u, xB =0
d(nmu
% + V- (nmuu), =-Yp, +V-T, +R,

V: (enu; — enu,) = 0

3dp, 5 ) mou’
. '(Epeue+Qe)_Qe+ue'Vpe_n(e‘€i_ ; e)

5
——+V: (E PimWim + qr‘/n) = Qi/n + Ui th‘/‘n

[1] First journal article on OrCa2D: Mikellides, I. G., Katz, I., Goebel, D. M., and Polk, J. E., "HollowEgthiodenTHeokyTalamensional Theoretical Model of the

Emitter Regioddurnal of Applied Physicd 98, No. 11, 2005, pp. 1133@3 (1
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Noteworthy Firsts with OrCa2D Over
SR 4

the Last Decade

A First simulations of high-current cathodes
(>100-A) capturing the effect of the induced
azimuthal B [1]

A First fully coupled plasma-thermal
simulations [2]

SOBOOE00B860000006

A First 2-D simulations of a hollow
cathode operating with argon [3]

A First simulations of barium transport in a hollow
cathode with a BaO-impregnated tungsten insert
operating with ionized xenon propellant [4]

[ 3] Rajagopal an, S. AOrCa2DbD Simulations with Ardgsp GFHEY) ,

[4] Polk, J. E., et al., "Barium Depletion in Hollow Cathodé. BmitteP$ysol. 119 (2016).

ne(m'3): 1.00E+17 1.00E+18 1.00E+19 1.00E+20 1.00E+21

w/ self -induced B

w/o self -induced B

Plasma -l IL I _

[ potential (V) 0.0x10"" 4.5x10"" 8.9x10"" 1.3x10""" 1.8x10""'

|
|
|
h: (3] — Ar (14 A)- V=16V |
5

"~
Iy

T TS 1 1]
coO0DOD2=222pN

[ 1] Lopez Ortega, et a | . -RrincipldsoModleboion @autsht d cce AShiondukliom RoseS4RIOE]IY. i [4] () Bastoi for darisit mmm 4 (m3), for Cas
[ 2] Guerrero, P., et al . ;considtentIplasmavsolatiant tivoostéeneutrélizationgaidellinh cEdPeCl |Piarpee r a chD 19 éIOfl 9) .

8puPteWVWi Pepospgt BoodéntduRt
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With the 2-D Code Hall2De JPL Pioneered Simulations of Large-
scale Anisotropic Plasma Physics and Wall Erosion in Hall Thrusters

A Code development began in 2008 at JPL [1]. About a decade later a similar code was
developed in Europe (Spain).
A Versions of Hall2De licensed to

| Lockheed Martin and Aerospace Corporations [1] First journal article on Hall2De: Mikellides, I. G. and
i NASA Glenn Research Center Katz, I., Slm_ula_tlon of_ Hall-effect I:"’Iasma} Accele_rators
B _ i on a Magnetic-field-aligned Mesh," Physical Review E,
I Lawrence Livermore National Laboratory Vol. 86, No. 4, 2012, pp. 046703 (1-17).

i University of Michigan

A
B >
‘: \‘\\ %

T =
Ny e~

Hall thruster operating in a

vacuum facility Magnetic field streamlines Computational mesh lon density line contours
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L. Hall 2De Has Ens

Te(eV): 1.0 3.5 65 90 11.514.0 165 19.0 21.5 2«

A First simulation of Hall thrusters on a Magnetic Field Aligned
Mesh (MFAM)
I revealed regions where long-standing assumptions failed
I allowed simulation of thrusters w/ complex magnetic fields

A First simulation with large enough computational domain to
encompass the hollow cathode
i allowed investigations of hollow cathode and thruster plume
interactions not possible in the past

/]
/]
]

A First simulation of a nested Hall thruster
I allowed investigations of multi-channel plasma interactions
and first assessments of channel erosion in such thrusters

H

],
;‘

TF
7
27
<7

7,

2

ne (m-3) 4.0¢10°1 &x10°%6 Sx10™2 610" 1 Ox10°74 2x10°7 1 T 10™"
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‘HJPLC)S | on Optics Codes CI
Revolutionized Grid Life Modeling in lon Thrusters

A CEX2D and CEX3D codes (named after th

produces most of the eroding ions) de:
A Enabling modeling capability in the qualification of gridded ion thrusters for deep-
space flight

I prediction of grid life in space (different from laboratory) for entire mission profiles
I design and optimization of grid geometries

First publications:

[ 1] Brophy, J . R. , Kat z, | ., Pol k, J .
l on Thruster Accelerator Grid Erosion,
[2lAnder son, J ., Kat z, I, and Goedsedllon D.

Optics Using a 3D Code, 0. 37

Scree Accel
n grid grid
¥ ¥

—— Beamions |
—» CEX

ons

——

95 1 ’\

Beamlet axis

———— —

. 2

Downstreair
surface
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lon Optics Codes Enable Rapid Thruster
Development with a Single Design lteration

_,\ A The Nuclear Electric Xenon lon System
(NEXIS) becomes the first ion engine to be
designed using physics modeling tools

A Developed in 2003-2005 for Outer planet
' robotic NEP missions like JIMO

T 6000-9000 s Isp range; 7500 s nhominal

i 20 kWe per engine

T 100,000 hour life

A Design validated in extensive subscale and

full-scale tests [1, 2] l

35

o --- Measured Limits (CSU Gridlet Tests)
304 @ — Calculated Limits (CEX2D) .
¢ Measured Limits (NEXIS Thruster) o

r5] ™ Nominal Operating Point

Direct
Impingement

2.04

NEXIS Wear
Test Point

10 e Centerline 3rd Hole
e from Fdge

1.54

Beamlet Current (mA)

Crossover o
Impmgement S T

Ed ge Hole

0.5

Figure 16. Post-Test Inspection Photograph of 0.0 =
Upstream Surface of Accelerator Grid. Note . T T

pristine, un-arced condition of surface. 3000 4000 5000 6000
Beam Voltage (V)

[1] Goebel, D., Polk, J., Sengupta, A., AIAA Paper 3813, 2004.
[2] Polk, J., Goebel, D., Snyder, J., Schneider, A., Sengupta, A., AIAA Paper 4393, 2005. 23



NA theory has
alternative of being right or
wrong. A model has a third
possibility: it may be right,
but irrelevant. ©

0 Manfred Eigen (1967 Nobel Prize in Chemistry)
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=L Understanding Failure Modes

A NASAGs Extended Lif
late 1990s lasted >30,000 h T longest
test of ion engine at the time [1].

A Revealed possible failure mechanisms
that were not understood A risk to future
missions

I neutralizer cathode orifice plate eroded but
then stopped

I discharge main cathode orifice plate did not
erode

I region not accessible to plasma diagnostics

[1] Sengupta, A., Brophy, J. R., Goodfellow, K. D.,
iStatus of the Extended Lif

0 hrs 8.192 hrs 30.352 hrs Flight Spare lon Engine After 30,352 Hours of

(JPL 1997-1998) (JPL 2000-2004) Operation, ei558l AA 2003 25



Plasma Simulations of Hollow Cathodes Explain Wear
Observed in Long-duration Tests, Reducing Mission Risk [1]

Discharge Hollow Cathode (DHC) Neutralizer Hollow Cathode (NHC)

0.25:

10 mi®

100 600 1100 1600 2100

lon engine

/Extended -Life Test
/ 30,352 hrs
(JPL 2000-2004)

Life -Demonstration Test
8,192 hrs
(JPL 1997-1998)

350

250 4

150 o

{pm)

50 4

-50 4

Erosion

-150 §

[1] Mikellides, I. G., and Katz, I., "The Partially-lonized Gas and Associated Wear in Electron 250

Sources for lon Propulsion, I: Neutralizer Hollow Cathode," Journal of Propulsion and Power -350 . . . .

Vol. 24, No. 4, 2008. 0 200 400 g00 800
Distance From Orifice Entrance (um) 26




‘H Physics Driving Anomalous Resistive Drop in Cathode

Plumes First Predicted at JPL Based on OrCa2D Simulations

Plasma Potential (V)

A Classical plasma physics had been
unable to explain the plume properties
of the cathode discharge for decades

A Using OrCa2D simulations, JPL EP
modeling team first to predict [1-3]

T current-driven ion acoustic instabilit
I lon Acoustic Turbulence (IAT) and

anomalous resistivity .................................

35
B0 e ——————————enat
25
20 b e
15 1
10 1 e Experiment

5 Theory (Te.eq.Ti)

— — - Keeper exit [1] Mikellides, I. G., Katz, |., Goebel, D. M., and Jameson, K. K., J. Appl. Physics,
0 i . : : : i : Vol. 101, No. 6 (2007).
0 2 4 6 3 10 12 14 16 [2] Mikellides, I. G., Katz, I., Goebel, D. M., Jameson, K. K., and Polk, J. E., J.

Prop. Power, 24 (2008).
z(cm) [3] Lopez Ortega, A., Jorns, B. A., and Mikellides, I. G., J. Prop. Power, 34 (2018). 27



A Prediction of IAT and Anomalous Resistivity
Confirmed Experimentally Several Years Later [1]

A Findings spawned new research programs at U.S. universities

A Plasma codes similar to OrCa2D developed years later in
France and China, all incorporating some form of IAT-driven
anomalous resistivity

Wave dispersion diagnostics confirm

=1
1077 [1] long-suspected presence of IAT
AT Slope lon
-2
10 ‘N 1 coustlc_s,peed
[ \ ol J RS !o.go
B =
> 1073y Ip=110 A = 0.72
r:la_ -_lll".l J-/:_u_ﬂ...a_;\.-..q_\_,-, --,.._..h-,.\_ﬂ'\-\,n._v____’___l__\ - % 1. 0.54
o e, = 0.36
10~ o B : g
' 4 0.18
et ll"'lw__ | | 7[} A - . &%
10-5F e TS0 AT '”‘*"“M%'-*"*’vm,—,{_:.; . N . .
0 500 1000 1500 2000 SES00 1000 1500 2000 2500 3000
FREQUENCY (kHz) WAVENUMBER (m")

[1] Jorns, B. A., Mikellides, I. G., and Goebel, D. M., "lon Acoustic Turbulence in a 100-A LaB6 Hollow Cathode," Physical Review E, Vol. 90,
2014, pp. 063106 (1-10). 28



-H- Physics of Mode Transitions in EP Cathode
Discharges Remained Elusive for Decades

A As far back as the
discharge mode transitions found to
lead to cathode failure

I at high flow rates
plasma visible at the orifice Spot mode
I at | ow flow rates a prono
of plasmao devel ops
A discharge oscillations and cathode
wear increase

Plume mode

"Spat'' mode
> 30— -
A For over four decades no ab initio g b %Ei pluner mote |] e
physics models could be developed that |z [ R e
. i @ |0
predict these mode transitions _ dor Increasing
§= 30 \?VathOde Keeper current =0.13 A
. . S _ ear
A Approach to evading failure mode; Test, |2 *
: g 10p- NO—e O O—O—
test and then test again! < e i AR
0 .01 .02 .03 .04 .05 .06 .07 .08 .09 .10 .11 .12
Mercury flow, equivalent amperes
[1] E. V. Pawlik, and V. K. Rawlin, A A Me r c tbrryi dmlea nmdournalafl i zer | 0 {a) Keeper and bias voitages as a function of mercury vapor
Spacecraft and Rockets, vol. 5, no. 7, pp. 814-820, 1968/07/01, 1968. flow. Normal thrustor operation.

[2] M. P. Georgin, B. A. Jorns, and A. D. Gallimore, IEPC-2017-298, October 2017. 29



First Simulation of Spot-to-plume Mode
Transition Performed at JPL

-

A OrCa2D simulations at JPL in 2018 achieve |5, B3
for the first time agreement between first- Ss| - S
principles models with measurements of Sal i " Sim (LN)
spot-to-plume mode transition [1] g g "-‘*\;x

A Computed waves are longitudinal, 100-300 |5 2 'ﬁ"\! ]
kHz in frequency and wavelengths of several ;Z% ! O
centimeters (phase velocity 11 km/s> ion g0 o
acoustic speed) 1

FIl ow rate 4,

0 5 10 15 20 25 30

6sccm, LN Location of minimum
- j neutral gas density —
| | ‘

e

4 0.20 1.25

1.20

i 115

— 1.10

o~ 0.18 —— b 1 os
E 1.00
O 0.95
\: 2 0.90

—

w
1106 e 5 e 1 T 1 T 5 [T 0

z(cm%

. . . . . 0.]07 ' —— - ‘
[1] Mikellides, I. G., Lopez Ortega, A., Goebel, D. M., and Becatti, G., "Dynamics of a Hollow Cathode Discharge-| 0 ] 2 3 4
in the Frequency Range of 1-500 kHz," Plasma Sources Science and Technology, Vol. 29, No. 3, (2020). (z-Lin)/Lem



‘H Erosion of the Acceleration Channel Has Been the Major
Life-limiting Process in Hall Thrusters for Over 50 Years!

Test Duration
19 P .
g (hours)

Anode- Hollow cathode

Propeliant

Magnetic coils

Channel Outéfbb‘le\\

A Some beam ions strike the channel walls with high
energy and erode the acceleration channel.

A The engine fails when magnetic circuit i
components are exposed to the ion beam. e * Test Duration

’ (hours)
A Life expectancy of typical Hall thrusters < 5-8 kh N - (ours)
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A Erosion of the Acceleration Channel Has Been the Major
Life-limiting Process in Hall Thrusters for Over 50 Years!

10,530 h

Anode

Hollow cathode

Propellant
Magnetic coils

Inner pole

Channel- -Quter pole

A Some beam ions strike the channel walls with high

energy and erode the acceleration channel. _
PPS-1350G showed heavy internal

A The engine fails when magnetic _circuit pole erosion and eventual erosion
components are exposed to the ion beam. of inner magnet coil at 10,530 h

A Life expectancy of typical Hall thrusters < 5-8 kh

CHANNEL EROSION IS THE MAIN REASON THAT NO HALL THRUSTER PROPELLED A S/C
ON A DEEP-SPACE MISSION FOR OVER 5 DECADES! 32



A The Longstanding Problem of Anomalous Transport in Hall
Thrusters Has Prohibited Fully Predictive Erosion Simulations

A The need : analytical closure models of the anomalous momentum and heat transfer
in the electron fluid to allow for ab initio 2-D axisymmetric hybrid simulations

I Fully-kinetic simulations not yet capable of offering practical support

I Axisymmetric 2-D (axial-radial) hybrid simulations: e , 0O
A offer the only practical approach for all- r € hW : 4 £ U
encompassing calculations resistivity/

Asuffer from the cl esu<{e pr ob |mgepymupnser” Oh mo
law, driven by the elusive anomalous collsion frequency (MTCF),?
electron transport physics 0 0 @

A require input from plasma diagnostics for ~
every different HET and operating condition

Erosion of outer magnet pole cover

: 10 450
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Hall2De Simulations, LIF Measurements, and Plasma Wave Theory
Enable Derivation of a First-principles Closure Model for Anomalous
Momentum and Heat Transport in Hall Thrusters.
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A Research at JPL on Anomalous Transport in Hall
Thrusters is Garnering International Attention

A Implementation of closure model in a 2-D axisymmetric code like Hall2De
(fluid electrons, generalized Ohmo
A VSTRAP-HET, a 2¥%-D, fully-PIC code for HET simulations developed by
SPARC Industries SARL (https://sparc-industries.com/) was the first code
of its kind to implement the JPL closure model using an MCC operator, and
the results show great promise [1].
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A Plasma Modeling Plays Key Role in the SPT-140
Risk and Life Assessments for the Psyche Mission

Simulations first validated with existing
SPT-140 wear test data

Simulations then used to predict SPT-140 A Required lifetime/thruster: ~7kh
wear for Psyche mission profiles A Successful operation demonstrated
on-ground: 10.3 kh

A Plasma and channel erosion

modeling with Hall2De used to:
I Predict wear rates for a candidate Psyche
mission profile; rates found to be tolerable
for the mission [1,2]
I Assess the effects of zero pressure on
wear rates and thruster performance [1-3]

[1] Lopez Ortega, A., ePsma Sources Sci TeghMudl 29, No. 3 (2020).
[2]Lopez Ortega, A., et al., IEPGZBELY¥ienna, Austria, Seg201(2019).
[3] Mikellides, I. G., ePdéhsma Sources Sci TegMubl 29, No. 3 (2020). 36



