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PPPL- the US DOE magnetic confinement fusion Lab, but not only fusion
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Where do we use plasmas in space?
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*Prevent electrical charging (and
arcing) of large satellites, ISS

*Implement electromagnetic tether
(orbit transfer, deorbiting)
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*Station keeping
*Drag compensation
*Orbit transfer
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Electric Propulsion — major types

thrusters
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OPERATIONAL SATELLITES wir ELECTRIC PROPULSION
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* By October 1, 2021, the
number of EP propelled

satellites more than doubled:
2363

« Hall thruster dominate in
June 2020

B. R. Frongello, W. A. Hoskins, R. J. Cassady, K. Maliga and K. Kalkowska, ASCEND 2021




Deep Space 1 (NASA) o o e e 'Hayé_lbu_sa 1&2 (JA){A)' .'

Dawn (NASA)

LISA Pathfinder (ESA) .

Courtesy Rich Hofer, NASA JPL



State-of-the-art Hall thrusters

« Highly efficient: 40-70%, long lifetime: 2000-10000 hours

Russian SPT Hall thrusters Busek BHT-200, 200 W, 13 mN Aerojet XR5, 4.5 kW, 250 mN MaSMi by JPL

0.3-5 kW, 20-300 mN 150-750 W
5-14 cm diam

X-3 Hall thruster

2-200 kW, 0.2-10 N
80 cm diam, 250 kg
Aerojet, NASA, U Michigan

a— :

PPS-1350 Hall thruster
1.5 kW, 90 mN

10 cm diam -

Snecma, France
SMART -1 mission by ESA
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Hall Thruster working principle in glance

Magnetic coils Cathode-neutralizer

Magnetic core « Low pressure ~ 10°" mtorr

* Gases: Xe, Kr, Ar

« Applied DC (stationary) E X B fields
* B~ 100 Gauss, V~ 0.1-1 kV

* Quasineutral plasma: n, = n;
~101% - 102 em—3

* Electrons are magnetized

GiSiHbxior « |deally, equipotential magnetic field surfaces
E=-V., XB
* Electromagnetic thrust force exerted * lons are not magnetized, accelerated by E- field

on thruster magnetic circuit
* Electron temperature ~ 10-10°% eV 10



Thrust density limit — an (dealized thruster case

Magnetic coils Cathode-neutralizer
Magnetic core

8 :-“_ 1 e
£ i
Bl -
4 "y

distributor
r L
z . .
l l l l l External B-field, B,,in the gap

Induced field

ind

/+ inthe circuit

Electron Hall current, /g,

« When the induced B-field approaches the applied
(external) B-field, the thrust density:

) -
—_— ﬁ —_—
Al max 2o

B is limited by magnetic properties of the magnetic core
e Larger thrust density -> smaller thruster for a given thrust

 Relevant to high power thrusters (~ 1 m diameter for
100 kW) and low power thrusters (~ 1 cm diam for 50 W)

A. Zharinov, Sov. Phys. Tech. Phys. (1967)
J. Simmonds, Y. Raitses, and A. Smolyakov, J. Electric Propul 2, 12 (2023)



Thrust density limits: theoretical vs achieved

Thrust Density (N/m?)
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What if we would build HT to operate at B%/2u, limit?

NASA 457M Hall Thruster
Power: 50kW

> I 9cm
Squeeze

« We assumed

for NASA thruster, B~ 200 Gauss,

for a hypothetical thruster, B~ 1 kGauss

L

Soulas et al. (2012)

13



Plasma-wall interaction: lifetime limiting ion-induced erosion

1.35-kW SPT-100 New 1.35-kW SPT-100 5,700 Hrs LColgftesy:
. King
Operational F. Taccagona

Cathode ™~ s = N | R e Y. Mikellides

IMichigan):[¥]
MIP Gl

=0

Jet Propulsion Laboratory
California Institute of Technology

{ ©

~ Ceramicchannel, 10 cm OD diameter
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Towards Tightly-Coupled Plasma-Material Interaction Science for Space Propulsion

| A
Independent Models Material Models  Multiscale and Multiphysics
at cm- Driven by Plasma Plasma-Materials
Length Scale Simulations Simulations A
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Efficiency limiting anomalous electron cross-field transport

TV I Small scale fluctuations Wall-induced effecton electron
n= Plasma density oscillations and cross-field transport
P, ] _|_. possibleinverse energy cascade in a 2 kW Hall thruster
! in a 9 kW Hall thruster ] B pr—
le) xHe) = <2 '
Wee B - -
Large scale plasma structures § S , o
. . — 2 B
ExB rotating spokeina 12 cm *g Mmoo ok o 2 Lol
diameter 2 kW Hall thruster =) —175 8 15 b,
2.25
% — 2. TH
= —Ip 1 ¢ . '
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Cross-field Transport: Towards Predictive Modeling and Design of Powerful Plasma Devices

Lifetime plasma energy density throughput, MJ/cm?3

100 102 103 —
Theories & measurements of Mesoscale structures Advanced
gradient driven instabilities (spoke) magnetically
_ shielded Hall
1 thruster, H6
il ——n——
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7 o |
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G
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E Control
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Importance of 3-D realistic size Particle-in-Cell modeling:
comparison of cross-field mobilities for SPT-100

3-D 2-D
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Data-driven modeling of anomalous transport

- « Comparisonwith first-principles models

TR Vano
/ﬂww”famﬂm/ eJ_ eJ_ W B
frequency profile ce
i From a correlation analysis of
E'2 722 ni2, . (VBT different data driven models
Run thruster model & (M L regreSS|On):
2
Voo K (uion )
ano ce
Do modeling results match
expeﬁmesnu:ls “ UE XB
measurements?
NO o
10°;
YES + 'é : Turbulence I1 . .
§ 11l * Not apparent physics meaning
Output plasma ] . -
B £ 102 « Explore the applicability to other
=] .
g regimes and thrusters
£1073 Data-driven
z PR TurbulenceIIT « Need to add wall effects
=
NP P S PP P r i
B. Jorns, Plasma Sources Sci. Technol, 27 104007(2018)  © 10 15 20 25 30 35 40 19
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Sustainable plasma propulsion will have to use
molecular propellants (e.g. air, water, CO,)

Xe and Kr are traditional propellants for Hall and ion « Airbreathing plasma propulsion by ESA/Sitael
thrusters

« Heavy atoms (longer residence time in the
channel), large cross sections with ionization
potentials, 12.1 eV and 13.9 eV, respectively

Expensive and limited supply

Looking for propellants with inexhaustible
abundance on and at near Earth and in Solar system

"

JM. Tejeda and A. Knoll, Acta Astronautica, 211,702 (2023) 0

Water Vapour




Need novel thruster configurations to sustain high ionization
of molecular propellants and achieve high performance

« Efficiency of Hall thrusters with alternative propellants
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 Typical distribution of electron temperature and

electric field measuredin Xe Hall thruster
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V-G. Tirila, A. Demairé and Ch. N. Ryan, Acta Astronautica212, 284 (2023) Y. Raitses, D. Staack, M. Keidar, and N.J. Fisch, Phys. Plasmas 12, 05{1704 (2005)



Alternative concepts, examples: beam generated air plasmas

» Off board beam powered Hall thruster * On-board electron beam generated airbreathing plasma

Anode Magnetic poles Hollow cathode

Electron || Segmented Cusped
\‘ \A | Cathode | Beams || Electrodes Magnetic Field
l_\ . | |

:[> FyeTy

lncommgz v
ambient 27t | N

air

——>

\ A |
I Channel Length !
iq L p.i 1. Air enters channel 3. ExB Penning lonization Stage: 4. CHT Acceleration Stage:
! 2. No compression_ or Air is ionized over channel length. lonized air is accelerated by
reduced compression Drag from front face and skin diverging magnetic field. Un-
friction from inner and outer ionized air flows through

channel walls

10*+

S. Macheret, M. Shneider, R. Miles, Phys. Plasmas 13 (2006) N
L. Pekkerand M. Keidar, Propuls. Power, 28 (2012) Q’ﬂ
Y. Raitses, J Simmonds, N. Chopra. [EPC-2022- 443, June 2022 ~
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Concluding remarks

« Plasma propulsionis a critical technology for space exploration with low power (nano, micro, small)
and higher power satellites (for interplanetary missions such as to Mars)

 Needs:

» Experimentally validated, whole device models to make predictable design, performance, lifetime
« coupled with materials models
« supported by data-driven ML models

* High thrust density regimes relevant to high power and low power

« Diagnostic tools for model validation and monitoring of thruster health

* Novel approaches:

 Sustainable plasma propulsion requires understanding of generation and
acceleration of molecular plasmas in space propulsion environments

* Novel propulsion concepts (e.g. magnetic reconnection plasma thruster)
23
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Princeton Collaborative Low Temperature Plasma Research Facility (PCRF)

2024 Call of User Proposals

« Call for proposals opens: October 9t , 2023

 Call for proposals closes: December 15th, 2023

« External Independent Panel Review: ~1.5 month

« Notification of Principal Investigators: by February 5, 2024

« PCRF facility considers also out-of-cycle proposals throughout
the year depending on facility utilization.

http://pcrf.pppl.gov

@ bCRF y



http://pcrf.pppl.gov/

Backup slides

26



Magnetic nozzle

Magnetic
coils

Paramagnetic
(ions)

& o g

Diamagnetic
(electrons)

Pressure
thrust
w&a\
%
0 200 400 600 800
Takahashi et al., Phys. Rev. Lett. 107, 235001 (2011) effective rf power (W)

FIG. 28. (Left): schematic of the azimuthal currents in the magnetic coils and in the plasma of a divergent MN. Paramagnetic azimuthal currents rotate in the same direction as
coil currents and attract each other, producing magnetic drag (negative magnetic thrust). lons develop a small paramagnetic current in, e.g., HPTs and ECRTs. Diamagnetic
azimuthal currents rotate in the opposite direction as coil currents and repel each other, producing magnetic thrust. Electron azimuthal current is diamagnetic and dominates in
the plasma. Additionally, the plasma creates pressure thrust on the chamber walls. (Right): experimentally measured magnetic thrust (open blue circles) and total thrust (open
red squares) from Ref. 345 in a helicon plasma thruster. Reproduced with permission from Takahashi et al., Phys. Rev. Lett. 107, 235001 (2011). Copyright 2011 American
Physical Society. The solid blue circles and solid red squares correspond to the expected values from a model. The black triangles represent the modeled pressure thrust.



Possible solution to erosion: cylindrical Hall thruster

« Diverging magnetic field topology

* No central channel wall

 Closed ExB drift (like in conventional Hall thruster)

« Electrons confined in a magneto-electrostatic trap

* lon acceleration in a large volume-to-surface channel
« Plume focusing controlled by the cathode mode

lon velocity vector map from LIF
e

i =g Non—Overrun / / / |
257 | e Overrun /'// l
garione o {, R RV g gF g5 3 35 33y

Magnetic céfé 4

Cath |
TR S S B B

s — — — — e — N — i ——

Y Raitses and N. J. Fisch, Phys. Plasmas, 8, 2579 (2001) . . . . . . . .
A. Smirnov, Y. Raitses, and N.J. Fisch, Phys. Plasmas 14, 057106 (2007) O 05 1 15 2 25 3 35 4 45
R. Spektoret al., Phys. Plasmas 17, 093502 (2010) z, [cm]
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Possible solution to erosion and heat: wall-less Hall thruster

10 T

3 cmdiam., 200 W wall-less
Anode  / . Hall thruster operating with Xe

115

Plasma Density (m-3)

Axial Location (mm)

Measured ion density in
the wall-less thruster

electrode

sied ~ * No side walls — no erosion

e Plasma in a strong magnetic field ~ 1-3 kGauss

« Two thrust mechanisms: 1) by E X B (Hall acceleration) at the anode

and 2) plasma expansion in diverging magnetic field at the axis
T/A ~MNe kTe ln(Bmax /Bmin)

Simmonds and Raitses, 2021
29



Hall Thruster working principle in glance

Magnetic coils Cathode-neutralizer

Magnetic core  Applied DC (stationary) fields: E X B

* Quasineutral plasma: n, = n;

e Electrons ExB drift in azimuthal direction

* Heavier ions almost unaffected by B-field

mev |
i >L>r, =
Lt Le eB
 Equipotential magnetic field surfaces

distributor E=-V,XxB

* lons are accelerated by electric field

* Electromagnetic thrust force exerted

S * Accelerated ion flux is neutralized by electrons
on thruster magnetic circuit

I'e = Lion

30
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