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Electrostatic Tractor

• Most Active Debris Removal (ADR) methods rely on some sort of physical contact

• Nets and harpoons might generate new debris fragments


• High debris tumble rates complicate grappling methods


• Electrostatic Tractor: relocation of retired satellites 
without physical contact

• Servicer emits electron beam onto debris, 

causing an attractive electrostatic force


• Inertial thrusters to tug the debris and raise orbit


• Detumbling of debris with electrostatic force and torque possible


• Relative motion controller feeds forward expected 
electrostatic force
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Electrostatic Tractor: Charging and Sensing
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• Most prior work assumed fixed potentials

• How do potentials change over the duration of an orbit?


• How do we control and maintain desired potentials?


• Need fast (simplified) charging model in order to

• Simulate the variation of potentials and electrostatic forces 

over time


• Implement a charge filter and charge controller that utilize 
the estimation of electric potentials


• Study the effect of the electron beam on such electric 
potential sensing methods
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Natural Currents

4

AVS
Laboratory

<latexit sha1_base64="zdjmqi4P//w4neiR0j8dE8JxU38=">AAACFXicdVDLSsNAFJ3UV62vqEtdDBbBVUk11LgQCm5cVugLmlAm00k7dCaJMxOlhGz8CX/Bre7diVvXbv0Spw/B+jhw4XDOvdx7jx8zKpVlvRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH16M/dYNEZJGYV2NYuJx1A9pQDFSWuqa+7fwHLryWqjUDQTCqQPrWerGFPIs65pFq3TmnNhOBf4m5ZI1QRHMUOuaH24vwgknocIMSdkpW7HyUiQUxYxkBTeRJEZ4iPqko2mIOJFeOvkig4da6cEgErpCBSfq94kUcSlH3NedHKmB/OmNxb+8TqICx0tpGCeKhHi6KEgYVBEcRwJ7VBCs2EgThAXVt0I8QDoMpYOb2+LzrKBD+foc/k+ax6VypWRf2cWqPYsnD/bAATgCZXAKquAS1EADYHAHHsAjeDLujWfjxXidtuaM2cwumIPx9glaWZ8+</latexit>

w =

r
8T

⇡m

<latexit sha1_base64="Kop11gIa6P3g87HRfgGuf9MC7N8=">AAAC03icjVFNj9MwEHWyfCzlq8CRy4gK1BWiJKgCLouKuMBtkba7K9UlcpxJa63jpLbDbmXlgrjyA+HIL8FJe2ARK3iSpfF782ZGM2klhbFR9D0Id65cvXZ990bv5q3bd+72790/MmWtOU55KUt9kjKDUiicWmElnlQaWZFKPE5P37X68WfURpTq0K4rnBdsoUQuOLOeSvo/wONDgjCk1VLswX6vJWiKC6Ec94VN0zHPaJZrxt 3bpIIVKG84S7Bx4wbwk2utzw/9H54AtXhuncgboKuaZdBqQCWuIAJK/1HL5+V2GMNToF1Ga25cV5lqsVjavcs6vIFoMzmqbDt30h/Eo6gDXB4MyBYHSf8nzUpeF6gsl8yYWRxVdu6YtoJLbHq0NlgxfsoWOPOhYgWauetu0MBjz2SQl9o/ZaFjf3c4VhizLlKfWTC7NH9qLfk3bVbb/PXcCVXVFhXfNMprCbaE9qCQCY3cyrUPGNfCzwp8yfz2rD/7hS5p0fT+bylHL0bxy9H443gwGW/Xs0sekkdkSGLyikzIe3JApoQHkyAPyqAKp6ELv4RfN6lhsPU8IBcQfvsFQmzZ9g==</latexit>

Ie(�) =

8
><

>:

�Apqnewe

4
e�/Te if �  0

�Apqnewe

4

⇣
1 + �

Te

⌘
if � > 0

<latexit sha1_base64="hYnOIg3XB74VmhR3RXBXTP7XJ0s="></latexit>

Ii(�) =

8
>>><

>>>:

Apqniwi

4

⇣
1� �

Ti

⌘
if wi � vi,bulk, �  0

Apqniwi

4
e��/Ti if wi � vi,bulk, � > 0

Aramqnivi,bulk if wi < vi,bulk

<latexit sha1_base64="2G7pDy0H18DfTuyAvNGbs0k88Uc=">AAACyXicjVFda9RAFJ3Er7p+rfroy8VFqdBus7K0fdBSlILiS8VuW9lZl8nkZnfoZJLN3EjXkCf/oK+++kucZANas dADA4dzzv3gTphpZSkIfnr+tes3bt5au925c/fe/Qfdh4+ObVrkEkcy1Wl+GgqLWhkckSKNp1mOIgk1noRnb2v/5CvmVqXmiJYZThIxMypWUpCTpt0f4PB+Wn46ONh4s4HVOs/m6gW8hk5t8BBnypTSDbBVo2zCq89/0nvAZZSSa4Bt4XPghOdUqrgCvihEBLUOXOMCAuD8Sk3wS7lZs62jJlVVl7Xdg2C1J5qo3XLa7Q36QQO4nPRYi8Np9xePUlkkaEhqYe14EGQ0KUVOSmqsOrywmAl5JmY4dtSIBO2kbC5fwTOnRBCnuXuGoFH/rihFYu0yCV0yETS3/3q1+D9vXFC8OymVyQpCI1eD4kIDpVB/I0QqR0l66YiQuXK7gpyLXEhyn31hSphUnasd5fhlf7DdH34c9vaH7XnW2BP2lK2zAdth++wdO2QjJr1tj3voxf4Hf+Gf+99WUd9rax6zC/C//wZD2NKF</latexit>

ISEE,B,e(�) =

(
� < YSEE,B,e > ·Ie(�) if �  0

� < YSEE,B,e > ·Ie(�)e��/TSEE if � > 0

<latexit sha1_base64="uKEW1UFor9T6qqcemQt4sQpS8PA="></latexit>

ISEE,i(�) =

(
< YSEE,i > ·Ii(�) if �  0

< YSEE,i > ·Ii(�)e��/TSEE if � > 0

<latexit sha1_base64="QY3+0oGZgW3q9AxELpVRhDjIe88="></latexit>

< Y >=

R1
L Y (E)

�
E/(E ± �)

�
F (E ± �)dE

R1
L

�
E/(E ± �)

�
F (E ± �)dE

<latexit sha1_base64="ig2xsiZVwlcAi6b1PUaj/l+0A0g="></latexit>

F (E) =

r
q0

2⇡Tm

E

T
n exp

✓
�E

T

◆

<latexit sha1_base64="fn/7Ri31DOIReLNvetf4B/uSuYw=">AAACUHicjZBPSysxFMXv9PmnVp/2PZdugkWo+OjrSNG3EUQZcKlordKpJZNmNJjMDMkdaRnmo/kl3LnVre7daVoVrDzBAyGH37nhhhMkUhis12+dwo+Jyanp4kxpdu7n/EL51+9jE6ea8SaLZaxPAmq4FBFvokDJTxLNqQokbwWXu8O8dcW1EXF0hIOEdxQ9j0QoGEWLuuUWsTrtZoee92cnJ1VvlWyRBvFZL0bLfeR9zBTt58 QPNWWZ99f7APOs6pI1Mg5Xz9bzUrdccWv1kcjXpgJv2u+W7/xezFLFI2SSGtN26wl2MqpRMMnzkp8anlB2Sc9529qIKm462aiAnKxY0iNhrO2JkIzoxxcZVcYMVGAnFcUL8zkbwv9l7RTDf51MREmKPGKvi8JUEozJsE3SE5ozlANrKNPC/pWwC2qLQtv52JZAfbeU4/Wau1FrHDQq2423eoqwBMtQBRc2YRv2YB+awOAa7uEBHp0b58l5Ljivo+83LMKYCqUXKYCxcw==</latexit>

YSEE,B(E) = 4 · Ymax
E/Emax

(1 + E/Emax)2

<latexit sha1_base64="IgOyJ+JdfOW/pZb+rR7FrG7BeVY="></latexit>

YSEE,i(E) = 2
�E1/2

1 + E/Emax,i

Plasma Electron Current Plasma Ion Current

Secondary and Backscattered Electron Current 
due to ambient electrons

Secondary Electron Current 
due to ambient ions

Yield model for electron impact Yield model for ion impact

Photoelectric Current
<latexit sha1_base64="isIbgVg+bFsSW9ezJzOs75iSOZM="></latexit>

Iph(�) =

(
jph,0Aph if �  0

jph,0Aphe��/Tph if � > 0

<latexit sha1_base64="zdjmqi4P//w4neiR0j8dE8JxU38=">AAACFXicdVDLSsNAFJ3UV62vqEtdDBbBVUk11LgQCm5cVugLmlAm00k7dCaJMxOlhGz8CX/Bre7diVvXbv0Spw/B+jhw4XDOvdx7jx8zKpVlvRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH16M/dYNEZJGYV2NYuJx1A9pQDFSWuqa+7fwHLryWqjUDQTCqQPrWerGFPIs65pFq3TmnNhOBf4m5ZI1QRHMUOuaH24vwgknocIMSdkpW7HyUiQUxYxkBTeRJEZ4iPqko2mIOJFeOvkig4da6cEgErpCBSfq94kUcSlH3NedHKmB/OmNxb+8TqICx0tpGCeKhHi6KEgYVBEcRwJ7VBCs2EgThAXVt0I8QDoMpYOb2+LzrKBD+foc/k+ax6VypWRf2cWqPYsnD/bAATgCZXAKquAS1EADYHAHHsAjeDLujWfjxXidtuaM2cwumIPx9glaWZ8+</latexit>

w =

r
8T

⇡m

Charging model assumes fully 
conducting spacecraft

≈ 0 ≈ 0

≈ 0



Applied Space Environments Conference, Huntsville, AL, Oct. 9–13, 2023

Electron Beam Induced Currents
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Total Current and Equilibrium
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Varying Electron Beam Current and Sunlight/Eclipse

• Higher beam current does not necessarily mean more negative 
target potential

• Servicer charges as well -> limits how much target can charge


• Servicer equilibrium increases with increasing beam current


• Less potential “left” for target
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Multiple Equilibria: Regions of Convergence
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Achieved Equilibrium depends on charging time history (initial conditions) Can we jump from one equilibrium to the other?
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Varying the Electron Beam Energy
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Varying the Electron Beam Energy
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Varying the target orientation (sunlit area)
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Current Noise applied to chamber-like scenario
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But these are just simulations…

Can this be observed in experiments?

We believe that multiple equilibria are 
present in this experimental data
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Conclusions and Future Work

• Assumption that target potential does not influence whether or not beam comes 
back to servicer seems to be justified for our work


• Benefits the simplicity and efficiency of the charging model


• Multiple Equilibria may exist under certain conditions

• Converged potential depends on charging history (initial conditions)


• Possible to jump from one equilibrium to another when


• Beam parameters are varied (pulsed): beam current and beam energy


• Orientation of spacecraft changes (and consequently intensity of photoelectric current)


• Significant current fluctuations are present


• Servicer Potential changes (acts like change in beam energy)


• … ?


• Possibly observed multiple equilibria in experimental data


• Possible utilizations of multiple equilibria (and significance for simulations)

• Open loop charge control at left-most equilibrium (we know the value of this equilibrium, we just 

need to get it there)


• Needs to be considered for simulations (which equilibrium do we want to compute)


• Need to be aware what could cause a jump to another equilibrium (beam parameters, …)


• …?
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Backup Slides
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Justification of Electron Beam Assumption

• Simulation in SIMION Particle Tracing Software to investigate beam 
landing location (does the beam hit servicer or target?)
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- Electron Beam Energy: 10, 20, 30 keV


- Target Potentials: -30 kV to 0 kV


- Servicer Potentials: 0 kV to 30 kV


- Separation Distance: 15, 20, 30 m


- Varying Target Orientations

Plots show number of hits averaged 
over all distances and orientations

20 keV Electron Beam
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Good agreement with assumption from previous slide!
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Equilibrium Potential vs. Electron Beam Current 
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Equilibrium Potential vs. GEO Local Time
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Maximum allowed beam current to not charge target
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Charged Particle Yield
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