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𝑚𝑚𝑓𝑓

𝑚𝑚𝑖𝑖
= 𝑒𝑒− 

𝑣𝑣𝑠𝑠 𝐶𝐶⁄
𝑣𝑣𝑒𝑒𝑒𝑒  

If your exhaust velocity is about the same speed 
you want your spacecraft to go then nearly 2/3rds  
of your initial mass is propellant 



𝑚𝑚𝑓𝑓

𝑚𝑚𝑖𝑖
= 𝑒𝑒

− ∆𝑉𝑉𝐼𝐼𝑠𝑠𝑠𝑠𝑔𝑔 



Thrust:  𝑇𝑇 = 𝑚̇𝑚𝑣𝑣𝑒𝑒𝑒𝑒 

Time to exhaust all the propellant:   𝑡𝑡 =
𝑀𝑀𝑝𝑝

𝑚̇𝑚
 

For a propellant mass that weighs 1 N at the Earth’s surface, 
How long can you sustain a thrust of 1 N? 

𝑊𝑊𝑝𝑝 = 𝑀𝑀𝑝𝑝𝑔𝑔 → 𝑀𝑀𝑝𝑝 =
𝑊𝑊𝑝𝑝

𝑔𝑔
 

𝑡𝑡 =
𝑊𝑊𝑝𝑝𝑣𝑣𝑒𝑒𝑒𝑒
𝑇𝑇𝑇𝑇

 

for 𝑊𝑊𝑝𝑝 = 𝑇𝑇 = 1, then 𝑡𝑡 =
𝑣𝑣𝑒𝑒𝑒𝑒
𝑔𝑔

≡ 𝐼𝐼𝑠𝑠𝑠𝑠 
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Mono-propellant 
hydrazine thruster 

Isp = 220 s 

Bi-propellant 
NTO/MMH 

Isp = 320 s 

Bi-propellant 
LOX/LH2 

Isp = 450 s 

Aerojet XR5 Xenon 
Hall Thruster 

Isp = 2000 s 

Xenon Ion Thruster 
(Dawn) 

Isp = 3100 s 

Xenon Ion Thruster 
(NEXT) 

Isp = 4000 s 



 Chemical propulsion systems:  
 Carry the energy for propulsion 

with the propellant 
 Power is determined by the 

propellant mass flow rate 
 Performance is limited by the 

energy density of the propellants 
 

 Electric propulsion systems: 
 Decouple the energy for 

propulsion from the propellants – 
allows more energy to be added to 
each kg of propellant 

 Power is generated on-board by a 
separate power system 

 Performance is limited by the 
power generated by the power 
system 



Pre-Decisional Mission Concept 

3.6 AU/year 
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Isp = 2000 s 

Xenon Ion Thruster 
(Dawn) 

Isp = 3100 s 

Xenon Ion Thruster 
(NEXT) 

Isp = 4000 s 

4.2 AU/year 

6.5 AU/year 

8.4 AU/year 

Aerojet XR5 Xenon 
Hall Thruster 





Lev, D., et al, “The Technological and Commercial Expansion of Electric Propulsion in the Past 24 Years, IEPC-2017-242, Presented at the 
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11 km/s ∆V 
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Deep Space 1 

Hayabusa 1 

Hayabusa 2 

Dawn 

SMART-1 



Psyche 

Bebicolombo 

DART 

CAESAR 

Pre-Decisional Mission Concepts 





Targeted for deep-space science missions with small spacecraft (~100 kg) 
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NASA’s Deep Space Gateway Concept 

Power & Propulsion Element 

Pre-Decisional Mission Concept 





Deep Space Transport Vehicle 
(image from Boeing) 

Pre-Decisional Mission Concept 



Pre-Decisional Mission Concept 



 After discovery, this becomes primarily a propulsion problem 

 What size asteroids do we need to be concerned with? 



Hiroshima 

Boslough, M., Brown, P., and Harris, A., “Updated Populsion and Risk Assessment for Airburst from Near-Earth Objects (NEOs),” 2015 IEEE Aerospace Conference, Big Sky, MT. 



Most likely threat objects may turn out to be in the 50 m to 140 m size 



Kinetic Impactor Nuclear Blast 

Gravity Tractor Laser Ablation 

Pre-Decisional Mission Concepts 



spacecraft

Key Technology is to design ion optics to provide < 3 degree ion beam divergence 



• Has long been recognized as a propulsion problem 
• Probably only feasible in the long run if you can use 

asteroid-derived propellants 

Past proposals include: 
• Water 
• Mass drivers (throwing rocks) 
• Even billards (colliding one NEA with another) 
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A magnesium-fueled Hall thruster 
from Michigan Technological 

University 

Molecular 
Weight

Melting 
Point

Boiling 
Point

(AMU) (C ) (C ) 1st 2nd 1 Pa 10 Pa 100 Pa 1000 Pa
Magnesium 24.31 650 1091 7.65 15.04 T (K) 701 773 861 971
Sulfur 32.06 115 445 10.36 23.34 T (K) 375 408 449 508
Xenon 131.3 -112 -108 12.13 21.21 T (K) 83 92 103 117

Ionization Energy
(eV) Vapor Pressure

Temperature

State-of-the-art flight Hall 
thrusters use xenon as the 
propellant, but laboratory tests 
have also demonstrated 
operation on argon, krypton, 
iodine, and bismuth. 
 
What about magnesium? 





Want to go to > 550 AU in less than 15 years (~40 AU/year) 

Pre-Decisional Mission Concept 



> 40 AU/year 

3.6 AU/year 

Pre-Decisional Mission Concept 



Solar Gravity Lens Focus Solar Gravity Lens Focus 



NASA’s Dawn spacecraft has an ion propulsion system on board. It is 
the best on-board propulsion system ever flown in deep space. 
 How fast did Dawn go?            11 km/s 

NASA’s Voyager 1 spacecraft used Jupiter and Saturn gravity assists 
to make it the fastest spacecraft ever flown 
 How fast is Voyager 1?           17 km/s 

If we want to go to the solar gravity lens location in 10 years.    
 How fast do we have to go?               260 km/s 



High Power 

1 

Small Dry Mass 

2 

Small Propellant Mass 

3 

Don’t carry the 
power source—
laser beam power 
to the spacecraft 

Collect the laser 
power and 
convert it to 
electricity to 
power the ion 
drive system 

vex 

Increase the exhaust velocity, 
vex by a factor of 10 over the 
best ion engines today 

Artist’s concepts Pre-Decisional Mission Concept 



Artist’s concept Pre-Decisional Mission Concept 



Xenon-fueled ion thruster 

Parameter State of the Art Lithium 
Thruster 

Propellant Xenon Lithium 

Exhaust 
Velocity 

50 km/s 500 km/s 

Input Power 16 kW 7,000 kW 

Thrust 0.4 N 26 N 

Efficiency 0.74 0.95 

A lithium ion thruster would have 10X the  
exhaust velocity of the best ion engines today 

Pre-Decisional Mission Concept 

Xenon ion thrusters have 10X the exhaust  
velocity of the best chemical rockets today 
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Charge Exchange Collision Cross Sections Sputter Yield 





 

Condensable Metal Propellant Facility
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