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PropulsionPropulsion Fundamentals Fundamentals –– 1.1 1.1 HistoryHistory

Isaac Newton’sIsaac Newton’s
Principia Principia MathematiaMathematia (1687)(1687)

Reaction PrincipleReaction Principle

•• FengFeng JishenJishen invested Fire Arrow in 970 ADinvested Fire Arrow in 970 AD
•• Used against Japanese Invasion in 1275Used against Japanese Invasion in 1275
•• Mongolian and Mongolian and arabarab troupstroups brought it to Europebrought it to Europe
•• 1865 Jules Verne published 1865 Jules Verne published Voyage from Earth Voyage from Earth 

to the Moonto the Moon

ConstantinConstantin TsiolkovskiTsiolkovski (1857(1857--1935)1935)

•• SelfSelf--educated mathematics teachereducated mathematics teacher
•• The Investigation of Space by The Investigation of Space by 

Means of Reactive Drives (1903)Means of Reactive Drives (1903)
•• LiquidLiquid--Fuel Rockets, multiFuel Rockets, multi--staging, staging, 

artificial satellitesartificial satellites

Robert Goddard (1882Robert Goddard (1882--1945)1945)

•• Launched first liquidLaunched first liquid--fueledfueled
rocket 1926rocket 1926

•• Gyroscope guidance Gyroscope guidance 
patens, etc.patens, etc.

Hermann Hermann OberthOberth (1894(1894--1989)1989)

•• Die Die RaketeRakete zuzu den den 
PlanetenrPlanetenrääumenumen (1923)(1923)

•• Most Most influencialinfluencial on on WernherWernher
von Braunvon Braun
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1.1 1.1 HistoryHistory

Fritz von Fritz von OpelOpel –– RAK 2 (1925)RAK 2 (1925)

Fritz Lang Fritz Lang –– Die Frau Die Frau imim MondMond

•• Hermann Hermann OberthOberth contracted to built rocket for contracted to built rocket for 
premiere showingpremiere showing

•• Rocket was not finished, but key advancements Rocket was not finished, but key advancements 
accomplished and movie was big successaccomplished and movie was big success

Treaty of Versailles from World War I Treaty of Versailles from World War I 
prohibits Germany from Longprohibits Germany from Long--Range Range 

ArtilleryArtillery

Walter Walter DornbergerDornberger recruits recruits WernherWernher von von 
Braun from the Braun from the VereinVerein ffüürr RaumschifffahrtRaumschifffahrt
to develop missile in to develop missile in PenemPenemüündende (1932)(1932)

•• A4 (V2) first ballistic A4 (V2) first ballistic 
missilemissile

•• A9/A10 on the drawing A9/A10 on the drawing 
board (board (intercontinentialintercontinential
missile)missile)
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1.1 1.1 HistoryHistory

SergeiSergei KorolevKorolev
(1907(1907--1966)1966)

ValentinValentin GlushkoGlushko
(1908(1908--1989)1989)

WernherWernher von Braun von Braun 
(1912(1912--1977)1977)

AA--4 / V4 / V--22

Saturn VSaturn V
Space ShuttleSpace Shuttle

NN--11

EnergiaEnergia / / BuranBuran
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1.2 1.2 PropulsionPropulsion FundamentalsFundamentals
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1.2.2 Delta1.2.2 Delta--V BudgetV Budget

initialorbitdragg vvvvv ∆−∆+∆+∆=∆

Most important to select propulsion system !Most important to select propulsion system !

LEOLEO

GEOGEO

Gravitational PotentialGravitational Potential DragDrag OrbitOrbit InitialInitial

1.41.4

10.310.3

0.10.1

0.10.1

7.87.8

33

-- 0.40.4

-- 0.40.4

= 8.9 km/s= 8.9 km/s

= 13 km/s= 13 km/s

120,0004.5 light-years in 10 yearsFast Interstellar
30,0004.5 light-years in 40 yearsSlow Interstellar
1,000Mission to Oorth cloud10,000 AU
100Interstellar precursor mission100 – 1,000 AU (Distance Sun-Earth)

30 – 200Fast, direct trajectoryHuman Planetary Exploration
10-15Satellites, Robotic missionsLEO, GEO, Planetary Targets

Typical ∆v [km/s]DescriptionMission
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1.2.2.1 1.2.2.1 PropulsionPropulsion RequirementsRequirements

?
unlimited

3.5 – 27.6
27.6 - 230
16.1 – 115

11.5 – 20.7
230 – 2,300

1,381

4.6

5.7 – 7.1
6.9 – 11.5

Maximum
∆v [km/s] *

10-43x107Photon RocketPropellantless
??Breakthrough

101

3x10-1

102

150 – 1,200
1,200 – 10,000

700 – 5,000

Electrothermal
Electrostatic

Electromagnetic

Electric

106

105

102

500 – 800
10,000 – 100,000

60,000

Fission
Fusion

Antimatter

Nuclear
105< 200MHD

107

107
250 – 310
300 – 500

Solid
Liquid

Chemical

Maximum
Thrust [N]

Specific
Impulse [s]

Propulsion System

* Assuming (m/m0)=0.1   ⇒ Spacecraft consists of 90% Propellant
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1.2.2.1 1.2.2.1 PropulsionPropulsion ComparisonComparison

101077

101066

101055

101044

101033

101022

101011

00

Max. Max. ThrustThrust [N][N]

Chemical

MHD

Electric

Nuclear

Photon

Satellites
Satellites

Hum
an 

Hum
an 

Exploration
Exploration

Oorth
Oorth
Cloud
Cloud

Slow
Slow
Interstellar
Interstellar

Fast 
Fast 
Interstellar
Interstellar

Max. Max. ∆∆v v 
[km/s] *[km/s] *

0             100             101                1                10102                2                10103                3                10104                 4                 101055

NERVA

Saturn-V

JIMO
(Planned)

* Assuming (m/m
0 )=0.1
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1.2.2 Single 1.2.2 Single StagingStaging –– Multi Multi StagingStaging

•• Payload mass is directly linked to propellant velocity (e.g. ChePayload mass is directly linked to propellant velocity (e.g. Chemical 3,000mical 3,000--4,000, 4,000, 
Electric up to 100,000)Electric up to 100,000)

•• Mass is directly linked to costs (e.g. 20 k$ / kg on Space ShuttMass is directly linked to costs (e.g. 20 k$ / kg on Space Shuttle, 5 k$ on cheap le, 5 k$ on cheap 
Russian launcher)Russian launcher)

Structural Factor: Ratio of Empty Rocket (Structure + Payload) tStructural Factor: Ratio of Empty Rocket (Structure + Payload) to Full Rocket (Structure + o Full Rocket (Structure + 
Payload + Propellant) Payload + Propellant) 

Calculated for Orbital Speed (Calculated for Orbital Speed (∆∆v = 8,000 m/sv = 8,000 m/s, Atmospheric Drag + Gravity 1,500 , Atmospheric Drag + Gravity 1,500 –– 2,000 m/s)2,000 m/s)

Single Stage Chemical Propulsion System (3,500 m/s) needs 90% prSingle Stage Chemical Propulsion System (3,500 m/s) needs 90% propellant !opellant ! 12

1.2.2 Single 1.2.2 Single StagingStaging –– Multi Multi StagingStaging

MultiMulti--Staging with separate structures, engines and tanksStaging with separate structures, engines and tanks

( ) payloadpropellantstructure

payloadpropellantstructure
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•• Example for 100 kg rocket of Example for 100 kg rocket of 
mmpropellantpropellant : : mmstructurestructure : : mmpayloadpayload =      =      
90 : 9 : 1 kg90 : 9 : 1 kg

•• Two stage rocket has maximum Two stage rocket has maximum 
velocity gain of 1.43 at stage velocity gain of 1.43 at stage 
separator percentage of 91%separator percentage of 91%

•• More stages increase velocity gain More stages increase velocity gain 
but also increases complexitybut also increases complexity

•• MultiMulti--Staging discovered by Staging discovered by 
TsiolkovskiTsiolkovski in 1924 article in 1924 article Cosmic Cosmic 
Rocket TrainsRocket Trains
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1.2.2 Single 1.2.2 Single StagingStaging –– Multi Multi StagingStaging (Saturn V)(Saturn V)

2,498 m/s4,071 m/s3,312 m/sVelocity increment ∆v
1.812.633.49Mass ratio

4,210 m/s4,210 m/s2,650 m/sPropellant velocity vp

LO2/LH2LO2/LH2LO2/KerosenePropellant

13,300 kg39,048 kg135,218 kgDry mass

119,900 kg490,778 kg2,286,217 kgLaunch mass

Stage 3Stage 2Stage 1
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1.3 1.3 TrajectoryTrajectory and Orbitsand Orbits

Johannes Johannes KeplerKepler
(1571(1571--1630)1630)

TychoTycho BraheBrahe
(1546(1546--1601)1601)

KeplerKepler laws are first correct description laws are first correct description 
of the planet’s motion around the Sunof the planet’s motion around the Sun

( ) 2
2

r
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dt
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GM
rvε

Balance of gravitational Balance of gravitational 
and centrifugal forcesand centrifugal forces

Conservation of angular Conservation of angular 
momentummomentum

•• Parabola trajectory Parabola trajectory 
leaves Earthleaves Earth

•• Just Just √√2 greater than 2 greater than 
circle (minimum orbit) circle (minimum orbit) 
–– Mach 24Mach 24

•• Hyperbola trajectory Hyperbola trajectory 
used for interplanetary used for interplanetary 
flightsflights

r
GMv 2

=
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1.3.1 1.3.1 KeplerianKeplerian Orbital ElementsOrbital Elements

•• SemiSemi--Major Axis Major Axis a a : size of elliptical orbit: size of elliptical orbit
•• Eccentricity Eccentricity εε : shape of orbit: shape of orbit
•• Inclination Inclination I I : angle of orbit with the equatorial plane: angle of orbit with the equatorial plane
•• Longitude of ascending nodeLongitude of ascending node ΩΩ : inclination around semi: inclination around semi--major axismajor axis aa
•• Argument of perigee Argument of perigee ωω : Angle between ascending node and perigee: Angle between ascending node and perigee
•• True anomaly True anomaly νν : Angle between perigee and the spacecraft: Angle between perigee and the spacecraft’’s locations location 16

1.3.2 Orbit 1.3.2 Orbit TypesTypes

Remote Sensingi = 95 °6,500 – 7,300 kmSun Synchronous
Orbit

Communication, 
Intelligence

e = 0.75
i = 28.5 ° / 57 °

26,600 kmMolniya Orbit

Communicationsi = 0°42,120 kmGeostationary Orbit 
(GEO)

Space Shuttle, Space
Station, Small Sats

-< 1000 kmLow Earth Orbit 
(LEO)

ApplicationOrbital ParametersAltitude

MolniyaMolniya OrbitOrbit
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1.3.3 Orbit Transfers1.3.3 Orbit Transfers

•• HohmannHohmann Transfer Orbit: Most Transfer Orbit: Most 
common and fuel efficient common and fuel efficient 
(example GTO(example GTO--GEO)GEO)

•• Low Thrust Transfer Orbit: Low Thrust Transfer Orbit: 
E.g. Electric propulsion or E.g. Electric propulsion or 
solar sailssolar sails

•• Gravity Assist TrajectoryGravity Assist Trajectory
•• AerobrakeAerobrake TrajectoryTrajectory
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1.4 1.4 ClassificationClassification of of PropulsionPropulsion SystemsSystems

Breakthrough PropulsionPropellantless (Solar Sail)
Catapults

Propellantless
(Photon, Nuclear)

No Propellant

Air BreathingExt. / Int. 
Propellant

Propellantless
(Laser, Solar Sail)

Air Breathing
MHD

External
Propellant

Nuclear (Induction Heating)ElectricChemicalInternal
Propellant

External / Internal EnergyExternal EnergyInternal Energy
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ChemicalChemical PropulsionPropulsion SystemsSystems
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2. 2. ChemicalChemical PropulsionPropulsion SystemsSystems

( )ecppgas TTmcE −⋅⋅=
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Combustion Combustion 
ChamberChamber

Exit Exit 
PlanePlane

Specific Heat at Specific Heat at 
Constant PressureConstant Pressure Equal Kinetic EnergyEqual Kinetic Energy

Propellant VelocityPropellant Velocity

Specific Heat: 1.2 Specific Heat: 1.2 –– 1.31.3

•• ppee//ppcc influenced by nozzle and influenced by nozzle and 
atmosphereatmosphere

•• TTcc is function of chemical is function of chemical 
energy releaseenergy release

•• mmgasgas small small ⇒⇒ high specific high specific 
impulse but low thrustimpulse but low thrust

Thermodynamic CharacterizationThermodynamic Characterization

Classical Gas TheoryClassical Gas Theory
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2.2 Liquid 2.2 Liquid PropulsionPropulsion SystemsSystems

•• Liquid propellant stored in tanks Liquid propellant stored in tanks –– also mixture of liquid/solid called slushalso mixture of liquid/solid called slush
•• Fed into combustion chamber by pressurized gas or pumpFed into combustion chamber by pressurized gas or pump

Monopropellant EnginesMonopropellant Engines Used forUsed for PropellantPropellant

•• Widely used for Widely used for 
spacecraft attitude spacecraft attitude 
and orbit controland orbit control

•• HydrazinHydrazin (N(N22HH44))
•• Hydrogen Hydrogen 

Peroxide (HPeroxide (H22OO22))

Due to Due to catalyzercatalyzer ⇒⇒ low pressure required low pressure required 
⇒⇒ low low IIspsp of 150 of 150 –– 250 s250 s

Bipropellant EnginesBipropellant Engines •• Used for launchers Used for launchers 
and spacecraft and spacecraft 
primary propulsion primary propulsion 
systemssystems

•• Large variety Large variety 
available (LOavailable (LO22 --
LHLH22, …), …)

Either separate plug is needed or propellants Either separate plug is needed or propellants 
ignite at contact (hypergolic ignite at contact (hypergolic –– like in Space like in Space 
Shuttle)Shuttle) 22

450 - 4800.42Fluorine (F2)Hydrogen (H2)

300 – 3401.20Nitrogen
Tetroxide (N2O4)

Unsymmetrical
Dimethyl 

Hydrazin (UDMH)

415 – 4700.35Oxygen (O2)Hydrogen (H2)
300 – 3601.02Oxygen (O2)Kerosine (RP-1)

Specific Impulse 
[s]

Average Density
[g/cm3]

OxydizerFuel

2.2 Liquid 2.2 Liquid PropulsionPropulsion SystemsSystems

Saturn V Saturn V –– F1F1

Propellant Combination ExamplesPropellant Combination Examples

Largest ever produced engines are the FLargest ever produced engines are the F--1 1 
(Saturn V) and the RD(Saturn V) and the RD--170 (170 (EnergiaEnergia))
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General General DynamicsDynamics / R/ R--6 Rocket 6 Rocket EngineEngine

•• Thrust: 22 N (6.2 Thrust: 22 N (6.2 –– 32.9 N)32.9 N)
•• IIspsp=290 s at 22 N=290 s at 22 N
•• NN22OO44 (Nitrogen (Nitrogen TetraoxydeTetraoxyde))–– MMH (MMH (MonomethylMonomethyl Hydrazine)Hydrazine)
•• O/F Ratio = 1.65O/F Ratio = 1.65

1370 1370 °°CC

650 650 °°CC
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General General DynamicsDynamics / R/ R--6 Rocket 6 Rocket EngineEngine

35.6 N35.6 N

31 N31 N

24 bar24 bar

49 49 °°CC
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2.2.2/3 Solid / Hybrid 2.2.2/3 Solid / Hybrid PropulsionPropulsion SystemsSystems

Solid Propulsion SystemsSolid Propulsion Systems •• Fuel and oxidizer are stored as grains Fuel and oxidizer are stored as grains 
glued together forming a kind of rubberglued together forming a kind of rubber

•• Typically hydrocarbon (fuel) and Typically hydrocarbon (fuel) and 
ammonium ammonium perchlorateperchlorate (oxidizer)(oxidizer)

•• 1616--18% of aluminium powder added to 18% of aluminium powder added to 
increase temperature and specific impulseincrease temperature and specific impulse

Different shapes burn different surface Different shapes burn different surface 
areas over time (constant thrust profile)areas over time (constant thrust profile)

ConsCons

•• Can not be stopped Can not be stopped 
after ignition (special after ignition (special 
liquid can be injected to liquid can be injected to 
cease burn, difficult)cease burn, difficult)

•• Low specific impulse Low specific impulse 
(260 (260 –– 310 s)310 s)

ProsPros

•• Very simple, Very simple, 
cheapcheap

•• High thrust     High thrust     
(10(1077 N)N)

Hybrid Propulsion SystemsHybrid Propulsion Systems

•• Oxidizer or fuel stored in liquid stateOxidizer or fuel stored in liquid state
•• Can be restarted / shut offCan be restarted / shut off
•• Difficult technologyDifficult technology 26

2.3 2.3 NozzleNozzle DesignDesign

Cone NozzleCone Nozzle

Most simpleMost simple

Bell NozzleBell Nozzle

Reduces Beam DivergenceReduces Beam Divergence

Most common nozzles:Most common nozzles:

In atmosphere, the outside In atmosphere, the outside 
pressure is balanced everywhere pressure is balanced everywhere 
but on the nozzle exitbut on the nozzle exit

( ) eaeppaxial AppvmF ⋅−+⋅= &Additional ForceAdditional Force

•• Nozzle lengthNozzle length
•• Expansion ratio Expansion ratio AAee/A*/A*

•• Every nozzle is optimized for one specific Every nozzle is optimized for one specific 
pressurepressure

•• Also Also vvpp is affected by pressure ratiois affected by pressure ratio
•• Optimal nozzle: Optimal nozzle: ppee = p= paa

•• Maximum thrust: pMaximum thrust: paa = 0 (nozzle = 0 (nozzle ∞∞ long,    long,    
AAee/A*/A* ∞∞ high high ⇒⇒ compromisecompromise))
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HowHow cancan wewe ImproveImprove
ChemicalChemical PropulsionPropulsion

Systems ?Systems ?

•• NozzleNozzle
•• PropellantPropellant
•• Alternative DesignsAlternative Designs

AdvancedAdvanced ChemicalChemical PropulsionPropulsion

28

2.3 2.3 AdvancedAdvanced NozzleNozzle DesignsDesigns

Aerodynamic BoundariesAerodynamic Boundaries

Plug NozzlePlug Nozzle AerospikeAerospike NozzleNozzle
Linear Linear AerospikeAerospike

EngineEngine

29

2.4 2.4 AdvancedAdvanced PropellantsPropellants

ExampleExample SSTO Launcher, Liquid Propulsion LOSSTO Launcher, Liquid Propulsion LO22/LH/LH22

•• 10% increase in propellant 10% increase in propellant denitydenity (e.g. slush) (e.g. slush) ⇒⇒ 25 % 25 % 
increase in payloadincrease in payload

•• 10% increase in specific impulse 10% increase in specific impulse ⇒⇒ 70% increase in payload70% increase in payload

TripropellantsTripropellants •• Many chemical reactions produce more energy than Many chemical reactions produce more energy than 
LOLO22/LH/LH22, but the reaction product in not gaseous, but the reaction product in not gaseous

•• Hydrogen can be used as a working fluid in addition to fuel Hydrogen can be used as a working fluid in addition to fuel 
and oxidizerand oxidizer

•• Examples: Be/OExamples: Be/O22 or Li/For Li/F22 ((IIspsp = 700 s = 700 s ⇒⇒ 55% increase55% increase!)!)
•• Problems: Toxic, contaminationProblems: Toxic, contamination

High Energy DensityHigh Energy Density
Matter (HEDM)Matter (HEDM) •• Atomic Hydrogen: HAtomic Hydrogen: H--H recombination releases 52.2 H recombination releases 52.2 

kcal/g compared to Hkcal/g compared to H22--OO22 of 3.2 kcal/g (of 3.2 kcal/g (IIspsp=2,112 s)=2,112 s)
•• MetastableMetastable Helium: 114 kcal / g (Helium: 114 kcal / g (IIspsp=3,150 s), can not =3,150 s), can not 

be stored longer than 2.3 hours at 4 K !be stored longer than 2.3 hours at 4 K !
•• Metallic Hydrogen: 1.4 Mbar pressure (Metallic Hydrogen: 1.4 Mbar pressure (IIspsp=1,700 s)=1,700 s)

•• Storage problemsStorage problems
•• Very low temperature Very low temperature 

neededneeded
30

2.5 Alternative Designs2.5 Alternative Designs

Pulse Detonation RocketPulse Detonation Rocket •• Combustion occurs at constant volume instead of Combustion occurs at constant volume instead of 
constant pressure (much higher inlet pressure)constant pressure (much higher inlet pressure)

•• 10% higher thermodynamic efficiency10% higher thermodynamic efficiency
•• Tube with open/close endTube with open/close end
•• Similar to VSimilar to V--1 rocket during WW1 rocket during WW--IIII
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2.5 Alternative Designs2.5 Alternative Designs

Rocket Based Combined CycleRocket Based Combined Cycle

Rotary RocketRotary Rocket

•• Ejector mode:Ejector mode: Rocket works as Rocket works as 
compressor stage for jet enginecompressor stage for jet engine

•• Ram jet mode:Ram jet mode: Rocket engine turned Rocket engine turned 
off at Mach 2, air pressure is high off at Mach 2, air pressure is high 
enoughenough

•• Scram jet mode:Scram jet mode: Secondary fuel Secondary fuel 
injection from jet stage is moved injection from jet stage is moved 
forwardforward

•• Pure rocket modePure rocket mode

Air Breathing saves a lot of propellant!Air Breathing saves a lot of propellant!

Pumps replaced by centrifugal force !Pumps replaced by centrifugal force !
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2.6 2.6 ReusableReusable LaunchLaunch VehiclesVehicles

•• Reduction of launch costs by one order of magnitude to a few hunReduction of launch costs by one order of magnitude to a few hundred $/kgdred $/kg
•• Increased safety: current launcher failures 1 Increased safety: current launcher failures 1 –– 10%, reduction to 0.1%10%, reduction to 0.1%
•• Increased reliability:  fully reusable parts, routine operationsIncreased reliability:  fully reusable parts, routine operations, much lower costs, much lower costs

NASA Advanced Space Transportation Program (initiated 1994)NASA Advanced Space Transportation Program (initiated 1994)

Space ShuttleSpace Shuttle •• 11stst generation RLVgeneration RLV
•• Replace solid with liquid boostersReplace solid with liquid boosters
•• ⇒⇒ XX--PlanesPlanes

XX--1515

XX--15A2 with external tanks15A2 with external tanks

•• North American XNorth American X--15 flown 195915 flown 1959--19681968
•• Rocket plane Rocket plane –– reusable launcher technologyreusable launcher technology
•• World record Mach 6.72, 108 km altitudeWorld record Mach 6.72, 108 km altitude

33

DCDC--XA Delta ClipperXA Delta Clipper

2.6 2.6 ReuseableReuseable LaunchLaunch VehiclesVehicles

•• First vertical takeoff and vertical landing SSTO First vertical takeoff and vertical landing SSTO 
prototype (constructed 1991prototype (constructed 1991--1993)1993)

•• LOLO22/LH/LH22 RLRL--10A10A--5 engine5 engine
•• Total mass 16.3 t, diameter 3.1 m, length 11.4 mTotal mass 16.3 t, diameter 3.1 m, length 11.4 m
•• 1995 advanced lightweight tank structure 1995 advanced lightweight tank structure 
•• 1996 landing failure 1996 landing failure –– LOX tank explodedLOX tank exploded

McDonnelMcDonnel Douglas Delta ClipperDouglas Delta Clipper 34

2.6 2.6 ReuseableReuseable LaunchLaunch VehiclesVehicles

XX--33 / Venture Star33 / Venture Star

Mach 13+Maximum Speed
2 XRS-2200Main Propulsion
105,000 kgFuel Weight
LO2/LH2Fuel
142,500 kgTake-off Weight
23.5 mWidth
21 mLength

LookheedLookheed Martin’s XMartin’s X--33 and Venture Star33 and Venture Star

•• Development since 1996 (currently Development since 1996 (currently 
stopped)stopped)

•• All lightweight structures (tank, All lightweight structures (tank, 
outer skin, etc.)outer skin, etc.)

•• 2 day turnaround shall be 2 day turnaround shall be 
demonstrateddemonstrated
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2.6 2.6 ReuseableReuseable LaunchLaunch VehiclesVehicles

XX--3434

Orbital Sciences LOrbital Sciences L--1011 1011 
Aircraft with Pegasus BoosterAircraft with Pegasus Booster

•• TSTO TSTO testbedtestbed, Cancelled 2001, Cancelled 2001
•• LOX/Kerosene engine for Mach 8 LOX/Kerosene engine for Mach 8 

and 76 km altitudeand 76 km altitude
•• Composite structure, advanced Composite structure, advanced 

thermal protection system, etc.thermal protection system, etc.
•• 500 k$ / flight cost demonstration500 k$ / flight cost demonstration
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2.6 2.6 ReuseableReuseable LaunchLaunch VehiclesVehicles

XX--43 (HYPER43 (HYPER--X)X) •• HyperHyper--X will ride on Pegasus boosterX will ride on Pegasus booster
•• Scramjet technology demonstratorScramjet technology demonstrator
•• Mach 7 Mach 7 –– 10 at 30 km altitude10 at 30 km altitude
•• First test 2001 failed (Pegasus rocket First test 2001 failed (Pegasus rocket 

exploded!) exploded!) –– 22ndnd test late 2003test late 2003
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2.6 2.6 ReuseableReuseable LaunchLaunch VehiclesVehicles

European Future LaunchersEuropean Future Launchers

•• HERMES was cancelled mid 1990sHERMES was cancelled mid 1990s
•• German TSTO project German TSTO project SSäängernger cancelled cancelled 

end 1980s (ramjet + rocket)end 1980s (ramjet + rocket)
•• FESTIP 1994FESTIP 1994--2000, FLTP, FLPP2000, FLTP, FLPP
•• European RLV prototype is scheduled for European RLV prototype is scheduled for 

20062006--20072007
•• HOPPER programme HOPPER programme –– Precursor Precursor 

PHOENIX (led by EADS, first flights PHOENIX (led by EADS, first flights 
scheduled 2004 in scheduled 2004 in SchwedenSchweden))

38

Japanese Future LaunchersJapanese Future Launchers

•• HOPE HOPE –– similar to HERMESsimilar to HERMES
•• On top of HOn top of H--II launch vehicleII launch vehicle
•• Budget Budget custscusts –– HOPEHOPE--X demonstratorX demonstrator
•• High speed flight demonstration started High speed flight demonstration started 

in 2003in 2003
•• Cooperation with CNES underway Cooperation with CNES underway 

2.6 2.6 ReuseableReuseable LaunchLaunch VehiclesVehicles

39

LaunchLaunch AssistAssist TechnologiesTechnologies

40

3. 3. LaunchLaunch AssistAssist TechnologiesTechnologies

ExampleExample SSTO Launcher, Liquid Propulsion LOSSTO Launcher, Liquid Propulsion LO22/LH/LH22 ((IspIsp = 450 s)= 450 s)
∆∆vvLEOLEO = 8,000 m/s= 8,000 m/s

•• Payload mass fraction 16.3%Payload mass fraction 16.3%
•• ∆∆vv reduction only 300 m/s reduction only 300 m/s ⇒⇒ payload mass fraction 17.5% payload mass fraction 17.5% 

(increase of 7% !)(increase of 7% !)

•• Launching from an aircraft with initial velocityLaunching from an aircraft with initial velocity
•• Providing initial boost with chemical/electromagnetic catapultProviding initial boost with chemical/electromagnetic catapult
•• Launching outside of the atmosphere on top of an ultraLaunching outside of the atmosphere on top of an ultra--high towerhigh tower










 ∆
−=

pv
vexpfraction Payload Exponential Law !Exponential Law !

All technologies have upAll technologies have up--scaling problems !scaling problems !
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3.1 3.1 AircraftAircraft AssistedAssisted LaunchLaunch

AdvantagesAdvantages •• Additional velocityAdditional velocity
•• Reduced Air DragReduced Air Drag

Problem AreasProblem Areas

•• Separation is difficult for a big rocketSeparation is difficult for a big rocket
•• Supersonic speeds and high altitudes Supersonic speeds and high altitudes 

are a costly technologyare a costly technology

Present TechnologyPresent Technology

Pegasus on Boeing 747        Pegasus on Boeing 747        
(Speed 255 m/s, altitude 13 km)(Speed 255 m/s, altitude 13 km) 42

3.1 3.1 CatapultsCatapults

Problem AreasProblem Areas •• Very high velocities for orbit insertion (2,000 Very high velocities for orbit insertion (2,000 –– 100,000 g!): 100,000 g!): 
humans require max. 3 g (very long tubes), special hardware humans require max. 3 g (very long tubes), special hardware 
protection against high accelerations (costs!)protection against high accelerations (costs!)

•• Heat shields: reduce payload capacityHeat shields: reduce payload capacity

l
va
⋅

=
2

2
CatapultCatapult •• 300 m/s require 1.5 km tube at 3 g300 m/s require 1.5 km tube at 3 g

•• 100 m long gun for v=8,000 m/s requires 100 m long gun for v=8,000 m/s requires 
32,600 g!32,600 g!



8

43

3.1 3.1 GunGun LaunchLaunch

Classical GunClassical Gun

Gas GunGas Gun

•• Typical: 3,500 K and 3,500 barTypical: 3,500 K and 3,500 bar
•• Accelerations are Accelerations are withingwithing 10,000 10,000 –– 40,000 (not 40,000 (not 

humans rated !)humans rated !)

•• Long tubes used in WW I (Big Bertha 120 kg Long tubes used in WW I (Big Bertha 120 kg 
at 40 km) and during 1960’s High Altitude at 40 km) and during 1960’s High Altitude 
Research Program (HARP)Research Program (HARP)

•• HARP record: 85 kg projectile to 180 kmHARP record: 85 kg projectile to 180 km
•• Maximum velocity: 3 km/s (limited by Maximum velocity: 3 km/s (limited by 

molecular weight of explosives)molecular weight of explosives)

•• Circumvents velocity limitationCircumvents velocity limitation
•• Reduced pressure of 1,000 bar due to Reduced pressure of 1,000 bar due to 

continuous injection (problem for very continuous injection (problem for very 
long tubeslong tubes

•• Largest gun at Lawrence Largest gun at Lawrence LivermooreLivermoore
National Laboratory with 5.8 kg to 2.77 National Laboratory with 5.8 kg to 2.77 
km/skm/s 44

3.1 HARP 3.1 HARP GunGun

•• Constructor: Gerald BullConstructor: Gerald Bull
•• Contracted by Iraq in 1980’s to Contracted by Iraq in 1980’s to 

develop Project Babylon (put 2,000 kg develop Project Babylon (put 2,000 kg 
projectile into 200 km orbit at 600$/kg)projectile into 200 km orbit at 600$/kg)

•• Assassinated by Israelis (consultancy Assassinated by Israelis (consultancy 
for Scud missiles !)for Scud missiles !)

45

3.1 3.1 GunGun LaunchLaunch

Ram AcceleratorsRam Accelerators

Pneumatic CatapultPneumatic Catapult

•• Experiments were done with Experiments were done with 
4.29 kg to 1.48 km/s4.29 kg to 1.48 km/s

•• Different mixing rations lead to Different mixing rations lead to 
increase of speed and higher increase of speed and higher 
exit velocitiesexit velocities

•• Lower end closed and upper end Lower end closed and upper end 
ventedvented

•• Difference in altitude of 2.1 km results Difference in altitude of 2.1 km results 
in pressure difference of 0.25 barin pressure difference of 0.25 bar

•• Accelerations of 1.5 g and 300 m/s exit Accelerations of 1.5 g and 300 m/s exit 
velocityvelocity

46

3.1 3.1 RailRail GunGun

WIBF ⋅⋅=

LFmv
⋅=

2

2

m
LW

I
m
FLv 022 µ

⋅==
BL
Vv =max

•• Simple EM acceleratorSimple EM accelerator
•• Developed for the SDI programDeveloped for the SDI program

Force on ProjectileForce on ProjectileExit VelocityExit Velocity

Kinetic EnergyKinetic Energy

Magnetic Energy Magnetic Energy 
gained along the Railgained along the Rail Geometry & MassGeometry & Mass

Back induced Back induced 
Current LimitationCurrent Limitation

•• Efficiencies 40 Efficiencies 40 –– 70%70%
•• 2 kg to 4 km/s with L=6 m and W=5 cm 2 kg to 4 km/s with L=6 m and W=5 cm 
•• 6.5 million Ampere 6.5 million Ampere ⇒⇒ single shot!single shot!
•• Lower current with superconductorsLower current with superconductors

Circuit VoltageCircuit Voltage

47

3.1 3.1 MassMass DriverDriver

•• Electromagnets stacked togetherElectromagnets stacked together
•• Conductive projectile (+ permanent magnet can increase force)Conductive projectile (+ permanent magnet can increase force)
•• Sequence of coil energizing can be computer controlledSequence of coil energizing can be computer controlled

PrinciplePrinciple ExperimentExperiment 340 gram to 410 m/s340 gram to 410 m/s

ProsPros •• Efficiencies 90% (superconducting coils)Efficiencies 90% (superconducting coils)
•• Acceleration levels can be controlled (humans possible)Acceleration levels can be controlled (humans possible)
•• DeDe--Acceleration is possible in case of problemsAcceleration is possible in case of problems
•• UpUp--Scaling seems to be more easyScaling seems to be more easy

Seems to be ideal for use on Moon and other low gravity bodies!Seems to be ideal for use on Moon and other low gravity bodies!
(e.g. Fusion fuel delivery to Space Station, etc.)(e.g. Fusion fuel delivery to Space Station, etc.) 48

3.1 3.1 MagneticMagnetic LevitationLevitation

•• Combination of superconducting levitation and mass driverCombination of superconducting levitation and mass driver
•• Spin Spin –– Off from train developments (e.g. Off from train developments (e.g. TransrapidTransrapid))

NASA Prototype aiming 300 m/s at 3gNASA Prototype aiming 300 m/s at 3g

MaglifterMaglifter
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3.1 Ultra High Towers3.1 Ultra High Towers

UltraUltra--High Towers (Space Elevator)High Towers (Space Elevator)

•• Launching outside the atmosphere (> 50 km) can reduce Launching outside the atmosphere (> 50 km) can reduce ∆∆v by 1v by 1--2 km/s2 km/s
•• Materials (?): GraphiteMaterials (?): Graphite--epoxy construction / Carbon epoxy construction / Carbon NanotubesNanotubes
•• Skyhook: Elevator from GEO to EarthSkyhook: Elevator from GEO to Earth
•• Might be a very good idea for small moonsMight be a very good idea for small moons ““Invented by Sir Arthur C. Clarke”Invented by Sir Arthur C. Clarke”

50

3.2 3.2 AdvancedAdvanced Drag Drag ReductionReduction

•• Traditional methods try to shape surfaces to minimize turbulenceTraditional methods try to shape surfaces to minimize turbulencess
•• Best concept obviously is to reduce air flow towards the vehicleBest concept obviously is to reduce air flow towards the vehicle

SurfaceSurface--Charged VehiclesCharged Vehicles

•• Close to the surface air molecules are slightly positive, at higClose to the surface air molecules are slightly positive, at higher altitudes her altitudes 
negative (solar radiation)negative (solar radiation)

•• Patent by H. Dudley (1963): Charged model rockets could increasePatent by H. Dudley (1963): Charged model rockets could increase their their 
maximum altitude by 500maximum altitude by 500--600%600%

51

3.2 3.2 EnergyEnergy SpikeSpike

•• ReductionReduction of Drag of Drag byby TransferingTransfering HeatHeat Exchange to Exchange to BowBow ShockShock initiatedinitiated byby
Plasma Plasma DischargeDischarge oror Laser/Laser/MicrowaveMicrowave ExcitationExcitation

•• EnablesEnables Mach 50 Mach 50 AtmosphericAtmospheric SpeedsSpeeds -- SignificatlySignificatly ReducesReduces ReRe--EntryEntry Thermal Thermal 
LoadsLoads

•• RussianRussian SkvalSkval torpedotorpedo classclass: rocket : rocket exhaustsexhausts infrontinfront of of vehiclevehicle 52

3.2 3.2 MagnetohydrodynamicMagnetohydrodynamic (MHD) (MHD) PropulsionPropulsion

•• IonisedIonised Air Air FlowFlow cancan bebe AcceleratedAccelerated / / SlowedSlowed down down byby Electric Electric EnergyEnergy usingusing
MHDMHD

•• EnergyEnergy Transfers Transfers withwith Ambient Ambient EnvironmentEnvironment areare PossiblePossible

53

3.2 MHD 3.2 MHD PhysicsPhysics

( )BlIFL
vvv

×⋅=

( )Bl
R
PFL

vvv
×⋅=

Force ProducedForce Produced

Power Power RequriementsRequriements

Ohm’s LawOhm’s Law

Resistance: Needs to be as low as Resistance: Needs to be as low as 
possible for high thrustspossible for high thrusts

•• HeatHeat up of air up of air ⇒⇒ plasmaplasma
•• Alkali metal Alkali metal seedingseeding (e.g. (e.g. CesiumCesium, , 

Gallium) to Gallium) to increaseincrease ionizationionization fractionfraction
and and lowerlower requiredrequired temperaturestemperatures

ExampleExample

•• ArianeAriane 5 lift off thrust 6.7 MN5 lift off thrust 6.7 MN
•• 10% 10% increaseincrease in in IISpSp

P=17 MW !P=17 MW !

l=1 m,l=1 m,
B=20 T (Superconducting Magnets)B=20 T (Superconducting Magnets)

54

3.4 MHD 3.4 MHD EnergyEnergy BypassBypass

•• Air Ionisation Air Ionisation byby Laser/Laser/MicrowaveMicrowave
•• AdvancedAdvanced Drag Drag ReductionReduction
•• Velocity Velocity DecreaseDecrease to to EnhanceEnhance

CombustionCombustion EfficiencyEfficiency
•• Velocity Velocity IncreaseIncrease byby EnergyEnergy fromfrom

DecreaseDecrease

Russian AJAX ConceptRussian AJAX Concept

Calculations show realistic 20% Calculations show realistic 20% 
increase in increase in IIspsp at Mach 12at Mach 12
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NuclearNuclear PropulsionPropulsion SystemsSystems

MeV7.174
2

3
1

2
1 ++→+ nHeTD

++
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4. 4. NuclearNuclear PropulsionPropulsion SystemsSystems
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FusionFusion FissionFission

Energy Gain Energy Gain ⇒⇒ E=mcE=mc22

•• > 9 order of > 9 order of magnitudemagnitude higherhigher energyenergy densitydensity thanthan chemicalchemical
•• High High energyenergy densitydensity leadsleads to to veryvery high high specificspecific impulseimpulse
•• InvolvesInvolves veryvery smallsmall quantitiesquantities of of massmass ⇒⇒ lowlow thrustthrust ((needsneeds workingworking fluidfluid))
•• EnablesEnables mannedmanned solar system solar system explorationexploration NOWNOW!!

MeV2002*94
37

*140
55

235
92 +++→+ nRbCsUn

Fission ExampleFission Example
++
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4.2.1 NERVA 4.2.1 NERVA ProgramProgram

18,150 kg6,800 kgTotal Engine Mass
820 s825 sSpecific Impulse

1,112 kN333 kNThrust
129 kg/s42 kg/sMass Flow Rate

4,500 MW1,500 MWPower
Phoebus SeriesNRX Series

US Atomic Energy Commission & NASAUS Atomic Energy Commission & NASA

Space Nuclear Propulsion Office (SNPO)Space Nuclear Propulsion Office (SNPO)

AerojetAerojet WestinghouseWestinghouse

19611961

Nuclear EngineNuclear Engine
For Rocket VehicleFor Rocket Vehicle

ApplicationApplication

•• BasedBased on on experienceexperience withwith KIWI and ROVER KIWI and ROVER programprogram
fromfrom Los Alamos (1955)Los Alamos (1955)

•• DirectedDirected towardstowards mannedmanned explorationexploration (Moon, Mars)(Moon, Mars)
•• Test Test firingsfirings at at NuclearNuclear Rocket Rocket DevelopmentDevelopment Station in Station in 

NevadaNevada

•• NRX NRX developeddeveloped up to up to 
engineering engineering levellevel

•• Test at September 1969 Test at September 1969 
lastet 3 lastet 3 hourshours 48 48 minutesminutes at at 
fullfull thrustthrust levellevel (333 kN!)(333 kN!)

Program stopped in 1971 Program stopped in 1971 
after 2.4 billion US$after 2.4 billion US$ 58

4.2.2 Solid 4.2.2 Solid CoreCore

•• FissionableFissionable material: material: UraniunUraniun carbidecarbide
•• CoatedCoated byby Niobium to Niobium to protectprotect fromfrom

corrisioncorrision
•• HydrogenHydrogen ((oror AmmoniumAmmonium) ) workingworking

fluidfluid

59

4.2.2 Solid 4.2.2 Solid CoreCore –– NERVA Rocket NERVA Rocket FiringFiring

60

4.2.2 Solid 4.2.2 Solid CoreCore –– NERVA Rocket NERVA Rocket FiringFiring
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4.2.2 PLUTO 4.2.2 PLUTO NuclearNuclear RamjetRamjet

Lawrence Lawrence LivermooreLivermoore National LaboratoryNational Laboratory

Develop Nuclear Ramjet to Counter Soviet AntiDevelop Nuclear Ramjet to Counter Soviet Anti--Missile ThreatMissile Threat

19571957

•• MountedMounted on on RailtrackRailtrack
•• 1961 Tory1961 Tory--IIA IIA firedfired forfor a a fewfew secondsseconds

at at fractionfraction of of fullfull powerpower
•• 1964 Tory1964 Tory--IIC IIC firedfired at at fullfull power (513 power (513 

MW) at a MW) at a thrustthrust of 155 kN of 155 kN forfor fivefive
minutesminutes !!

•• Project Project stoppedstopped shortlyshortly aftwardsaftwards
•• Revolution Revolution forfor RBCC Launcher!RBCC Launcher!

62

4.2.2 4.2.2 ParticleParticle--BedBed--NuclearNuclear ReactorReactor

Nuclear FuelNuclear Fuel

Fuel FlowFuel Flow •• DevelopedDeveloped in in latelate 1980´s („Project 1980´s („Project 
TimberwindTimberwind“)“)

•• HigherHigher SurfaceSurface AreaArea –– HigherHigher Power Power 
DensityDensity, Compact Design, Compact Design

•• SpecificSpecific Impulse Impulse ≈≈ 1000 s1000 s
•• ThrustThrust--toto--WeightWeight Ratio 30:1 (45:1)Ratio 30:1 (45:1)
•• ThrustThrust 180 kN180 kN

63

4.2.2 Project Prometheus4.2.2 Project Prometheus

Nuclear Propulsion InitiativeNuclear Propulsion Initiative

Project PrometheusProject Prometheus

20022002

20032003

Radioisotope SystemsRadioisotope Systems Nuclear Fission Based SystemsNuclear Fission Based Systems

Nuclear Thermal PropulsionNuclear Thermal Propulsion Nuclear Electric PropulsionNuclear Electric Propulsion

Jupiter Icy Moon Jupiter Icy Moon OrbiterOrbiter
(JIMO)(JIMO)

64

4.2.2 JIMO 4.2.2 JIMO SpacecraftSpacecraft

•• LaunchLaunch > 2012> 2012
•• ProvideProvide inin--orbitorbit ∆∆v=40 km/s !v=40 km/s !

65

4.2.2 4.2.2 RussianRussian ActivitiesActivities

•• NuclearNuclear PropulsionPropulsion ProgramProgram initiatedinitiated 19541954
•• LateLate 1960‘s, Prototype 1960‘s, Prototype DevelopedDeveloped ((ThrustThrust 36 kN, 36 kN, IspIsp 920 s, Time of Operation 1 h)920 s, Time of Operation 1 h)
•• TestingTesting continuedcontinued on on variousvarious test test standsstands betweenbetween 19781978--19811981
•• MoreMore thanthan 30 30 satellitessatellites equippedequipped withwith nuclearnuclear reactorreactor
•• Topaz Topaz withwith 5 kW 5 kW flownflown in 1987in 1987--19881988
•• UsedUsed togethertogether withwith electricelectric propulsionpropulsion !!

66

4.2.2/3 Solid / Liquid 4.2.2/3 Solid / Liquid CoreCore

Solid CoreSolid Core

Liquid CoreLiquid Core

•• Material Material contraintscontraints: max. I: max. Ispsp=900 s=900 s
•• FuelFuel and thruster and thruster cancan bebe launchedlaunched

separatelyseparately
•• SSTO Launcher SSTO Launcher withwith solid solid corecore

nuclearnuclear rocket (rocket (likelike NERVA): NERVA): PayloadPayload
capabilitycapability 37%37%

•• Liquid Liquid nuclearnuclear fuelfuel in in rotatingrotating drum drum 
configurationconfiguration

•• WorkingWorking fluidfluid cancan bebe heatedheated aboveabove
nuclearnuclear fuelfuel meltingmelting pointpoint

•• Max. Max. IIspsp = 1,300 = 1,300 –– 1,500 s1,500 s
•• LossesLosses of of nuclearnuclear fuelfuel withwith workingworking

fluidfluid
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Gas CoreGas Core

4.2.4/5 Gas 4.2.4/5 Gas CoreCore, Fission Fragment, Fission Fragment

Fission FragmentFission Fragment

•• NuclearNuclear fuelfuel containedcontained in in highhigh--temperaturetemperature plasmaplasma
•• RadiantRadiant energyenergy isis transmittedtransmitted to to workingworking fluidfluid
•• Liquid Liquid hydrogenhydrogen isis usedused also also forfor coolingcooling nozzlenozzle / / plasmaplasma

containercontainer
•• Max. IMax. Ispsp=3,000 =3,000 –– 7,000 s7,000 s

•• No No workingworking fluidfluid ((IIspsp closeclose to to 
speedspeed of light)of light)

•• NuclearNuclear productsproducts ionizedionized duedue to to 
radiationradiation

•• DirectedDirected throughthrough magneticmagnetic fieldsfields

68

4.2.6 4.2.6 ImprovementsImprovements

LOXLOX--Augmented NuclearAugmented Nuclear
Thermal Rocket (LANTR)Thermal Rocket (LANTR)

Induction HeatingInduction Heating

•• OxygenOxygen cancan bebe usedused as an „as an „afterburnerafterburner““
•• IncreasesIncreases thrustthrust and and reducesreduces IIspsp (H(H22O O isis heavierheavier))
•• ProvidesProvides easyeasy thrustthrust modulationmodulation capabilitycapability
•• OxygenOxygen cancan bebe collectedcollected duringduring thethe mission e.g. mission e.g. fromfrom moonmoon material material oror dissociationdissociation

fromfrom COCO22 fromfrom thethe MarsianMarsian atmosphereatmosphere

67 67 kNkN at 940 sat 940 s 184 184 kNkN at 647 sat 647 s

LANTR Mode LANTR Mode 
(oxidizer(oxidizer--fuel ratio 3)fuel ratio 3)

69

4.2.6 4.2.6 NuclearNuclear Pulse RocketPulse Rocket

Project ORIONProject ORION

•• BetterBetter energyenergy yieldyield utilizationutilization
•• SpaceshipSpaceship becomesbecomes workingworking

fluidfluid
•• ShockShock absorbersabsorbers neededneeded to to 

handle handle accelerationacceleration loadsloads

•• StudiedStudied byby NASA in 1960NASA in 1960''ss
•• 10 m 10 m diameterdiameter, 21 m , 21 m longlong
•• 585 585 tonstons of of weightweight
•• 2000 2000 atomicatomic bombsbombs requiredrequired

forfor 250 250 daysdays roundround triptrip to Marsto Mars
•• SubscaleSubscale teststests withwith chemicalchemical

explosives explosives provedproved conceptconcept
•• StoppedStopped duedue to to politicalpolitical

reasonsreasons

Project ORIONProject ORION
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4.3 Radioisotope 4.3 Radioisotope NuclearNuclear RocketRocket

•• HeatHeat producedproduced byby nuclearnuclear decaydecay (e.g. (e.g. fromfrom Plutonium) Plutonium) ––
similarsimilar to RTG power to RTG power generatorsgenerators

•• TypicalTypical temperaturestemperatures 1,500 1,500 –– 2,000 2,000 °°C (IC (Ispsp=700 =700 –– 800 s)800 s)
•• 5 kW 5 kW reactorreactor, 13.6 kg, F=1.5 N, 13.6 kg, F=1.5 N
•• Alternative Alternative fuelfuel: : PolloniumPollonium (half(half--life 138 life 138 daysdays))
•• TRW TRW demonstrateddemonstrated PoPo--Thruster 65 Thruster 65 hourshours test in 1965 !test in 1965 !

71

4.4 Fusion 4.4 Fusion PropulsionPropulsion

MeV7.174
2

3
1

2
1 ++→+ nHeTD

Fusion ExampleFusion Example ++

•• Fission Fission requiresrequires neutronsneutrons to to makemake thethe corecore unstableunstable –– fusionfusion requiresrequires to to 
overcomeovercome electrostaticelectrostatic repulsionrepulsion of of twotwo nuclearnuclear corescores and and maintainmaintain itit

•• ThisThis reactionreaction needsneeds aboutabout 10 10 keVkeV ((≡≡ temperaturetemperature of 75 of 75 millionmillion Kelvin)Kelvin)
•• CanCan bebe achievedachieved byby: : electromagneticelectromagnetic inductioninduction, , laserlaser / / particleparticle bombardmentbombardment
•• TechnicalTechnical difficultydifficulty isis magneticmagnetic confinementconfinement: : plasmaplasma mustmust notnot touchtouch chamberchamber

wallswalls
•• UncontrolledUncontrolled fusionfusion: : hydrogenhydrogen fusionfusion bombsbombs
•• ControlledControlled fusionfusion: JET (Joint European : JET (Joint European TorousTorous) ) achievedachieved firstfirst major Deuteriummajor Deuterium--

Tritium Tritium reactionreaction (1991), (1991), laterlater 60% of 60% of initialinitial energyenergy fromfrom fusionfusion forfor 1 1 minuteminute (1997)(1997)
•• < 1 % < 1 % energyenergy gaingain isis possiblepossible in in manymany designsdesigns))

72

4.4.1/2 4.4.1/2 InertialInertial / / MagneticMagnetic ConfinementConfinement FusionFusion

Inertial ConfinementInertial Confinement
Fusion (ICF)Fusion (ICF)

Magnetic ConfinementMagnetic Confinement
Fusion (MCF)Fusion (MCF)

•• Pellet Pellet withwith fusionfusion fuelfuel
•• OuterOuter shellshell withwith HEDMHEDM
•• Pellet‘s Pellet‘s inertiainertia confinesconfines plasmaplasma longlong enoughenough
•• MICF: Additional metallic MICF: Additional metallic shellshell and and mageticmagetic

fieldfield to to confineconfine plasmaplasma longerlonger ((MagneticallyMagnetically InsulatedInsulated ICF)ICF)

•• MagneticMagnetic bottlebottle confinesconfines plasmaplasma (e.g. JET)(e.g. JET)
•• ElectromagneticElectromagnetic inductioninduction forfor heatingheating

ConfineConfine, , compresscompress and and directdirect plasmaplasma in in oneone processprocess
((magneticmagnetic pinchpinch) ) similarsimilar to MPD thrusterto MPD thruster

DenseDense Plasma Focus ThrusterPlasma Focus Thruster
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4.4.3 4.4.3 InertialInertial ElectrostaticElectrostatic ConfinementConfinement FusionFusion

•• ElectrostaticElectrostatic fieldsfields usedused to to confineconfine plasmaplasma
•• Fusion Fusion fuelfuel: D: D++, T, T++, He, He33

++

•• MeshMesh at at ––100 kV, 100 kV, outerouter shellshell at at groundground
•• AcceleratedAccelerated ionsions havehave enoughenough energyenergy to to performperform fusionfusion reactionsreactions
•• Plasma Plasma cancan escapeescape fromfrom hole in hole in meshmesh

Small Small scalescale IEC IEC fusionfusion devicesdevices areare soldsold as portable as portable 
neutronneutron sourcessources ((energyenergy gaingain <1%), <1%), 
upscalingupscaling isis investigatedinvestigated!! 74

4.5 Antimatter 4.5 Antimatter PropulsionPropulsion

MeV5112 +→+ +− γee

06.1,2.3 πππ +→+ −++− pp

•• CollisionCollision of matterof matter--antimatter antimatter cancan produceproduce radiationradiation and/and/oror matter and/matter and/oror
antimatterantimatter

•• HighestHighest energyenergy densitydensity knownknown up to up to nownow
•• ProducedProduced as as byby--productproduct in in particleparticle acceleratorsaccelerators (e.g. CERN) (e.g. CERN) fromfrom slowingslowing down of down of 

particlesparticles at at relativisticrelativistic speedsspeeds ((presentpresent costscosts 10 10 centscents / / antianti--protonsprotons, 10, 101212 / / yearyear !)!)
•• TrappingTrapping and and storingstoring antianti--matter matter requriedrequried veryvery high high vacuumvacuum conditionsconditions, and , and 

coolingcooling to a to a fewfew Kelvin Kelvin 

PenningPenning TrapTrap: : StorageStorage capabilitycapability ––
10101010 antianti--protonsprotons (10 (10 femtogramsfemtograms))

Not all antiNot all anti--matter matter interestinginteresting forfor
propulsionpropulsion::

DueDue to to veryvery high high costscosts and and lowlow
productionproduction rate rate notnot feasiblefeasible todaytoday!!

PropulsionPropulsion devicesdevices requirerequire
10102020 antianti--protonsprotons

75

•• CompatibleCompatible withwith presentpresent productionproduction raterate
•• AntiAnti--protonproton catalyzedcatalyzed fusionfusion producesproduces

6 6 timestimes moremore neutronsneutrons
•• ConceptConcept ICAN ICAN underunder studystudy similarsimilar to to 

Project ORION at Penn State UniversityProject ORION at Penn State University

AntiAnti--Proton Catalyzed Fission/FusionProton Catalyzed Fission/Fusion

Direct AntiDirect Anti--Matter PropulsionMatter Propulsion

•• SimilarSimilar to Solid to Solid CoreCore to to heatheat up up 
workingworking fluidfluid

•• AntiAnti--matter matter cancan also also bebe injectedinjected intointo
workingworking fluidfluid ((IIspsp –– 2,500 s)2,500 s)

•• MagneticMagnetic confinementconfinement heatingheating ((IIspsp ––
100,000 s)100,000 s)

•• OnlyOnly chargedcharged pionpion particlesparticles

4.5 Antimatter 4.5 Antimatter PropulsionPropulsion
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Electric Electric PropulsionPropulsion SystemsSystems

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Y [m]

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

Z
[m

]

5.20E+16

1.55E+16

4.65E+15

1.39E+15

4.17E+14

1.25E+14

3.73E+13

1.12E+13

3.34E+12

Total Ion Density [m-3]

Solar Array

SMART-1 Spacecraft

Yoke

77

5. Electric 5. Electric PropulsionPropulsion SystemsSystems

Electric Power Electric Power fromfrom SpacecraftSpacecraft

EnergyEnergy storedstored in in PropellantPropellant

ExhaustExhaust Velocity Velocity limitedlimited byby
ChemicalChemical ReactionReaction EnergyEnergy ReleaseRelease

ElectrothermalElectrothermal ElectromagneticElectromagnetic ElectrostaticElectrostatic

ExhaustExhaust Velocity Velocity limitedlimited byby
Power Power AvailableAvailable on on SpacecraftSpacecraft

78

5. Electric 5. Electric PropulsionPropulsion SystemsSystems

AlreadyAlready describeddescribed byby TsiolkovskiTsiolkovski, Goddard, and , Goddard, and OberthOberth

First thruster (First thruster (ArcjetArcjet) ) builtbuilt byby Vladimir Vladimir GlushkoGlushko in 1929 in 1929 
at at thethe Gas Gas DynamicsDynamics Laboratory in LeningradLaboratory in Leningrad

AlwaysAlways believedbelieved thatthat therethere isis nevernever enoughenough power power availableavailable
on on spacecraftspacecraft, Ernst , Ernst StuhlingerStuhlinger''ss bookbook Ion Ion PropulsionPropulsion forfor
SpaceflightSpaceflight (1964) (1964) stimulatedstimulated againagain researchresearch

SpaceSpace Electric Rocket Test Electric Rocket Test 
(SERT(SERT--1) in 1964 (US)1) in 1964 (US)

ZondZond 2 2 InterplanetaryInterplanetary Mission Mission 
to Mars in 1964 (to Mars in 1964 (RussiaRussia))

Pm
F
&2

2
=η 2

PressureInitial

2

2 FPm
F

+
=

&
η

Small Small thrustersthrusters withwith
pressurizedpressurized gas gas feedingfeeding
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5. Electric 5. Electric PropulsionPropulsion SystemsSystems

1 – 2 kN< 60%3,000 – 30,000 s1 – 10 MWHydrogenVASIMR

1 – 200 N25%2,000 – 5,000 s1 – 4000 kWAmmonia, 
Hydrogen, 

Lithium

MPDmagnetic
1 – 100 mN5%1,000 s1 – 200 WTeflonPPTElectro-

0 – 100 mN107 s1 MWAny kindLaser 
Accelerated

0.001 – 1 mN500 – 1,500 s5 – 50 WGlycerolColloid

0.001 – 1 mN30 – 90%8,000 – 12,000 s10 – 150 WIndium, 
Cesium

FEEP

80 – 200 mN50%1,500 – 2,000 s1.5 – 5 kWXenonHall

10 – 200 mN60 – 80%3,000 s0.5 – 2.5 kWXenonIonElectrostatic

0.2 – 2 N35%500 – 2,000 s0.3 – 100 
kW

Hydrazin, 
Hydrogen

Arcjet

0.1 – 0.5 N80%300 s0.5 – 1.5 kWHydrazin, 
Ammonia

ResistojetElectrothermal

ThrustEfficiencySpecific
Impulse

PowerPropellant

Power Power ProcessingProcessing Unit (PPU) Unit (PPU) addsadds complexitycomplexity, power , power losseslosses and and weightweight
80

5. Electric 5. Electric PropulsionPropulsion SystemsSystems

ThrustThrust =  =  MassflowMassflow *    Velocity*    Velocity

mN mN -- MN       High       1.000 MN       High       1.000 -- 3.000 m/s3.000 m/s

µN µN -- N          N          LowLow 20.000 20.000 -- 100.000 m/s100.000 m/s

Chemical PropulsionChemical Propulsion

Electric PropulsionElectric Propulsion

Same Same thrustthrust levellevel needsneeds onlyonly up to 10% of up to 10% of propellantpropellant !!

TypicalTypical ChemialChemial PropellantPropellant MassMass FractionsFractions::

20% (LEO), 55% (GEO), 85% (20% (LEO), 55% (GEO), 85% (PlanetaryPlanetary))
•• DrasticallyDrastically lowerlower SpacecraftSpacecraft MassMass & & CostsCosts
•• IncreaseIncrease TranspondersTransponders / / RevenuesRevenues
•• IncreaseIncrease LifetimeLifetime

•• Mission Mission EnablingEnabling Technology Technology usingusing
UltrapreciseUltraprecise MicroMicro--NewtonNewton ThrustersThrusters
(Drag Free, (Drag Free, ScientificScientific/Earth Observation, /Earth Observation, 
Small Small SatellitesSatellites))
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5.1 5.1 ElectrothermalElectrothermal

ResistojetResistojet

PropellantPropellant velocityvelocity cancan bebe calculatedcalculated similarsimilar to to chemicalchemical propulsionpropulsion systems !systems !

HydrazineHydrazine, , AmmoniaAmmonia
300 s300 s

0.1 0.1 -- 0.5 N0.5 N
0.5 0.5 -- 1.5 kW1.5 kW

PropellantPropellant
IISpSp

ThrustThrust
PowerPower

•• TemperatureTemperature limitedlimited byby heatheat exchangerexchanger
((TungstenTungsten) ) –– max. 3000 Kmax. 3000 K

•• UsedUsed forfor attitudeattitude controlcontrol, , competescompetes
againstagainst monopropellantmonopropellant (I(Ispsp=150=150--250) 250) 
and and coldcold gas (Igas (Ispsp=80 s) =80 s) thrustersthrusters

•• Also Also wastewaste waterwater cancan bebe usedused ((spacespace
stationstation))

•• EfficiencyEfficiency: 80%: 80%

General General DynamicsDynamics ResistojetsResistojets (Iridium)(Iridium) 82

5.1.2 5.1.2 ArcjetArcjet

HydrazineHydrazine, , HydrogenHydrogen
500 500 –– 2,000 s2,000 s

0.2 0.2 -- 2 N2 N
0.3 0.3 -- 100 kW100 kW

PropellantPropellant
IISpSp

ThrustThrust
PowerPower

•• PropellantPropellant swirledswirled intointo chamberchamber
((increasesincreases time time forfor heatingheating))

•• EitherEither lowlow voltagevoltage (100 V) and high (100 V) and high 
currentcurrent ((hundredshundreds of A) of A) dischargedischarge oror
highhigh--frequencyfrequency high high voltagevoltage dischargedischarge

•• VeryVery high high locallocal heatingheating alongalong centercenter line line 
((fullyfully ionizationionization))

•• StrongStrong temperaturetemperature gradientgradient towardstowards
wallswalls

•• CathodeCathode erosionerosion limits limits lifetimelifetime to to 
typicallytypically 1,500 1,500 hourshours

•• Also Also microwavemicrowave and AC and AC dischargesdischarges
Commercial Commercial ArcjetsArcjets usedused e.g. on e.g. on 

LookheedLookheed Martin Martin SeriesSeries 7000 7000 ComsatComsat

83

5.1.3 Solar / Laser / 5.1.3 Solar / Laser / MicrowaveMicrowave ThermalThermal

•• ExternalExternal energyenergy sourcesource: : SunlightSunlight, , laserlaser oror microwavemicrowave
•• Laser / Laser / microwavemicrowave requirerequire Earth Earth infrastructureinfrastructure and and cancan onlyonly bebe usedused effectivelyeffectively in in 

LEOLEO
•• Sun / Sun / HydrogenHydrogen produceproduce IIspsp betweenbetween 800 800 –– 1,200 s and 1,200 s and severalseveral hundredhundred mNmN
•• Good Good conceptconcept forfor LEO to GEO LEO to GEO transferstransfers in in aboutabout 20 20 daysdays withwith littlelittle propellantpropellant

((significantsignificant costcost reductionreduction))
•• LowLow massmass inflatableinflatable reflectorsreflectors areare presentlypresently underunder studystudy

Electric PropulsionElectric Propulsion Beamed Energy PropulsionBeamed Energy Propulsion

84

5.1.3 Solar Thermal 5.1.3 Solar Thermal UpperstageUpperstage
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5.2 5.2 ElectrostaticElectrostatic PropulsionPropulsion

m
qUv 2

= q
mIm ⋅=&

q
mUIF 2

⋅=

m
q

q
m

IIspsp scalesscales withwith ThrustThrust scalesscales withwith

High High IIspsp: : MultiMulti--ionizedionized, light , light ionsions High High thrustthrust: : SinglySingly chargedcharged, , heavyheavy ionsions

MoreMore importantimportant

Ion ThrusterIon Thruster IonizationIonization throughthrough electronelectron bombardmentbombardment of of highhigh--frequencyfrequency
excitementexcitement

High High IIspsp (2,500 s) and (2,500 s) and thruststhrusts (up to 200 mN at (up to 200 mN at severalseveral kW)kW)

PropellantPropellant CesiumCesium, Mercury (, Mercury (heavyheavy, , lowlow
11stst ionizationionization potential, high potential, high 
22ndnd ionizationionization potential)potential)

Xenon (Xenon (heavyheavy inertinert gas)gas)

ContaminationContamination,,
ToxityToxity

86

5.2.1 5.2.1 ElectronElectron BombardmentBombardment ThrusterThruster

•• InventedInvented byby Prof. Prof. KaufmanKaufman
•• SpaceSpace chargecharge limits limits gridgrid sizesize A

d
U

m
qI 2

2/3

0
1

9
4 ε=

20 cm 20 cm forfor 20 20 µµN, N, 
40 cm 40 cm forfor 200 200 µµ NN

ChargeCharge--Exchange Exchange ionsions cause cause 
gridgrid sputteringsputtering (Mo, C) (Mo, C) ⇒⇒
LifetimeLifetime limitationlimitation
((deaccelerationdeacceleration gridgrid))
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5.2.1 5.2.1 ElectronElectron BombardmentBombardment ThrusterThruster

•• ThermionicThermionic electronselectrons furtherfurther
ionizeionize propellantpropellant (and (and createcreate
moremore electronselectrons))

•• Ions Ions attractedattracted byby cathodecathode
((furtherfurther heatingheating))

•• OutsideOutside CEX CEX plasmaplasma isis formedformed

•• BuiltBuilt at NASA Lewis in 1960at NASA Lewis in 1960''ss
•• FlownFlown on SERTon SERT--I (1964), SERTI (1964), SERT--II (1970, II (1970, 

operatedoperated 11 11 yearsyears, 5,792 , 5,792 hourshours of of 
thrustingthrusting) and ATS) and ATS--6 (1974) 6 (1974) usingusing
Mercury/Mercury/CesiumCesium

•• NSTAR thruster on NSTAR thruster on DeepDeep SpaceSpace 1 1 
(Xenon, 1998)(Xenon, 1998)

•• Also Also usedused byby Hughes (HP 601 HP Hughes (HP 601 HP 
satellitesatellite busbus, XIPS), XIPS)

1.5 m 1.5 m diameterdiameter, 200 kW, 200 kW 88NASA NASA DeepDeep SpaceSpace 11

•• First First InterplanetaryInterplanetary EP EP 
Mission (Mission (LaunchedLaunched 1998)1998)

•• TargetTarget: : CometsComets
•• Thruster Thruster OperatedOperated > 200 h> 200 h

UKUK--10 Thruster10 Thruster

NSTAR ThrusterNSTAR Thruster

•• First First commericalcommerical satellitesatellite PASPAS--5 5 launchedlaunched in 1997in 1997
•• ESA ARTEMIS ESA ARTEMIS satellitesatellite isis equippedequipped withwith RITRIT--10 and 10 and 

UKUK--10 thruster10 thruster
•• EfficienciesEfficiencies towardstowards 80%80%
•• PresentlyPresently shiftshift towardstowards Hall Hall thrustersthrusters in in TelecomTelecom--

SatellitesSatellites ((lowerlower power)power)

5.2.1 5.2.1 ElectronElectron BombardmentBombardment ThrusterThruster

89

5.2.1 5.2.1 RadiofrequencyRadiofrequency Ion ThrusterIon Thruster

•• InventedInvented byby Prof. LoebProf. Loeb
•• No No hollowhollow cathodecathode neededneeded!!
•• LowerLower ionizationionization efficienciesefficiencies ((overalloverall efficiencyefficiency 60%)60%)
•• RIT RIT thrustersthrusters usedused on ARTEMISon ARTEMIS

RITRIT--10 Thruster10 Thruster

90

5.2.2 Hall Thruster5.2.2 Hall Thruster

•• GridlessGridless, , EfficiencyEfficiency 50%50%
•• LifetimeLifetime limitationlimitation: Anode : Anode erosionerosion

XenonXenon
1,500 1,500 –– 2,000 s2,000 s

80 80 -- 200 200 µµNN
1.5 1.5 -- 5 kW5 kW

PropellantPropellant
IISpSp

ThrustThrust
PowerPower
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•• OverOver 100 100 flightsflights on on RussianRussian satellitessatellites forfor NorthNorth--South South 
StationkeepingStationkeeping

•• LowLow accelerationacceleration potential potential meansmeans lessless complexcomplex PPUPPU
•• Optimum Optimum specificspecific impulseimpulse of 1,500 s of 1,500 s forfor telecomtelecom

satellitessatellites
•• SMARTSMART--1 will 1 will useuse PPSPPS--1350 Hall thruster 1350 Hall thruster forfor

interplanetaryinterplanetary flightflight SMARTSMART--11

5.2.2 Hall Thruster5.2.2 Hall Thruster

92

5.2.2 Hall Thruster5.2.2 Hall Thruster

93

5.2.3 5.2.3 FieldField Emission ThrusterEmission Thruster

Indium, Indium, CesiumCesium
8,000 8,000 –– 12,000 s12,000 s

0.001 0.001 -- 1 mN1 mN
10 10 -- 150 W150 W

PropellantPropellant
IISpSp

ThrustThrust
PowerPower

94

UniqueUnique::
IonizationIonization and and AccelerationAcceleration

in One in One ProcessProcess

Indium, Indium, CesiumCesium
8,000 8,000 –– 12,000 s12,000 s

0.001 0.001 -- 1 mN1 mN
10 10 -- 150 W150 W

PropellantPropellant
IISpSp

ThrustThrust
PowerPower

5.2.3 5.2.3 FieldField Emission ThrusterEmission Thruster

95

InIn--FEEP Thruster DetailsFEEP Thruster Details

•• Thermal Thermal InsulationInsulation
•• ElectricalElectrical InsulationInsulation
•• MechanicalMechanical InterfaceInterface
•• ContainsContains HeaterHeater and Indium and Indium 

LMISLMIS

•• Different Different PropellantPropellant SizeSize Ranging Ranging fromfrom 0.22 0.22 ––
15 15 gramsgrams, 30 , 30 gramsgrams in in manufacturingmanufacturing
((availableavailable Sept. 2002)Sept. 2002)

•• 15 15 gramsgrams = 400 Ns total = 400 Ns total impulseimpulse

96

5.2.3 5.2.3 FieldField Emission ThrusterEmission Thruster

•• PowerPower--ToTo--ThrustThrust Ratio Ratio 
60 60 –– 75 W/mN (75 W/mN (⇒⇒ lowlow
thrustthrust levelslevels))

•• ElectricalElectrical EfficiencyEfficiency 99%99%
•• MassMass EfficiencyEfficiency ≈≈ 50%50%
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Austrian InAustrian In--FEEP TechnologyFEEP Technology

Development of Indium LiquidDevelopment of Indium Liquid--MetalMetal--IonIon--Source (LMIS)Source (LMIS)

Mass SpectrometerMass Spectrometer S/C Potential ControlS/C Potential Control FEEP ThrusterFEEP Thruster

20 years of 20 years of 
development at development at 
ARCS ...ARCS ...

…… 10 years 10 years 
involved in space involved in space 

programsprograms

ExperimentExperiment SpacecraftSpacecraft Operation TimeOperation Time

EFDEFD--IEIE
PCDPCD
ASPOCASPOC
ASPOCASPOC--IIII

GEOTAILGEOTAIL
EQUATOREQUATOR--SS

CLUSTERCLUSTER
CLUSTERCLUSTER--IIII

600 h ('92 600 h ('92 -- ))
250 h ('98)250 h ('98)
LaunchLaunch FailureFailure '96'96
1700 h ('00 1700 h ('00 -- ))

ASPOC Before ...ASPOC Before ...

... and After Launch Failure... and After Launch Failure 98

ClusteringClustering –– HigherHigher ThrustThrust

Conventional ClusteringConventional Clustering

•• DevelopedDeveloped withinwithin GOCE GOCE ProgramProgram
(Maximum (Maximum ThrustThrust 650 µN)650 µN)

•• Tests Start September 2002Tests Start September 2002
•• EitherEither Power Power SupplySupply -- Thruster Thruster oror

One Power One Power SupplySupply –– Thruster & Thruster & 
IndividualIndividual ExtractorExtractor ControlControl

99

8 8 TipTip CrownCrown EmitterEmitter

MulticapillaryMulticapillary EmitterEmitter

More Emissions Zones More Emissions Zones 
per Thrusterper Thruster

Full Prototype Full Prototype TestedTested, , 
1 mN 1 mN ThrustThrust Range Range ReachedReached

MultiemitterMultiemitter

100

ExtractorExtractor HeaterHeater

ExtractorExtractor HeaterHeater to to EvaporateEvaporate anyany
ContaminationContamination

HeaterHeater SuccessfullySuccessfully
ImplementedImplemented in 2,000 in 2,000 HoursHours

LifetimeLifetime TestTest

Not Not NecessaryNecessary forfor ThrustThrust < 2 µN !< 2 µN !

101

LifetimeLifetime TestingTesting

•• > 2,700 > 2,700 hourshours in in spacespace
•• 4000 h 4000 h EnduranceEndurance Test at 1.5 µNTest at 1.5 µN

•• 820 820 hourshours at 15 µNat 15 µN
•• 2,000 2,000 hourshours at 0at 0--54 µN54 µN
•• 5,000 h Test Starts in September5,000 h Test Starts in September

2,000 h 2,000 h EnduranaceEnduranace Test of 2 Thruster (out of 3)Test of 2 Thruster (out of 3) 102

Austrian InAustrian In--FEEP TechnologyFEEP Technology

•• WorldWorld--firstfirst directdirect thrustthrust measurementmeasurement in in 
µµN N rangerange

•• AlreadyAlready fulfillsfulfills challangingchallanging LISA LISA thrustthrust
noisenoise requirementrequirement
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8 8 TipTip CrownCrown EmitterEmitter PorousPorous Ring EmitterRing Emitter CapillaryCapillary Tube EmitterTube Emitter

Blade EmitterBlade Emitter

Austrian InAustrian In--FEEP TechnologyFEEP Technology

104

ARCS InARCS In--FEEP FEEP DiagnosticsDiagnostics

105

5.2.3 5.2.3 FieldField Emission Thruster / Emission Thruster / NeutralizersNeutralizers

•• ThermionicThermionic cathodecathode:           :           
1.5 1.5 –– 2 W/mA2 W/mA

•• FieldField emissionemission cathodescathodes:    :    
10 mW/mA10 mW/mA

106

5.2.4 5.2.4 ColloidColloid ThrusterThruster

•• SimilarSimilar to FEEP to FEEP withwith glycerolglycerol + + 
additivesadditives as as propellantpropellant

•• ExtensivelyExtensively studiedstudied in 1960in 1960''s (TRW s (TRW 
–– Dan Goldin!, NASA, ESA, MAI)Dan Goldin!, NASA, ESA, MAI)

•• TooToo high high accelerationacceleration potential potential forfor
competingcompeting withwith ionion enginesengines

GlycerolGlycerol + + additivesadditives
500 500 –– 1,500 s1,500 s
0.001 0.001 -- 1 mN1 mN

5 5 -- 50 kW50 kW

PropellantPropellant
IISpSp

ThrustThrust
PowerPower
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5.2.5 Laser 5.2.5 Laser AcceleratedAccelerated Plasma Plasma PropulsionPropulsion

•• CurrentlyCurrently underunder studystudy at University of Michiganat University of Michigan
•• UltrashortUltrashort laserlaser ((picosecondspicoseconds and and belowbelow) ) withwith veryvery high high intensitiesintensities ((hundredshundreds of of 

TerrawattTerrawatt) ) focusedfocused on a on a smallsmall spotspot createscreates high high temperaturetemperature plasmaplasma on on surfacesurface
•• ElectronsElectrons at at relativisticrelativistic speedsspeeds penetratepenetrate material material generatinggenerating veryvery high high electricelectric

fieldsfields (GV/m) (GV/m) whichwhich cancan accelerateaccelerate ionsions out of out of targettarget materialmaterial
•• StateState--ofof--thethe--artart laserlaser (500 J (500 J withwith 500 500 fsfs pulse pulse lengthlength) ) performanceperformance wouldwould bebe 100 100 

mN and 10mN and 1077 s s IIspsp !!
•• IncredibleIncredible potential potential –– problemproblem isis to to getget laserlaser infrastructureinfrastructure intointo spacespace
•• RequiresRequires 1 MW 1 MW nuclearnuclear reactorreactor
•• Future Future laserslasers will will offeroffer > N > N thrustthrust capabilitiescapabilities

AnyAny kindkind
101077 ss

00--100 mN100 mN
1 MW1 MW

PropellantPropellant
IISpSp

ThrustThrust
PowerPower
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5.3 5.3 ElectromagneticElectromagnetic PropulsionPropulsion

MagnetoplasmadynamicMagnetoplasmadynamic (MPD) Thruster(MPD) Thruster AmmoniaAmmonia, , HydrogenHydrogen, Lithium, Lithium
2,000 2,000 –– 5,000 s5,000 s

1 1 –– 200 N200 N
1 1 –– 4,000 kW4,000 kW

PropellantPropellant
IISpSp

ThrustThrust
PowerPower
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5.3.1 MPD Thruster5.3.1 MPD Thruster

•• LowLow voltagevoltage / high / high currentcurrent dischargedischarge ionizesionizes propellantpropellant
•• SelfSelf--FieldField / / AppliedApplied--FieldField ((coilscoils, permanent , permanent magnetsmagnets))
•• LorentzLorentz--Force: Force: ThrustThrust scalesscales withwith II22 ((velocityvelocity, , massmass flowflow))
•• Also high Also high tempearturetempearture (2,500 (2,500 °°C) C) contributescontributes to to thrustthrust ((oneone order of order of magnitudemagnitude

belowbelow))
•• VeryVery high high thruststhrusts, , capabilitycapability to to transmittransmit veryvery high power high power loadsloads, , efficienciesefficiencies 3535--70%70%
•• InterestingInteresting candidatecandidate forfor mannedmanned Mars missionMars mission

20 mN (1KW) 20 mN (1KW) quasiquasi--
steadysteady statestate MPD MPD 

flownflown byby ISAS in 1997ISAS in 1997

110

5.3.2 5.3.2 PulsedPulsed Plasma ThrusterPlasma Thruster

TeflonTeflon
1,000 s1,000 s

1 1 –– 100 mN100 mN
1 1 –– 200 W200 W

PropellantPropellant
IISpSp

ThrustThrust
PowerPower

•• HeatHeat transfertransfer fromfrom dischargedischarge
ablatesablates and and ionizesionizes thethe
propellantpropellant

•• TypicallyTypically 1 1 –– 3 Hz 3 Hz frequencyfrequency
eacheach producingproducing hundredshundreds of of µµNN

•• No warm up time, no No warm up time, no standbystandby
power, no power, no propellantpropellant tank and tank and 
feedlinesfeedlines

•• VeryVery cheapcheap and simpleand simple
•• DisadvantageDisadvantage: : efficienciesefficiencies

55--15%15%
•• FlownFlown on Zondon Zond--2 in 1964 !2 in 1964 !

111

5.3.2 5.3.2 PulsedPulsed Plasma ThrusterPlasma Thruster

PPT PPT firingfiring fromfrom
General General DynamicsDynamics 112

5.3.3 Variable 5.3.3 Variable IIspsp Plasma Rocket (VASIMR)Plasma Rocket (VASIMR)

HydrogenHydrogen
3,000 3,000 –– 30,000 s30,000 s

1 1 –– 2 kN2 kN
1 1 –– 10 MW10 MW

PropellantPropellant
IISpSp

ThrustThrust
PowerPower

•• MagneticMagnetic fieldfield to to confineconfine plasmaplasma and EM and EM energyenergy to to 
heatheat itit (RF (RF fieldsfields))

•• IspIsp cancan bebe changedchanged byby RF powerRF power
•• EfficienciesEfficiencies < 60% (TBC !)< 60% (TBC !)
•• UnderUnder studystudy at NASA JSC, at NASA JSC, prototypeprototype shallshall bebe

testedtested on on boardboard ISSISS

113

5.3.4 5.3.4 InducedInduced SpacecraftSpacecraft InteractionsInteractions

FastSlowSlowFast NeutralIonNeutralIon +→+ChargeCharge--Exchange Exchange CollisionCollision::

CEX Ion CEX Ion 
DistributionDistribution

Potential Potential 
DistributionDistribution

114

5.3.4 5.3.4 InducedInduced SpacecraftSpacecraft InteractionsInteractions

PossiblePossible HazardsHazards::
•• ContaminationContamination, , SputteringSputtering and and 

Erosion on Erosion on SpacecraftSpacecraft SurfacesSurfaces
•• Degradation of Solar ArrayDegradation of Solar Array
•• InfluenceInfluence on on MeasurementsMeasurements

(Ambient Plasma, ...)(Ambient Plasma, ...)

•• SpacecraftSpacecraft ChargingCharging
•• InfluenceInfluence on on CommunicationCommunication
•• LifetimeLifetime ReductionReduction
•• ......
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5.3.4 5.3.4 InducedInduced SpacecraftSpacecraft InteractionsInteractions

•• VacuumVacuum ChamberChamber Background Background 
PressurePressure

•• ChamberChamber WallsWalls
•• Neutralisation Neutralisation fromfrom SecondarySecondary--

ElectronsElectrons, , SputteringSputtering, ..., ...

GroundGround--TestingTesting

•• OnlyOnly SingleSingle--Point Point MeasurementsMeasurements
•• VeryVery ExpensiveExpensive
•• Not FlexibleNot Flexible

SpaceSpace--MeasurementsMeasurements

•• Full Full CharacterisationCharacterisation of EP of EP 
InfluenceInfluence on on SpacecraftSpacecraft

•• OptimisationOptimisation of Experiments, of Experiments, 
MissionsMissions

•• CheapCheap and Flexibleand Flexible

ComparisonComparison

ModellingModelling and Simulationand Simulation
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5.3.4 5.3.4 InducedInduced SpacecraftSpacecraft InteractionsInteractions

Test Test SatellitesSatellites:: •• ATSATS--6, SERT6, SERT--1, 2, … (NASA) 1970´s1, 2, … (NASA) 1970´s
•• NSSK NSSK -- SpacecraftSpacecraft ((RussiaRussia) 1970‘s, 1980‘s) 1970‘s, 1980‘s

NASA NASA DeepDeep SpaceSpace 1 (1998)1 (1998) ESA SMARTESA SMART--1 (2002)1 (2002)
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5.3.4 5.3.4 InducedInduced SpacecraftSpacecraft InteractionsInteractions

Full Full ParticleParticle / Hybrid Model/ Hybrid Model
•• Ions/Ions/NeutralsNeutrals as Computer as Computer ParticlesParticles
•• ElectronsElectrons as as FluidFluid oror ParticlesParticles

3D 3D ParticleParticle--InIn--CellCell (PIC(PIC--MCC) CodeMCC) Code
•• AverageAverage Plasma Parameters to Plasma Parameters to GridGrid

StructureStructure
•• MonteMonte--Carlo ChargeCarlo Charge--Exchange Exchange 

CollisionsCollisions ((CalculateCalculate ProbabilityProbability))

EnvironmentEnvironment
•• VacuumVacuum -- SpaceSpace

•• GridGrid SizeSize: 100x100x100: 100x100x100
•• 1,500,000 1,500,000 ComputerComputer--ParticlesParticles

Simulation ParametersSimulation Parameters








 Φ
⋅=≈ ∞

e
eei kT

ennn exp

ElectronElectron FluidFluid vsvs
SOR Potential SOR Potential SolverSolver

•• GridGrid SizeSize: 40x40x40: 40x40x40
•• 300,000 300,000 ComputerComputer--ParticlesParticles 118

5.3.4 5.3.4 InducedInduced SpacecraftSpacecraft InteractionsInteractions
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MicropropulsionMicropropulsion

120

6. 6. MicropropulsionMicropropulsion

•• Computer and Computer and microstructuremicrostructure isis advancingadvancing ⇒⇒ MicrospacecraftMicrospacecraft ⇒⇒ requiresrequires
MicropropulsionMicropropulsion

•• MicropropulsionMicropropulsion technology technology cancan reducereduce thrustthrust to to massmass ratioratio

•• MicrosatellitMicrosatellit (100 kg), (100 kg), NanosatelliteNanosatellite (10 kg), (10 kg), 
PicosatellitePicosatellite (1 kg)(1 kg)

•• RequiresRequires MicroElectroMechanicalMicroElectroMechanical Systems Systems 
(MEMS) engineering (MEMS) engineering capabilitiescapabilities

RelativelyRelatively newnew areaarea investigatinginvestigating drasticdrastic reductionreduction of thruster of thruster sizesize and and massmass
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6.1 6.1 ChemicalChemical MicropropulsionMicropropulsion

Solid Solid MicrothrustersMicrothrusters

Micro BiMicro Bi--Propellant ThrusterPropellant Thruster

•• Solid Solid propellantpropellant heatedheated and and microvalvemicrovalve isis
openedopened

•• Simple Simple conceptconcept digital digital microthrustersmicrothrusters: : 
multitudemultitude of of singlesingle--shotshot thrustersthrusters on on siliconsilicon
chipchip (e.g. (e.g. fromfrom HoneywellHoneywell: 10: 1066 thrustersthrusters on 10 on 10 
cm cm waferwafer, , eacheach cancan provideprovide 3 3 µµNs, total Ns, total massmass
2.4 g)2.4 g)

•• StudiedStudied at MIT and at MIT and MechatronicMechatronic (A)(A)
•• MIT MIT aimsaims at 15 N and 5 g/sat 15 N and 5 g/s

HoneywellHoneywell / / PrinctonPrincton Megapixel ThrusterMegapixel Thruster
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Cold Gas ThrusterCold Gas Thruster

•• NitrogenNitrogen fedfed throughthrough valvevalve and and nozzlenozzle
•• ValveValve leakageleakage typicalletypicalle 10%10%
•• MOOG MOOG builtbuilt 4.5 mN thruster 4.5 mN thruster withwith 34.5 kPa 34.5 kPa 

and and IIspsp of 65 s (total of 65 s (total weightweight 7.34 g)7.34 g)
•• MEMS MEMS versionversion underunder studystudy in in SwedenSweden

Cold Gas ThrusterCold Gas Thruster

4 mm

MicroheaterMicroheater –– HigherHigher IIspsp

6.1 6.1 ChemicalChemical MicropropulsionMicropropulsion
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6.2 Electric 6.2 Electric MicropropulsionMicropropulsion

Micro Ion ThrusterMicro Ion Thruster

Low Power Hall ThrusterLow Power Hall Thruster

•• Kaufmann thruster Kaufmann thruster withwith 1 1 –– 3 cm 3 cm rangerange underunder
developmentdevelopment at University of Southern at University of Southern CaliforniaCalifornia and and 
JPLJPL

•• A A fewfew µµN N targetedtargeted
•• RequiresRequires fieldfield emissionemission technology and high technology and high 

magneticmagnetic fieldfield strengthsstrengths

•• 4 mm 4 mm diameterdiameter Hall thruster Hall thruster developeddeveloped at MITat MIT
•• 1.8 mN, 865 s, 126 W and 6% 1.8 mN, 865 s, 126 W and 6% efficiencyefficiency
•• 50 W Hall 50 W Hall thrustersthrusters underunder developmentdevelopment at at KeldyshKeldysh

Research Center and Research Center and BusekBusek (100 W, 4 mN and 20%)(100 W, 4 mN and 20%) 124

Micro PPT ThrusterMicro PPT Thruster

MEMS Colloid/FEEPMEMS Colloid/FEEP

6.2 Electric 6.2 Electric MicropropulsionMicropropulsion

•• UnderUnder developmentdevelopment at Air Force Research at Air Force Research LaboratoriesLaboratories
•• SizeSize of of standardstandard TV TV coaxialcoaxial cablecable
•• CompleteComplete thruster thruster includingincluding electronicselectronics weightsweights 0.5 kg, 20.5 kg, 2--30 N and 130 N and 1--20 W20 W

•• MEMS MEMS fieldfield emissionemission cathodecathode technology technology 
usedused forfor ionion sourcessources

•• MicrovolcanoMicrovolcano structurestructure successfullysuccessfully builtbuilt at at 
SRISRI

•• Variable Variable IIspsp withwith additional additional gridgrid –– adjustableadjustable
powerpower--toto--thrustthrust ratioratio

125400 400 singlesingle emittersemitters on 5x5 mm !on 5x5 mm !

6.2 Electric 6.2 Electric MicropropulsionMicropropulsion -- µFEEPµFEEP
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6.2 Electric 6.2 Electric MicropropulsionMicropropulsion -- µFEEPµFEEP
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6.2 Electric 6.2 Electric MicropropulsionMicropropulsion

•• Standard 1 W Standard 1 W diodediode laserlaser usedused to pump to pump microchipmicrochip laserlaser to to transformtransform intointo high high 
intensityintensity pulsedpulsed laserlaser lightlight

•• PropellantPropellant tapetape e.g. Teflon e.g. Teflon coatedcoated withwith Aluminium Aluminium 
•• Material Material isis heatedheated, , ablatedablated and and ejectedejected at high thermal at high thermal velocitiesvelocities
•• CompleteComplete thruster thruster weightweight 400 g 400 g includingincluding PCU, 0.3 nN PCU, 0.3 nN –– 3 3 µµN at 6.5 WN at 6.5 W
•• SpecificSpecific Impulse 1,000 sImpulse 1,000 s
•• EfficiencyEfficiency aroundaround 1%1%

Microchip Laser ThrusterMicrochip Laser Thruster
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PropellantlessPropellantless PropulsionPropulsion
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7. 7. PropellantlessPropellantless PropulsionPropulsion

Momentum Exchange TetherMomentum Exchange Tether

•• AtmosphericAtmospheric drag will drag will slowslow down and down and heatheat up up tethertether significantlysignificantly
•• DifficultDifficult forfor Earth Earth environmentenvironment, , possiblepossible forfor Moon Moon oror MarsMars

TethersTethers areare longlong cablescables connectedconnected to a to a spacecraftspacecraft
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7.1.2 7.1.2 ElectrodynamicElectrodynamic TetherTether
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PropulsionPropulsion

ResistanceResistance

ExampleExample:: B=20 B=20 µµT (LEO)T (LEO)
v=6,800 m/sv=6,800 m/s
L=5 kmL=5 km
R=185 R=185 ΩΩ (5 km (5 km 
Aluminium)Aluminium)

F=0.36 NF=0.36 N

PowerPower

P=2.4 kWP=2.4 kW

•• CanCan bebe usedused to to rere--boostboost ISS, ISS, 
dede--orbitorbit satellitessatellites, etc., etc.

•• Problems: Problems: DeploymentDeployment
mechanismmechanism, HV , HV arcingarcing
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7.2 7.2 PropellantlessPropellantless Electric / Electric / NuclearNuclear PropulsionPropulsion

•• IoniseIonise and and AccelerateAccelerate Ambient Neutral Gas Ambient Neutral Gas AtmosphereAtmosphere (LEO Orbit, (LEO Orbit, lowlow altitudealtitude
Mars Orbit, ...)Mars Orbit, ...)

•• In LEO, In LEO, PowerPower--toto--ThrustThrust ratiosratios of 80 W/mN of 80 W/mN achievableachievable

Interstellar RamjetInterstellar Ramjet •• CollectCollect interstellar interstellar hydrogenhydrogen
•• UseUse itit as as fuelfuel in in fusionfusion reactorreactor and and createcreate thrustthrust byby

expellingexpelling itit
•• 10,000 km10,000 km22 collectioncollection areaarea areare neededneeded forfor 10 ms10 ms--22 132

7.3/4 Photon Rocket, 7.3/4 Photon Rocket, BeamedBeamed EnergyEnergy

fhW ⋅=
c
Rfh

c
WF ⋅⋅

==
g
cIsp =

DirectlyDirectly convertsconverts electricelectric energyenergy intointo kinetickinetic energyenergy via via thethe
useuse of a of a laserlaser

Energy emitted by LaserEnergy emitted by Laser Propulsion CharacteristicsPropulsion Characteristics

ExampleExample:: 1 MW 1 MW laserlaser will will produceproduce 3.3 mA at 3x103.3 mA at 3x1077 s !s !

Photon RocketPhoton Rocket

Beamed Energy EarthBeamed Energy Earth--toto--Orbit PropulsionOrbit Propulsion

•• Laser Laser cancan heatheat air and air and createcreate
thrustthrust

•• EstimatedEstimated at 1 MW / kgat 1 MW / kg
•• US Air Force US Air Force isis experimentingexperimenting

withwith smallsmall prototypeprototype ((LightcraftLightcraft))
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7.3 7.3 Rubbia´sRubbia´s Photon Photon PropulsionPropulsion ConceptConcept
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7.5 Solar 7.5 Solar SailSail

•• PressurePressure of solar of solar photonsphotons usedused to to 
createcreate thrustthrust

•• In In EarthEarth''ss orbitorbit aroundaround 9 N/km9 N/km22, , 
decreasingdecreasing withwith 1 / r1 / r22 fromfrom thethe sunsun

•• SailSail material material underunder studystudy has has thicknessthickness
of 1 m (of 1 m (limitedlimited byby stressesstresses duringduring
launchlaunch –– spacespace manufacturingmanufacturing ?), ?), givesgives
thrustthrust--toto--weightweight ratio of 10ratio of 10--55 N/kgN/kg

•• Problem: Problem: DeploymentDeployment mechanismmechanism

ImprovementImprovement

SeparatingSeparating functionfunction of of collectingcollecting photonsphotons
and and reflectingreflecting themthem to to createcreate thrustthrust
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7.6 7.6 MagneticMagnetic SailSail

•• SuperconductingSuperconducting CurrentCurrent LoopLoop formsforms Dipole Dipole whichwhich deflectsdeflects Solar WindSolar Wind
•• Solar Wind Solar Wind travelstravels at 300 at 300 -- 800 km/s (Voyager 800 km/s (Voyager spacecraftspacecraft 17 km/s)17 km/s)
•• Mission Mission ApplicationsApplications: : InterplanetaryInterplanetary Cargo Cargo -- Interstellar Interstellar PrecursorPrecursor

•• SuperconductingSuperconducting Technology Technology -- CoolingCooling, , formsforms RadiationRadiation Belt,   Belt,   StructuresStructures --
WeightWeight

Major Major TechnicalTechnical DifficultiesDifficulties
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7.6 7.6 MagneticMagnetic SailSail / M2P2/ M2P2

•• InjectsInjects plasmaplasma (e.g. Argon) to (e.g. Argon) to 
enlargeenlarge magneticmagnetic fieldfield fromfrom
electromagnetelectromagnet

•• CouplesCouples to solar wind to solar wind likelike
MagnetosphereMagnetosphere

•• 20 km 20 km magneticmagnetic bubblebubble seemsseems
possiblepossible

MiniMini--Magnetosphere Propulsion (M2P2)Magnetosphere Propulsion (M2P2)
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7.6 7.6 MagneticMagnetic SailSail / M2P2/ M2P2

M2P2 M2P2 GroundGround ExperimentsExperiments
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BreakthroughBreakthrough PropulsionPropulsion

e
mx

e
m

e
m

g

g ⋅−=−=−= −210

0
1041.7

ε
ε

µ
µ

κ



24

139

8. 8. BreakthroughBreakthrough PropulsionPropulsion

•• ClassicalClassical technology limits technology limits alreadyalready reachedreached areare knownknown (e.g. LO(e.g. LO22/LH/LH22 SpaceSpace
Shuttle Shuttle engineengine has 95% has 95% efficiencyefficiency –– notnot muchmuch roomroom forfor improvementimprovement))

•• NuclearNuclear propulsionpropulsion likelike NERVA NERVA isis readyready to to useuse –– will will enableenable mannedmanned
interplanetaryinterplanetary missionsmissions

HowHow cancan wewe exploreexplore OTHER solar systems OTHER solar systems withinwithin a a crewcrew''ss lifetimelifetime ??

ProximaProxima Centauri: Closest three star systemCentauri: Closest three star system

•• Alpha Alpha CentauriCentauri isis 4.3 4.3 lightyearslightyears awayaway
•• ∆∆v v requiredrequired to to reachreach itit in 10 in 10 yearsyears isis 100.000 km/s, 100.000 km/s, comparedcompared to to todaytoday''ss roboticrobotic

missionsmissions of 10 km/sof 10 km/s
•• Even Even withwith nuclearnuclear rocketsrockets wewe areare 2 2 ordersorders of of magnitudemagnitude awayaway fromfrom thisthis goalgoal

We need a breakthrough in physics !We need a breakthrough in physics ! 140

8. 8. BreakthroughBreakthrough PropulsionPropulsion

Today’s LimitsToday’s Limits

•• ThermodynamicsThermodynamics: : EnergyEnergy cancan onlyonly bebe transformedtransformed butbut notnot createdcreated out of out of nowherenowhere
(no Perpetuum Mobile)(no Perpetuum Mobile)

•• RelativityRelativity TheoryTheory: : TheThe fastest fastest possiblepossible speedspeed isis thethe speedspeed of light, of light, massmass isis a a 
functionfunction of of spacetimespacetime curvaturecurvature ((wewe needneed somethingsomething likelike a a blackblack hole to hole to modifymodify
spacespace, time and , time and massmass))

ItIt was was scientificallyscientifically provedproved thatthat machinesmachines heavierheavier thanthan air air cancan notnot flyfly, , thatthat wewe cancan notnot
gogo to to thethe Moon, and Moon, and thatthat wewe cancan notnot gogo to to otherother starsstars ......

In 1996, NASA In 1996, NASA estabilshedestabilshed thethe BreakthroughBreakthrough PropulsionPropulsion PhysicsPhysics
ProgramProgram, US Department of , US Department of EnergyEnergy, and ESA , and ESA followedfollowed

HowHow cancan wewe useuse presentpresent theoriestheories to to overcomeovercome thosethose limits ... ?limits ... ?
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8.2 Quantum 8.2 Quantum TheoryTheory

•• HeisenbergHeisenberg''ss uncertaintyuncertainty principleprinciple requiresrequires thatthat atomsatoms still still movemove at at zerozero KelvinKelvin
•• AverageAverage energyenergy isis calledcalled ZeroZero--PointPoint--EnergyEnergy

2
hfE ZPE =

4480L
hc

A
F π
=

4

56

II

1059.11
Lc

c −
⊥ ×

+=

ExampleExample:: 1 m1 m22 at 1 at 1 µµm distance   m distance   
givesgives 1 mN1 mN

Casimir Casimir EffectEffect (1948)(1948)

Scharnhorst Scharnhorst EffectEffect (1990)(1990)

CanCan also also bebe usedused to to explainexplain inertialinertial massmass and and howhow itit cancan bebe modifiedmodified!!

142

8.2 8.2 CouplingCoupling of Gravitation and EMof Gravitation and EM

GeneralGeneral
RelativityRelativity

TheoryTheory

19161916

LinearizationLinearization

Extension to Extension to TimeTime--DependentDependent SystemsSystems

•• GravitationalGravitational PoyntingPoynting Vector Vector 
((HeavisideHeaviside))

•• ConservationConservation of of EnergyEnergy & & MomentumMomentum
((JefimenkoJefimenko))

EinsteinEinstein

NewtonNewtonMaxwellMaxwell
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8.2 8.2 CouplingCoupling of Gravitation and EMof Gravitation and EM

General Relativity TheoryGeneral Relativity Theory

GravitoelectricGravitoelectric PartPart GravitomagneticGravitomagnetic PartPart

•• LenseLense--ThirringThirring EffectEffect
•• Frame Frame DraggingDragging
•• GravityGravity Probe BProbe B

InductionInduction

•• NewtonianNewtonian GravityGravity
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Gravitation Gravitation ⇒⇒ ElectromagnetismElectromagnetism ElectromagnetismElectromagnetism ⇒⇒ GravitationGravitation

CouplingCoupling CoefficientCoefficient

8.2 8.2 CouplingCoupling of Gravitation and EMof Gravitation and EM
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8.3 Experiments 8.3 Experiments leadingleading to to BreakthroughsBreakthroughs

Superconductor Gravitational ShieldingSuperconductor Gravitational Shielding

•• DiscoveredDiscovered byby PodkletnovPodkletnov in 1992in 1992
•• Maximum Maximum weightweight shiedlingshiedling 2%2%
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James James WoodwardWoodward -- RotatingRotating MassesMasses Charge up Charge up duringduring Rotation, Rotation, 
ProjectilesProjectiles InduceInduce Charge on Charge on TargetTarget

amq ⋅⋅≅′ Constant

8.3 Experiments 8.3 Experiments leadingleading to to BreakthroughsBreakthroughs

Coupling of Charge, Mass and AccelerationCoupling of Charge, Mass and Acceleration
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8.3 Experiments 8.3 Experiments leadingleading to to BreakthroughsBreakthroughs

YamashitaYamashita//ToyamaToyama -- WeightWeight Change of Change of RotatingRotating ChargedCharged
CylinderCylinder

•• PositivelyPositively ChargedCharged + 4 + 4 gramsgrams (out of 1300 (out of 1300 gramsgrams total)total)
•• NegativelyNegatively ChargedCharged -- 11 11 gramsgrams
•• WeightWeight changedchanged accordingaccording to to speedspeed of rotation (no of rotation (no electrostaticelectrostatic))
•• No No changechange of of weightweight differencedifference ifif orientationorientation of of ratationratation changedchanged (no (no magneticmagnetic))
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8.3 Experiments 8.3 Experiments leadingleading to to BreakthroughsBreakthroughs

Inside Quantum MaterialsInside Quantum Materials

Mechanical Mechanical 
MomentumMomentum

Magnetic Vector Magnetic Vector 
PotentialPotential

BothBoth vectorvector fieldsfields areare
linkedlinked to to eacheach otherother

( )
2
nhldAevmldp ss =⋅+=⋅ ∫∫

vvvvv

ωv
v

⋅−=
e
mB 2

London MomentLondon Moment
MagneticMagnetic FieldField isis generatedgenerated withoutwithout
thethe influenceinfluence of of thethe permeabilitypermeability !!
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HowHow well do experimental well do experimental valuesvalues fit fit quantumquantum theorytheory ??

London MomentLondon Moment GinzburgGinzburg--LandauLandau

experiment

theory1
B
B
v

v

−

•• Normal SC 3Normal SC 3--15 %                  15 %                  
(Hildebrandt, PRL 1964)(Hildebrandt, PRL 1964)

•• HighHigh--TTcc SC,                                  SC,                                  
heavyheavy fermionfermion SC 5SC 5--10 %      10 %      
((SanzariSanzari, APL 1996), APL 1996)

•• etc.etc.

Most Most accurateaccurate
measurementmeasurement fromfrom

Tate et al (PRL, 1989)Tate et al (PRL, 1989)

0.999992
2

PairCooper =−

em
m

 1)1.000084(2
2

PairCooper =−

em
m

Including Quantum and 
Relativistic Corrections

MeasuredMeasured discrepancydiscrepancy betweenbetween
experimentexperiment and and quantumquantum theorytheory!!

8.3 Experiments 8.3 Experiments leadingleading to to BreakthroughsBreakthroughs
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Inside Quantum MaterialsInside Quantum Materials

Mechanical Mechanical 
MomentumMomentum

Magnetic Vector Magnetic Vector 
PotentialPotential

All All threethree vectorvector fieldsfields
areare linkedlinked to to eacheach otherother

ExpandExpand CanonicalCanonical MomentumMomentum to to IncludeInclude GravitationalGravitational
EffectsEffects..

( )
2
nhldAmAevmldp gss =⋅++=⋅ ∫∫

vvvvvv

AlreadyAlready donedone byby DeWittDeWitt in 1970s (Princeton)in 1970s (Princeton)

GravitoGravito--Magnetic Magnetic 
Vector PotentialVector Potential

8.3 Experiments 8.3 Experiments leadingleading to to BreakthroughsBreakthroughs
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8.3 Experiments 8.3 Experiments leadingleading to to BreakthroughsBreakthroughs
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8.4 8.4 WhenWhen will will wewe RevolutionizeRevolutionize SpaceSpace TravelTravel

WhenWhen will will wewe revolutionizerevolutionize SpaceSpace TravelTravel

??
•• Rocket Rocket propulsionpropulsion isis 1,000 1,000 yearsyears oldold
•• Lastet Lastet untiluntil 1940 to 1940 to suddenlysuddenly developdevelop thethe VV--22
•• Technology Technology stayedstayed thethe samesame untiluntil JFK JFK decideddecided to to gogo to to thethe MoonMoon
•• SpaceSpace Shuttle technology Shuttle technology fromfrom 19701970''s s –– shallshall bebe usedused up to 2020up to 2020
•• SlowSlow implementationimplementation of of newnew technologiestechnologies (air (air breathingbreathing, etc.), etc.)

BreakthroughBreakthrough WhenWhen ??

As As historyhistory taughttaught usus, , itit cancan happenhappen veryvery quick and quick and veryvery soonsoon ......
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8.4 8.4 WhenWhen will will wewe RevolutionizeRevolutionize SpaceSpace TravelTravel


