
PERMANENT – Chapter 3 – Transportation of Earth, Lunar and Asteroidal Materials

Excerptsfrom a websitedevelopedby physicistMark Pradoon issuesrelatedto spacetransportationand
resources.[www.permanent.com]

1 Overview – Transport of Earth, Lunar and Asteroidal Materials

Themainbarrierto spacedevelopmentis thecostof gettingthere.For example,thecurrentSpaceShuttlecostis
around$12,000perkilogram,andnearfuturerocketsarealmostcertainlynotgoingto beableto deliver for less
than$2000/kg.Thatis why wearelookingatusingmaterialsalreadyin space– gettingmaterialsfrom asteroids
nearEarthand the Moon. After all, the settlersof Americadidn’t bring from Europeall their bricks, wood,
cement,food, water, etc. This sectionexplains the differencesin transportationcostsbetweendelivery from
Earth,the Moon, andasteroidsnearEarth,both theoreticallyandby practicalengineeringmethods.Different
transportationtechnologiesarecompared,with anemphasisonpractical,neartermsolutions.

Therearetwo factorsthatdeterminetheeconomicsof spacetransportation:

1. Theoreticalrequirements,i.e., theminimumenergy requiredto gofrom oneplaceto anotherdueto gravity
without consideringany otherrequirements,and

2. Practicalmeans,i.e., thecostof producingandoperatingvehicles.

Therelative weightof thesetwo factorsvaries,dependingon origin anddestination.
Theeffort requiredto transportaparticularpayloadfrom onepoint to anotherin spaceis oftencomparedin

termsof “delta-v” – thetotal velocity changeyou would needto impart in orderto go to a differentdestination.
It’s notnecessaryto completelyunderstandwhatthis means,but it is importantto understandthatthis reflectsa
kind of theoreticalminimum,somewhatasif thepayloadwerefired from a gunwithout theneedto launchany
fuel propellantsfor uselater. In reality, asthedelta-vgetshigher, theeconomicsgetworsemuchquicker dueto
fuel andfuel transportneeds.

Somedelta-v’s aregivenbelow, in kilometerspersecond(km/s)andmilesperhour(mph):

� 0.06km/s(130mph)from asteroid1982DBto highEarthorbit

� 2.37km/s(5,000mph)from thelunarsurfaceto high Earthorbit

� 7.50km/s(16,000mph)from Earth’s surfaceto low Earthorbit

� 10.00+km/s(20,000+mph)fromEarth’s surfaceto highEarthorbits(e.g., communicationssatellites)

Gettingoff of Earth’s surfaceandinto low Earthorbit requiressomuchfuel that rocketsmustlift off with
massive amountsof fuel for later in flight. For example,the SpaceShuttle,whensitting on the launchpad,
is about5% cargo, 85% fuel propellants,and 10% vehicle. It’s like launchinga skyscraperbuilding. The
stressesandengineeringdemandson thesevehicles,in additionto safetyandeconomicreliability standards,are
so extremethat the costsof manufacturingandoperatingrocketsareexorbitantfor launchingmaterialsoff of
Earth’s surface.

In comparison,theApollo lunarlander’s fuel tankto launchtheastronautsoff of theMoonwassosmallthat
youcouldsit on it likeachair, andmadeupasmallcornerof thespacecraft.Evenin thefuture,with aheavy lift
rocket from theMoon, thestresseswill besubstantiallylessthanfor launchfrom Earth.

Asteroidshave practicallynogravity. If your rocket enginefailsduringlaunch,there’s practicallynochance
you could crashbackdown. Thevehicleandfuel propellantscanbe low throughst,low spec,andvery small.
Theequipmentfor deploying to theasteroidcanbeconfiguredin low Earthorbit and“docked” to theasteroid,
e.g., by adeflatingairbag,ratchet-lockingsprings,or othernonrocketry meansif preferred.(For sendingacargo
to theMoon, it mustbepackaged,landedanddeployed in theMoon’s gravity.) Retrieving asteroidalmaterialis
like moving from oneorbit to another, whichgivestremendousbenefitsin flexibility, reliability andsafety.
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Notably, theShuttlegoesonly to low Earthorbit. If thecargo in theShuttlebayis acommunicationssatellite
headedfor geostationaryorbit (ahighEarthorbit), asis commonlythecase,thentheShuttle’scargobayconsists
of onethird satelliteandtwo thirds additionalfuel propellant. The Shuttleservesmainly as the first stageto
get thesatelliteoff thegroundandabove theatmosphere.Oncein orbit, thepayloadleavestheShuttleandan
interorbitalvehicletakesover.

Launchvehiclesandthevastmajority of interorbitalvehiclesto datehave all beenbasedon chemicalrock-
etry, wherebya fuel is mixed with oxygenandthe “controlled,continuousexplosion” producesthe throughst.
For oxygen-hydrogenrocketry, theoxygenmakesup between86%and89%of thefuel mix.

Onthemoon,oxygenis easilyextractedfrom lunarsoil. Hydrogenis scarceontheMoonexceptat thepoles
whereit is abundantlyavailableasextremelycold ice. Elsewhereon theMoon,waterneedsmaycompetewith
fuel needs.Rocketry basedon powderedmetal fuels mixed with oxygenhasbeendevelopedbut needsto be
adaptedto thelunarmission.

Many asteroidsarerich in both oxygenandhydrogen,aswell ascarbonfor alternative hydrocarbonfuels
which aremorestorableandeasierto handle.All of theseelementsareeasyto extract from asteroids,usinga
simplesolaroven,for example.

Onestudyput togethera designfor aninitial missionto retrieve asteroidalmaterial.This studydetermined
thata 100 ton spacecraftlaunchedto andassembledin low Earthorbit (andconsistingmainly of the fuel pro-
pellantsto get to theasteroid),couldcomebackto Earthorbit with 10,000tonsof asteroidalmaterialif it gets
hydrogenandoxygenfrom waterat theasteroidto useasfuel propellant.Thisspacecraftis simpleanddoesnot
involve any radicalnew technology.

Excessfuel propellantswill be oneof the first productsfrom asteroidaland/orlunar materials. This will
enablerocketson Earthto launchonly payloadsto low Earthorbit. Separate,“interorbital vehicles”fueledby
asteroidalandlunarpropellantsat fuel stationsin highEarthorbit, cancomedown to bringsatellitesupto higher
orbits, e.g., geostationaryorbit, aswell asdeliver fuel propellantsfor stationkeepingandmaneuvering in any
orbit. Rocketson Earthcan triple their usefulpayloadsby not launchingfuel propellantsfor the interorbital
vehicle.

No longerwill satellitesbe lost in spacedueto rocket stagefailuresor decommissioneddueto exhaustion
of stationkeepingpropellants. Lifetimes can be extended,and indeedobsoletesatellitescan be sold to less
developedcountries... thoughthis is gettingabit off thetopic of transportation.

Also coveredin this sectionare non-rocketry techniqueswhich are startingto emerge today, as well as
techniquesfurther down the road as spacebecomesmore industrialized. However, a near-term project can
be basedentirely on proven transportationtechnology. The onetechnologythat is most likely to emerge for
asteroidalmaterialsis thesteamrocket– notmakingafuel propellantbut simplyheatingwaterfrom theasteroid
to producesteamfor interorbitalpropulsion,asdiscussedin asectionof this section.

2 Theoretical transportation energy requirements

2.1 Moving around in the Earth-Moon System

TheEarthis 81 TIMES asmassive astheMoon, andasteroidshave a trivial masscomparedto theMoon. To
getfrom thesurfaceof theEarthor theMoon into orbit aroundEarth(wherespaceproductsproviding valuable
spaceserviceswill reside)requiresenergy in two forms:

1. Energy to riseabove thesurface,i.e., “potentialenergy”; and

2. Energy to stayup therewithout falling backdown, that is, acquiringthespeedto go into a circularorbit,
i.e., “kinetic energy”. In acircularorbit, gravity is counteredby thecentrifugalforceconstantly.

Notably, whentheSpaceShuttlegoesinto low Earthorbit about500 kilometersup, only about7% of the
theoreticalenergy requiredgoesinto lifting it to thatheight(potentialenergy). About93%of theenergy goesinto
acceleratingtheSpaceShuttleto aspeedwhereit goesinto acircularorbit (kineticenergy). Thetotalamountof
energy (kineticpluspotential)requiredis oftenexpressedin termsof ananalogy– an“energy well”, aspictured
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Figure1: Noteonthegraphthattheenergy requiredto gointo “geostationaryearthorbit (GEO)”, i.e., “stationary
communicationssatelliteorbit”, from theMoon is small,comparedto comingfrom Earth.It will laterbeshown
that theenergy requiredto getmaterialfrom many asteroidsnearEarthinto geosynchronousorbit is even less
thanfrom theMoon.

here,asif eachgravitationalbodyrepresenteda hole in thegroundlike a waterwell which a cargo mustcrawl
outof. Thebiggertheplanet,thedeepertheequivalentwell. In thepicturebelow, thevertical“height” represents
theenergy requiredto move from onepoint to theother, wherebythehorizontallengthrepresentsthephysical
distances(to scale).

The SpaceShuttlecan goesto about500 kilometers,and doesn’t have the capability to go significantly
higherthanthat,energy-wise. Communicationssatelliteorbit is at 36,000kilometers.Roughlyhalf theenergy
to getto geosynchronousorbit is consumedin justgettingto anorbital speed.WhentheSpaceShuttlecarriesa
communicationssatelliteup, it bringsit only above theatmosphereto the500kilometerorbit. Fromthere,the
satelliteis removed from thecargo bayandthenlaunchesto geosynchronousorbit 36,000kilometersup using
its own fuel propellant,whichmadesupmostof thecargo in theShuttlebay, not thesatellite.But this is another
issuefor anotherplace.

Whatorbital speedsarewe talking about?For low Earthorbit, we arelooking at a little over 7 kilometers
persecond(i.e., about15,000milesperhour),for theorbital speed.At thisspeed,theShuttleorbitstheEarthin
aboutoneanda half hours.As a satellitegoeshigherin orbit whereEarth’s gravity is weaker, it doesnot need
to goasfastto stayin orbit, andthusoneorbit of theEarthtakesmuchlonger, e.g., 24hoursfor GEO.However,
it takesmuchmoreenergy to lift it up to thatorbit.

An orbit usedby communicationssatellitesis ahighEarthorbit called“geostationary”or “geosynchronous”
orbit, whereit takesexactly24hoursfor oneorbit. SincetheEarthrotatesonceper24hours,eachsatellitestays
“stationary”or “synchronized”aboveonepointonEarth.That’swhy youcanpointyoursatelliteTV dishto one
placeandleave it there,ratherthanhaving to trackthesatelliteandlosecommunicationif it wereto passover
thehorizon.
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It takesmorethan10 timesmoreenergy, theoretically, to getinto geosynchrousEarthorbit from thesurface
of the Earththanfrom the surfaceof the Moon (that is, a circular orbit). The energy requiredfrom asteriods
nearEarthcouldbe lessor morethanfrom theMoon, dependingon theparticularasteroid’s orbital properties.
Adding in theheavy vehicleandcomplexity associatedwith Earthlaunch,andlaunchingthefuel for laterin the
flight, gettingmaterialsoff of theMoonandespeciallyfrom asteroidsis mucheasierthanfrom Earth.To escape
Earthorbit altogethertakes lessthan10% moreenergy thangettingto geostationaryorbit. Hence,the energy
differencebetweenGEOandotherbodiesbesidesEarthis oftenmuchless.

(One item often quotedby othersit that it takes about22 times more energy to launchfrom Earth and
“escape”to infinity (without going into orbit) than to likewise launchfrom the Moon andescapeto infinity.
That is a simplecomparisonfor laymento illustrate the point, anddiffers somewhat from the moredetailed
comparisongivenherewhichaccountsfor gettinginto varioususefulcircularorbits.)

It’s importantto understandthat it takesjust asmuchenergy to comedown asit doesto go up – there’s no
“free downhill”. Coming“downhill” takesjust asmuchenergy andfuel in spacebecausethereis no friction –
youmustspendfuel to loweryourselfinto acircularorbit. (An exceptioncouldbe“aerobraking”,i.e.,usingthe
Earth’satmospherefor friction, but nosuchvehiclehasbeenoperatedto dateexceptfor returnto Earth’ssurface.
Aerobrakingis discussedin thevehiclessection.)Withoutaerobraking,if you simply brake andfall down in an
elliptical orbit, you’ll soonberight backat thetop of thatelliptical orbit andreadyfor anothercycle. To stayat
thebottomof theorbit requiresthatyou circularizeyourorbit whenyouarrive thereby spendingmorefuel.

Higher orbits have more potentialenergy but lesskinetic energy. In fact, mathematically, to move from
a lower orbit to a higherorbit requiresspendingtwo partspotentialenergy for every onepart kinetic energy
reduced.Notably, there’s no energy shortcut– if you skip going into an interim orbit but just shootfrom the
surfaceof theEarthto ahighorbit, youdon’t save anything, theoretically. However, in practicalterms,thereare
differencesbetweentrajectoriesto get into a circular high orbit so that you canspendsignificantlymorethan
the theoreticalminimum. In general,hastemakeswaste,in termsof energy andfuel spent. The theoretically
besttrajectoryfrom Earth’s surfaceto any Earthorbit is to first get into orbital space,so thatoneisn’t fighting
againstgravity’s pull backdown, andthento spiral up slowly, thrustingperpendicularto the line of sightwith
Earth(i.e., addingpurelycentrifugalforce).However, this is rarelyfolloweddueto economicfactorsotherthan
fuel launched(e.g., time andcomplexity, andradiationbelt damagefactors).

On the graph: “Sea Level Earth Orbit (SLEO)” just illustratesthe minimum energy requiredto “stay in
outerspace”ratherthanstanding(or crashingback)on Earth’s surface– SeaLevel EarthOrbit is, say, a purely
theoreticalorbit just onefoot above sealevel asif therewereno atmosphereor hills to crashinto. Energy-wise,
SeaLevel Orbit representsthe93%kinetic energy to get to Shuttleorbit from Earth’s surface,ascomparedto
the7%to lift upabove theatmosphere.TheMoonalsohasa“sealevel orbit”, or sinceit has“Mares” insteadof
“Seas”,it hasacorresponding“Mare Level Orbit”. Theentiregraphrepresentsthetheoreticalminimumamount
of energy required. However, the moreenergy required,the morefuel mustbe lifted for uselater. Thus,the
rocket sizeandcomplexity increasewell outof proportionto thetheoreticalminimumenergy required.

Asteroidshavenosignificantescapevelocityor “sealevel orbitalenergy”, andcanbeseenasobjectsalready
in orbitalspace.Onthechart,they wouldbelocatedbeyondthedashedline abovehighEarthorbit, energy-wise.
SomenearEarthasteroidsarejust a tiny bit above the thedashedline, thoughmostasteroidsaresignificantly
above the line. However, an analysisof retrieving asteroidalmaterialsdoesnot lend itself well to the above
analysis,largely dueto a conceptcalleda “lunar gravity assist”,which savesenergy by tradingorbital energy
with theMoon,asdiscussedbelow.

2.2 Asteroid Materials Retrieval

Thedelta-v’s for known Earth-crossingasteroidsareaslow as60 meterspersecond(60 m/s),ascomparedto
theMoon’s escapevelocity of 2,400m/s. Therearemany asteroidswith requireddelta-v’s lower thanthelunar
surface. In a probablemissionscenarioto anasteroid,a largecargo will be launchedinto high Earthorbit and
undergo a gravity assistby theMoon (discussedbelow) to pick up speedto rendezvouswith theasteroid.After
rendezvousof thecargo shipwith theasteroid,any humanpresenceneededwouldbesentby a smallvehicleon
aquick trajectory.
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Beforewe go into specificmissions,we shouldcover a key topic for retrieving asteroidalmaterials:lunar
gravity assists.

2.2.1 Lunar gravity assistsfor asteroids

SomeasteroidenthusiastshumorouslyseetheMoonmainly asanobjectto offer gravity assists,not to minethe
Moon.

A “gravity assist”entailsusinga fly-by with the Moon to divert the trajectoryof a payloadandto impart
delta-v, saving largeamountsof fuel. Almostall NASA probesto otherplanetshavedependedongravity assists,
e.g.,passingby theMoonandtheEarthoneor moretimesontheirwayout,andsometimesotherplanetsaswell
for thepurposeof gravity assists.For example,Voyagermorethandoubledits speedwhenit passedJupiter.

Oneor morelunargravity assists,sometimesin concertwith anEarthgravity assist,will beusedto:

1. deflectincomingasteroidcargosinto ahighEarthorbit (or towardsanothergravity assist),and

2. to brake theasteroid.

A singlelunargravity assistis illustratedconceptuallybelow. ThemaximumbrakingtheMooncanprovide
is about2.2km/sec,usinga “doublelunargravity assist”,wherebytheasteroidpassesby theMoon comingin,
thenpasttheEarth,thenpasttheMoonagaingoingbackout. Thiswoulddivert theasteroidby almost90degrees
from its originalpath,andcaptureit into ahighly elliptical Earthorbit. Subsequentgravity assistswould insertit
into a morecircularorbit aroundEarthafterwhich it would performfinal small thrustingmaneuversto achieve
its desireddestinationorbit. Many asteroidsrequirea delta-vof muchlessthan2.2 km/sec,andrequireonly
a singlelunargravity assist(not anEarthgravity assist)to becaptured,andoptionallyadditionallunargravity
assiststo divert theasteroidinto amorecircularorbit.

Gravity assistsimprove the economicsof retrieving asteroidpayloads,aswell asoutboundmissions,and
greatlybroadensthenumberof attractive asteroids.(In thisgameof “orbital billiards”, wearetappingagravita-
tionalenergy sourceasasteroidpayloadsexchangeorbitalmomentumwith theMoonandtheEarth– theasteroid
slows down while the Moon speedsup. Becauseasteroidsareso small comparedto the EarthandMoon, the
effectson theMoon andEartharesosmallasto beimmeasurable.It would take millions of capturedasteroids
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to causeany detectablechangesin theMoon’s or Earth’s orbits. It’s like measuringthe effectsof mosquitoes
hitting theEmpireStateBuilding – significantto themosquito,but not to thebuilding.)

We probablywould not want to bring a completeasteroidin, but insteada seriesof small cargo containers
which aremoreeasilymaneuveredandposeno significantthreatto Earth.Trajectoriesaresomethingwe know
veryprecisely, well in advance,andthere’s noneedto gettoocloseto Earth.Theabovementioned2.265km/sec
gravity assistmaneuver wasbasedon approachingno closerthanseveralthousandmiles(kilometers)of Earth’s
surfacein orderto allaysuchconcerns.(SomepeoplehaveproposedusingtheEarth’satmospherefor “aerobrak-
ing”, but that’s notatall whatwearetalkingabouthere.Wewon’t everneedto alertany emergency rendezvous
teamfor puregravity assistmaneuvers.)Onewould expectthata quick responserendezvousteamwould beset
upto protectEarthin thelongrunagainstbothman-madeobjectsandnaturallyoccurringasteroidsandbig rocks
thatpassby Earth.Already, military andcivilian telescopeshave detectedbig rocksandsizeableasteroidspass-
ing very closeto Earth,including skimmingtheupperatmosphere.If any of thesenaturallyoccurringobjects
hadhit Earth,it wouldcauseanaturaldisaster, possiblyto theentireplanet,notaman-madedisaster. Man-made
capabilitiescanpreventnaturalplanetarydamage.

2.2.2 SpecificAsteroid Missions

In the late1970s,many peoplethoughtthat the ideasof asteroidalmaterialsutilization hadsomuchmerit that
equipmentwouldbedevelopedandmissionswouldbeembarkeduponby NASA. Thiswasnaive,but it wasgood
that they proceededwith theseprojections,asthey areexemplary. However, someof thedatesof thefollowing
missionsarealreadypast.

TheAmor asteroid“Anteros” (1973EC)wasprojectedto have equipmentlaunchedto it in late1992. Ren-
dezvouswouldhappenin 1993andtheequipmentwouldberunningat full steamby early1994.After adelta-v
of 1.6km/sec,thecargo wasto beenrouteto theEarth-Moonsystem.It wasto arrive in 1995wheretwo lunar
gravity assistsandafuel thrust“capturemaneuver” of 0.3km/secatorbit perigeewouldhaveputit into acircular
orbit betweentheMoonandtheEarth.(The0.3km/seccouldbeloweredby athird lunarencounterif sodesired,
but 0.3km/secis sosmallthatit maybewortha little haste.)

TheAmor asteroid“Eros” offeredessentiallythesamestory. Thelaunchdatewasscheduledfor ayearlater,
in 1993. The delta-vwould have been1.7 km/secandwould’ve taken two lunar gravity assistsanda capture
maneuver of 0.3km/sec.

The investigatorsthoughtthat further analysisof missionopportunitiesand trajectoriescould reducethe
delta-vto near1 km/secfor theabove two asteroids.On their shoestringbudget,they did a limited numberof
calculations,andgettingatrajectoryunder2 km/secinitial delta-vwasdeemedenoughto moveontootherissues
like analysisof theequipmentneeded.

In thelate1970s,afew of thenewly discoveredasteroidswerealsoanalyzedfor rendezvous,e.g., theApollo
asteroids1976UA (delta-v of 0.61 km/sec),1973EC(delta-v of 1.43 km/sec)and 1977HB (delta-v of 1.06
km/sec).Thesecalcuationsweremadeusing1970scomputersandsomeremarkablypersistentprofessionals.

Sincethis 1970sstudy, usingmoresensitive telescopes,many moreattractive targetshave beenfound, in-
cluding theasteroid1982DB,which needsa delta-vof a mere0.06km/sec(i.e., 60 meterspersecond,or 130
milesperhour)to becapturedby theEarth-Moonsystem.

2.3 The L1, L2, L4 and L5 Libration points

Therearetwo pointscalledL1 andL2 on thechartonenergy requirements.Their relevanceis asfollows:
BothL1 andL2 orbit theEarthin thesameamountof timethattheMoonorbitstheEarth.L1 andL2 serveas

lunar-stationaryor lunar-synchronouspointsin space,just like communicationssatellitesin geostationaryorbit
stayabove onepoint on Earth. This is becausetheMoon keepsonefacepointedtowardstheEarthall thetime
(i.e., its rotationperiodequalsits orbit periodexactly). In otherwords,if you’re on thesurfaceof theMoon and
you look up at anobjectstationedat theL1 or L2 points,it won’t move over time. Objectseverywhereelsein
orbital spacewill move.

TheMassDriver, discussedin thelunar launchsection,would shootpayloadsto a MassCatcherlocatedat
oneof thesetwo points. Lunar materialcanbe shotoff the lunar surfaceandinto circular orbit aroundEarth
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without beingplacedin lunar orbit first, androcketscould headthere,too. Likewise, a solarpower stationor
giant mirror systemat thesetwo pointscould servicethe lunar surfaceduringmostof the long lunar night by
beamingdown energy, light andwarmthat night, in a longertermscenario.In reality, stationkeepingwould be
requiredto keepanobjectat L1 or L2 dueto theeffectsof theSun’s gravity. The fuel propellantrequiredfor
stationkeepingwouldbesmall.

Therestof thisarticlecoversthephysics,not therelevancy, of theL1 andL2 phenomenon,aswell astheL3,
L4 andL5 points,for thosewhoarecuriousto know. Notably, L4 andL5 aretwo candidateregionsfor emplacing
industrialfaciltiesin high Earthorbit. Indeed,a famousspaceadvocacy organizationpromotingasteroidaland
lunarmaterialsutilization calleditself theL-5 Society. ThesepointsarealsocalledtheLaGrangepoints(after
theirmathematicaldiscoverer)or the“libration points”.

2.4 The physicsof L1, L2, L3, L4 and L5

L1 andL2 aretwo uniquepointscausedby the interactionof theEarth’s andMoon’s gravities. They arealso
shown in thefollowing chart,alongwith L3, L4 andL5.

TheL1 point is where:
TheEarth’s pull = theMoon’s pull + theorbital centrifugal“for ce”

7



When an object placedbetweenthem is balancedby two pulls in the two directions,it’s as if the object is
balancedat thepeakof ahill. A nudgeonewayor theotherwouldcausetheobjectto fall inwardtowardsEarth
or outwardtowardstheMoon. (It’s actuallya little moreinvolvedthanthis in thatnothingfalls straightdown in
a three-bodyrotatingsystem,but yougettheidea.)

TheL2 pointisanotherplacewhereyoucanplaceanobjectandit will alwaysstaythereif balancedperfectly.
Thecauseof theL2 point is:

TheEarth’s gravity + theMoon’s gravity= theorbital centrifugalforce
TheL3 point is simply theplacein Earthorbit oppositetheMoonwhich orbitstheEarthin thesameperiod

of theMoon. It hasno relevanteconomicpotential(unlessyou never wantto seetheMoon for somereason).
TheL4 andL5 “points” actuallydenotethecentersof two regions– objectswill tendto drift aroundthese

two pointsin erraticorbits(appearingto orbit theemptypointsin anoncircularandnonellipticalshape), without
leaving theL4 or L5 region,andwithout requiringmuchstationkeepingpropellantto stayin theregion. TheL4
andL5 pointsarelocatedin Earthorbit 60degreesin front of and60degreesbehindthepathof theMoonaround
theEarth.Whathappensis thatwhentheMoonaccelerates/decelerates objectsin L4/L5 region, it changestheir
centrifugalforce relative to Earthandhencetheir orbit aroundEarth,causingthemto climb away from or fall
towardsEarth,in whichcasetheir orbital speeddecreasesor increasesasthey climb away or fall towardsEarth,
andasa result they fall behindor passup the L4/L5 point andthe cycle repeats.(Anotherway of looking at
this is thatanobjectplacedat L4 or L5 orbitsthecenterof massof theEarth-Moonsystemin onemonth.)Like
everywhereelse,theSun’s gravity perturbsobjectsin theL4 andL5 pointssothat it’s not a perfectpicture,but
it’s fairly close.

In the1970s,many peoplesaw theL4 andL5 regionsasfavorablefor placingindustryto processasteroidal
andlunarmaterial,andspacecoloniesaswell, becausethey all stayedin proximity to eachother, unlike objects
in differentorbits outsidethis zone(unlessthe latter areall in the sameorbit andjust strungout in a circular
curve), andstayed“close” to theMoon in termsof energy. Whetheror not spaceindustryis locatedat L-4 or
L-5 is a minor issue.Spaceindustrycouldbe locatedin mostany Earthorbit. But theL-4 andL-5 pointsare
referencedby many studiesascandidatesites,hencetheirdiscussionhere.

Differentstudiesput themanufacturingfacilities in differentplaces,e.g., in a high orbit or anL point. Few
put themin a low Earthorbit, dueto theenergy requiredto bringasteroidalmaterialsdown. Only somefinished
productscomedown. Wherever theindustryis located,theinitial largecolonieswill belocatednearby.

3 Near-Term Vehicles

3.1 Chemical rockets

3.1.1 Intr oduction to chemicalrocket transportation

Rocketsarethemainpropulsionsystemmanhasusedin spaceto date.We userocketsto getoff of theEarth,
to go from oneorbit to another, andfor satellitestationkeepingandmaneuvering.Oneof thefirst productsto be
madefrom asteroidalandlunarmaterialswill befuel. This fuel will beusedto transporttheasteroidalandlunar
materialsbackto Earthorbit, aswell asto sell in low Earthorbit for moving satellitesaround(e.g., from low
Earthorbit to geosynchronousEarthorbit). This is aproductwhichis easyto make from asteroidalmaterial,and
mostlyif notall from lunarmaterialaswell.

For example,theShuttlegoesonly to a very low Earthorbit. For launchingto geosynchronousorbit, much
morefuel is needed.Indeed,if a satelliteis launchedin the SpaceShuttleto low Earthorbit andrelaunched
thereto go to geostationaryorbit, two thirdsof thecargo in theShuttle’s payloadbayis fuel andonly onethird
is thesatellite.By providing fuel from theMoonandasteroids,wetriple thepayloadcapacityto low Earthorbit,
therebyallowing larger, morecompetitive communicationssatellitesandfutureservices.For satellites,we will
eventuallybeableto offer loweroverall delivery costspersatelliteandmake asizeableprofit.

Alternatively, oncein space,therearebettermeansof propulsionthanchemicalrocketry which promiseto
besignificantlylessexpensive over time for haulinglargequantitiesof goods.However, in anear-termprogram
we couldassumethatwe will beusingold fashionedchemicalrocketry. It is not necessaryto basea near-term
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scenarioon new propulsiontechnology, thoughit maybeadvantageousto useoneof thesimplertechnologies
discussedin PERMANENTfor interorbitaltransportation,e.g., steamrocketsor ion drive.

Oncewe startto industrializespace,we will surelyassemblelarge”spacetrucks” in low Earthorbit to haul
payloadsaroundspacemuchmoreefficiently, usingsomethingelsebesideschemicalrocketry. But for now we
couldassumewe will beusingchemicalrocketry in thefirst stageof largescalespacedevelopment.

A rocket is adevice thatburnsfuel for propulsion.Thefuel burn is achemicalreactionbetweena“fuel” and
an“oxidizer”. Therearethreekindsof chemicalrocket:

1. Two liquids from two differenttanks,e.g., liquid hydrogen(fuel) andliquid oxygen(oxidizer),arepiped
into thecombustionchamberat a high rateusinghigh performancefuel pumpswherethey mix andcom-
bust.An exampleis theSpaceShuttle’smainfuel tank,whichactuallyhastwo tankswithin it, ahydrogen
tankandanoxygentank.Two liquidsin twodifferenttanksis themostcommonform of chemicalrocketry.

2. Two chemicalsaremixedalreadyin liquid form in onetankandjustneedto bepumpedinto acombustion
chamberwherethey areheated.This is possibleif the two chemicalscombustonly at high temperatures
andmix with eachotherwell at low temperatures.

3. The two chemicalsaresolid andarenot pumped. The fuel is locatedin the combustionchamber, e.g.,
a very long cylinder with a thick lining of fuel on the inside,makinga long hole in the middle with an
openingon the nozzleend(similar to “bottle rocket” fireworks). The two chemicalsareusuallymixed
with a third materialwhich controlsthe rateof burn. The burn startson the insideof the cylinder and
uniformly (moreor less)burnsits way out. An exampleof this aretheSpaceShuttle’s two long, narrow
solid rocket boosterswhich detachafter the first few minutesof flight (after which the main fuel tank
powerstheShuttleto orbit usingtwo liquid fuels).

Rocketsareknown to bedangerous.They dependon a controlledexplosion.For Earthlaunch,they depend
uponvery high thrustdueto Earth’s stronggravity andtheweight of thevehicleplus thepayloadplus fuel to
be usedlater in flight. This is why the SpaceShuttleusestwo solid rocket boosters. (It was a solid rocket
boosterfailurethandestroyedtheSpaceShuttleChallenger.) Fortunately, for usein space,rocketsaremuchless
dangerous.Thethrustrequiredto getoff theMoon is very smallcomparedto thaton Earth.Moving from orbit
to orbit canbedoneslowly andgently, which is why rocketsin orbital spacevery rarelyexplode.Launchingoff
of anasteroidis practicallythesameasdoinganinterorbitalmaneuver.

For example,whenwe launchtheSpaceShuttle,thecargo makesup only about2% of the total. The fuel
andthevehiclemake up themajority. Whenyou look at a rocket on Earth’s surface,you’re looking mostlyat
fuel andvehicle,with a little payloadon top. In contrast,for thevehiclethatlifted theApollo astronautsoff the
Moon, thefuel requiredwassolittle thatit fit in a cornerof thevehicleandthefuel tankcouldhave servedasa
chair.

Thekey to spacedevelopmentusingasteroidalandlunarmaterialsis theability to make thefuel propellants
from thesematerials,ratherthanblastingthefuelsup from Earth.

TheMoon hasplentyof oxygen,which makesup 86%to 89%of oxygen-hydrogenrocketry, assincelunar
dirt averages44%oxygenboundinto minerals.Extractingthis oxygenfrom lunarsoil is fairly simple,andthe
processingschemesgenerallyaim to produceotherusefulmaterials,too. The hydrogenis rareon the Moon
exceptat the lunar poleswhereit exists in extremelycold form. Many asteroidsarerich in frozenwater, and
oxygen-hydrogenrocket fuel is readilyproducible.Asteroidsarealsorich in carbon,too,which canbeusedin
rocket fuels,e.g., hydrocarbonfuels.

Many lunar developmentschemesproposeusing substitutesfor the hydrogen,e.g., powderedaluminum,
whichwouldstill bemixedwith oxygenfor combustion.Aluminumpowderbasedengineshavebeenresearched
dating back to the Apollo dayswhen NASA plannedto develop the Moon, but the technologyhasn’t been
developedyet for in-spaceapplicationsand indeedhasbeenshelved without an applicationin today’s Earth
launchworld. Thefollowing aredetailsof producingfuel propellantsfrom asteroidalandlunarmaterials.
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3.1.2 Asteroidal fuels

Thefirst stepis in productionof hydrogenandoxygenis extractionof waterfrom theasteroid.All that’sneeded
is to deploy a solaroven,e.g., anarrayof foil mirrors focusedon a tank. Asteroidalmaterialis put in thetank
andheated.Water, free hydrogen,compoundsof carbon(e.g., carbonmonoxide,carbondioxide, andvarious
hydrocarbonssuchasmethane),sulfur anda few othergasesareliberatedby theheating.Pipesfrom theoven
leadto a seriesof very cold tanksin the cold shadows of space,which trap the volatiles in tanks. Sincethey
liquify atdifferenttemperaturesandpressures,they areeasilyseparatedfrom eachother.

This methodshouldproduceenoughfree hydrogenandfree oxygento fuel the returnspacecraft.If not,
thenthe watercanbe split up into hydrogenandoxygenby electrolysis,againan old technology. If desired,
hydrocarbonfuelscanbecollectedandused,or manufacturedfrom thehydrogenandcarbon.This is all such
simpleandold technologythatlittle furtherresearchis neededto establishthisasanoption.

3.1.3 Lunar Chemical fuels

With theapparentrecentdiscovery of waterapermanentlyshadowedcratersata lunarpoleby theClementine1
andLunarProspectorprobes,oxygen-hydrogenrocketry would befeasiblefrom theMoon,which would make
lunar resourcesmuchmoreattractive economically. Thesamemeanscanbe usedto producerocket fuel from
waterasis discussedfor asteroids.

(Therearetradeoffs in building a big solaroven in zero-gravity aroundan asteroidvs. the surfaceof the
Moon, plus heatsink issuesfor the tanks,and rotation of the Moon, but theseseemlike minor issues. The
lunarcratersareextremelycold sincethey never getany sunshine,which callsfor researchanddevelopmenton
equipmentoperatingin thatenvironment.)

Thereis considerableresearchgoing into producinglunar fuels. The SpaceEngineeringResearchCenter
(SERC)is contractedto NASA to helpselect¡http://scorpio.aml.arizona.edu/lunar.html¿ themostadvantageous
technologiesfor extractingoxygenandotherusefulmaterialsfor a lunarbase,aswell astestrocketconceptsus-
ing hybridrocketpropellantsfrom lunarmaterials¡http://scorpio.aml.arizona.edu/hybrid.html¿(whicharesome-
timesapplicableto asteroidalmaterialsaswell).

ERC alsoproduceda little laboratoryelectrolysisplant to produceoxygenfrom solids,andis progressing
towardsa spacequalifieddesign. “This unit, calledMOXCE ¡http://scorpio.aml.arizona.edu/MOXCE.html¿,
is capableof producing0.1 kg of Oxygenper hour andhasproven extremelyrugged. At this time a second
generationplant,calledMOXCE2, is underdevelopment.”

A goodtheoreticaldiscussionof the performanceof variouschemicalrocket propellantsis given in a pa-
per titled The Power to Go Beyond ¡http://scorpio.aml.arizona.edu/nasa1.html¿by the NASA Lewis Research
Center, anddiscussessomelunar(andMartian)propellantalternatives.

Notably, there’sananalysisonsulfur-basedfuel propellants¡http://lib-www.lanl.gov/la-pubs/00326042.pdf¿
by Steve Howe of the SandiaNationalLaboratories.Sulfur is abundanton asteroids(somevery high in iron
sulfide, aka “troilite”), and might be abundantin spotson the Moon. On somemineralogicallyinteresting
asteroids,thesulfur maybethemostexpendablematerial.

3.1.4 Launching the first missionswith presentday Earth rockets

An interestingpaperwas presentedat the 1993 PrincetonConferenceentitled “Early Lunar Access”(bib-c-
S9.htm#l104)onusingexisting transportationsystemsto returncrews to theMoonbeforetheendof thecentury
for startinga permanent,expandablelunar outpost,using the SpaceShuttle,or the Titan IV and/orAriane V
with theCentaurupperstage.Theauthor, Paul H. Bialla of theGeneralDynamicsSpaceSystemsDivision in
SanDiego, California,showedthat theonly significantlynew developmentis a lunarexcursionvehicle,which
itself canbea derivative of theApollo commandmodule.Sincethemajority of thetransportationinfrastructure
alreadyexists, his approachis low risk andlow cost. Sinceit takessignificantlylessfuel to go to an asteroid
nearEarth,we couldpackmorelife supportsuppliesandsendpeopleto anasteroidto startmaterialsretrieval
infrastructureinstead.
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3.2 Electric propulsion for inter-orbital vehicles

Therearevariouswaysof usingelectricityto thrustpropellants,ratherthanusingchemicalexplosionasin launch
rockets.Electricthrustingof propellantsis usefulonly for interorbitaltransportation,not launchfrom theEarth’s
or Moon’s surface.Therearetwo electricpropulsiontechniquesusedin spacetoday:

� SomeAmericaninterorbitalsatellitestodayuseelectric“ion drive” for stationkeeping.Iondriveis asimple
andfairly maturetechnology. Ion drive can just aseasilybe usedas the primary meansof interorbital
propulsionfor delivering cargoes,andhasbeenprojectedin future scenariosfor spaceindustrialization
asa competitive kind of reusableinterorbitalvehicle.TheDeepSpace1 probe,launchedon October24,
1998,wasthefirst vehicleto dependuponelectricion drive for all of its propulsionneeds,to performa
closeflyby of anasteroid.

� The Russianshave for at least10 yearsbeenextensively usingan electricpropulsiontechniquecalleda
“plasmathruster”which they have begun to market overseas.This thrusterhasbeenusedon closeto a
hundredRussianmilitary satellites,but is relatively unknown in theWest.

Themainadvantagesof electricpropulsionare:

� It usesmuch lesspropellantthan chemicalrocketry (or, from anotherperspective, it getsmuch more
mileageoutof agivenquantityof propellant)

� It coulduse100/

� It maypromisebetterreliability andsimplicity thanchemicalrocketry

Its maindisadvantagesare:

� It requiresanelectricpowerplant

� It offersonly low thrustpropulsion,whichmeansa longertime to deliver thecargo

For an analogy, chemicalrockets are like expressdelivery via powerful and fast airplanes,whereasion
drive vehiclesin interorbitalspacearelike the big tankerson the oceanswhich deliver their cargo slowly but
cheaplyandsafelyvia surfacetransportandmoremundanetechnology. For missionsto asteroids,it is actually
advantageoustouseacontinuous,low thrustvehicleasthisgreatlyexpandsthe“launchwindow” periodin which
it is economicallyfeasibleto go to theseobjects,ascomparedto chemicalrocketswhich impartshortblastsof
accelerationanddeceleration.(This is alsocalleda“thrustprofile”.) Whereaschemicalrocketryusesachemical
reactionandcontrolledexplosionfor thrust,electricpropulsionuseselectricity to acceleratethepropellantout
of thethrustchamber. Unlike chemicalrocketry, thereis no chancefor anexplosionwith ion drive. Ion drive is
muchsaferandasimplertechnology, andhasno relationto chemicalrocketry at all.

Sinceelectricpropulsionvehiclesuseelectricity, thevehiclemustproducethatelectricity, typically by solar
cell panels.In otherwords,ion drive vehiclesaresolarpoweredvehicles.TheDS1 ion drive thrusteris a 2.5
kilowatt device poweredby asolarcell array.

Many studiesinto futurelargescalespaceindustrializationbaseall interorbitalpropulsionon reusableelec-
tric propulsionvehicles,with chemicalrocketsbeingusedonly to launchmaterialfrom Earth’s surfaceto low
Earthorbit, andfrom the lunar surfaceto lunar orbit, wherethe cargo is transferredto an electricpropulsion
vehiclefor interorbitaltransport.However, someveryconservative “immediateterm” studiesassumeall interor-
bital propulsionis basedontoday’schemicalrockets,e.g., with oxygenandhydrogenextractedfrom asteroidsor
theMoon beingusedto refill thefuel tanksof thechemicalrockets,which meansno useof electricpropulsion.
That’s becauselunar andasteroidalmaterialscanbe usedto refuel today’s hydrogen-oxygenchemicalrockets
with no designmodificationsat all, whereaslargescaleelectricpropulsionvehicleswouldneeddevelopmentof
vehicledesigns.
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For a comparisonbetweenelectricpropulsionandchemicalrocketry in the mainstreamstudies:Chemical
rocketsconsume8 TIMES asmuchfuel propellantthanelectricpropulsionfor thesameservice.Thecargo-to-
propellantratiofrom low Earthorbit to highEarthorbit is around4:1,roundtrip, with ion drivevehiclesrefueling
in highorbit wherelunaror asteroidderivedpropellantsaretanked. In comparison,for today’schemicalrocketry
usedfor transportingsatellitesfrom low to highorbit, it’s a1:2cargo to payloadradio(not2:1,but 1:2),andthe
vehiclegoesonaone-waytrip, beingdiscardedafterward. Iondriveejectsits propellantataspeedabout15times
thatof chemicalrockets,henceimparting15 timesmoremomentumperunit massof propellant.However, the
ion drivevehicleis heavier thanachemicalrocketvehicledueto theelectricpowerplantsothattheperformance
comesdown to about800/

(Notably, in a few studies,thepropellantfor ion drivevehiclesis statedto bepureoxygenfrom theMoonor
asteroidalmaterial.This is a highly questionableassumption.Oxygenpresentsseveralproblemsfor ion drive,
asdiscussedlater. However, otherlunarandasteroidderivedpropellantsshouldwork fine. Also, oxygenshould
work in theRussianplasmathruster.)

Onereasonwhy only chemicalrocketshavebeenusedin spacefor propulsionto date(exceptby theRussian
military, addressedlater) insteadof ion drive is thecontinuedlack of basicinfrastructurein Earthorbit – there
is no reusableinterorbital vehicle servicein spaceat all. To date, the interorbital vehicle hasalways been
launchedwith thepayloadandthrown away after it deliversits payload.To date,ion drive hasbeenusedonly
for stationkeepingpropulsiononcethe satelliteis deliveredandits solarpanelsdeployed. HughesSpaceand
CommunicationsCompany is startingto market anion drive systemasaninterorbitalupperstage,ascoveredat
theendof this article. Nobodyis yet marketinga reusableinterorbitalvehicle,wherebywe just launchup fuel
tanksanddockfor fuel andpayloadtransfer.

It is hopedthat theDS1missionwill stimulatemoreinterestin ion drive andelectricpropulsionin general,
perhapsleadingto a commercialventureto offer interorbitalservicesvia a reusableinterorbitalvehicle. These
servicescould includehaulingsatellitesfrom low orbit to geosynchronousorbit, moving old satellitesto new
orbits, andrefuelingandmaintenanceof satellitesin orbit. Futuresatellitescould be designedfor interaction
with suchinterorbitalinfrastructure,thoughthis is a chicken-and-egg situationthatmustbeovercomeby broad
industryrecognition.

The Russianplasmathrusteris usedprimarily on military satellites(e.g., spacebasedradars),and their
commercialspaceprogramhasstruggledto get onto its feet after the massive Cold War subsidationof their
military programwaned.TheRussianplasmathrusteris a well developedandvery efficient engine,andis seen
asoneof thepotentiallymostvaluableexportsin their spaceprogram.TheRussianplasmathrusteris seenby
many in theWesternspaceprogramasanunusualtechnology, but its efficiency andreliability in spacefor more
than10 yearson nearly100military satellitesmakesit avery well provenpieceof flight hardware.

DS1is astepin theright directionto gainingacceptanceof electricpropulsionin thewest,by usingion drive
to get from Earthto an asteroid.A big part of the DS1 missionis simply to demonstrateandanalyzethe ion
drive propulsionsystemin space.DS1will carrya setof sensitive instrumentsto analyzetheeffectsof the ion
drive’s propellanton thespacecraftandits local environment,andhow well thedrive is working asanengine.
It’s expectedthatwhenthismissionis over, its “NSTAR” ion drive enginewill beaprovenandwell understood
pieceof hardwarewhichcanbeusedby anyonefor aprimarymeansof interorbitalpropulsion.

3.3 Lunar and asteroidal propellantsin electric propulsion

The Russianplasmathrustercanusemostany propellantin the thrustchamber, including oxygen. However,
somestudiesproposeusingoxygenasa sourceof propellantfor ion drive aswell. This is questionable.The
mainissueis theeffectsof ionizedoxygenwith thethrustermaterials(cathode,neutralizer, filamentgrids)of the
ion drive engine.Thethrusterwouldneedto eitherbemadeof differentmaterialsthantoday’s ion driveengines
and/orhave easilyreplacableparts,neitherproblembeingeasilysolved. A thrusterdesignsuchastheGerman
RIT10,which usesRF energy insteadof a cathodeto ionizethegas,maybethebestpresentdaydesignto start
to considerfor oxygenuse. A secondissueis that oxygenis not easily ionized,which meanslower electrical
efficiency. Thirdly, ion drive worksbestwith heavier elements.Overall, oxygendoesnot look attractive for ion
drive interorbitalpropulsion.(For satellitestationkeeping,theeffectsof ionizedoxygenon thesatellitewould
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precludeits use.)
Xenonis themostpopularpropellantfor ion drive todaysinceit is a heavy gas(high atomicmass)that is

easilyionized.Argonandmercuryhavealsobeenused.Xenonandargonareinertgaseswhicharenotexpected
to berecoverablein usefulquantitiesfrom theMoon andasteroids.Thebestcandidatefuel for ion drive using
lunarorasteroidalmaterialsmaybesodium,whichis fairly abundantin somenonterrestrialmaterials,extractable
without very mucheffort, easyto storeandhandle,andwould work well with ion drive – easily ionized,not
damagingto theenginematerials,anda relatively heavy element.

TheRussianplasmathrusteris different,andprobablycoulduseoxygen.It usesaseparate,externalcathode
discharge andhasno grid, so you canrun just aboutanything you want throughthe thrustchamber, anduse
about5/chamber. JPLhasdonesomepreliminarywork in theareaandhasn’t foundany show-stoppers.

3.4 How an Ion Dri veWorks

Ion drive thrustersuseanelectricfield to acceleratechargedatomsor molecules(e.g., oxygen)to ahighvelocity
asthey areexpelledout thethrustchamber, thusacceleratingthespacecraft.

Ion thrustersgenerallyusea cathode(a negatively chargedgrid similar to that foundin a tv set)to generate
a streamof electrons,which form anelectriccircuit with a positively chargedring - theanode.This streamof
electronsis usedto ionise the propellant. A small magneticfield is usedto aid this process(electronsspiral
aroundthe magneticfield lines, increasingthe chanceof electron-atomcollisions). The magneticfield may
derive from eitherapermanentmagnetor anelectromagnet.

Theionisedgasdrifts towardsanextractiongrid system(two or threeplateswith many smallholesin them,
heldat high voltage)wherethey areacceleratedoutof thethruster, soproducingthrust.A neutralisersimilar to
thecathodeis usedto generatefreeelectronsandbalancetheoverall spacecharge in theoutgoingbeamsothat
thespacecraftdoesn’t chargeitself up.

Theelectricpower comesfrom a solarcell array. Of course,in orbital space,thereis no air dragor weather
forces,sothesolarcell arraydoesn’t needto beaerodynamicat all. Sincetheion drive vehicleis relatively low
thrust,thestructuralstrengthandmasscanbe low aswell. For example,in a GeneralDynamicsreport: “The
solararrayperformancewasconservatively assumedfor sizingpurposesto be150watts/kilogram”basedon a
very conservative assumptionof solarcellshaving only 7/convertingelectricalenergy into beamkinetic energy
was63/someion thrusterstodayproduceefficienciesbetween70/

Ion thrustersaremodular. If you have morecargo or want to speedup your missionor slow it down to
conserve fuel, thenyou canaddor subtractthrustersandsolarcell arrayunits.

Ion driveengineshave long lives,beingsubjectto amuchlessstressfulenvironmentthanchemicalrocketry.
Ion drive enginesarealsoeasierto work on, consistingof simpleelectricalcomponents,in contrastto thehigh
performancemechanicalpumpsboltedinto chemicalrocketry.

Ion drive wasdevelopedin laboratoriesin the1960s,andthereweretheSERT1 andSERT2 experimentsin
spacewhichprovedthatthedrivewouldwork in spacefor longperiodsof timeanddeliversignificantpropulsion
to a spacecraft.When the spaceprogramshrunkdue to poor political leadershipafter the Kennedy-Johnson
era,ion drive wasoneareathat saw researchanddevelopmentwane. However, someprivatecommunications
satellitesin geosynchronousorbit incorporatedion drive into their stationkeepingsystemoncethesatellitewas
deliveredthereby achemicalrocket andits solarcell arraydeployedto power theion drive engine.

TheNASA Lewis ResearchCenterisdevelopingalowerpowerversion(about700Watts)of theDS1NSTAR
ion drive enginesystem.However, large scalespaceindustrializationwill uselarger ion drive engines,or else
many low powerunitstogetherin amodularcraft, thelatterofferingspacecraftsecurityin caseanengineor two
fail.

In any case,ion drive is looking asif it will becomea routinemeansof interorbitalpropulsionwithin the
next 5 yearsfor low costscientificmissionsaswell assomekindsof industrialmissions.

3.5 Hall-Effect Stationary Plasmathrusters (Russian-French)

In the1990s,anelectricallypoweredpropulsiontechnologyusedby theRussianswasmarketedoutsideof Rus-
sia,particularlyin France.It waskeptfairly confidentialby thoseinterests,but wasreferredto by variousnames,
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e.g., theRussianStationaryPlasmathrusters,theHall-Effect thrusters,andtheRussianAnodeLayer thrusters.
Thencametheannouncementof theEuropeanSMART-1 probeto launchin October, 2002,to demonstratethis
technologyin a lunar orbiter probe. The homepagefor SMART-1 is sci.esa.int/smart-1/but skip over to the
subpagesci.esa.int/content/doc/10/2320 .htmfor agooddescription.

Thefollowing explanationis a1990squotethanksto JohnSchilling(schillin@spock.usc.edu) of theUniver-
sity of SouthernCalifornia’s AerospaceEngineering:

“The thrusterconsistsof a cylindrical chamber 10cm in diameterwith a centralspike. Both spike and
cylinder aremadeof ferrousmaterial,andincorporatemagneticwindingsso asto createa transverse(radial)
magneticfield acrosstheexit. Thewallsareinsulated,thebaseservesasananode.”

“External to the thrusteris a separate,hollow, cathode. About 95/of the propellant(currently Xenon or
Krypton) is meteredinto thethruster, and5/betweencathodeandanode.As electronsaremuchlighter thanions,
onewould expectmostof the currentto be carriedby theelectrons,but that samelightnessmakesit hardfor
themto crossthetransversefield acrossthethrusterexit. Somemanageto trickle throughanyway andkeepthe
dischargerunning,but thereis alwaysasurplusof electronshangingaroundoutsidethethrustchamber.”

“This createsa strongelectricfield ( � 100 V/cm) which sucksout ions from the anodedischarge region.
Being fairly heavy, they don’t somuchnoticethemagneticfield, andwith thefield strengthinvolved they end
up moving at 15-25kilometerspersecond.They pick up electronsfrom theaccumulatedsurplusasthey pass,
not slowing for thatany morethanthey did themagneticfield, andthe resultingbulk-neutralplasmaproceeds
ballistically towardsinfinity.” “Oxygenwould bea lesseffective propellantthanXenon,but it would probably
work. You’d still need5/to run thecathodedischargeon,but using95/

“The latesteditionof Sutton’s Rocket PropulsionElementshasasectionon theStationaryPlasmathrusters,
which is reasonablygood.”

3.6 MPD and other electric thrusters

Magnetoplasmadynamic(MPD) thrusters(akamagnetohydrodynamic(MHD) thrusterswithout the hydrogen
association)and other kinds of electric propulsiontechniqueshave beendevelopedbut not incorporatedon
spacecraftyet.

ThepageontheSouthhamptonUniversityMPD researchanddevelopment(http://www.soton.ac.uk/� aef93sa/mpdstuff/)
projectdescribesthebasicsof theMPD thrusterconcept,givesa historyof theSouthhamptonUniv. Dept. of
AeronauticsandAstronauticsMPD project,references,andlots of picturesof their MPD thrusterresearchand
development,thanksto kind webwork by AlexanderFitzhugh.

3.7 Massdri ver not considered seriously

PERMANENTgetsa lot of e-mailsuggestingwe cover usinga massdriver for interorbitaltransport.Basically,
themassdriverhasmerit for lunarlaunchbut not interorbitalpropulsion,comparedto alternatives,in anear-term
scenario.Themoving partsentail considerablerisk. Overall, it’s too complicated.For moreinformationon a
massdriver for lunar launch,however, seethesectionon long-termpropulsionwherewe have a sectionon the
massdriver ¡t-massdr.htm¿.

3.8 Passingthrough medium Earth orbit radiation belts

A significantproblemwith interorbital transferbetweenlow Earthorbit andhigh Earthorbit is the Van Allen
Belt of trappedhigh-energy particles(i.e., radiation)due to the Earth’s magneticfield. The Van Allen Belt
exists in a middle-level Earthorbit locatedbelow geosynchronousEarthorbit andabove low Earthorbit. This
radiationdegradesthesolarcellsa little bit eachtimethey passthrough.This requiresrepairof thesolarcellsby
anannealingprocess(heatingandrecrystallization)aftera numberof trips. Alternatively, interorbitalvehicles
couldreceive beamedpower from asatellitestationedin high orbit, asdiscussedin thesectionon “Solar Power
Satellites”.A third optionis to usenuclearelectricvehicles.
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TheVanAllen Belt radiationaffectsonly electricvehicleswith solarcell arrayswhich arecycling between
low Earthorbit andhigh Earthorbit. It will not affect cargosbeinghauledbetweentwo differenthigh Earth
orbits,or betweentheasteroidsor lunarorbit andhighEarthorbit.

3.9 Final words on electric propulsion

To date,the main drawbackto electricvehicleshasbeenthe needto have an electricpower plant. It is most
attractive for fuel-efficient stationkeepingof satelliteswith sizeableelectricpower capacity, for deepspacemis-
sionsonalow budgetwhichmustgetthemostmileageoutof their fuel, for satelliteswhichalreadyhavesizeable
power plantneedsfor otherpurposes(e.g., Russianmilitary spacebasedradar),andin thefutureasa reusable
interorbitalvehicle.Notably, DS1is demonstratinglow mass/highefficiency solarpanelsthatwill make a3 kW
powerplantwithin reachof mostspacecraft.DS1is notabig spacecraft,andthewholescientificmissionwhich
includesstudyinganasteroidis beingaccomplishedon a nearlyrecordlow budget.However, it is debatableif
electricvehiclesarethemosteconomicalmeansof propulsionfor purelyscientificmissionswhich don’t other-
wiseneedlargequantitiesof electricpower. Nonetheless,electricvehiclesareattractive for interorbitalhaulers
in a largescalespaceindustrializationscenario.

3.10 Links to other websiteson electric propulsion

HughesAerospaceCompany producestheXenonIon PropulsionSystem(XIPS)
(http://www.hughespace.com/702prods.html)

whichwasfirst usedontheirpreviousgeneration601satelliteswith greatsuccess,andis heavily marketedin
theircurrentgeneration702satellites.Youcanalsoseeadiagramof theXIPS(http://www.hughespace.com/xips.html).
Hughesclaimsthat their latestmodelof theXIPS is 13 timesmoreefficient thanconventionalfuel propellant.
Thefollowing is paraphrasedfrom their webadvertisement:XIPS needsonly 5 kg of fuel peryearfor station-
keeping,a fraction of what bipropellantor arcjetsystemsconsume.As a customeroption, usingXIPS asan
upperstage“to helpraisethespacecraftinto final orbit” cansave evenmorelaunchmass.Customerscanapply
the savings in launchmassto launchadditionalpropellantto prolongsatelliteservicelife, or to increasethe
satellitemassto enhanceits revenue-generatingpotential.Or, thesavings in masscanbeusedto shift to a less
expensive launchvehicle.They alsosuggestthatusingXIPScouldallow somecustomersto addanotherpayload
or two to agivenlaunchvehicle.

It’sworthmentioningthatHughes’leadershipin spacecommunicationslaunchedanentireindustrycommu-
nicationssatellites.HugheslaunchedtheEarlyBird satellitemorethan30yearsago,theworld’sfirst commercial
communicationssatellite.Since1965,HSChaslaunchedmorethan100satellites,morethan40/satellitescur-
rently in orbit – andachieveda99/record.Hugheshasboldly led thewaywithoutsacrificingreliability, andthis
is thecasewith ion driveaswell.

TheItalianCENTROSPAZIO (http://www.centrospazio.cpr.it/Centrospazio2.html) is conductingresearchin
avarietyof electricpropulsionsystems,includingmagnetoplasmadynamic(MPD) propulsion,arcjetpropulsion,
field emissionelectricpropulsion(FEEP),and free electrondrift propulsion(Hall thrusters). (Their vacuum
facilitiesarealsoutilized for otherresearch.)

3.11 UsingCold War Nuclear Missliesto Launch PeacetimePayloads

TheColdWarcameto anendin the1980s,andit wouldbegoodto makesureit doesnotcomeback,at leastnot
with all theICBMs (InterContinentalBallistic Missiles)currentlyin launchsilos.TheRussiansarein direneed
of foreigncashandexports.Two thingsthey cansell:

1. Launchof ICBMs from siloswith thewarheadsremoved,insteadputtingpayloadsinto orbit; or

2. Therocketsand/orenginesfrom someof thoseICBMs, to belaunchedelsewhere.

A typical Russianor AmericanICBM hassubstantialorbit launchcapability. ICBMs reachabout98% of
orbit velocity, andtheir wartimepayloadsareheavy. Many have multiple warheads(“RVs”) on them(called
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“MIRVs” – Multiple IndependentRe-entryVehicles)wherebythe ICBM first reachesnear-orbit velocitiesand
thena vehicle(calledthe “bus”) carryingall the RVs, maneuversaroundto put eachRV onto its own precise
targettrajectory, releasingtheRVs oneby one.Thetotalmassof thebus,its fuel, andtheRVs is quitesubstantial.

I ran this pastsomeArms Control andDisarmamentAgency negotiators,but their eventualresponsewas
thatthey didn’t wantto addany complicationsto thedisarmamentprocessandwantedasmany nuclearmissiles
turnedoff aspossiblein theshortestamountof time. I counteredthat simpleperspective with propernational
public relationscampaigns,e.g., using ICBMs to launchmaterialaspart of a PERMANENT program,a co-
operative applicationthatcouldspeedup deepcutsin ICBMs dueto broaderbasedpublic support,evenamong
the resistantconservatives on both sideswho respondto nationalisticappealslike the spaceprogram. Also,
coloniesin spacechangesomefundamentalpsychologicalparadigmson fightingover a limited Earth.

It’s fairly easyto imaginesimply takingoff thewarheadsandputtingonusefulpayload,thenlaunchingfrom
the missilesilo. However, in the USA at least,therearerangesafetyconsiderations.The enginesof someof
themcouldbetakenoff andmovedto asafelaunchsiteelsewherein theworld,or perhapstheentirerocketcould
bemoved,but thatmaybepreventedby legislationin orderto preventthegovernmentfrom undercuttingsupport
for privatelaunchersunderdevelopment.At thevery least,sellingtheenginesto thehighestprivatebiddershas
nothappenedyet.

Nonetheless,somethingcanbesaidfor convertingourmilitary industriesinto spacedevelopmentindustries,
gettingrid of themissiles,andputtingthosepersonnelbackto work ongreaterthings,especiallyin Russiawhere
valuablerocket scientistsareunemployedor underemployed(e.g., sellingtrinketson thestreets).

The main objectionto this scenariois that it could undercutsupportfor developing new launchvehicles
elsewherein the world if the ICBM launchservicesweresold at undermarket price. In any case,it’s worth
discussionandseriousconsideration.

PostScript:Sincethewriting of theabove about10 yearsago,therehave beenquitea few analysesof using
both RussianandUS missilesfor peacefulgovernmentandcommerciallaunches,andassessingthe potential
costsandbenefitsto thecommerciallaunchermarket (e.g., a regulatedpricing system,includingprofit sharing
with establishedlaunchbusinessesandtheir infrastructuresuppliers).

4 Mid-term vehicles

4.1 Earth Launch by Presentand Emerging Launch Vehicles

Thereare a large numberof presentlaunchvehicles(Shuttle,Ariane, Proton,Titan, etc.) madeby various
countrieswhich usemoreor lessthesamelaunchtechnology. Therearealsocurrentresearchanddevelopment
programsusing new technologiesand techniquesfor reducingthe costof Earth launch,thoughthereareno
seriousalternatives to chemicalrocket launchin the nearfuture. Covering thesetopicsand issuesis beyond
thescopeof PERMANENT, which focuseson utilizing materialsalreadyin space.Launchingmaterialup from
Earthwill beveryexpensive for theforseeablefuture,whichis why weneedto utilize materialsalreadyin space,
namelyasteroidalandlunarmaterials.Nonetheless,two thingsarenotable:

1. Currentlaunchvehiclesin the researchanddevelopmentphasecould be scaledto launchpayloadsonly
to low Earthorbit. From there,a fleet of reusableinterorbitalvehicleswould be waiting to lift cargoes
up to higherorbits, e.g.,geosynchronousorbit. The interorbitalvehicleswould usefuels or propellants
extractedfrom asteroidalor lunar material. Thus,small rocketscould deliver satellitesto geostationary
orbit in conjunctionwith a reusableinterorbitalvehicleusingasteroidaland/orlunarpropellants.

2. Wewill needEarthlaunchvehiclesto deliver thefirst seedindustryto spaceto processasteroidalor lunar
materials.

Thereareseveral paperson how we canusepresentday launchvehicles,suchasthe Titan IV, Proton,or
Ariane, and/orslight modificationsof the SpaceShuttle(e.g., the Shuttleboosterbut removing the returnable
Shuttleandputtingonanonreturnablepayloadbay),to returnto themoonor startto retrieveasteroidalresources.
For example,seeAndrew Petro’spaperreference(ref-so-5.htm#13).Youcangetacomparisonof costsfor Earth
launchby presentandplannedlaunchersathttp://www.rocketplane.com/comp.htm.
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4.2 Interorbital aerobraking

In spacetransportation,thereis no suchthing asa “free downhill” becausethere’s no friction in space.It takes
asmuchfuel to comedown (andinsertinto acircularorbit) asit takesto goup. An exceptioncouldbeif weuse
theEarth’s atmospherefor frictional braking. We do this whenspacecraftlike theShuttlereturnto Earth. The
Apollo programentrustedtheirheatshieldsandcalculationsfor highspeedencounterswith Earth’satmosphere.
We’ve just never donethis to brake an objectin a transferfrom oneorbit to a lower orbit, wherebytheobject
would passthroughEarth’s atmospherebriefly oneor more times in order to reducefuel requirementsin its
orbital transfer. This would requirean “aerobrakingvehicle”, which would basicallybea heatshieldwith the
payloadheldsafelywithin.

The heatshieldwould needto be ableto withstandhigh temperaturesandpressures.Unlike the reusable
Shuttle,suchheatshieldsmay be “ablative”, i.e., allow materialto be blown off of them,this materialtaking
away muchof theheataswell. Heatshieldsfor aerobrakingmaybeexpendable.We maynot want to re-useit
becausethatwouldrequirewespendfuel to raiseit upto anotherhighorbit. Theideais to savefuel thisway, not
spendit. However, fuel from spaceresourcesmaybecomecheapenoughto warrantre-use.Or, theheatshield
could be usedto export productsto Earth’s surface. Indeed,oneof the applicationsof aerobrakingis sending
fuel to low orbit to raisethingsupto higherorbits.Aerobrakingshieldscanbemadefrom asteroidaland/orlunar
materials,ascoveredin thesectionon manufacturingrefractorymaterials.

Themain issueof aerobrakingis safety. We would have to make it very safeso that thereis practicallyno
chancewe will accidentallycauseanything to hit a populatedareaon Earth,just like we have donefor Apollo
andevery mannedspacecraftover thepast35+years.Objectsmustbesmallsothatthey arerelatively harmless
if thereis a failure. Sincethe Pacific Oceantakesup almosta hemisphere,objectsmay aerobrake above that
oceanratherthanabove landmasses.A rapiddeploymentrocket mustbeavailablein caseanorbital insertion
rocket fails after a passthroughthe atmosphere,or if there’s a baderror on the way towardsEarth. Objects
canhave self-destructmechanismsif thereis any failureat any time, e.g.,beforeentry, after thefirst pass,etc.
For example,thepayloadcansetto self-destructautomaticallyunlesssystemsareoperationalandthey get the
commandto not self-destruct.Therecanbemultiple self-destructmechanisms.

4.3 Interorbital light sails

Like wind, sunlightexertspressure.This pressureis so“light”, or gentle,thathumansdon’t feel it. However, in
orbital space,if you make a large sail out of thin aluminumreflective material,you cango placeswithout any
propellant,merelyusingthepressureof thesun. However, you needto controlyour sailssothatyou go where
youwantto go.

Goingaway from theSun,you tilt thesail atanangleof approximately35degrees,sinceachieving ahigher
orbit is a combinationof beingpushedaway from thesunandpicking up angularmomentum(orbital speedat
the moment). You cango in towardsthe sun, too, by pointing your sailsat an angleso that you slow down
your orbital speedin orderfor the sun’s (or Earth’s) gravity to pull you inward. Thus,you have flexibility in
maneuvering,assumingyouhave well designedsails.

Notably, goingstraightout from theSunis not usefulfor achieving into a higherorbit, andjust makesyour
orbit moreelliptical, passingbackthroughthepoint whereit waswhenthesail wasdeployed. Thecomponent
of forcewhich increasesangularmomentumis whatproducesusefulchangesto orbital parameters.

Thefollowing links give informationon Light Sails:

� U3P hasa nice layman’s explanationof the conceptof solarsailing aswell as its scientifichistory, on
their beautifulSolarSailshttp://www.ec-lille.fr/� u3p/ website,which alsoincludesanimations,images,
specificpapersandmoreweb links. Also coversZnamya,the Russianin-spacesolarsail experiments.
Multiple languagetranslations.(U3PmeansUnion for thePromotionof PhotonicPropulsion.)

� BenjaminDiedrich’s SolarSailshttp://weber.u.washington.edu/� nebrich/solarsails/ page,which includes
a greatlist of web links, books,articlesandreports,andpeople,aswell asexplanationsof theconcepts
(thoughnotmostbasic).
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Figure2: Massdriver on theMoon. Source(SSI)www.ssi.org.

� In additionto theRussianZnamyaeffort, commerciallightsailscouldcomesoonerthanexpectedif theIn-
terWorldTransport’sCommercialSolarSailingRandD Projecthttp://pw2.netcom.com/� a.differ/index.html
is commerciallysuccessful.This is a serioushardwareproject.

� ManfredLeipoldhasaSolarSailpageat theGermanAerospaceCenter(DLR) http://www.dlr.de/solarsail
TheDLR hasinvestigatedthefeasibilityof solarsail technologyandassessedseveraldeep-spacemission
scenariosutilizing solar sail propulsionover the last 5 years. Recently, a feasibility study on a low-
costsolarsail technologydemonstrationmissionin Earthorbit wasconductedcooperatively by DLR and
NASA/JPL(JetPropulsionLaboratory).Currently, abreadboardmodelof afully deployablesailstructure
is beingdevelopedfor grounddemonstrationpurposesandtestingonaco-fundingbasisbetweenDLR and
ESA.

� A UKSEDS(U.K. Studentsfor theExplorationandDevelopmentof Space)pageentitledTheMicrolight
SolarSail http://www.gbnet.net/orgs/seds/sail.html talksof pastandpotentialstudentprojects.(SEDSis
Studentsfor ExplorationandDevelopmentof Space.)

� Thephysicsof solarsailinghttp://caliban.physics.utoronto.ca/neufeld/sailing.txt isalsodiscussedin apage
by ChristopherNeufeld(Canada).

4.4 Lunar launch by MassDri ver

The“massdriver” is a “catapult” tubewhich launchesmaterialsfrom the lunarsurfaceto a Catcher/Collector,
perhapsneara factoryin orbit neartheMoon. Themassdriver is like a gunwithout theexplosive gunpowder.
It is poweredby electricity, producingmagneticfields to acceleratecargoesthroughan acceleratortube. No
fuel propellantis requiredfor lunarlaunch,andthere’s no big vehicleto launch.Themassdriver shootsa large
numberof smallpayloads,continuously, ratherthananoccasionallargepayload.
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The massdriver will eventuallybecomethemain meansof supplyingmaterialfrom theMoon to industry
in orbital space,thoughnot in theearlyyearsof spacedevelopment.It canhelppreserve thelunarenvironment
by reducingthecreationof a tenuousatmospherefrom rocket fuel propellants,andit saveson theconsumption
andcostsof producingfuel propellant.It canbearguedthat themassdriver canshipmaterialsin muchlarger
volumesthanis feasibleby chemicalrocketry, andat lower costsperunit mass.

The“massdriver” hasbeenapopularlunarlaunchconcept,largely dueto promotion,researchanddevelop-
mentby theSpaceStudiesInstitute(SSI).A laboratoryprototypeof theacceleratorsectionhasbeenbuilt and
testedsuccessfullyby SSI.

Poweredonly by electricity, it is a solarpoweredlauncherusingtheprinciple of electromagnetismto ma-
genicallyaccelerateapayloadequippedwith amagneticbucket to excapevelocity.

It hasbeenarguedthatthemassdriver is a relatively inexpensive andautomateddevice to createastreamof
materialat therateof up to a few smallpackagespersecond,dependingupondesign.Total amountof material
deliverableeachmonthcoulddwarf any feasiblelunaror Earthlaunchcapacityby rocketry, in termsof tonnage
of payloadlaunched.

As it is coveredmostprevalently in the literatureto date,mineralsminedandprocessedarepackagedin a
thin glass/fiberglassbageasilymanufacturedusinglunarmaterials.Thebagis madeto conformto theshapeof
thebucketsothatthebucketassumesthestressesduringacceleration,whereasthepackagecontainstheminerals
afteraccelerationandsnapoutfrom thebucket.

By thetime thepayloadsclimb up out of theMoon’s gravity well, they have lost mostof their velocity and
aretravelling slowly. At this point, theorbital-basedcatchercollectsthem. Thepayloadmaterial’s momentum
carriesit throughthe funnel-shapedcatcherinto a collectorbag. After thebagfills up, it is detachedfrom the
funnelandis replacedby anemptybag.

The massdriver acceleratortubewould be lessthan200 meters(600 feet) long andprobablyabouthalf a
meterwide,thoughdownrangetrajectorycorrectionequipmentwill probablybeworth thecost.Themassdriver
wouldfit into only oneShuttlecargo bay, disassembled,not includingpowerplant,materialhandlingapparatus,
and fuel for delivery. The electric power plant size determinesthe launchRATE, not ability – a small rate
initially, increasingpermanentlywith morepowermodulesandsupportapparatus.

Unfortunately, themassdriver is feasibleto operateonly on theMoon, becauseit needsvacuum.A mass
driver operatingon Earthwould causemeteoricfriction heatto suchhypervelocity payloadsandgreatphysical
stresses,at thedensebottomof Earth’s atmosphere(oceanof air) asthey left thecatapulttunnel.Secondly, the
air would aerodynamicallydeflectsuchobjectsin unpredictablewayswhich would dispersetheir trajectories.
Thirdly, anoperablemassdriver on Earthwould requirea long vacuumtunnel(muchlongerthanon theMoon,
sincetheescapevelocity is higher).Fourth,theair wouldcreatehypersonicsonicboomshockwavesthatwould
be loud for a long distance.Fifth, individual payloadswould have to bemassive enoughto punchthroughthe
atmospherein an acceptableway. Suchmassive payloadsdemandalot of the catapulteraswell asthe orbital
basedcatcher/collector. In contrast,theMoonhasnoair andlow gravity.

The orbital-basedCatcher/Collectorwould be locatedin lunar-stationaryorbit (the “L-2” or “L1” point),
whereit would collect the streamof numeroussmall payloadsafter they slowed down in climbing up in the
Moon’s gravity well. Variouscatcher/collectordesignsexist.

Pollutionof spaceshouldbeavoided,so thecontainmentof materialis important. If a packagemissesthe
catcher, it shouldreturnto crashon theMoon,notorbit Earth.Thismustbebuilt into thetrajectorydesign.

A numberof bottom-linefactsaboutthemassdriver for spacetransportation:

� It is a relatively simpleandautomaticdevice to operate.

� Thereis little significantmechanicalcontactbetweenpartse.g., nofiery fuels,nohi-speedfuel pumps,no
rubbingcomponents,no lubricants,etc.)

� Themassdriver operatesathumanlytemperatures.

� Maximumforcesaremeasuredin hundredsof pounds,not thousandsof tons. (Rocketslift ONE payload
of several tonsplus fuel andvehicle,for a few minuteseachmonth,whereasthemassdriver lifts only a
kilogramor soat a timebut for thewholemonth.)
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� Themassdriver canpotentiallycatapultthousandsof tonspermonth.Thatwould take numerousrockets
of revolutionarysizelaunchedpermonth.

� The catapulter-to-payload ratio is about1 : 10,000over its lifetime. Eachrocket hasabouta 1 : 1/2
vehicle-to-payloadratio atbest,plusa1 : 1/50thfuel-to-payloadratio.

� Themassdriver requiresno fuel propellants,andis “fully reusable”.

� The massdriver is madeof a small variety of parts,all simple and repeatedin a modularway which
expeditessimplereplacementandmaintenanceusinga smallstockof sparesin caseof a small failure. It
is a lightweightdevice, which makesstockpilesof sparepartsarerelatively inexpensive; all of which are
attractive featuresof a deviceoperatingin a remoteplacelike theMoon.

Themassdriver, asyou cansee,is anentirelydifferentkind of launchingdevice.
With theadventof space-basedindustryandthedemandfor productsandmaterials,thesmallstepof basing

a massdriver on theMoon will bea giantleapfor theeventuallow costtransportationof materialto space,and
will make theMoonmorecompetitive asasourceof materialscomparedto asteroids.

However, it is my opinionthatthemassdriverwill notbeuseduntil largescalespaceinfrastructurehasbeen
established.It is my opinion that a successful,privately fundedinvestmentinto lunar materialswould needa
strongcasefor the reliability of themassdriver beforeit would useor invest in developmentof a massdriver
over chemicalrocketry. If themassdriver in its popularimplementation– pull-only with no magneticlevitation
guidestrips– wereput on theMoon andsomethingwentwrongwith thelaunchsothat thebucket coil scraped
alongthe wall of the tunnelat anything nearits terminalvelocity (2.4 km/sec),the massdriver could sustain
majordamage,delayingdelivery of materialfor a significanttime unlessthereweregoodrepairinfrastructure
alreadyemplaced.This is a risk issuefor privateinvestors.Beforethemassdriver is developedfurther, a good,
peerreviewedcasemustbemadefor its reliability. Notably, asafer, morerobustdesignmaybemoreattractive,
e.g.,usingmagneticlevitation guidestrips,evenit it’s significantlylessefficientandmoreexpensive.

In comparison,chemicalrocketry hasits risksin termsof rocket enginefailure.Regardingthelatter, rockets
for launchingoff theMoonaresignificantlysaferthanrocketslaunchingoff of EarthbecausetheMoon’sgravity
is muchless.Thelowergravity hasacompoundingeffect: rocketsonEarthhavefarmorefuel thanpayload(e.g.,
50 timesmorefuel weightthanpayload)– fuel for laterin theflight – whichmeanstheEarthrocket mustlaunch
a muchheavier massthanits payload.Therocket engineson theMoon neednot bethevery high performance
onesasonEarth,andthestressesaremuchless.

Work to datehasemphasizedthemassdriveraccelerationcoils, in orderto reducethesizeof theacceleration
sectionto, say, 160meters.No laboratorywork hasbeenperformedyet on any otherelement,e.g.,assuringthe
precisionrequiredto hit theMassCatcherin orbit, thoughmany paperstudieshave beenperformed.Notably,
many designscall for thebucketsto berecycled,whichwould reducethecostof manufacturingbucket coils for
every payloador returningbucket coils from orbit to theMoon,e.g.,by chemicalrocketry. If this approachwas
adopted,the bucket coils would needto be recycled,which getsinto thevery risky businessof diverting high
speedobjectsinto a decelerationtunnelin a preciseway, anddeceleratingthemproperly. Onealternative is to
launchlargepayloadssothatmanufacturingor returningbucketcoilsbecomeseconomicallyfeasible,whichgoes
counterto many designsof massdriver to launchsmallpayloadsandkeepthelaunchtubeshortandlightweight.
I’ve not seenagoodanalysisof potentialfailuremodesor remedialactions.

In the long term,a massdriver is preferablein orderto preserve the Moon’s environment. The Moon has
sufficient gravity to retainanatmosphere,andchemicalrocketry launchescouldcreatea significantatmosphere
which would take many yearsto dissipateif we wereto latercut backdramaticallyon rocket operationson the
Moon.

Explanationsof themassdriver asdevelopedby SSIareon thefollowing pages.However it’s worth noting
thatI haveworkedonelectromagneticlaunchersfor thePentagonin theStarWars/SDIprogram(largely review-
ing andassessingthedifferentconceptsfor SDIO decisionmakers),andtherearea few interestingalternatives
to theprevalent“coaxial” massdriver developedby SSI.
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4.4.1 How the massdri ver works

Themassdriverworksby themagneticattractionbetweenelectromagnets.Oneelectromagnetis thebucketcoil,
andtheotherelectromagnetsarethedrive coils.

What is an electromagnet?Electric currentin a coil of wire alwaysproducesa magneticfield, calledan
electromagnet,which behavesbasicallyjust like a barmagnet,exceptfor the fact thatanelectromagnetcanbe
madeto bestrongerthana barmagnetby increasingtheelectriccurrentthroughthecoil.

By properorientationof thepoles,a barmagnetandanelectromagnetcanbemadeto attractor repeleach
other. Similarly, two electromagnetscanbemadeto attractor repeleachotherandhenceacceleratetowardsor
away from eachother. Whichsideof anelectromagnetis thenorthpoledependson whethertheelectriccurrent
is clockwiseor counterclockwisethroughthecoil of wire.

Themassdriver worksby two electromagnetsbeingattractedto eachotherandhencecausingacceleration.
Onecoil is smallerthantheother, andpassesthroughthecenterof the largercoil. The largercoil is the“drive
coil”, anchoreddown to bestationary, andthesmallercoil is theaccelerated“bucket coil”. Themassdriver is a
tunnelof numerousdrive coilsacceleratingabucket coil. Thebucket coil pulls abucket of materialwith it.

Thedrive coils arenot alwaysturnedon. Eachdrive coil mustturn off its electriccurrentwhenthebucket
passesthroughits centerin ordernot to slow thebucket coil backdown on theothersideby thesameattractive
force. Secondly, eachdrive coil turnson only whenthebucket coil is closeenoughto feel thepull significantly
(in orderto savepower),andturnsoff whenthebucket coil reachesaboutthecenterof thedrivecoil. Thus,each
drive coil getsonly a pulseof current,whenthebucket coil is closelyin front of it, andmustbe off whenthe
bucket coil is behindit.

Thebucket coil alwayshascurrent.What thebucket coil “sees”asit travelsdown thetunnelof drive coils
is a seriesof deaddrive coils eachof which suddenlyturnson quickly whenthebucket is very close,andthen
turnsbackoff by thetimethebucket coil passesthroughtheexactcenterof thedrivecoil. Thishappensfor each
drive coil in sequenceasthebucket fliesdown thetunnelof drive coils,pickingup moreandmorespeed.

This versionof “coaxial” massdriver is calleda “pull-only” massdriver, becausethe bucket is pulled by
magneticattractionbut is not pushedby magneticrepulsion.Otherversionsexist, suchaspull-push,which we
won’t considerhere.With thepull-only massdriver, nomechanicalguidancemeansis neededto keepthebucket
from crashinginto a drive coil becausethepull-only magneticfield of thedrive coils stronglyforcesthebucket
to levitatealongthecenterof thedrive coil tunnel.Thedrivecoilsaresideby side;in fact,andthenext canturn
on beforethepreviousoneturnsoff.

Thetechnicaldetailsof themassdriverwon’t bediscussedin thisnontechnicalbrief (e.g.,drivecoil kilohertz
halfwave power pulsation,capacitors,bucket currentinduction,etc.). Suffice it to notethat a prototypemass
driver acceleratortubewasbuilt andtestedsuccessfullyby theSpaceStudiesInstituteof Princeton,N.J.,with
lunarduty asits objective, andproducedanacceleration1,800timesEarth’s gravitationalaceleration.A lunar-
basedmassdriveracceleratorcanbebuilt usingpresent-dayoff-the-shelftechnology, but otherpartsof themass
driver needto bedeveloped.

4.4.2 Operating the massdri ver on the Moon

After lunar soil is excavated,transported,refinedusing simpleconventionalmeans,packaged,weighed,and
madeto be of preciseweight (e.g., addedmoltenglassweights). The packagesare loadedinto buckets with
bucket coils. Thebucketsareemplacedin a specialdevice in front of thefirst drive coil, andcurrentis induced
in thebucket coil.

Thedrive coils arefired in sequence,with theaid of “electroniceye” sensorsto trigger thedrive coils and
monitor the locationof thebucket for adjustmentin timing if necessary. Thedrive coils inducefurthercurrent
in thebucket coil. After thebucket leavestheacceleratorsection,it is travelling at lunarescapevelocity. Even
thoughthe massdriver is horizontal,the bucket andpayloadwould not fall to the groundbecauseof its high
speedandtheMoon’s curvatureandlow gravity. Immediatelyaftertheaccelerationtunnelis a payloadsnapout
andbucketdiversionsection,wherethebucket is magneticallydeceleratedto separateit from thepayload(which
isn’t deceleratedandhenceleavesthebucket behind)andto make thedeceleratedbucket fall downwardsin the
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lunar gravity to a lower tunnel track to get out of the way of payloadscomingbehindit. Magneticlevitation
guidestripswill berequiredhere.

Thebucket is thendeceleratedmagneticallyonthelower trackandreturnedonaparalleltrackto bereloaded
with anotherpayload.Themassdriver’s decelerationsectionconvertsthebucket’s momentumbackinto elec-
trical energy asit slows it down, by “regenerative braking”, using the samefundamentalprinciple aselectric
generators.In fact, the deceleratoris a generatorwhile the acceleratoris a motor (a linear motor insteadof a
rotationalmotor). By gettingelectricalenergy backout of thebucket’s momentum,theoverall efficiency of the
massdriver remainsbetween70%and90%,dependingon thedetailsof thedesign.In thedecelerationsection,
thebucket requiresmagneticguidemeansto prevent it from striking a drive coil. Thewell known principleof
magneticflight (i.e., passive magneticlevitationalguidestrips)wouldpreventany mechanicalrubbing.

Very important is the needfor payloadsleaving the massdriver to have preciselythe samevelocity so
that they all go to the sameplacein orbit and so that the catcher/collectorcan be of reasonablesize. Very
smallvariationsin speedor significantlateralvelocity canmake payloadsmissthecatcher/collector. Thus,it is
desirableto have a wayof correctingtrajectoriesafterpayloadsnapoutfrom thebucket.

Downrangetrajectorycorrectionstationsarepossiblefor a horizontalmassdriver. Several methodshave
beenproposedfor bothtrajectorydeterminationandcorrection.Trajectorydeterminationcanbedoneby radar
or laserranging. Trajectorycorrectionmay be achieved by electrostaticmeans,or puffs of air, or by striking
the side, front, and/orbackof the payloadwith a low power laseror particlebeamto boil off a thin layer of
thepayload’s outerskin to createanaction-reactionimpulsesufficient to prevent thepayloadfrom missingthe
catcher/collectorin orbit.

It’s importantfor themassdriver to maintainconsistency sothatpayloadsall goto thesamepoint. It maynot
benecessaryto predictthatprecisepoint in advanceandthentry to adjustthemassdriver, but it is importantthat
themassdriver beconsistentwherever it maybefiring payloads.Oncethemassdriver startsshootingpayloads,
it maybe necessaryto move thecatcherto adjustfor designimperfectionsin themassdriver. In otherwords,
insteadof putting thecatcherat the idealpoint andthenworking to make themassdriver shootthatpoint, we
would justshootthemassdriverandthenmove thecatcherto wherethestreamof payloadsis going.Further, as
thesunslowly movedrelative to theEarthandMoon, thestreamof payloadswould alsoslowly shift, requiring
the MassCatcherto follow the stream. Thus,what is most importantis that the massdriver be consistentin
producinganarrow stream.

Thecatchercouldbe locatedat theso-called“L-2 point” or “L-1 point in orbit, asdiscussedin thesection
on Lagrangianlibration points. In short, the L-1 andL-2 points in orbit arestationaryrelative to the Moon’s
surfacesothatthemassdriver is alwaysshootingat thesamepoint. TheL-2 point actskind of like thetop of a
gravitational hill that isn’t very steep,so thatonedoesn’t have to bestationedat theabsolutebalancepoint on
top to besufficiently stablefor economicalstationkeeping.

Thepropellantneededfor station-keepingandmaneuvering would not bevery large. Thepayloadswould
arrive at about70 meterspersecond,so they pushthecatcherarounda bit. For example,it hasbeenproposed
thata stationkeepingdevice shootingslagpelletsout at a velocity 30 timestheincomingpayloadvelocity (i.e.,
2100meterspersecond)would theoreticallybeableto compensateentirely for this momentumtransferat a 1
to 30 ratio of propellantto payload.As for polluting spacewith propellantpellets,theejectionspeedof 2000
meterspersecondeasilyescapestheEarth-Moonsystem,anddoesnotaddsignificantlyto thequantityof rocks
naturallypopulatingspace.Of course,slagpellet shootersaren’t our only option,andgaseouspropellantsare
muchmoreefficient sincethey have muchhigherexhaustvelocities.

It hasalsobeenproposedthatthecatcherbestationedin a lunar-synchronouspositionwherebyit would fall
down towardstheMoonexceptfor thethroughstproducedby theincomingpackagesimpactingit.

For technicalinformation on the massdriver in particular, one may wish to contactthe builders of the
laboratoryprototypelunar massdriver, The SpaceStudiesInst., P.O. Box 82, Princeton,N.J., 08540,(609)
921-0377,ssissi.org andhttp://www.ssi.org
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4.5 Long-Term Transport

4.5.1 Tethersin a Vacuum

Tethersareageneraltopicareawith multipleapplicationsfor propulsionandelectricitygeneration.In thefuture,
thePERMANENTwebsitewill discusstheseconceptsfurther. In themeantime,herearesomelinks:

TethersUnlimited, Inc., performsR&D on tethers.Seewww.tethers.com¡http://www.tethers.com¿
A 1999ScientificAmericanarticlecoversR&D to thatpointin time,atwww.sciam.com/1999/0399space/0399beardsleybox3.html

¡http://www.sciam.com/1999/0399space/0399beardsleybox3.html¿(RobertL. ForwardandRobertP. Hoyt)

4.5.2 Laser Launch from Earth

Thefundamentalconceptis a vehicleusingtheair aroundit for propulsionratherthancarryingall its fuel with
it, andgettingtheenergy from aground-basedlaser.

Moreinformationcanbefoundby following leadsin a1999ScientificAmericanarticleathttp://www.sciam.com/1999/0399space/0399beardsleybox4.html
TheLightcraftTechnologyDemonstratorwebsiteof theAir ForceResearchLabisatwww.pr.afrl.af.mil/technology/lightcraft/ltd.html

¡http://www.pr.afrl.af.mil/technology/lightcraft/ltd.html¿
A few keywordsusedin associationwith thiswork are:“lightcraft”, “laserpropulsion”and“microsatellites”.

Currentresearchis for propulsionof very smallobjects.

5 Fuel Propellants- Storable,and Hypergolic vs. Ignitable by Mik eSchooley

5.1 Using liquid oxygen(LOX) in space

It hasbeenproposedby numeroussourcesthat lunar, asteroidand/orcometmaterialscouldbeminedandused
aspropellantsto re-fuelsatellites,fuel orbital transfervehiclesandto fuel deepspaceprobes.Sinceoxygenis
a gasabove -297.6F(162Ror 90K) it takesa very large low pressuretank or a very heavy high pressuretank
to storeanappreciablevolumeatnormalTemperatures.Thereforeoxygenis normallysuper-cooledto its liquid
form commonlyreferredto asLOX. Thereare threeproblemsassociatedwith usingLOX in space. First is
commonality, secondis boil-off losses,third is ignition problemsandfourth is propellanttank scale,which is
relatedto theboil-off issue.

5.2 Comonality

I amnot awareof any spacecraft or satellitethatusesLOX asa propellant,but to make sure,I searchedMike’s
SatelliteLibrary at “http://leonardo.jpl.nasa.gov/msl/”. I searched164 satelliteandspacecraft types. I found
no systemsthatuseLOX. ThemostcommonwasHydrazine(N	 H
 ) monopropellant,followedby cold gasand
bipropellant(N	 H
 andN	 O
 ). Thedeepspaceprobes,which have thehighestdeltaV requirements,generally
usebipropellants.This is surprisingsinceLOX hasahigherspecificimpulse,whichmeanslesspropellantmass
is requiredfor thesamelevel of performance.LOX is thepremieroxidizer for fuelling launchvehicles,but in
a launchvehicle the propellantis all consumedin a matterof minutesandlong term storageis not an issue.
However, for satellites,which requiresmall intermittentpulsesof thrustover their designlife of up to 15 years,
long term storageis critical. Therefore,thereis currentlyno demandfor LOX in space,sinceno spacecraft
currentlyuseit. We canalsostatethat therequirementsfor LOX in theneartermwill continueto below since
rocket enginesthatburn LOX andprovide low thrust,high reliability andlong life do notexist todayandwould
take severalyearsto design,build andtest.

SpaceStationFreedomwasdesignedto useHydrogenandOxygenpropellants,however it wasto bestored
aswaterandseparatedby electrolysisasneeded.After separationtheHydrogenandOxygenwereto bestored
in gaseousform underpressure.With the switch to the InternationalSpaceStation,the propulsionfunction
hasbeenmoved to the Russianstationmodulesandthe propellantsareUnsysmmetricalDimethyl Hydrazine
(UDMH) andNitrogenTetroxide(N	 O
 ).
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Figure3: Fromthegraph,youcanseethatHydrazine,themostcommonsatellitefuel, is easilystorableatEarth
andMarsdistancesfrom thesun.It alsoappearsthatwith very carefulspacecraft design,LOX couldbestored
atEarthdistancefrom theSun.However, thefirst figureassumesthatthetankis notcloseto theEarth.Thenext
figure (from reference1) providesthe thermalequilibriumTemperatureof a well insulatedsphericaltankwith
aneffective radiationheatshielding,orbiting at2 to 9 Earthradii.

5.3 Boil-Off

Whenliquid propellantsarestoredat Temperaturesabove their boiling-point they vaporize. If we containthe
vaporsin the tank, thenthepressureincreaseswith Temperature.Sincethe tankweight increaseswith design
pressure,a pressurerelief valve is generallyprovidedto prevent thetankfrom over pressurizingandexploding.
Whentherelief valve releasesthepressure,someof thepropellantescapesfrom the tank. This lost propellant
is referredto asboil-off loss. Propellantshave beengenerallyclassifiedas“storable”or “cryogenic” basedon
weatherthey remaina liquid throughoutthe normal terrestrialTemperaturerangeor if they areonly a liquid
at “very low” Temperatures,however thesedefinitionsarenot applicableto storagein space.Figure1 (from
reference1) indicatesthe thermalequilibrium condition of a well insulatedcylindrical propellanttank with
effective radiationheatshieldingassuminga distanceto any object (planet,moon,asteroid,...) greaterthan
10 planetradii. The upperandlower curvesrepresentthe rangeof practicaldesigns.The upperlimit of each
propellantTemperaturebandassumesamanageableoverpressureandthelower limit is definedby thepropellant
freezingpoint.

Anotheralternative is to actively controlthepropellantTemperature,coolingit whenthetemperatureexceeds
theboiling pointandheatingit if thetemperaturedropsbelow thefreezingpoint. In thepastspacecraftdesigners
have avoidedcoolingsystemswheneverpossibledueto weightandreliability issues.

5.4 Ignition Problems

Spacecraftandsatellitesarerequiredto startandstoptheir rocket thrustershundredsor eventhousandsof times
over their designlife. To eliminatethe ignition systemasa possiblefailure,designerspreferto usehypergolic
propellants,which meansthepropellantsspontaneouslyburn whenthey arecombined.Table1 below defines
whichcommonpropellantcombinationsarehypergolic.
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Figure4: Figure2 shows thatin Earthorbit, theaddedenergy receivedfrom theEarthmakesLOX storagevery
difficult. To make mattersworse,in actualdesigns,additionalheatsourcesmustalsobe considered.Heat is
alsoconductedinto tanksfrom onboardelectronics,heatedcompartmentssuchasmannedspacesandfrom solar
panels.In addition,heatis gainedby radiationfrom rocket plumes.

LOX Peroxide Nitric Acid Nitr ogenTetroxide Combust.
O� H � O� H � NO� N� O
 Init. ClF �

Ammonia(NH� ) No Yes Catalyst Catalyst Yes
Analine(C� H� NH� ) Yes No Yes Yes Yes
Ethanol(C� H� OH) No Yes No No Yes
Hydrazine(N� H
 ) No Yes Yes Yes Yes
Kerosene No Yes No No Yes
Liquid hydrogen(H� ) No Yes No No Yes
Methyl Hydrazine(MMH) No Yes Yes Yes Yes
Unsym.Dim Hydrazine([CH� ] � N� H� ) No Yes Yes Yes Yes

Note: Thetableabove shows LOX is not hypergolic with any commonfuel. This meansthatanignitor will be
required,whichon enginesthatarerequiredto fire many timescanbeabig reliability issue.
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5.5 Scale

Whenboil-off conditionsexist, the scaleof the propellanttank, which determinesthe surfaceareato volume
ratio, directly effects the boil-off rate. Large tanks,with a high volume to surfacearearatio loosea small
percentageof their propellantin a unit of time. A small tank,with a volumeto surfacearearatio will loosea
muchhigherpercentageof its propellantin thesameunit of time. Launchvehicleswith large cryogenictanks
andshortstoragetimecanusecryogenicpropellantswith negligible boil-off losses,howeversatelliteswith small
propellanttanksandlongstoragetimerequirementswouldhaveunacceptablepropellantburn-off with cryogenic
propellants.

5.6 Conclusion

SatellitesdonotcurrentlyuseLOX andwill notuseLOX for theforeseeablefuture.LOX is notstorablewithout
expensive andheavy cooling systemsin Earthorbit. LOX could be usedat aboutMars orbit anddeeperinto
space.Whenboil-off doesoccur, large tankswith high volumeto surfacearearatiosminimize the rateof loss
dueto boil-off.

On thepositive side,we canuseoxygento producetheoxidizerof choice.Many spacecraft with high total
impulserequirementsutilize NitrogenTetroxide(N� O� ) andHydrazine(N� H� ) bipropellantsbecausethehigher
deliveredspecificreducesthespacecraft launchweight andthis propellantscombinationis hypergolic. If we
obtainNitrogenfrom asteroids,or import it from Earth,we cancombineit with Oxygento produceNitrogen
Tetroxide.By weightNitrogenTetroxideis almost70%Oxygenand30%Nitrogen.If we importNitrogenfrom
Earth,in what form shouldbe transportandstoreit? Liquid Nitrogenhasa lower boiling point (-320

�
F) than

liquid oxygen(-298
�
F). Ammonia(NH� ) is anobviouschoice,it hasboiling pointof -28

�
F anda freezingpoint

of -107.9
�
F. By containingabout200psi of vaporpressurewe canincreasetheboiling point to 100

�
F asshown

in figure3:
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For every two ammonia(NH� ) moleculesthat we convert to NitrogenTetroxide(N� O� ) we liberate6 hy-
drogenatoms.Wecanalsocombinetwo ammoniamoleculesto produceHydrazine(N� H� ) andliberate2 more
hydrogenatoms.All these8 hydrogenatomscanbereactedwith 4 extraterrestrialoxygenatomsto produce4
watermolecules(H� O).

Themassbalancebasedonmolecularweightsis: Theammoniamakesup 34.7%of theweightof theinputs
andtheoxygenmakesup 65.3%.Thepropellantsmake up 63.2%of theoutputswith waterconstituting36.8%.
It is interestingto notethat thewaterproducedexceedstheweightof ammoniathat is imported.Althoughthis
doesnot appearasattractive asusingliquid oxygenfrom spaceandimportedhydrogenwhereonly 11%of the
propellantmassmustbeimported,NitrogenTetroxide(N� O� ) andHydrazineareeasierto storefor longperiods
andthey arecurrentlyin usein space.

Anotherusefulfuel to producein spaceis UnsymmetricalDimethylhydrazine[(CH� )2NNH� ], alsoknown as
UDMH, is usedon theRussianMIR spacestationandwill beusedon theInternationalSpaceStation.Because
of its useon SpaceStations,UDMH probablyhasthehighestdemandof any fuel in space.Unfortunately, until
we locatesourcesof Nitrogenin space,only theCarbonappearsto bereadilyavailable.

Reference1 “Handbookof AstronauticalEngineering,” McGraw-Hill BookCompany, Inc., 1961,Editedby
HeinzHermannKoelle.
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