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

Excerptsfrom a websitedevelopedby physicistMark Pradoon issuesrelatedto spacetransportatiorand
resourcesjwww.permanent.com]

1 Overview — Transport of Earth, Lunar and Asteroidal Materials

Themainbarrierto spacedevelopments the costof gettingthere.For example the currentSpaceShuttlecostis
around$12,000perkilogram,andnearfuturerocketsarealmostcertainlynot goingto beableto deliver for less
than$2000/kg.Thatis why we arelooking atusingmaterialsalreadyin space- gettingmaterialsrom asteroids
nearEarthandthe Moon. After all, the settlersof Americadidn’t bring from Europeall their bricks, wood,
cement,food, water etc. This sectionexplainsthe differencesin transportatiorcostsbetweendelivery from
Earth,the Moon, and asteroidsmearEarth, both theoreticallyand by practicalengineeringnethods.Different
transportationechnologiesrecomparedwith anemphasi®on practical,neartermsolutions.
Therearetwo factorsthatdeterminghe economicf spaceransportation:

1. Theoreticarequirements,e., theminimumenegy requiredtio gofrom oneplaceto anotherueto gravity
without consideringary otherrequirementsand

2. Practicalmeansj.e., the costof producingandoperatingvehicles.

Therelatve weightof thesetwo factorsvaries,dependingon origin anddestination.

Theeffort requiredto transporta particularpayloadfrom onepoint to anotherin spacds oftencomparedn
termsof “delta-v” — thetotal velocity changeyou would needto impartin orderto go to a differentdestination.
It's not necessaryo completelyunderstandvhatthis meanshut it is importantto understandhatthis reflectsa
kind of theoreticalminimum,someavhatasif the payloadwerefired from a gunwithout the needto launchary
fuel propellantfor uselater. In reality, asthe delta-vgetshigher the economicgetworsemuchquicker dueto
fuel andfuel transportneeds.

Somedelta-vs aregivenbelow, in kilometerspersecondkm/s)andmilesperhour(mph):

e 0.06km/s(130mph)from asteroidl982DBto high Earthorbit
e 2.37km/s(5,000mph)from thelunarsurfaceto high Earthorbit
e 7.50km/s(16,000mph)from Earth’s surfaceto low Earthorbit

e 10.00+km/s(20,000+mph)fromEarth’s surfaceto high Earthorbits (e.g., communicationsatellites)

Gettingoff of Earths surfaceandinto low Earthorbit requiresso muchfuel thatrockets mustlift off with
massie amountsof fuel for laterin flight. For example,the SpaceShuttle,whensitting on the launchpad,
is about5% caigo, 85% fuel propellants,and 10% vehicle. It's like launchinga skyscraperbuilding. The
stressesandengineeringlemand®n thesevehicles,in additionto safetyandeconomicreliability standardsare
so extremethat the costsof manufcturingand operatingrockets are exorbitantfor launchingmaterialsoff of
Earths surface.

In comparisonthe Apollo lunarlanders fuel tankto launchtheastronauteff of theMoonwassosmallthat
you couldsit onit like achair andmadeup asmallcornerof the spacecraftEvenin thefuture,with aheavy lift
rocket from the Moon, the stressewvill be substantialljessthanfor launchfrom Earth.

Asteroidshave practicallyno gravity. If yourrocket enginefails duringlaunch,theres practicallyno chance
you could crashbackdown. The vehicleandfuel propellantscanbe low throughstlow spec,andvery small.
Theequipmentor deplg/ing to the asteroidcanbe configuredin low Earthorbit and“docked” to the asteroid,
e.g., by adeflatingairbag ratchet-lockingsprings,or othernonrocletry meansf preferred.(For sendinga cago
to theMoon, it mustbe packagedlandedanddeplo/edin the Moon’s gravity.) Retrieszing asteroidamaterialis
like moving from oneorbit to anotherwhich givestremendou$enefitan flexibility, reliability andsafety



Notably the Shuttlegoesonly to low Earthorbit. If thecaigoin the Shuttlebayis acommunicationsatellite
headedor geostationarprbit (ahigh Earthorbit), asis commonlythe casethenthe Shuttles caigo bayconsists
of onethird satelliteandtwo thirds additionalfuel propellant. The Shuttlesenes mainly asthe first stageto
getthe satelliteoff the groundandabove the atmosphereOncein orbit, the payloadleavesthe Shuttleandan
interorbitalvehicletakesover.

Launchvehiclesandthe vastmajority of interorbitalvehiclesto datehave all beenbasedon chemicalrock-
etry, wherebya fuel is mixed with oxygenandthe “controlled, continuousexplosion” produceshe throughst.
For oxygen-hydrogemocketry, the oxygenmakesup betweerB6% and89% of the fuel mix.

Onthemoon,oxygenis easilyextractedfrom lunarsoil. Hydrogenis scarceonthe Moon exceptatthepoles
whereit is alundantlyavailableasextremelycoldice. Elsavhereon the Moon, waterneedsanay competewith
fuel needs. Rocketry basedon powderedmetalfuels mixed with oxygenhasbeendevelopedbut needsto be
adaptedo thelunarmission.

Many asteroidsarerich in both oxygenandhydrogen,aswell ascarbonfor alternatve hydrocarborfuels
which aremorestorableandeasierto handle.All of theseelementsareeasyto extractfrom asteroidsusinga
simplesolaroven,for example.

Onestudyputtogethera designfor aninitial missionto retrieve asteroidalmaterial. This studydetermined
thata 100ton spacecraftaunchedo andassembledn low Earthorbit (and consistingmainly of the fuel pro-
pellantsto getto the asteroid) could comebackto Earthorbit with 10,000tons of asteroidalmaterialif it gets
hydrogerandoxygenfrom waterat theasteroido useasfuel propellant.This spacecrafis simpleanddoesnot
involve ary radicalnew technology

Excessfuel propellantswill be one of the first productsfrom asteroidaland/orlunar materials. This will
enablerocketson Earthto launchonly payloadsto low Earthorbit. Separate’interorbital vehicles”fueledby
asteroidahndlunarpropellantsatfuel stationan high Earthorbit, cancomedown to bring satellitesup to higher
orbits, e.g., geostationanprbit, aswell asdeliver fuel propellantsfor stationleepingand maneueringin ary
orbit. Roclketson Earthcantriple their useful payloadsby not launchingfuel propellantsfor the interorbital
vehicle.

No longerwill satellitesbe lostin spacedueto rocket stagefailuresor decommissionedueto exhaustion
of stationkeepingpropellants. Lifetimes can be extended,and indeedobsoletesatellitescan be sold to less
developedcountries... thoughthisis gettinga bit off thetopic of transportation.

Also coveredin this sectionare non-rocletry techniqueswhich are startingto emege today aswell as
techniquedurther down the road as spacebecomesmore industrialized. However, a nearterm project can
be basedentirely on proven transportatiortechnology The onetechnologythatis mostlikely to emege for
asteroidamaterialgs the steanrocket— not makingafuel propellantout simply heatingwaterfrom theasteroid
to producesteamntor interorbitalpropulsion,asdiscussedn a sectionof this section.

2 Theoretical transportation energy requirements

2.1 Moving around in the Earth-Moon System

The Earthis 81 TIMES asmassie asthe Moon, andasteroidshave a trivial masscomparedo the Moon. To
getfrom the surfaceof the Earthor the Moon into orbit aroundEarth (wherespaceproductsproviding valuable
spaceserviceswill reside)requiresenegy in two forms:

1. Enegy toriseabove thesurface,i.e., “potentialenegy”; and

2. Enepgy to stayup therewithout falling backdown, thatis, acquiringthe speedo go into a circularorbit,
i.e., “kinetic enegy”. In acircularorbit, gravity is counteredy the centrifugalforce constantly

Notably whenthe SpaceShuttlegoesinto low Earthorbit about500 kilometersup, only about7% of the
theoreticaknegy requiredgoesinto lifting it tothatheight(potentialenegy). About93%of theenegy goesinto
acceleratinghe SpaceShuttleto aspeedvhereit goesinto a circularorbit (kinetic enegy). Thetotalamountof
enegy (kinetic plus potential)requiredis oftenexpressedn termsof ananalogy— an“enegy well”, aspictured
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Figurel: Noteonthegraphthattheenegy requiredto gointo “geostationaryearthorbit (GEO)”, i.e., “stationary
communicationsatelliteorbit”, from theMoonis small,comparedo comingfrom Earth. It will laterbeshavn
thatthe enegy requiredto get materialfrom mary asteroidsearEarthinto geosynchronouserbit is evenless
thanfrom the Moon.

here,asif eachgravitationalbodyrepresented holein the groundlike a waterwell which a caigo mustcrawl
outof. Thebiggertheplanetthedeepetheequivalentwell. In thepicturebelow, thevertical“height” represents
the enegy requiredto move from onepoint to the other wherebythe horizontallengthrepresentshe physical
distancegto scale).

The SpaceShuttle can goesto about500 kilometers,and doesnt have the capability to go significantly
higherthanthat, enegy-wise. Communicationsatelliteorbit is at 36,000kilometers.Roughlyhalf the enegy
to getto geosynchronousrbit is consumedn just gettingto anorbital speed Whenthe SpaceShuttlecarriesa
communicationsatelliteup, it bringsit only above the atmospheréo the 500 kilometerorbit. Fromthere,the
satelliteis removed from the cago bay andthenlaunchedo geosynchronousrbit 36,000kilometersup using
its own fuel propellantwhich madeaup mostof thecaigo in the Shuttlebay, notthe satellite.But this is another
issuefor anotherplace.

Whatorbital speedsarewe talking about?For low Earthorbit, we arelooking at a little over 7 kilometers
persecondi.e., aboutl5,000milesperhour),for the orbital speed At this speedthe Shuttleorbitsthe Earthin
aboutoneanda half hours. As a satellitegoeshigherin orbit whereEarths gravity is wealer, it doesnot need
to go asfastto stayin orbit, andthusoneorbit of the Earthtakesmuchlonger e.g., 24 hoursfor GEO.However,
it takesmuchmoreeneqy to lift it up to thatorbit.

An orbit usedby communicationsatelliteds a high Earthorbit called“geostationary’or “geosynchronous
orbit, whereit takesexactly 24 hoursfor oneorbit. Sincethe Earthrotatesonceper24 hours,eachsatellitestays
“stationary”or “synchronized"abore onepointon Earth. That's why you canpointyour satelliteTV dishto one
placeandleave it there,ratherthanhaving to trackthe satelliteandlose communicatiorif it wereto passover
thehorizon.



It takesmorethan10timesmoreeneqgy, theoreticallyto getinto geosynchroug&arthorbit from thesurface
of the Earththanfrom the surfaceof the Moon (thatis, a circular orbit). The enegy requiredfrom asteriods
nearEarthcould be lessor morethanfrom the Moon, dependingon the particularasteroids orbital properties.
Addingin theheary vehicleandcomplity associateavith Earthlaunch,andlaunchingthefuel for laterin the
flight, gettingmaterialsoff of the Moon andespeciallyfrom asteroidss mucheasietthanfrom Earth.To escape
Earthorbit altogethertakes lessthan 10% more enegy thangettingto geostationaryrbit. Hence,the enegy
differencebetweenGEOandotherbodiesbesides€arthis oftenmuchless.

(One item often quotedby othersit that it takes about22 times more enegy to launchfrom Earth and
“escape”to infinity (without going into orbit) thanto likewise launchfrom the Moon and escapéeo infinity.
Thatis a simple comparisorfor laymento illustrate the point, and differs someavhat from the more detailed
comparisorgivenherewhich accountgor gettinginto varioususefulcircularorbits.)

It's importantto understandhatit takesjust asmuchenegy to comedown asit doesto go up — theres no
“free downhill”. Coming“downhill” takesjustasmuchenegy andfuel in spacebecausdhereis no friction —
you mustspendfuel to lower yourselfinto a circularorbit. (An exceptioncouldbe“aerobraking”,i.e., usingthe
Earthsatmospheréor friction, but no suchvehiclehasbeenoperatedo dateexceptfor returnto Earths surface.
Aerobrakingis discussedn the vehiclessection.)Without aerobrakingif you simply brake andfall down in an
elliptical orbit, you'll soonberight backatthetop of thatelliptical orbit andreadyfor anothercycle. To stayat
the bottomof theorbit requiresthatyou circularizeyour orbit whenyou arrive thereby spendingmorefuel.

Higher orbits have more potentialenepy but lesskinetic enegy. In fact, mathematicallyto move from
a lower orbit to a higher orbit requiresspendingtwo partspotentialenegy for every one part kinetic enegy
reduced.Notably, theres no enegy shortcut— if you skip goinginto aninterim orbit but just shootfrom the
surfaceof the Earthto a high orbit, you don't save arything, theoretically However, in practicalterms,thereare
differencesbetweertrajectoriesto getinto a circular high orbit so that you canspendsignificantlymorethan
the theoreticalminimum. In general hastemalkeswaste,in termsof enegy andfuel spent. The theoretically
besttrajectoryfrom Earth’s surfaceto ary Earthorbit is to first getinto orbital space sothatoneisn't fighting
againstgravity’s pull backdown, andthento spiral up slowly, thrustingperpendiculato the line of sightwith
Earth(i.e., addingpurely centrifugalforce). However, thisis rarely followed dueto economidactorsotherthan
fuel launchede.g., time andcompleity, andradiationbelt damagdactors).

On the graph: “Sea Level Earth Orbit (SLEO)” just illustratesthe minimum enegy requiredto “stay in
outerspace’ratherthanstanding(or crashingback)on Earths surface— Seal evel EarthOrbit is, say a purely
theoreticalorbit just onefoot abore sealevel asif therewereno atmospherer hills to crashinto. Enegy-wise,
Seal evel Orbit representshe 93% kinetic enegy to getto Shuttleorbit from Earth’s surface,ascomparedo
the7%to lift up abore theatmosphereTheMoon alsohasa “sealevel orbit”, or sinceit has*Mares” insteadof
“Seas”,it hasacorrespondingMare Level Orbit”. Theentiregraphrepresentthetheoreticaminimumamount
of enegy required. However, the more enegy required,the morefuel mustbe lifted for uselater Thus,the
rocket sizeandcompleity increasenell out of proportionto thetheoreticaiminimumenegy required.

Asteroidshave no significantescapeelocity or “sealevel orbitalenegy”, andcanbe seenasobjectsalready
in orbital space Onthechart,they would belocatedbeyondthedashedine above high Earthorbit, enegy-wise.
SomenearEarthasteroidsarejust a tiny bit above the the dashedine, thoughmostasteroidsare significantly
above the line. However, an analysisof retrieving asteroidaimaterialsdoesnot lend itself well to the above
analysisargely dueto a conceptcalleda “lunar gravity assist”,which savesenegy by tradingorbital enegy
with the Moon, asdiscussedbelow.

2.2 Asteroid Materials Retrieval

The delta-vs for known Earth-crossingsteroidsareaslow as60 metersper second(60 m/s), ascomparedo
theMoon’s escapevelocity of 2,400m/s. Therearemary asteroidswith requireddelta-vs lower thanthelunar
surface. In a probablemissionscenariao anasteroid,a large caigo will be launchednto high Earthorbit and
undego a gravity assistby the Moon (discussedbelon) to pick up speedo rendezouswith the asteroid.After
rendezwusof the cago shipwith theasteroid ary humanpresenceeededvould be sentby a smallvehicleon
aquicktrajectory
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Beforewe go into specificmissions,we shouldcover a key topic for retrieving asteroidaimaterials:lunar
gravity assists.

2.2.1 Lunar gravity assistsfor astemids

Someasteroidenthusiastilumorouslyseethe Moon mainly asan objectto offer gravity assistsnotto minethe
Moon.

A “gravity assist”entailsusinga fly-by with the Moon to divert the trajectoryof a payloadandto impart
delta-y saving largeamountsof fuel. Aimostall NASA probego otherplanetshave dependean gravity assists,
e.g.,passingoy theMoon andthe Earthoneor moretimeson theirway out, andsometime®therplanetsaswell
for the purposeof gravity assistsFor example,Voyagermorethandoubledits speedvhenit passedupiter

Oneor morelunargravity assistssometimesn concertwith anEarthgravity assistwill be usedto:

1. deflectincomingasteroidcaigosinto a high Earthorbit (or towardsanothergravity assist)and

2. to brake theasteroid.

A singlelunargravity assistis illustratedconceptuallybelon. The maximumbrakingthe Moon canprovide
is about2.2 km/sec,usinga “doublelunar gravity assist”,wherebythe asteroidpassedy the Moon comingin,
thenpastthe Earth,thenpastthe Moonagaingoingbackout. Thiswould diverttheasteroicby almost90degrees
from its original path,andcapturet into ahighly elliptical Earthorbit. Subsequergravity assistsvould insertit
into amorecircular orbit aroundEarthafterwhich it would performfinal smallthrustingmaneuersto achiere
its desireddestinationorbit. Many asteroidsequirea delta-vof muchlessthan2.2 km/sec,andrequireonly
asinglelunargravity assist(not an Earthgravity assist)to be captured andoptionally additionallunar gravity
assistgo diverttheasteroidnto a morecircularorbit.

Gravity assistamprove the economicsof retrieving asteroidpayloads,as well as outboundmissions,and
greatlybroadenghenumberof attractie asteroids(In this gameof “orbital billiards”, we aretappinga gravita-
tionalenepgy sourceasasteroigphayloadsxchangeorbitalmomentunwith theMoonandthe Earth—theasteroid
slows down while the Moon speedaip. Becauseasteroidsare so small comparedo the Earthand Moon, the
effectson the Moon andEarthareso smallasto beimmeasurablelt would take millions of capturedasteroids



to causeary detectablechangesn the Moon’s or Earths orbits. It's like measuringhe effects of mosquitoes
hitting the Empire StateBuilding — significantto the mosquito,but not to the building.)

We probablywould not wantto bring a completeasteroidin, but insteada seriesof small caigo containers
which aremoreeasilymaneueredandposeno significantthreatto Earth. Trajectoriesaresomethingve know
very preciselywell in advance andtheres no needto gettoo closeto Earth. Theaborementione®.265km/sec
gravity assistmaneuer wasbasedon approachingio closerthanseveralthousandniles (kilometers)of Earths
surfacein orderto allay suchconcerns(Somepeoplehave proposedisingthe Earths atmospheréor “aerobrak-
ing”, but that's notatall whatwe aretalking abouthere.We won't ever needto alertary emegeng rendezous
teamfor puregravity assistmaneuers.) Onewould expectthata quick responseendezeousteamwould be set
upto protectEarthin thelong run againsbothman-mad@bjectsandnaturallyoccurringasteroidsaindbig rocks
thatpassby Earth. Already military andcivilian telescope$fave detectedig rocksandsizeableasteroidgpass-
ing very closeto Earth,including skimmingthe upperatmospherelf ary of thesenaturallyoccurringobjects
hadhit Earth,it would causea naturaldisasterpossiblyto theentireplanet,nota man-madealisasterMan-made
capabilitiescanpreventnaturalplanetarydamage.

2.2.2 SpecificAsteroid Missions

In the late 1970s,mary peoplethoughtthatthe ideasof asteroidaimaterialsutilization hadso muchmerit that
equipmentvould bedevelopedandmissionsvouldbeembarlkeduponby NASA. Thiswasnaive, but it wasgood
thatthey proceededvith theseprojectionsasthey areexemplary However, someof the datesof the following
missionsarealreadypast.

The Amor asteroid‘Anteros” (1973EC)wasprojectedto have equipmentaunchedo it in late 1992. Ren-
dezwouswould happenn 1993andthe equipmentwould berunningat full steamby early 1994. After adelta-v
of 1.6 km/sec the calgo wasto be enrouteto the Earth-Moonsystem.It wasto arrive in 1995wheretwo lunar
gravity assistandafuel thrust“capturemaneuer” of 0.3km/secatorbit perigeewvould have putit into acircular
orbit betweertheMoon andthe Earth.(The0.3km/seccouldbeloweredby athird lunarencounteif sodesired,
but 0.3km/secis sosmallthatit maybeworth alittle haste.)

The Amor asteroid'Eros” offeredessentialljthe samestory Thelaunchdatewasscheduledor ayearlater,
in 1993. The delta-vwould have beenl.7 km/secandwouldve taken two lunar gravity assistsanda capture
maneuer of 0.3 km/sec.

The investigatorsthoughtthat further analysisof missionopportunitiesand trajectoriescould reducethe
delta-vto nearl km/secfor the above two asteroids.On their shoestringoudget,they did a limited numberof
calculationsandgettingatrajectoryunder2 km/sednitial delta-vwasdeemednougho move ontootherissues
like analysisof theequipmenineeded.

In thelate 1970s afew of thenewly discoreredasteroidsverealsoanalyzedor rendezwous,e.g., theApollo
asteroids1976 A (delta-vof 0.61 km/sec),1973EC(delta-v of 1.43 km/sec)and 1977HB (delta-v of 1.06
km/sec).Thesecalcuationsveremadeusing1970scomputersaandsomeremarkablypersistenprofessionals.

Sincethis 1970sstudy usingmore sensitve telescopesmary more attractve targetshave beenfound, in-
cluding the asteroid1982DB,which needsa delta-vof a mere0.06 km/sec(i.e., 60 metersper secondpor 130
milesperhour)to be capturedby the Earth-Moonsystem.

2.3 Thell, L2, L4 and L5 Libration points

Therearetwo pointscalledL1 andL2 onthecharton enegy requirementsTheir relevanceis asfollows:

BothL1 andL2 orbit the Earthin thesameamountof time thattheMoon orbitstheEarth.L1 andL2 sere as
lunarstationaryor lunarsynchronougpointsin spacejust like communicationsatellitesin geostationarprbit
stayabove onepointon Earth. This is becausehe Moon keepsonefacepointedtowardsthe Earthall thetime
(i.e.,its rotationperiodequalsts orbit periodexactly). In otherwords,if you're onthe surfaceof the Moon and
you look up at anobjectstationedatthe L1 or L2 points,it won’'t move over time. Objectseverywhereelsein
orbital spacewill move.

The MassDriver, discussedn the lunarlaunchsection,would shootpayloaddo a MassCatcherlocatedat
oneof thesetwo points. Lunar materialcanbe shotoff the lunar surfaceandinto circular orbit aroundEarth
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without beingplacedin lunar orbit first, androckets could headthere,too. Likewise, a solarpower stationor
giantmirror systemat thesetwo points could servicethe lunar surfaceduring mostof the long lunar night by
beamingdown enegy, light andwarmthat night, in alongertermscenario.ln reality, stationkeepingwould be
requiredto keepan objectat L1 or L2 dueto the effectsof the Sun’s gravity. The fuel propellantrequiredfor
stationleepingwould be small.

Therestof thisarticle coversthe physicsnottherelevang, of theL1 andL2 phenomenorgaswell asthel3,
L4 andL5 points,for thosewhoarecuriousto know. Notably, L4 andL5 aretwo candidataegionsfor emplacing
industrialfaciltiesin high Earthorbit. Indeed,afamousspaceadwcag organizationpromotingasteroidaknd
lunar materialsutilization calleditself the L-5 Society Thesepointsarealsocalledthe LaGrangepoints(after
their mathematicatliscoserer)or the “libration points”.

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

L1 andL2 aretwo uniquepointscausedy the interactionof the Earths andMoon’s gravities. They arealso
shawvn in thefollowing chart,alongwith L3, L4 andL5.

Thel1 pointis where:
TheEarth’s pull = theMoon’s pull + the orbital centrifugal“for ce”



When an object placedbetweenthem s balancedby two pulls in the two directions,it’s asif the objectis
balancedtthe peakof a hill. A nudgeoneway or the otherwould causehe objectto fall inwardtowardsEarth
or outwardtowardsthe Moon. (It's actuallyallittle moreinvolvedthanthisin thatnothingfalls straightdown in
athree-bodyrotatingsystemput you gettheidea.)

ThelL2 pointis anotheplacewhereyou canplaceanobjectandit will alwaysstaythereif balancegerfectly
Thecauseof thelL2 pointis:

TheEarth’s gravity + the Moon’s gravity = theorbital centrifugalforce

ThelL3 pointis simply the placein Earthorbit oppositethe Moon which orbitsthe Earthin the sameperiod
of theMoon. It hasno relevanteconomigotential(unlessyou never wantto seethe Moon for somereason).

The L4 andL5 “points” actuallydenotethe centersof two regions— objectswill tendto drift aroundthese
two pointsin erraticorbits(appearingo orbit theemptypointsin anoncircularandnonellipticalshape) without
leaving the L4 or L5 region, andwithout requiringmuchstationleepingpropellantto stayin theregion. ThelL4
andL5 pointsarelocatedin Earthorbit 60 degreesn front of and60 degreesbehindthe pathof theMoonaround
the Earth.Whathappenss thatwhenthe Moon accelerates/decedges objectsin L4/L5 region, it changegheir
centrifugalforce relative to Earthandhencetheir orbit aroundEarth,causingthemto climb away from or fall
towardsEarth,in which casetheir orbital speeddecreasesr increasessthey climb away or fall towardsEarth,
andasa resultthey fall behindor passup the L4/L5 point andthe cycle repeats.(Anotherway of looking at
thisis thatanobjectplacedat L4 or L5 orbitsthe centerof massof the Earth-Moonsystemin onemonth.)Like
everywhereelse,the Sun’s gravity perturbsobjectsin theL4 andL5 pointssothatit’s not a perfectpicture, but
it’sfairly close.

In the 1970s,mary peoplesav the L4 andL5 regionsasfavorablefor placingindustryto processasteroidal
andlunarmaterial,andspacecoloniesaswell, becausehey all stayedn proximity to eachother unlike objects
in differentorbits outsidethis zone (unlessthe latter areall in the sameorbit and just strungout in a circular
curwe), andstayed‘close” to the Moon in termsof enegy. Whetheror not spaceindustryis locatedat L-4 or
L-5 is aminor issue. Spaceindustrycould be locatedin mostary Earthorbit. But the L-4 andL-5 pointsare
referencedy mary studiesascandidatesites,hencetheir discussiorhere.

Differentstudiesput the manufcturingfacilitiesin differentplacesge.g., in ahigh orbit or anL point. Few
putthemin alow Earthorbit, dueto the enegy requiredto bring asteroidamaterialsdowvn. Only somefinished
productscomedown. Wherever theindustryis located theinitial large colonieswill belocatednearby

3 Near-Term Vehicles

3.1 Chemicalrockets
3.1.1 Intr oduction to chemicalrocket transportation

Roclketsarethe main propulsionsystemmanhasusedin spaceto date. We userocketsto getoff of the Earth,
to go from oneorbit to anotherandfor satellitestationleepingandmaneuering. Oneof thefirst productsto be
madefrom asteroidabndlunarmaterialswill befuel. Thisfuel will beusedto transporthe asteroidabndlunar
materialsbackto Earthorbit, aswell asto sell in low Earthorbit for moving satellitesaround(e.g., from low
Earthorbit to geosynchronougarthorbit). Thisis aproductwhichis easyto make from asteroidamaterial,and
mostlyif notall from lunarmaterialaswell.

For example,the Shuttlegoesonly to avery low Earthorbit. For launchingto geosynchronousrbit, much
morefuel is needed.Indeed,if a satelliteis launchedin the SpaceShuttleto low Earthorbit andrelaunched
thereto go to geostationaryrbit, two thirds of the caigo in the Shuttles payloadbayis fuel andonly onethird
is the satellite.By providing fuel from the Moon andasteroidsyve triple the payloadcapacityto low Earthorbit,
therebyallowing larger, morecompetitve communicationsatellitesandfuture services.For satellites we will
eventuallybeableto offer lower overall delivery costsper satelliteandmalke a sizeableprofit.

Alternatively, oncein spacetherearebettermeansof propulsionthanchemicalrocketry which promiseto
besignificantlylessexpensve overtime for haulinglarge quantitiesof goods.However, in a neartermprogram
we couldassumedhatwe will be usingold fashionecchemicalrocketry. It is not necessaryo basea nearterm



scenarioon new propulsiontechnologythoughit may be advantageouso useoneof the simplertechnologies
discussedn PERMANENT for interorbitaltransportatione.g., steanrocketsor ion drive.

Oncewe startto industrializespacewe will surelyassembldarge "spacetrucks” in low Earthorbit to haul
payloadsaroundspacemuchmoreefficiently, usingsomethingelsebesideschemicalrocketry. But for now we
couldassumeve will beusingchemicalrocketry in thefirst stageof large scalespacedevelopment.

A rocketis adevice thatburnsfuel for propulsion.Thefuel burnis achemicalreactionbetweera“fuel” and
an“oxidizer”. Therearethreekindsof chemicalrocket:

1. Two liquids from two differenttanks,e.g., liquid hydrogen(fuel) andliquid oxygen(oxidizer),arepiped
into the comhustionchambermat a high rateusinghigh performancduel pumpswherethey mix andcom-
bust. An exampleis the SpaceShuttles mainfuel tank,which actuallyhastwo tankswithin it, ahydrogen
tankandanoxygentank. Two liquidsin two differenttanksis themostcommonform of chemicakocketry.

2. Two chemicalsaremixedalreadyin liquid form in onetankandjustneedto be pumpednto acomhustion
chambemwherethey areheated.This is possibleif the two chemicalscomhustonly at high temperatures
andmix with eachotherwell atlow temperatures.

3. Thetwo chemicalsare solid andare not pumped. The fuel is locatedin the comhustionchambere.g.,
avery long cylinder with a thick lining of fuel on the inside, makinga long holein the middle with an
openingon the nozzleend (similar to “bottle rocket” fireworks). The two chemicalsare usually mixed
with a third materialwhich controlsthe rate of burn. The burn startson the inside of the cylinder and
uniformly (moreor less)burnsits way out. An exampleof this arethe SpaceShuttles two long, narrav
solid rocket boosterswhich detachafter the first few minutesof flight (after which the main fuel tank
powersthe Shuttleto orbit usingtwo liquid fuels).

Rocketsareknown to bedangerousThey dependon a controlledexplosion. For Earthlaunch,they depend
uponvery high thrustdueto Earth’s stronggravity andthe weight of the vehicleplus the payloadplus fuel to
be usedlaterin flight. This is why the SpaceShuttle usestwo solid rocket boosters. (It was a solid rocket
boosterfailurethandestryedthe SpaceShuttleChallenge) Fortunatelyfor usein spacerocketsaremuchless
dangerousThethrustrequiredto getoff the Moon is very smallcomparedo thaton Earth. Moving from orbit
to orbit canbe doneslownly andgently whichis why rocketsin orbital spacevery rarely explode. Launchingoff
of anasteroids practicallythe sameasdoinganinterorbitalmaneuer.

For example,whenwe launchthe SpaceShuttle,the caigo makesup only about2% of thetotal. The fuel
andthe vehiclemalke up the majority. Whenyou look at a rocket on Earth’s surface,you're looking mostly at
fuel andvehicle,with alittle payloadontop. In contrastfor the vehiclethatlifted the Apollo astronaut®ff the
Moon, thefuel requiredwassolittle thatit fit in a cornerof the vehicleandthefuel tank couldhave senedasa
chair

Thekey to spacadevelopmentusingasteroidabndlunar materialss the ability to make thefuel propellants
from thesematerials ratherthanblastingthe fuelsup from Earth.

The Moon hasplenty of oxygen,which malkesup 86%to 89% of oxygen-hydrogemocketry, assincelunar
dirt averages44% oxygenboundinto minerals. Extractingthis oxygenfrom lunar soil is fairly simple,andthe
processingschemegyenerallyaim to produceother usefulmaterials,too. The hydrogenis rare on the Moon
exceptat the lunar poleswhereit existsin extremelycold form. Many asteroidsarerich in frozenwater and
oxygen-hydrogemocket fuel is readily producible.Asteroidsarealsorich in carbon,too, which canbe usedin
rocketfuels,e.g., hydrocarborfuels.

Many lunar developmentschemegproposeusing substitutesor the hydrogen,e.g., powvderedaluminum,
whichwould still bemixedwith oxygenfor comhustion. Aluminum powderbasedengineshave beenresearched
dating back to the Apollo dayswhen NASA plannedto develop the Moon, but the technologyhasnt been
developedyet for in-spaceapplicationsand indeedhasbeenshehed without an applicationin todays Earth
launchworld. Thefollowing aredetailsof producingfuel propellantfrom asteroidabndlunar materials.



3.1.2 Asteroidal fuels

Thefirst stepis in productionof hydrogerandoxygenis extractionof waterfrom theasteroid All that's needed
is to deplgy asolaroven, e.g., anarrayof foil mirrorsfocusedon atank. Asteroidalmaterialis putin thetank
andheated.Water free hydrogen,compoundsf carbon(e.g., carbonmonoxide,carbondioxide, andvarious
hydrocarbonsuchasmethane)sulfur anda few othergasesareliberatedby the heating. Pipesfrom the oven
leadto a seriesof very cold tanksin the cold shadws of space which trap the volatilesin tanks. Sincethey
liquify atdifferenttemperatureandpressureshey areeasilyseparatedrom eachother

This methodshouldproduceenoughfree hydrogenand free oxygento fuel the return spacecraft.If not,
thenthe watercanbe split up into hydrogenand oxygenby electrolysis,againan old technology If desired,
hydrocarborfuels canbe collectedandused,or manufcturedfrom the hydrogenandcarbon. This is all such
simpleandold technologythatlittle furtherresearchs neededo establistthis asanoption.

3.1.3 Lunar Chemicalfuels

With theapparentecentdiscovery of watera permanentlyshadaved cratersatalunarpoleby the Clementinel
andLunarProspectoprobes,oxygen-hydrogemocketry would be feasiblefrom the Moon, which would malke
lunarresourcesnuchmoreattractve economically The samemeanscanbe usedto producerocket fuel from
waterasis discussedor asteroids.

(Therearetradeofs in building a big solarovenin zero-graity aroundan asteroidvs. the surfaceof the
Moon, plus heatsink issuesfor the tanks,and rotation of the Moon, but theseseemlike minor issues. The
lunarcratersareextremelycold sincethey never getary sunshinewhich callsfor researctanddevelopmenton
equipmenbperatingn thatervironment.)

Thereis considerablegesearctgoing into producinglunar fuels. The SpaceEngineeringResearctCenter
(SERC)is contractedo NASA to helpselectjhttp://scorpio.aml.arizanedi/lunar.html¢, the mostadwantageous
technologiegor extractingoxygenandotherusefulmaterialsfor alunarbase aswell astestrocket conceptsis-
ing hybridrocket propellantdrom lunarmaterials http://scorpio.aml.arizanedi/hybrd.html¢, (whicharesome-
timesapplicableto asteroidamaterialsaswell).

ERC alsoproduceda little laboratoryelectrolysisplantto produceoxygenfrom solids,andis progressing
towardsa spacequalified design. “This unit, called MOXCE jhttp://scorpio.aml.arizta.&luMOXCE.html¢,,
is capableof producing0.1 kg of Oxygenper hour and hasproven extremelyrugged. At this time a second
generatiorplant,calledMOXCEZ2, is underdevelopment.

A goodtheoreticaldiscussiorof the performanceof variouschemicalrocket propellantsis givenin a pa-
pertitled The Powver to Go Beyond jhttp://scorpio.aml.ariztaedunasalhtml¢ by the NASA Lewis Research
Centeyanddiscussesomelunar (andMartian) propellantalternatves.

Notably theres ananalysison sulfurbaseduel propellantghttp:/lib-www.lanl.go/la-pubs0032604 2. pdfy,
by Steve Howe of the SandiaNational Laboratories.Sulfur is abundanton asteroidgsomevery high in iron
sulfide, aka “troilite”), and might be abundantin spotson the Moon. On somemineralogicallyinteresting
asteroidsthe sulfur maybethe mostexpendablematerial.

3.1.4 Launching the first missionswith presentday Earth rockets

An interestingpaperwas presentedat the 1993 PrincetonConferenceentitled “Early Lunar Access” (bib-c-
S9.htm#l104pn usingexisting transportatiorsystemso returncrens to the Moon beforetheendof thecentury
for startinga permanentgxpandabldunar outpost,usingthe SpaceShuttle,or the Titan IV and/orAriane V
with the Centaurupperstage. The author Paul H. Bialla of the GeneralDynamicsSpaceSystemaDivisionin
SanDiego, California, shaved thatthe only significantlynen developments alunarexcursionvehicle,which
itself canbe a deriative of the Apollo commandmodule.Sincethe majority of thetransportationnfrastructure
alreadyexists, his approachs low risk andlow cost. Sinceit takes significantlylessfuel to go to anasteroid
nearEarth,we could packmorelife supportsuppliesandsendpeopleto an asteroidto startmaterialsretrieval
infrastructuranstead.
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3.2 Electric propulsionfor inter-orbital vehicles

Therearevariouswaysof usingelectricityto thrustpropellantsratherthanusingchemicalexplosionasin launch
rockets. Electricthrustingof propellantgs usefulonly for interorbitaltransportationpotlaunchfrom the Earths
or Moon’s surface. Therearetwo electricpropulsiontechniquesisedin spaceoday:

¢ SomeAmericaninterorbitalsatellitedodayuseelectric‘ion drive” for stationkeeping.lon driveis asimple
andfairly maturetechnology lon drive canjust as easily be usedasthe primary meansof interorbital
propulsionfor delivering caigoes,and hasbeenprojectedin future scenariofor spaceindustrialization
asa competitve kind of reusabldnterorbitalvehicle. The DeepSpacel probe,launchedon October24,
1998, wasthefirst vehicleto dependuponelectricion drive for all of its propulsionneedsto performa
closeflyby of anasteroid.

e The Russianshave for at least10 yearsbeenextensvely usingan electric propulsiontechniquecalleda
“plasmathruster’which they have begun to market overseas.This thrusterhasbeenusedon closeto a
hundredRussiamilitary satellitesput is relatvely unknavn in the West.

Themainadwantage®f electricpropulsionare:

e It usesmuch lesspropellantthan chemicalrocketry (or, from anotherperspectie, it getsmuch more
mileageout of a givenquantityof propellant)

e |t couldusel00/

e It maypromisebetterreliability andsimplicity thanchemicalrocketry
Its maindisadwantagesre:

e It requiresanelectricpower plant

¢ It offersonly low thrustpropulsionwhich meansalongertime to deliver thecago

For an analogy chemicalrockets are like expressdelivery via powerful and fast airplanes,whereasion
drive vehiclesin interorbital spacearelike the big tankers on the oceanswvhich deliver their caigo slowly but
cheaplyandsafelyvia surfacetransportandmore mundangechnology For missionsto asteroidsit is actually
adwantageou$o useacontinuouslow thrustvehicleasthis greatlyexpandghe“launchwindow” periodin which
it is economicallyfeasibleto go to theseobjects,ascomparedo chemicalrocketswhich impart shortblastsof
acceleratioranddeceleration(Thisis alsocalleda“thrust profile”.) Whereashemicalrocketry usesa chemical
reactionandcontrolledexplosionfor thrust,electric propulsionuseselectricity to acceleratehe propellantout
of thethrustchamber Unlike chemicalrocketry, thereis no chancefor anexplosionwith ion drive. lon drive is
muchsaferanda simplertechnologyandhasno relationto chemicalrocketry at all.

Sinceelectricpropulsionvehiclesuseelectricity the vehiclemustproducethatelectricity typically by solar
cell panels.In otherwords,ion drive vehiclesare solarpoweredvehicles. The DS1ion drive thrusteris a 2.5
kilowatt device poweredby a solarcell array

Many studiesinto futurelarge scalespacendustrializationbaseall interorbitalpropulsionon reusableslec-
tric propulsionvehicles,with chemicalrockets beingusedonly to launchmaterialfrom Earths surfaceto low
Earthorbit, and from the lunar surfaceto lunar orbit, wherethe caigo is transferredo an electric propulsion
vehiclefor interorbitaltransport. However, somevery conserative “immediateterm” studiesassumall interor
bital propulsionis basedntodays chemicakockets,e.g., with oxygenandhydrogerextractedfrom asteroidor
the Moon beingusedto refill the fuel tanksof the chemicalrockets, which meansno useof electricpropulsion.
That's becausdunar andasteroidaimaterialscanbe usedto refueltodays hydrogen-oxygemrhemicalrockets
with no designmodificationsat all, whereadarge scaleelectricpropulsionvehicleswould needdevelopmentof
vehicledesigns.
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For a comparisorbetweenelectric propulsionand chemicalrocketry in the mainstreanstudies: Chemical
rocketsconsumeB TIMES asmuchfuel propellantthanelectricpropulsionfor the sameservice.The caigo-to-
propellantratiofrom low Earthorbit to high Earthorbitis around4:1, roundtrip, with ion drive vehiclesrefueling
in high orbitwherelunaror asteroidderivedpropellantsaretanked. In comparisonfor todays chemicalrocketry
usedfor transportingsatellitesfrom low to high orbit, it's a 1:2 caigo to payloadradio(not2:1, but 1:2),andthe
vehiclegoesonaone-vaytrip, beingdiscardedfterward. lon drive ejectdts propellantataspeedaboutl 5times
thatof chemicalrockets,henceimparting 15 timesmoremomenturmper unit massof propellant.However, the
ion drive vehicleis hearier thanachemicalrocket vehicledueto theelectricpower plantsothatthe performance
comesdown to about800/

(Notably in afew studiesthe propellantfor ion drive vehiclesis statedto be pureoxygenfrom the Moon or
asteroidamaterial. This is a highly questionableassumption Oxygenpresentseveral problemsfor ion drive,
asdiscussedater However, otherlunarandasteroidderived propellantsshouldwork fine. Also, oxygenshould
work in the Russiarplasmathruster)

Onereasorwhy only chemicalrocketshave beenusedin spaceor propulsionto date(exceptby the Russian
military, addressedthter) insteadof ion drive is the continuedack of basicinfrastructurein Earthorbit — there
is no reusableinterorbital vehicle servicein spaceat all. To date, the interorbital vehicle has always been
launchedwith the payloadandthronvn away afterit deliversits payload. To date,ion drive hasbeenusedonly
for stationkeepingpropulsiononcethe satelliteis deliveredandits solar panelsdeplo/ed. HughesSpaceand
Communication€ompaly is startingto market anion drive systemasaninterorbitalupperstage ascoveredat
the endof this article. Nobodyis yet marketing a reusabléanterorbitalvehicle,wherebywe just launchup fuel
tanksanddockfor fuel andpayloadtransfer

It is hopedthatthe DS1 missionwill stimulatemoreinterestin ion drive andelectricpropulsionin general,
perhapdeadingto a commercialventureto offer interorbitalservicesvia a reusabldanterorbitalvehicle. These
servicescould include hauling satellitesfrom low orbit to geosynchronousrbit, moving old satellitesto nev
orbits, andrefuelingand maintenancef satellitesin orbit. Futuresatellitescould be designedor interaction
with suchinterorbitalinfrastructurethoughthis is a chicken-and-gg situationthatmustbe overcomeby 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.The Russiarplasmathrusteris a well developedandvery efficient engine,andis seen
asoneof the potentiallymostvaluableexportsin their spaceprogram. The Russiarplasmathrusteris seenby
mary in the Westernspaceprogramasanunusuakechnologyhbut its efficiengy andreliability in spacefor more
than10yearson nearlyl100military satellitesmalesit avery well proven pieceof flight hardware.

DS1is astepin theright directionto gainingacceptancef electricpropulsionin thewest,by usingion drive
to getfrom Earthto an asteroid. A big partof the DS1 missionis simply to demonstratend analyzethe ion
drive propulsionsystemin space.DS1will carrya setof sensitve instrumentdo analyzethe effectsof theion
drive’s propellanton the spacecrafandits local ervironment,andhow well the drive is working asanengine.
It's expectedthatwhenthis missionis over, its “NSTAR” ion drive enginewill bea provenandwell understood
pieceof hardwarewhich canbeusedby anyonefor a primary meansof interorbitalpropulsion.

3.3 Lunar and astemidal propellantsin electric propulsion

The Russianplasmathrustercanusemostary propellantin the thrustchamberincluding oxygen. However,
somestudiesproposeusing oxygenasa sourceof propellantfor ion drive aswell. Thisis questionable.The
mainissueis the effectsof ionizedoxygenwith thethrustematerialgcathodeneutralizerfilamentgrids) of the
ion drive engine.Thethrusterwould needto eitherbe madeof differentmaterialshantodays ion drive engines
and/orhave easilyreplacableparts,neitherproblembeingeasilysolved. A thrusterdesignsuchasthe German
RIT10,which useskRF enegy insteadof a cathodeto ionize the gas,maybethe bestpresentlay designto start
to considerfor oxygenuse. A secondssueis that oxygenis not easilyionized, which meandower electrical
efficiengy. Thirdly, ion drive worksbestwith hearier elementsOverall, oxygendoesnot look attractive for ion
drive interorbital propulsion. (For satellitestationlkeeping,the effects of ionized oxygenon the satellitewould
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precludeits use.)

Xenonis the mostpopularpropellantfor ion drive todaysinceit is a heary gas(high atomicmass)thatis
easilyionized.Argonandmercuryhave alsobeenused.Xenonandamgonareinertgasesvhicharenotexpected
to berecorerablein usefulquantitiesfrom the Moon andasteroids.The bestcandidatduel for ion drive using
lunaror asteroidamaterialanaybesodium whichis fairly abundanin somenonterrestriainaterialsextractable
without very much effort, easyto storeand handle,andwould work well with ion drive — easilyionized, not
damagingo theenginematerialsandarelatvely heary element.

TheRussiarplasmathrusteris different,andprobablycoulduseoxygen.It usesa separateexternalcathode
dischage andhasno grid, soyou canrun just aboutarything you want throughthe thrustchamberand use
about5/chamberJPLhasdonesomepreliminarywork in theareaandhasnt foundary shav-stoppers.

3.4 How an lon Drive Works

lon drive thrusterauseanelectricfield to acceleratehagedatomsor moleculeqe.g., oxygen)to ahighvelocity
asthey areexpelledoutthethrustchamberthusacceleratinghe spacecraft.

lon thrusterggenerallyusea cathodga negatively chagedgrid similar to thatfoundin atv set)to generate
a streamof electronswhich form an electriccircuit with a positvely chagedring - the anode. This streamof
electronsis usedto ionise the propellant. A small magneticfield is usedto aid this procesgelectronsspiral
aroundthe magneticfield lines, increasingthe chanceof electron-atoncollisions). The magneticfield may
derive from eithera permanenmagnetr anelectromagnet.

Theionisedgasdrifts towardsanextractiongrid system(two or threeplateswith mary smallholesin them,
heldat high voltage)wherethey areacceleratedut of the thruster so producingthrust. A neutralisesimilarto
the cathodds usedto generatdree electronsandbalancethe overall spacechage in the outgoingbeamso that
thespacecraftioesnt chageitself up.

Theelectricpower comesfrom asolarcell array Of coursejn orbital spacethereis no air dragor weather
forces,sothesolarcell arraydoesnt needto beaerodynami@tall. Sincetheion drive vehicleis relatively low
thrust, the structuralstrengthand masscanbe low aswell. For example,in a GeneralDynamicsreport: “The
solararray performancevasconsenratively assumedor sizing purposego be 150 watts/kilogram”basedon a
very conserative assumptiorof solarcellshaving only 7/corverting electricalenegy into beamkinetic enegy
was63/someon thrusterdodayproduceefficienciesbetweenr0/

lon thrustersare modular If you have more caigo or wantto speedup your missionor slow it down to
consere fuel, thenyou canaddor subtracthrustersandsolarcell arrayunits.

lon drive engineshave long lives,beingsubjectto a muchlessstressfukernvironmentthanchemicalrocketry.
lon drive enginesarealsoeasierto work on, consistingof simpleelectricalcomponentsin contrasto the high
performancanechanicapumpsboltedinto chemicalrocketry.

lon drive wasdevelopedin laboratoriesn the 1960s,andtherewerethe SERT1 and SERT2 experimentsn
spaceavhich provedthatthedrive wouldwork in spaceor long periodsof time anddeliver significantpropulsion
to a spacecraft. Whenthe spaceprogramshrunkdueto poor political leadershipafter the Kennedy-Johnson
era,ion drive wasoneareathat sawv researcland developmentwane. However, someprivate communications
satellitesin geosynchronousrbit incorporatedon drive into their stationlkeepingsystemoncethe satellitewas
deliveredthereby a chemicalrocket andits solarcell arraydeplo/edto power theion drive engine.

TheNASA Lewis ResearcliCentetis developingalower power version(about700Watts)of theDS1INSTAR
ion drive enginesystem.However, large scalespacendustrializationwill uselargerion drive enginesor else
mary low power unitstogethelin amodularcraft, thelatter offering spacecraftecurityin caseanengineor two
fail.

In ary case,on drive is looking asif it will becomea routine meansof interorbital propulsionwithin the
next 5 yearsfor low costscientificmissionsaswell assomekindsof industrialmissions.

3.5 Hall-Effect Stationary Plasmathrusters (Russian-French)

In the 1990s,anelectricallypoweredpropulsiontechnologyusedby the Russiansvasmarketedoutsideof Rus-
sia,particularlyin France.lt waskeptfairly confidentialby thoseinterestshut wasreferredto by variousnames,
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e.g., the RussianStationaryPlasmathrustersthe Hall-Effect thrustersandthe RussianAnode Layerthrusters.
Thencamethe announcementf the EuropearSMART-1 probeto launchin Octobey 2002,to demonstratéhis
technologyin a lunar orbiter probe. The homepagefor SMART-1 is sci.esa.int/smart-2gut skip over to the
subpagesci.esa.int/content/dd8dy¥2320_.htmfor agooddescription.

Thefollowing explanationis a 1990squotethanksto JohnSchilling (schillin@spock.usc.ef of theUniver
sity of SouthernCalifornia’s Aerospacdengineering:

“The thrusterconsistsof a cylindrical chamber 10cmin diameterwith a centralspike. Both spike and
cylinder are madeof ferrousmaterial,andincorporatemagneticwindings so asto createa transerse(radial)
magnetidield acrosghe exit. Thewalls areinsulatedthe basesenesasananodé.

“External to the thrusteris a separatehollow, cathode. About 95/of the propellant(currently Xenon or
Krypton)is meterednto thethruster and5/betweercathodeandanode As electronsaremuchlighterthanions,
onewould expectmostof the currentto be carriedby the electrons but that samelightnessmakesit hardfor
themto crossthe trans\ersefield acrosghethrusterexit. Somemanageo trickle througharyway andkeepthe
dischagerunning,but thereis alwaysa surplusof electronshangingaroundoutsidethe thrustchambef

“This createsa strongelectricfield (~100 V/cm) which sucksout ions from the anodedischage region.
Beingfairly heary, they don't so muchnoticethe magneticfield, andwith the field strengthinvolved they end
up moving at 15-25kilometersper second.They pick up electrondrom the accumulatedgurplusasthey pass,
not slowing for thatary morethanthey did the magneticfield, andthe resultingbulk-neutralplasmaproceeds
ballistically towardsinfinity.” “Oxygenwould be a lesseffective propellantthan Xenon,but it would probably
work. You'd still need5/to runthe cathodedischage on, but using95/

“The latestedition of Suttons Rocket PropulsionElementshasa sectionon the StationaryPlasmahrusters,
whichis reasonabhgood’

3.6 MPD and other electric thrusters

Magnetoplasmadynami@iPD) thrusters(aka magnetohydrodynami¢MHD) thrusterswithout the hydrogen
association)and other kinds of electric propulsiontechniqueshave beendevelopedbut not incorporatedon
spacecrafyet.

ThepageontheSouthhamptotniversityMPD researclanddevelopmenihttp://wwwsoton.ac.uktaefdZampdguff/
projectdescribeghe basicsof the MPD thrusterconceptgivesa history of the Southhamptotuniv. Dept. of
Aeronauticsand AstronauticsMPD project, referencesandlots of picturesof their MPD thrusterresearctand
developmentthanksto kind webwork by AlexanderFitzhugh.

3.7 Massdriver not consideled seriously

PERMANENT getsa lot of e-mail suggestingve cover usinga massdriver for interorbitaltransport.Basically
themasddriver hasmeritfor lunarlaunchbut notinterorbitalpropulsioncomparedo alternatves,in anearterm
scenario.The maving partsentail considerablgisk. Overall, it's too complicated.For moreinformationon a
massdriver for lunarlaunch,however, seethe sectionon long-termpropulsionwherewe have a sectionon the
masgdriver jt-massdhtmy,.

3.8 Passingthrough medium Earth orbit radiation belts

A significantproblemwith interorbitaltransferbetweenow Earthorbit andhigh Earthorbit is the Van Allen

Belt of trappedhigh-enegy particles(i.e., radiation)due to the Earths magneticfield. The Van Allen Belt

existsin a middle-level Earthorbit locatedbelov geosynchronoukarthorbit andabove low Earthorbit. This
radiationdegradeghesolarcellsalittle bit eachtime they passhrough.Thisrequiresrepairof thesolarcellsby

an annealingorocesgheatingandrecrystallization)aftera numberof trips. Alternatively, interorbitalvehicles
couldreceve beamedgower from a satellitestationedn high orbit, asdiscussedn the sectionon “Solar Power
Satellites”. A third optionis to usenuclearelectricvehicles.
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TheVanAllen Belt radiationaffectsonly electricvehicleswith solarcell arrayswhich arecycling between
low Earthorbit and high Earthorbit. It will not affect caigos being hauledbetweentwo differenthigh Earth
orbits, or betweertheasteroidsr lunarorbit andhigh Earthorbit.

3.9 Final words on electric propulsion

To date,the main drawbackto electric vehicleshasbeenthe needto have an electric power plant. It is most
attractve for fuel-eficient stationlkeepingof satelliteswith sizeableelectricpower capacity for deepspaceamis-
sionsonalow budgetwhich mustgetthemostmileageoutof theirfuel, for satellitesvhichalreadyhave sizeable
power plantneeddor otherpurposege.g., Russiammilitary spacebasedadar),andin the future asa reusable
interorbitalvehicle.Notably DS1is demonstratindgow mass/highefficiency solarpanelsthatwill make a 3 kW
power plantwithin reachof mostspacecraftDS1is nota big spacecraftandthewhole scientificmissionwhich
includesstudyingan asteroidis beingaccomplisheen a nearlyrecordlow budget. However, it is debatablef
electricvehiclesarethe mosteconomicameansof propulsionfor purely scientificmissionswhich don't other
wise needlarge quantitiesof electricpower. Nonethelessglectricvehiclesareattractve for interorbitalhaulers
in alarge scalespacandustrializationscenario.

3.10 Links to other websiteson electric propulsion

HughesAerospaceCompaly produceghe Xenonlon PropulsionSystem(XIPS)
(http://wwwhughespace.coniZprods html)

whichwasfirst usedontheir previousgeneratior601satelliteswith greatsuccessandis heavily marketedin
theircurrentgeneratiory02satellites.You canalsoseeadiagramof the XIPS (http://www.hughespace.comps.html).
Hughesclaimsthattheir latestmodelof the XIPS is 13 timesmore efficient than corventionalfuel propellant.
Thefollowing is paraphraseffom their web adwertisementXIPS needsonly 5 kg of fuel peryearfor station-
keeping,a fraction of what bipropellantor arcjetsystemsconsume.As a customeroption, using XIPS asan
upperstage‘to helpraisethe spacecrafinto final orbit” cansave evenmorelaunchmass.Customersanapply
the savings in launchmassto launchadditionalpropellantto prolong satelliteservicelife, or to increasethe
satellitemassto enhancets revenue-generatingotential. Or, the savingsin masscanbe usedto shift to aless
expensve launchvehicle. They alsosuggesthatusingXIPS couldallow somecustomerso addanothelpayload
or two to agivenlaunchvehicle.

It' sworthmentioningthatHughes’leadershipn spacecommunicationgaunchedanentireindustrycommu-
nicationssatellites HughedaunchedheEarly Bird satellitemorethan30yearsago,theworld’s first commercial
communicationsatellite. Since1965,HSC haslaunchedmorethan 100 satellites, morethan40/satellitescur-
rentlyin orbit—andachieved a 99/record Hugheshasboldly led theway without sacrificingreliability, andthis
is the casewith ion drive aswell.

Theltalian CENTROSFAZIO (http://www.centrospazio.gpt/Centiospzo2.html) is conductingesearclhin
avarietyof electricpropulsionsystemsincludingmagnetoplasmadynamii®PD) propulsion arcjetpropulsion,
field emissionelectric propulsion(FEEP),andfree electrondrift propulsion(Hall thrusters). (Their vacuum
facilitiesarealsoutilized for otherresearch.)

3.11 Using Cold War Nuclear Missliesto Launch PeacetimePayloads

TheCold War cameto anendin the 1980s andit would be goodto make sureit doesnotcomeback,atleastnot
with all the ICBMs (InterContinentaBallistic Missiles)currentlyin launchsilos. The Russiansarein dire need
of foreign cashandexports. Two thingsthey cansell:

1. Launchof ICBMs from siloswith thewarheadsemoved,insteadputting payloadsnto orbit; or

2. Therocketsand/orenginedrom someof thosel CBMs, to belaunchedelsavhere.

A typical Russianor AmericanlCBM hassubstantiabrbit launchcapability ICBMs reachabout98% of
orbit velocity, andtheir wartime payloadsare heary. Many have multiple warheadq“RVs") on them (called
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“MIRVs” — Multiple IndependenRe-entryVehicles)wherebythe ICBM first reachesearorbit velocitiesand
thena vehicle (calledthe “bus”) carryingall the RVs, maneuersaroundto put eachRV ontoits own precise
tamgettrajectory releasingheRVs oneby one. Thetotal massof thebus, its fuel, andthe RVs is quitesubstantial.

I ranthis pastsomeArms Control and DisarmameniAgeng/ negotiators,but their eventualresponseavas
thatthey didn't wantto addary complicationgo the disarmamenprocessaandwantedasmary nucleamissiles
turnedoff aspossiblein the shortesiamountof time. | counteredhat simple perspectie with propernational
public relationscampaignsg.g., using ICBMs to launchmaterialas part of a PERMANENT program,a co-
operatve applicationthat could speedup deepcutsin ICBMs dueto broadetbasedoublic support,evenamong
the resistantconseratives on both sideswho respondto nationalisticappealdike the spaceprogram. Also,
coloniesin spacechangesomefundamentapsychologicaparadigmsn fighting over alimited Earth.

It sfairly easyto imaginesimply takingoff thewarheadsndputtingon usefulpayloadthenlaunchingfrom
the missilesilo. However, in the USA at least,therearerangesafetyconsiderations.The enginesof someof
themcouldbetakenoff andmovedto a safelaunchsiteelsavherein theworld, or perhapgheentirerocketcould
bemoved,but thatmaybepreventedby legislationin orderto preventthegovernmentrom undercuttingsupport
for privatelaunchersinderdevelopment.At the very least,sellingthe enginego the highestprivatebiddershas
nothappeneget.

Nonethelesssomethingcanbe saidfor corvertingour military industriesnto spacedevelopmentndustries,
gettingrid of themissiles,andputtingthosepersonnebackto work ongreateithings,especiallyin Russiavhere
valuablerocket scientistareunemplyed or underemplged (e.g., sellingtrinketson the streets).

The main objectionto this scenariois that it could undercutsupportfor developing new launchvehicles
elsavherein the world if the ICBM launchserviceswere sold at undermarket price. In ary case,it’s worth
discussiorandseriousconsideration.

PostScript:Sincethewriting of theabove aboutl10 yearsago,therehave beenquite afew analyse®f using
both Russianand US missilesfor peacefulgovernmentand commerciallaunchesand assessinghe potential
costsandbenefitsto the commerciallaunchemarlet (e.g., a regulatedpricing system,ncluding profit sharing
with establishedaunchbusinesseandtheirinfrastructuresuppliers).

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 lessthe samelaunchtechnology Therearealsocurrentresearctanddevelopment
programsusing new technologiesand techniquedor reducingthe costof Earthlaunch,thoughthereare no

seriousalternatves to chemicalrocket launchin the nearfuture. Covering thesetopicsandissuesis beyond
the scopeof PERMANENT, which focuseson utilizing materialsalreadyin space Launchingmaterialup from

Earthwill bevery expensve for theforseeablduture,whichis why we needto utilize materialsalreadyin space,
namelyasteroidabndlunar materials Nonethelesswo thingsarenotable:

1. Currentlaunchvehiclesin the researctanddevelopmentphasecould be scaledto launchpayloadsonly
to low Earthorbit. Fromthere,a fleet of reusablenterorbital vehicleswould be waiting to lift caigoes
up to higherorbits, e.g.,geosynchronousrbit. The interorbitalvehicleswould usefuels or propellants
extractedfrom asteroidalor lunar material. Thus, small rockets could deliver satellitesto geostationary
orbit in conjunctionwith areusablénterorbitalvehicleusingasteroidabnd/orlunarpropellants.

2. Wewill needEarthlaunchvehiclesto deliver thefirst seedndustryto spaceo processasteroidabr lunar
materials.

Thereareseveral paperson how we canusepresentday launchvehicles,suchasthe Titan IV, Proton,or
Ariane, and/orslight modificationsof the SpaceShuttle(e.g., the Shuttleboosterbut remaoving the returnable
Shuttleandputtingonanonreturnabl@ayloadbay),to returnto themoonor startto retrieve asteroidatesources.
For example,seeAndrew Petros papereferencgref-so-5.htm#13)You cangeta comparisorof costsfor Earth
launchby presentandplannedauncherst http://wwwrocketplane.com/comptm.
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4.2 Interorbital aerobraking

In spacedransportationthereis no suchthing asa “free downhill” becauseheres nofriction in space.lt takes
asmuchfuel to comedown (andinsertinto a circularorbit) asit takesto goup. An exceptioncouldbeif we use
the Earths atmospherdor frictional braking. We do this whenspacecraftik e the Shuttlereturnto Earth. The
Apollo programentrustedheir heatshieldsandcalculationgor high speedcencountersvith Earths atmosphere.
We've just never donethis to brake an objectin a transferfrom one orbit to a lower orbit, wherebythe object
would passthrough Earths atmospherdriefly one or moretimesin orderto reducefuel requirementsn its
orbital transfer This would requirean “aerobrakingvehicle”, which would basicallybe a heatshieldwith the
payloadheldsafelywithin.

The heatshieldwould needto be ableto withstandhigh temperaturesind pressures.Unlike the reusable
Shuttle,suchheatshieldsmay be “ablative”, i.e., allow materialto be blown off of them,this materialtaking
away muchof the heataswell. Heatshieldsfor aerobrakingnay be expendable We may not wantto re-useit
because¢hatwouldrequirewe spenduel to raiseit upto anotherhigh orbit. Theideais to save fuel thisway, not
spendit. However, fuel from spaceresourcesnay becomecheapenoughto warrantre-use.Or, the heatshield
could be usedto export productsto Earth’s surface. Indeed,one of the applicationsof aerobrakings sending
fuelto low orbit to raisethingsup to higherorbits. Aerobrakingshieldscanbemadefrom asteroidabnd/ordunar
materials ascoveredin the sectionon manufcturingrefractorymaterials.

The mainissueof aerobrakings safety We would have to malke it very safesothatthereis practicallyno
chancewe will accidentallycausearything to hit a populatedareaon Earth,just like we have donefor Apollo
andevery mannedspacecrafover the past35+years.Objectsmustbe smallsothatthey arerelatively harmless
if thereis afailure. Sincethe Pacific Oceantakes up almosta hemispherepbjectsmay aerobrak above that
oceanratherthanabove land massesA rapid deploymentrocket mustbe availablein casean orbital insertion
rocket fails after a passthroughthe atmosphereor if theres a bad error on the way towardsEarth. Objects
canhave self-destructnechanismd# thereis ary failure atary time, e.g.,beforeentry afterthefirst pass.etc.
For example,the payloadcansetto self-destructutomaticallyunlesssystemsare operationalindthey getthe
commando not self-destructTherecanbe multiple self-destructmechanisms.

4.3 Interorbital light sails

Like wind, sunlightexertspressureThis pressurés so"“light”, or gentlethathumansdon't feelit. However, in
orbital spacejf you make a large sail out of thin aluminumreflective material,you cango placeswithout ary
propellantmerelyusingthe pressuref the sun. However, you needto control your sailssothatyou go where
youwantto go.

Goingaway from the Sun,youtilt the sail atanangleof approximately35 degrees sinceachierzing a higher
orbit is a combinationof beingpushedaway from the sunandpicking up angularmomentum(orbital speedat
the moment). You cango in towardsthe sun, too, by pointing your sails at an angleso that you slow down
your orbital speedn orderfor the suns (or Earth’) gravity to pull you inward. Thus, you have flexibility in
maneuering,assuming/ou have well designedsalils.

Notably goingstraightout from the Sunis not usefulfor achieving into a higherorbit, andjust makesyour
orbit moreelliptical, passingoackthroughthe point whereit waswhenthe sail wasdeplog/ed. The component
of forcewhichincreasesngulaimomentums whatproducesisefulchangego orbital parameters.

Thefollowing links give informationon Light Sails:

e U3P hasa nice laymans explanationof the conceptof solar sailing aswell asits scientific history on
their beautiful Solar Sails http:/imwww.ec-lille.fr/i~u3p/ website,which alsoincludesanimationsjmages,
specificpapersand moreweb links. Also covers Znamya,the Russianin-spacesolar sail experiments.
Multiple languagéranslations(U3P meandJnion for the Promotionof PhotonicPropulsion.)

e BenjaminDiedrich’s SolarSailshttp://webeu.washington.ed/l~nebich/sdarsals/ page whichincludes
a greatlist of weblinks, books,articlesandreports,and people,aswell asexplanationsof the concepts
(thoughnot mostbasic).
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4.4

Figure2: Massdriver on the Moon. Source(SSI)www.ssi.og.

In additionto the Russiarznamyaeffort, commercialightsailscouldcomesoonetthanexpectedf theln-
terWorld Transporis CommerciaBolarSailingR andD Projecthttp://pw2.netcom.com/a.differ/index.html
is commerciallysuccessfulThisis a serioushardware project.

ManfredLeipold hasa SolarSail pageatthe GermanAerospaceCenter(DLR) http://wwwdlr.de/solarsail
TheDLR hasinvestigatedhe feasibility of solarsail technologyandassessesdeseraldeep-spaceiission
scenarioautilizing solar sail propulsionover the last5 years. Recently a feasibility study on a low-
costsolarsail technologydemonstratiomissionin Earthorbit wasconductedccooperatrely by DLR and
NASA/JPL (JetPropulsion_aboratory).Currently abreadboaranodelof afully deplo/ablesail structure
is beingdevelopedfor grounddemonstratiopurposesndtestingon a co-fundingbasisbetweerDLR and
ESA.

A UKSEDS(U.K. Studentdor the ExplorationandDevelopmentof Space)pageentitled The Microlight
SolarSail http:/mwwgbnet.net/@skseds/sail.html talks of pastandpotentialstudentprojects.(SEDSis
Studentdor ExplorationandDevelopmenif Space.)

Thephysicsof solarsailinghttp://caliban.physicstaronto.caneufeld/sdlin g.txt is alsodiscussedh apage
by ChristopheNeufeld(Canada).

Lunar launch by MassDriver

The"massdriver” is a “catapult” tubewhich launchesmaterialsfrom the lunar surfaceto a Catcher/Collector
perhapsiearafactoryin orbit nearthe Moon. The massdriver is like a gunwithout the explosive gunpavder.
It is poweredby electricity producingmagneticfields to acceleratecaigoesthroughan acceleratotube. No
fuel propellantis requiredfor lunarlaunch,andtheres no big vehicleto launch. The massdriver shootsa large
numberof smallpayloadsgcontinuouslyratherthananoccasionalarge payload.
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The massdriver will eventuallybecomethe main meansof supplyingmaterialfrom the Moon to industry
in orbital spacethoughnotin the early yearsof spacedevelopment.lt canhelppresere thelunarernvironment
by reducingthe creationof a tenuousatmospherérom rocket fuel propellantsandit savzeson the consumption
andcostsof producingfuel propellant.It canbe amguedthatthe massdriver canship materialsin muchlarger
volumesthanis feasibleby chemicalrocketry, andat lower costsperunit mass.

The“massdriver” hasbeena popularlunarlaunchconceptjargely dueto promotion,researctanddevelop-
mentby the SpaceStudiesinstitute (SSI). A laboratoryprototypeof the acceleratosectionhasbeenbuilt and
testedsuccessfullyoy SSI.

Paveredonly by electricity it is a solarpowveredlauncherusingthe principle of electromagnetisno ma-
genicallyaccelerate payloadequippedvith a magneticbucket to excapevelocity.

It hasbeenamguedthatthe massdriveris arelatively inexpensve andautomatedlevice to createa streamof
materialat therateof up to afew smallpackageperseconddependingipondesign.Total amountof material
deliverableeachmonthcould dwarf ary feasiblelunaror Earthlaunchcapacityby rocketry, in termsof tonnage
of payloadlaunched.

As it is coveredmostprevalentlyin theliteratureto date,mineralsminedandprocessedrepackagedn a
thin glass/fibeglassbageasilymanufcturedusinglunar materials.The bagis madeto conformto the shapeof
thebucket sothatthebucketassumethestressesluringaccelerationwhereashe packageontaingheminerals
afteracceleratiormandsnapoufrom the bucket.

By thetime the payloadsclimb up out of the Moon'’s gravity well, they have lost mostof their velocity and
aretravelling slowly. At this point, the orbital-basedatchercollectsthem. The payloadmaterials momentum
carriesit throughthe funnel-shapeaatcherinto a collectorbag. After the bagfills up, it is detachedrom the
funnelandis replacedby anemptybag.

The massdriver acceleratotube would be lessthan 200 meters(600 feet) long and probablyabouthalf a
meterwide, thoughdownrangetrajectorycorrectionequipmentill probablybeworththecost. The massdriver
wouldfit into only oneShuttlecaigo bay, disassembledotincluding powver plant, materialhandlingapparatus,
andfuel for delivery. The electric power plant size determineshe launchRATE, not ability — a small rate
initially, increasingpermanentlywith morepowver modulesandsupportapparatus.

Unfortunately the massdriver is feasibleto operateonly on the Moon, becauseat needsvacuum. A mass
driver operatingon Earthwould causemeteoricfriction heatto suchhypenelocity payloadsandgreatphysical
stressesat the densebottomof Earth’s atmospheréoceanof air) asthey left the catapulttunnel. Secondlythe
air would aerodynamicallydeflectsuchobjectsin unpredictablevayswhich would disperseheir trajectories.
Thirdly, anoperablemassdriver on Earthwould requirea long vacuumtunnel(muchlongerthanon the Moon,
sincethe escaperelocity is higher). Fourth, the air would createhypersonicsonicboomshockvavesthatwould
beloud for along distance.Fifth, individual payloadswvould have to be massie enoughto punchthroughthe
atmospheren an acceptablaevay. Suchmassve payloadsdemandalot of the catapulteraswell asthe orbital
basedcatcher/collectorin contrastthe Moon hasno air andlow gravity.

The orbital-basedCatcher/Collectowould be locatedin lunarstationaryorbit (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/collectodesignsxist.

Pollution of spaceshouldbe avoided, sothe containmenbf materialis important. If a packagemisseshe
catcherit shouldreturnto crashon the Moon, not orbit Earth. This mustbebuilt into thetrajectorydesign.

A numberof bottom-linefactsaboutthe massdriver for spaceransportation:

e It is arelatively simpleandautomaticdevice to operate.

e Thereis little significantmechanicatontactbetweerpartse.g., nofiery fuels,no hi-speeduel pumps,no
rubbingcomponentsno lubricants,etc.)

¢ Themasddriver operatesat humanlytemperatures.

e Maximumforcesaremeasuredn hundredf poundsnot thousand®f tons. (Rocketslift ONE payload
of severaltonsplusfuel andvehicle,for a few minuteseachmonth,whereaghe massdriver lifts only a
kilogramor soat atime but for thewhole month.)
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e Themassdriver canpotentiallycatapultthousand®f tonspermonth. Thatwould take numerousockets
of revolutionarysizelaunchedoermonth.

¢ The catapultetto-paylad ratio is aboutl : 10,0000ver its lifetime. Eachrocket hasabouta 1 : 1/2
vehicle-to-payloadatio atbest,plusal: 1/50thfuel-to-payloadatio.

e Themasddriver requiresno fuel propellantsandis “fully reusable”.

e The massdriver is madeof a small variety of parts, all simple and repeatedn a modularway which
expeditessimplereplacemenandmaintenanceisinga small stockof sparesn caseof a smallfailure. It
is alightweightdevice, which makesstockpilesof sparepartsarerelatively inexpensve; all of which are
attractve featuresof a device operatingn aremoteplacelike the Moon.

Themassdriver, asyou cansee,is anentirelydifferentkind of launchingdevice.

With theadwentof space-baseitidustryandthedemandor productsandmaterialsthe smallstepof basing
amassdriver onthe Moon will bea giantleapfor the eventuallow costtransportatiorof materialto spaceand
will make the Moon morecompetitve asa sourceof materialscomparedo asteroids.

However, it is my opinionthatthemassdriver will notbeuseduntil large scalespacdnfrastructurenasbeen
established .t is my opinion that a successfulprivately fundedinvestmentinto lunar materialswould needa
strongcasefor the reliability of the massdriver beforeit would useor investin developmentof a massdriver
over chemicalrocketry. If themassdriver in its popularimplementation- pull-only with no magnetidevitation
guidestrips— wereput on the Moon andsomethingventwrongwith the launchso thatthe bucket coil scraped
alongthe wall of the tunnelat anything nearits terminalvelocity (2.4 km/sec),the massdriver could sustain
major damagedelayingdelivery of materialfor a significanttime unlessthereweregoodrepairinfrastructure
alreadyemplacedThisis arisk issuefor privateinvestors.Beforethe massdriver is developedfurther, agood,
peerreviewed casemustbe madefor its reliability. Notably a safer morerobustdesignmaybe moreattractve,
e.g.,usingmagnetidevitation guidestrips,evenit it's significantlylessefficientandmoreexpensve.

In comparisonchemicalrocketry hasits risksin termsof rocket enginefailure. Regardingthelatter, rockets
for launchingoff theMoon aresignificantlysaferthanrocketslaunchingoff of Earthbecaus¢he Moon’s gravity
is muchless.Thelowergravity hasacompoundingffect: rocketson Earthhave far morefuel thanpayload(e.g.,
50timesmorefuel weightthanpayload)-fuel for laterin theflight —which meanghe Earthrocket mustlaunch
amuchheaier massthanits payload.Therocket engineson the Moon neednot be the very high performance
onesason Earth,andthe stressearemuchless.

Work to datehasemphasizethemasddriveracceleratiortoils, in orderto reducehesizeof theacceleration
sectionto, say 160 meters.No laboratorywork hasbeenperformedyet on ary otherelementge.g.,assuringhe
precisionrequiredto hit the MassCatcherin orbit, thoughmary paperstudieshave beenperformed.Notably,
mary designscall for thebucketsto beregycled, which would reducethe costof manugcturingbucket coils for
every payloador returningbucket coils from orbit to the Moon, e.g.,by chemicalrocketry. If this approactwas
adoptedthe bucket coils would needto be regycled, which getsinto the very risky businessof diverting high
speedobjectsinto a deceleratiortunnelin a preciseway, anddeceleratinghemproperly Onealternatve is to
launchlarge payloadsothatmanugcturingor returningbucket coilsbecomegconomicallyfeasible whichgoes
counterto mary designof masddriver to launchsmallpayloadsandkeepthelaunchtubeshortandlightweight.
I've not seema goodanalysisof potentialfailure modesor remedialactions.

In the long term, a massdriver is preferablein orderto presere the Moon’s ervironment. The Moon has
sufficient gravity to retainanatmosphereandchemicalrocketry launchesould createa significantatmosphere
which would take mary yearsto dissipatef we wereto later cut backdramaticallyon rocket operationon the
Moon.

Explanationof the massdriver asdevelopedby SSlareon thefollowing pages.However it's worth noting
thatl have worked on electromagnetitauncherdor the Pentagorin the StarWars/SDIprogram(largely review-
ing andassessinghe differentconceptdor SDIO decisionmakrs), andtherearea few interestingalternatves
to the prevalent“coaxial” massdriver developedby SSI.
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4.4.1 How the massdriver works

Themasdriver worksby the magneticattractionbetweerelectromagnet®Oneelectromagnes the bucket coil,
andthe otherelectromagnetarethedrive coils.

Whatis an electromagnet?Electric currentin a coil of wire always producesa magneticfield, calledan
electromagnetwhich behaesbasicallyjust like a bar magnet.exceptfor the factthatan electromagnetanbe
madeto be strongetthana barmagnetoy increasinghe electriccurrentthroughthecoil.

By properorientationof the poles,a bar magnetandan electromagnetanbe madeto attractor repeleach
other Similarly, two electromagnetsanbe madeto attractor repeleachotherandhenceacceleratéowardsor
away from eachother Which sideof anelectromagneis the north pole depend®n whetherthe electriccurrent
is clockwiseor counterclockwisghroughthe coil of wire.

The massdriver works by two electromagnetbeingattractedo eachotherandhencecausingacceleration.
Onecoil is smallerthanthe other andpasseshroughthe centerof the larger coil. Thelarger coil is the“drive
coil”, anchoreddown to be stationaryandthe smallercoil is theacceleratedbucket coil”. Themassdriveris a
tunnelof numerouglrive coils accelerating bucket coil. The bucket coil pulls a bucket of materialwith it.

Thedrive coils arenot alwaysturnedon. Eachdrive coil mustturn off its electriccurrentwhenthe bucket
passeshroughits centerin ordernot to slow the bucket coil backdown on the othersideby the sameattractve
force. Secondlyeachdrive coil turnson only whenthe bucket coil is closeenoughto feel the pull significantly
(in orderto save power), andturnsoff whenthebucket coil reachesboutthe centerof thedrive coil. Thus,each
drive coil getsonly a pulseof current,whenthe bucket coil is closelyin front of it, andmustbe off whenthe
bucket coil is behindit.

Thebucket coil alwayshascurrent. Whatthe bucket coil “sees”asit travels down the tunnelof drive coils
is a seriesof deaddrive coils eachof which suddenlyturnson quickly whenthe bucket is very close,andthen
turnsbackoff by thetime thebucket coil passeshroughthe exactcenterof thedrive coil. Thishappengor each
drive coil in sequencasthebucket flies down the tunnelof drive coils, picking up moreandmorespeed.

This versionof “coaxial” massdriver is calleda “pull-only” massdriver, becausdhe bucket is pulled by
magneticattractionbut is not pushedoy magneticrepulsion.Otherversionsexist, suchaspull-push,which we
won't considethere.With the pull-only massdriver, no mechanicaguidanceneanss neededo keepthe bucket
from crashinginto a drive coil becausédhe pull-only magneticfield of the drive coils stronglyforcesthe bucket
to levitate alongthe centerof thedrive coil tunnel. Thedrive coils aresideby side;in fact,andthe next canturn
on beforethe previous oneturnsoff.

Thetechnicaldetailsof themasdriverwon'’t bediscussedh thisnontechnicabrief (e.g.,drive coil kilohertz
halfwave power pulsation,capacitorspucket currentinduction, etc.). Suffice it to notethat a prototypemass
driver acceleratotubewashuilt andtestedsuccessfullyby the SpaceStudiesinstitute of Princeton,N.J., with
lunarduty asits objectve, andproducedan acceleratiorl,800timesEarths gravitational aceleration A lunar
basednassdriver acceleratocanbebuilt usingpresent-dapff-the-shelftechnologybut otherpartsof themass
driver needto bedeveloped.

4.4.2 Operating the massdriver on the Moon

After lunar solil is excavated, transportedyefined using simple corventionalmeans,packagedweighed,and
madeto be of preciseweight (e.g., addedmolten glassweights). The packagesre loadedinto buckets with
bucket coils. Thebucketsareemplacedn a specialdevice in front of the first drive coil, andcurrentis induced
in the bucket coil.

Thedrive coils arefired in sequencewith the aid of “electroniceye” sensorgo triggerthe drive coils and
monitorthe locationof the bucket for adjustmenin timing if necessaryThe drive coils inducefurther current
in the bucket coil. After the bucket leavesthe acceleratosection,it is travelling at lunarescaperelocity. Even
thoughthe massdriver is horizontal,the bucket and payloadwould not fall to the groundbecauseof its high
speedandthe Moon’s cunatureandlow gravity. Immediatelyafterthe acceleratiortunnelis a payloadsnapout
andbucket diversionsectionwherethebucketis magneticallydeceleratetb separaté from the payload(which
isn't decelerateédindhenceleavesthe bucket behind)andto make the deceleratedbucket fall dowvnwardsin the
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lunar gravity to a lower tunneltrack to get out of the way of payloadscomingbehindit. Magneticlevitation
guidestripswill berequiredhere.

Thebucketis thendeceleratethagneticallyonthelower trackandreturnedon a paralleltrackto bereloaded
with anotherpayload. The massdriver’s deceleratiorsectioncornvertsthe bucket's momentumbackinto elec-
trical enegy asit slows it down, by “regeneratie braking”, usingthe samefundamentabprinciple as electric
generators.n fact, the decelerators a generatomwhile the accelerators a motor (a linear motor insteadof a
rotationalmotor). By gettingelectricalenegy backout of the bucket's momentumthe overall efficiency of the
massdriver remainsbetween’0% and90%, dependingn the detailsof the design.In the deceleratiorsection,
the bucket requiresmagneticguide meansto preventit from striking a drive coil. Thewell known principle of
magnetidlight (i.e., passie magnetidevitationalguidestrips)would preventary mechanicatubbing.

Very importantis the needfor payloadsleaving the massdriver to have preciselythe samevelocity so
that they all go to the sameplacein orbit and so that the catcher/collectocan be of reasonablesize. Very
smallvariationsin speedor significantlateralvelocity canmake payloadamissthe catcher/collectorThus,it is
desirableo have away of correctingtrajectoriesafter payloadsnapoufrom the bucket.

Downrangetrajectorycorrectionstationsare possiblefor a horizontalmassdriver. Several methodshave
beenproposedor bothtrajectorydeterminatiorandcorrection. Trajectorydeterminatiorcanbe doneby radar
or laserranging. Trajectorycorrectionmay be achiered by electrostationeans,or puffs of air, or by striking
the side, front, and/orback of the payloadwith a low power laseror particle beamto boil off athin layer of
the payloads outerskin to createan action-reactiorimpulsesuficient to prevent the payloadfrom missingthe
catcher/collectoin orbit.

It'simportantfor themassdriverto maintainconsisteng sothatpayloadsall goto thesamepoint. It maynot
benecessaryo predictthatprecisepointin advanceandthentry to adjustthemassdriver, but it is importantthat
themassdriver be consistentvherever it maybefiring payloads Oncethe massdriver startsshootingpayloads,
it may be necessaryo move the catcherto adjustfor designimperfectionsn the massdriver. In otherwords,
insteadof putting the catcherat the ideal point andthenworking to make the massdriver shootthat point, we
would justshootthe massdriver andthenmove the catcherto wherethe streamof payloadds going. Further as
the sunslowly movedrelative to the EarthandMoon, the streamof payloadswould alsoslowly shift, requiring
the MassCatcherto follow the stream. Thus, whatis mostimportantis that the massdriver be consistenin
producinga narrov stream.

The catchercould be locatedat the so-called‘L-2 point” or “L-1 pointin orbit, asdiscussedn the section
on Lagrangianibration points. In short,the L-1 andL-2 pointsin orbit are stationaryrelatve to the Moon’s
surfacesothatthe massdriver is alwaysshootingat the samepoint. The L-2 point actskind of like thetop of a
gravitational hill thatisn't very steepsothatonedoesnt have to be stationedat the absolutebalancepoint on
top to be suficiently stablefor economicaktationleeping.

The propellantneededor station-lkeepingand maneuering would not be very large. The payloadswould
arrive at about70 metersper second sothey pushthe catcherarounda bit. For example,it hasbeenproposed
thata stationkeepingdevice shootingslagpelletsout at a velocity 30 timesthe incomingpayloadvelocity (i.e.,
2100metersper second)would theoreticallybe ableto compensatentirely for this momentuntransferata 1
to 30 ratio of propellantto payload. As for polluting spacewith propellantpellets,the ejectionspeedof 2000
metersperseconceasilyescapeshe Earth-Moonsystemanddoesnot addsignificantlyto the quantityof rocks
naturally populatingspace.Of course slagpelletshootersarent our only option, andgaseougpropellantsare
muchmoreefficient sincethey have muchhigherexhaustvelocities.

It hasalsobeenproposedhatthe catchetbe stationedn alunarsynchronougpositionwherebyit would fall
down towardsthe Moon exceptfor thethroughstproducedoy theincomingpackagesmpactingit.

For technicalinformation on the massdriver in particular one may wish to contactthe builders of the
laboratoryprototypelunar massdriver, The SpaceStudiesinst., PO. Box 82, Princeton,N.J., 08540, (609)
921-0377 ssissi.og andhttp://wwwssi.og
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4.5 Long-Term Transport
4.5.1 Tethersin a Vacuum

Tethersareageneratopicareawith multiple applicationgor propulsionandelectricitygenerationln thefuture,
the PERMANENT websitewill discusgheseconceptdurther In themeantime, herearesomelinks:

TethersUnlimited, Inc., performsR&D on tethers.Seewww.tethers.comhttp://wwwtethers.comg,

A 1999ScientificAmericanarticlecoversR&D to thatpointin time, atwww.sciam.com/1999/0399sp #2899 eardsiey
jhttp://www sciam.com/1999/038gacd039%beardsleybo3.html¢, (RobertL. ForwardandRobertP. Hoyt)

4.5.2 Laser Launch from Earth

Thefundamentatonceptis a vehicleusingthe air aroundit for propulsionratherthancarryingall its fuel with
it, andgettingthe enegy from aground-basethser
Moreinformationcanbefoundby following leadsin a1999ScientificAmericanarticleathttp://wwwsciam.com/1999
TheLightcraft TechnologyDemonstratowebsiteof theAir ForceResearcthabis atwww.pr.afrl.af.mil/technology/liy
jhttp://www pr.afrl.af.miltechnolgy/lightcraft/Itd.himle,
A few keywordsusedn associationvith thiswork are:“lightcraft”, “laserpropulsion”and“microsatellites”.
Currentresearchs for propulsionof very smallobjects.

5 Fuel Propellants- Storable,and Hypergolic vs. Ignitable by Mik e Schooley
5.1 Usingliquid oxygen(LOX) in space

It hasbeenproposediy numeroussourceghatlunar, asteroidand/orcometmaterialscould be minedandused
aspropellantgo re-fuel satellites fuel orbital transfervehiclesandto fuel deepspaceprobes.Sinceoxygenis

agasabove -297.6F(162Ror 90K) it takesa very large low pressurdank or a very heary high pressurdank
to storeanappreciableszolumeat normalTemperaturesThereforeoxygenis normally supefcooledto its liquid

form commonlyreferredto asLOX. Thereare threeproblemsassociatedvith usingLOX in space. First is

commonality seconds boil-off lossesthird is ignition problemsandfourth is propellanttank scale,which is

relatedto the boil-off issue.

5.2 Comonality

| amnotawareof ary spacecraft or satellitethatusesLOX asa propellant but to malke sure,| searchedVlike’s

SatelliteLibrary at “http://leonardo.jpl.nsa.@v/msl”. | searched. 64 satelliteand spacecraft types. | found
no systemgshatuseLOX. ThemostcommonwasHydrazine(NoH,) monopropellantfollowed by cold gasand
bipropellant(NyH4 andN,O,). The deepspaceprobeswhich have the highestdeltaV requirementsgenerally
usebipropellants.Thisis surprisingsinceLOX hasa higherspecificimpulse,which meandesspropellantimass
is requiredfor the samelevel of performanceLOX is the premieroxidizerfor fuelling launchvehicles,but in

a launchvehicle the propellantis all consumedn a matterof minutesandlong term storageis not anissue.
However, for satelliteswhich requiresmallintermittentpulsesof thrustover their designlife of upto 15 years,
long term storageis critical. Therefore thereis currentlyno demandfor LOX in space,sinceno spacecraft
currentlyuseit. We canalsostatethatthe requirementgor LOX in the neartermwill continueto below since
rocket engineghatburn LOX andprovide low thrust,high reliability andlong life do not exist todayandwould

take severalyearsto design,build andtest.

SpaceStationFreedomwasdesignedo useHydrogenandOxygenpropellantshowever it wasto be stored
aswaterandseparatedby electrolysisasneeded After separatiorthe Hydrogenand Oxygenwereto be stored
in gaseoudorm underpressure.With the switch to the InternationalSpaceStation, the propulsionfunction
hasbeenmoved to the Russianstationmodulesand the propellantsare UnsysmmetricaDimethyl Hydrazine
(UDMH) andNitrogenTetroxide(N,Oy).
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Space Craft thermal equilibium Temperature
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Figure3: Fromthegraph,you canseethatHydrazine the mostcommonsatellitefuel, is easilystorableat Earth
andMarsdistancedrom the sun. It alsoappearghatwith very carefulspacecraft design,LOX couldbe stored
atEarthdistancdrom the Sun.However, thefirst figureassumesghatthetankis not closeto the Earth. Thenext

figure (from referencel) providesthe thermalequilibrium Temperaturef a well insulatedsphericattank with

aneffective radiationheatshielding,orbiting at 2 to 9 Earthradii.

5.3 Boil-Off

Whenliquid propellantsare storedat Temperaturesabove their boiling-pointthey vaporize. If we containthe
vaporsin the tank, thenthe pressurencreasesith Temperature Sincethe tank weightincreasesvith design
pressurea pressuraelief valve is generallyprovided to preventthetankfrom over pressurizingandexploding.
Whenthe relief valve releaseshe pressuresomeof the propellantescape$rom thetank. This lost propellant
is referredto asboil-off loss. Propellantshave beengenerallyclassifiedas“storable” or “cryogenic” basedon
weatherthey remaina liquid throughoutthe normalterrestrialTemperatureangeor if they areonly a liquid
at“very low” Temperatureshowever thesedefinitionsare not applicableto storagein space.Figure 1 (from
referencel) indicatesthe thermal equilibrium condition of a well insulatedcylindrical propellanttank with
effective radiation heatshieldingassuminga distanceto ary object (planet,moon, asteroid,...) greaterthan
10 planetradii. The upperandlower curvesrepresenthe rangeof practicaldesigns.The upperlimit of each
propellanfTemperaturdandassumea manageableverpressurandthelower limit is definedby the propellant
freezingpoint.

Anotheralternatve is to actively controlthepropellanfTemperaturegoolingit whenthetemperaturexceeds
theboiling pointandheatingt if thetemperaturelropsbelaov thefreezingpoint. In thepastspacecraftdesigners
have avoidedcooling systemavhenever possibledueto weightandreliability issues.

5.4 Ignition Problems

Spacecrafandsatellitesarerequiredto startandstoptheir rocket thrustershundredsor eventhousand®f times
over their designlife. To eliminatethe ignition systemasa possiblefailure, designerspreferto usehypegolic

propellantswhich meansthe propellantsspontaneoushpurn whenthey are combined. Table 1 belov defines
which commonpropellantcombinationsarehypegolic.
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Space Craft thermal equilibrium Temperature
in near Earth orbit
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Figure4: Figure2 shaws thatin Earthorbit, theaddedenepgy receved from the EarthmakesLOX storagevery

difficult. To make mattersworse,in actualdesignsadditionalheatsourcesnustalsobe considered.Heatis

alsoconductednto tanksfrom onboardelectronicsheateccompartmentsuchasmannedspacesndfrom solar

panels.n addition,heatis gainedby radiationfrom rocket plumes.

LOX Peroxide Nitric Acid NitrogenTetroxide Combust.
Init. CIF,

02 H202 H2N03 N204
Ammonia(NH3s) No Yes Catalyst
Analine (C4H5NH>) Yes No Yes
Ethanol(C;H5;OH) No Yes No
Hydrazine(N2Hy) No Yes Yes
Kerosene No Yes No
Liquid hydrogen(Hs) No Yes No
Methyl Hydrazine(MMH) No Yes Yes
Unsym.Dim Hydrazine([CHs]oNsHs2)  No Yes Yes

Catalyst
Yes
No
Yes
No
No
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Note: Thetableabove shavs LOX is not hypegolic with ary commonfuel. This meanghatanignitor will be
required which on engineghatarerequiredto fire mary timescanbe a big reliability issue.

25



Ammonia Boiling Temperature versus Pressure
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5.5 Scale

When boil-off conditionsexist, the scaleof the propellanttank, which determineghe surfaceareato volume
ratio, directly effects the boil-off rate. Large tanks,with a high volume to surface arearatio loosea small
percentagef their propellantin a unit of time. A smalltank, with a volumeto surfacearearatio will loosea
muchhigherpercentag®f its propellantin the sameunit of time. Launchvehicleswith large cryogenictanks
andshortstoragdime canusecryogenicpropellantsvith negligible boil-off losseshowever satelliteswith small
propellantanksandlong storageime requirementsvould have unacceptablpropellantourn-off with cryogenic
propellants.

5.6 Conclusion

Satellitesdo not currentlyuseLOX andwill notuseLOX for theforeseeabléuture. LOX is notstorablewithout
expensve and heary cooling systemsn Earthorbit. LOX could be usedat aboutMars orbit and deepelinto
space.Whenboil-off doesoccur large tankswith high volumeto surfacearearatiosminimize the rate of loss
dueto boil-off.

Onthepositive side,we canuseoxygento producethe oxidizer of choice.Many spacecraft with hightotal
impulserequirementsitilize NitrogenTetroxide(N,O,) andHydrazine(NyH,) bipropellantdbecaus¢he higher
deliveredspecificreduceghe spacecraft launchweight andthis propellantscombinationis hypegolic. If we
obtainNitrogenfrom asteroidspr import it from Earth,we cancombineit with Oxygento produceNitrogen
Tetroxide.By weightNitrogenTetroxideis almost70% Oxygenand30% Nitrogen. If weimportNitrogenfrom
Earth,in whatform shouldbe transportandstoreit? Liquid Nitrogenhasa lower boiling point (-320°F) than
liquid oxygen(-298°F). Ammonia(NH3) is anobviouschoice,it hasboiling pointof -28°F anda freezingpoint
of -107.9F. By containingabout200 psi of vaporpressurave canincreasehe boiling pointto 100°F asshavn
in figure 3:
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For every two ammonia(NH3) moleculesthatwe corvert to Nitrogen Tetroxide(N2O,) we liberate6 hy-
drogenatoms.We canalsocombinetwo ammoniamoleculego produceHydrazine(N.H,) andliberate2 more
hydrogenatoms. All these8 hydrogenatomscanbereactedwith 4 extraterrestrialbbxygenatomsto produce4
watermoleculegqH-0).

Themasshalancebasedn molecularweightsis: Theammoniamalkesup 34.7%of theweightof theinputs
andthe oxygenmakesup 65.3%. The propellantsmake up 63.2%o0f the outputswith waterconstituting36.8%.
It is interestingto notethatthe waterproducedexceedshe weightof ammoniathatis imported. Althoughthis
doesnot appearasattractve asusingliquid oxygenfrom spaceandimportedhydrogenwhereonly 11% of the
propellantmassmustbeimported,NitrogenTetroxide(N.O4) andHydrazineareeasielto storefor long periods
andthey arecurrentlyin usein space.

Anotherusefulfuel to producen spacdas UnsymmetricaDimethylhydrazing(CHs)2NNHs], alsoknown as
UDMH, is usedonthe RussiarMIR spacestationandwill be usedon the InternationalSpaceStation.Because
of its useon SpaceStations UDMH probablyhasthe highestdemandof ary fuel in space Unfortunately until
we locatesourcef Nitrogenin spacepnly the Carbonappeardo bereadilyavailable.

Referencd “Handbookof AstronauticaEngineering, McGraw-Hill Book Compay, Inc., 1961,Editedby
HeinzHermanrKoelle.
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