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A Lunar Space Elevator [LSE] can be built today from existing commercial polyrars;
manufactured, launched and deployed for less than $2B\ prototype weighing 48 tons with
100 kg payload can be launched by 3 Falcon-Heavy's, and will pay for itself 88 sample
return cycles within one month It reduces the cost of soft landing on the Moon at least
threefold, and sample return cost at least ninefoldMany benefits would arise A near side
LSE can enable valuable science mission, as well as mine valuable resources and ship to
market in cislunar space, LEO and Earth’s surface. A far-side LSE can facilitate
construction and operation of a super sensitive radio astronomy facility shieldeffom
terrestrial interference by the Moon. The LSE would facilitate substantial acceleration of
human expansion beyond LEO.

I. Introduction

The original idea for a Space Elevator was for an elevator from the soffélse Earth up to Geostationary
orbit. This idea is attractive since in theory it could greatly reduce the castebs to spaée, however, there are
no materials existing or on the horizon which are remotely gtemough to hold their own weight over the distance
in the Earth’s gravity field. Theoretically Single-Walled Carbon Nanotubes [SWCNTSs] would sdffioet so fa
nobody can manufacture them in useful quantities or pBWCNTs have only been produced in tiny quantities in
laboratories, and there is no prospect of industrial scale productioprtiagpn the foreseeable fututdowever,
there is another planetary scale tether concept which is almost as valuable, bacdadnwith existing industrial
materials, and that is a Lunar Space Elevator [LSE].

A LSE is a very long tether, connecting the surface of the Moan tarth Moon Lagrange [EML] point, either
EML1, between Earth and Moon (nearside), or EML2, behind the Mewme wed from the Earth (farsidé) order
for the LSE system to be stationary with respect to the Moon it issegethat the center of mass of the LSE be
located at an EML poinfTherefore, the tether must extend further from the lunar surfacehtbdML point, and
beterminated at a counterweigfithe Moon orbits the Earth about once per month, so the LSE is not atatwith
respect to the Earth, but it is stationary with respect to the Moon.

The LSE dimensions are larger than any structure in space so fartatteimpa design calculated by T..M
Eubanks the total length of a nearside elevator is 278,544 kilometre34T5statute miles], and the total length of
the farside elevator is 297,308 kilometres [165,171 statute rhiles]

On average, EML1 is 326,380 km [203,988 statute miles] away Hanth and 58,019 km [36,263 statute miles]
away from the Moon. EML?2 is 448,914 km [280,573 statuteshfrom Earth and 64,515 km [40,323 statute miles]
from the Moon Hence, in the Eubanks design, the distance from the Lagranget@adi®e counterweight for the
EML1 system is 220,525 km [118,484 statute miles] and for th& ZEBstem is 232,793 km [124,848 statute
miles].

These distances are unprecedented in aerospace engineering, and we nahlyegqisestion whether it is even
possible to build structures so largéet preliminary analysis indicates it is not only possible, it is relatively
inexpensive, and can be done with existing commercial matetiathis paper we will show how the lunar elevator
is both feasible and affordable, and indeed profitaBliecourse, there will be many technical and engineering
challenges, but as far as we know today, there are no obvious shp&rsto

The idea of a lunar elevator is not new, but until recently has disemssed as fantasy or science fictidhe
first known writing, where the concept of a lunar elevator was descniteeslin 1910 in the unpublished notes of
the German-Latvian-Russian scientist Friedrich Zandlbese notes were posthumously published in Moscow in
1977 and noticed by Dr. Eugene Levin, who has since become one l&attiag experts on the concepevin
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joined Pearson and his team at Star Technology Inc., where theydiatly studied the LSE concept, notably for
NASA Institute of Advanced Concepts in 2005

II.  Available Materials

The first key technical challenge of the LSE, is to find a material which isligbthenough and strong enough
to support its own weight over the entire distance in the cisluaaity field, and still be strong enough to carry a
payload Until the late 20th century, such materials did not exist, but sincé9tlgs, revolutionary new polymer
materials have become commercially available.

The first material which was theoretically capable of supporting a lunar elevasoKevlar™, but it was only
barely strong enoughrortunately, newer even stronger [by weight] materials have subsequentl/ on to the
market; four in particular are T1000 Dyneemd™ 7, MagellanM5 ™ 8 and Zylon™ °. Another theoretical material
which would be even stronger would be SWCNTSs, however theydrdydeen produced in nano-thin crystal sizes,
suffer from extreme susceptibility to nano-deféttsaind are a long way from being commercially viable
Fortunately, the other satisfactory materials are mass-produced in guapkities and lengths, and we do not need
to wait for SWCNTSs to begin the construction of LSthe Magellan M5 material is superior to everything else
currently available; however, supplies are very limited on the commercial ma@ietreasons for this are not
entirely clear, but according to anecdotal information, it appears to beldwdfostly, M5 is difficult to
manufacture, partly because of its extraordinary strength, it tends to demregoling. Secondly, it is in high
demand by the US Government, especially for bulletproof vests and helmetdieabl Government buys up
nearly all of the available production to datée three other materials, T1000G, Dyneema and Zylon, are available
in large quantities, and are currently the best candidates for LSE constratiest until M5 eventually becomes
available in greater quantity, or until an even better material become widely available.

lll.  Throughput and Return on Investment

The term “Lunar Elevator” is something of a misnomer when applied to the lunar skylift systdrhat is because,
although the system conceptually bears some similarity to a terrestrial elevateristia fundamental difference
That is, a terrestrial elevator typically has a single car, travelling up and @emgle shafWe will show that the
optimal configuration for a lunar elevator is significantly differeé®pecifically, a lunar elevator can and should
carry multiple cars to maximize throughput within the strength capabibfi¢ghe tetherWe will show below that a
single LSE can ideally carry six cars simultaneously on the sectiethef between the EML and the lunar surface
Furthermore, during a two week period, about 80 car trips dcmufzerformed from the surface to EML, resulting in
an eighty times increase in payload mass throughput versus a singlerclimb

A key figure of merit is the speed with which the climber travelsang down the tethefFrom a business
standpoint, we wish to maximize revenue, which means maximizing theapayhroughput of the system
Throughput can be expressed in terms of mass of payload [pdyedlimmultiplied by the speed of climber,
multiplied by the number of climbers over a given time period.

The Delta \éerequired for a conventional chemical rocket to ascend from lunar stof&ML-1 is 2.7 km/s
Goff® [among others] showed that the typical payload mass fracti®uédr a rocket is 34%, ~ 1/3. A rocket which
delivers the 49 tonnes LSE EML-1 would otherwise be capable of soft landirfitonnes on to the lunar surface.
So for LSE payload of 0.1 tonnes, this is equivalent to 16/0.80=payload landing cycles [or trips], which is the
number of cycles to recoup the LSE launch cost. For sample return rejsaiather factor of three applies, so
160/3 ~= 53 sample return cycles would recoup the launch cost.

The principal benefit of the LSE is that it reduces the cost of sample retanldgst nine times, considering
primarily the cost of launch, but without considering the capital costasfufacture, since that has not yet been
studied in detailln any case, one can reasonably hypothesize that the launchiltd®t the dominant cost of the
system.

22 D-Rmor Gear, Future Developments: M5 Fiber, 21 Aug 2014,
https://drmorgear.wordpress.com/2014/08/21/future-developmesfider/

3 Goff, The Slings and Arrows of Outrageous Lunar TransportatiorerBes: Part 1 Gear Ratios, Selenian
Boondocks, 2013. http://selenianboondocks.com/2013/12/the-slitlyareowsef-outrageous-lunar-
transportationschemes-part-1-gear-ratios/.
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In terms of launch cost, we need to make 53 sample return cyaleslie a profit, then we need to complete
those 53 cycles as quickly as possibte 2008 a student team at Asher Space Institute of Technion University
[Haifa] postulated that a velocity of 700 metres/sec is feasible, hence theyjduwm the surface of the Moon to
the Lagrange station would take about seven‘ays

Interestingly, it is feasible to have multiple climbers on the tether, withgnifisantly reducing the payload,
and this would greatly increase system throughfiué velocity of700 metres/sec, it is feasible to have 80 climbers
along the tether [see Tahlg; and that means that 53 sample return payload cycles can be comyitateca
month So the LSE can pay back its launch cost in less than a month, giving tartghput of ~8 tons per month
in each direction, or ~100 tons per y€eHe incremental operational cost per payload cycle is negligible compared
to the corresponding cost of using chemical propulsion; hence itapitlly reduce the total cost by orders of
magnitude.

Of course if the climber could move even faster, then the revenue siezamar would be even greater, which
would be very pleasing to investokéence, there is a commercial incentive to maximize the climber siperigiht
be possible to increase the climber speed even more than 700 metfdsseoould involve additional technical
challenges, which have not been studied to date.

4 Qedar R. , Grinfeld N. , Bezrodny G. , Reuven O. , Tatievsky Kogan A,. Jacob's Ladder - Lunar Space
Elevator http://lunarjacobsladder.webs.com/
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Table-1: Number of Ascents/Descents per half lunar solar day

[half marmta]Function of Climber Speed

Cruise Cruise Time to EML1| Time to EML2| Time to 5K Km| Near side Nr off Fars side Nr of
speed speed [hours] from | [hours] from | [hours] from| Ascents [or| Ascents [or
km/sec km/hr surface surface surface* Descents] Descents]

1.000 3600.00 17.50 19.31 2.78 122.14 121.49

0.700 2520.00 25.00 27.58 3.97 83.908 83.258

0.500 1800.00 35.00 38.61 5.56 58.42 57.77

0.278 1000.80 62.95 69.44 9.99 30.12832 29.47832

0.139 500.04 125.99 138.99 20.00 12.40142 11.75142

0.100 360.00 175.00 193.06 27.78 7.444 6.794

0.054 194.40 324.07 357.51 51.44 158176 0.93176

0.048 172.80 364.58 402.20 57.87 0.81712 0.16712

(takes longer than hal
lunar day to react
EML2)
(takes longer than hal
lunar day to react
EML1)

Moon to EML1 distance is 58,000 km
Moon to EML2 distance is 64,500 km
Lunar solar day period [full Moon to full Moon] lasts 29 days, @@rk, 44min ~= 29.5 days = 708 hours
354 hours = half lunar solar day

American Institute of Aeronautics and Astronautics

* assuming constant acceleration from 0 at surface to cruise speetak®0
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IV. Basic Operational Concept and Performance

LiftPort Group and Marshall Eubanks have calculated the parameters fotoa 48E design which is light
enough to be launched on a single SLS launch vehicle usingidjesttion, or a single Falcon-Heavy class vehicle
using electric propulsion to transfer from LEO to EML1 or EMLPhis design is probably the smallest that can
reasonably be builThe LSE system will be manufactured entirely on Earth, and assefabledinch into a single
package The essential components comprise: the tether, the EML station, the Coughéerf@V], the Surface
Attach Fixture [SAF], and the Climberdpon arrival at the EML1/2 location the deployment sequence will begin
The CW and the SAF simultaneously detach from the EML, andepective attached tethers begin to unspool
The two tethers are concurrently unreeled at rates which maintain the cegtavitf of the system at the EML
location Once the tether is fully deployed, the SAF will drill into the lusarface by a meter or two, sufficient to
react the small residual tension force, and small lateral disturbance forces.

Once the system is stabilized, and residual deployment transients haveddé#meirst attempt will be made to
drop a climber towards the lunar surfateorder to descend to the lunar surface, no injection of energyusred,
instead the climber will accelerate by falling under gravity until it reaat@sising speed, and thereafter will apply
braking to limit the descent speed, and to decelerate for a final soft laiktéinge the descent can be performed
during daylight or during darknes®egenerative braking can be used to convert the kinetic energy to either
electrical energy to charge batteries, or heat to meltBlaitks of molten salt, similar to those used in terrestrial
solar power farms, can be delivered to lunar surface facilities to pbemrduring the lunar night.

Ascent from the lunar surface must be done during lunar daytiroe sia climbers are solar powered, and will
need input of solar power to drive the motors to ascend the.tatharitial run will be made using a single climber
to descend and then ascend along the te@ece the basic function of the system is thus validated, then multiple
climbers can be put into actiolf the speed of 700 metres/sec can be sustained then it woulddiblpdo have 80
climbers descend and then ascend along the tether during a one maurttsdlar cycle, with six climbers
simultaneously present on the tether at any one. flihis is assuming a single lunar elevator, where the climbers
must all move in the same direction at any given time.

There are three types of destinations for lunar raw materials carriagcbpding climberd=irstly, they could
either be dispatched towards Earth, to either enter Earth’s atmosphere, or to enter a low Earth orbit [LEOOr
secondly they could be delivered to a cislunar destination, such as aBbthdd,2,3,4 or 5], or to the proposed
NASA lunar orbiting gateway statiofor an Earthwards trajectory, the payload would be accelerated past the EML
station and released at a point between the EML and the counterweight [aedtlythe Technion team]. For a
cislunar destination, the payload would be decelerated to reach a stop attheredL, then released third type
of destination would be to boost a payload from Earth on to a hylpeEarth escape trajectory, by rendezvousing
with a farside LSE then accelerating the payload away from EML2 tgiatetary trajectory, e.g. to Mars or an
asteroid; this would save some propellant versus using a chemical rocket fdirthangction..

It would be feasible to have two lunar elevators, one for dowdsvelescending payloads, and another for
ascending payload€oriolis force on each tether would act in opposite directibhs easterly tether would be used
for downwards traffic, and the westerly tether for upwards trafflte respective Coriolis forces would act in
opposite directions and cause the two tethers to be pulled apart sootiidynat interfere with each othén such a
dual tether system, the downwards tether could be in continuous operatiamddaight The upwards tether would
only be able to operate during the lunar daytime, unless power hpdmoomes availahléVith such a bi-
directional dual tether system, the number of climbers could be reduteelt®, since each ascending climber
could be unloaded, reloaded and transferred to the descent tether and rdusetd=ach of the twelve climbers
would perform six or seven round trip journeys each month

V. Technical challenges

There are several technical challenges involved in building a lunar elevator, fantvg® do not believe there
are any showstoppers, and that all the technical problems can be solvedwétgonable cost.

A key figure of merit is the speed with which the climber travelsang down the tethefFrom a business
standpoint, we wish to maximize revenue, which means maximizing the paplwadhput of the systenThis
means maximizing the velocity of climbing up and dowhe Technion University team in 2008 suggested that 700
metres/sec is a reasonable velocity, since it is below the speed of soth tether material, which would
otherwise result in a destructive shock wave develoftegrson et al in 2065uggested that 15 metres’ would
be a more conservative velocity, and question whether 700 metres/selisticte@hallenges in achieving such

5> Personal correspondence, Pearson to Radley, 2017
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high speeds include high gear ratios, friction, lubrication and viedrthe respective moving parts, and abrasion of
the tether material.

Another overall challenge of LSE is to maintain the center of mass ofstensat or close to the EML location
at all timesThe EML is an equilibrium point between the Earth and the Moon, butat istable Objects which are
offset from the EML will tend to move away from the EMience, some method of active station-keeping will be
required Geosynchronous satellite around Earth suffer from a similar challengghew typically use chemical
rockets or Hall thrusters to maintain station similar fashion, we anticipate that electric propulsion or Hall
thrusters could be used to maintain the EML station on to stattmre are several disturbance forces which will
need to be dealt with, for example, the lunar orbit around Eartht isincalar, it is elliptical and as a result the
location of the EML point itself is not stationary and will tend to mava icyclical mannent has been proposed
that a Lissajious orbit be used around the EML, which has a greaterctmstant than the EML itsEif
Furthermore, although the Moon is tidally locked to the Earth, it exmeseperiodic rocking motions back and
forth, about two axesknown as “Libration”. In order to compensate for these various orbital and libration
disturbance forces, it has been proposed that an active control systeractougly vary the length of the tether to
the lunar surface and/or to the CW, and achieve some degreeatkesping contrdf.

Another issue to address is the Coriolis Efféctlimber which travels up and down the tether will experience
Coriolis force due to the difference in lateral velocity between the EML locaésus the lunar surfac&ccording
to my calculations below, it is feasible to use electric propulsion [Halltdrius compensate for the Coriolis force,
with a modest loss of payload capacity, taken up by the weight dirtieter Most of the electric power of the solar
arrays is needed only in the first 5,000 km of the climb fromuhar surfacg above that, most of the power can be
used instead to supply an electric thruster for Coriolis compensation, @mell amount of power used to maintain
cruise speed of the climber up the tether.

A first order analysis of electric thruster requirements is summariZeabile-2.

The Moon's sidereal rotation period (the sidereal month) is ~27.3 day&55.2 hours

Moon to EML1 distance is 58,000 km

Moon radius is : 1,079 mi = 1726kén

Moon circumference = 6,786 mi = 10857.6 km Speed of lunar surface = 16.57 km/hour

Circumference of EML1 orbit = 364424.75 km => Speed of EML1 & B%m/hour

Hence, Coriolis Delta-vee needed for reaching EML1 from lunar suxfa89.6 km/hour
=149.9 m/s

6 Eubanks, T. M., A Space Elevator for the Far Side of thery12013,
https://www.researchgate.net/publication/260989829_A_ Spaceathtefor_the_Far_Side_of the_Moon
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Table 2: Rocket Thrust needed to compensate for LSE Coriolis Forces

Time to EML1 | time to EML1| Coriolis Coriolis force| Number of

[hours] from| [seconds] from| acceleration Coriolis Coriolis force| on 100 kg in| Busek BIT3 | KW  for | Weight of
surface surface m/s"2 acceleration [g]| [N] on 100 kg | mN thrusters Busek * Busek kg
17.50 63000 0.002380952 0.00023 0.238095 238.0952 170.068 10.2381 34.01361
25.00 90000 0.001666667 0.00017 0.166667 166.6667 119.0476 7.166667 | 23.80952
35.00 126000 0.001190476 0.000121 0.119048 119.0476 85.03401 5.119048 | 17.0068
62.95 226620 0.000661901 6.75E05 0.06619 66.1901 47.27864 2.846174 | 9.455728
125.99 453564 0.000330714 3.37E05 0.033071 33.07141 23.62243 1.422071 | 4.724487
175.00 630000 0.000238095 2.43E05 0.02381 23.80952 17.0068 1.02381 3.401361
324.07 1166652 0.000128573 1.31E05 0.012857 12.8573 9.183789 0.552864 | 1.836758
364.58 1312488 0.000114287 1.17E05 0.011429 11.42868 8.16334 0.491433 | 1.632668

Busek BIT-3 thruster consumes 42.86 W/mN, weighs 142.86 drariNsthrust

* The power consumption of Busek [lodine] thrusters for comgigms of the Coriolis Effect is well within the solar

climber

Alternative Aerojet BPT-4000 thruster consumes 15.51724138\WWaldghs 42.41grams / mN thrust

array capacity ef th

A single BPT-4000 hall thruster exerts 290 mN, ample to compenga@ofmlis Effect, it weighs 12.&g. This type of thruster has been
flown in space commercially several times on communications satellites, it is wedhpaiod reliable.
Total impulse of burn needed, regardless of climber velocity, is 15 KI§s08ad kg m/ s

For chemical rocket, propellant mass needed= total impulse / specific imisplse [

Assume Isp of 300 seconds, then propellant mass needed wouldkge: 50

Therefore, the weight of the BPT-4000 electric propulsion system vmultuch less than the weight of chemical propellant needed for the

same burn impulse.
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Other technical challenges include:

Control of tether deployment process

Dynamic analysis including handling of Coriolis forces

Dynamic analysis of changes in center of mass

Maximize payload throughput

Trajectories for delivering payloads to Earth

More detailed design of surface attach fixture interfaces

Static charging by solar wind

Electric power supply to robotic climber

Methods of station-keeping

Micrometeoroid impactsNote, initial estimates by Eubanks suggests that the LSE strands will be
impacted and severed twice per year by micro-meteoroid imptwifl be necessary for the tether to be
damage tolerant and reparable, such as using a multi-strand Hoytethet®design

We propose that these issues should be addressed in the next stepsmédpedevelopment.

VI. Safety Reliability and Failure Modes

Relatively little work has ben done to address the effects of failure modes in the LSEI , aniblposethods
for mitigation or recovery from failures, and abort mad€snsequently, the effects of failures are not well
understoodHence, it would be too risky to carry human cargos in the eadygshof the LSE operation, until a high
level of confidence in the safety and reliability of the system has dd®aved. . Initially the LSE will be used to
transport unmanned cargo, such as equipment from Earth andatewiats from the Moonin order to perform a
proper Failure Modes and Effects Analysis [FMEA] we will need to considet are the potential targets or
victims of a failure, i.e. what elements within the system could be selyeaffected, as well as what items outside
of the systemOur initial assessment of items which might be adversely affected includsltverig:

e Human population centers on Earth

Terrestrial infrastructure and property
Terrestrial environment
Spacecraft in Earth orbit, LEO, MEO, HEO
Payloads of the LSE
LSE tether
EML station of LSE
Lunar surface installations
Lunar orbiting spacecraft
Spacecraft in Cislunar trajectories

A preliminary qualitative assessment of the failure effects is attempted as follows:

e Human population centers on Earth
There is no credible scenario where human population centers could hertbdelay major debris from the failure
of an LSE The total mass of the LSE is abd@&tons, but there is no failure scenario where this entire mass would
reach EarthVarious scenarios are considerdfidhe LSE is severed between the EML station and the lunar surface,
then a section of tether attached to the EML station and the counterweight aGtitdavaly from the MoonThe
section would weigh perhaps 40 tons, but its orbit would not intevsiittthe Earth, having a perigee probably
higher than geosynchronous orbit, where even the counterweight extendiagdsoEarth would be unlikely to
encounter the Earth’s atmosphere. It is possible that if the tether failed near to the counterweight, then the
counterweight and a small piece of attached tether could enter the Earth’s atmosphere. The counterweight might
weigh a few tonsand some of it might survive entry into Earth’s atmosphere and reach the Earth’s surface.
Fortunately, the time and place of an impact on to the Earth’s surface could be predicted with some precision about
three days in advance, so evacuation of any nearby populationsceatgd be accomplished, although this will
probably be unnecessary.

8
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e Terrestrial environment
Following from the previous discussion, the portion vitie LSE counterweight might weigh a few tons at most,
probably much less, and thi®es notrepresent a significant threat to Earth’s environment. The configuration and
composition of the counterweight comprises primarily expended rockwdr igtages used as ballast, and these
would be of low densityHence the counterweight would be significantly decelerated by the atmospigmauch
of it would be vaporized or broken into tiny piec&be final impact velocity will probably be little more than the
atmospheric terminal velocity, with most of the ballistic orbital velocity elidd Any impact of the object on to
the Earth’s surface would have less effect than a meteorite of comparable size. If it lands in the ocean there would be
no Tsunami; if its impacts on land, any debris cloud would bditechand short livedThe potential for human
injury or property damage appear comparable to the current rigcaf @f large LEO satellites, which is generally
regarded as very law

e Spacecraft in Earth orbit, LEO, MEO, HEO
It is possible that the LSE counterweight and some portion of the attached tethapspincluding the EML station,
could end up in orbit around the Earth. Either a high orbit [HEOMBEO [Medium Earth Orbit] or LEO [Low
Earth Orbit] This might represent a collision hazard for any spacecraft in these dtiBtéarge length of the tether
means that its cross sectional sweep area would be significanttgrgtesn for most satellites launched to date, so
the probability of collision would be quite higlihis could represent a space situational awareness challémge
present methods used for tracking space debris would probably soffitadking larger pieces of the LSEhere
is a high probability that the LSE orbiting fragment will experience maliippacts with man-made orbital debris
[MMOD], especially in lower orbitsThese MMOD collisions will most likely sever the tether into smaller
fragments which will drift apart from each oth&here is a risk that the multiple LSE fragmentations could cause a
modest increase in the total count of MMOD objects orbiting the Bamlould be desirable for the counterweight
to contain some propulsion capability to try to keep it to a higher orhihefuaway from Earth if possible, where
the population of MMOD and spacecratft is relatively low. . It would ésreble to recover the LSE fragment, and
restore it to service back at its proper location, there is a high likdlifhab the fragment would stay in orbit long
enough that recovery could be achieved.

e Payloads of the LSE
The fate of each payload depends on where each climber is along tre aeth where exactly the break in the
tether occursThe tether can be considered to be in two parts, an upper part, whitadeatl and free flying, and a
lower part which remains attached to the lunar surfabere could be payloads in transit attached to either, or both,
parts of the tethett is possible that many of the payloads attached to the lower part will k@rlostthey will fall
to the Moon and impact with destructive velocitymight be beneficial to include some braking rockets on to the
payloads to reduce the effect of impact on the lunar surfasewithineed to be analyze&or payloads attached to
the upper tether, it will be undesirable teelthe payloads by having them burn up in Earth’s atmosphere Hence, it
might be beneficial to separate those payloads from the tether, anckisolwe propulsive capability in the payload
to raise the perigee so that it will not enter Earth’s atmosphere. Whether that would be cost effective is a question
which needs to be analyzed.

Having multiple climbers on the tether would help considerably to mitigaterefaand afford additional
abort/recovery scenario8s shown earlier, it is attractive and feasible for there to be multipléeisron the tether
at any one timeln such a scenario, the climbers would be about 10,000 km aparh mk&ns there would be no
more than six on the section between the Moon and EML at any igiseamt A novel approach is suggested here,
that is, these climbers could be tethered to each other by a thin secorfgamytiéiner and lighter than the main
LSE tetherIn the event of the main LSE tether failure, the backup tether could béoukelti one or two, perhaps
up to three climbers from the lunar attached portion of the. O®i6se payloads would detach from the lunar
attached LSE section, and remain attached to the lowest climber on theyfreppdirtion of the LSEThis would
have the significant benefit that it would reduce the amount of abopelfaot needed for an emergency soft
landing on to the lunar surfac@nly the lowest one or two of the climbers along the portion attachi tsloon
would not be able to stay with the free flying portion, and in otdesurvive, they would need to perform rocket
powered soft landings, from an altitude of no more than D5K@metres, i.e. 5,000 km + the 10,000 km
separationThis would potentially allow survivable abort modes for future astronaing lzarried along the LSE.
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e LSE tether

If the LSE tether breaks into two sections, one remains attached kbothg the other becomes free-flyinghe
portion attached to the Moon will fall towards the Moon under gravity, nofithat tether might survive and could
be recovered and reuséthe portion which is free flying would go in one of three places:

1) Earth orbit

2) Lunar orbit

3) Earth atmosphere entry

4) Interplanetary trajectory [farside LSE only]

In the case of Earth atmosphere entry or Interplanetary trajectory, thieth@Ewould be lost.
In the case of Earth orbit or Lunar orbit, it would be feasible to rec¢beeether, and return it back into service

e EML station
The fate of the EML station depends on the location of the bhetile LSE tether breaks between the EML station
and the counterweight, then the EML station would tend to fall towhel$1bon Since the EML station is high
value, it is desirable to prevent it from impacting on to the surfatieedfloon One scenario would be for the EML
intentionally to either separate from the main tether, or to sever bez tetdway between the EML and the Moon
In that case, the EML station should enter a lunar orbit, from whickult dme recovered and returned back into
service If, on the other hand, the break occurs between the EML anddbae, then the EML might suffer the same
fate as the counterweight, as described abbvé¢hat case, the biggest concern is if the EML station enters the
Earth’s atmosphere; in that case, it would be desirable for the EML station to separate from the section of tether
attached to the counterweigithat would allow the counterweight to enter Earth’s atmosphere, but the EML station
would enter orbit around the Earth, from which it could be recovereg@landd back into service.

e Third party Lunar surface installations
In any failure scenario, part of the tether will remain attached to the lurfaces, and that portion will fall back to
the lunar surface, perhaps with one or two climbers attached to it, the ditmbers could be rescued by a
secondary tether described &boThere will be some residual lateral velocity [due to Coriolis forces] which wil
cause the tether to fall across some finite distance away from theesatfach fixture locatioMhe tether material
would be very thin, less than 1mm for the early versions, and ttsmhadl enough that it is not likely to make
contact with any lunar surface installations in the dreany case, the fall to the lunar surface would be fairly slow
taking a few hours, there would be some time, but not muchuimans on the surface to take evasive aclibe
high end tip of the tether would impact the lunar surface with iiteebt velocity, and might cause some cratering
and dust cloud at the point of impa@nce the tether has settled on the lunar surface it should be possibtevr rec
and reuse most of the material.

e Lunar orbiting spacecraft
The probability of collision of the free flying LSE fragment with lumabiting spacecraft is quite small, and the
velocities slow enough that evasive action should be possible if ndedet/ case, for an LSE operating nominally
it will be necessary for a situational awareness [SA] system to be intplatke sure that lunar orbiters phase their
orbits such that they avoid impacting the static LBfEs SA system should be able to modifying the orbiter phasing
to avoid collision with a drifting LSE fragment.

VII. Near Term Commercial Markets for Lunar Resources

The first near term market for a LSE will probably be science’da&E will enable cheaper access to the lunar
ervironment, enabling more science to be done, and reducing the castrafesexperimentdt will also enable
new types of science which were previously impossible or ptotgly expensive, such as Very Long Basline
Interferomtetry, and Farside radio astrono@yher short term markets would mostly derive from commercial and
industrial lunar resource utilization.

Crawford* has suggested that there is probably no single commodity of lugiar which by itself could justify
the substantial investment needed for any lunar mining systenweudo Crawford does suggest that a basket of
multiple commodities could afford sufficient financial and economic justificatiod, that a profitable business plan
could be developedCrawford suggested some ingredients to such a basket, but thepeobably additional
products which could be commercially developgd LSE would reduce the cost of a lunar mining system ninefold
in terms of cost of retrieving lunar material; nevertheless, it is likely that Crawford’s hypothesis could remain true.

The value of lunar commodities is somewhat counterintuifitve price and value of commodities on Earth, for
example, will be very different for lunar materididarket demand for lunar materials will be very different than for
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terrestrial materials, due to the very different abundance of the variossatehe respective locatiaidoon rocks
themselves would have intrinsic commercial value purely for their rarétynavelty attributedLunar meteorites are
widely available and traded between private collectors at high phiceemmercial market places such as eBay it is
not unusual to see lunar meteorites selling for hundreds of Eeraggm There is an immediate market for such
material, how elastic that market will be as supplies increase, is diffiquiethict But as increased volumes of raw
lunar material come on to the market, other derived or refined materials wilr Rigjue will become available.

Helium-3 currently sells on Earth for $2,000 per liteor $30,000 per gram, there is strong demand in various
industries for neutron detectors, including hospital MRI machines, hothekurity, and natural gas exploration
In the future it might have increased value for nuclear fusieh hut even today, demand is strong, and terrestrial
supplies are dwindlingHelium-3 is abundant on the Moon, it has been measured from Apolfdesarand detailed
maps of HeliunB distribution on the lunasurface have been made by the Chinese Chang’e-1 spacecratt'’. This
market is immediate, and can be engaged once technology has been deplty#uke lunar surface to scoop large
guantities of lunar regolith, heat it to 800 degrees C extract the voltiiesyse Superleak type isotope separation,
to separate the more common Helidnfrom the Helium-38 The cost of delivering such technology to the lunar
surface will be considerably reduced by using LSE, and the cosarapls return to Earth will also be reduced
versus chemical rockets.

Oxygen is a valuable resource in cislunar space and in Ok@gen is relatively easy to produce from lunar soil
anywhere on the MoormThe principal market for Oxygen is for propellaitzery chemical rocket launched using
current technology is comprised about 80% by weight of Oxygéxilizer. Delivering oxygen from the Moon to
the surface of the Earth makes no economic sense, since it is aburdlaheap on EarttHowever, there would be
a strong market for delivering oxygen from the Moon to LEhimatsu T., et al? have shown that for launching a
mission to Mars, the launch weight will be reduced 68% by using mnayen versus launching all the propellant
directly from Earth; that means the payload weight budget is iremt@asre than three faldhere is currently no
commercial market for Mars missions, with uncertain outlook, howsireilar methodology can be used to reduce
the cost of missions to Geostationary orbit, which is an active multirbdiadlar annual market.

Let us quantify the benefits of using lunar oxygen forpdyipg the large market for boosting commercial
communications satellite from Low Earth Orbit [LEO] to their final Geosynchusiiarth Orbit [LEO].

We consider a case study example of the Inertial Upper Stage [IUS] whila two stage tug, with perigee
stage which injected from LEO to GTO, then a second apogee kick stagle injpcts from GTO to GEOIUS
transfers the payload from LEO to GEO with two large impulsivesurn

Thus IUS is an excellent basis for a case study, assuming thepebific impulse of the IUS propellants are
typical of chemical rockets in general.

IUS launch weight into LEO excluding payload: 10,400 kg

GEO Payload of IUS using conventional terrestrial propellants: 2,270 kg

=> |US total stack weight in LEO = 10,400 + 2,270 = 12,670 kg

Assume 80% of IUS unladen weight is oxygen, 20% is fuel and inerts, therefore:

Oxygen = .8 x 10,400 = 8,320 kg

Fuel+inerts = .2 x 10,400 = 2,080 kg

For a valid comparison we keep the IUS total stack weight constant

For a vehicle refueled in LEO with lunar oxygen, the payload weéglncreased then the percentage of fuel
required [in the IUS stack] will be increased.:.

The ratio of fuel weight to payload weight is as follows: 2,080 / 2,27@%63,

So by removing the oxygen we have a fuel mass fraction of 2, 28080+2,270) = 47.82%

So using lunar oxygen, the total stack of IUS launched from Eamprézes:

Fuel =47.82 % of 12,670 kg = 6,058.3 kg

Hence useful payload delivered to GEO is: total IUS stack minus the fuel = 15888-3 = 6,611.7 kg
Hence the ratio of payload to GEO using terrestrial oxygen, versus pagiogdunar oxygen, is:

6,611.7 kg / 2,270 kg = 2.913 times

The tanker with oxygen from Moon will weigh about: 5 x 8,000;000 kg, which is about 3.5x the weight of
the IUS stack Therefore, it would use less fuel to maneuver the IUS than to manéwy lunar tankenf the
accuracy of injection of the IUS and the tanker are sufficiently accuretetib amount of maneuvering propellant
would be rather small.
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In fact, in LEO, it will be possible to use electrodynamic maneuveriimg aslong tether, such as the EDDE tug
desigri® The EDDE is parked in LEQUJsing zero propellant the EDDE can rendezvous with the 1US, itheam
pull the IUS to make it rendezvous with the lunar tanker.

As for other resources on the Moon, there is new data to suggest teaismabiquitous over the entire lunar
surfacé!, contained in spherules of pyroclastic glass, and such water resoursiesls Medii would be readily
accessible via LSE, and greatly improve the economics of space transpamtéi®gislunar region.

VIIl. Conclusion

A 48 ton Lunar Space Elevator [LSE] can be built with currently available matenma technologies and
packaged on to a single SLS vehicle lauric®E is affordable and can pay for its launch cost within one month,
assuming a climber speed of 0.7 km/sec can be sustdhdesvenly spaced climbers can travel on the tether
simultaneously, achieving 80 ascents and descents per month, geisuftayload throughput of 8 tons per month in
each directionA cost reduction of at least nine times [probably much more] for lumaplsaretrieval missions is
possible versus using chemical rocké@sst reduction for soft landing will exceed three timElsese large cost
reductions are game changing and will enable major expansion of laatigties beyond Earth orbit, and establish
profitable lunar based industries novel system of tethering the climbers together is proposed whiddh i@suwlt in
survivable abort modes for astronauts
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