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Susmary

High-apaad 1lunar asurfaca traansportation
betwecn manned acfantific, commercial, or
logiatical facilitifaa will rsquirs asubsurfaca
tunonals becauss humans must be ahfalded f:lom
Galactic Coamic Ray sad Solar Proton Event
frradistiona. We presant a coocapt called
SUBSELENE i{n which heat from s nucleav raac-
tor {a usad to melt rock sad form & aalf-
aupporting, glass-linad tunnal auftablea for
Maglav or othar high-apsed tranaport modaa.
We argue that SUBSELENE s an optimal approach
to forming tranaportation tunnals on tha Moon
bacauss: {1) it usas a high-ansrgy-dansity,
high-afficiancy, ouclaar powver aupply; (2) tt
does not raquira watar or othar rars volatilaas
for opan ayatam wmuck handling or cooling;
(3) {t can panatrata through a wmachanically
variad ssquance of rock typaa without compli-
catad configurational changss; (4) {t forwas
ita own asupport atructura aa {t gosa; and
(3) {t fa highly amanabla to unsennad, auto-
mstad oparation. Wa outlina tha R&D neadad
to davalop a SUBSELENE davica aad giva a coat
astimsts bassad on axparisnce vwith amall-acals,
fi{ald-tasatead, rock-malting panastratora.

Introduction

Currant concaptual planning for s parmsnant
raturn to tha Moon sarly {n 'ha naxt cantury
te focuasd on tha aestsbliahment of & lunar
bass enviafonad {unitially ea a asctantific
outpoat but avantually alao aes & rasourcs
bsas fo. a broad humsr advanca {nto the spacas
fiontfar.l Tha actentific focup ta likaly
to be {a tha arsass of asstronows¢é and plana-
tolo.y’ vith wining and procssing facfli-
tiss aurablishad for production of oxnnn‘.
structural componanta (a.g., |hu5). and
radfat fon elfalding. Thinking about how all
thia wight avolva lasda us to tha conclusion
that, avan though & afngle bsas wight be
establiahad vhara human sctivity wo tha Hoon
fs concantrated. thara will aslac be & naad
for numarous f{xad asub-bsssa auch aa launch
facilitiss, wminss, procasaing plants, and
larga astronomical talaacopa arrays, all of
which will nead to be phyaically asparatad to
avoid mutual {nterfaranca. Por snxampla, the
dust vafaad by axtensiva rockst lsunch or
mining activitiss would posa s asarious aourcas
of pollution to asanaftiva opticsl {natrumenta
and othsr acfantiffc aquipment. Thus, we
snvision the avolution of oumaroa firad
logiatical nodas on tha lunar asurfaca that
vwit{ raquira aocms furw of rapid, non-polluting
transportstion aysteam for frequent human
viaftation and mstariLl suppoft.

Savaral transport concepta raadily come to
uind such as rockata, wvhaa lad aurfaca
vahiclaa, or s ra{l aystam; howevar, few
peopla rasliza thet all of thase concapta
uust faca e common conastraint {f human cargo
fs to be a major ftam on thair seanifeato-~-
asmaly, sh'wlding from tha radfation anviron-
went on tha Moon. The radiation anvi{ronmeut
on the lunar wurface {a harah. Galactic cos-
mic raya (CCRa) produce a ralatively conastant
radiation background in frae spaca of about
50 rea/yr, conafoting wmainly of high enargy
protona but alaso containing highar atomic
nuabsr parti{cles such wa {ron nuclai{ that are
particularly demaging to human tissua. Salf-
ahielding on the lunar aeurface rgducu this
dose by about a factor of two,” but GCRa
raprasant s long-term hazard to psoplas out-
aide the ahlalding provided by tha Tarth'a
atwoaphars and wmagnatic fiald. In addition
to the conatant GCR background, paopls on the
lunar aurfeca will ba pariodically axpoasad to
the radfation attandant to solar proton svanta
(aolar flaraa). (hass fintarwittant radiation
atorma can producs huga smounta of high anargy
protonas for ashort pariods of tima (houra to
days) raprasanting dosss of thovaanda of rama
that would be promptly fatal to q;\ unahialdad
satronaut on tha lunar aeucfaca. Effactiva
wvarning tima of thass avanta f{a satimatad to
be no mora than 30 mi itaaB and, thus, thay
raprasant a sarioua hazard to lunar workara.

On Zarth, radistion axpoaura atandards hava
baan aastablishad thet raquira dossa of no
mors than 3 raa/yr for “radiation workars,”
and navly asastabliahad NASA atandarda for
satronauts proposs a lifatims 1limit of
200 rewm. Thua, {t ia claar that any long
tarm human uaags of tha Moon {involving duty
tours of montha or yssra will raquira axtan-
aiva uvae of rsdiation ashialding and opara-
tional procaduras that minimiss axposuras to
tha radfation snvironmant. How much nhinld(nl
fa requirsd? Eatimatas of 500 g/cmé hava
baen propoud"' rapresanting 1-2 = of
lunar ragolith. Howavar, cuntlnuing analyatias
of the problam asams to ba {n tha dirasction
of lowar dosa limita aud, for the long dura-
tionas sssocisted with a lunar bssa, we “aliava
that lunar regolith ahialding aquiveluita of
10 m or wors are 1likaly to ba astablishad.
Thia lasda us to 1hs concluaion that wmost
lunar bsas fac{litiass that | ra ussd frequantly
by humana asuch as li{ving quartars, labora-
torisa, and logfaticsl nodea will be undar-
ground. Furtharwmora, fixed tranaportation
facilitisa of tha typas discusssd abova that
are (raquently wuasd by paopls wvould alao
logically beat be placed undarground. Thua,
ve ars lad to tha concluaion that subaurfacs
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tranaportation tuannale fasturing Maglev or
othar high-spasd vahicla tachnologiess will
avolva aa an assssntial requirament of parwa-
nent husan axploitation of the lunar saviroun-
ment.

Hovw wmight thess tunnals, which would naad
to be hundreds or avan thoussnda of kilomatars
long, be producad? On Earth, tunnsling basad
on blasting and mechanical tunnal boring
machinss ars well aatablishad tachnologiaa.
Conafdaration of hov to axtand thasa tar-
resatrial tachniques to the lunar asanvironment
quickly aexposas savaral potsotial diffi-
cultiaa., Firat, thare f{a tha question of tha
suargy aourca naaded to produca the tunnslas.
Exploaives, for axampls, ars s very coapact
and afficieant way of atoring (chamicsl)
anargy that can be ralassad {n a controllaed
vay <¢o affact rock brasksgs nsaded for
tunnaling. Howevar, ths anargy naaded to
braak rock is only & fraction of the totsl
snargy raquirsment for tha production of
tunnala. Ganarally, about aqual amounta of
snargy ara axpandad in tha tunnaling procasa
for (1) rock fragmentation, (2) rubbla removal
or “wucking,” end (3) tunnal aupport. We
discuass .hasa threaa asspacta belov {n wmors
datail, but it {a ssay to sss that tha lattar
tvo aspacts, {n particular, will ba problama
becauaa of tha aparlal lunar anviroumant.
Effictant mucking for .annala on Carth uasuslly
involvaa aome asort or tranaport fluid aeuch as
air or watar for tha rock fragmanta; both of
thasa volatils fluids ara absant on tha Moon
and would nsad to be {importad at grast ax-
panaa. Bacauaas of tha axtsnaiva hiatory of
fmpact crataring on tha Moon, tha naar aur-
faca ragion fa axtanaivaly fragmantad to pro-
duca a so-callad ragolith. Tunnalfug through
this wsstarial will raquirs axtanaivs asupport
of ths tunnal walla aend roof to fravant
slunping, svan {n tha reducad gravity fflald
of tha Moon. It ts difficult to asas howv to
ovarcoma thass apacial lunar tunnaling prob-
lama by adapting convantional tarrsstrial
tunneling tachnology.

lnataad, wve proposs s nav tunnsling tech-
nology, aubassquently tarwed SUBSELENE, that
wva baliave {a particulerly wall auited to
producing larga tranaportation tunnalas {n tha
difficult lunar anvironmant. SUBSELENE {s o
concapt basad on rock malting to producs salf-
aupporting tunnsla with atrong ruck-glaasa
lininga and wmuck ramoval without uaing any
volatila, f{mportad fluid. Wa prassat s briaf
discussion of tha basic concapt, point out
avma anginaaring problema thet will naad to
be solvad for {ia reslination, and meka o
rough astimate of devalopmant aend dalivary

Tunnaling Technology

Tunraling tachnolugy tiaa traditfiunally
avolvad with tha wining and tranaportstion
tndustrlea. PFor many years 1ha construction
of tunnela was prisarily a ainfug provesas,

conafating of thrae di{stinct phaaasa:
(1) braaking the rock or aofl from {ta
in situ aetats, (2) removing tha cuttings
(wucking) from tha tunnel vicinfty, and
(3) providing aupport for the tunnel opening
to achisve long-tarm tuunnal atwbflfty. Uattl
the uid-twentieth century, the rock brasksgs
waa asccompliashed uaing axploaivas; the muck-
ing wveas accomplished with tha afd of fluida
(air or watar); and the support liner wvaa
fabricatad from vood, atasal, or concrata.

Ovar tha peat thirty yasara, aignificent
sdvancas hava bean mads {n all thrae phasas
of tunnaling tachnology. Tha rock breaking
has bean wmachanized by tha davalopment of
larga-diamatar tunnal boring machinaa (TBM).
Thesa machinas hava rotsting cutting hasads
that chip tha rock away and bora a full-
diamater circular hols along the dasirad
path. Mucking {e accomplished by acraping
tha cuttinga onto & convayor balt which
carrisa tham to mine cars and thanca out of
the tunnal. Sincea ths tunnal {a borad to
full diametar, thars i{a aufffcfant work apaca
to asract tha raquirad tunnal asupport ayatas,
afither steaal or concrats, behind the TBM. A
big factor contributing <¢o tha {mprovad
tunnaling parforsanca of TBMa ovar pravious
construction wmathods {s that ths T¥a hava
ataady, continuous parformanca. Pravioua to
TBMa, tha thras phessas of cutting, wmucking,
and lining wara not carriad out simultanaoualy
aa thay ara with TBMa. Currantly TBMa are
caprbla of boring 7-u-diemater tunnala at
ratas of 20 m par day in medius hardA rock.

TBM'a and othsr t,sditional aystams are
vary aquipmant dapandant end raquirs a con-
aidarabla labor affort to daploy. An suto-
matad tunnaling eyatew, an obvioualy major
goal on ths Moon, raquiras aalsction of a
syatsm that {a {ndapsndant of tha detsila of
tha rock and soil conditfona and typas and
can includa all threa functfona of tha
tunnaling aystem. An addi{tional {ntaraating
ajpact of tha lunar spplication fa that thare
ia ar opportunity to fabricats the spoila or
debria into wusaful forws and winimiza ths
npad for matariala aupply and structural
fabrication from aeourcea outaids tha tunnal.
One approuch that mssta thawe gosls s & _ays-
tam :oncapt dJdavelopad and asat forth? to
aolva advancad tunnaling and sxcavation prob-
lama on Tarth. Thia tachniqr {nvolvas malt-
ing of tha rock and soil, forwing melt-glasa
liquids, and procssaing tha dabria {nto ussful
forma. A compact, nuclaar reactor powverad
ayatam with axtansiva automstion of control
and oparstion wea tarmad o SUBTERRENE;
appifad on ths Moon, we tarm asuch a aystam &
4UBSELENT, 10

Advantages of Subterrans Technulogy
on tha Hoon

Tha rock meltfug BUBTE! ' 'NE tachuology was
fnventat a1t Losa Alesoa Natfonal Laboratory
for wmakiug verttcal and tiori{zontal holaa by
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heating and melting cocka and soils, The
threa major facata of excavatfon—rock
fracturing, debria removal, and esofl
atabilization--ars accomplished i{n an {nte-
grated oparation. This approach depends on
the fact that rocke hava relativaly lov melt-
ing pointa, about 1200°C, coapared to refrac-
tory metals auch aa molybderum and tunistan.
Furthermors, the rock melt that f{a produced
can be chillad to & glasa and formad into a
densa, atrong, firmly-attachad hole 1ining,
which ts particularly useful when excavating
in fractured or loosely compacted sofls or
rocka. Tha SUBTERRENE technology devaloped
ot Loa Alsmos {n tha aarly 1970'a used rock
maltara powared by clectric haatara, but tha
tharmal powvar requirementa of a large-dismeter
tunneling mschine could beat be aupplied by a
compact apecially-deaigned nuclear ffaaion
raantor.

The Sup1ilRENE technology that wea devalopad
ot Loa Alsmoa demonatrated many charactaris-
tica that could be turned to good advantage
for axcavation work on the Moon. Tha lunar
snvironmantal charactaristica auch aa no
stmoaphara, low gravity fleld, lack of frae
vatar and oxygen, and plentiful quantitfea of
loossly consolideted aotla, are all advan-
tsgaous to operation of the rock melting
ayataa.

Tha three major phases of excavation aras
atill raquirad for lunar excavation uaing tha
rock malting princ'pleas. Tha rock cutting
phasa fa asafly accomplished by applying tha
hot reafractory matal-melting body to the rock
or sofl. Tha malting body turns tha rock or
soil into & liquid. Part of the liquid {s
configured {nto the glasa 1ltning, whila the
ramaindar {a axtrudad backward oul! of tha
hols and furthar procassad i{nto a variaty of
structural building materisis. The refractory
matal-ualting body ahould have a vary long
sarvica life on the Moon becauas no water or
oxidation corroafon wi{ll occur. Tha glaas
lining has mors than asufficfant a'rangth to
provida complataly adequata atructural asupport
for tha tunnalas.

Tha SUBSELENY. rock wma'tar {s vary {nsanaf-
tiva to tha typa of rock, hard or aoft, densa
or poroua, that {t ancountars. All tand to
turn {nto liquid malt at approximataly 1200°'C
snd ara procssssd {nto danss, atrong gluss in
a afmilar mannar. A major advantaga of the
rock melting tachnology for lunsr tunnaling
fa that ths ramovail of spofla dosa nnt raquiras
tha vas of fluids or gasss aa dosa mechanical
tunnaling on assrth:. Tha msltad rock can be
axtrudad or pimped mechantically and no flutda
or gassa ara raquirad to handls the wmalt.
Thia conatftutas ths antirs mucking opsration.
In porous matarials, the rock melting rasults
in & consotidetion procass aleo. In wmany
casas, this consolidation ia a greal advantage
in providing aitrong atructural support to the
hola.

RUBSELENE Deaign Concepta and Options

Figura 1 f{a & aketch of & proposad S5-m-
diametar tharmal lunar tunnalar. On thia
SUBSELENE tunnelar ara 134 {ndividual rock
walting hastara. Each heater raquires 3 Mv
of tharmsl powar, provided by s 1liquid wmetal
hast pips which ta connacted to a nuclaar
fteafon raactor. A  amsllar, J-m-dismetar
tunnaler would raquira approximataly 350 of
tha 3 Mw heatara. Tha totsl tharmal power
raquiremants ara approximstaly 400 Mv for o
3-m-diematar lunar tunnalar and 1350 Mw for a
J-m-di{ematar tunnalar. Thasa tharwal poveras
ara beasd on a very fast advanca rats of 80
w/day. Projaction of pover rasquiremssnta for
SUBSELENE application. at more modast tunnsl-
ing rateas f{a ralativaly straightforward. The
anargy to melt aoil snd rocka 1a not sanaitivas
to larga varistions in aubaurfaca conditfon.
Tharafora, & diract atatamant of tunnal
diamster and productivity (rata of prograas
of tunnal conatruction) givea tha raquirad
tharmal power lavala. Tabla I ahova thass
projactiona for 3 and 5 m tunnala; ths opara-
tional valuas sasantially acele linesarly with
both diamatar and prograsa ratas.

TABLE I
THERMAL POWER REQUIREMENTS

Advanca ratass
w/day 30 50 80

Powar for 5-m-
diamatar tunnasl, 150 250 400
Mwt

Powar for l-m-
diamatar tunnal, 56 94 150
Mwt

Tha tharwal powar for ths tunnaiars would
be auppliad by auitably-sfaed nuclasr ffaaton
resactora, a rsactor being posftionad {mmedi=~
staly bdehind the wmelting head of asch tun-
nalar. BRach resactor could be s basic graphita
corad deafgn, fualad by UO2 diapsrasd pat-
lata: The raactor cors fual alement matrix
would {includa apaceas for {inaartion of the
raquired number of heat pipass Surrounding
the cors will be a bderyllium raflactor that
will fncluda raactivity control alsmants.
Tha rasctor thermasl power will be tranamfttad
to the rock malting bodisa by 1iquid eetel
haat pipas. Rithar lithium or aodium-potaaium
type of haat pipas should be satfafactory.

The control functiona of tha nuclaar rasctor
and the thruating/gripping functiona of the
tunnalsr, asa Weil as sll othar auxilliary
functiona w{ll be accomplished by alactrical/
sechanical ayatama powerad by convarsion of
vasta hast from ths wmain resactor to alsc-
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Pigura i. Trimetric Viev of Prspased Tr rmal
Lunar Tunneler.

tricity.- Az altaTnate apprzacr tz tria aual
noda cierecian would Dbe tu pro-ide anstrer
nuclear rvaactor locatsd o.talde tre Ctuncei
5d alactrical po-sr distributios «la asucer-
conducting transissfan lia Ho-ever, Lha
istter ta likaly tc be ac uanaca ry zzapli-
cation ainca, ra we Ilpdicata belc-. trere 1le
40 mucrt wvaste haat ssa:tiatad witr a SUBSELENE
trat alaztriz power {s likel; t= te a~ Jmpar-
teat by-product of Its tian.

Trs tnarmal baleccea of trna SUBSELENE
intaraating probisas 1in naat tranamtesios an:
rajactica. Since tha lusnar e3li 1s & vary
pcor trarmal conductor. moat of tra trarmai
enargy In tra roctk asit muet s-ectuajlsy Ge
carriad back out of tra tunnei a-d
ty rediatisn. Tnrs e _quentiat tr
tha trarmal energr wiil be accompite-ed bty a
liquid wmatal convacti~a {owp, MNe-X balng &
candidata. Figura 2 anucva & biock dlagram =af
tnia ayatam, tha function thrat zhe araten
sccamplianss. and tra taeparstures Chrougrout
tns loap. Tha prysical askaui of t(he ST
wifl iacluda raalabla rigr-tamiarsture meiai-
lic pipa. Tra resiavis featura {s ns
a0 that tha tharmal dJdiatribution ayatea can
k88p ui with tha sdavanciag tusnalar. Regula-
tion of tha optimum taspa~atura et eacr func-
tional ©block {a accospliered © meLering
Ooypasa Ng-K flow at sac* block. arall n
rejection e pelf-reg.loted becauls the n
rajactad by tna radiation fs provorticral ts
tha fourtr pzwar of tra tem;erat-:re. Tre
-aate Feal rajactizs avatam P Ely Cle
timiting aeeiezt caatielling e alte an.
advan-8 rata 3f a SUBSELENE, al--e w= eatimat=
LhRgt et &) My abzut .na fuillows kilog A ~f
Ng-K par a8ioad would read ta Br Fmjed
tre radiacore

~3

Operation of tke SUBSFLENE 1a carrier gut
complataiy remotaly and autzme:) elly. HMger
ayatama ars ealf-regulating. .u-' as ras-cer
power by tharmal povar demand, ais reta
by coratant tnruating forca. dfatributian of
trgrual anargy by tha haat pr.oea aud Na-K
convactiva lucp, ate.

Tee rock melt output deserves further con-
afdaration. The rock wmelt, whea properly
proceased by careful cooling ard temparing,
iean comprise the atrong, denae atructural
lining araund tha tunnel opening. Tha astruc-
tursl refaforcement will be anhancai by the
very {luld melt flowing into and filling up
aay crevices ln the lunar sofl. The atrength
ot tila  high-quality glesa exceada the
arrangth of concrata, sore than sdaquata for
aupporting tunnala in ths vraducad gravita-
tionsf fiald of the Mooa. Norwally, an axcas
of rock melt over linar needa vill be avail-
able., Trnia axcess cen be coclad undar con-
trollad conditiona and formed Intoc wuaseful
atructural ahapas auch as bricke and
z=711ndrical tubeas.-

Caat eatimating of larga, Figr-tacrnology
aevalspment projazta or conatructicnr of civil
atruCturea 1in naw, hoatila asvironmanta {a a
difficult undartaxaing. Hera, we ara facad
w«ith botr aaparts at oxca In attsapting to
estimats tha coat of » SUBSELENE tam. AL
oceat, we can only poianr our aeome aspecta of
tre problem to atimulata diacussiur. Firet,
-¢ can onrly begin our satimata witkin the
zsataxt 2f & lunar tass davalopment plan, tre
2utlices ~f whi:n are jJjusl sz- beglineing teo
re satebitsted.l:!!  wg will nasd te keo-
tre n.mbar and asaparation of ba-a trana>srta-
tion naodea and the quallity of e»ny aupporting
1=frastructurs. Lacking auch datatl, ve guaas
trat somavhara betvaan ona and fiva SUBSELENE
tunneling davices vill be naede? witr asverat
trousarda of kilcastar life capani itias.

Naxt, we eatimata that sach SUBASELENE davice
wiil masa 123,650 xg. =3uelly dividad bat=san
tre tunnaglar and t'- -asta Paat rajecticr
avares. ang wiii have & unit davalopmant cost
=l $8GM. Tris {a baaze' on assvarience witn
enmali diamatar rock-malt irf{lla and etudy of
& con~aptual SUBTERRENE cuenaling nynn.”
It {a kard to be certain about the davalopmant
zset, but we guasa that o.r sstimats fs wilh-
ir & factor of five on the hiln atda- Sucr @
grosa aatimets {ia protably gond anaugh at
trta Polnit beceuse wa J.dge that trs totad
zae. 9f uning & SUBSELENE ayatam 1a likaly to
he dowtrstad by tre dalivary coat of tre
Lardvara to fha lunar surfaca ratrar than the

veibvus e bb e,

Figare 2. Ng-F Heat Rejectinn Laog-
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capital coat of tha devica f{taalf. Thia has
been tha casa {u moat rucent analysss of
large-acale orbical atructuragl and
facilit{as asuch as lunar baseall or Mare
basas,14 and fa the rasson why thara fs so
much {oterest {n uaing aextratarrastrisl
rasources for rockat propellant (a.g., lunar
oxygen axtracted from tha ragolith aflicatas
or oxygeo and fuel from tha Martfan astmo-
aphare). Much of tha coat in woving wmave out
of the naar Zarth ragion {s tha coat of 1lift-
tng tha propellant to low Earth orbit. 1If o
aubatantial fraction of thia propallent can
ba obtatned outaide tha Earth'a dasp gravity
vell, than asubstantial tranaport cost savings
aeam posaibla. Tha eame rassoning can be
usad to argus that lunar matsrials ahould be
used to conatruct a por-ion of tha tunnaling
devicee rather than lift the masa from Earth.
Trade studiea ara nesded to find the brask-
avan point whare the cost of local production
fa lesa than tha coat of tranaport from EBarth.
It ia not claar st presssnt vhars that point
aight be for a SUBSELE.™ ayatem.

In eny ceex, w asatimata that tha bounda
for transporting a aiogls SUBSELENE ayatas
from Earth to tha lunar surfaca sra $155M to
$2,3234 The uppar bound fa basad on axpari-
ence with the Space Shuttla ($3000/1b13)
and the lower bound on ¢ gosl racantly
expuunded by the National Coamisston on Spaca
($200/1b11),  Thua, our gusas for tha totsl
coat of buflding and placing s SUBSELENE tun-
neling ayatam on the Moon fa $203M to $2,373M.
Clearly, much needa to be dona to rafins thasa
eatimates; howaver, this magnituda of aquip-
ment cnats f{a f1lt to be conafatant with the
{nfreatructure {nvastment associatad with an
extensive lunar subsurface tranaportution
syqtem.
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