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Ulgh-spead luaar ●urfaca t raasportacion

b9tv99a mcnncd Scicrrtlclco e-rclal, or
losictieal Cactllttas will rcqulra subcurfaca

tunaal~ bCalls@ humans must h ●hloldcd fzom
Galactic Cosmic Say sad SOISr PrOtOO Event
lrradiaciorr-. Wa prascnc ● conrxpt callad

SUSSCLCNS in which ~ac from ● nuclaar ra4c-

tor im uoad to UIL reek and fotm ● s@lf -
oupportirrg. gla-s-lined tunn~l ●uitabla for
Maclav or .xhcr Irish-spaad transport modas.
UC ●rgua that SUSSCLCNE is ● n optimal ●pproach

to terming transportation tunnaln on tha Moon
bacaum : [1) it US06 ● hish-anarsy-dcns lty,

hish-afficlancy, nucl~ar pow~r ●upply; (2) it
dms not raquira vatar or othar rar~ volatilac

for opan ●ystcm muck handling or coolina;
(3) it cm pmatrato throush ● ■echanically
variad mquanca of rock typco without compli-
cated eontlsur~tional charrgaa; (4) tt forma
Itc ovn eupport ~tructura ●m it soaa; ●nd
(5) lC 10 highly ●marubla to unnmrnad, ● ito-

=atcd operation. UC outllna tho RLD ncadad

to davalop ● SUISCLMS davica ●ad giVa ● cost

● -cl-t. bcoad on sxpariancc with Omall-ocala,
fl-ld-tastad, rock-mcltlns panctrators.

Introduction

Currcut cOnc*ptual planmlrr~ for a permnarrt

return to tha Moon ●arly 10 “ha naxc cantury
If focuocd on tha cotabllolmant of ● lunar
baoa cnviolonad initially ●o ● mclantiflc
outpoet. but ●vontually al-o ● m ● raaourca
bam fo; s broad h~ae ●dvanea into ttm apaco
f. Ontlar. l ~ha ,C,#~tific ‘Wu; ;:d :~~:?

to b in tha ● roao of actronosJ

tolosy] rrtth •lnl~ ●nd prot.aai~ faclll -

tiao ●br. sbllohd for production of oxySan4,

otructur~l <c9prmants (Q. C., slsss~), ●nd

rtdlation c!ilaldlns. Thinkl~ ●bout hov all

this ●laht svolvc laado us to thaconciumion
that, ● van though ● elnala baso ●lsht ba
●stsbiishad whara human ietlvlty !IO tha Moon

16 concontratod thcra will ●lcc bo ● nad
for nmaroub f lxod ●ub-baaaa #uch ● a launch

f6cllltia6, ●lnat, procaoolng plants, ●nd

Iaraa aatronaieal tolaocopd arraym, ●ll of

which will noad to M physically aaparat~d to

●void ●utul lnt~rforanct, ?or ●aampl*, tha
dust ral s~d by ● larm lv. rockat Lsunch or
•lnl~ ●etlvltl~s would POOC 6 ●orlouc ●ourco

0( pollutloa to ●antltlv* opttcal instr~ntt
●nd othar sclarrtlflc cqulpwnt. z ‘fhuo , ~

Qnvlalol! tha ●volutlorr of Vv-orolo f laad

IoSlfitlcal nodao on tha lunar ●urfacc that
will rtqulra ●- fvrm of rapid, non-poliutlne

Lran8p0rt&L10n ●yatam for traqu4nt human
visitation ●nd utoribl oupport,

Saveral tranapart conceptm raadily c- to

mind such ● s rc.ckats, whca lcd Surf*e*

vahiclaa, or s rail sygtcm; howver, few

peopla rsallcs that ●ll of chaaa eonevpts
mumt faca a crnon cnnstralnt if human cargo

is to k ● major item on thair ●anif@atw--
ncmaly, sh”-lding from cha radiation +nv Irorr-

mcnt on th- Moon. The rsdlatlon ●nviromaut
on tha lunar wirfaca is harch. Galactic cos -

mle ray- (CCRC! produca a relstivrly constant
radiation background in frea opacc of about

50 rem/yr, consisting ●airily of hish enargy
protons but ●lso containing hightr ●tomic

numkr part lelam such ● s Iron nuclai that ara
particularly damauin,g to human tiacua. s*lf -

shieldlng on the lunar surface r ducea this
dooe by about ● factor of two, t but CCRS

raprasant ● long-term ha;ard to people out-
side the ahlaldlns provid~d by tha Earth’ s

●tmo*phera and ma~netic fiald. !n ●ddition

to the constant CCR background, paopla on the

lunar mrfaco will ba periodically ●xpoo~d to
tharadiation ●ttandant to ●olar proton ●vcnta

(oolar flarac). Chtm lntoraittent radiation
●toms can produco huts amount- of hish ●ncrgy

protono for short ptriodo of tlma (hour@ to
dayo) reprasanting dooam of Cho!, sandi of r@ms
that vould h promptly fatal to ry u;ohialdad
●otronaut on the lunar our faca, ffativa

wsrnln.g tlma of tham .v@nt# is cotlmatad to
b no ● ora than 30 81 ltane ●nd, thuo, thay

represent ● #erlou# hacard to lunar workars.

On k!arth, radiation ●xpoaura ●tandardc hava

baan ●stabllshad that rcqut ra doaas of no

mora than 3 r~s/yr for “radiation vorkarm, -
●nd narly oatablloh-d NASA otandardo for

;@&::~9 ~::pos. ● Itf.tim. ,,”lt of
it 1s clear that ●ny long

tam human utas~ of th@ Moon Involvlns duty

tours of months or y~ara will roquirc Qxtarr-
●lv~ usa of radiation ohlaldlng and opera-

tional procoduras that ●lnlmls@ ●npoour@o to

th. radiation cnvlroomant. Itow ●uch ah ●ldln#
to rcquirod? tlmtimaroo of MM @/cm 4 havo

ban propomed6e7 r*pren9ntin8 1-2 ● of

lunar rasollth. Nowavar, etintlnutns ●nalysis

of the problca soa~c to ba In tha dlractton

of lowtr doma Ilmtts mt)d, for th~ 10M dura -
tiono ●~aociatcd with ● lunar baoe, w %llcva

that lunar ra~olith ohlaidlng ●qulvtl” tto of

10 ● or ●oro ● re llkoly tn b ●ctsbllohad.

Thio Ioado us to tha concluolon that ●oot
lunar baa. faellltt~c that I ro uood frcqu.ntly

by humann such ● m Ilvtng quartara, la bora -
torloo, and loglat ical nodao will ba und. r-

Sround. Turth. more, flnad t ranmportatlon

faCilitta@ at tho lypa dlocuamd •bOV~ that

•r~ frcquantly uaad by pa.aplc would ml-o

loglcally hst k placad undorsround. Thug ,

V@ ar* led to th~ cone luulon that aubaurfaeo
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traroportatioa tuarral~ featuring Maglev or
othar hi:h-opacd vehtc le Cachnologie- will
●VOIVC S* ●n ●a-entlal requiraxent of parxa-
nant huean ●xploitation of the luner ●nvlrori-
Xxnt.

Mow might Cfuse tumols, which would nead

to kc hutcdmdc or ● ven Chotwandc of kilomtars
long, k produed? Oo Carth, tuonallmg bx-ad

arc blaatins xnd mchxnical tunnal bori~
xachlcws are WXII ●ctabl!oh*d tachnologlas.

Consideration of how to ●xcerrd thace tar-
ra~trlal tocfurlquxd to Clra lunar ●nvlronurrt
quickly ●xpo@ao ●avaral pOt*Otlal diffi-

cultiac. ~irct, there is the queaclon of tha
•nar~y ●ourca naaded to produca thx tunrrela.

CxplOSlvea, for cxsmpla, ●re ● vary crnpact

● nd ●fficlant wxy of storirw (cha=lcal)

●nergy that can bx rclacaed in a corrtrollad
Wy co ●ffect rock breaksga needed for

tunneling. Uovave r, tha ●qcrgy neadad to
braak rock 1S only Q fraction of the total

●nargy requl r*x9rrt for tha production of
tunne18. Ganorally, about ●qual xxounto of

●nargy are ●xpendad in tha tunneling proceam
for (1) rock f ragx@ntation, (2) rubble ramoval

or “muckins, - ●nd (3) tlmncl support. IJa
dlacuoa .hcm throa ●opccts below in ● om

d-tall, brctIt 1s ●aoy to CC- tkuttha latter
two ●opactc, In particular, will bx problem

bxcauaa of tha •pe.~al lurur anvironmnt.
Cfflcl@nc ■ckins fol ~nrralm on Carch unually

lnvolvam mm sort OK transport fluid ouch ●a
●lr or watar for the rock fragmaccc; kth of

thasc volatila fluldo ar~ cbacnt on th~ Moon
●nd would o*ad to be Iaportad ●t #r@at Gx -

panda. Bacauma of the ●xtcnoiva history of
impact cratorin~ on tha Hoon, the near ●ur-
face r*gion 1- cxtcncivaly fra8ment*d to pro-

duct s ao-callad ragollth. Tunneling through
thin xctarlsl will raqutre @xtarrolva support

of the tunn91 W1l C ●nd roof to rravorrt
●lupln~, ● vcn In the raducod gravity field

of tha )fooo. It ID difficult to ●CQ how to
ovcrcma thasa sptcial lunar tunnali~ pro b-

lama by ●daptlns c0nvant10n4 1 terreutrtal

tunnmlln# technology.

Inatcad, W PrOPO#a a rmu tunneling tech-
nology, au baequxntly t~mod WBSllLlf~, that
we btllava 10 particularly well cull~d to

producl~ lar[c transportation tunnalm In the
dlfflcult luft~t ●nvlronment. SUBSELCNS 1- ●

concept bcscd on rock ■alting to produca aelf -
aupportlrta tunrmlo with atrons rock-~ laaa

Ilnluc and ●uck removal without u@lns ●ny
vulatllt, lmportad fluld, UC praacnt s brl~f

diocuotlon of th~ baolc concept, pcrlnt out
ooxa ●~ln@arirrC ptoblamm that will nood to

bc oolvad for it, raalllat ton, ●nd ■ake ●

roush cot Imat@ of d-vtlopmant ●nd d*llvory
Cont#.

Tunrr.1 ln~ Tcchrrololy

Tunr,ollns technolo~y ha, trtdl(lotwlly

●volwd rt:th tha ,lnln# and tranoportatiot!

Induotrlco. ?or ■any yearm tha etcnmtrurt ton

of tIImIe19 wo prlmerlly a ●lnius prncsoo,

conmiati~ of three dictinct phxaeaz
(1) breaklag tha rock or coil from its

in ●icu ●tace, (2) ramvictg tha cuttings
(muekinS) frox tha tunciol vicialcy, ●nd

(3) providl~ ●.pport for the tunnel openlns
to ●chlew long-terx tuncml ctability. until
the xSd-tvarctieth cantury, thx rock braska~e

vxa accmpl!shxd ualng cxploclwes; the●rck-
ing wac ●ccompliahacl with the aid of fluid-

(air or watar); ●nd ttw ●upPort llmxr was
f- brieatcd frax wood, ●tael, or concrecc.

Owr the past thirt~ yearo, #f Snificarct

●dvances hxve Man mxda in ●ll threa phaoec

of trcnnali~ tachnoloSy. Tho rock breakinf
has ban mechanisad by the davelo~nt of

Iarga-diamatcr tunnel boring mxchlnaa (TSM).
Th*ma ●achinas hxva rotati~ cutting haado

that chip the rock ●way ●nd bora ● full-
diamatar circular hola ●lorcc the dosirad

path. Mucking 1- ●ccoxpliabsd by ●craping
tha cuttingm onto ● convayor Mlt which

carrlec them to mine ears ●nd thenea out of
the tunnel. Slncc th* tunnal is kgred to
full diameter, tharc I@ sufficient cmrk Space
to ●rect, Lha rtquirsd tuncc~l support ●y~tes,
●ither stael or concreta, behind the TBM. A
bls factor contributing co the improvod

tumrallng per forxanca of TStfn over pravioua
corwtruction ●athodo 10 ttut th+ TU4a hew

ottady, continuous pcrftirxanca. ?revIou* to
TSM8 , th~ threa phaaas of cuttln~, ●uckirrs,

●nd lirrirrs ware not carried out aimultanaously
● s they ● rc with YSffS. Currently TSNm ● re

capcblc of borlns 7-m-d lamater tunnals ct
ratam of 20 ● par day in ■edirm h.t~ rock.

TSM’O ●nd other t.aditl onal mymtamn ● re
wry ●quipmant dcpondant ●nd requira ● con-

●ldorable labor ●ffort to deploy. An ●uto-
❑atad tunrrollns oyotax, ● n obvicwly ●ajor

~oal on tha Moon, roqulraa aalactlon of a
●ymtam that 10 Indapondont of the dotaila nf

the rock and soil condition- and typaa ●nd
can Itrcludc all three funct !onm of t h?

tunrr*ling ●yotem. An @ddltlonnl lntoraoting
●~pect of the lunar ●pplication 1S that thara

1- ●f opportunity to fabricato tha OPO1lB or
dabrls Into uceful forma ●nd ●ln:miia the

naed for ●atarlaln supply ●nd structural
fabrication frox mourcos outalde the tunnal.
the 9ppr0uCh that ●aatm ttremc uoalm is ● CYB-
tam :oncept dcvalopod ●nd oat forthq to

colva ●dv-ncad tunnalins ●nd excavation pro b-
lemm nn rarth. Thio tochnlqt, involwem ●lt-
Ing of tha rock and 0011, forxlns Mlt-slamd
Ilquida, ●nd procaoalng the dobrls into useful

forxm. A compact, nuclear ruactor pow red
●ymtem with ●xtanslva autaat ton of control

●nd operat Ion Ua # tsrmad ● SUSTCRRKNE ;

applied on tha Moon,
JUS!W.KNX.1O

W torx much ● @y@to* ●
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heating ●nd malting cocks and coils. The
chrea ❑ a jor facatm of ●xcavation—rock

fracturin~, debris removal, ●nd soil
stabilization --arc ●ccomplished in ● n inte-
grated operation. Thi - approach depends on
the fact chat rocke have ralacivaly low mait-
ing poirrtc, ●bout 1200”C, compmred co refrac-
tory ●etals such ● s ❑oly Me IIum ●nd tun,tocan.

Furthermore, the rock melt that is produced
can bc chilled to ● glass and formtd into ●

danme, strong, firmly -actachad hola lining,
which ie particularly ueeful when excavating
in fractured or looeely compacted ●oile or
rocks. Th@ SUBTElt2fENl! technology developec!

at Los AlaICOS in tha ●erly 1970’m used rock
❑clterm powared by .iectric heatere, but tha

tharml power requirement of a larBe-diameter
tunneling machine could best be eupplied by a

compact special ly-deslgncd Irucl*ar fission
reactor.

The $uLci LLftSNS technology that was davcloped

●t LOO Alamoe demonstrated many charsct. rtn-
tica that could bc turned to good ●dvantage

for ●xcavation work on the Moon. Tha lunar
●nvironmental characttrictlco much ae no

●twomphara, low gravity field, lack of free
watar .nd oxygmn, .“d plentlf”l quant itie. of

Ioonmly conmolid. ted ●oiln, are all .dva”-
t*g90um to oparat ion of the rock meltina
nymtam.

Tha three major phamea of ●xcavation ● ra

otill raquirad for lunar ●xcavation usin~ tha
rock reciting prlrrc~pieo. Tha rock cutting

phasa is ctsily ●ccompiichmd by ●pplying the
hot refractory ❑atal-maltint body to tha rock

or soil. Tha melting body turno the rock or

soil into ● liquid, Part of the liquid 10
configured lrrto the glaos lining, while the

remaindar is ●~truded bcckward out of the
hoia ●nd further procacead into a varttty of

structural buildlng materials, The refractory
matal-m.ltlng body should hav~ # v~ry long

mgrvlc~ llfa on tha Moon becaume no wat. r or

oxidation corron ton will occur, Tha Blame
linint hao ●ort than oufftcient e~rcngth to

provldc complataly adaquatt structural mupport
for the tunnalo. }

The SUB9CLCNS rock ■altar ia very Inaerral -
tlva to the type of rock, hard or ●oft, danae
or porous, that it ●ncountare, All tend to
turn into liquid ●ait at approximately 1200°C

and ●re proceecod Into danoo, otrorrg SIMCO In
a ●lmllar ● anner. A major advantsne of the

rock nllin~ t@chnoloRy for lurwr tunneling
Is that the rcmovai of OPO1lC doac not raqulra

the uoe of flulde or gaeao so doec mechanical
tunneilnt on earth. The ■elted rock can be

orrtrudad or ptmpad mcrhanlcall~ and no flulde
or casao ● re r~quirad to handls th~ malt.
Thla conotltuteo tha ●ntire ●ucking operation.

In poroub meter lala, the rock melting rasulta
in ● cononildatinn protean alao. In ●mny

caaem, thlo conaolldatiorr Is a ~reat advantama
in provldlnR ot rona ●truetural oupport to tho

hole.

!WBSCLENS Oc#ign Concepts and Options

?igura 1 1S ● tkctch of ● propomad 5-r

di-star Chcrmal luncr tunneler. On thic
SUflSftLENE tunneler are 134 individual rock
melting heater~, Cath heater requiren 3 UW

of tharmal power, providad by t liquid mctnl
heat pipe which 1s conwct. d to ● nuclesr

?iesion r9act0r. A ●mailer, 3-m-d imctmr
tunrmler would raquira approximately SO of

the 3 MU heaterc. The total tharul power
raquire9ents ● re approximately 400 MU for ●

S-a-diameter lunxr tunnaltr and 150 Mu for ●

3-m-d iam@tar tunneler. These thermal powers

● re bemed on ● wry fest ●dvance rate of 80
●tday. Projection of porrcr rcquiremento for

SUBSELENE ●ppiicationw ●t more morfact tunnel-

ing rates is ralativcly Straightforward. Tha
●nersy to melt #oil and rocke it not ten~itiva
to larte varietiorrs in #ub@urfaca condition.
Therefore, ● direct etatcment of tunnel
diameter ●nd productivity (rate of pro[rass

of tunnel construction) ~ives tha raquirad
thermal powr lavels. Tablo I shows thase

projections for 3 ●nd 5 ● tunrrala; th* opera-
tional VSIUCS ●coentially scale linaarly with
both diameter ●nd progrcno rata.

TAsLE I

TNSRNAL YWSR SSQUIRSKSNTS

Powr for 5-9-
diameter tunnel , i $0 250 400

Hut

Power for 3-9-
diameter tunnci, 56 94 1$0
nut

The tharxal power for tne tunnelere would

iN ●uppliad by ●uitably-elsed nuclear flsoion

roectoro, ● reactor boint poeltloned imedl -
●tely behind the melting haad of ●tch tun-
neler. Each reactor could M ● hetc Sraphita

corad decicn, fueled by UOZ dispereed pe\-
l*ta. The ructor core fuel ●lement ●atrix
would include opacca for Inoertlon of th~
required n-her of heat pip@e. Surroundl rrs

tha core will kc ● hryl Ilum reflector that
will include reactivity control ●laments.

The reactor therml power will be transmitted
to the rock ●~lttns bodleo by liquid eatal
haat pipee. Blthcr llthttm or sodl--potaelia

ty~ of heat pipee ●hould be satisfactory.

The control functlone of the nuclear reactor

and tla thrust lnK/grfpplnt functtont of the

tunneler, te weAl as 611 other aurrilllary
functlone w1ll ba ●ccapllmhed by clactrical/

wchantcal ●yetome powered by convarmion of
wcete haat from tha ●ain reactrr~ to oloc -
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The rock melt O.CD”C aenervem f.jrther com-
81a9ra Llac. The rock ■elt, wran propmrly
proceamed My careful coollng ●nd tempmrlng.
can ccmprlse c he ●cr0n6, denme ●cruccural

ilnlng ●rmirid the turtnel openltqI. TiM ●crUc-
t-r~l -=inforccmnt will 5a ●nhancai by the

+ery fl=uid ulc flowir.g into ●nd filling up

●nY Cr* vlcac In the l~nar moll. Tii stramgch

01 ?:.1s Iliglr-qaallKy #lam8 rxcmmdm che
acrmngcn of concrmcm, ● ore than adeqaace far

8cpp0rting cunnmlm in the rm=J”ced &ravlca-
Llonal fiald of ctrn lfooa. Normally. an ● xce J8

of rock MIC over 11”.r n-eds wll I k ●vail-
mblel . Tmie ●xca8* can M cOGlaa under cOn-
crollcd condlcions anel form-d lIICG usefwl
strticcural ,ii. p*m ●uch ● m brlciu a md

:jll*drlcai tu”bam.
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J. W. NcudecLer, Jr.

SUBSt2LENE: A NUCLUR POWRSD !iSLT TUNNELINLCONCEPT

s

caPiCal CO#t of the device it#alf. ?hlc hxs

bean cha caae in moat rwcent ●cul ●*o of
t.. rge-mcale orbital ,CNCtUr901 { ●nd
facllitias ●cch ● s lunar bXCQ@ll or Nxra
ba..,,l~ ●nd is tha reason why thora is so

●UCh incar*ot in U,ing ●xtrsterraatrial
r*aourcea for rocket propcllaot (Q. s., lunxr
oxygaa ●xcracted frnx the ragolith cilicatoc
or OXYE*O and fWl ftM the tirtiac! ●tW-
mphara) , Much of the cost in DOVi~ uuo out

of the mar Earth rcgiom is the co~t of lift-
ing the propellant to low Earth orbit. If ●

substantial frscciorx of this propellant can
bc obtained outside tha Earth’s daap #ravity
well, then ●bctantlal cranaport coat xcvingo

ccaa possible. The Mmc r*ta00ict6 au bc
usad to argux that lunxr cxtarial* should h
used co conntruct ● par-ion of the tunnaling
devfce~ rathar ciwn lift thx MS- fra kf~rth.

Trada ctud Ies •r~ negdad to find tbx br@ak-

●ven point whore cha coat of local production
is l*am than tha comt of trenaport frm Barth.

It la not claar ●t pr*8ant Vhara that point
❑lghl bx for ● SUBSELS, “ ●ystam.

[n ●lly cam-, w ●atlmata that the bounds
for cranapurting a single SUBStLl!NS #y#tam

from Earth to tho lufrxr surfaco arc $lSSI! to
$2, 123tl The uppar bound is based on ●xp@ri-
ence with the Space Shuttla ($3000 /lb15)
●nd Lhe lower bound on ? #oal recent Iy
eupuunded by the National Commission on Space
($200 flb11). Thus, our ~ueaa for th@ totai
coot of build ins ●nd placiw a SUBSELMS tUn-
nellng .yxtem on the Moon is j205H to $2,373k4.
Clearly, ●uch needt CO h done to raflna thaae
entimxte8; how~ver, thlx mxgnlcude of nquip-
❑ent COSLS io f( lt to bc conxictenc with the

lnfraxtructura invastexnt ●xsoclated with ● n
exLenxive Iunxr mubaurfaca tranaportntiotr
sYOtem.
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