
PROPOS .L FOR A REMOTELY MANNED SPACE STATION

Marvin Minsky, MIT

The United Statesis in troublein space. The costs of the proposed Space Station F_
have grown beyond reach, andthe presentdesign is obsolete. The troublehas come from
imagining that we have only two alternatives:mannedvs. unmanned. Both choices have
led us into designs that do not appearto be practical. On one side, we simply do not yet
possess the robotic technology needed to operate--orassemble--a sophisticated unmanned
space station. On the other side, the manned designs that are now underway seem far too
costly and dangerous, with all of its thousands of EVA hours. We'd accomplish more at
far less cost--by proceeding in a differentway. Hem is whatwe ought to do to achieve this
thirdalternative

Design a space station made of modular, Erector set-likeparts.
Develop mechanical telerobots to be remotely-controlledfrom Earth.
Train earth.based workers to build the station in space using simulators.
Launch a small preassembled spacecraft with a few of the telerobots.
Ferry the telerobots into orbit, along with stocks of additioilalparts.
Instruct the trained terrestrial workers to remotely assemble a larger station.
Launch materials for additional power, and life-support systems.
Finally, send human scientists and explorers.

The initial cargo would begin with a conventional pre-assembled system for propulsion,
power, and communication. The novel aspect is to equip the station with ti_u_,,eor more
remote-controlled mobile mechanical handsthatcan move themselves fromplace _oplace.
These manipulators--call them "telerobots"--are controlled by humanoperators who use
"power gloves" and "control suits" to translate their movements into the corresponding
telerobotic acts. Each te1:-'obot,in turn,provides a sense of "telepresence" to its operator
by returningvisual, au_ Jry and tactile sensations, usinghead-mounted visual and manual
force-display zechnolo 3. Simple such systems alreadyexist, and better versions could be
developed in a very few years. In less than a decade, the project would be years aheadof
what's being planned now. If we use a suitably modular design strategy, we should be
able to use these telerobots to maintainand repairone another--as well as other components
of the space station. Our prolx_sed"tree-robot"design has but a few types of components,
each made on scales that differ in size only by factors of two.

A Binary-TreeTelerobot

The initial cost of such a space station could be very modest, because it lets us postpone
costs of safety and life-support systems until manned operation becomes desirable. The
first human operators will work on Ear&; later they U be on the station itself--and then,
before long, they can work on the Moon.
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THE MICRO-MODULAR SPACE STATION

The use of remotely manned telembots ,,viUlet us re-think all our old concepts of space
technology. Now we can aim toward making even the smallest structuralcomponents so
modularthat, in effect, the entire stationcan be buih with elements like the kinds used in
construction toys like ErectorTM, MeccanoTM, FischerTechnicTM, I..[GOTM, or TinkerToyTM. :
Every surfaceof each component should be studdedat regular intervals with standardized
"attachment-points"each labelled with _ unique, macl_ne-readable identification mark.
This policy has manylargeadvantages:

_D_hJ JOe,odee

?

A typicalstructuralcomponent

--It enables a computer to keep track of all spaceborne materials.
--It permits re.use of the same parts for different purposes.
--It simplifies simulati¢,n, assembly, and desisn.
--It reduces the total inventory mass of material and spares.
--It simplifies training for assembly operalion_.
.-It simplifies subsequent development of autonomous robotic operations.
--Itfacilitates both telerobotic and manned mobility.
--And it simplifies convern'ng lunar or asteroidal materials into useful components.

The use of micro-modularity will make it easier to design and debug both the structures
themselves and the skills involved in assembling them. The availability of attachment-
points will make it easy for the telerobots to move fromplace to place.

Telembot traversinga beam.
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STAGES OF DEVELOPMENT

The initial configuration should begin with a conventional spacecraft equipped with power,
propulsion, and communication facilities--and bearing a stockpile of modular parts. Then a
much larger station can be remotely assembled in space.

TELEROBOTS_

,
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PROPULSION POWER COM

Stockpile of Modules Conventional Initial Spacecraft

I I. PREPARATION FOR INITIAL LAUNCH:
I - Develop the modular components and connectors for space _tructures.

- Develop the modular components and connectors for the tele_,_bots.
. Develop the telepresence communication systems for the sensors and actuators.

_ - Use two Telerobots to assemble a third, under neutral buoyancy conditions.
i . Start training workers on Earth in operational and maintenance skills.

- Establish minimal-delay satellite communication network.

II. INITIAL LOW EARTH ORBIT CONFIGURATION.
The initial unmanned station in LEO is equipped with conventional packages for power,
orbital maneuver propulsion, and satellite communications. Its principal payload should
consist of three or four telerobots and a stock pile of parts. All further construction will
be done by telerobots controlled by workers on the ground, who will reconfigure and
extend structures as necessary. Because it is both desirable and feasible to move slowly
at first, the initial power requirements will be small; the telerobots should need le;s than
1KW of power.

Ill. DEVELOPING LEO SPACE ASSEMBLY OPERATIONS.
- Assemble and test larger structures.
- Operate instruments for scientific research.
- Practice Telerobot disassembly and repair.
- Launch materials for life-support systems and living quarters.
- Launch materials for commercial prototypes.
- F._periment with tethered and free-flight transfer operations.

IV. BEGIN LARGER SCALE OPERATIONS.
- First manned residence and industrial operations.
- Astronauts practice local, delay.free control of telerobots.
. Introduce semi-automatic assembly operations, using planning programs.
- Assemble and test larger life.support and residence systems.

V. BEGIN LUNAR OPERATIONS.
- Proceed with similar procedures to assemble a lunar base.
- Experiment with refining lunar materials.
- Begin preparing interplanetary or asteroidal exploration vessel.
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THE CONCEPT OF MICRO.MODULARITY

In contemporaryNASA jargon,the term "module" is applied to any self-conmin_ system,
even one so large as an enure space shuttle payload. Here we shall use the term "micro-
module" for the idea that every su'ucmreshould be composed of standardizedpans --like
those of children's :onsu'uction sets --wherever this is feasible. Even simple containers
should be assembled from smallerplates and beams, except for imperative reasons. This
policy may sometimes cause small increases in spaceborne mass, but will usually yield
largeeconomies whenthesame partsarelaterreconfiguredfor otherapplications.

ATTACHMENT-POINTS, Every micro-module should be covered with Attachment-
Points, markedwith unique andprecisely located machine-readableoptical identification
patterns. We must also provide suitably standardizedconnectors for assembling larger
structures. Each connector device must be easy to apply, test, remove, an_ f'u'miy1_ck.
Re-usablerivets might suffice, butwe should also seek a reversible welding technique.

SPECIFICATION REGIST'1Y. Adopting a uniform attachment-point identification
_chemewouldenableus to maintainan internationalregister in which everyobject launched
into space could have a unique ID. Whenever a new structureis needed, a CAD sysxem
could then locate requiredcomponents,even considering those in other, r.h'eadyassembled
systems. These spatial ID markingscould also be used to locate remote instrumentation
devices, r:orexample, passive vernier straingaugescould be located at appropriatepoints,
becau-__optical scannerscouldeasily readthem--at no additionalhardwarecost.

AUTOMATING TELEROBOTIC OPERATIONS. What if we wish a telerobot
automatically graspandassemble a certainset of objects? We cannct automate many such
functions today, because our present-day robotic technology is not mature enough to do
such things reliably. In particular,the technologyof Machine Vision is still too weak. But
adopting micro-modularity,we could do this today, by exploiting the precisely located ID
markingsof our micro-modularcomponents to access data bases that precisely specify the
spatialshape of every registered micro-module. That knowledge-base would make it easy
to build software to reliably locate andassemble the needed parts. Suchprograms could be
madeextremely robustby testing the match,at every step, between the sight, and the feel,
of the acma!scene with what our simulatorspredict. At the first sign of discrepancy, the
system can stop andrevertto remotely-rammedoperation.

MOBILITY. How would our telerobotsmove from place to place? This would be very
hardto do in a conventional spaceship, whereeach change in location poses new mooring
problems. But ff every surface of the micro-mod,,Jarspaceship is studdedwith attachment-
points, the telerobots can exploit these for mobility. At each point, then, a Simulator could
plan ahead, locating ID-pointsfor furthersteps, so that the telerobot can move by grasping
one attachment-pointafteranother:,each new one being verified, both by vision and actual
touch. At the same time, the simulatorwould also confirm the suitability of every new
auach'_ent-poir.tto,"anticipatedloads andstrains.

CONCURRENT SIMULATION. Adopting micro-modularity would simplify full-
scale simuladcn of the entire station, under both actual and hypothetical conditions. The
goal should be,to maintainp data base that holds, and constantly verifies, the location of
every known component--including all available knowledge about the physical states of
every part:their stresses, velocities, temperatures, fatigue histories, etc. Such a system
could be used both to plananddebugeach new construction,and also to trainthe telerobot
operators, to support them with anticipatoryfeedback (to reduce the apparenttime-delay),
andtoautomate routineproceeds.
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TELEROBOTS SHOULD BE MODULAR. TOO

The telerobots themselves should be made of only a few pre-assembled components, with
each skeletal element equipped with its own motors and sensors--so every unit is easily
replaceable. The motors need not be very strong, buteach joint must include a fail-safe
brakethat locks when local power fails. A single docking connector should complete both
mechanical and electricalconnections. Supplying power and signals has aiways been hard,
in designing terrestrialrobot arms. But this should be somewhat simpler in space, where
the power requiredis so much less. Because a typical motor needs less than one watt, it
might suffice to runa simple two-wire bus throughoutthe tree, treatingevery sensor and
motoras a single, separatenetworknode.

Such telerobotswould be dependable, because the tree-likedesign has enough "redundant"
degreesof freedom to be usable in spite of occasional joint failvxes--provided thatthey lock
when they fall. Earth-basedmanipulators,have always beendesigned with as few joints as
possible--because gravity demands such relatively massive motors and beams. Indeed.,to
develop the tree-robotson Earth,we may have to test them in neutralbuoyancyconditions.

A more radical approach to mobility would equip each joint module with an independent
communicationsystem andpower supply. A one-wattmotor with 25% duty cycle can run
a full day from a single size D rechargeablecell. NASA's free-flying teleoperatorswill be
impractical for large scale w_rk because they consume too much reaction-mass. But self-
contained telerobots could propel themselves by the ballistic exchange of reaction-mass
objects-including batteries. If an object is projected slowly enough, its trajectorycan be
verified before it exceeds the _ach of the throwing ann; in any case such objects could be
retrievedby tethers. For larger scale operations, we could surroundthe entire workspace
with a tethered tetrahedralskeleton, tensioned by themomentum flow of masses exchanged
between vertices.

TELEPRESENCE AND TIME DEI..AY

Why have telerobots not have been used more in space? This seems largely because of a
widespread belief thatno one can work effectively throughsystems involving time-delays.
But I am convinced that this is wrong--if the feedbackdelays arelarge enough! People are
telerobots, too, because our bodies and brainsmustalways cope with internal time-delays
oftheorderof0,2secondsbetweensensationandaction.You cannot;topetocatchaball
by"keepingyoureyeonit."Becauseofyourreactioa-time,yourbrainmustanticipateits
trajectory,atleastforthatf'maiinterval.Thiscriticalsubjectisdiscussedatmoreleng'h,in
thisessay'sAppendix,

Transmittingaround-tripsignalbetweenEarthandalow-orbitsatellitewouldtakeatleast
I/7second,andwouldrequireaverycxpensiveequatorialbeltconsistingofa dozenor
moreearth-basedcommunicationstations.A moreeconomicalsystemwouldrelaysignals
betweenEarthandthreegeosynchronousrelaysatellites.Thiswouldinvolvea longer
delayofnearlyIsecond.
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Round.trip Round.trip
deity with deity with
ground relay GEO relay
= .14 second. = 0.8 secemd.

Space-Station
II II I i

With suitable training, remote operatorsshould be able to learn to perform useful work at
"one-fifth real-time" speeds--and eventually faster, when some of the effects of delays arc
reduced by exploiting computer-supplied "anticipatoryfeedback" and"supervisorycontrol"
modesofoperation.Intheappendixtothispaper,we r.rguethatthismode ofworkisnot

[ entirely unlike that done by people who operate large construction-cranes--systems that
imposesimilarlyslowreacdontimes.

! PRODUCTIVITY ADVANTAGES

I A common objection to these ideas is that these time delay_will force the work will proceedtoo slowly. But simple arithmetic refutes thatview. Each pairof remotely manned mobile
hands should be able to accomplish as much as a space-borne astronaut. For, even in the
unlikely case that space-suited workers could tolerate 6 hours per day of EVA operation, it
is _ :d to imagine this yielding more than the equivalent of two to three hours of carthside
work. Conscquently, we must compare 20-hour human weeks against 168-hour tclcrobot
weeks--and cvcn this is conservative, because anticipatoryfeedbackcomputer enhancement
should at least double final efficiency. So, even proceeding at 1/10 speed, each tclerobot
could accomplish a human cquivaicnt of work--atperhaps one percent of the other's cost,
andan infinite gain in s_cty.

What would such systems cost, in mass? Each telerobot need not weigh more than about
I0 Kg. in contrast, each human EVA operator needs on the order of 2500 Kg, when v,e
include not only the person's own weight but also that of the spacesuit, consumables, and
life-support equipment, as well as the mass needed for reinforcement of pressurized living
quarters--to say nothing of ferryingastronauts home. Remotely-manned operations offer a
hundred-to-one advantage in cost.
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THE US SPACE PROGRAM IS A HOSTAGE TO SAFETY

Our manned space expeditions have been wonderful accomplishments, but were expensive,
risky, and limited. And although it is claimed _at humans on board made it possible to do
emergency repairs, the actual record is net so impre3sive. The Apollo 13 c_w was unable
even to examine the damage. The Skylah parasol repair involved a mechanically simple
task; yet the crew was able to restore only a portion of the lost fraction. STS crews have
also managed only rather simple repairs. And a* for automated unmanned missions, some
of them did indeed work remarkably well, but mainly because of conservative plans, with
almost everything planned out years in advance.

Today, though, Space seems tedious. A hidden cost has been overlooked: neither manned
nor unmanned ships permit extensive repairs in flight, hence we're forced '.odepend far too
much on maintaining reliability. Trustworthiness, not resourcefulness, has become the
program's centerpiece--and the name of that game is constrained design. This makes us
pay a crippling price--ofhavin& _ofreeze ourplans years in advance. That's what we did
in the early years, when we simply had no alternative. But now this has restrictecl us to
obsolescent technologies, and institutionalizing a sluggishness that virtually bars us from
challenging Space. Nothing new can be tried any more.

This problem has grown in the past few years because of our increasing concern for human
safety. The Challenger disaster substantially delayed the entire space program, to reduce
the chance of one accident. Prior explorers were careful, indeed, but not to any so drastic
degree. Our astronauts now play the roles, not of leaders, but of "hostages", because we
will do virtually anything to protect their safety. This is no mere concern of NASA alone,
but part of a broader phenomenon in which people demand outlandish constraints on every
aspect of daily life. Even in medicine--the technolog) of lite itself--we have become so
concerned with guarar,tces that we won't dare to save a hundred lives at the r'-sk of losing
any of them. This poses for NASA a dreadful dilemma: a perception that the public will
support nothing less adventurous than manned exploration--but will never forgive any
accident. This new cultural context provides no way t_oprovide NASA with the "liability
insurance" it needs. Manned flight is too risky and expensive, while unmanned operation
is too inflexible and unsensarional. Like many physicians in recent years, this dileran_ has
led NASA virtually to retire from practice, albeit without admitting it.

We might escape from this double-bind by adopting this alternative--of remotely manned
operation. Using tt at way to go into space, we can prepare each expedition by using earth-
based workers to do what wouia be, in space, much more dangerous, costly, and difficult.
Because the initial station is unmanned, yet still able to ,-,xploit the intelligence of its remote
operators, we can use it to try more experiments and develop new technologies. Using
remotely manned operation, we can achieve our goals while gaining versatility--with at
least a tenfold reduction in cost. As for safety, no one gets injured when no one is there.
Nor should we reject this as a step away from manned exploration. On the contrary, it
would speed up devetoping what we'l neeA for more ambitious vo_,tges.
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THE ISSUE OF POPULARITY

When they hearthis proposal,most people say, "I agree that this might be a good idea, but
I'm sure that the Public won't buy it". But it seems to me that ghis belief is based on a
wrong perception.

The public WILLbuyit. Those objectionsmight have beenvalid in the 1960s, butnow
they're out of dale. In fact, the real problem is the opposite: the public has grown weary
of two decades of :,:'u and non-productive man-in-apace activity. These days, few people
learn the names ot ,,_tronauts; today, it is Robots that are "in", like Asttx_Deetoo, HAL and
Terminator. The youngsters adore TransformerTM toys, andspend their fortunes on new
interactivegame camidges--new virtualrealities to sparktheir personalgame-machines. It
startedout with those TV games-old Breakout,Pong, and PacMan stuff, and then evolved
fromZaxxon andMegaroidsto MarioBrothers. This year, a million PowerGloves work in
ourchildren'shomes, just waiting for their owners to manipulatesome :hings in space.
Those skepticalcriticsareoutof date!

A remotely-rearmedspace programwill give the public a chance to shm'ein the fun. Using
simulators,we can post competitions to recruitpeople talentedat assembling tricky systems
and mechanisms. Soon there could be thousands of telerobot operators, working in local
communities. Then Space will seem accessible, no longer only for strangers in far away
places. This programwill be more exciting in any case, because the new constructions and
experiments can be more adventurous,and can proceed so much more ,apidly, than could
any involving risk of life. New strucna'esantiexperiments will be completed much more
frequently, attracting more active public interest. For reasonable fees, even non-technical -
persons will be able personally to experience the operation of actual telerobotic systems,
t-u-stin far-away places on Ear&, next in near-space, and finally, right thel_ on the moon.
Many people can thus get involved in activeexploration roles.

Furthermore, the new telepresence simulation technology will contribute to new forms of
entertainmentsfor the public at large--ofthe kinds called "virtual realities". Imagine teams
of players on moons (whether real or imaginary)engaging in strange new contest-games--
building, or fighting, or playing games--or simply exploring and making friends. Among
the many individuals engaged in these new practices, popular "stars" will start to emerge,
as in all domains of human enterprise--and as our old heroes fade from mind. we'll adopt
new idols of different kinds.

Acknowledgment:IwishtothankRobertE.Maasformanysuggestions;also
DaleAmonandNathanUlrich.Thebasicideaoftree-robotswasf_tproposed
bymeinthet960s,andlaterdevelopedindependently,andinmuchmoredo,aft,
inHansMoravec'sMindChildren,(HarvardUniversityPress,1988)
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ADnendi_t on TELEPRESENCE and TIME.DELAY

How cou/d we stun a new pro_am basedon suck an _auue tec/molory? T/_ pro/ect wos/d/,ave to _
_&_oet=w3_te/ara_uhew__. Pmple havemid this for twn deeadet Thuelmammlly
bern mtmamial pmlpeu in systems that"ndlect"the joint-forces tack to Ihehmnanopermx. Thegemr£
expmeec.ehashem_at_oOecml_fom grim_amm atmmatsleeds,butdm:m_ _
take5 to 10 times kmge_ m perform. This is pmly becauseixevious naniimlm0rswere m clumsy,having
only plier-like_ more dexlzgousmulli-fingemdhandsam now in deveit_/.aeak Aim, invious
_ lackedtactilefealhackattheirfmge_J_andmall_ inthisdm,aiewillyieldmaj_
i_ainpe_m_

Conwntlonal manlpalators haw only 5 or 6 defree$ of freedom, but you propose dozens of joiats. How coald
wepos.dbly depend on suck complex new &ed#etry? Increasedcomplexitydoes eat implylea _.
Additional(redmdant)degees of freedomareammllydeslrablel A lXXannwith an injusedjointusuallycm
nvmge things;even if oue can_walk mnmtlly, one may stillbe able to limp. Tmemial mixB have oev_
beondesigned to exploit this ixnsibility, beeause it hasbeea m hardfor them to mppoN theirown weight
again=gravity. But_ des/gn is more feasible for Iow-mequework in low.gravityspace, wbem it will
actuallyincrease reliabifity-if every)ulnthasbeenequipped,_h fail-safebrabeL

Won't_ne.delaysmakeitimpo=sibleforpeopletome remotemanipulators.T_ isthemorncommon
objecSonm reme_y.numnedspaceopermk_.s.Peopleohencitebmm_cesinwhkh lime.delayscause
ditT_cul_,s.Letme lmmplmmesomeexamples5xn myE.mall files:

"inacertainexperiment,aTV cameraandremotedrivingact.upwesimtaliedousGo._ m_ afive
mcoudtimedelaybetweenthecamera'smm.uniss/ouandthedria='svideodisplay.Tbedrivfthinhadao
negodateanobstaclecourseof nmde_,aedilficulty. Nolxxlywasablemsucces_ullynqplmtethecomue."

Torids,PaulDielz replied,"! don'tthinktkiaprovesanything,eXCelXtkat a5.xcond delaymean#yoacannot
_- operateaGo-KartatnormalspeecLNeedIremindyouthatteleoperat_nofaItmar_ wasaccomp_l

yearsaso by the Soviets?" Ina stmiisrvein, JoeDeilingerrej¢_ "!rememberreadingan article desoibm"g
how they train pilots of Oil Tankers. T&'y_! them in a wry s_all wry slow motor boat in a small pond,
and put HUGE delays on all the controls, like 30 seconds. The article said thal at flrs_ the pilots wmdd cra_
theboataga_t thewalls,etc,etc.b,.withalittlemoreprac,lcetkeywo,adlearntopilotitz,wcdywhere
they wanted to 8o without tinning." And Dellinger wenton to a_ "M_ nerves carrysignalsfaster
tkan"morepr_nitiw"l_'e'sd_l,andyetI00footlongdinosaurswhosenervoussystemprobablytookhalfa
secondtocarryas_gnal/romtheirkindfeettotheirheadandbackevidentlywalkedmoundonb're#_larterro_n
atrespectablespeedswithout rrippin_over theirownfeet."

When l'trstyoulearntodriveacar,youfred_atittakestimetochangedkectiou-.butsoonyoulearnto
anticipate.Similarly,atlustitseemshopek.sslyawkwardtooperatealargebeat,anai_laneoracomuuctim
crane,or forpianiststf'ustm playapipe-organ.Eventually,though,mostpeoplelearn. It seemsmme
strangeto hearsuchconcernwithmiepresencetime-delays,wl_mall emundusweseesuccessfulconuelof
delay-consuaioedsystems.In mostcases,all we'llneedtodois.-flow down.

"Some intmmimal phonecalls intmdtr.eshort(1/2 second)delaysinto yourcouvermtiou, andthismakes
yotwmmdan/speech gewcols b_eakdown. Itcauses coUisionsin whichbothsides heara deadarea,stm to
speak,andthencollide againwith each other. I'vefoundtheseconverutions to be veryfatiguing."

"Itis difficult to workwithcomputet_over a heavily used INTERNETtrunkthat imposes largedelays. It
is f=_maling to get severalfharacte_sabeadand thenfredthatrye madea typo. lfl were wor_g witha
process whereeachaction hadaneffect on thefollowing ones, ! could be faroff trackby the dine I got
feed1_ckthatrdmadeawrongacuont

Again,we me_elyneed to slow down. Those lelephonecalls would workquite weU,if bo_ partieswere
willing to "overand _ut". That typistwould haveno troubleat all, when typingat a slow_ rote. We ought
m remembe_hSathmum&too,arelelembo_cormecmdto bm/m. We alladbemmaculturalmyththaimind
is dimcdycounecmdtoworkL A sounderviewwouldn_cognizethathumanNmory.mm0_loopsare nat
instmtmeous, lmt takesome time--ofthem/er ofT= I/6 secom/. Therefore,wben we inuedtr.e,nota&_at,
lx_tan add//lonal de/ayc( magnitudeD, we shouldexpectour perfornumoespeed tobe _ bYthe factor
T/(D+T). Thus, a me-mound add_onaL deksy shouldpe=mitone to wo_ st It/real time-for example,whm
operatingdevices on an earth-orbitingspace station,asseen through•8emynclmmo_ relaymtellitesystem.
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In anycase,so_ as la_e-scelespnceopa'ado_ ereconeemed,theadditimaltelqxesen_ _ _
presentnowoubleatall-becausewe haveto slow.;Jowninanycase. Fore._arnple,torotatea 10meterbeam, _.
onewouldnormallyapplyvery,smallaccelerations,becausespoceworthysuuctun_ haveflimsypensthat I
canno,. _erme crab-scale stress. Large-scale work can ordy be done in slower tlumnomud "real time'. :'I

But we can't always siow dowm. Wkataboutworktkatmustbedonein"real_". Thephrase"real_me"
shouldnotbeusedtomean"instsndy'--becansenosystemcanreactwithoutdelay.Thatexpressionshould ':
refer,instead,tothesonsofthingsd_ apersoncando intbeorderof0.15secoods.Considor, for example,
thatpopularpany-lrickofsuapendingadoilRbillbyholdingthetopeboutoneinchahoveandbetweena
victim's fingers. When you n:lease the paper and it falls, no one can catch it. Human reactions are simply too
slow. But many such problems will be simpler in space-..if we think of vacuum and lack of gravity as assets
ins_Kl of anmgonis_ That doll_ bill's fall is dmennined by G--I_ no such bound applies in space, so our
telembot opemt_ will find no problem in catching it. "Realtime"can go slower in specef

"Suppose that a tele-operator turnsa valve that releases coolant from a reactor. The oWxamf on Earth
waitsforonesecond,thenrealizesthemistakeandturnsthevalveb_ck.One second'sworthofcoolant

loss my not be so importanton Earth, but on the Moon, that coolant may be in,placeable."

This problem has little to do with time-delay. Even an asuenaut rightat the scene would lose some of that
ceolanL One answer lies in imposing appropriateprotocol_.-for example, to slow down and institute safety
checks, such as "do you really want to do that" dialogs. Butevery computeruser has learned thatno such
schemes ever keep working for long. It is easy to talk aboutslowing down--but can we trainpeople to work
both slowly and reliably? This problem, again, is not one peculiar to teleoperafion. Humanattention is hard
to maintain throughany slow and uneventful task. We see the results righthere on Earth,with oil tankers
runningagmond. The problem is one of vigilance. Indeed, in thecase of remotedy-.,nannedoperation, we
could always shorten sessions and mmte crews, because so mmlyterresu_ wotke_ ate available, whereas dmt
option is rarely open in q)ace--andthere is no way to maintainperpetualdiscipline amongn limited staff of
wear/, overworkedastronauts. Wejust can'texpect to find a way to makepeople mainudn constant vigilance.
Ultimately, this problem can be solved only by m(xe automation.

Ewn _'peoplecmdd bemade toslowdown,won'ttkingsthentaketoolongtobepractical?The cost-
advamagesofremotelymannedoperationwouldseemoverwhelmingbecause,aswe arguedearlka,evenifthe
workproceeds10timesmoreslowly,theon-locationproductivityofeachtelerolxxwillrivaltheequivalentof
afullEVA work.week--atahundred-foldsmallercostoflaunch.

Whydo certain ranges of trinedelays seem especially disturbing? We have encounte_l peculiar difficulties in
dealing wir_ telepresence time-delays in the rangebetween 0.05 and 0.5 seconds. For example, most people
suffer a pec,diar experience when they tryto speakcoherently throughacoustic feedback systems thatreturnan
echo a fractionof a second later. This often results in a devastating stutter, in which the subject repeats many
syllables. We see similar phenomena with delayed visual feedback. For example, when you try to write on a
graphics screen, througha system with the same onler of time-delay, yon find yourself stuttering now with
your hand-by repeating the loops in some characters. I have the impression that these aberrationsare most
disturbing for small delays, but they are not so apparentwith largerdelays-such as those we'll encounter when
woddng in Space. I suspect that this could be because ourbrains have evolved specialized ways to deal with
internaldelays of those magnitudes: then these "stroboscopic phenomena" might arise from sub-systems of the
brain having _ng time constants. Consider thatone would expect various parts of the brain to
contain machinerys,_ecialized for comparingwhat actually happens, after each motor action, with what was
plannedorexpectedtohappen.Schemesofthatsortwouldseemquiteindispensable,forproviding
infomationbothforcontrolling,andforlearningabout,coordinatedsensory-motoractivities.Now eachsuch
mechanism can be presumed to engage some type of memory bufferand some varietyof time-gated comparison
scheme, both acnmted at intervals comparable to thatof thatparticularbrain-system's sensory-motor loop-
delay. (If such comparisotuproceed at regular intervals, they might be detectable as local brain-weve
freq0encies.) Consequently, we might well expect "stuttering"types of disturbanceswhose magnitudes peak
when those sensory cues are delayed by those singular intervals. But these special effects ought to weaken in
strengthwith largerdelays, and perhapsdisappearentirely, when larger delays force workers to switch over to
other, more deliberate modes of operation. If this is fight then, paradoxically, we might get betterpefformanee

using the l-second GEO relay system thanwith the faster, more expensive l/'/-second earth.based relaysltemative.
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Space Travel for the Next Millenium ._
TheodoreTaylor

Transcript of invited talk for Vision-21 Symposium

For some eight years there were about two dozen of us at General Atomic at San Diego who :,
were literally packing our bags to go off and explore the solar system. Maybe one way of
summing up what we saw in our immediate future was our goal for 1970-which was Ganymede.
We saw a way of getting from Earth anywhere in the solar system fast in spacecraft that were
roughly one-third engine, one-third propellant and energy source, and one-third payload. We "
designed a lot of vehicles, and they all came under what we called the Project Orion. The project
started the night of the announcement of Sputnik 1. It was an effort by a few of us to, as it were,
recover our lost face because the Russians had been putting zoos in orbit and we were struggling
trying to get something up there. We said "What do we really want to do?"

I want to come back to that question a couple of times in what rll have to say, that question
of "What do you really want to do and what is in the way of doing it?" And, if there is nothing in
the way, then do it. The basic idea of Orion actually evolved out of a thought that Stan Ulam, the
co-inventor (along with Edward Teller) of the H-Bomb, had (apparently) the day after the trinity
explosion at Alamogordo. He was thinking of propelling things at ICBM velocities. This was in
1945- "Getting up to those speeds takes a huge amount of energy. This is the most energetic think
we've got, what we saw yesterday, rs it crazy or not to think of a series of explosions that come
from nuclear explosives that are carried on some kind of a thing that, somehow, explode behind it
and it goes up to whatever speed is of interest?"

I've always been a space buff, ever since I can remember. And it didn't take an awfully lot of
thrashing around that night in October 1957 to say that Stan was right, that that was the way to go.
There followed a lot of things that were unbearably exciting and particularly unbearably difficult to
give up when the project died about eight years later in 1965. I just want to say a few things about
that. Mostly in the context of what we thought was a very real vision of our future. Most of us
working on the project were in our late 20's, early 30's. I was 32 when it started; I was 40 when
it died. And we saw our future very clearly- go out there and explore it,

It took us about six months to find money beyond a rather plush General Dynamics in those
days. They gave us the resources to get going and put together a fairly persuasive proposal on
what to do. At that time NASA didn't exist yet and it w%,l't at all clear who was in charge as far
as space activities were concerned. To make a Ion? o .,fy short, Roy Johnson, who was the first
director of ARPA--what was then the Advanced P., _arch Projects Agency in the Pentagon--took
hold very hard the first time we went in to see laim He had just hired Herb York as his Chief
Scientist and Herb was an old friend from Los Alamos days, and so on. So we started a formal
project for ARPA in July of 1958-a million dollars for one year.

That one year was packed with excitement, and I think some real accomplishments. One of
those accomplishments was the uccessful flying of the first object that, as far as I know, has ever
flown that way-and also the last that has ever flown that way. It was a one meter diameter model
which had five charges, of about 2 pounds each, of high explosive inside. It fired them out
sequentially- 5 of them- and it got up to about 200 feet and a little parachute opened _,ndthe thing
came down.

A key thing happened as we got going. This was very soon-a few days-.'ater Sputnik was
announced. Freeman Dyson, who was at the Institute for Advanced Study at Princeton and with
whom a number of us had worked on a whole variety of things at General ,_:omic, heardabout this
and it took him about five minutes to decide "this is it". He took a leave of absence from the
Institute and came to General Atomic, and made a huge difference in what happened there. I can't
resist saying that at a point when it wasn't clear what was going to happen to us, he had to make a

I decision; aud that was whether to continue to be a very good theoretical physicist ,or to switch and
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become what might be recognized eventually as the greatest engineer, ever.

Well, he was one of the key people in that project for about eight years. The idea is basically
fairly simple. The idea is to carry several thousand nuclear explosives inside, stacked tm about
half way to the end of that thing (they weren't H-bombs, they were fission bombs). Anal then to
fire those sequentially, typically at a rate of about one a second, at a point about a diameter and a
half from the bottom from the center. The nuclear explosives were no', spherical A-Bombs. They
were shaped charges. You can show on the back of an envelope that if you try to enclose a nuclear
explosion in anything with any structure it will blow it to pieces.

So, we focused on the explosive charge itself, trying to conserve momentum and direct as
much momentum as we could through the solid angle that was subtended by the bottom plate,
which we called the pusher plate. This was a metal plate-we finally wound up settling on
aluminum. So the explosion would go off and slam this plate upward with a speed of something
like 15 or 20 meters per second. Then the problem was how to connect that with the structure.
F.om the very beginning we designed for at least a half dozen people up front in this thing. It was
always, always-without exception-a manned space vehicle. So, we had to cushion the shock and
there is an analogue here which I think is accurate. It is sort of like a car riding along on a rough
road. First you need tires. The tires were toroidal gas-filled assemblies on top of the aluminum
plate. Then there had to be something which was the analogue of wheels connected to shock
absorbers. That was a structure just above those toroids connected with some long nitrogen filled
shock absorbers. Then, at the top of the shock absorbers, things had been smoothed out so that
the ride was cushioned. Just pretty much like a car.

Above that, depending on the way in which this shock absorber-tire system was driven,
you'd either get pulses of a peak of something like 4 g's up front or-this is what we finally settled
on-you could drive it at resonance so that you'd squeeze the pusher plate up- nto the tires and the
shock absorbers. And then as it bounced you'd stop it and return it. Since you're talking about
2000 pulses to get into orbit ,we were sure that some of them would fail, so we had to arrange that
the pusher plate would be stopped and pulled back every time there was a failure to restart the
cycle. That took a lot of doing.

What we focused on principally for most of those years was something that would take off
from the Earth's surface; it was 135 feet in diameter, gross weight 4000 tons; payload through a
very difficult mission, brought back to Earth orbit (we wouldn't bring it back down to the ground)
about 1000 tons. The idea was that we'd mount this on some towers a couple of hundred feet high,
probably from Jackass fiats or Yucca fiats in Nevada. And then start of with some very low yield
explosions, because the air mass between the explosions and the bottom of the vehicle acts like
propellant in a way that's a little bit like a ram jet. So while you're in the sensible atmosphere the
yields are quite low. It turned out that to get up and out of the atmosphere took about two hundred
kilotons of total yield. In those days most people, certainly people in the business of nuclear
weapons, weren't particularly concerned about fallout. The reason that _,e didn't worry about it,
in the beginning at least, was because 200 kilotons was to be compared with several megatons of
fission (half fusion/half fission) in the big H bombs we were setting these off all over the place,
mostly out in the Pacific. The Soviets by that time were, too. So we said ,another 200 kilotons for
each flight? Who cares?

The performance of this thing was 4000 seconds nominal specific impulse, about 40
kilometers per second effective exhaust velocity, which depended critically upon how well we
could shape the charges. It began to look less and less crazy the more we looked at it. By the end
of that first year a lot of people were taking it very seriously. It was all secret-some vague
descriptions of it were made public, but it was generally not much in anyone's consciousness
except for maybe 50 or 75 people in the United States. We kept going and got more and more
persuasive that this wasn't crazy and, in fact, was something that could be done. About 1962
NASA asked us to do some mission studies. NASA had not become involved in the project, even
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afterNASA was forrncd,becausebasicallynobodyinNASA knew anythingaboutnuclear
explosions.And thiswasattheheartofwhatwe weredoing.Butwe didstartsomemission
studiesthatwereveryimportantandgraduallyr_ :iawayfromsomeofthereallyoutlandish
versionsofthisthatwestartcdoutwith.Inpartic,.:,,wcdidstartworryingaboutfall--out.What
we settleddown towasa 34footdiametersetofmodules(theshockabsorbers)abouthalfthe
charge(propellantsystemsaswecalledthem--wehadatendencytocallthembombsbutthcywere
shapedpulseunits)andthenthepayload.

Theideawastoputeachoftheseparts,insequence,oi_topofSaturnV andputtheminorbit.
Thenassemblethewholething.Thenumberofpackagesdependeduponwhatyouwantedtodo.
Our favoritemissionby thattimewas theroundtriptoMars in250 days:roughly30

L kilometers/second mission velocity. We dropped the specific impulse to about 2500 seconds and
what we wound up with was a departure weight from orbit of about 500 tons. Then two
components of the payload--roughly fifty/fifty: 70 tons to be left at Mars and 70 tons brought back,
witg a crew of 8 to 12 people. It looked as if that was going to happen in about 1962.

Then along came the Nuclear Test Ban Treaty with the Soviet U,,ion, which forbade any
, nuclear explosions except underground. W,_reacted to that with a proposal that was actually made
_ t_yNeils Bohr, who was invited to be the principal person at the dedication of General Atomics'
,. very fancy laboratory in La Jolla. Marshall Rosenbluth and I spent a whole night to -I don't know,
i 4 o'clock in the morning- hearing Bohr as best we could (because his English was terrific,but he
_ mumbled. I don't know anybody who ever had case in listening to Bohr talk, whether it was in

f Danish or in English.) In any case, he poured out this passionate feeling about having tried to getStalin and Churchill and Roosevelt, before we built the bomb, to agree that it would never be built.
And he failed. When he heard about Orion we couldn't tell him about it in any detail because it

; was secret and he was a Danish citizen. But he decided that it did make sense. So he decided that
what we should do is go to the Russians and say "let's do this together". Now this was opening
up the door to the Solar System really wide open, but it was also to get rid of all our bombs. So
that double attraction got Bohr very strongly promoting the idea of a joint project with the Soviets.

When the Test Ban Treaty came along we proposed exactly that. But we sa_.dthat there are
still some loose ends in this and we have to do some testing. If we can't do it in space we will do
it on the ground. Not repeated flight tests underground, but there are some key questions
remaining after a lot of experimentation, mostly with high explosively-driven lead plasmas that we
used to mock up the conditions of stagnating debris-the propellant we call it-against the bottom of
this thing. The key question was, "what's to prevent heating up and essentially destroying the
whole ship?" And the answer was very simple--pulse. Pulse everything. If a glowing ember ever
pops out of the fire place, you don't pick it up and put it back in the fire place-you just flick it.
And the reason is you can deliver the same momentum in a very small fraction of the time of actual
continuous pushing. And during that time, heat flow is strongly inhibited at these very high
temperatures (about 100,000degrees Centigrade) by a btdld-up of an opaque layer of whatever it is
that it is slamming up against. That opaque layer is very protective. Just like moistening your
finger to test a hot iron-the same general idea.

So, pulsing and controlled ablation came to be the answers in great detail to the question
"Why doesn't this whole thing burn up?" That concept needed some testing with a nuclear
explosion and we proposed in detail how to do this underground. For about three weeks in 1965
there was a joint decision by the Defense Department, the Atomic Energy Commision and NASA
to proceed for three years in what we call an Engineering Practicality Demonstration Program.
And assuming it was successful, and we presumed it would be, then to go to the Russians and say
"let's do it together". There actually was for three weeks a decision to do that!

Then the whole thing started becoming unravelled. I counted 13 sort of fancy committees that
were called together to review all of this in detail--the Air Force Advisory Committee, several
committees of NASA, a couple of ad hoc ones, Congress looked at it- and nobody recommended
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stopping it; and more than threequarters of them recommended going full blast. But, a large part
of the aerospace engineering community, some in the government, some not, said "Look we've
got to learnhow to walk before we run. This is really running, and running fast. That's great, but
we've got to walk first".

For example, proceed with the nuclear rocket. I think the people in the nuclear rocket program
felt threatened by Orion. So the net result was that the first person to really be convinced that this
was really kind of crazy to proceedwith, was Jim Webb. And, so NASA fell out of bed. Very
quickly the Defense Department did. Harol6 Brown was very nervous about this thing and I think
was greatly relieved when NASA decided to pu!l out. The AEC interestingly hung on a little bit
longer, but then they finally dropped out and so the project died.

I'm not describing this in a little bit of detail because of any strong urge to revive Orion, in
that form, at least, but becat_ ; I think it's important to know what it feels like to be planning, in
the next 10 years, to go out and explore space in a huge scale. And that is an experience that few
people have actually had. What comes from that is a vision of a future. And that vision I'm
finding is coming back with some important changes right now.

I want to spend a few minutes talking about that vision. What I'm going to do is to just sort of
tersely present some features of the world which this modified vision (it has some connections
with Orion) consists of. I don't expect t.o be persuasive. I think most of what I have to say is
provocative-some of you may lind it very provoking- but I feel this so strongly that I think I need
to get it out.

These are not predictions. Neils Bohr said many things that are very wise. One of them was
"You can't predict the future, especially when it hasn't happened yet." So, these are possible
features of the rest of the 90's and the early parts of the next century.

r-

The first is that I see coming a global consensus about how the rest of a vision like this may
actually come to reality. I see that happening hecause of the enormous urgency that it does happen
before the end of the 1990's. Pretty much world-wide, there is a sense of what to do and how to
do it to avoid what could be extermination of the human species-nuclear war, a big one, or,
whether we have a nuclear war or not, to ruin our habitat, just ruin it, if we continue what we are
doing now globally. So, number one in this vision is a consensus about what to do about all this
in a 1.orof detail. Much of this work has been done, but there's a lot that remains to be done. And
I think it had better be pretty clear before the end of the century what this is going to be-we've got
9 years.

The second is it has to be clear to most human beings that having large families is not, as it has
been traditionally among most parts of the world where large families still appear, not a way to
achieve security. This has to get out: that in fact more children, like more nuclear weapons, make
you not more secure but less. I think there has to be coupled with that something that's technical
(bio-technical) and that is a really satisfactory method of birth control. For starters, I'd focus on
males, just because there's been much less focus than on females.

The next characteristic of this vision is that the threats of wars, particularly indiscriminate wars
of retaliation with weapons of mass destruction, will be much less than they are today. As far as
nuclear weapons are concerned, for years now I've been a staunch promoter of abolition
altogether, as soon as possible. A lot of that can be verified by all kinds of measures, but not
perfectly. We can't do anything perfectly, but we need a global taboo that it is absolutely
repugnant human behavior to be any part of acquiring or maintaining nuclear weapons of any kind.
I think that needs to shift over to biological and chemical weapons as well. This whole idea of
deterrence by maintaining a situation in which a country can fiat-out murder a large population of
people that have nothing to do with the decision to proceed with an attack--I find that monstrous.
And I think that there's a very good chance that public pressure world-wide will bring that about. I
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don't see that coming universally from government leaders. I certainly don't see it coming from
the leadership of the United States. There have been-some people, say somewhat half-hearted
attempts by Mikhail Gorbachov and later Rajiv Ghandi, who is now out of power of course, to ,,t
press for that ,but a lot of that has been ignored and laughed at. I think it is dead serious and we
had better DO IT.

Unfortu.,:.:ttely,abolishing nuclear weapons but pressing for and expanding nuclear power
seems to be incompatible. The reason I say tha, is that right now in about 40 countries in aggregate
there are about 100,000 tons of spent power reactor fuel. The plutonium in that fuel can, counter ':
to popular wide spread opinion, be used for making efficient, light-weight or heavy-weight j
nuclear warheads of all kinds. The total quantity of that plutonium is about 1000 tons, which is
roughly five times the total amount of plutonium in all the world's 60,000 nuclear warheads. So
how is it that we are going to arrange things so that a couple of countries, let's say the United
States and the Soviet Union, continue to maintain 200, 500, 2000 minimum deterrent (so--called)
nuclear weapons in a world in which the hardest part of making the nuclear weapons has been
done in 40 countries with these huge numbers and somehow say "it is good for us but not good for
you"? "You can't have them, we can have them!". That doesn't fly if you talk to a few Indians or
Pakistanis or Brazilians or Argentines or Mexicans or Iraqis or Iranians or whoever that don't have
them or even some people that do but secretly (like Israel). And the idea that somehow the two
superpowers (or really five) can continue to behave as though they are much safer with nuclear i
weapons than without them but nobody else can do the same. How do you enforce that in a world
that is awash with plutonium? That's one problem I've never seen addressed in such a way as to
say it really is solvable.

What I see happening is that for a lot of reasons, but the main one of which is the weapon
connection, we'll find that we're not mature enough yet as a species, and may not be for a very
long time, to handle wide scale use of nuclear power.

The focus of what we must do, and do vigorously, has to be ways to find how to liw in
harmony with our environment and with each other to the extent that we can. And yet meet basic
human needs in ways that are pretty much accessible to most of a population of a little over five
billion and probably seven, eight, nine billion. And then I would hope we would taper off and
maybe come back down a little bit.

Now, what about space? Number one on my list is that as soon as it can be arranged between
those countries that are now active _nspace that all activities in space are internationalized without
exception. And I include a lot of what goes under the name of military activity, which I think is
very healthy, that has to do with keeping an eye on what's going on down below. I guess I could
sum up one version of the Open Skies Proposal as far as surveillance and so on is
concerned-satellites and other means- is to go back again to Orion days when Harrison Brown
made an impassioned plea that we continue to expand what we can do in space with satellites but
that we take every bit of raw data and every bit of processed data and put them in a sack-it turned
out to be a very big sack- and put it on the front steps of the U.N. Building every Tuesday
afternoon at 4 o'clock. No secrets. No secrets in space activity. Why? Secret activity in space is
extremely threatening, and I see no way for that to change. We've got so much to do to clean up
the messes which we have left behind that secrecy is something that maybe whould be taboo also.
In other words, superglasnost.

So far as how things in space get done is concerned, if one accepts the idea that everything is
basically internation',dlyorganized and carried out, then that calls for intimate cooperation between
countries that choose, have the resources, have the will, to do whatever it is: go to Mars, go :o
Mercury, get out to the major planets. The value of doing some things in a big way, particularly
connected with surveillance, in space is that there's a strong connection with arms control and
disarmament, and that is verification of disarmament and arms control treaties. Trevor Gardner,
who basically started the U.S. missile program, hawkish as he was, proposed an international set
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ofarmscontrolsatellites.He proposedthisstronglyin1960,1961,andprettymuchuntilhedied
inthelatesixties.

Now,how togetintospaceandtohow tomovearoundinit?A greatdealhasbccnsaid,
someofitIthinkabsolutelyfascinatingatthisconfcr,:nce,aboutallkindsofdifferentwaystogo
beyondwhatwc havedone;beyondintheway ofdevelopingnotjustpropulsionsystemsbut
wholetransportvehiclesandtheinfrastructuretosupportthemandeverythingelse.Ijustwantto
pickouttwotaskswhichIthinkit'sclearwecanaccomplishinsuchaway thatthosewho wishto
canparticipateinspaceactivitiesonahugescale.Thefirstishow togetintoorbit.

Thereisakindofholygrailoutthere,andIhavenoidf:ahow totakeholdofit,tiedupin
freeradicalchemicals.Ifwe couldstoreatomichydrogeninsomestableway thatwe wcrcquite
surecouldn'texplode,we'vegota goodsolid1700to2200secondsofspecificimpulse.That's
enoughforallthehighthrustthingsthatIcouldthinkofdoing-landingonthemoon,gettingup
fromtheEarth,doingasoftlandingonanyplacethatwe wanttolandon:Mars,Venus,Mercury
(particularly)andallthemoons,andsoon.Sowe cancarryalonghighthrustchemicalpropellant
that'sreallyuptothejob.

Now untilthattimehappens,I'dliketorevivesomething.Iwasjusttalkingtopeoplehereat
theconferencewho areofthesamemind:we oughttogobacktowhatwasbeingproposedinthe
latefifties,theearlysixties.And thatis,pickoutsomelaunchvehicle.Iwouldargueforthat
launchvehiclebeinghydrogenandoxygen,fromthegroundup.That'snotanew idea.Thcrcwas
a serioussetoffinnproposalstobuildsinglestagehydrogenoxygenlaunchvehiclestogointo
lowEarthorbitandyoucangothroughthearithmetic,anyonecandothat,toovcrcomcgravityand
draglossesandsoon.You canputsomewherearoundtentofifteenpercentofthelaunchweight
intolowEarthorbit.Ofthatweightmaybeathirdwillbetanks,structureswhicharenow inorbit.
By tetheringandallkindsofotherthingstheybecomenow aresourcetobcusedinspace.Trying
togetthemainwcightofboostersbackdownforrefurbishingissillyifyoucangetthemupthere
andleavethemthc:etouseforotherthings.

Now, therearesomemissionsinwhichwhatyoureallywanttodo isgo veryfastupto
escapevelocityandnotorbit.Forthat.oneveryrealpossibilityisa two-stagehydrogenoxygen
rocket.Thefirststagemovesthingsalongatabout6 kilometersa second,andthesecondstage
addsanother6kilomctcrsasecondandthereyouarcjustbarelyhangingon-maybeatalibration
point.Butyou'vegone,ineffect.

Butnow,how aboutmovingaroundonceyou'reup';he_c?You don'tneedhighthrust.I
thinkthatit'squiteclearthatthebigwinnerisgoingtobesolarclcctricpropulsion.And thatwill
doeverythingthatwc mightwanttodoatlowcost,veryfast,outtoaboutthefirstonethirdorso
oftheasteroidbclt.FrombeyondMars,alltheway intothesun.Whatmightthislooklike?Well
IwasastonishedtoseeadiagramdownstairsofGcoffLandis'bicyclewhcclsolararraywhichI
thinkisaspecificembodimentofhow togo.Thisisjustlikeabicyclewheel-it'sgotspokesand
it'sgottheanalogueofarubbertireontheoutside,twokilometersindiameter.Inthatroughly
threesquarekilometerinteriorarcverythinfilmphotovoltaiccellsthatare(atEarthorbit)picking
upabout13fi0wattspersquaremeter.Itseemstome quitefairtotalkofthosethinfilmcells,
whatevertheyarc,inthenearfuturehavingcfficicncicsof20pcrcent.

Thatclcctricpowerthengoesintoionthrustcrs.That'snotmy field.Ikccppickingup
thingsfrompcople,particularlyfromtheSovic:s,abouthow efficientandlight-weightthosecan
be.You'dliketogetintotheballparkofseveralkilowattsofinputenergypcrkilogramofthruster.
Now youcancertainlydothatforthesolarcells.Infact,it'squitecredibleforastructurethatis
stabletodeliver10kilowattsperkilogramofsolarcells.Iam notsayingwe know how tomake
thestructure.Backtothebicyclewheelyousee,theshipitselfistheanalogueoftherubbertire
aroundthewheel.Itrotates-thisisaonekilometerradius-togivetheshipanditscontcntsabouta
quarter"g".Now thatmeansitrotatesonceinabout90seconds.And thepayload:thepeople,the
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shielding from solar flares or whatever, is all out there. I am sure that a lot of people here could
decide within less than a day, where to put the propellant tanks for the ion thrusters. My guess is
that the best place to put them is at the hub. The thrusters, at least most of the thruster capacity is
also at the hub,; but able to point over the best part of 180 degrees on either side so that the solar
array faces the sun but the thrust is whatever direction you want. '_

What kind of performance can one get? Well, if you really look at what's out there now in
terms of the weight of substrate on which these solar cells can be deposited, it's a thickness that
can easily be less than mil--a thousandth of an inch. The penalty for going to very high specific
impulse is lower accelerations, so it takes longer to get up to speed. But, if you'd settle for, let's
say going out to Mars or, what I get much more excited thinking about, going in to Mercury (I
think Mercury is a lot more interesting than Mars, but that's a separate question) to pick up about
15 kilometers a second you can do that in a week, two weeks. Your talking about roughly a
milli-g, maybe a couple of milli-g's.

If the exhaust velocity is somewhere equal to or maybe twice the mission velocity, then you're
talking about mass ratios of maybe two. And a division of weight between roughly four -enths
payload, two-tenths essentials, for the space craft that are not really connected with the payload.
And then the rest is tanks and engines and the photovoltaic system. One can see these things not
being very mission oriented. All they need is propellant and you go wherever you want.
Reusable. How long? Who knows? But I think we could find out very quickly how long thin
film photovoltaic cellswill keep operating more or less the way they are supposed to. You can flU
them full of holes--one percent hole-and you've lost one percent of your electric power. At ten
percent holes, which is a lot of holes, you have to worry about short circuiting and other things. I
don't want to trivialize the problem, but it's not clear at all that there is any really severe, basic
problem in doing this from an engineering point of view, and certainly not as far as the basic
science is concem¢d. Rule of thumb: mission velocity about half the ion beam velocity.

That is fine out to somewhere between Mars and Jupiter. What do you do about the major
planets? Orion could do it. I think there are a lot of side things about Orion. The one I worry
about the most is athe potential for destructive use of anything that carries 5000 nuclear explosives,
which is what it takes to make a fast round trip to Ganymede, Titan, what have you. But, I think
the answer is probably some form of nuclear power. Maybe thermonuclear power. It may be
stretching things a little bit to consider thermonuclear power from Helium-3 and deuterium (which
produces no neutrons, which is a big help.) But whatever that it is, a point of departure for
thinking about nuclear propulsion beyond the asteroid belt is a constraint that for fission power or
fusion power in which there are lots of neutrons, they go to clean cold starts way out there. Then
they go back and forth and pick up payload; we can certainly get on our way to Pluto at very high
speed. The problem is what do we do when we get there? We can break various ways. You've
,hought about that a number of things at this conference.

But, then how do you get back? And I think the answer is probably going to have to be
nuclear. Another possibility is laser beams, generated from ferociously potent solar panels, let's
say at Mercury where you get six times the insolation that you do on Earth. Unless we can
somehow get around the laws of optics, you are stuck with roughly a kilometer aperture for
something with a wavelength like sodium light-which may turn out to be possible. Then you can
just beam energy out there. Something like that thing with pulses may be sort of close cousin to
Orion in its original form, where you'd pulse energy on to it.

I am not suggesting that exploring the major planets and going clear out to Pluto is something
not to think about; it's way off in the future. It may be much closer than we think. It was very.
close with Orion. But it takes some doing to put things together and if people really get serious
about it we'll find ways to explore safely, without weapons connections and all that, out beyond
Saturn.

)

1991012L;26-077



Let me mention one other thing which may be a direct use of space--notexploration--on which
everything else can ride. And that is disposal of the actinides, the 200 thousand tons of irradiated
reactor fuel that the world is going to have at the end of this decade. We have a hundred tthousand
ons already and we'll get a hundred thousand more in the next ten years. You can visualize space
disposal of nulcear wastes in a little detail, as has been done before, some years ago. Frank Rom
told me about this yesterday.

You set criteria on the launch process that the payload cannot break-no matter what! Just to
get a little specific, if you add up the total amount-total quantity of actinides in all this 200,000 tons
of nuclear fuel, the answer is about 3 million kilograms of, mostly, plutonium. Suppose you use
200 launches to get rid of all this stuff. You're talking 5,000 kilograms plutonium per launch.
You have to use dry fuel reprocessing. That's a whole other story-you can't have a lot of low
level waste, and that's not easy, but you can do it. The weight of the plutonium is doubled with
things like tungsten and cadmium, for example, that capture high energy fission neutrons and
thermal neutrons so that it cannot sust fin any kind of a chain reaction. Having done that with this
package, that correspc'ads to 200 launches to get rid of everything. You've got something a little
bit less than a mete. diameter. It's pretty hot-I don't mean thermally (what I've looked at says
that you can get the heal produced by this easily out without going to very high temperatures). But
you do have to seal it with some 10 or 12 centimeters of tungsten around this sphere, which is now
6 feet across.

The next thing you have to do is make it buoyant so it floats. The ideal launch is if you go
straight up off an island somewhere out in the ocean, so that if the engine stops, or blows up, or
starts going off course, it falls back down roughly a little off to one side from where it lifted off
and falls in the ocean. So it has to float. And how do you do that? Well, you add titanium
honeycomb and then big heavy case around the whole thing. You wind up kith a total weight of
about 50 tons for this package, of which 30 tons is the shielded nuclear waste. That's what you
want to deliver out to just barely hanging on by its skin of its teeth. Then you connect with that
with a solar propulsion system brake with 30 kilometers a second and drop it right in the sun.

Now there may be terrible flaws with all this. But there's a chance it could turn out to be the
only acceptable thing to do with this stuff. I think we can find out whether ,_hat'sthe case in a very
short time-before the end of the decade. Then what have we got? The launch vehicles for each of
these packages is the 2 stage hydrogen oxygen rockets-maybe we can do better than that. Each
vehicle is a little bit smaller than Satum 5. And 200 of them! We really settle down, which I think
we should have done long ago, to pick a vehicle and use it over and over- and I don't mean re-use
it, but use the same type of launch vehicle as though you really meant big business. Not go to the
moon and then slgh and wonder what to do with the leftover Saturns and so on... we can't do that
again! So there just may be something which, of itself, would call strongly for good launch
vehicles into high orbit--or low orbit for that matter- and high performance solar electric
propulsion. Then everything else rides on that. And a few of these things don't pick up these
packages-they go off and go to Marst Or go to Mercury, or whatever.

All this may sound like Pollyanna. All I can say about that is two things. First, I'd far, far
prefer to be pursuing a kind of world that may turn out to be too good to be true than to keep
drifting, as we are, toward a world that is just too awful to contemplate. The second thing I want
to say is as a guiding principle on how to get to something like this vision of a stable, harmonious
future-lots of things going on in space-is to give you the motto of the Pugwash movement.
Pugwash was organized originally by Albert Einstein and Bertrand Russell. The first meeting was
in the town of Pugwash in Nova Scotia. The drive was to make sure that no matter what happened,
at least some American and Soviet scientists would keep talking to each other. Einstein died before
that first meeting, but Russell came up with this motto: and you think about it, it's a way to sort of
keep steady. Simply: "Remember your humanity and forget the rest!"

Thank you.
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