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THE ACCEPTABILITYOF REACTORSIN SPACE*

by

DavidBuden

ABSTRACT

Reactorsare the key to our futureexpansioninto
space. However,therehas beensome confusionin the pub-
lic as to whethertheyare a safeand acceptabletechnology
for use in space. The answerto thesequestionsis ex-
plored. The US positionis thatwhen reactorsare the
preferredtechnicalchoice,that theycan be usedsafely.
In fact,it doesnot appearthatreactorsadd measurablyto
the riskassociatedwith the SpaceTransportationSystem.

I. INTRODUCTION

Energyis the key to man’sfuturedevelopment

unlo~klimitationson energyfor largesatellites

in space. Reactorsin turn

suchas proposedfor sur-

veillanceand communications,orbitaltransfervehicles,spacestationsand

lunarsettlements.The extensionof the planetaryexplorationprogrambeyond

Saturndepe~dson reactorpower. The benefitsof reactorsin spaceare high.

*The viewspresentedhere are thoseof the authorand do not necessarily
representthoseof theLos AlamosNationalLaboratory,the Universityof
California,or the US Departmentof Energy.



In fact,withoutreactorsspacedevelopmentwillbe severelylimitedand

crippled.

Safetyhas alwaysbeen emphasizedin US spacereactorprograms. The US

has flownone spacereactor,in 1965. Thiswas not operateduntila safe,

long-lifeorbitwas achieved. The reactoroperatedproperlyand predictably

for43 days untilshutdownby a nonpowerplantelement.

The USSR has flowna seriesof spacereactorsat low orbitsand then

boostedthem fromlow operationalorbitto a higherdisposalorbit.l How-

ever,one was not successfullyboosted. On January24, 1978,the USSR’s

COSMOS954 becamethe firstspacenuclearreactorto reenterthe Earth’s

atmosphere.The reactordisintegratedoverCanada’sNorthwestTerritories.

COSMOS954 vividlyreopenedthe questionof the safetyand acceptabilityof

usingreactorsin space. It has led to the UnitedNationsestablishinga

WorkingGroupon the Use of NuclearPowerSourcesin OuterSpaceand the

UnitedStatesGovernmentreviewingthe use of nuclearpower.inspace. This

paperreviewstheserecentUS and UN studies,proposedreactorsafetycrite-

ria,as well as the technicalaspectsrelatedto safetyin usingreactorsin

space,and the safetyof nuclearreactorslaunchedby the SpaceTransportation

System(STS).

Thereare two typesof nuclearpowersourcesthathavebeen launchedinto

outerspace--radioisotopicgeneratorsand nuclearreactors:

a. Radioisotopicgeneratorsconsistof radionuclidefuelssurroundedby

energyconversionsystems. The radioisotopedecaysspontaneously,emitting

ionizingradiationwhichis absorbedas heat and can be convertedintoother

formsof energy(seeFig. 1A).

b. Nuclearreactorsderivetheirthermalenergyfromthe controlled

fissionof nuclei,suchas fissileuranium235. The reactorconsistsof an

enricheduraniumcorewitha reflector,producingheat for possibleconversion

to otherformsof energy(seeFig. lB).

Thispaperwill addressonlynuclearreactors.

lHenryS. Bradsherreportedin the WashingtonStar on January24, 1978,that
thiswas the 16thsatellitein the Russianradarsurveillanceseriesthatused
nuclearpower.
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II. CONCLUSIONS

The following

space:

1. US and UN

conclusionsare reachedconcerningthe use of reactorsin

studiesacceptthe use of reactorswhen the preferredtech-

nicalchoiceprovided.

2. Safetyis achievedpriorto launchand ascentto orbitby maintaining

the reactorsubcritical(shut-down).A non-operatedreactoris safe to handle

by flightcrewand groundsupportpersonnel.Subcriticalityis maintainedprior

to orbitby redundantdesignand specialsafetylocks,and designingagainst

criticalityoccurringfor eitherwaterimmersionor groundor waterimpact.

3. Reactorsoperatedin orbitare safe if theyreenterthe Earth’sbio-

sphereprovidedfissionproductsare virtuallyeliminatedthroughthe process

of naturalradioactivedecay. This is accomplishedby orbitsthatare on the

orderof 300 years. CurrentproposedUS missionshaveorbitallifetimes

greaterthan300 years.

4. If a missionrequiresan orbitallifetimeof lessthan300 years,the

reactorcan be boostedto a higherorbitafteroperationeitherby an on-board

boostsystemsor a boostsystemdeliveredby the shuttle. In addition,the

reactorcan be designedto disintegrateon atmosphericreentry.

5. Reactorsdo not measurablychangethe riskassociatedwith Space

TransportationSystemoperations.

III. A RECENTUS STLDYOF SPACEREACTORS

A high-levelstudywas establishedby the US Governmentinvolvinginter-

estedelementsfromthe Departmentof Defense,NationalAeronauticaland Space

Administration,and the Departmentof Energyto studythe desirabilityof

usingreactorsin space. Theirconclusionsare reflectedin papersgivenin

supportof the UN WorkingGroupin 1979and 1980.

Followingare quotationsfromthe January1980US paperzto the United

Nationsthatdefinesthe US concerns:

2“Studieson TechnicalAspectsand Safety
in OuterSpace,”UnitedStatesof America
the Use of NuclearPowerSourcesin Outer
Uses of OuterSpace,January23, 1980.

Measuresof NuclearPowerSources
workingpaperto WorkingGroupon
Space,UN Committeeon the Peaceful

.

.

4



“Exploration and utilization of outerspacefor the goodof mankindwill
continueto benefitfromthe applicationof safe,reliablenuclearpower
sources. Thesesourcescan be usedsafelyif theyare developedto meet
stringentsafetystandardsdesignedto protectthe earth’spopulationand
environment.“

“Stringentdesignand operationalmeasuresare requiredin orderto pro-
tectboth the publicand environmentundernormaland-postulatedaccident
conditions.Hence,the primarysafetydesignobjectiveis to minimizethe
potentialinteractionsof the radioactivematerialswith the populaceana
the environmentso thatexposurelevelsare within-limitsestablishedby
internationalstandards.”

“Forreactors,the emphasisshouldgenerallybe on maintaininga sub-
criticalconfigurationin all credibleaccidentenvironmentsso thatno
fissionproductsare generatedand releasedthroughpossiblecoredamage.
Hence,one safetydesignphilosophyfor a reactorsystemis: to launchan
appropriatelyshieldedreactorin a subcriticalmode,to designit so as
to preventcriticalityat or afterimpactshouldthe subcriticalreactor
reenterbeforestartup, and to limitstartupuntilthe systemachievesan
earthorbitof sufficientdurationto providetime for fissionproduct
decay. Thiswouldassureminimalinteractionof the nuclearmaterialwith
peopleand the radiologicalexposurelevelswouldconformto recommended
internationalstandards.Theseguidelineswere includedin the criteria
appliedto the onlyUS launchof a spacenuclearreactorin 1965. If
reactorsare intendedfor use in short-durationorbits,the safetyassess-
ment shouldincludethe durationof reactoroperation,the durationof the
orbit (bothof whichgovernthe availablefission-productinventory)along
with a probabilisticriskanalysisof the typeof reentryand ultimate
disposal.”

The abovequotationclearlystatesthat the US is generallysupportiveof

the use of reactorsin space. It is true thatthe use must conformto high

safetystandardsto protectthe Earth’spopulation.Currently,guidelinesare

beingpreparedfor the use of reactorsin space.

IV. UN STUOYON USE OF REACTORSIN SPACE

Becauseany statementby the UN must bear the unanimousapprovalof the

participatingmembersof the WorkingGroup,it furtherreflectsthe US views

on the use of reactorsin space.

In the Conclusionsand Recommendationsfor the 1980Meeting,the Working

Groupstates3:

~“Reportof the WorkingGroupon the Use of NuclearPowerSourcesin Outer
Spaceon the Work of Its SecondSession,”UnitedNationsCommitteeon the
PeacefulUses of OuterSpace,A/AC.105/C.l/L.120,February12, 1980.

5



are

“26. On the basisof studiessubmittedin responseto the requestin its
firstreport,theWorkingGroupreaffirmedits conclusionthatNPS can be
used safelyin spaceprovidedthatall necessarysafetyrequirementsare
met.”

The firstreportstatedin its Conclusionsand Recommendations:

“39. The WorkingGroupconcludedthatNPS can be usedsafelyin outer
spaceprovidedthe safetyconsiderationsin paragraphs13, 14, and 15 are
met in full. The decisionto use NPS in outerspaceshouldbe basedon
technicalconsiderationsprovidingsafetyrequirementscan be met while
satisfyingmissionrequirements.”

The pertinentpartsof paragraphs13, 14, and 15 thatapplyto reactors

quotedbeiow:

“13. The WorkingGroupagreedthatappropriatemeasuresfor radiation
protectionduringall phasesof an orbitalmissionof a spacecraftwith
nuclearpowersources--launch,parkingorbit,operationalorbit,or
reentry--shouldbe derivedprincipallyfromthe existing,and internation-
ally accepted,basicstandardsrecommendedby the InternationalCommission
on RadiologicalProtection(ICRP)in particularICRPDocumentNo. 26.”

“15. The WorkingGroupagreedthat the safetyof reactorsystemsdid not
presentany difficultywhen theyare startedand operatedin orbitssuf-
ficientlyhigh to give time for radioactivematerialsto’decayto a safe
levelin spaceafterthe end of mission. In thisway the doseequivalents
at the timeof reentrycouldbe guaranteedin all circumstancesto be with-
in the limitsrecommendedby the ICRP for non-accidentconditions.If
reactorsare intendedforuse in low orbitswherethe radioactivematerials
do not have sufficienttime to decayto an acceptablelevel,safetydepends
on the startof the operationin orbitand the successof boostingnuclear
powersourcesto a higherorbitafteroperationis completed.In the event
of an unsuccessfulboostintohigherorbitthe systemmust in all cir-
cwnstancesbe capableof dispersingthe radioactivematerialso thatwhen
thematerialreachesthe earththe radiologicalhazardconformsto the
recommendationsof the ICRP.”

Otherpertinentparagraphsfromthis report4include:

“7. For certainimportantspacemissionsnuclearpowersourceshavebeen
the preferredtechnicalchoice. Providedthe additionalrisksassociated
with nuclearpowersourcesare maintainedat an acceptablylow level,the
WorkingGroupconsideredthat the basisof the decisionto use a nuclear
powersourceshouldbe technical.”

,

.

4“Reportof the WorkingGroupon the Use of NuclearPowerSourcesin Outer
Space,”UnitedNationsCommitteeon the PeacefulUses of OuterSpace,
A/AC.105/C.l/L.111,16 February1979.

6



“lo. For uranium235 fueledspacereactorsystems,safetycan be assured
by delayingthe reentryuntilradioactivematerialshave decayedto a
safe level.”

v. TECHNICALASPECTSOF MEETINGSAFETYSTAN)ARDS

A. ReactorDescription

A typicaladvancedspacereactorconsistsof a fueledregioncalledthe

coresurroundedby a regioncalleda reflector.The fuelis a fissilemate-

rialused to produceenergy--highlyenrichedin 235-uraniumin mostcases.

The reflectoris usedto increasethe efficiencyof the reactorarrangement

returningescapingneutronsto the core. The powerlevelis controlledby

meansof a materialthatabsorbsneutronsand alsoby controllingneutron

leakage. The relativegeometryof thisneutronabsorptionmaterialto the

core is used to establishthe reactorpowerlevel. This deviceis knownas

the reactivitycontrol.

B. SafetyDesignAspects

by

The UN and US papersclearlyrecognizethe acceptanceof the use of reac-

torsin spacewith the provisionthatcertainsafetystandardsare met. Our\
abilityto designand launchreactorsthatmeet thesesafetystandardscan now

be discussed.The UN reportsreferto ICRPDocumentNo. 26. This report,as

summarizedin the 1980UN Report,states:

The

“12. With regardto the ICRPrecommendationconcerningdose limits,the
WorkingGroupagreedthat,in eachcasepriorto launch,an assessmentof
the collectiveand individualdoseequivalentcommitmentsmustbe carried
out for all plannedphasesof a spacemissionwith a NPS. Appropriate
guidelinesare providedin ICRPpublication26, paragraphs129 to 132,on
exposureof populations.In thisconnection,the WorkingGroupnotedthat
ICRPpublication26 recommendsan annualdoseequivalentlimitfor workers
of 50 mSv (5 rem)wholebody dose (orequivalentdosesto partsof the
body)and an annualdoseequivalentlimitfor the mosthighlyexposed
membersof the public(thecriticalgroup)of 5 mSv for all man-made
sources. The WorkingGrouprecommendedthattheselimitsshouldnot be
exceededduringany phaseof a NPS mission.”

The phasesassociatedwitha spacereactormissionare shownin Fig.2.

phasesof interestto us are:

1. Groundoperations

2. Prelaunchand ascent

3. On-orbitoperations

4. Descentand postlandingor post operationaldisposal(deepspaceor

lunarsurface)
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Thoughwe do not haveany operationalexperiencewith the SpaceTranspor-

tationSystem(STS),we can stilluse past experienceto providesometypeof

guideto the probabilityof failureduringvariousoperationalphases. Also,
.

the STS is a mannedvehicleand thusthe reliabilitytendsto be higherthan

for otherlaunchvehicles.

LaunchPad Abort. Overthe past few years,roughly1% of launchattempts

haveterminatedin firesor explosionon or in the immediatevicinityof the

launchpads.5 All launchsiteshaveconsiderableexclusionradiiand launch

is over sparselypopulatedareas. Consequently,debrisis localand at

groundlevel.

FirstStageSuccess. The firststagesolidboostersburn for about2

minutesand boostthe SpaceShuttleto about50 km and a speedof 4300 k’mper

hour.6 Initialflightis in the troposphere(seeFig. 3). Debrisbehavior

showsa criticalaltitudeabout21 km. Fine debrisabovethisaltitudedoes

not appearuntilthe Springor Fall a year later. The proportionof launch

vehiclesdestroyedbelow21 km is takenas 1%.

SecondStageSuccess. Eightminutesinto the mission,the Orbiter’smain

liquidenginesare shut downand its ExternalTank is jettisoned.This occurs

about115 km. Launchrecordson othervehiclesshowabouta 2% failurerate.

OrbiterStageSuccesse A few secondsafterthe ExternalTank separation,

the OrbitalManeuveringSubsystemenginesare fired.6 About2% of launches

do not resultin attainingorbitbecauseof failuresin the thirdstageor

trimmingsystem. However,becauseof the STS designthismay not be analogous

here becauseof “Abortto Orbit”mode or “AbortOnce Around”mode.

Thoughhistoricaldatamay be pessimistic,one shouldassumein designing

spacenuclearreactorsthatlaunchvehiclefailurescan be expectedin all

phasesof the launchand ascentto orbitcycle. Therefore,we shallexamine

the additionalhazardsthata reactormightimposein case of a failure. The

typesof failuresare:

5“UnitedKingdomof GreatBritainand NorthernIreland: WorkingPaper
Studieson TechnicalAspectsand SafetyMeasuresof NuclearPowerSourcesin
OuterSpace,”UnitedNationsWorkingGroupon the Use of NuclearPowerSources
in OuterSpace,A/AC.105/C.l/WG.V/2.11/Add.1, January28, 1980.

6PlarshallH. Kaplan,“SpaceShuttle,”Aero Publishers,Inc.,Fullbrook,CA
1978.

9
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The atmosphere around Earth is divided
into several layers for convenience of
description and scientific evaluation.
We live in the atmosphere which extends
from the ground up to 11 km.
Environmentally, the Shuttle will influence
the first 50 km of our atmosphere.

480 km

Fig. 3. AtmospherearoundEarth.

1. Nuclear,with its associatedradiations.

2. Chemical,includingtoxicsubstanceslikeBe or BeO.

3. Kinetic(heavy fallingobject).

1. NuclearWith Its AssociateRadiations.

Nuclearhazardscan be perceivedas (1) beingassociatedwith the accumu-

lationof largequantitiesof a fissilematerial,suchas
235

U or (2)the

operationof a fissionablereactor(atappreciablepowerlevels).

The accumulationof a largequantityof nuclearmaterialsuchas in the

100-kWeSpacePowerAdvancedReactor(SPAR)designrequiresaroundeighty
235U

kilogramsof highlyenriched . The “EngineeringCompendiumof Radiation

Shielding”liststhe half-lifefor the decayof
235U at 7.1 x 108 years

(p. 29) and the half-lifeforspontaneousfissionas 1.8 x 10
17 years(p.

33). Hence,the decayconstantsbecome:

10
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-17 -1
AU =3.1X10 s

andASF
= 1.2 x 10-25 S-l ,

As such,the specificactivityper gram of
235

U is 2.1 x 10
-6

Ci/g for
-15

alphaactivityand 8.3 x 10 Ci/g of spontaneousfission. Now, if the

1200-kWSPAR reactorhas 80 kg of
235

U, the activityis 0.17Ci.

To put thisin perspective,the radiationis mainlyalphaparticleswhich

consistof a heliumnucleusof two protonsand two neutronswith a double

positivecharge. Alpharadiationis not an externalradiationhazardsince

evena sheetof paperwill stopit or severalcm of air. In fact,the uranium

in the core is surroundedby a layerof molybdenumand 10 cm of beryllium.

Therefore,the nonoperatedcorewith enricheduraniumis an insignificant

biologicalhazard.

Tne hazardsassociatedwith an operatingreactoror one thathas been

shutdownafterappreciablepoweroperationlevelsare the main radiological

concern. Beforethe reactorhas been operatedat power,the amountof radio-

activityin the’corewouldbe negligible.Once at power,the fissionproducts

buildup fairlyrapidly. Afterthe reactoris shutdown,the radioactivefis-

sion productinventorydecreasesthroughdecay. An evaluationof the poten-

tialhazardsassociatedwith SPAR requiresa more detailedspecificationof

the fissionproductinventorythanjust the totalnumberof curies. In

absorptionby the humanbody some fissionproductsare “boneseekers,”some

are “thyroidseekers,”and someare preferentiallyabsorbedin muscle. Each

isotopehas a differentprobablebody residencetime (biologicalhalf-life)

and differentpathwaysin the biosphere(ingestion,inhalation).The amount

of damagedone to tissuesand cellswill dependon thisresidencetime,the

typeand energyof ionizingradiationemitted,and so forth. Thus,a fairly

detailedinventoryof the fissionproductisotopesare requiredto analyzethe

potentialeffectsfroma reactoron reentry.

Estimatesof the inventoriesof the variousclassesof fissionproducts

(boneseekers,thyroidseekers,etc.)at the pointof shutdown,24 hours

later,and after300 yearsare shownin TablesI throughV. The reactor

operatingpowerand timeprecedingshutdownis assumedto be 1200kWt and

year. Thesetablesshowthatif the reactorreentersthe biosphereafter

yearsin orbit(thiscorrespondsto arounda 400 nmi initialorbit),SPAR

wouldhave only:

1
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il.8Ci of Sr90

0.6 Ci of CS’37

2pCi of Sr91

3QCi of Kr
85

of activityafterone year of reactor operation. For sevenyearsof reactor
90 137

operation, Sr is 4.7 Ci and Cs is 3.7 Ci.

Radioisotope

;93

z?’
zr97

~b95 ~

~b95

~b97

J9
~a140

~a140

~a141

~e141

~e143

~r143

~e144

~r144

~d147

~m147

~d149

~m149

~mlsl

FISSI@lPRUYXT

Yield
(%)

4.8

5.9

5.9

5.9

2.4

6.1

6.1

6.5

6.4

6.2

0.1

6.3

6.2

6.1

6.3

6.3

6.0

6.0

6.2

6.2

6.1

6.1

2.6

2.6

1.3

“1.3

0.5

Half
Life

53 d

23 y

65 h

8.7 y

51 m
2.6 h

3.5 h

10 h

65 d

17 h

90 h

35 d

74 m

68 h

12.8 d

40.5 h

3.7 h

32.8 d

33 h

13.7 d

290 d

17.5 m

11.3 d

2.6 y

2h

54 h

27.5 h

TABLEI

INVENTCRY- MM SEEKERS

Activityin Curies

At
Shutdom

40,000

1200

1200

49,600

19,800

51,200

51,200

54,600

52,600

52,000

800

53,000

52,000

51,200

53,000

53,000

50,400

50,4(II

52,000

52,000

29,800

29,800

21,800

5,000

11,200

11,000
4,200

894,O(I3

24 i-bus 300 Years
AfterShutdown After Shutdown

39,400

1200 0.8

920

7,340 2 x 10-6

0

80

440

10,340

52,040

19,540

660

51,0U0

o

40,100

50,200

35,160

560

49,340

31,400

49,400

29,720

0

20,500

5,000

0

8.080

2,300

504,720
—
0.8

.

.

.

.
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TAE!LE II

FISSION PRUJJCT INVENTORY - THYROIO SEEKERS

Activity in Curies

Radioisotope Yield Half At 24 Hours 300 Years
(%) Life Shutdown AfterShutdown After Shutdown

1131
2.9 8d 24,360

1132
21,680

4.4 2.4 h 37,000
~133

40

6.5 20.5 h 54,600 24,260
1134

6.7 52.5 m
1135

56,800 0
6.0 6.7 h 50,400 4,200

223,160 49,460 0

TABLE III

FISSIONPROOUCT INVENTORY - KIONEY SEEKERS

Activityin Curies

Radioisotope Yield Half At 24 Hours 300 Years
(%) Life Shutdown After Shutdown After Shutdown

J03
2.9 39.8 d 24,400 24,000

RU105
0.9 4.5 h 7,600 200

RU106
0.38 ly 1,600 1,600

33,600 25,800

Radioisotope

o

TABLE IV

FISSION PRCO_JCTINVENTORY - INERT GAS CONTRIBUTORS TO EXTERNAL OOSE

Activitv in Curies

Yield Half At 24 Hours 300 Years

(%) Life Shutdown AfterShutdown AfterShutdown

xe131 ~

xe133m

xe133

xe135

K?3 m

K#5

K~5 m

K/’

K$8

0.03

0.16

6.5

6.2

0.48

1.5

0.3

2.fA9

3.7

12 d

2.3 d

5.3 d

9.2 h

114 m

4.4 m

10.6 y

78 m

2.77 h

40

1,310

53,200

52,000

4,040

12,600

10,000

21,COO

31,000

185,200

36

970

46,680

8,520

to

280

10,000

0

80

66,566

3.0 x 10
-5

3.0 x 10-5
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TABLE V

FISSIONPRCDUCT INVENTORY . MUSCLE SEEKERS

Activity in Curies

Radioisotope Yield Half At 24 Hours 300 Years
(%) Life Shutdown After Shutdown AfterShutdown

~s137
5.9

~a137 ~
27 Y 1200 1200 0.6

5.9 26 m 1200 0 —
2400 1200 0.6

The combinedy + B activityfromfissionproductsbecomessmallerthan

the residualactivitydue toa decayof the original235Uafterabout43o
235

yearsand is 10% of natural U activityafterabout520 years.

In summary,when one considersnuclearhazardsassociatedwitha reactor,

the periodof potentialbiologicalhazardexistsbetweenthe timea reactoris

operatedat an appreciablefissioningpowerlevelto the time thatthe reactor

fissionproductshavedecayedto an insignificantlevel. This is a

about300 years. Froma radiologicalsafetypointof view,we take

of such safeperiodsby:

1. not operatingthe reactorpriorto launchor in the ascent

orbit;

periodof

advantage

mode to

2. for mostmissions,selectingthe orbitwherethe reactoris first

operatedas one whoselifetimeexceeds300 years; and

3. if tne desiredmissionorbitlifetimeis lessthan300 years,provid-

ing a meansto boostthe reactorafteroperationto an “orbitthathas a

greaterlifetime(orensuringthata rescuecapabilityexists).

We will discussorbitsin more detaillater. Let us now examinethe

hazardsof the variousstagesto orbitthatare potentiallypresentedin

additionto the usualriskassociatedwith an STS flight. The major

additionalriskwouldbe froman unscheduledreactorstart. One considers

thatthisrisk ~ouldbe initiatedby:

1. an unscheduledincreasein reactivitycausedby movementof the

reactorcontrolelements;

2. waterimnersionof the core if a Shuttleshouldcrash; or

3. land impactof the reactorin a crash.

Occurrenceof the firstpotentialmode to createan unscheduledstartup

can be eliminate in a mannedlaunchvehicle,likethe STS,by usingphysical

.

.

,

.
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interlocks on the control reactivity mechanisms. Theseinterlockscouldbe

removedonce the STS achievesorbit,and, thuscan providea fail-safe

system. Also,combinationsof electricalinterlockswith multiredundant

arrangementscan alsobe used thatwouldmeet

Thus,by designingforsafety,an unscheduled

controlmechanismscan be avoided.

The problemof reactorcriticalityduring

avoidedby properdesign. Spacereactorsare

the reliabilityrequirements.

startupinvolvingthe reactor

waterimnersioncan againbe

designedto remainsubcritical

in caseof accidentalimmersionin water. For instance,the SNAP-8

incorporateda gadoliniumpoisonfor thispurpose. Thisensuresagainst

unscheduledcriticality.

The impactproblemis concernedwithwhetherthe reactorcan be distorted

in a crashin sucha manneras to becomecritical. The reactorcan be de-

signedto assurethatsuchan eventcan not occur. One featureof a reactor

designis thatit requiresgreatcare to make it sufficientlycompactto

establisha configurationthatwill becomecritical. Distortionswill tendto

make the systemsafer.

For the pre-launch,launch,and ascentto orbit,the reactoris kept in a

shutdownmode,it requiresno coolingand the controlelementsare lockedin a

mannerensuringagainstunscheduledcriticality.Thus,negligiblenuclear

riskis introducedby havingthe reactoraboard.

Once orbitis achieved,mechanicalinterlockson the controlmechanisms

can be removed. Sincethereare usuallyat leasttwelvecontrolactuators,

the interlockscan be removedone at a timeand the controlelementtested

independentlyand withoutriskto the Orbitercrew. Once the Orbiterhas

retreatedto a safedistance,the reactorcan be startedemployingredundant

remotecontrolcommands.

Now, let us returnto the subjectof orbitlifetimeand what is the like-

lihoodthata reactoris operatingat an orbitthatmeetsthe 300-yearsafety

criteria. The orbitallifetimeis a functionof the ballisticparameter

W/CDA,whereW is the weightof the reentrybody;A is the dragareawhich

is a function,ofthe flightaltitudewith respectto the orbitalpath;and

CD is the dragcoefficientwhichis influencedby the geometriccharacteris-

ticsof the body. Figure4 showsthe orbitdecaytimeas a functionof the

initialaltitudeand ballisticparameter.A 300-yearorbitallifetime

requiresan initialaltitudeof around500 nmi. If we use figuresfromthe

15



ORBIT
DECAY
TIME
(yr)

106

10’ ~

102 z

10-1
200 300 400 500 600 700 800 900

INITIAL ALTITUDE (n.mi)

Fig.4. Minimumorbitdecaytime.

SpaceTransportationSystemUserHandbook(Figs.5 and 6),

equipthe ShuttlewithOrbitalManeuveringSubsystem(OMS)

we see thatwe can

kitssufficientto

achievean initialorbitat thisaltitude. Anotherobservationfromexamining

Fig. 4 is thatif we increasethe operationalaltitudeof say 700 nmi,we have

orbitallifetimesof 105 years--a smallincreasein orbitresultsin a very

largeincreasein orbitaldecaytime.

However,we shouldnot discardpossiblemissionsin orbitsbelow300 life-

timesif the missionswarranta commitmentto nuclearpower. We havealready

mentionedthatat the terminationof the missionthe powerplantcan be

boostedto higherorbit. We have seen the USSR do thissuccessfullymany

timesand experienceonly one failure--COSMOS954. We willhavean added

back-u~systemoncethe STS is operational--theabilityto rendezvousand push

the satellitehigherif an on-boardboostsystemfails. Thisaddedcapability

needsto be factoredintoany planningfor loweraltitudemissions. A fea-

ture of the USSRreactordesignis to have the coredisintegrateintosmall

particleson reentry. If desired,US reactorscan be designedin the same

16
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Fig. 5. (a)Maximumcargoweightsat variouscircularorbitalaltitudesfor
flightswithdeliveryonly; (b)Maximumcargoweightsfor
deliveryand rendezvousflightsillcircularorbit.

manner. But with disintegration,one must considerinteractionswith the

environmentand man and the possibilitiesof ingestion,inhalation,and exter-

nal dosesthrougheachplausibleenvironmentalpathway.

2. ChemicalHazards. The non-nuclearriskmust alsobe considered.The

reactorcontainssuchmaterialsas UOq, Mo, Be, and BeO. In aaditionto the

reactor,the powerplantcontainsa

the payload,thermoelectricmodules

energy,and a rejectheat radiator.

steel;the thermoelectriccontains

r~diationattenuationshieldto protect

to convertthermalenergyto electrical

The shieldcontainsLiH and stainless

SiGe.GaP,Mo, Si, SiO,AIOO=,Nb; and
L>

the radiatorTi. LiH would probably be the major firehazard;but comparedto

the rocketfuel,it wouldbe relativelyslow-burningand not veryhot. Its

ignitiontemperatureis about590 K and contains2.7 x 107 J/kg (jetfuelis

4.6 X 107 J/kg). The few hundredkilogramsof LiH thatis part of the

nuclearpowerplant contributes little to a potential fire compared to the two

590 000 kg (1.3-millionpound)solidrocketboostersor 725 000 kg

(1.6-millionpound)liquidrocketExternalTank.

The reflectorweighs160 kg and containsberylliumand berylliumoxide.

Berylliumis used as a structuralmaterialfor somespacecraftand thus its

hazardshavebeen evaluatedand accepted.

17
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3. ImpactHazards. The majorimpacthazardsthatone considersis

whetherthe corecan impactseverely enough to collapse the void spaces and

form a critical mass. A calculationof the current

reactorshowsthatreactivitywouldbe increased5%

the reflectorsurvivesintact--thecorewouldstill

SPAR100 kWe heatpipe

froma severeimpactif

be subcritical.

VI. MISSIONCHARACTERIZATION

Typicalhazardscan be characterizedby two parametersas follows:

1. operationalmode

● electricityproduction alone (by nuclear means)

● nuclear electric propulsion

● chemical propulsion followingreactoroperation,and

2. initialorbitwherereactorwill operate

● high orbit

● low orbit

For the purposesof thisclassification,a high orbitis definedas

greaterthan500 nmi. At thisaltitudethe orbitdecaytime is 300 years,

whichis neededfor the inducedfissionactivityto decayto a negligible

level. A low orbitis lessthan500 nmi.

o

●

.

.
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In considering the different typesof mission,we haveselectedfive

classesthatwe believecharacterizethe use of reactorsin spacewell enough

to identifyproblemareasand perhapsindicatepreferreddirectionsof devel-

opnwnt.

● ClassI: Initialhigh orbitwith nuclearelectricityproductionplus

limitedstationkeepingor station-changingcapability.

In thisclassthe reactorwouldnot be operateduntilit was placedin

high orbitand the maximumvelocitychange(Av)thatcouldbe appliedby

misapplicationof availablethrustwouldnot be sufficientto move the satel-

lite to a low orbit. Velocitychangecouldbe by NEP or chemicalmeans.

● ClassII: Initialhigh orbitwith nuclearelectricityproductionand

potentialvelocitychangesufficientto causea changeto low orbit.

As in ClassI, the reactorwouldnot be operateduntilit is placedin a

high orbit,but the missionrequiresthatthe vehiclehave a majorAv cap-

abilitythatcouldleadto a low orbitwith potential reentry. Reentrywould

only occurunderabnormalconditionsand wouldnot be a plannedsegmentof a

mission. Transferto a low orbitcouldbe a plannedmissionsegment,in which

case subsequentmissionsegmentswouldconsiderthe safetyconsequences(in

effect,it entersClassIV). Transferto low orbitcouldalsoonlyoccurif

the available Av were improperlyappliedand couldnot be terminated.There

is no intentto make sucha transfer.

s ClassIII: Initiallow orbitwith electricityproductionand limited
*

stationkeepingor changingcapability.

The missionthatmightcharacterizeClassIII is a relativelylow-orbit

mannedspacestationwith perhapsthe majorpowersourcebeingnuclearelec-

tricity. The spacestationwouldprobablyincludea reactorshieldwith pro-

visionfor reactormaintenanceand repair. Even thoughthis typeof mission

includeslow-orbitreactoroperationas a normalprocedure,we have ratedit

as saferthanClassIV becausewe believethatany suchmissioncan assume

humancontroland shuttle-basedcorrectiveoperationsif needed. The capabil-

ity of suchcontroland interventionradicallyalterssafetyquestions.

● ClassIV: Initiallow orbitwith nuclearelectricpropulsionto

higherorbit,or to lunaror planetarymissions.

*
It is debatablewhetherClassIV is morehazardousthanClassIII.
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In this class one has to assume that the thrust must be bothmisapplied

and couldnot be terminatedto producereentry,but the available Av could

potentially lead to even lowerorbitor reentry. We note thatit is currently

projectedthatsuchNEP operationswouldnot occur until the spacecraft had

beenplacedin a 300-yearorbitby chemicalpropulsion.The Shuttlehas been

designedto reachtheseorbits.

This classis of greatimportance,sinceNEP fromlow orbitis likelyto

be the only feasibleway of executingmanymissions.

● ClassV: Initialand continuinglow orbitwith lifetimeof the order

of months.

This classis typifiedby the COSMOS954 satellitewherea reactoris used

for low-orbitsurveillance.Disposalat the end of missionis preferablyby

boostto higherorbit. Designfor controlledreentrymightalsobe another

option.

TableVI showshow the possiblemissionscan be classifiedaccordingto

thesecriteria.

Regardingpurelytechnicalproblemswe believethat:

● Thoseof ClassI are intrinsicallyessentiallyzero. The reactor

wouldbe placed(by nonnuclearmeans)in a high orbitbeforestartup,and

therewouldbe no built-inmeansof loweringthe orbitby any significant

amount. The onlymeansof reentryof any activematerialwouldbe by the

highlyunlikelyand calculableoccurrenceof impactby a majormeteorite.

Even thiseventwouldleadto generaldispersalof

thanreturnof any majorfractionto Earth.

● Thoseof ClassII can alsobe essentially

designand operation.This is truebecauseof the

the radioactivityrather

zeroby properredundant

multiplicityof independent

safeguardsthatare available,all of whichmust failand in the worstmanner

(withvery low probability)beforean intrinsicallysafeorbitis convertedto

a potentially hazardous orbit. The independentsafeguardsprovidecontrol

overreactorpower(withNEP), electricalpowergeneration(withNEP), reac-

tion mass flow, and spacecraft altitude.

Nevertheless, since thereis somepotentialfor lowerorbits,somemis-

sions in

●

will not

tain the

20

ClassII could have a small additional risk.

In ClassIII theremustbe actiontakento ensurethat the reactor

reenteraftersomerelativelyshorttime. This action is to main-

orbitor to providefor reactordisposalby boostto higherorbit.

.

.



.

>H
-

>*-

2
1



However,evenif the reactorreenters,it is probablethatradiological

analysiswill showan acceptablerisk to the generalpopulation.We, there-

fore,believethatthisclassof missionwillbe as acceptableeventhoughthe

intrinsichazardis higherthan those of Classes I and II. In part, this is

because we believe that a low-orbit

the US unlessrescueand corrective

Shuttleis availableaheadof time.

circumstances.

spacestationwill not be undertakenby

capabilitysuchas thataffordedby the

The reactorshould be acceptable in these

ClassIV is similarto ClassIII, in thatagainit is necessaryto take

actionto ensurethatreentrywill not occurprematurely.The actionis to

ensureproperapplicationof nuclearelectricpropulsion(NEP)to take the

craftto higherorbit. The majorconcernis misapplicationof thrustwhich

reducesorbitallifetimes. It should be notedthatthe low NEP thrustgives

ampletime for detectionof malfunctionsand correctiveaction. Additionally,

thereare severalindependentsystemsthatcan be controlledfromthe ground

to terminatethe misappliedthrust(reactorpower,electricPowergeneration,

reactionmass flow,spacecraftaltitude).

Thus,as in ClassIII,even thoughthe intrinsichazardis higherthanin

ClassesI and II, the riskof a properlydesigned missionwill be acceptable.

ClassV riskwill alwaysbe consideredhigherbecauseof the relatively

shortorbitallifetime. Planneddisposalcouldbe by boostto higherorbitor

possiblycontrolledreentry. Becausepositiveactionis neededto prevent

unscheduledreentryand the orbitaltimesare short,we believetheseare

relativelyhigh-riskmissions. The justificationwouldbe the greatbenefit

of the missionfor nationalmilitarypurposes.

VI~. SAFETYANALYSIS

It is essentialat the outsetthatspacenuclearreactorsbe designed,

fabricated,and testedwithpublichealthsafetyas a baselineconsideration.

The

a.

b.

c.

The

philosophyof safetyinvolvingradioactivesubstancesembraces:

Confineand Contain.

Delayand Decay.

Disperse.

firstof these, confine and contain, isolates the radioactive material

.

,

.
fromthe populationby barriers.
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The second,delayand decay,providesfor sufficientisolationtimethat

radioactivelevelsare reducedto meet radiation safety standards before

exposure to the population. Thiscan be accomplishedin spacemissionsof

long-lifeorbitson the orderof 300 yearsor more.

The third,

dispersalsuch

levelsgreater

All of the

of themmay be

diluteand disperse,is usedwhen thereis a largemediumfor

thatelementsin the populationare not exposedto radiation

thanset forthin the radiologicalstandards.

methodscan be’usedto meet the radiologicalstandards,and any

used in meetingdifferentpartsof a particularmission.

Safetystandardsare met by operationaland designfeatures.Designfeatures

includedevicesthatprecludereactorcriticalityuntila satisfactoryspace

orbitis reachedand ensurethatthe reactorwill be designedto be sub-

criticalif immersedin water.

The accidentenvironmentsconsideredare peculiarto the plannedmission.

The actualenvironmentalconditionsassociatedwitheachaccidenttypeare

determinedon the basisof the launchvehicleand missionprofile. In gen-

eral,the followingconstitutecredibleaccidentenvironmentsfor spaceborne

nuclearpowersources:

Launchand Ascent

● Explosionoverpressure ● Liquidpropellantfire

● Projectileimpact ● Solidpropellant

● Land or waterimpact ● Sequentialcombinations

Space/Earth

● Loss of control ● Land or waterimpact

● Keentry ● Post impactenvironment

(landor water)

For any givenmission,detailedeventtreessuchas Figs.7 and 8 are

developedand each eventevaluatedto insurethatnothingis overlookedin

protectingthe populace. This analyses is documented and reviewedin a series

of safetyanalysisreports,includinga PreliminarySafety Analysis Report,

afterthe reactorconceptis

Safety

Report

AnalysisReportafter

issuedaboutone year

selectedfor a particularmission; an Updated

the design freeze;and a Final Safety Analysis

before launch.
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VIII. SUMMARY

Based on statements made at UN meetingsduring 1979 and 1980 followingthe

COSMOS954 incident,the US acceptsthe use of’nuclearreactorsin sPacewhen

technicallyjustified.The UN also recognizesthe acceptabilityof the use of

reactorsas longas theymeet radiologicalstandardsset forthin the Interna-

tionalcommissionon RadiologicalProtectionstandards.Theredoesnot appear

to be any reasonusingproperaesign and operation approaches that safety

standards cannot be met.
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