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DeepImpact and SampleReturn
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Returninga cold samplecontainingthe ices from a cometarynucleushas long beenan
unachievablegoal of cometaryscientists. The resultsfrom the DeepImpact encounterwith
cometTempel1 suggestthat the task is much easierthan previously thought. Thus a cold
samplereturnwith ice becomesanachievablegoal.
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1. Intr oduction

DeepImpactdelivered19 Gjoulesof kinetic energy to thenucleusof comet9P/Tempel1 on 4 July

2005in orderto investigatethecompositionandstructureof thecometarynucleus.During thatsame

season,Hayabusawaslandingon andattempting(we hopesuccessfully)to collecta samplefor return

to Earthfrom the surfaceof asteroid(25143)Itokawa. Six monthslater, Stardustreturnedto Eartha

sampleof dustfrom thecomaof comet81P/Wild 2. For many yearscometaryscientistshave wanted

a sampleof the nucleusof a comet,reachingdeepenoughto collect andremainingcold enoughto
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preserve the icesfrom thecometarynucleus.Becauseof the largeuncertaintyin cometaryproperties,

sucha missionhasgenerallybeenfound to be too complex to be affordable. The resultsfrom Deep

Impact have greatly narrowed the rangeof propertiesthat must be consideredin designingsucha

missionandhave thereforedramaticallyreducedthecomplexity andcost.This leadsto theconclusion

that the next generationof samplereturn missionsafter Hayabusaand Stardustshouldrealistically

includereturningacoldsample,with ices,from a cometarynucleus.

Themajor factorsthathave limited our ability to designa missionhave beenthelack of knowledge

about the strengthof the material near the surfaceof the cometarynucleusand a similar lack of

knowledgeaboutthedepthat which theiceswouldbefound.Otherparameters,suchasthedensityof

thematerialandthestrengthof thegravitational �eld of thenucleus,have alsobeenunknown andare

importantfor thedetailedengineeringof themission,but they arenot quiteascritical for conceptually

designingthemission. Estimatesof thestrengthof thematerialhave rangedfrom totally strengthless

to thestrengthof competentrock. This remarkablywide rangeof strengthimpactsboth theability to

penetratethe materialfor samplingand the ability to hold the spacecrafton the surfaceagainstany

forces,suchas the act of samplingitself, that act to lift the spacecraftoff the surface.The splitting

of cometD/Shoemaker-Levy 9 alloweddeterminationof anupperlimit of �

���������

for thestrengthat

scalesnear1 km (e.g. Sekanina1996,1997)andsimilarly low limits canbededucedfor otheravariety

of splitting events(seethe review by Mendiset al. 1985),but the generalgeologicalexperiencethat

strengthdecreasesasspatialscaleincreasesleft thestrengthsatsmallerscalesunconstrained.Estimates

by modelersof the depthto which volatiles are depletedin a homogeneous,sphericallysymmetric

nucleushave rangedfrom 10 cm to 	

��

�

, while observers, in order to explain the jets seenin the

coma,have generallytalkedaboutheterogeneoussurfaceswith active areasdrivenby ice exposedat

thesurface.DeepImpacthasplacednarrow constraintson theseproperties.
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2. Resultsfrom DeepImpact

Thekey preliminaryresultsfrom DeepImpactweresummarizedby A'Hearnetal. (2005),alongwith

aselectionof ground-basedresultsthatappearedatthesaametime,andadditionalresultswerereported

by Sunshineet al. (2006a).Additional resultsboth from thespacecraftteamandfrom remotesensing

observerswill bereportedby many authorsin aspecialissueof Icarusthatis beingpreparedat thetime

of thiswriting. Resultsfrom awidevarietyof remotesensingobservationshavealsobeenpresentedin

variousplacesandarealsoincludedin thatspecialissueof Icarus. In thefollowing sectionsweaddress

successively someof thekey questionsthatarecrucialfor evenaconceptualdesignof anuclearsample

returnmissionandusetheresultsfrom DeepImpactto answerthequestions.

2.1 Strengthof Material

The �rst key questionin a samplingmissionis to determinewhatkind of equipmentis neededfor

obtainingthe sampleandthis dependscritically on the strengthof the materialthatoneis sampling.

The experimentby Deep Impact provided various constraintson the strength,both directly from

observationsof the ejectaconeto determinethe roles of strengthand gravity in forming the crater

andindirectlyby measuringotherpropertiesthatarecorrelatedwith strength.

Thestrengthhasbeenestimateddirectly from DeepImpact'sexperimentby RichardsonandMelosh

(2006,2007),who have simulatedthe entiresequenceof imagesof the ejectathroughlookback(75

minutesafter impact). They concludethat the upperlimit on thestrengthis
� � ��� ��� � ���

, a strength

comparableto that of talcumpowder. This result is an upperlimit becausethe ejectacurtaincould

have detachedfrom the surfaceby a small distancethat would not have beenobservable by Deep

Impactduringthelookbackphase.Theirmodelassumesthatcrateringwouldstopwhenthestagnation

pressure( ������� ) dropsto thestrengthof thematerial,astrengththatis anill-de�ned mixtureof tensile

andshearstrength.Themodelincludesradiationpressure,whichde�ectstheveryslowly moving ejecta

noticeablyanti-sunward.The modeldoesnot allow for any layeringwithin the nucleus(seebelow).

Themodeldoesnot includeany effectsdueto gaseousdragon thesolid ejecta,but mostof thegasis
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waterthatis vaporizedfrom solidicegrainsonatimescaleof hoursafterexcavation.Thissuggeststhat

thehydrodynamicdragforcesoccursolateandat suchlow densitiesthat they arenot a major factor,

but thismustbetakeninto accountin a futuremodel.

HolsappleandHousen(2006,2007)have criticized thevalueof theupperlimit on thestrengthand

havesuggestedthattheupperlimit couldbeashighas12kPa,or possiblyeven65kPa,while remaining

consistentwith theobservations,basingtheir conclusionson anempiricallybasedscalingrelationship

to determinethe relationshipbetweenstrengthandminimumvelocity of theejecta.They alsoignore

gaseousdragin acceleratingthe ejecta. Regardlessof which valueis correct,the upperlimit on the

strengthis ordersof magnitudelessthanthehigh endof therangeof strengthsthathadbeenassumed

for engineeringpurposesin thepast.

Otherkey aspectsof thecrateringeventhave beendiscussedby Schultzet al. (2007),who describe

severalphenomenabasedon comparisonwith hypervelocity impactexperimentsinto poroustargetsin

thelaboratory. They notethat theuprangeraysof ejectaarefrom only thetopmostlayerof thetarget,

speci�cally from a layer that is lessthanan impactordiameterin thickness.Theseraysareobserved

to detachfrom the impactsite during the excavation phaseindicatinga layeredstructurewithin one

impactordiameterof thesurface.They alsonotethat theejectaarebiasedin thedownrangedirection

initially andthat this materialis all near-surface,comingfrom depthsup to an impactordiameteror

so. At laterstages,theejectabecomemorecircularly symmetric,althoughnever closingto complete

symmetryuprange,andrepresentmaterialfrom greaterdepth.

Otherindicatorsof very weakmaterialincludetheapparentadvanceof theejectacurtainacrossthe

surfacemany hundredsof secondsafterimpactin deconvolvedimagestakennearclosestapproach,the

inferreddiameterof the crateras150 to 200 m (Schultzet al. 2006,2007),andthe total amountof

materialthatescapesthecomet,of order
� �

�

kg betweentheice andthemorerefractorygrains(Lisse

etal. 2006;Sugitaet al. 2006;Küpperset al. 2005).While strengthmaymatterat thevery endof the

excavation,theensembleof evidencerequiresa particulate,high-porosity, weaklybondedsurface.
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Fig. 1. Dust�uence on impactor. Predictedcumulativedistribution of totaldust�uence perunit areaon impactor, basedon thesamemodelasshown by

Lisseet al. (2005,Fig. 8) for the�yby spacecraft.Overlainis thehistogramshowing thefour particlesdetectedby theADCS systemon theimpactor.

2.2 Texture

Althoughtheoverall strengthis very low, thesevaluesdonotaddressthequestionof thesmall-scale

variationsin strength,i.e. the texture. Would a drilling experimentrun into isolatedsolid rocksthat

could lead to samplingproblems? We argue that bouldersas large as a few metersare not present

anywherein our excavatedareasincebouldersthat largeshouldappearasbright,point sourceswithin

theejectaat our spatialresolution.

We alsoknow thatthesizedistributionof theejectais differentfrom thatof theambientoutgassing.

On approach,the impactorwashit by four ”dust particles”thatwerelarge enoughto bedetectedby,

andcorrectedfor by, theAttitude DeterminationandControlSystem(ADCS). Therewere3 particles

between1 and 10 mg and 1 particle of roughly 0.5 g. To within the uncertaintyof small number

statistics,theseparticlehits werequite consistentwith a standardpower law for the sizedistribution

thathadbeendeducedfrom far-infraredmeasurementsof cometTempel1 by IRAS asshown in Figure

1. This power law wasthe basisof the predicted�uence, both for the �yby spacecraft(Lisseet al.

2005,Figure8) andfor theimpactor, shown here.

Lisseet al. (2006,seesupplementaryon-linematerial),in orderto explain their observedmid-IR to

far-IR spectraof theejecta,have shown that thesizedistribution of theejectamusthave beensteeper

thanthat of the ambientdustat sizeslarger thana few microns,andshallower at sizessmallerthan

about1 micron. Similar conclusions,that thebulk of theejectamusthave beensmall particlesbased
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on the observed effectsof radiationpressure,have beenreachedby Schleicheret al. (2006)andby

RichardsonandMelosh(2007). This arguesthat the larger particlesthat arenormally presentin the

comaeof cometsare relatively fragile, easily fragmentedin the excavation shock,and likely not a

hazardto samplingatsmallscales.

Wealsonotethatthethermalmeasurementsdiscussedbelow, which imply negligible thermalinertia

acrossmostof thenuclearsurface,arenot easilyexplainedunlesssolid rockslargerthana few cm are

extremelyrare,sincethey wouldprovidemeasurablethermalinertiaif they werecommon.

2.3 Depth of H
�

O Ice

We note�rst thatDeepImpactdid detectice on thesurfaceof thenucleus(Sunshineet al. 2006a).

The ice detectedby Sunshineet al. coversonly a very small fraction (3%) of a small area(0.5 km � )

andis thereforeunrelatedto thebulk of theoutgassingby thecomet.Giventhe locationof the ice on

the surface,it seemsextremely likely that this ice is a byproductof the processthat leadsto sunrise

outburstson this portion of the nucleus(A'Hearn et al. 2005). Despitea contraryview by Keller

andKüppers(privatecommunication),we think that this ice is unrelatedto the primordial ice in the

cometarynucleus.Thus,while a sampleof this ice wouldbeeaasilyobtainableandmight bevaluable

for understandingoutburstprocessesandrecondensation,it is likely not usefulfor understandingthe

formationof comets.Elsewhereon the nucleus,the ice is clearly not present,at leastit exhibits less

than1%surfacecoverageperpixel or it wouldhavebeenseen.Theiceis thatdrivesthecometis below

thesurfaceandtheimportantquestionis how deepthe ice is, boththewaterice andthemorevolatile

ices.Thiswill beaddressedwith a varietyof evidence.

Spectraof thedownrangeejectaimmediatelyafter impactshow thatcrystallineice grains,typically

a few micronsin size,arepresentin the downrangeejectawithin 2 secondsof impact (Sunshineet

al. 2006b). Figure 2 shows a temporalsequenceof imagesof the slit of the spectrometeras the

downrangeejecta�o wedacrossthe�eld of view (FOV). Theupperpanelis asequenceatawavelength

of
�

�

�

, whichcorrespondsto light re�ectedby grains.Themiddlepanelis theratioof twowavelengths
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Fig. 2. Spatio-Temporalplotsof ejecta.Eachrow is animageof theslit asejecta�o w in front of theslit. Aroundthetimeof impact,eachexposurewas

0.7sec,but later(lower in eachpicture)thereadoutwasincreasedto a longerslit andtheexposuretime increasedto 1.4andthen2.8sec.Top is dustat

�

��� . Middle is depthof ice absorptionandbottomis gaseousH � O emission.The�rst spectrumafter impactis saturatedovermanypixelsbut ice is

clearlypresentby thethird spectrum,2 secafterimpact.Adaptedfrom Sunshineetal. 2006b.

showing thestrengthof theabsorptionfeaturedueto icy grainsat a wavelengthof
��� �

�

�

, while the

lower panelshows the brightnessat a wavelengthnearthe peakof the emissionby gaseousH
�

O at

�����

�

�

. At the top of the image,the time is prior to impactandeachrow in the imagecorresponds

to an0.7-secexposure,with essentiallyno deadtime betweenspectra.Within 3 spectra(2 sec)after

impact,ice hasappearedin thedownrangeejecta.As discussedby Schultzet al. (2006,2007),these

downrangeejectaarealmostentirelyfrom thenear-surfaceregion,within oneimpactordiameterof the

surface.Thusice mustbe presentwithin the top meterof material. Sunshineet al. (in preparation))

alsoshow spectralmapsof ice obtainedat a later time that show no ice in theuprangeejecta.Based

ontheexperimentsof Schultzetal. implying thattheuprangeraysareformedfrom materialexcavated

evencloserto thesurfacethanthedownrangeejecta,we concludethata very thin layerof thenucleus

(few cm) is without ice andthata lower layer, no morethantensof cm from thesurface,containsice.

Associatingtheicewith thelayeringin strength,discussedby Schultzetal., thatseparatestheuprange

raysfrom theimpactsiteseemsobvioussincethosesameraysaretheonesthatdonotshow ice.

Thereis a variety of other evidencethat yields a similar conclusion. The �rst thermalmap of a

cometarynucleushasbeendescribedin detailby Groussinetal. (2006,2007).Thekey point is thatall
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Fig. 3. Map of distribution of water. Thebrightnessof theemissionby waternearthenucleus,hencethecolumndensityof water, is peakedin theareas

abovethehottestportionsof thenucleus,which areall nearthe sub-solarpoint. Thesun(ecliptic west)is to theright andecliptic north is at thetop.

Adaptedfrom Feagaetal. 2007.

areaswherethesunis atmoderateor highelevationsarein local thermalequilibriumwith thesunlight.

This indicatesthatthesurfacetemperatures(ata spatialresolutionof �

��� � �

) arenot reducedby any

sublimation. The upperlimit on the thermalinertia (
� �������	� �
�

����
�� � ) canbe used,with reasonable

assumptions,to determinethedepthto which the thermalwavespenetrate,thediurnalwave reaching

approximately10 cm and the annualwave reachingto about1 m. Theseset severe constraintson

interpretingthedataregardingoutgassingandactivity.

Feagaet al. (2006,2007)have producedthe �rst ever spectralmapsof the innermostcomaof a

comet,mappingwithin a few nuclearradii at spatialresolutionsbetterthan1 km. Figure3, adapted

from Feagaet al. (2007),shows the distribution of the emissionby H
�

O. Examinationof this �gure

shows thatthewaterappearsto comepredominantlyfrom regionswherethesunis at high elevations,

i.e., from thesubsolarregionandfrom regionstowardtheequatorin thevicinity of thenoonmeridian.

This impliesthatthewatericemustbebelow thesurface(thereis noiceonthesurfacein this regionas

shown by Sunshineet al. 2006)but that it mustbenearenoughto thesurfacethat it is sensitive to the

diurnal thermalwave. This implies that,at leastin thatpartof thenucleus,thewaterice is no deeper

than10 to 20cm.

In summary, the H
�

O ice is very closeto the surfaceand thus within easyreachof a variety of

samplingmechanisms.

2.4 Depth of Mor e Volatile Ices

A trueunderstandingof cometaryformationrequiresunderstandinghow thevariousicesaremixed.

Thus,a samplethat returnswater ice canplaceconstraintson the formation scenario,via the crys-
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Fig. 4. Map of distribution of CO� . The brightnessof the emissionby CO� nearthenucleus,hencethe columndensityof CO� , is peakedat negative

latitudes(the sub-solarlatitude is
���������

), including considerableemissioneither from the negative pole,which is in darkness,or projectedin that

directionbut actuallyin thewall of theconetracedby thedustjet seenin Figure5. Thesun(eclipticwest)is to theright andeclipticnorthis at thetop.

Adaptedfrom Feagaetal. 2007.

tallinity andtheD/H ratio andits variation,but a samplethatincludesbothH
�

O andmorevolatile ices

is far morevaluablefor understandingthemixing of species.Although CO is normally discussedas

the dominantice that is morevolatile thanH
�

O andthe main driver of activity at large heliocentric

distances,the responsivity of our spectrometerto CO is low. On theotherhand,our datatakenfrom

entirely outsideEarth's atmosphereshow a strongsignalfrom CO
�

, a speciesthat is intermediatein

volatility betweenH
�

O andCO.

Figure4 shows that the distribution of CO
�

outgassingis very differentfrom that of the water in

Figure3. TheCO
�

is beingemittedprimarily from thecomet'snegative-latitude(southern)hemisphere

with the largestratio of CO
�

to H
�

O occuringin a directionthat projectsalongthe negative rotation

axis,a point thathasbeenpermanentlyin darknessfor severalweeks.Figure5, from Farnhamet al.

(2007),is anoptical (white-light) image,takenat aboutthesametime andshown at thesamespatial

scaleasthespectralmaps.It hasbeenenhancedto show thestructureof jets,seenpresumablyprimarily

asdust. The dust jets thatmoreor lessde�ne the lower left (ecliptic southeast)quadrantrepresenta

classicalconicalstructurewith thesouth-pointingedgenearlyin theplaneof thesky andthesoutheast-

pointingedgehaving a largecomponenttowardtheobserver but projectingnot far from theprojected

negative rotationalpole.

It is clear that the dust jets are not correlatedwith the water emissionand they are much better

associatedwith the CO
�

emission,althougheven that correlationis far from perfect. There is an

indicationof night-sideemissionat leastin areassmall comparedto what is visible in theseimages
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Fig. 5. Dustdistribution,ehancedto show jets.Oneprominentjet, which is alsopersistentlyvisible from Earth,tracesouta conewith oneedgenearlyin

theplaneof theskyandpointingto ecliptic southandwith theotheredgepointingtoward theobserverandprojectingto ecliptic southeast.Thelatter

structureis moreor lesscoincidentwith enhancedCO� emission.FromFarnhametal. 2007.

(Wellnitz etal., in preparation).Sincethevernalequinoxfor thepositivehemisphereoccurredroughly

threemonthsearlier, we arguefrom thesevariousobservationsthat the CO
�

ice is within an annual

skin depthof thesurfaceandthusprobablywithin very roughly1 m of thesurface.Furthermore,CO
�

wasgreatlyenhancedin theejectawithin 2 secondsof theimpact,indicatingalsothatit mustbein the

uppermostmeter. Whetherthereareeitherprimoridial or evolutionaryvariationsin the inherentratio

of CO
�

to H
�

O is aquestionfor anotherday.

Even super-volatiles,speciesmuch morevolatile than CO
�

, must be within the uppermost10-20

meters,sinceMummaet al. (2006)observeda substantialincreasein theabundanceof ethane,C
�

H � ,

aftertheimpact.At thispoint in theanalysisof ourown spectra,wecannotsetany betterlimits on the

depthof othervolatilesbut furtheranalysisshouldyield additionalresults.

3. Discussion

Takingtheaboveargumentsat facevalue,andassumingfor lackof contraryevidencethattheresults

at Tempel1 are ”typical” of Jupiter-family comets,we seethat for practicalpurposesthere is no

signi�cant ice on the surfacebut that the bulk of H
�

O ice is within 10 cm of the surface,that CO
�

ice is within 1 m of the surface,that the refractoryparticlesin the surfacelayersarepredominantly

very weakaggregates,that thereareno strongboulderslarger thana few meters,andthat thesurface
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materialis predominantlyvery weakaggregatesof micron-sizedgrains.Whatarethe implicationsfor

samplereturnmissions?

It is clearthatpreviousworriesaboutneedingto penetratestrongmaterialsareno longera concern.

One needsto penetrateonly quite weak material,even if the valuesby Holsappleand Housenare

correct.Furthermore,penetrationto a depthof 2 meterswouldsamplenot only H
�

O ice but alsomore

volatile ices.Thestrengthsuggeststhatasamplereturncouldbeachievedby asimplecoringapproach

while thespacecraftis helddown by thrustersratherthanhaving to anchorto thesurface.

Thispaperis notmeantto provideengineeringdetails,whichrequiresubstantiallymorethought,but

to indicatethefeasibility of samplereturnmissionsthatbring backicesfrom a cometarynucleus.The

paperassumesthat the resultsat this spoton the nucleusof Tempel1 arereally representative of all

comets,but this is a necessaryassumptionat this stageof our explorationof small bodies. This can

easilybetestedwith otherimpactmissionsandwill betestedby theRosettamission,but wearguethat

planningof samplereturnmissionsneednotwait for thatcon�rmation.

Theseresultswill bemoredirectlytestedwhenPhilae,thelanderof theRosettamission,measuresthe

surfacepropertiesof comet67P/Churyumov-Gerasimenkoin 2014,but thepresentresultsaresuf�cient

thatit is notnecessaryto wait for thatto occurbeforeplanningsamplereturnmissions.
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