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A summaryof experimentsandanalysesconcerningelectromagneticinduction in theMoonandotherextraterres-
trial bodiesis presented.Magneticstep-transientmeasurementsmadeon thelunardarksideshowtheeddycurrent
responseto bethedominant inductionmodeof theMoon.Analysisof thepoloidal field decayof theeddy currents
hasyieldedarangeof monotonicconductivityproillesfor thelunar interior: theconductivityrisesfrom 34(r4mhojm
atadepthof 170km to 10—2 mho/mat 1000kmdepth.Thestaticmagnetizationfield inductionhasbeenmeasured
andthewhole-Moonrelativemagneticpermeabilityhasbeencalculatedto be~i/j~

0 = 1.01 ±0.06.Theremanentmag-
neticfields, measuredatApollo landingsites,rangefrom3 to 327 y. Simultaneousmagnetometerandsolarwind spec-
trometermeasurementsshowthatthe38-~~remanentfield attheApollo 12 site is compressedto 54 7by asolarwind
pressureincreaseof 7~10_8 dyn/cm

2.Thesolar wind confinestheinducedlunar poloidalfield; thefield is compressed
to thesurfaceon thelunarsubsolarsideandextendsout into acylindrical cavity on thelunarantisolarside.This solar
wind confinementis modeledin thelaboratoryby amagneticdipoleenclosedin a superconductingleadcylinder;re-
sults showthattheinducedpoloidal field geometryis modified in amannersimilar to thatmeasuredon theMoon. In-
ductionconceptsdevelopedfor theMoon areextendedto estimatetheelectromagneticresponseof otherbodiesin
thesolarsystem.

1. Introduction Moondueto a fortunatecombinationof lunarelectri-
calpropertiesandsolarwind driving field properties.

In this paperwe discussexperimentsandanalyses Similarmethodsmaybeapplicableto othermoonlike
thathavebeenpublishedon inductionin theMoon bodies(e.g.,Mercury)andto planetswherea landing
and thenpresenta summaryof conceptsconcerning will be difficult or impossible(e.g.,theJovianplanets).
electromagneticinductionpropertiesof otherextra- Weconsiderfirst the theoryof classicalelectromag-
terrestrialbodies.Theclassicaltheoryof induction neticinductionin a sphereandextendthis treatment
was developedby Faraday,Lenz, andMaxwell during to thecaseof the Moon,wherepoloidaleddy-current
thenineteenthcentury;theelectromagneticresponse responsehasbeenfoundexperimentallyto dominate
of a spherehasbeentreatedby Mie (1908),Debye otherinductionmodes.Analysisof lunarpoloidalin.
(1909),Smythe(1950),andothers.Inductionin the ductionyieldslunarinternalelectricalconductivity
Earthandotherplanetary-sizedbodieshasbeenstudied andtemperatureprofiles. Twopoloidal-inductionana-
by investigatorsincludingChapman(1919),Lahiri and lytical techniqueswill bediscussed:a transient-response
Price(1939),andRikitake (1950,1966).The applica- methodappliedto time-seriesmagnetometerdataand
tion of inductionmethodsto the caseof the Earth aharmonic-analysismethodappliedto datanumerically
with its oceans,ionosphere,andradial andazimuthal Fourier-transformedto the frequencydomain,with
conductivityanomaliesis difficult; however,it has emphasison the former technique.Next wediscuss
provento beoneof themoreproductivetechniques complicatingeffectsof thesolarwind interactionwith
usedexperimentallyto probedeepinto theEarth.Re- bothinducedpoloidalfields andremanentsteadyfields.
suitsfrom Apollo magneticobservatorieson thelunar Thenwepresentthestaticmagnetizationfield induction
surfaceshowthatelectromagneticinductionmethods mode,fromwhkh wecalculatebulk magneticpermeabil-
developedto studytheEartharemoresuitablefor the ity profiles. Finally,magneticfield measurementsob-
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tamedfrom theMoonandfrom fly-bys of Venusand surface;for referencewewrite thesumof thesefields as:
Marsare examinedto determinethe feasibility of ex- —

tendingtheoreticalandexperimentalmductiontech-
niquesto otherbodiesin the solarsystem. Here~A is thetotalmagneticfield on or nearthe

lunarsurface;BE is thetotalexternal(e.g., soldor
terrestrial)drivingmagneticfield; B5 is the steady

2. Poloidaleddy-currentinductionin theMoon remanentfield (whichmaybe of globalor localex-
tent);B~isthemagnetizationfield inducedin per-

In this sectionwe discusstheelectromagneticre- meablelunarmaterial;B~is thepoloidalfield caused
sponseof aparticularplanetary-sizedbody,theMoon, by eddycurrentsinducedin thelunarinterior by
to externalelectromagneticdriving fields (Fig. 1). We changingexternalfields;

11T is thetoroidal field cor-
treatin detailonly the specialcaseswhich havebeen respondingto unipolarelectricalcurrentsdriventhrough
found practicalin analyzingpropertiesof theMoon; the Moonby the —, V X J

11electric field (V is average
sincepoloidaleddy-currentresponsehasbeenfound velocity of solarwind plasma);and

8F is thetotal field
to bethe dominantinductionmodein theMoon, associatedwith thehydromagneticsolarwind flow
this sectionwill emphasizethepoloidalmodeandas- pastthesphericalbody (e.g.,plasmaconfinementor
sociatedpropertiesof the lunar interior. Two analyti- compressionof the planetarypermanentor induced
cal techniqueswifi be discussedin referenceto lunar fields, fieldsdue to inducedionosphericcurrents,etc.).
induction: atransient-response(time-dependent)tech- In thecaseof the Moon, theexternaldriving mag-
niqueanda Fourier-harmonic(frequency-dependent) netic field (BE) canvary considerablywith orbital
analysistechnique. position(Fig. 2); therefore,it is possibleto studythe

Variouspossibleinducedfields andplasma-interac- variouslunarpropertiesseparatelythroughcareful
tionfieldswill existin thevicinity oftheglobalMoon’s selectionof datatimeperiods.Averagemagneticfield

conditionsvaryfrom relativelysteadyfields of magni-
/ tude—~9 ‘y (1 ~ = 1 0~gauss)in the geomagnetictail

~FaLD~ ~ tomildly turbulentfields averaging 5 ‘y in the free-
streamingsolarplasmaregionto turbulentfields aver-

~ / ~ aging 8 y in themagnetosheath.Theaveragesolar
\ ‘~, / / MAGNETIC wind velocity is 400km/secin a directionapproxi-

5N~(~~—STEp TRANaEN~ matelyalongtheSun—Earthline.
-~ / -~ ((Z~j~MAGNETOSPHERE~ ~~NxPLASMA FLOW’\ ~

/ I \ \ MAGNETIC -

, J ~ \ MOON FIELD

/1 ..--•~•• _____

I EXPLORER

Fig. 1. Electromagneticdriving sources.This diagramschema-
tically depictsexternaldriving sourcesfrom theSunandtheir “ ) GEOMAGNETIC TAIL

interactionswith planetary-sizedbodies.A hot plasma,con- -- SOLAR

sistingprimarily of protonsandelectrons,streamsnearlyra- I PLASMA - _______
L ~ &0! MAGNETOSHEATHdially outwardfrom theSun(at speedsaveragmg 400km/sec .- N RE’ _____

at Earthorbit),carryinga“frozen-in”magneticfield pastthe -~-——‘——<
planets.Varioustypesof magneticdiscontinuitiesandwave
phenomenaactastime-varyingdriving functionsto induce
responsefields in theplanetarybodiesandtheirionospheres.
Threedifferenttypesofplanetary-solarwind interactionsare Fig. 2. Orbit of theMoon,projectedonto the solarecliptic
depictedhere:onein whichtheplanetarypermanentmagne- plane.DuringacompleterevolutionaroundtheEarth,the
tic field dominatesin theinteraction(in thecaseof theEarth), magnetometerpassesthroughtheEarth’sbow shock,themag-
onewheretheplanet’sionospheredominates(asis probable netosheath,thegeomagnetictail, andtheinterplanetaryregion
inthecaseof VenusandMars),andonewherethesolidplane- dominatedby solarplasmafields. TheExplorer 35 satellite
tarybody itself dominates(theMoon). orbit aroundtheMoon is alsoshown.
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2.1. Time-seriestransientanalysis

E~ORER~ 2.1.1.PoloIda! responseofa homogeneousspherein
a vacuum

Theglobal electromagneticresponseof a planetary
body ismodeledby a sphere’sresponseto a step-func-
tion transientmagneticfield, which canbe treatedby

TI.~BULENT extendingthe theoryof Smythe(1950).Thesphereis/ e~u~is initially consideredto besubjectto thefollowing conditions: (1) Thesphereis in avacuum,i.e.,no plasma
\ interactions(effectsof theplasmaareconsideredin

\ \ \ section3.1).(2) Thesphereof radiusR ishomogene-
ousandhasa constantpermeability(it), permittivity
(a) andconductivity(a). (3) Thedimensionsof the
externalfield transientsarelargecomparedto the
sphere,suchthat thesphererespondsasawholeto

Fig. 3.Confinementof aninducedglobalmagneticfield by the transients.(4) Conductioncurrentsdominatedis-
thesolarwind. Conceptuallydepictedhereis thecasewhere placementcurrentswithin the sphere.(5) Thereis no
apoloidal inducedfield Bp is confinedby solarwind flow netchargeon the sphere.Then, for a coordinatesys-
pasttheMoon.Theinducedfield is compressedon thelunar .

sunilt sideandconfinedin thevacuumcavity regionon the temfixed m the sphere,Maxwell sequationsandOhm s
antisolardark sideof the Moon.Also shownis theExplorer law in therationalizedM.K.S. systemareasfollows:
35 magnetometerorbit projectedonto thesolarecliptic plane.
TheExplorer 35periodof revolutionis 11.5h; its periluneand vx £ = — ~— (2)
apoluneareapproximately0.5 and5 lunarradii,respectively. 8t

VXB=MJ (3)
Thecharacteristicsof eachof theinductionfields . E = 0 4

Bp, BT andBM are dependentuponelectromagnetic
propertiesof the Moon’s interior; therefore,these V B = 0 (5)
propertiescanbededucedfrom theoreticalandex- / = aE 6
perimentalstudiesof the inductionprocesses.The
toroidal responsefield hasbeenfoundto begenerally whereE andIi arethe electric field andthe magnetic
muchlowerin magnitudethanthe poloidalfield and inductionand/ isthe conductioncurrentdensity.
perhapsnot detectableby lunarmagnetometers(Dyal Beforewe proceedto amoregeneraltransientanal-
andParkin,1972);therefore,the toroidalmodewifi ysis treatment,it is usefulto considerthe idealized
notbediscussedin detail in this paper.Themagnetiza- caseof a uniformly conductingspherein avacuum.
tion field BM is a functionof globalmagneticpermea- Thismodel is particularlyapplicableto fields measured
biity andthe iron contentof the Moon;calculation on theantisolarside of the Moon,which isshielded
of the lunarpermeabilitywill beincludedin alater from the solarplasma.Supposethat initially thereis
section.Thedecaycharacteristicsof thepoloidal field no magneticfield,butat t = 0 an externalmagnetic
~llp,the dominantlunarinductionmode(Fig.3), area field I~BEis switchedon which isuniform far from
functionof theglobal electricalconductivity distribu- the sphere.Forthe caseof ahomogeneousspherein
tion, which is in turn relatedto the globalinternal tem- avacuumMaxwell’sequationscanbesolvedby ex-
peraturedistribution.This sectionincludescalculation tendingthetheoryof Smythe(1950);a detailedden-
of lunarconductivityandtemperatureprofilesusing vation is givenby Dyal andParkin(1971).Considering
bothtime-seriestransientanalysisandFouriórhar- only thepoloidal inductionmode,eq.1 becomes
monk-analysistechniques. B4 = BE + B1,. Thesolution for thevectorcomponents
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of themagneticfield at thesurfaceof the sphereare northward.Qualitativerepresentationsof thesolutions
listedbelowfor the caseof anextemalmagneticfield in eq.7and8 are illustratedin Fig.4A. It canbeseen
steptransientof magnitudeA 8E = BEf — BEO applied thatif the“decay function”F(t) canbedeterminedem-
to thelunarsphereat timet = 0.BEO andBE! aremi- pirically, thenthe electricalconductivitycanbecalcu-
tial andfmal externalfields,respectively: latedfrom eq.~ for thehomogeneousapproximation.

B = B — 31 I.~B I F(t) (7~ Overonehundredstep-transienteventshavebeenAx Exf Ex / analyzed~isingApollo 12 lunarsurfacemagnetometer
B = B + ~I ~B IF(~ ‘8’ antisolarsidedataandsimultaneousdatafrom thelunar

Ay,z Ey,zf 2 Ey,z ‘‘ “ / orbitingExplorer35 magnetometer.Thesedatashow

where: that theMoon’s responseis similar to theeddy-current

F’t’ = 2 1 (—s2lr2t\ (9\ responseof a conductingspherein avacuum;measured
‘‘ ~2 s1 ~2 exp ~ R21 “ ‘ surfacemagneticfield radialcomponentshavea dam-

pedresponseto solar wind field steptransients,while

a istheelectricalconductivityandp is themagnetic componentstangentto thelunar spherehaverapid re-
permeability;and: sponseandovershootinitially, followed by decayto a

- steady-statevalue. An exampleof astep-transientevent
AB.=B.—B. z=xyz -Ei Eif Ezo’ mApollo l2andExplorer35dataisshownmFig.4B,

Thecoordinatesystemusedherehasits origin on the andqualitativeagreementbetweentheory(eq.7 and8)
surfaceof thespherewith thex..axisdirectedradially anddataiseasilyseen;thedeviationsof thedatafrom
outwardfrom thesphere’ssurface;they-andz-axes homogeneous-spheretheoryare consideredin thefol-.
arebothtangentialto thesurface:y eastwardandz lowing two sections.

TRANSIENT RESPONSE THEORY LUNAR MAGNETOMETER DATA

EXTERNAL DRIVING FIELD B -- EXPLORER 35
RA~ALXL \çIOIALSUREELD X~ O~12

TANGENTIALY B~Y

~ Bz,Y ~2468 10 12

A TIME, miii B TIME, mm
Fig.4. Comparisonof lunarmagnetometerdatato thetheoryfor lunarpoloidalresponseto atransientin thesolarwind magnetic
field. At left (A) aretheoreticalsolutionsofcomponentsof thesurfacefield (B

4) for ahomogeneousspherein avacuum(seeeq.7
and8) whichexperiencesstepchangesin all componentsof externaldriving field (BE). At right (B) aresuperimposeddataplots
of theexternaldriving field

8E(measuredby lunarorbiting Explorer35)andtotal surfacemagneticfield B
4 (measuredby the

Apollo 12magnetometerwhile ontheantisolarsideof theMoon). In orderto illustratetransientsin all threecomponimts,these
eventswere selectedfrom differenttimesduring lunarnight.
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2.1.2.Poloidalresponseofa sphereofradially varying G(r, t) = A/tiBE sin 0 and~(r, s) bethe Laplace
conductivity transformof G, eq.10 becomes:

To describetheresponseof the sphereto anarbi- 1 / a2 2 ‘
traryinput (Dyal et al., l972b),wedefinethemagne- _(—~ (rd) — —~)=sp

0a(r)(7 (15)
tic vectorpotentialA suchthat V X A = Band r \ar r
V A = 0. Weseekthe responseto aninputAB~b(t), for the interior. Theboundaryconditionsare:

whereb(t) = 0 for t <0 andb(t) approachesunity at a~ — —

~ -÷°°. (Sincethegoverningequationsarelinear,the h— = —2G + gb(s) (16)
responseto amoregeneralinput is readilyfoundby
superposition.)Thedirectionof ABE istakento be at r = R and~
the axisof a sphericalcoordinatesystem(r, 0, ~).If = 0 ‘~17
theconductivityis sphericallysymmetric,thetransient
magneticfield responsehasno p-component,andhence atr = 0.
A = A anda/ap = 0. Undertheseconditions(and Fora giveno(r) andb(t), this systemis numerically
neglectingdisplacementcurrents)the lawsof Faraday, integratedto obtain G(r, s) in therange0 ~ r ~ R.
AmpereandOhm combineto yield the diffusionequa- The function G(R, s)is thennumericallyinverse,
tion for themagneticpotential (in M.K.S.-units): Laplace-transformedto find the characteristictransient-

aA responsefunctionf(t) for the system.Theresulting
V

2A(r, 0; t) = p0(r) ~- (r, 0; t) (10) f(t) is comparedto themeasurementsandreiterated
with adifferent functiona(r) until the errorbetween

We assumep = p
0 everywhere(seesection4); then, the calculatedf(t)andthemeasuredf(r)is minimized.

for t> 0, themagneticfield mustbecontinuousat the The fmal u(r) is not unique;rathera family of a(r) is
surface,so thatA and aA/armustalwaysbecontinu- generatedwith the constraintthatf(t) matchtheex-
ousatr = R, theradiusof thesphere.Wealso havethe perimentaldata.
boundaryconditionA(0, t) = 0 andthe initial condition
A(r, 0; 0) = 0 insidetheMoon. Outsideof the Moon, 2.1.3. Magneticfield measurementsand calculationof
wherea = 0: electricalconductivityprofile

I.~BE Normalizedlunarnighttime datafrom Apollo 12,A = ~BE (~)b(t) sin0 + f(t) sin0 (11) giving the step-functionresponseobtainedfromthe
r radialsurfacefield component(forelevenevents)are

Thefirst term on theright is a uniform magneticfield shownin Fig. 5. Errorbarsarestandarddeviationsof
modulatedby b(t); the secondtermis the(asyet un- themeasurements.All of theseeventsocurredwhenthe
known)externaltransientresponse,which mustvanish magnetometerwasmorethan900kminsidetheoptical
asr -~°° andt -÷00• Note thatat r = R, whereR is nor- shadow,sothat plasmaeffectsareassumedto bemini-
malizedto unity: mal to first order(plasmaeffectsare consideredin sec-

rb(~\ 1 tion 3.1).Effects of the lunar cavity due to solar
A = L~&BEsin 0 L~+f(t)j (12) wind diamagnetism,describedby Colburnet al. (1967)

and Nesset al. (1967),arealsoneglectedto a first ap-
and: proximationsincethe cavityfield is a constantor very

aA rb(t\ 1 slowly varyingfunctionof time comparedto thepolo-
= t~BEsin 0 [_~.! — 2f(t)J (13) idal responsetime. Furthermore,recognizingthe finite

lengthof timerequiredfor a solar-windsteptransient

Therefore,at r = R I: to passthe Moon,wehavein our analysischosena

r _~ rampinput functionof 15-secrise time, a timecharac-
—2A + ~[~SB~sin0 b(t)] (14) terizingpassageof a discontinuitypastthe Moon. (For

a 400km/secsolar wind,this timeis 10—20 sec,de-

Sincethe magneticfield is continuousat r = R, this is pendingon the thicknessof thediscontinuityandthe
a boundaryconditionfor the interior problem.Letting inclination of its normalto the solarwind velocity.)
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I I I I -‘ Fig. 6.Rangeof electricalconductivityprofiles(Dyalet al.,
0 200 400 600 1972b)whichgiveradialresponsetime-dependentcurvesf(t)

TIME, sec thatfallwithin theerrorbarsof Fig. 5.-A step-functioninputmag.
Fig. 5. Normalizedtransientresponsedata,showingf(t)- neticfield,modifiedby aninitial rampinputof 15-secrisetime,
decaycharacteristicsof theradialcomponentof thetotal sur- is usedin theanalysis.Theinformationatshallowdepthsis lim-
facefield BAX afterarrivalof asteptransientwhichchanges itedby theuncertaintyin therisetimeof theinterplanetarymag-
theexternalmagneticfield radialcomponentby anamount neticfield; thatat largedepthsis limitedby thesensitivityof the
~BEx,herenormalizedto one. Theshapeof thecurveillus- surfacemagnetometer.The superimposeddashedline shows

tratestimecharacteristicsof thedecayof theinducedpoloidal theresultsof athree-layerMoonapproximation. -

eddy-currentfieldB~

Although thedriving field is still approximatedby a datacurveputsfairly restrictivelimits onthe conduc-
spatiallyuniform field, this procedureprovidesa tivity in this region.Deeperthan 170 km, the conduc-
bettermodelfor theveryshorttimeresponse. tivity isseento rise from aboutlO33mho/mto

Thetheoreticalresponsecurvescorrespondingto a 10—2 mho/m atR/Rm = 0.45.This is in generalagree-
largenumberof lunarconductivityprofileshavebeen mentwith thethree-layermodelof Dyal and Parkin
comparedwith thedataof Fig. 5. It isfoundthata (1972).However,wenote thatconductivitiesgreater
rangeof monotonicconductivityprofiles, definingthe than10—1.5 mho/mfor R/Rm<0.4 are compatible
shadedregionin Fig.6, providesfits to the datacurve with thetransientdata.Theconductivityin the outer-
that fall within theerrorbars.The earlyresponse mostlayersof theMoonmustbeverylow, lessthan
(t < 20 sec) isdominatedby thefinite rise timeof the l0—~mho/m (Dyal andParkin,1972).
driving function,andhencedetailedinformationon In order-todefinefurther theconductivityof the
the conductivity at shallowdepthsis limited.On the Moon, theerrorbarsin Fig.5 mustbereducedby the
otherhand,a perfectlyconductinglunarcorewith a analysisof moredataandthetheoreticaltreatmentof
radiusof about300 km would beundectectablefor moresophisticatedmodels.Probablythemostserious
inputslessthan40 ~y,sothereis aninherentlimitation approximationsare theneglectof the asymmetriesas-
on theconductivity informationto be gainedat large sociatedwith thepassageof the interplanetaryfield
depths.If the conductivityfunctionis monotonic, discontinuity,and thoseassociatedwith theboundary
however,the dataallowonly a restrictedrangeof con- currentsof the lunarcavity. The formeraffectsonly
ductivitiesat intermediatedepths.The curvatureof theveryshorttime response,andcanbe studiedby
the responsecurveisgreatestfor timesaround100 examiningeventswhenthesolarwind speedishigh.
secafterthestepinput. The curvatureof thetheoreti- Themaineffectof theboundarycurrentsis to confine
calcurve at thesetimesis sensitiveto the conductivity the inducedfield to aregion roughlydefinedbythe
at depthsof 300—700km. Hencetheshapeof the interiorof theMoonanditswake.To the orderof ap-
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proximationusedsofar, thiswould changethe nor- the conductivityprofile in Fig.6,usingtheexpression
malizationof theresponsecurve(Fig. 5),butnot its for theelectricalconductivityasa functionof temper-
shape,andhenceit doesnot changea(r). Theeffects aturegivenby Englandet al. (1968)for olivine and
of the confinementof the inducedpoloidal field to peridotite:
the cavityregionboundedby thesolarwind have a .. = 55 exp(—0.92/kT)+4~10~exp(—2.7/kT)
beenmodeledby a superconductinglaboratoryex- ohvine
perimentwhichwill bediscussedin section3.1. (19)

a . . = 3.8 exp(—0.81/kT)+l0~exp(—2.3/k~
2.1.4. Internal lunar temperaturecalculations pmlotite

Onceaplanetaryelectricalconductivityprofile has in mho/m (20)
beendetermined,aninternaltemperaturedistribution
canbeinferredif thematerialcompositionis known (In the aboveexpressions,kTis ineV.) Theseconductiv-
(seeRikitake, 1966).Forcaseswhereelectricalcon- itiesare assumedto beindependentof pressurebelow
ductivityis independentof pressureto a first approxi- 50 kbar(Englandet al., 1968)andindependentof fre-
mation,the conductivityof mineralscanbeexpressed quencybelow 10 Hz (Keller andFrischknecht,1966).
in termsof temperatureTasfollows: Fortheexampleof a peridotiteMoon, atemperature

profile that risessharplyto 850—1050°K atR/Rm
~ 0.95 andthengraduallyto 1200—1500°Kat

a a. exp(—E./kT) (18)
1 R/Rm= 0.4 is suggestedby thedata.At depthsgreater

thanR/Rm = 0.4thetemperaturecouldbehigher than
whereE1 are the activationenergiesof impurity, intrin- 1 500°K.
sic,andionic modes,expressedin electronvolts;a1 are
material-dependentconstants;andk is Boltzmann’s 2.2. Fourier harmonic-analyststechnique
constant.It shouldbeemphasizedthat theelectrical
conductivity a(a,E, T) is a strongfunctionof the ma- Theharmonicmethod,as appliedto the Moon, is
terial composition;therefore,uncertaintiesin know- basedon theassumptionthatanyglobal inducedfield
ledgeof theexactcompositionof thespherelimits the isexcludedfrom theoncomingsolarwind by currents
accuracyof the internal-temperaturecalculation, inducedin thehighly conductingsolar plasma;it is as-

We calculatelunar temperatureprofiles(Fig.7) from sumedthat in effect thesolarwind completelycon-
fines theinducedfield in the lunarinterior andin a
thin regionabovethelunarsurface.By assumingthis

DISTANCE FROM CENTER, km sheathregionis very thin, the confinementcurrentis
6000 500 1000 500 740 consideredto bea surfacecurrentfor theoreticaltreat-

ment;this providesaboundaryconditionof totalcon-
1400 finementby a sphericalcurrentaroundthe whole

Moon,permittingsolutionof Maxwell’s equationsbe-
1200 low andon thelunar surface.This sphericalconfine-

ment caseisthenappliedtomagnetometerdatameas-
T, K 000 - uredon thelunar sunlitside. (Basictheoreticaldevel-.

- opmentof harmonicsolutionscanbe foundin several
eco - - ~~OLI VINE referencesincludingSchubertandSchwartz,1969;

~~PERIDOTITE Sifi andBlank, 1970.)
600 Theharmonicanalyticaltechniquerequirescalcu-

lating frequency-dependent“transferfunctions”which

R/Rm aredefinedasfollows:

Fig.7. Temperatureestimatesfor assumedlunarcompositions bE,(f) + b~1(f) + b71(f)
of pureperidotiteandolivine, calculatedfrom theelectrical A,(f) = b (f) (21)
conductivityprofile of Fig.6. Ez
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i = x, y,z,whereA, aretransferfunctionsof compo- lunar center.Otherconductivity profileshavebeen
nentsof frequency-dependentmagneticfields,ex- calculatedusingtheSonettet al.(1971)transferfunc-
pressedin theorthogonalcoordinatesystemwith tion, showingthat thespikeprofile is notuniquebut
origin onthe surfaceof thesphere(~is radial andj) that thefrontsidetransferfunctioncanbe fitted by
and~ aretangentto thesurface);bEj(f) is the simplertwo- andthree-layermodels(Kuckes,1971;
Fouriertransformof theexternaldrivingmagnetic Sill, 1972;Reiszet al., 1972).
field; bpj(f) andbr,(f) areFourier transformsof
the inducedglobal poloidalandtoroidalmagnetic 2.3. Comparisonoftransientandharmonic-analysis
fields,respectively, techniques

Theharmonicdataanalysisapproachinvolves
Fourier-analyzingsimultaneousdatafromthe Apollo Sincetransientandharmonictechniquesyield dif-
12 lunarsurfacemagnetometer,takenduring lunar ferentconductivity profiles(compareFig.6 and8)
daytime,andthelunar orbitingExplorer35 magneto- usingdatafrom the samemagnetometers,it is useful
meter.Thenratiosof thesurfacedatato orbital data to discussthe assumptionsinvolved in bothanalyses.
areusedto calculatea transferfunction of the form Firstweconsidertwo basicassumptionsof thehar-
of eq.21.It is assumedthat the toroidal induction monic technique:(a) only thepoloidalinductionand
modeis neglectedsuchthat the Fourier-transformed externaldriving fields aremeasuredon the daytime
surfacemagnetometerdatarepresentthesum lunarside;and(b)the inducedpoloidalfield is per-
bEj(f) + bpi(f), while the transformedorbitingmag- fectly confmedby a sphericallysymmetriccurrent
netometerdatarepresentthedriving field bE,(f) layer.The first assumptionconsidersthatthe total
alone, field measuredby the lunarsurfacemagnetometeris

Theform of thetransferfunctionisdeterminedby composedof onlythe externalsolarwind driving field
the internalconductivitydistributionin theMoon; BE andthe poloidallunarresponsefield Bp. By ref-
therefore,a “best fit” conductivity profile canbeob- erenceto eq.1, werecognizethatvariousotherfields
tamedby numericallyfitting to thetransferfunction. maybecontributingto thesurfacemagnetometerdata,
Fig.8 showsthe“bestfit” radialconductivityprofile e.g.,interactionfields (BF) dueto sucheffectsascorn-
of Sonettet al. (1971)obtainedin this manner.The pressionof lunarremanentfields by thesolarwind
conductivityprofile is characterizedby alarge“spike” plasmaandgenerationof plasmawavemodesonthe
of maximumconductivityabout1500 km from the sunlit side.Referringto Fig.8,wenotean asymmetry

effectwhich isnotpredictedby simpleharmonic-anal-
ysis theory:theharmonicanalysisyieldstwo different

i02 I I I conductivityprofiles, onecalculatedfromy-axis(east—
west)dataaloneandthe otherfromz-axis(north—

south)dataalone.Thisy—zasymmetrycanbe ex-
\ plainedasbeingin partdueto thedaytimecompression

\ \ of the local rernanentfield at theApollo 12 magneto-
io4 metersurfacesiteby thesolarwind (Dyal et al., 1972a).

o-, mho/meter - ~ Thus,whenlunardaytimemagnetometerdataareused
- -- -to studyglobal lunarproperties,knowledgeof simulta-

neoussolarwind propertiesis important
a. The secondassumptionconsidersthat the induced

l0”6 poloidalfield is confinedin the lunar sphereby the
COSOUCTIVIIY mRflI* RM solarwind plasma.Experimentallythe solarwind plasma

I I I spectrometer(Snyderet al., 1970)doesnotmeasurea
4 8 2 6 20 confiningplasmaon thedark sidelunarhemisphere,and

LUNAR RADIUS kmx 102 thetransientmagneticfield datashowto first ordera

Fig.8. Electricalconductivityprofiles from Fourierharmonic vacuumpoloidal responseon thelunardark side(Dyal
analysisof lunardaytimedata(from Sonettet at., 1971). andParkin,1971).It is questionablewhetherconfme-
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ment is completeevenon thesunlit side:a subsatel- resultingpoloidal-inductionfield andanypermanent
lite magnetometerhasmeasuredevidenceof induced fieldsoriginatingin thelunarcrust.Bothof theseinter-
lunarfields at distancesgreaterthan100km above actionshavebeenmeasuredby Apollo magnetometers
the lunar sunlitsurface(Colemanet al., 1972),mdi- andsolarwind spectrometers.
catingthat confinementisnotcompleteover dis-
tancesgreaterthana protongyroradius(‘~100km). 3.1. Confinementof inducedpoloidal fieldsby the
Forthesereasons,thesphericallysymmetricplasma solar windplasma
confinementassumptionshouldbemodified.

In summary,it is seenthatmagneticfieldsmeas- Fig. 3 schematicallyportraysthe effectsof thehighly
uredon the lunardayside quitepossibly involve a conductingsolarwind onthe lunarinducedpoloidal
very complicatedset of magneticphenomenawhich field; in this casetheinducedfield geometricalcon-fig-
cancontributevaryingmagneticfield amplitudesat urationis alteredsuchthatthe poloidalfield is corn-
varyingfrequenciesovertheentiremeasuredspectrum, pressedontothelunarsurfaceon thesunlit sideandis
andthat thesecontributionscannotbe adequately extendedbackinto thecylindrical“cavity” regionon
treatedusingthe above-mentionedassumptions thedark side.Thiscompressionhasbeenexperlinen-
(a) and (b). A recentharmonicpaper(Sonettet al., tally confirmedby measurementsfrom magnetometers
1972) hasconsideredeffectssuchas that due to on thelunarsurface.Fortheuncompressed(vacuum)
remanentfield compressionandresponsevariations casetheratio of tangentialcomponentsof surface
as a functionof solarwind k-vectordirectionwith total field (BAY,Z) to externaldriving field (BEy,z)will
respectto the Moon. As a result,the conductivity haveamaximumvalueof 1.5 (seeeq.8).Daytime
“spike”, which wasemphasizedearlier,isnow recog- ratios,however,areconsiderablyhigherthan1.5; for
nizedasonly oneof alargerset of possibleconduc- example,at0.01 Hz thez-componentamplicationhas
tivity proffles, someof which aremuchmorein agree- beenmeasuredto be3.7 (Dyal et al., 1970).Nighttime
mentwith the transient-responsethree-layermodels datashowa smallercompressiveeffectin thetangential
publishedearlier(Dyal andParkin,1971,1972). components;examplesin Fig.4B showay-axisratio of
Furthermore,therecentharmonicpapersstatethat 2.0 andaz-axisratio of 1.75.
resolutionof datarestrictsconductivitymodelsto Theconfinementof the inducedpoloidalfield by
threeor fourlayersratherthanthe eight layersused thehighly conductingsolarwind is theoreticallystudied
for the“spike” model, by consideringa pOintdipole field insidea supercon-~

Thoughof anapparentlylesscomplicatednature, ductingcylinder.Two geometricalorientationsof the
therearealsoproblemsassociatedwith the assump. pointdipole areconsidered:alongthecylinder axis
tionsof thedarksidetransientanalysistechnique. andtransverseto thecylinderaxis. (Seeinsertsin Fig.9
Themainproblemsinvolve: (a) the finite time re- for anillustrationof theseorientations.)The field of
quiredfor a“step” transientto crossthelunarsphere; thedipole orisntedtransverseto thecylinderaxishas
(b) the field increasealongtheantisolarline dueto beendeterminedby Parker(1962).For adipole on
diamagneticcurrentsat thesolarwind cavitybound- the axisof a cappedsuperconductingcylinder(of
ary; and(c) deviationsfrom sphere-in-a-vacuumtheory radiusR), lying adistanceR from thecap,thescalar
dueto partial confinementof inducedfields by the potentialof theconfineddipole is:
solarwind. Theseproblemsare consideredin section 2
2.13;thepartial-confinementproblem(c) is considered — —2m cos~, Np~J1(N~x/R)f~(r) 22
in moredetail in the following section. “~c— R

2 n=1 (N2—DJ2(N

‘ n / 1’ n
where:
f (r) = exp(—N Jr I /R) + exp(—N (r + 2R)/R) (23)

3, Interactionof thesolar wind with lunarmduced ~1 fl fl -

andremanentfields and4 is theazimuthalanglemeasuredaroundthe
axisof thecylinder,from thedipole axis;m is the

The solarwind plasmatransportsthe inducingmag- dipole moment;r is thedistancealongthe cylinder
netic field pastthe Moonandalsointeractswith the axis;N~is then-th root off

1 (Nn) = 0.
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POINT where:
/ DIPOLE

2.5
- AXIAL ~SENSORiii g~(r)= exp(—k~ri /R) — exp[_k~(~~ + 2)] (27)

o.A DATA ____________

2.0 RT~’~ andk~are rootsof the zero-orderBesselfunction.The

A A A A TRANSXERSE L~?) axial componentsof the confinedandunconfmedfields
3 4 are respectively—ai1~iac/arand—a~,/u/ar;the ratio ofTRANSVERSE’

the radialcomponentof confinedfield tounconfmed1.0 /Bc\ 1 ~ r
3k,

7g~(r) (28)
field alongthe cylinderaxis is:

0 I 2 3 4 ~ n1 4(kn)
r/R

Fig.9. Confmementof apointdipolemagneticfield,shown
theoreticallyandexperimentally.Theinsertsschematically Thisaxial confined-to-unconfmedfield ratio is also
showlunarconfmementby thesolarwind,approximatedby plottedin Fig.9.
acapped-cylindersuperconductorenclosingapoint dipole A laboratoryexperimenthasbeendevisedto ex-
field. Thetheoreticalcurvesshowratiosof confinedto un-
confineddipolar field versusdistancealongthecylinderaxis, aminethe “axial” and “transverse”solutions(eq.25
Dataare resultsof a laboratoryexperimentin whichconfine- and28).Thehighly conductingsolarwind plasma
mentof asmall dipolemagnet’sfield by acylindrical super- cavity is modeledby athin leadsuperconducting
conductoris measuredexperimentally, cappedcylinderandtheinstantaneousinducedpolo.

idal field is modeledby a smalldipolarsamarium-

Thescalarpotentialwhich describesthe field due cobaltmagnetplacedequidistantfrom the closedend
to anunconfinedpointdipole is: and thesidewallsof the cylinder. Themeasuredratios-

of confinedfields to unconfmedfields are shownin
mx

= —i-- (24) Fig.9 alongwith the theoreticalvalueexpressedin
r eq.25and28.

Thetransversecomponentof magneticfield dueto Thetheoryandlaboratorydatapresentedin Fig.9
eitherof thepotentials(eq.22 or 23) canbe calculated representto first ordertheeffectsof solarwind com-
asa function of distancer alongthecylinder axis,using pressionon a poloidalinducedlunarfield, asmeasured
B~(r) = —ail,/ax.Theratio of thetransversecomponent. by a lunarsurfacemagnetometerpositionedatthe
of confinedfield to unconfmedfield onthe cylinder antisolarpoint. Thiscompressivephenomenon,which
axis is then: hasa measurablegeometricaleffecton thepoloidal

field,doesnotsignificantly changethetimedependence
i Bc\ 2 ~ r

3N~f
1(0)f~(r) (25) of thepoloidal eddy-currentfield. Therefore,the corn-

= R
3 n1 (N,~— 1)4(Nn) putedinternalelectrical-conductivityprofile a(r), which

trans. is a functiononly of thepoloidaltime-dependence,

wherefn(r) is expressedin eq.23;4(0) 0.5.This will notbemodifiedby solarwind compressionto the
transverseconflned.’to-unconfinedfield ratio is plotted order of approximationusedhere.
in Fig~9.

Now weconsiderthe effectof confinementfield 3.2. Compressionofthepermanentlunarfieldsby the
due to adipole lying on the cavity axisanddirected solarwindplasma
along thecavity axis (seeFig.9, insert). Thepotential
of the confineddipole (P. Cassen,personalcommuni- Remanentmagneticfieldshavebeenmeasuredby
cation,1972)is: Apollo magnetometersemplacedatnine siteson the

Moon.Magnitudesandlocationsof thesesteadyfields
= m ~ J

0(k~x)g~(r) (26) arelistedin TableI.
ac ~ n=1 J~(k~) Simultaneoussolarwind plasmapropertieshave

beenmeasuredat theApollo 12 and15 landingsites.
- To first order,a compressionof theApollo 12 rema-
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TABLE I
Lunarsurfaceremanentmagneticfields

Site Coordinates Measuredmagneticfields (‘y)

Apollo 12 3.2°S23.4°W 387
Apollo 14 37°S17.5°W 1037and43~(separatedby 1.1 km)
Apollo 15 26.1°N 3.7°E 37
Apollol6 8.9’S 15.5°E 1l27,113’y,1897,232~r,and3277

(separatedby 0.5—7.1 km)

nent field in direct proportionto the solarwind pres. wind pressureincreaseof 7’ l0~8dyn/cm2.The ratio
surehasbeenmeasured.Forone-houraveragesofmea- of plasmapressureto total magneticpressureis
suTements,the increasein magneticfield pressure = 8ir nmV2/B~r= 5.9, whereBST = + ~B,
~2I8,i., whereL?ILR ~A — (BE +B

5), isdirectly corre! duringmaximumplasmapressure,indicatingthat the
latedtotheplasmapressurenmV

2 asshowninFig. io. stagnationcondition((3 ~ 1) is notreaëhedandalocal
Themagneticfield increasesfrom38 to 547 fora solar shockis probablynot formedat the Apollo 12 site.

Modulationof the remanentmagneticfield by time
variationsin the solarwind pressureshouldaddnoise

10 to inductionmeasurementsmadeon thedaytimeside

of theMoon(Dyal et al., 1972a), aswasdiscussedin
2 section2.3.
b 8

N I
E I

6 4. Magnetizationfield inductionandpermeabilitycal-

culations

lIo~

k ~ k Referringagainto eq.1,we considerthemagnetiza-tion modeB~.Fortimeswhenall otherinductionandinteractionmodescanbeneglected(e.g.,for theMoonimmersedin the steadygeomagnetictail field), eq.1~ ~ 1’-~ canbewritten8A = BE + B~.Fora sphereof permea-
bility p. immersedin a staticmagneticfield 8E’ the
surfacecomponentsof totalmagneticfield areex-

~ pressed(Jackson,1962;Dyal andParkin,1972) as:
6

BAX=(l+2F)BEX (29)
N

E 4 BAYZ = (1— F) BEyz (30)
C 3 where:

2 (2km+1)(km_l)[1_(_~)]
E
= F= -

I - R’3 (31)
km+1)~km+2)_2~~)(km_i)2

~30 331 332 333 334 335
YEAR 969 TIME, day

Fig. 10. Simultaneousplotsof themagneticfield pressuredif- Herekm isthe relativepermeabilityp/p
0, R is the radius

ference&8~/8irandsolarwind dynamic-pressureat theApollo of the sphere,andRc is theradiusbelowwhich the
12surfacesite,showingacorrelationbetweenthepressures. planetarytemperatureis abovetheCurie point.
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5 ‘ - - urementsobtainedat threelocationson thelunar
surface.Theincreasedaccuracywill makepossiblea

T calculationof thepercentageof permeableiron in the
10 ‘ . . outerlayerof the lunarsphere.

5. Planetsandsatellites

-. /1
/‘ To considerglobal electromagneticinductionin the

planetsandsatellites,we havedivided them into three
0 ‘ main groups:(1) bodieswhichpossessintrinsicmagne-

tic fields strongenoughto standoff the solarwind; (2)
/ /.Z.~~i.Ol±0.06 bodieswith weakmagneticfieldsbutwhichhavean

-5 . / - - ionosphere;and(3) bodiesthatpossessneitherstrong
permanentmagneticfields nor ionospheres.TableII

•0” dividestheplanetsandsatellitesinto thesethreemain
-10 ‘ I I I I I I I I I I groupsbaseduponthelimited numberof measurements

B 10 thathavebeenreported.
Ex, Y Theglobal inductiveresponseto thesolarwind

Fig. 11.Hysteresiscurveof theMOon. TheMoon is immersed driving field will mostprobablybea poloidalresponse
in thesteadyexternalmagnetizinggeomagnetictail field BE for planetarybodieswith eitheranatmosphereor a
(measuredby Explorer 35); thetotal magneticinduction is low-conductingoutercrust,eitherofwhich will prevent
BA = BE + B measuredby theApollo 12 lunar surfacemag-
netometer,w~ereB is theinducedlunarmagnetizationfield theflow of umpolarcurrentsand quenchthe toroidal
(thelocal remanent~heldBgat theApollo 12 sitehasbeen mode.Theprobabletimeconstantfor thepoloidal re-
subtractedfrom theApollo 12data).In thisgraphonly the sponseis listed for eachbody;estimatesarecalculated
radial (x) componentsareplotted.This curveis analogousto from the Cowling time-constantexpression
thehysteresisB—H curve,whereH AR B& andB AR B~+B~. r = paR2/ir2, wherep is theglobal magneticpermea-
In this low-applied-fieldregime(—‘ 107) thehysteresiscurve . . . . .
is approximatelylinear;theslopeof thecurvecanbeusedto bility, a is theelectncalconductivity,andR is the radius
calculatethelunarrelativepermeabilityfor anassumedper- of thebody.Thepermeabilityis assumedtobethatof
meableshell thickness~R= Rm— R~by usingeq.29and31. free spaceandconductivityestimatesarebasedonex-

trapolationsfrom lunar andEarthmeasurements.

A plot of BAX vsBEX isin effecta plot of aB — H Thepropertiesof planetaryinteriors canbe studied
hysteresiscurve.Forcaseswherethe ratio BAX/BEX by inductiononly if driving fieldsexist in theplanetary
is aconstant,i.e.,for low-field BEX (theaveragesolar environmentwhich are of magnitudeandfrequency
field is approximately5 ‘y, andthegeomagnetictail highenoughto causethebody torespondelectromag-
field is approximately9 ‘y), thehysteresiscurveshould netically.Sourcesof driving magneticfields maybe
takethe form of a straightline. Fig. 11 showsaplot of externalto thebody (e.g., solarwind magneticfield
radial’ componentsof Apollo 12 surfacefield (BAX) variationsasshownin Fig. 1 andionosphericdiurnal
versusthegeomagnetictail field (BEX) measuredby variations)Or internal to thebody (e.g.,secularvaria-
Explorer35. A least-squaresfit andslopecalculations tionsin the intrinsicpermanentmagneticfields of
determinethe factorF = 0.0030, which isusedin EarthandJupiter).The amplitudeof the solarwind
eq.31 to determinetherelativemagneticpermeability field fluctuations(at afrequencyof 1 Hz)varywith
for a shellof innerradiusRc.Forthebulk permeability’ distancefrom theSunfrom approximately107at
of theMoon(thecaseRc= 0),p/p

0 = 1.01±0.06.For Mercury’sorbit, to 5 y at theEarth, to approximately
a thinnerpermeableshellinsidetheMoonthepermea- 0.87 atJupiter(Scarf,1970).Theinterplanetaryfield
biity ishigher,asshownin eq.31, frequencyspectrumvariesasj_1.5 (Coleman,1968)

A moreaccuratecalculationoflunarpermeability in thesolarwind neartheorbitsof EarthandMars.
will bedeterminedin thefuture from network,meas- Anotherdriving magneticfield isthatproducedin the
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TABLE II
Inductiveresponsetimesof planetsandsatellites

Group Planetor Meanradius’ Meandensity2 Ionosphere Periodof primary Planetaryresponse
satellite (km) (g/cm3) (+ yes;— no) driving field timeconstant

1 Earth 6,378 5.5 + hoursto years 1 dayto 10yr3
Jupiter 70,850 1.33 + lOh

2 Venus 6,110 5.1 + lOyr
Mars 3,402 4.0 + 24 h 1 yr
Saturn 60,000 0.7 + 10 h
Uranus 25,400 1.7 + 11 h
Neptune 24,300 1.6 + 16h
Pluto 2,250 5.9 + 6 days minutes
Titan 2,425 2.4 + minutes

3 Mecury 2,430 5.4 — 10sec days
Ganymede 2,775 2.4 — 10 sec minutes
Callisto 2,500 2.1 — 10sec minutes
Triton 1,885 5.0 — 10 sec minutes
lo 1,750 4.0 — lOsec minutes
Moon 1,737 3.3 — 10 sec 2 mm4
Europa 1,550 3.8 — 10 sec minutes
Rhea 650 2.0 — 1 sec seconds
Tethys 600 1.2 — 1 sec < 1 sec

lapetus 575 1.9 — 1 sec < I sec
Titania 455 3.4 ‘ — 1 sec < 1 sec
Oberon 417 8.6 — 1 sec <1 sec
Dione 410 2.8 — 1 sec < 1 sec
Ceres 384 5.0 — 1 sec < 1 sec

Dollfus (1970);2 Smoluchowski(i972);~ Measured:Rikitake(1966);~Measured:Dyal andParkin(1971).

ionosphereby solarradiation.In this casethemagnetic forMarsat 2.4~1022G.cm3(‘‘ l0~thatof Earth).
field fluctuationsat theplanetarysurfacemay bedom- More recentmeasurementsby theU.S.S.R.Mars 2
matedby diurnalvariationsof ionosphericcurrents.In- andMars3 magnetometers(MoscowTASS newsre-
ternalvariationsof the intrinsic field in a planetmay lease,24 August1972),however,indicatethat changes
produceverylongperiod field fluctuations(e.g.,the in themagneticfield nearMars exceedsolarwind field
approximately50-yearsecularvariationsin theEarth’s changesby a factorof eight andthatMarspossibly
field which are usedto calculateelectricalconductivity possessesanintrinsic dipolarfield.TheApollo subsatel-
of themantleandcrust). lite magnetomer(Colemanet al., 1972),hasset an

Theinductionprocessesin aplanetwill alsobe upperlimit for theMoon’s dipolemomentof
stronglyinfluencedby thepresenceof a strongglobal 4~1019 G.cm3- It is probable,however,that someof
permanentmagneticfield (SpreiterandAlksne, 1970). the local remanentfields on theMoonmayhaveinten-
To date,only theplanetsEarthandJupiterare known sitiesandscale-sizeslargeenoughto standoff the solar
to possessan intrinsicmagneticfield largeenoughto wind (Barneset al., 1971;Dyal et al, 1972a).
standoff the solarwind. Venera4 magnetometerrneas- Experimentalmeasurementsat Venus,Earth,and
urements(Dolginovet al., 1969) setan upperlimit Marsandtheoreticalstudiesof otherplanetsindicate
for thedipole momentof Venusat 8 1021 G. cm3 that mostplanetsexceptMercurypossessionospheres
(or 10~thatof Earth);the Mariner4 magnetic with comparablepeakelectrondensities.lonospheres
field measurements(Smith,1967) setthe upperlimit of planetslisted in group2 of TableII will dampout
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TABLE II
Apollo surfacemagnetometercharacteristics

Apollo stationary Apollo portable
Parameter magnetometer magnetometer

Ranges(7) 0 —±200 0—i 256
(eachsensor) 0 — ±100

0—i 50
Resolution(~‘) 0.1 1.0
Frequencyresponse(Hz) dc — 3 dc — 0.05
Angularresponse Cosineof angle Cosineof angle

betweenfield betweenfield
andsensor andsensor

Sensorgeometry 3 orthogonal 3 orthogonal
sensorsat endsof sensorsin
100-cmbooms 6-cm cube

Analog zerodetermination 180°flip of sensor 180°flip of sensor

PowerOW) 3.5 1.5
Weight (kg) 8.9 4.6
Size(cm) 63x28X25 56x15x14
Operatingtemperature(‘C) —50 — +85 0 — +50

mostof thesolarwind magneticdrivingwaveswith fluctuationsshouldenvelopthebodyandinduce a
periodslessthanminutesandthe dominantfield poloidalresponsewhich canbeusedto studythe in-
changeoccurringoverthe entireglobewill bedue to ternalproperties.Thebodiespossessinginductive time
thedaily formationof the ionospherewhoseperiod constantscomparableto driving field periods(e.g.,
wifi betheaxial rotationperiodof the planet.Higher- theMoonand10)may bebetterexploredusingelectro-
frequencyfluctuationsreachingthe planetarysurface magneticinductiontechniquesthanby seismicmethods.
will beconsiderablylowerin amplitudethanthe diur-
nalvariations(on Earththe daily variationsareapprox- Appendix:magneticfield measurementtechnique
imately 50 y whereasthe shorter-periodsolarwind
changesare lessthan10 ‘y); thesediurnal ionospheric Magneticfields at the lunarsurfacehavebeenmeas-
magneticfield variationscaninduceaglobal response uredwith magnetometersemplacedby astronautson
in the planet’souterlayers.Sincein this casethe domi- theApollo 12,14, 15, and16 missions.Thethreeor-
nant driving sourcefor the planetis geometricallyin thogonalvectorcomponentsaremeasuredasa function
theshapeof a sphericalshell,manysimultaneousmeas- of time andposition andtelemeteredto Earth.Simul-
urementsarerequiredto describethe total inductive taneouslyamagnetometerin thelunar orbitingExplor-
responseandseparateit into externaldriving and inter- er35 spacecraftmeasuresthe ambientsolaror terres-
nal responsefields. This formidabletaskhasbeenac- -trial driving field andtransmitsthis informationto
complishedto studytheelectromagneticpropertiesof Earth.Propertiesof the lunarsurfacemagnetometers
Earth’scrustandmantle(Chapman,1919;Lahiri and

are given in TableIll.
Price, 1939;AshourandPrice, 1948;Rikitake, 1950,
1966;McDonald, 1957;Eckhardtet al., 1963).Forthe
core regionof the Earth,however,seismictechniques Acknowledgements
haveprovento be moreusefulthan electromagnetic
inductiontechniques. Wethank RichardHartin of Philco-Ford,Ray

Fortheplanetsandsatellitesin group3 of Table II Stepi~iensof theUniversity of SantaClara, andJeffrey
which haveneithera globalpermanentmagneticfield Hammill andRoy Horinouchiof DeAnzaCollege for
nor anionosphereandwhich do not lie within themag- their valuablecontributionsto thelaboratorysupercon-
netosphereof a largerbody,solarwind magneticfield ductingexperiments.
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