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1 Introduction

X-rayshave beenstudiedin detail for over a century, yet until relatively recently, x-rayswerea region of
the electromagneticspectruminaccessibleto astronomers.The Earth’s atmosphereis completelyopaque
to x-ray radiation,someasuringx-raysfrom anastronomicalsourcenecessarilymeansthat the instrument
bein space,eitheron anorbiting platformor aboarda sub-orbitalexperimentsuchasa soundingrocket or
balloon.Thisalonehasonly beentechnicallypossiblefor thelast50years.Theproblemis compoundedby
thefactthatx-raydetectorscapableof astronomicalmeasurementhavebeenhinderedby largemeasurement
errorsandto obtaina truefocuswith anx-raysystem,thebeammustreflecttwice off of nested,hyperbolic
andparabolicgrazingincidenceoptics.Themostcommonconfigurationsfor x-raytelescopesaretheWolter
types,whichareopticalsystemsthatuseparabolicsurfacesto directincidentlight ontoahyperbolicsurface
thatfocusesit [8]. For example,TheChandraX-ray Observatoryemploys aWolterTypeI telescope.These
opticalsystemsarenotonly technicallychallenging,but alsoveryexpensive to manufacture,thuspreventing
theproductionof largeapetures.

A collaborationof astronomersfrom University of Coloradoat BoulderandNASA’s GoddardSpace
Flight Centerhave proposeda solutionto thetraditionallimitationsof x-ray astronomywith MAXIM, the
MicroArcsecondX-ray ImagingMission. The MAXIM missionproposesto fly an arrayof telescopesin
formationthatwill synthesizethecollectingareaof alargertelescope.Thebasicconceptis notverydifferent
from thestellarinterferometerdesignedby Michelsonin theearly20thcentury, with modificationsto allow
for operationin thex-rayband.MAXIM proposesto fly it’scollectorspacecraftataseparation(or baseline)
of up to severalhundredmeters,whichwould provide anangularresolutiongivenby:

θ � λ
2B

(1)

whereθ is theangularresolution(in radians),λ is thewavelengthandB is thebaseline.For example,at a
baselineof 100metersanda wavelengthof 2 Å (roughlycorrespondingto well studiedFeemissionlines),
a resolutionof 0.2microarcseconds(µas)canbeachieved.

Theprimary sciencegoal for theMAXIM missionis to imagetheeventhorizonof a blackhole. The
blackholewould beseenin silhouetteagainstbright emissionfrom thehot accretiondisk surroundingits
eventhorizon.Generalrelativity leadsusto expectto seethelight from thedisk bentanddistortedaround
theshadow of theblackholeby thestronggravitationalfield neartheeventhorizon.Nearbyactive galactic
nucleiarethebestcandidatesfor imagingwith MAXIM, with diametersof a few µas.Angularresolutionof
tenthsof microarcsecondswouldallow astronomersto resolve theinnerregionsof accretiondisksandevent
horizonsof black holes. MAXIM hasseveral othermajor sciencegoals,including imagingthe accretion
disk surroundingtheblackholeat thecenterof our Galaxyandimagingflaresandcoronasof nearbystars
ataspatialresolutionof a few hundredkilometers[2].

2 Instrument Design

X-ray telescopesarevery challengingto build becausethe mirrors neededaresubjectto very tight con-
straints,not only in their curvature,but alsoin their surfacesmoothness.MAXIM avoids thecomplication
of attemptingto obtaina precisefocusby usingflat mirrors to mix thewavefrontsfrom adjacentarmsof
the interferometer. Thex-ray interferometerproposeddiffers from theMichelsonstellarinterferometerin
that it requiresgrazingincidenceson all of its bouncesto retainan appreciablereflectivity. Additionally,
x-raysdo not have theoptionof a focusingoptic to ensurethat theFraunhoferzoneis nearthecollecting
mirrors. In orderto observe x-ray fringes,the detectormustbe placedconsiderablybehindthecollecting
andconvergingoptics.However, becausethesystemusesflat mirrorsinsteadof focusingmirrors,thereis no
focal constrainton theseparationof thecollectingandconverging surfaces.This meansthat thecollecting
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opticscanbeplacedata largerbaseline,furtherin front of theconverging mirrorswithoutany otherchange
to thesystemconfigurationand,theresolutionwill increase[2, 3].

Figure1: Two-dimensional,prototypex-ray interferometerlayout.

3 Spacecraft Design

TheentireMAXIM instrumentwill consistof a total of 36 individual, free-flying spacecraft(S/C).These
will consistof 32 collectorS/C,onehub,a converger, a detector, anda delayline S/Cto assistin pointing
stability (seebelow). The 32 identicalcollectorS/C will containthreemeterflat mirrors, andfly with an
overall separationof severalhundredmeters.They will bekept in formationby referenceto thehubS/C.
Thehub craft alsohelpsmaintainstability in thepointingby forming a visible wavelengthinterferometer
with the converger craft. A starperpendicularto the optical axis of the MAXIM systemis incidentupon
boththehubandtheconvergerS/C.Thelight at thehubis sentthrougha 90 degreebounceanddirectedat
theconverger. Theconvergersendsit’sbeamto adelayline craft thatreflectsthelight backto theconverger
andthe beamscombineto form a nulling interferometer. The delay line craft will referenceit’s position
relative to theconvergervia laser, andtheoverall setupallows pointingerrorsto bedetectedasashift in the
null [1].

ThedetectorS/Cwill fly in formationabout5000km behindall of theotherS/C,andwill mostlikely
employ aCCD.ThedetectorS/Cneedsto beseveralthousandkilometersbehindtheconvergerfor thefringe
spacingto belargeenoughto measurewith CCDscurrentlyavailable.Thefringe spacingmeasuredon the
detectoris givenby λL/d whereL is thedistancefrom theconverger to thedetectorandd is theseparation
of theconverging optics.For example,at2 Å aconvergerseparationof 5 meters,andadetectordistanceof
5000km, onewouldexpecta fringespacingof 0.2mmonthedetector, easilyresolvableby CCDsavailable
today. Anotherimportantissueat thedetectoris having enoughphotonsperpixel to take high quality data.
Thebrightestx-ray sourceswill beneeded,thenumberof photonsdetectedby MAXIM is givenby:

N � �
4 � 5 � 1018 � θ2T3 (2)

whereT is theeffective temperatureof thetargetandθ is theangularresolution;for anintegrationtime of
100kilosecondsandaneffective areaof 1000cm2, a reasonableestimateof theeffective areaMAXIM can
hopeto achieve, anda long exposuretime for premiertargets[2]. Datawill alsobeenergy-tagged,current
x-raybandCCDsof flight qualityarecapableof anenergy resolutionof E/δE � 50at6 keV [3]. Theenergy
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Figure2: MAXIM constellationdesign.
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resolutionof thedetectorwill provide thespectralresolutionof theinterferometerasdatacanbeseparated
into individual sinewavesof differentfrequencies.

Theoptimisticupperlimit for theprojectis an effective areaof 10,000cm2 [2]. Working throughthe
equationsatanx-rayenergy of 2 keV, andcombiningthiswith thelongestsuggestedintegrationtimeof one
million seconds,asignalof 100photonsperpixel canbeachievedata resolutionof:

θmin
� 10� 1T � 3� 2 � arcseconds	 (3)

whichwould requireabaselineof:

B � �
6 � 7 � 10� 2 � T3� 2 � cm	 (4)

Theseequationscanbecombinedandevaluatedat thetargetresolutionof one-tenthmicroarcsecondto yield
abaselineof 700meters.

4 Technical Tolerances and Limitations

Interferometryat suchshortwavelengthsrequirestremendousinstrumentstability andhigh quality optics
to assurecoherenceso that detectablefringesarecreated. MAXIM is proposedto fly in a heliocentric,
‘driftaway orbit’, at a distanceof one astronomicalunit (AU). The most highly constrainedinstrument
dimensionis thebaselineseparation,wherethetoleranceis givenby:

δB � λ
20sinφ

(5)

for one-tenthfringe stability, whereφ is thegrazeangle,which requiresthecollectorS/C to deviate from
theirpositionby lessthana few nanometers[1]. As mentionedabove, thecollectorcraftwill maintaintheir
positionvia laserreferenceto thehubS/C.Equally importantis theconstraintrelatedto thesurfacefigure
of the flat mirrors. The surfacedeviation criteria is given by the sameformula asthe baselinetolerance,
exchangingbaselinedeviation with surfacefiguredeviation. At onenanometeranda 2 degreegrazeangle,
this leadsto a surfacetoleranceof 3.6nm. This wouldbeapproximatelya λ/175off-the-shelfmirror. Such
mirrors areavailable today, andasflats areall that is required,the cost is modest. The opticswill also
be requiredto have a front-backthermalgradientof lessthanone-hundrethof a degreeKelvin in order
to maintainstability. All mirrors in the MAXIM systemwill needthree-dimensionalfreedomof motion
on orbit (tip, tilt, and piston) in order to make small correctionsbetweenobservations, maintainequal
pathlengthsduringanobservation,andto correctany misalignmentsthatmayoccuron launch.Maintaining
equalpathlengthsin eachchannelwill requiretilt andpistonresolutionandknowledgeof 10 nm or better.
This tight constraint,coupledwith the thermalconstraintmentionedabove put the mountsneededfor the
MAXIM opticsbeyondthescopeof currenttechnology, andprogresswill needto bemadeto thatend.The
collector-to-converger distanceandthe converger-to-detector distancemustalsobe constrained,but these
canbeeasilysatisfiedby today’s formationflying capabilities[1].

Pointingandorbital stability arealsoconcernsfor a fleet of 36 separatespacecraft,particularlywhen
they are spacedover large distancesand have different massand ballistic properties. Solar gravity and
radiationpressureplay thelargestrole in exertingexternalforceson theformationelements.Theformation
is flown at an ecliptic inclination of zero,with the converger S/C, as it is by far the mostmassive craft,
in a true Keplerianorbit. Solargravity actson the collector, hub, delay-line,anddetectorS/C, andis at
a maximumwhentheMAXIM formationis normalto theecliptic. ThedetectorS/C,beingroughly5000
km from the ecliptic planein thesecases,would be shiftedby asmuchas750 m/day. In addition,there
aresecondordereffectsdueto gravitational forcesfrom both theEarthandJupiterthatmustbe taken into
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account.It is clearthenthattheformationmustbecontinuouslycorrectedto makeprecisepointingandlong
integrationtimespossible.

MAXIM will slew atarateof nogreaterthanfivedegreesperday, asevensmallchangesin thecollector-
hubS/Cplanecorrespondto largemovementsof thedetectorS/C.Additionally, to minimizethermalfluc-
tuations,theinstrumentwill alwayspointperpendicularto thesunline. No observationsareplannedduring
maneuversanda six-hour‘fine-tuning’ is requiredaftereachmaneuver. Orientationchangesandstability
againsttheperturbationslistedabove will requireeachS/Cto carrya three-dimensionalpropulsionsystem.
Currently, the proposedsystemis composedof pulseplasmathrusters(PPT),several typesof which are
being/have beentestedon Departmentof DefenseLES missions.Six to eightPPTsmountedon eachcol-
lectorS/Cwould allow for a 10 yearmissionlife. As theconvergeranddelay-lineS/Cexperiencetheleast
disruptive forceandmove theleastduringmaneuvers,controlling themis a manageabletaskwith existing
technology. Themostchallengingaspectof maneuvering MAXIM is thedetectorS/C.Being locatedat a
large distancebehindthe restof the formation,it requireslarge movementsto stayin alignmentwith the
optical axis. At this time, theredoesnot appearto be a self-containedpropulsionsystemthat cansustain
theselargemovementsover thelife of themission.Two possiblesolutionsthatarebeingconsideredare:a)
a seconddetectorspacecraftthatwould cover a certainrangeof orientations(andoffer redundancy) andb)
theuseof hydrazinearcjetsthatarecurrentlybeingdevelopedon otherspacemissions[1].

5 MAXIM Science Goals

Theprimarysciencegoalof theMAXIM missionis to imagetheeventhorizonaroundablackhole.Matter
in the inner regionsof accretiondisksin active galacticnuclei is underthe influenceof theextremegravi-
tationalfield of a blackholeof severalmillion to severalhundredsof million solarmasses.Suchextreme
environmentsareknown to producebrightx-raysources,which is why thex-raybandis desirablefor imag-
ing the region surroundinga black hole. Besidestheobvious interestin indisputableverificationof black
holes,detailedimagingwouldallow astronomersto studymaterialfalling into theblackholeandprovide a
‘laboratory’wheregeneralrelativity shouldhave macroscopiceffects.Thebestcandidatefor observationat
presentis theblackholeat thecenterof M87. Thecenterof M87 is believed to harbora 100million solar
massblackholewhichpowersx-rayemissionandhighspeedjets.At adistanceof roughlyonemegaparsec,
theangularsizeof theaccretiondisk shouldbea few microarcsecondsin diameter, resolvableif MAXIM
canachieve thegoalof one-tenthµasresolution[2, 9].

X-ray bright blackholeaccretiondisksaretheprimary targetsdueto the largeflux from suchobjects,
but with sufficient observingtime,a hostof othersciencegoalsmaybeattainable.Onesuchprojectwould
beahigh resolutionmapof theinnermostregionsaroundtheblackholeat thecenterof theMilk y Way. X-
rayscanpenetratethegalacticdustobscurationandcouldtell astronomersaboutthenatureof anaccretion
diskandthemotionof thematerialin theregion. Anothergoalof MAXIM is to imagetheaccretiondisksof
x-raybinariesbothin ourgalaxyandin theMagellanicClouds.Thedistribution of x-rayemittinggasin the
binarieswouldalsobeatopicof study. Finally, givensufficientflux andtheresolutionof theinstrument,the
atmospheresof nearbystarscouldbemeasuredto aresolutionof afew hundredkilometersandtrigonometric
parallaxcouldbemeasuredfor starsasdistantastheVirgo cluster[2, 9].

6 Current Status

High resolutionx-rayimagingof astrophysicalobjectsis arelatively new observationalpossibility, however,
physicistshave beencreatinginterferencepatternswith x-raysfor almost70 yearsusinga combinationof
the Lloyd’s mirror geometryand the Fresneldoublemirror [6, 5]. Clearly, beforeany large scalespace
missioncanbereasonablyproposed,thetechnologyrequiredmustbedemonstratedin a laboratorysetting.
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Figure3: Simulationof eventhorizonimage.

Recently, aprototypex-ray interferometerwasbuilt by theUniversityof Coloradoandsuccessfullytestedat
MarshallSpaceFlight Center(MSFC).Usingthe120-mvacuumfacility at MSFC,anx-ray interferometer
usingthesameflat mirror, grazingincidencedesignasdescribedfor theMAXIM mission,producedfringes.
The modelinstrumentuseda baselineof about1-mm anda CCD mounted100-mbehindthe converging
mirrors.The50-mmcircularflat mirrors,atgrazeanglesof 0.2degrees,weremountedonmanipulatorsthat
allowed for rotationalandtranslationalmotion during the tests. The incidentbeamwascreatedusingan
electronimpactsourcewith a magnesiumtargetandanaluminumfilter thatcreateda beampredominantly
composedof the1.25keV Mg K line. Thebeamwascutdown at thefront of theinterferometerby adouble
slit maskthatallowedonly thelight strikingthecollectormirrorsto enterthesystem.Fringeswith aspacing
of about0.2-mmwererecorded,whichcorrespondto anangularresolutionof roughly100mas[3].

A successfullaboratorymodelis only thefirst steptowardsthefull MAXIM observatory. Demonstrating
a scaleddown modelof theinstrumentin a soundingrocket missionusingformationflying of a mirror and
detectorpayloadhasbeendiscussed,but themostlikely prototypefor theMAXIM missionis theMAXIM
Pathfinder[4]. The Pathfinderis designedto be a proving groundfor the x-ray interferometerconcept
without the complicationof formationflying all the collectormirrors. The Pathfinderhasan arrayof 32
collectorandconvergermirrors,but at abaselineof only 1-m,whichwill provide aneffective areaof about
100cm2 andallow everythingbut thedetectorto behousedon onespacecraft.Thedetectorwould fly on a
separatespacecraft(atadistanceof � 450-km),whichwouldprovidea testfor thelongdistance,formation
flying that would be necessaryfor the final MAXIM mission. The Pathfindermissionwould achieve an
angularresolutionof 100µas.

The Pathfinderwill alsohelp in creatingthe final target list for MAXIM, providing detailedcelestial
coordinates.Only a few targetswill have detailedcoordinatesprior to thePathfindermissionhowever, and
sincetargetsmay not be visible in the optical or may be in confusedfields, an x-ray ‘finder scope’will
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Figure4: X-ray fringescreatedby x-ray interferometerprototype.
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berequired.A Wolter telescopewith arcsecondresolutionis proposed,andoncethe target is acquiredon
thedetector, theinterferometercanbeusedto correctthepointing. ThedetectorS/Cmaintainsits position
throughtheuseof laserrangingdevices[4].

TheMAXIM Pathfinderwill notbesolelya technologydemonstrationthough,with 100µasresolution,
it representsanincreaseof 1000overwhatis currentlypossiblewith HubbleandChandra(100and500mas,
respectively). This meansthat Pathfinderwill have a setof sciencegoalsall its own [4, 7]. For example,
the disk of Alpha Centaurihasa diameterof 7 mas,so the Pathfinderwould allow astronomersto image
thedisk of a solar-typestarin detail. Thesignal-to-noiseratio for theimageof a stellardisk with MAXIM
Pathfinder(usinganeffective areaof 100cm2 anda10 kilosecondintegrationtime) is givenby:

�
S
 N � 2 � 107 f tot

X

� θmin

θD

� 2 (6)

where f tot
X is the x-ray flux in photons/cm2/s, θmin is the instrumentalresolution,and θD is the angular

diameterof the stellardisk. α Centauri,for example,hasan x-ray flux of 0.0067,which yields a signal-
to-noiseof 3.7. Higher signal-to-noisecanbe attainedon starswith a larger x-ray flux suchasCapella,
a binary systemwhosebrightercomponenthasan angulardiameterof 9 masandan x-ray flux of 0.12.
Capellawould have a signal-to-noiseratio of 12.2for theobservationdescribedabove. Imaginghot gasin
x-ray binaries,at smallerdistancesthansuggestedfor MAXIM, would alsobe possible.Colliding stellar
windsandotherx-rayemittingshockfrontscouldalsobeimaged,providedtheflux wassufficient. It seems
clearthat Pathfinder, andit’s parentinstrument,MAXIM, provide an opportunityto pushtheedgeof our
currenttechnologicalandscientificboundaries.

References

[1] W. Cash.Maxim preliminarydesign,August2000.NASA, IAC.

[2] W. Cash.Maxim presentation,September2000.FirstMissionDefinitionTeamMeeting,NASA, LHEA.

[3] W. Cash,A. Shipley, S. Osterman,andM. Joy. Laboratorydetectionof x-ray fringeswith a grazing
incidenceinterferometer. Nature, 407:160+,September2000.

[4] J. Grady. Maxim pathfinderpresentation,September2000. First Mission Definition TeamMeeting,
NASA, LHEA.

[5] E. HechtandA. Zajac.Optics. Addison-Wesley, 1974.

[6] G. Kellstrom. Untersuchungenuberinterferenz-undbeugungsrscheinungen bei langwelligenrontgen-
strahlen.NovaActaSocietyScienceUpsala, 8:5–66,1932.

[7] J.Linsky. Microarcsecondx-ray imagingof stars,September2000.Maxim PathfinderMissionDefini-
tion TeamMeetingSeptember2000,NASA, LHEA.

[8] G. Walker. AstronomicalObservations. CambridgeUniversityPress,1989.

[9] N. White. Imagingblackholes.Nature, 407:146+,September2000.

8


