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1 Introduction

X-rays have beenstudiedin detailfor over a century yet until relatively recently x-rayswerea region of
the electromagnetispectruminaccessibldo astronomers.The Earths atmospherés completelyopaque
to x-ray radiation,so measuring-raysfrom an astronomicakourcenecessarilymeanghattheinstrument
bein spacegitheron anorbiting platformor aboarda sub-orbitalexperimentsuchasa soundingrocket or
balloon. This alonehasonly beentechnicallypossiblefor thelast50 years.The problemis compoundedby
thefactthatx-ray detectorsapableof astronomicaimeasuremerave beenhinderedoy largemeasurement
errorsandto obtaina truefocuswith anx-ray systemthe beammustreflecttwice off of nestedhyperbolic
andparaboliograzingincidenceoptics. Themostcommonconfigurationgor x-ray telescopesaretheWolter
types,which areopticalsystemshatuseparabolicsuriaceso directincidentlight ontoa hyperbolicsurface
thatfocusest [8]. For example, The ChandraX-ray Obseratory emplo/s a Wolter Typel telescopeThese
opticalsystemsarenotonly technicallychallengingbut alsovery expensve to manugcture thuspreventing
the productionof large apetures.

A collaborationof astronomergrom University of Coloradoat Boulderand NASA's GoddardSpace
Flight Centerhave proposeda solutionto the traditionallimitations of x-ray astronomywith MAXIM, the
MicroArcsecondX-ray ImagingMission. The MAXIM missionproposego fly anarray of telescopesn
formationthatwill synthesizehecollectingareaof alargertelescopeThebasicconcepis notverydifferent
from thestellarinterferometedesignedy Michelsonin the early 20th century with modificationsto allow
for operationin thex-ray band.MAXIM proposedo fly it's collectorspacecrafataseparatior{or baseline)
of up to severalhundredmeterswhichwould provide anangularresolutiongivenby:

A
0 = 2B (@H)
where@ is the angularresolution(in radians) A is the wavelengthandB is the baseline.For example,ata
baselineof 100 metersanda wavelengthof 2 A (roughly correspondindo well studiedFe emissionlines),
aresolutionof 0.2 microarcsecond§ias)canbeachiered.

The primary sciencegoal for the MAXIM missionis to imagethe eventhorizonof a blackhole. The
black hole would be seenin silhouetteagainstbright emissionfrom the hot accretiondisk surroundingts
eventhorizon. Generakelatiity leadsusto expectto seethelight from the disk bentanddistortedaround
theshadw of theblackhole by the stronggravitationalfield nearthe eventhorizon. Nearbyactive galactic
nucleiarethebestcandidate$or imagingwith MAXIM, with diameterf afew pas. Angularresolutionof
tenthsof microarcsecondwould allow astronomergo resole theinnerregionsof accretiordisksandevent
horizonsof black holes. MAXIM hasseveral other major sciencegoals,including imagingthe accretion
disk surroundingthe black hole at the centerof our Galaxyandimagingflaresandcoronasof nearbystars
ataspatialresolutionof afew hundredkilometerg[2].

2 Instrument Design

X-ray telescopesre very challengingto build becausehe mirrors neededare subjectto very tight con-
straints,not only in their curnvature,but alsoin their suracesmoothnessMAXIM avoids the complication
of attemptingto obtaina precisefocusby usingflat mirrorsto mix the wavefrontsfrom adjacentarmsof
the interferometer The x-ray interferometeproposedliffers from the Michelsonstellarinterferometeiin
thatit requiresgrazingincidenceson all of its bouncego retainan appreciableeflectiity. Additionally,
x-raysdo not have the option of a focusingoptic to ensurethatthe Fraunhoferzoneis nearthe collecting
mirrors. In orderto obsere x-ray fringes, the detectormustbe placedconsiderablybehindthe collecting
andcorveming optics.However, becaus¢hesystermusedlat mirrorsinsteadof focusingmirrors, thereis no
focal constrainton the separatiorof the collectingandcorverging surfaces.This meanghatthe collecting



opticscanbe placedat alargerbaselinefurtherin front of the corverging mirrorswithoutary otherchange
to the systemconfigurationand,theresolutionwill increasq?2, 3].
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Figurel: Two-dimensionalprototypex-ray interferometetayout.

3 Spacecraft Design

The entire MAXIM instrumentwill consistof atotal of 36 individual, free-flying spacecraf{S/C). These
will consistof 32 collectorS/C,onehub, a converger, a detectoranda delayline S/Cto assistin pointing
stability (seebelow). The 32 identicalcollector S/Cwill containthreemeterflat mirrors, andfly with an
overall separatiorof severalhundredmeters.They will be keptin formationby referenceto the hub S/C.
The hub craft alsohelpsmaintainstability in the pointing by forming a visible wavelengthinterferometer
with the corverer craft. A starperpendiculato the optical axis of the MAXIM systemis incidentupon
boththe hubandthe corverger S/C. Thelight atthehubis sentthrougha 90 degreebounceanddirectedat
thecorvemer. Thecorvergersendst’ sbeamto adelayline craftthatreflectsthelight backto thecorverger
andthe beamscombineto form a nulling interferometer The delayline craft will referenceit’s position
relative to the convergervia laser andthe overall setupallows pointingerrorsto bedetectedasa shift in the
null [1].

ThedetectorS/Cwill fly in formationabout5000km behindall of the otherS/C,andwill mostlikely
employ aCCD. ThedetectolS/Cneeddo beseveralthousandilometersbehindtheconvemyerfor thefringe
spacingto belarge enoughto measuravith CCDscurrentlyavailable. Thefringe spacingmeasurean the
detectoris givenby AL/d wherelL is the distancefrom the corverger to the detectorandd is the separation
of theconverging optics. For example,at 2 A acorverger separatiorof 5 metersanda detectordistanceof
5000km, onewould expectafringe spacingof 0.2 mmonthedetectoreasilyresohableby CCDsavailable
today Anotherimportantissueat the detectoris having enoughphotonsper pixel to take high quality data.
Thebrightestx-ray sourceswill be neededthe numberof photonsdetectedby MAXIM is givenby:

N = (45x10'%)e?T3 (2)

whereT is the effective temperaturef the targetand© is the angularresolution;for anintegrationtime of
100kilosecondsandaneffective areaof 1000cn?, areasonablestimateof the effective areaMAXIM can
hopeto achieve, andalong exposuretime for premiertaigets[2]. Datawill alsobe enegy-taggedgcurrent
x-ray bandCCDsof flight quality arecapableof anenepy resolutionof E/OE ~ 50at6 keV [3]. Theenegy
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Figure2: MAXIM constellatiordesign.



resolutionof the detectomwill provide the spectralresolutionof the interferometeasdatacanbe separated
into individual sinewavesof differentfrequencies.

The optimistic upperlimit for the projectis an effective areaof 10,000cn? [2]. Working throughthe
equationstanx-ray enegy of 2 keV, andcombiningthis with thelongesisuggestethtegrationtime of one
million secondsa signalof 100 photonsper pixel canbe achieved at a resolutionof:

Bmin = 10°1T~*/2[arcsecond 3)

which would requirea baselineof:

B = (6.7x10°)T¥?[cm 4)

Theseequationsanbecombinedandevaluatedatthetargetresolutionof one-tenttmicroarcsecontb yield
abaselineof 700meters.

4 Technical Tolerances and Limitations

Interferometryat suchshortwavelengthsrequirestremendousnstrumentstability and high quality optics
to assurecoherenceso that detectabldringes are created. MAXIM is proposedto fly in a heliocentric,
‘driftaway orbit’, at a distanceof one astronomicalunit (AU). The most highly constrainednstrument
dimensionis the baselineseparationwherethetolerancds givenby:

A
~ 20sing ©)

for one-tenthfringe stability, whereq is the grazeangle,which requiresthe collector S/Cto deviate from

their positionby lessthana few nanometer§l]. As mentionedabove, the collectorcraftwill maintaintheir

positionvia laserreferenceo the hub S/C. Equally importantis the constraintrelatedto the surfacefigure
of the flat mirrors. The surfacedeviation criteriais given by the sameformula asthe baselinetolerance,
exchangingbaselinedeviation with surfacefigure deviation. At onenanometeanda 2 degreegrazeangle,
this leadsto a surfacetoleranceof 3.6 nm. This would be approximatelya A/175 off-the-shelfmirror. Such
mirrors are available today andasflats are all that is required,the costis modest. The opticswill also
be requiredto have a front-backthermalgradientof lessthan one-hundretrof a degreeKelvin in order
to maintainstability All mirrorsin the MAXIM systemwill needthree-dimensiondreedomof motion

on orbit (tip, tilt, and piston)in orderto make small correctionsbetweenobserations, maintain equal
pathlengthsluringanobsenration,andto correctary misalignmentshatmayoccuronlaunch.Maintaining

equalpathlengthsn eachchannebwill requiretilt andpistonresolutionandknowledgeof 10 nm or better

This tight constraint,coupledwith the thermalconstraintmentionedabore put the mountsneededor the

MAXIM opticsbeyondthe scopeof currenttechnologyandprogresswill needto be madeto thatend. The

collectorto-corvemer distanceandthe convergerto-detetor distancemustalso be constrainedput these
canbeeasilysatisfiedby todays formationflying capabilitieq1].

Pointingand orbital stability are alsoconcerndor a fleet of 36 separatespacecraftparticularlywhen
they are spacedover large distancesand have different massand ballistic properties. Solar gravity and
radiationpressurelay thelargestrole in exertingexternalforceson theformationelementsTheformation
is flown at an ecliptic inclination of zero, with the corverger S/C, asit is by far the mostmassie craft,
in a true Keplerianorbit. Solargravity actson the collector hub, delay-line,and detectorS/C, andis at
a maximumwhenthe MAXIM formationis normalto the ecliptic. The detectorS/C, beingroughly 5000
km from the ecliptic planein thesecaseswould be shiftedby asmuchas 750 m/day In addition,there
aresecondordereffectsdueto gravitational forcesfrom both the Earthand Jupiterthat mustbe takeninto

oB



accountlt is clearthenthattheformationmustbecontinuouslycorrectedo make precisepointingandlong
integrationtimespossible.

MAXIM will slew atarateof nogreatetthanfive degreesperday, asevensmallchangesn thecollector
hub S/C planecorrespondo large movementsof the detectorS/C. Additionally, to minimize thermalfluc-
tuations theinstrumentwill alwayspoint perpendiculato thesunline. No obserationsareplannedduring
maneuersanda six-hour‘fine-tuning’ is requiredafter eachmaneuer. Orientationchangesandstability
againsthe perturbationdisted abore will requireeachS/Cto carryathree-dimensiongropulsionsystem.
Currently the proposedsystemis composedf pulseplasmathrusters(PPT), several typesof which are
being/hae beentestedon Departmenbf Defensel ES missions.Six to eight PPTsmountedon eachcol-
lector S/ICwould allow for a 10 yearmissionlife. As the corvergeranddelay-lineS/C experienceheleast
disruptive force andmove the leastduring maneuers,controlling themis a manageabléaskwith existing
technology The mostchallengingaspeciof maneuering MAXIM is the detectorS/C. Beinglocatedat a
large distancebehindthe restof the formation, it requireslarge movementsto stayin alignmentwith the
optical axis. At this time, theredoesnot appearto be a self-containedropulsionsystemthat cansustain
theselarge movementsoverthelife of themission.Two possiblesolutionsthatarebeingconsideredare: a)
a secondletectorspacecrafthatwould cover a certainrangeof orientationgandoffer redundang) andb)
theuseof hydrazinearcjetsthatarecurrentlybeingdevelopedon otherspacemissiong1].

5 MAXIM Science Goals

Theprimarysciencegoal of theMAXIM missionis to imagethe eventhorizonaroundablackhole. Matter
in theinnerregionsof accretiondisksin active galacticnucleiis underthe influenceof the extremegravi-
tationalfield of a black hole of severalmillion to several hundredsof million solarmassesSuchextreme
environmentsareknown to producebrightx-ray sourcesyhichis why the x-ray bandis desirableor imag-
ing theregion surroundinga black hole. Besidesthe obviousinterestin indisputableverificationof black
holes,detailedimagingwould allow astronomerso studymaterialfalling into the blackholeandprovide a
‘laboratory’ wheregenerarelativity shouldhave macroscopi@ffects. Thebestcandidatdor obserationat
presenis the black hole at the centerof M87. The centerof M87 is believedto harbora 100 million solar
masshlackholewhich powversx-ray emissiorandhigh speedets. At adistanceof roughlyonemegaparsec,
the angularsize of the accretiondisk shouldbe a few microarcseconds diameteyresohable if MAXIM
canachieve the goal of one-tenthuasresolution[2, 9].

X-ray bright black hole accretiondisksarethe primary targetsdueto the large flux from suchobjects,
but with sufficient observingtime, a hostof othersciencegoalsmay be attainable Onesuchprojectwould
beahighresolutionmapof theinnermostregionsaroundthe black hole at the centerof the Milk y Way. X-
rayscanpenetratehe galacticdustobscuratiorandcouldtell astronomergboutthe natureof anaccretion
diskandthemotionof thematerialin theregion. Anothergoalof MAXIM is to imagetheaccretiordisksof
x-ray binariesbothin our galaxyandin the MagellanicClouds.Thedistribution of x-ray emittinggasin the
binarieswould alsobeatopic of study Finally, givensuficientflux andtheresolutionof theinstrumentthe
atmospheresf nearbystarscouldbemeasuredo aresolutionof afew hundredkilometersandtrigonometric
parallaxcouldbe measuredor starsasdistantasthe Virgo cluster[2, 9].

6 Current Status

High resolutionx-ray imagingof astrophysicabbjectsis arelatively new obserationalpossibility however,
physicistshave beencreatinginterferencepatternswith x-raysfor almost70 yearsusinga combinationof
the Lloyd’s mirror geometryandthe Fresneldoublemirror [6, 5]. Clearly, beforeary large scalespace
missioncanbe reasonablyproposedthe technologyrequiredmustbe demonstrateth alaboratorysetting.



Figure3: Simulationof eventhorizonimage.

Recentlyaprototypex-ray interferometewasbuilt by the University of Coloradoandsuccessfullyestedat
MarshallSpaceFlight Center(MSFC). Using the 120-mvacuumfacility at MSFC,anx-ray interferometer
usingthesameflat mirror, grazingincidencedesignasdescribedor theMAXIM mission,producedringes.
The modelinstrumentuseda baselineof about1l-mmanda CCD mounted100-mbehindthe corverming
mirrors. The50-mmcircularflat mirrors,atgrazeanglesof 0.2 degreesweremountedon manipulatorghat
allowed for rotationalandtranslationalmotion during the tests. The incidentbeamwas createdusingan
electronimpactsourcewith a magnesiumargetandanaluminumfilter that createda beampredominantly
composedfthel.25keV Mg K line. Thebeamwascutdown atthefront of theinterferometeby adouble
slit maskthatallowedonly thelight striking the collectormirrorsto enterthe system Fringeswith aspacing
of about0.2-mmwererecordedwhich correspondo anangularresolutionof roughly 100 mas(3].

A successfulaboratorymodelis only thefirst steptowardsthefull MAXIM obseratory Demonstrating
ascaleddown modelof theinstrumentn a soundingrocket missionusingformationflying of a mirror and
detectompayloadhasbeendiscussedbut the mostlikely prototypefor the MAXIM missionis the MAXIM
Pathfinder[4]. The Pathfinderis designedto be a proving groundfor the x-ray interferometerconcept
without the complicationof formationflying all the collector mirrors. The Pathfinderhasan array of 32
collectorandcorverger mirrors, but at a baselineof only 1-m, whichwill provide aneffective areaof about
100cn? andallow everythingbut the detectorto be housedbn onespacecraftThe detectowould fly ona
separatspacecraftat a distanceof ~ 450-km),which would provide atestfor thelong distanceformation
flying that would be necessaryor the final MAXIM mission. The Pathfindermissionwould achieze an
angulamesolutionof 100 pas.

The Pathfinderwill alsohelpin creatingthe final taget list for MAXIM, providing detailedcelestial
coordinatesOnly afew targetswill have detailedcoordinatesrior to the Pathfindermissionhowever, and
sincetamgetsmay not be visible in the optical or may be in confusedfields, an x-ray ‘finder scope’will
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Figure4: X-ray fringescreatedoy x-ray interferometeprototype.



berequired. A Wolter telescopewith arcsecondesolutionis proposedandoncethetametis acquiredon
the detectortheinterferometecanbe usedto correctthe pointing. The detectorS/C maintainsits position
throughtheuseof laserrangingdevices([4].

TheMAXIM Pathfinderwill notbesolelyatechnologydemonstratiorthough,with 100 pasresolution,
it representanincreasef 1000overwhatis currentlypossiblewith HubbleandChandrg100and500mas,
respectrely). This meanghat Pathfinderwill have a setof sciencegoalsall its own [4, 7]. For example,
the disk of Alpha Centaurihasa diameterof 7 mas,so the Pathfinderwould allow astronomers$o image
thedisk of a solartype starin detail. The signal-to-noiseatio for theimageof a stellardisk with MAXIM
Pathfinder(usingan effective areaof 100cn¥ anda 10 kilosecondntegrationtime) is givenby:

(SINY? = 107658 (On)2 ©
D

where f§(°‘ is the x-ray flux in phaondcn?/s, Bmin is the instrumentalresolution,and 8p is the angular
diameterof the stellardisk. a Centauri,for example,hasan x-ray flux of 0.0067,which yields a signal-
to-noiseof 3.7. Higher signal-to-noisecan be attainedon starswith a larger x-ray flux suchas Capella,
a binary systemwhosebrighter componenthasan angulardiameterof 9 masandan x-ray flux of 0.12.
Capellawould have a signal-to-noiseatio of 12.2for the obseration describedabore. Imaginghot gasin
x-ray binaries,at smallerdistanceghansuggestedor MAXIM, would alsobe possible. Colliding stellar
windsandotherx-ray emittingshockfrontscouldalsobeimaged providedtheflux wassuficient. It seems
clearthat Pathfindey andit’s parentinstrument MAXIM, provide anopportunityto pushthe edgeof our
currenttechnologicabndscientificboundaries.
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