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ABSTRACT
AXAF is an x-ray observatory designed to study x-ray emission &lbrwategories of astronomicabjects —from normal
stars to quasar&XAF hasbroad scientific objectiveand outstandingapability to providenigh resolution (< 1-arcsec) images,

spectrometric imaging and high resolution dispersive spectroscopy over the energy bandwidth from 0.1 to 10-keV.

This is a significanyear inthe development of AXAF, to be launched in late 1998. Major elemerteabservatory — the
optics and the scientific instruments — are now nearing completion in preparation for calibration later this year.

2. INTRODUCTION

NASA’s Marshall SpaceFlight Center manages th&XAF Project, with scientificand technicalsupport from the
Smithsonian AstrophysicaDbservatory. TRW’s Spacend Electronics Group is the prime contractomd provides overall
systemsengineering and integration. Thelowing major subcontracts relate directly ttee optics: Hughes Danbury Optical
Systemsbuilt the x-ray optics; Optical Coating Laboratory coat#fte optics with sputteredridium; and EastmarKodak
Company is mountingnd aligning thepticsand providing the optical bench. Other optisgistems on AXARnclude a CCD
visible-light imagingaspect camera, to recosthr imagesnd provide datafor determining where th®bservatory was pointed.

Ball Aerospace & Technologies is responsible tfis aspect cameraystem.The scientific instruments compris&o sets of
objective transmission gratings, that can be inserted just behind the x-ray optics, and two sets of focal-plane imaging detectors.

The fully deployed AXAF, shown schematically iRigure 1, is 13.8-m (45.3-ft) long, with a 19.5-m (64-ft) solar-array
wingspan and has4b500-kg (5-ton) on-orbit mass. AXAF will be placed in a highly elliptical orbit, with a 140,00@gogee
and 10,000-km perigee, by means of the Space Shuttle, Boeing's Inertial Upper Stage, and AXAF’s internal propulsion system.
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Figure 1. Schematic representation of AXAF showing the major elements of the observatory.



3. THE X-RAY OPTICS

The heart of th@bservatory ighe x-raytelescopecomprising four paraboloid/hyperbologhirs, which have aommon ten
meterfocal length, element lengths about 0.83-m, diameters of approximatelg3, 0.85, 0.97, and 1.2 m, awdll thickness
between aboul6-mm forthe smaller elementand 24-mmfor the outer. Zerodur from Schottas selected fothe optical
element materiabecause ofts low coefficient ofthermal expansioand previously demonstrated capability mérmitting very
smooth polished surfaces.

Hughes Danbury Optic&8ystems (HDOSjnanufactured the mirraglements. The major fabrication phases inclucteatse
andfine grinding, polishing, and the fin@moothing. The grindingnd polishingoperations were doneith relatively small
toolsunder computer control. Theycle wasiterative: After amirror element was measured to yield emor map, appropriate
small tools were selected to redutiee errors, a polishing contréile for the nextcycle would begenerated to remove more
material in the high areas. Thesidual errors erthen smallethan the original, so that th@ocess converged tbe required
accuracy.

Three principaimetrologyinstrumentswere used at HDOS fdabricationand finalacceptancelata. Axial figure errors at
fixed azimuthal anglesvere measured ithe PrecisionMetrology Station (PMS), by interferometrically determining the
separation between the optical surface and a calibrated reference surface. A CiendalrtyerDiameter Station (CIDSysed
to determine thénner diametersandroundness errors near the ends of the mirrors, incltwlegairs of opposedcontacting
radial probes, calibrated reference bars, positioning mechan@msapreciseair bearing to permit rotation. The instruments
were housed in environmentally controlled enclosuessl the mirrorelements were carefully supported tine vertical
orientation to achievéhe requiredaccuracy.The Micro-Phase Measuring Interferometer (MPMI), an adaptation\WwiYKO
instrument,was used to obtain high-frequency roughness measuremergmédir samples of thenirror surfaces.The x-ray
performance is more sensitive to high-frequetih@n tolow-frequencyerrors, and to axiahan tocircumferential errors: This is
reflected inthe accuracy of eaclinstrument — namelyabout0.5, 20, and200-A-rms forthe MPMI, PMS,and CIDS,
respectively. Numerous cross-checks, such as comparisondatattirom other (buless accuratenstruments and dafaom
different orientationswere performed to avoid serious undetected systeratics. The data reductidtself was a substantial
effort: For examplethe final data set, including both raamd processediata,consists of mor¢han40,000 computer files. The
impending x-ray calibration will provide another very important check of the optical performance.

The PMS axial data andCIDS circumferential datavere combined to yield low-frequency surfaseor maps; these errongere
reduced to an average of 50-A-rms tbe axial component by computer controlled polishing with stoalk. This typically
required fourgrinding andfour polishingcyclesper element, which isxtremelyrapid convergence byraditional opticalshop
experience. Figure 2 showlse largest optical element being groundHBXOS. Aluminum rings(visible in the Figure 2), which
provided support tahe optics during theabrasive material remov@rocess, were removetliring measurements sbat an
essentially stress-free shape could be determined. Heater elemémsrimgswere used to facilitate glagssertion or removal
through differential expansion of the glass and support structure. The final polisamgerformedvith a large lap designed to
reduce surface roughness without introducing unaccepi@lts frequency figurerrors. The resulting rmsurface roughness
over the central 90% of the elements varieetween1.85 and 3.44 A in the 1 t®00 mm® band: Thisexcellent surface
smoothness enhances the encircled-energy performahigghat energies. Thexpected performance tfe mirrorsexceeds the
contractual specificatiorendgoals at essentiallgll energiesHDOS completedabrication of the eigh&XAF optical elements
about four months ahead of schedule.



Figure 2. The largest AXAF'araboIoid is shown being ground under computer control at Hughes Danbury Optical Systems. Th
aluminum support rings were used during grinding and polishing, but were removed during metrology.

The mirror elementsthen were coated at Opticaloating Laboratories, Inc. (OCLI) by sputtering witidium over a
chromium binding layer. OCLI performed verificatioins withsurrogatedbeforeeach coating of flight glass; these surrogates
included optical witness samples whiglere used to showhat coating thickness would beniform and that thesurface
smoothness wouldot be degraded. The x-ragflectivities ofthe witness flats also were measured at SA@docertain that the
expected densities were being achieved. Similar tests on witness samples db&tasadmae time as the fligbptics indicatehat
the coatings shoulgrovide betterthan thespecified performancand result invery little if any degradation of theurface
smoothness. The last planned cleaning of the mioocsirred at OCLbrior to coatingand stringent contaminaticzontrols
were begun at that time. Figure-3 shows the smallest paraboloid in the OCLI handling fixture after being coated.

Figure 3. The smallest AXAF paraboloid is shown in its handling fixture after being coated with iridium at Optical Coating
Laboratories, Inc.



The EastmarKodak Company (EKC) is currently accomplishing fiméignment andassembly othe mirrorelements into
the High-ResolutionMirror Assembly (HRMA).Figure 4 showghe completed mirror-element support structure, which was
designed by EKC. Eactmirror element will be bondedear its mid-station, tlexures previoushattached to thearbon-fiber
compositemirror support sleeveg.hefour supporsleevesandassociated flexures fohe paraboloids appeaear thetop of the
figure, and those forthe outerhyperboloidappear at the other end. The insepport cylinder, protrudingear thetop, will
support x-rayand thermal-contrahpertures to be added latS&omethermal control heaters awgsible around the periphery of
the structure. Théexures effect onlysmall radialforces onthe mirrors andtherefore, reducéhe support-induced axial-slope
errors to which mirror performance is especially sensifives thin mirrorshells aresusceptible to a deformation mode in which
both endsbecome ovalput with perpendicular major axes; supporting thieror elementsnear theircenters minimizes the
coupling of support errors into thisode.The final mirror alignment iperformed, with the optical axis vertical, in a clean and
environmentally controlled towef.he mirrorelements are supported to approximategtawity and stress-free state, positioned
mechanicallyandoptically, and therbonded tahe flexures described previousiyhe BauerAssociates opticahstrumentused
for alignment, generates a ladgsgam which passeatirough thex-ray optics, is reflected from an auto-collimating flat, and
returns through the-ray optics tothe instrument. The variation of the returnggbt position withazimuth provides the
information required to position the x-ray optical elements. After the x-ray elemerdassembled, EKC will add outer support
cylinders, the remainder of the thermal control system, contamination covers, and components of the flight alignment system.

Figure 4. The mirror support structure, designed by the Eastman Kodak Corporation, supports the AXAF mirror elements near
their centers with radially compliant flexures attached to carbon-fiber composite support sleeves. The inner support cylinder an
some of the thermal control heaters also can be seen.

The HRMA will be taken to NASA'MarshallSpaceFlight Center (MSFCjor final x-ray calibration, in the fall ahisyear,
and then toTRW for integration into the spacecraft. The largestror pair was x-ray testedprior to coating, during the
development prograrand showed a measurexhgularresolution of 0.22 arcsg&WHM). The AXAF mirrors are the largest
high-resolution x-ray optics ever made. Figure 5 fefbel)showsthe AXAF effective area as a function of energy, along with
those of its Einsteimnd ROSAT predecessorshe AXAF mirror areas arabout four times greatéhan theEinstein mirrors.
The effectiveareas oAXAF andROSAT arecomparable at lower energies becatlimesomewhat smalleROSAT mirrors have
larger grazing anglesioweverthe smaller grazing angles AKAF yield much greater throughput at higher energies. Figure 5
(right panel)showsthe fraction of the incident flux at 1.49 keV, included in twmee ofthe expected AXAF response, as a



function of image radiuandanalogous dattor the Einstein an(ROSAT mirrors. The excellent agreemebgtween predictions
and subsequent x-ray measurements takerpreviousmirrors as part of th&XAF program, validates theethodology for
predicting x-ray performance based upon optarad mechanicametrology. The expected improvemenwithin 0.5 arcsec is
dramatic, although it is important to ndteat theROSAT mirrors exceededheir specificationand were wellmatched to the
principal detector for that mission. The excellent surface smoothness achieved for the AXAF and ROSAT mirrors nesylt in a
modest variation afhe performance as a functionesfergy:This will reduce uncertainties which accrue from using calibration
data to infer properties sburces with different spectrandwill improve the precision of the many quantitative experiments to
be performed with the AXAF.
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Figure 5. The effective areas (left panel) of the AXAF, Einstein, and ROSAT mirrors as a function of energy. AXAF has
significantly more area over a wider bandwidth than its predecessors. The expected fraction (right panel) of the effective area
included within the AXAF image as a function of radius is shown for 1.49-keV x rays. The responses for the Einstein and
ROSAT mirrors also are shown, although neither was specified for these small angles and ROSAT exceeded its specification.
The improvement within 0.5 arcsec is dramatic.

4. THE SCIENTIFIC INSTRUMENTS

AXAF hastwo focal-plane instruments — thH¢igh-Resolution CamerHRC) and theAXAF CCD Imaging Spectrometer
(ACIS). Each of these instruments,tirn, hastwo detectors, one for dire@inaging of xraysthat pass through theptics and
the other for imaging x raythat aredispersed by thebjectivetransmission gratings, when the latter are insedtezttly behind
the HRMA. Each focal-plane detector operates in essentially the photon-counting mode and has very low internal background.

The Smithsonian Astrophysic@bservatory, withDr. S. Murray the Principal Investigator, is producing tHRC. The
imaging detector (HRC-I) is a large-format, 100-mm (4-in) square microchannel plate, coated with a cesium iodide photocathoc
to improve x-ray response. A conventional cross-grid charge detector realle phbto-induced charggoud: the electronics
determine the arrival tim@o 164us) and theposition with a resolution of about 38n corresponding to 0.37 arcsec. The
spectroscopyeadout detector (HRC-S) is30-mmx 20-mm, 3-section, microchannel plate. Sectioraligws the 2 outside
sections to be tilted in order to conform more closely to the Rowland circle that includes the objective transmission gratings.

The ACIShastwo chargecoupled-device (CCD) detectarrays — ACIS-I forhigh resolution spectrometric imaging and
ACIS-S for readout ofhe high-energy transmission gratingdof. G. Garmire of the Pennsylvania Stdtliversity is the



Principal Investigator. The Massachusetts Institut@eafhnology’sCenter for Space Research, in collaboration with Lincoln
Laboratories, is developinte detector systenand manufacturing th€CDs. Baffles and anoptical blocking filter (1500-A
aluminum on 1000-A Lexan) shield againgible light. The imaging array is ax2 array of CCDs. The 4 CCDit slightly
toward theoptics to conform morelosely tothefocal surface.Each CCDhas1024x1024 pixel of 244m (0.5-arcsec) size. The
primary use othis array idor spectrometrimaging. TheACIS spectroscopyeadout has axb array, tilted slightly ta@onform

to the Rowland circle. It incorporates both framidback-illuminated CCDs, the later being more sensitive tdothrer energy x
rays.

Both sets of objective transmission gratings contain hundreds of individual co-aligned facets mounted to supporting structure
on 4 annuli(one for each ofhe four co-aligned telescopes), to intercepd disperse x rays exitinthe HRMA. In order to
optimize energy resolutiorthe grating support structure holds flaeets close téhe Rowland toroidthat intercepts thdocal
plane.

The Low-Energy Transmission Grating (LETG) wilbrovide high-resolutiorspectroscopy athe lower end of theAXAF
energyrange. Dr. A Brinkman, of thBpace Researdbrganization of the Netherlands, is the Principal Investigator LET&
is being developed in collaboratianith the Max Planck Institut fiir Extraterrestische Physik. The LE&& 540 1.6-cm (0.63-
in) diameter gratindacets, 3 pegratingmodule. Ultraviolet contact lithography is used to produce an integrated alfegeid
which is bonded to a stainless-steel faoag. An individual facethas 0.434m-thick goldgrating bars with 50% fillingactor
and 9920-A period, resulting in 1.15-A/mm dispersion. The HRC-S is the primary readout device for the LETG.

The High-Energy Transmissid@rating (HETG) will provide high-resolutiorspectroscopy ahe higher end of thAXAF
energyrange.Prof. C. Canizares dhe Massachusetts Institute ®&chnologyCenter for Space Research,tige Principal
Investigator. This group idevelopingthe instrument in collaboration with MIT’s Nanostructutedoratory.The HETG has
336 2.5-cm (1.0-in) square gratifecets. Microlithographic fabrication, using laser interfergratterns, isised to produce the
facets, which consist of golgrating bars with 50% fillingactor on a polyimide substrat€he HETG usesgratings with 2
different periods whichare aligned to slightly different dispersion directions, forminghallow “X” image on the readout
detector. The Medium-Energy Gratings (MEG) have u#Bthick gold bars on 0.50m-thick polyimide with 4000-A period
producing 2.85-A/mm dispersion, and are placed behind the outer two AXAF mirrors. The High Energy Gratingpld4EG),
behind the innetwo AXAF mirrors, are 0.7@m-thick-gold bars on 1.Qun-thick polyimide with 2000-A periodresulting in
5.7-A/mm dispersion. The ACIS-S is the primary readout for the HETG.

Figure 6 summarizes the expected spectroscopic performance of AXAF, to be calibtiatedrat of thiyear atMarshallSpace
Flight Center's X-Ray Calibration Facility (XRCF).
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Figure 6. Expected spectroscopic performance of AXAF. The left panel shows the approximate resolving power. The central
panel displays the effective area of the LETG spectrometer with the HRC-S readout. The right panel shows the effective area fc
the HETG spectrometers with the ACIS-S readout (assuming only front illuminated CCDs).



