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ABSTRACT

The GeometryMeasuringMachine(GEMM) of the Nationallnstituteof StandardendTechnology(NIST) is a pro lome-
ter for free-formsurfaces. A pro le is reconstructedrom the local curvatureof a testpart surface,measuredt several
locationsalonga line. For pro le measurementsf free-form surfaces,methodsbasedon local part curvature sensing
have strongappeal.Unlike full-apertureinterferometrythey do not requirecustomizechull optics. The uncertaintyof a
reconstructegbro le is critically dependentiponthe uncertaintyof the curvaturemeasuremerdnd,to a lesserextent,on
cunaturesensompositioningaccurag. For aninstrumentof the GEMM type, we evaluatethe measuremenincertainties
for a cunaturesensorbasedon a small apertureinterferometerand then estimatethe uncertaintythat can be achieved
in the reconstructegbro le. In addition, pro le measurementsf a free-form mirror using GEMM are comparedwith
measurementssingalong-tracepro ler, acoordinateneasuringnachine andsubaperture-stitchinigiterferometry
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1. INTRODUCTION

Full-aperturanterferometryhasevolvedinto ageneratestmethodn theproductionof at andsphericaprecisionsurfaces.
Moderninterferometersiseelectronicimagingsystemswvhich canprovide nearinstantaneoutorm errorinformationfor
entiresurfaces.Typically interferometerganbe usedto measure wide rangeof at andsphericakurfaces.Thedif culty
in usinginterferometryfor testingasphericsurfacesis widely acknavledged. Apart from certainquadricsurfaces,for
which specialtestsetupscanbe used,asphericsurfacesandwavefrontsmustbe testedusing“null optics”. Null opticsare
precisionopticsthatarenot only expensve, but alsocreateadditionalmetrologyproblems.This situationhasled to mary
attemptgo developalternatve metrologymethodsn orderto lower the costof measuringasphericsurfaces.

Oneideathat hasbeenpursuedrepeatedlyis to basethe measuremendf a pro le, or a surface,on measurements
of the cunature. Froma geometricpoint of view this approacthasconsiderabl@appeal.Interferometersandcoordinate
measuringnachinesareusedto measurepro le, or surface,of apartrelatve to anabsolutexternalreferenceln thecase
of interferometersthisis a at or sphericalreferencewvavefrontwhich is usually createdusingan appropriatereference
surface.In acoordinatemeasuringnachinethe coordinateeferencas embodiedn thestraightnessf its guidevays,their
alignment,andthe accurag of its scales.A measuremennadewith thesemethodsprovidesinformationon the form of
theparttogethemwith informationonits orientation,or alignmentwith respecto the externalreferenceln interferometry
of aspherisurfacesjt canbedif cult to separatéorm informationfrom alignmentinformation.In apro lometerbasecdn
cunaturesensingthe measurandareintrinsic parametersf a pro le, or surface,which completelydeterminethe form?®
regardlessof the orientationandpositionrelative to anexternalreference.

We will restrictourselhesto themeasuremendf one-dimensionaurfacepro les z(y) in aplanewherez is thepro le
“height” andy the position. In Cartesiancoordinatesthe following non-lineardifferential equatiort relatesthe pro le
z(y) to thecurvaturek(y) ateachpoint:
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Figure 1. Solid modelof NIST's prototypeGeometryMeasuringMachine(GEMM) on theleft andphotographof the actualinstrument
(right).

This is a form of the Frenetequationsvhich describearbitrarycurvesin spacet Eq.1 may beinterpretedn two ways:
eithergivenapro le z(y), thecurvatureof apro le atary pointcanbecalculatedpr, whenthe curvaturek(y)is known, it
canbeusedto reconstructhepro le z(y) by integration.

The rst to apply thesegeometricconceptso the problemof pro ling asphericsurfaceswas Glenn®#  His ideas
werelaterre ned whenthe Physikalisch-EBchnischeBundesanstaP TB), Germary, proposedhe Large Area Curvature
SensoLACS)instrumentfor pro ling steepasphericsurfacess'®  The GeometryMeasuringMachine(GEMM) of the
Nationallnstituteof Standardsnd Technology(NIST) is a prototypeinstrumentfor pro ling precisionasphericsurfaces
basedn curvaturesensing GEMM is built from commerciallyavailablepartsand,like LACS,usesasmallinterferometer
asits curvaturesensor The purposeof GEMM is to evaluatepro le andsurfacemetrologybasedon cunaturesensingto
determinghe uncertaintythatcanbe achievedin pro le- andsurface-measurementsndto nd outif cunaturesensing
pro le- andsurface-metrologywill beableto competewith establishedanetrologymethodssuchasinterferometry

2. THE GEOMETRY MEASURING MACHINE (GEMM) AT NIST

The mechanicallesignof the GEMM prototypeat NIST is shavn in Fig. 1. For clarity, a solid modelof GEMM is shavn
togethemith aphotograptof theactualinstrument A simplemachindramewascreatedrom two aluminumplateswhich
areconnectedy threesturdyaluminumpillars. GEMM usesa compactphase-measuringwyman-Greerinterferometer
for the measuremendf the local cunatureat mary pointsalonga line on the part surfaceundertest. GEMM needsa
cunaturesensomith avery low measuremenincertainty We choseaninterferometeasthe curvaturesensoin GEMM,
primarily becausa suitablecompaciphase-measuririgterferometewascommerciallyavailable. Disadwantage®f using
aphase-measuririgterferometeasthe curvaturesensomarethelimited dynamicrange andthe high degreeof redundang
in theacquireddata,which requiresawholeimageto beacquiredor asinglecurvaturevaluel* In aprototypeinstrument
theseareonly minor concernshut it may be necessaryo evaluatealternatve meansfor cunaturesensingwith improved
efciency in a productioninstrument.The testbeamof the interferometeis collimatedandbeamdiametersof 2mmand
10mm can be selectedoy changingobjectie lenses. During a pro le measuremerthe interferometemustbe moved
from one grid point to the next andit mustbe possibleto adjustthe tilt of the interferometerso that the test beamis
nearlynormalto the surface,which requiresan accuratemotion control system. For surfacescans at least5 degreesof
freedomarerequired.ln GEMM, a Stewart platform, or Hexapodrobot, is usedto move the interferometer The Stevart
platformin GEMM is a stiff, stablemotion systemwith 6 degreesof freedomwhich hasa standardoositionuncertainty
of 1 m for the translationadegreesof freedom. A computercontrolsboth the phase-measurinigterferometerandthe
Stewart platform. They areintegratedwith the MATLABY ervironment,which is usedasa e xible meansto scriptall
measurememiroceduresGEMM is installedin atemperature-controlleldboratoryon a vibration-isolatedyranitetable.
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Figure 2. Solid modelof the SmallApertureDigital Interferomete(SADI) developedat NIST (left) andray-tracemodelof theimaging
system(right). SADI is a Fizeauinterferometemwith collimatedtestbeamof 5 mm diameter The dimension®f the interferometeiare
approximatelylOcm 10cm 4cm. Theray-tracemodelshavs the beamsplitterandtheimagingsystenmwhich consistf a single
lens.

2.1.A Future GEMM Curvature Sensor

In section3.2, we discussthe needfor the GEMM cunaturesensorto measurenot only the local shapeof a surface,but
alsothe distanceof the sensorto the surface. A new curvaturesensorfor GEMM is now underconstructionat NIST,
which will be ableto make simultaneougorm anddistancemeasurementsThe new sensolis speci cally designedor
GEMM andavoids a numberof problemsthatwe encounteredavith the generalpurposeinterferometercurrentlyusedas
thecurvaturesensorThenew sensowill beacompact-izeauinterferometerthe“Small ApertureDigital Interferometer”
(SADI). A solid modelof the interferometeicanbe seenin Fig.2. SADI hasa collimatedtestbeamof 5mm diameter
Thedimension®f theinterferometeareapproximatehlOcm 10cm  4cm. Theopticalmodelof theinterferometeis
shawvn in Fig.2 ontheright. Every interferometeesignis a compromisebetweerthe needto obsere cleaninterference
fringes,which carry the surfaceheightinformation,andgoodimagingof the surfaceundertest,which makesit possible
to relatethe heightmeasuremenb testpart coordinates. An undistortedmageoften requiresa large numberof optical
surfaces,creatingcoherentstray light and “ghost fringes” in the interferometerwhich reducesthe accurag of height
measurementsSADI is designedo achieve a low uncertaintyfor surfaceheight measurementahile permitting some
imagedistortion. Theinterferometehasa very simpleimagingsystem consistingof just onelens,to reduceundesirable
coherente ectionsasmuchaspossible.BecauseSADI has x ed objectandimagedistancesary residualdistortionby
theimagingsystemcanbe calibratedandcorrectechumericallyafterimageacquisition.The designwavelengthfor SADI
is 633nm. The wavelengthof the lasercanbe shiftedfor phasemeasuringandto enablemeasuremensf the distance
betweerthereferencesurfaceof SADI andthetestpartsurface.

3. COMPUTER SIMULATION OF GEMM MEASUREMENTS

We have undertalen computersimulationsto understandhe effect of uncertaintiesn the GEMM measuremergrocedure
andtheresultinguncertaintyin the pro le measurementsthetestpartfor the simulationswasanasphericsurfacewhich
is describedy thefollowing well known equation:
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y is the position coordinateandR is the vertex radiusof the surfaceaty = 0. The conic constantK wassetto -1.6,
which makesthe surfacea hyperboloid.(This valueof the conicconstantvaschoserbecausave have a hyperbolicmirror
with the sameconic constantinda vertex radiusof 0.2m.) In the computersimulationwe studiedpartswith vertex radii,
R, of 0.08m, 0.8m, 8m, and80m. Thesecaover a rangefrom a relatively small radiusup to the large radii that are
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Figure 3. Reconstructiorerror as function of sensorposition uncertainty The standardposition uncertaintyof GEMM (2.2 m) is
indicatedwith averticaldashedine. Error barsin this andthe following ®guresindicatea rangeequalto two standardincertainties.

foundin imagingsystemdor synchrotrorradiationbeamlines A partdiameterof 86 mm wasassumedor all radii. The
pro le measurementseresimulatedalongtheradialdirectionof all four surfaces.Therearetwo source®f measurement
uncertaintyinherentin the GEMM methodandthesearethe uncertaintyin knowing the positionwherethe partcurvature
is measure@ndthe uncertaintyin the curvaturemeasuremeritself. In thefollowing sectionswe discusghe magnitude
of theseuncertaintieandtheir effect on pro le reconstructionSomeaspect®of the GEMM methodthataffect only high
ordertermsof the reconstructegbro les arenot discussedere. Among thesearethe in uence of sizeof the testbeam
diameterandthe spacingbetweerthe curvaturemeasurementslongapro le.

3.1. Effect of Uncertainty in SensorPositioning

An errorin positioningthe curvaturesensoralongthe pro le leadsto a second-ordeerrorin the curvaturemeasurement.
The pro le reconstructionuncertaintythat is affected by sensorposition uncertaintyis a consequencef the aspheric
departureof the surfacefrom a sphere.For the pro le of a spherea positionerroris without consequencbecauseahe
cunaturedoesnot dependon the measuremergosition. Largerdeparture®f the asphericsurfacefrom thebest- t sphere
areexpectedto leadto largerpro le reconstructioruncertaintiesThe pro le reconstructiorwassimulatedfor partswith
differentvertex radii, R, in Eq.2. Fig.3 shavs the peak-to-alley reconstructiorerror (left) andthe rms reconstruction
error (right) for the differentradii. In calculatingthe graphsof Fig.3 we assumehat the positionerrorsof our Stevart
platform are normally distributed aboutthe nominalpositions. The abscissaef the graphsarethe standarddeviations of
thedistribution of positionerrors. At every point shavn in Fig.3, a GEMM measuremengubjectto the positionerror of
thestagewassimulated20times. The procedurelescribedy Elsteretal *> wasusedto integrateEq.1 with thesimulated
curvaturemeasurement8ecauseahe analyticalform of the pro le is known in the simulation(Eq.2) we canuseEq.1 to
calculatethe curvatureat ary given position. The reconstructiorerror, which is the deviation of the reconstructegbro le
from theideal pro le (Eg.2), wascalculatedn boththe peak-to-@alley andrms sense.Fig.3 shavs the meansof the 20
valuesfor thereconstructiorerror; the standarddeviation of thereconstructiorerrorsis indicatedwith errorbars.

The positionuncertaintyis the lack of knowledgeof the true measuremenrbcationof the GEMM sensoron the test
partsurface.This depend®othonthepositioninguncertaintyof the motioncontrolsystemand,becausgointingerrorsof
the sensoitranslateinto positionerrors,on the angularuncertainty For the threelinear degreesof freedomof the Stevart
platform, the standardpositioninguncertaintyis 1 m. The angularuncertaintyof the Stewvart platformis speci ed by
the supplieras20 rad. The distancebetweenpart surfaceandthe point at which the interferometelis mountedto the
Stewart platformis about3cm for the 10mm objectie of the interferometerand 10cm for the 2mm objective. In the
worstcase the 2mm objective, the pointing uncertaintyof the interferometetteadsto an uncertaintyof the measurement
locationof 2 m. Whenthetwo contritutorsto thepositionuncertaintyareaddedn quadraturea standardincertaintyfor
themeasuremergositionof 2.2 mresults.
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Figure 4. Reconstructiomncertaintyasfunctionof cunaturesensinguncertainty

Fig.3 shaws that the reconstructioruncertaintyfor the asphericpro les is strongly dependenbn the vertex radius
of the surface. This is expectedbecausehe changein curvatureis lower for a surfacewith larger radiusanda position
errorwill resultin asmallererrorin the curvaturemeasurement-or partradii largerthanabout0.2m the reconstruction
errordropsbelav 1 nm for the positionuncertaintyof the GEMM motion control system. For even larger part radii the
positionerror of the motion control systemis of no consequenceA positionuncertaintyin the vicinity of 1 m canbe
accomplishedvith relatively modesimotioncontrolsystemssuchasthe Stevart platformof GEMM, whichdo notrequire
laserinterferometersMeasurementef surfaceswith larger aspheriacdeparturdrom the sphericaform will have greater
sensitvity to positionerrors.

3.2. Effect of Uncertainty in Curvature Sensing

The uncertaintyin curvature sensinghasa direct effect on the uncertaintyof the pro le reconstruction. Two typesof
cunaturesensinguncertaintymustbe consideredThe curvaturesensomay be biased which will leadto anerrorin the
reconstructeghro le. Any biasmustberemovedby calibratingthe sensorwhichis discussedn section3.3. Herewe deal
with non-repeatablerrorsin the cunaturesensing We assumegain thatthe curvaturevaluesmeasuredby the sensomare
normallydistributedaboutamean.In Fig.4 we shav thereconstructiomuncertaintythatfollows from theuncertaintyin the
curvaturesensingof our four surfaceswith vertex radii rangingfrom 0.08m to 80m. It is clearfrom Fig.4 thatcurvature
sensinguncertaintiedower than10 “mm ! mustbe achieved for pro le reconstructioruncertaintiesn the vicinity of
1nm,andthisis independenotf the surfaceradius.

The two main contributorsto the uncertaintyof curvaturemeasurementareillustratedin Fig.5. The graphsshov
cunvaturemeasurementsnadewith GEMM, for mirrorswith 0.2m, 2m, and84m radius. Becausehe cunatureof the
re ected wavefront exceedsthe dynamicrangeof the interferometemwith the 10mm objectie, the mirrors with 2m and
84m radiusweremeasuredvith the 10mm diametertestbeamandthe 0.2m radiusmirror wasmeasuredvith the2mm
diametertestbeamof the GEMM interferometerFor all threemirrors, measurementwere madeat differentdistance of
the sensotto the mirror surface. The measurementsererepeated.O timesto determinghe repeatability For the mirror
with the 84m radius,the changein curvatureof the testwave with sensordistanceis so smallthatit cannotbe detected.
For the mirrorswith smallerradii, the curvaturemeasuremerdependsoticeablyon the distancebetweerthe sensorand
themirror surface. It follows thatthis distancemustbe well-controlledin GEMM to obtaina sufciently low uncertainty
for the cunvaturemeasurementTheresultsfor all mirrorsaresummarizedn Tablel. Thevaluefor thereproducibilityuy
in thetableis the averageof the reproducibilitiesfor all z-positions.u is low enoughto permita pro le reconstruction
uncertaintybelonv 10nm for the L0mm diametertestbeam but considerablyargerfor the 2 mm testbeam.Thereasons
the 2mm objective, which hasmary optical surfacesandproducesaninterferogramwith moreedgediffractionandstray
light effects,andthesedirectly affect the measurementepeatability In the caseof the 2mm testbeam,the responsef
curvatureto sensordisplacemenis alsonon-linearat the endsof the range. In the last columnof Tablel, we calculate
the uncertaintyin distancebetweerpartandsensomhich would resultin a curvatureuncertaintyof 10 @ mm . For the



1.140 10'2 [T T T T T T T T T T T 110" T T T T T T
113510° 1 . - 5 10°
1.13010° o . —
5 - N N » 0
1.12510° . ) — . 1
1120 10°F R =84m (nominal) - c-5'10
SO 11 I I Lo I I I £ 407 I I A I I
S M50 T 2 14 o0 1 2 3 45 Zrw 4 2 0 2 4
5041077 L T T LI T T O 5980 T T T T =
4 . 5 E
Al . © I
L 2
: i SRERSS
b 41 O
C T -
4 . I . O
3 g 2 4
”F 2 LI B -
3 &
S 3 $ 3
510°] it _
3 1 1 1 - 1 1 1 1 1]
4810° 3 2 1 0 1 2 3 510773 2 1 2 3

- -1 0
Sensor Distance / mm Sensor Distance / mm

Figure5. Measurectunatureasfunctionof sensodistanceo partsurfacefor surfaceradii of 0.2m, 2m, and84m (left). Theabscissae
arethedistanceelative to the nominalobjectdistanceof the objective. Thebest®t line throughthe datais indicated. The samedataare
shavn ontheright with the best®t line subtractedo clearlyshowv residuaandstandarduncertainties.

Mirror Radius|m] | Testbeamdiametefmm] Slope% [mm 2] | u(z) [mm 1] | z[mm]
84 10 2.410 10 5.6410 8 42

2 10 -510 ' 2.8410 8 210 ?
0.2 2 -5.0510 ° 1510 6 210 4

Table 1. Sensitvity of curvaturemeasuremertb sensodistancebetweertestpartsurfaceandsensofifor threedifferentmirrors. uy is
therepeatabilityof curvaturemeasurementsnd z the uncertaintyin sensorto surfacedistancethatis requiredto achiese a curvature
uncertaintyof 10 8 mm 1.

mirror with the smallestradius,the permissibleuncertaintyfor the distancebetweenpart surfaceand sensoris 200nm,
whichis easilyrealizedwith aninterferometricdistancesensingnethod.

3.3. Effect of Curvature SensorBias and Calibration

Any curvaturesensomvill have repeatablesensingerrorssuchasa constanbffset, or bias. We have simulatedthe effect
of an constanbffsetin the curvaturesensoron the pro le reconstructioruncertainty This type of biasis expectedfor a
cunaturesensobasedn aninterferometewhich mayhave areferencesurfacewith residualsurfacepower. Theresultof
thesimulationis shawvn in Fig. 6. The simulationsemphasizehatthe calibrationoffsetmustbe known to a high degreeof
accurag, becausdts effect onthe peak-to-alley errorin thereconstructegro le increasesapidly with partsize.

In generalhigherordererrorsmayoccurin additionto sensobias. Thetruecunaturek of asurfaceatthemeasurement
locationis a functionof themeasureadunaturevaluek:

k=1(K) 3)

or
k= + R+ R®+:::; 4)

whenf is expressedisa power seriesin K. The purposeof the calibrationof the curvaturesensoiisto nd the constants
; .11, which determinethe calibration. In mary casesa linear modelmay sufce, but a non-linearmodelmay be
neededf the sensolis usedat the endsof its dynamicrange. Becausehe pro le is obtainedfrom measuredturvatures
throughdoubleintegration(Eqg.1), abiasedcurvaturesensowill yield aquadraticerrorin thereconstructegro le andthe
peak-to-alley valueof this errorincreasesapidly with partsize. Dependingon the cunatureof the testpart, rst-order
cunaturesensoterrors( 6 1), andhigherordererrors,mayresultin higherordererrorsin thereconstructegbro le.

A calibrationcanbe madein several ways. Whenthe linear calibrationmodel Eg.4 is used,at leasttwo reference
surfaceswith known curvatureswithin the dynamicrangeof the curvaturesensomareneededo determine and . A set
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Figure 6. Pro®lereconstructioruncertaintyasfunction of curvaturesensomnffset, or bias,for surfaceradii of 0.08m, 0.8m, 8m, and
80m. A constanstatisticalstandardincertaintyin the cunvaturesensingof 10 8 mm * is assumed.

of calibratedprecisionballs andsphericalcapsaresuitablecalibrationartifactswhich could be madeto realizereference
cunatureghroughouthedynamicrangeof thesensaorAn alternatve methodwasdescribedy Schulzetal.® who propose
usinga specialdiamond-turneasphericsurface,which mustbe characterizedavith aninterferometerfor the calibration
of thecunaturesensorin this method the calibrationmodelis adjusteduntil thereconstructegro le matchesheknown
surfacepro le. A wide rangeof curvatureswhich matchthe dynamicrangeof the curvaturesensorcanbe generatedvith
relative ease.

4. MEASUREMENT OF AN ELLIPTICAL MIRROR

In section3 we concludedhat GEMM in its currentform shouldbe ableto measurehe pro le of a mirror with a large
radiususingthe 10mm measuremerntbjectie of the instrument.We have put GEMM to thetestandmeasurea pro le
of amirror thathasthe form of anelliptical torusandwasdesignedaspart of a Kirkpatrick-Baezimagingsystemfor an
x-ray beam-lineat the AdvancedPhotonSource(APS) of ArgonneNationalLaboratory(ANL). A photoof this mirror is
shawvn in Fig.7. The mirror substratés madefrom silicon; it is 90mm long and 19mm wide. The re ective surfaceof
the mirror was polishedinto a spherewith radiusof 84m. A gold coatingwith varying thicknessis depositedon the
sphericalsurfaceto give the mirror an elliptical pro le in thelong direction. We measured pro le at the centerof the
mirror in the long directionwith GEMM, with the Long TracePro ler (LTP) at the APS, with the “eXtremely accurate
CALIBration InterferometeR(XCALIBIR) at NIST, andthe Moore M48 coordinatemeasuringnachinealsoat NIST.
Thesenstrumentsaredescribedrie y in thesectiondelow.

Propercalibrationof the GEMM curvaturesensorasdescribedn section3.3, is dif cult becausesuitablecalibration
artifactswith large radii, and cunvatureswithin the dynamicrangeof the interferometemwith 10mm aperture were not
available.Becausgherangeof curvaturesontheelliptical x-ray mirror is small,we assume¢hat = 1 andnegglecthigher
ordertermsin Eq.4. Theoffset in Eq.4 wasdeterminedusing atwith 50mm diameteranda atnesserrorof /40 (at

=633nm). Thecurvatureof this at surfacewasmeasureét severalrandomlocationsandtheresultingcurvaturevalues
wereaveragedvhichyieldeda cunatureoffset of 1.05 10 Smm *.

An additionalproblemin comparingthe pro les measuredvith differentinstrumentsarises becauseachinstrument
usedadifferentpartcoordinatesystemgachshiftedby anunknavn distanceto describethepro le. Whencomparingwo
pro les it is thennecessaryo shift onewith respecto the otheruntil the bestpossibleagreemenis achiezedto compare
measurement&¥hencomparingwo non-sphericapro les, z, (y) andz,(y), by shifting onewith respecto the otheruntil
the differencein aleast-squaresensds assmallaspossiblejnformationaboutthe paraboliccomponentn thepro le is
potentiallylost. We illustratethis factby consideringwo third-orderpro les

za(y) = ag + ary + ay® + agy’ (5)
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and
Z(y Y)=b+bly y+bh(y y+hy y (6)
Pro le z, is shiftedby anamount y with respecto z,. Thedifferencebetweerthepro les is

oy y) za(y) = Y(bs @) (7)
+y3(, a2 3by)
+y(bh a + 3 y? 2o )
+hh a b y+by* byy:

When offset and slope (third and fourth term on the right-handside of Eq.7) are disregarded,the bestmatchbetween
pro les z, andz, is achissedwhenthe shift, vy, is chosersuchthat

b a=3b;y; (8)

andthe secondterm on the right-handside of Eq.7 vanishes.All informationaboutthe differencein the second-order
termsof the pro les is thenlost from the best- t pro le difference.In general,a shiftin a polynomialterm of a certain
degreeresultsin errorsin all polynomialtermswith a lower degree. An errorin the positionof a third orderpolynomial
addserrorsin thesecond,rst, andoffsettermsof thedifference.A circularpro le is approximatelyequalto a 2" order
polynomial, andthusonly causesan error in offset and slope,both of which areremoved. An ellipse, however, yields
approximatelya parabolicpro le differencewhichis similarto anerrorin the averageradiusof curvature. The resulting
P-V andRMS errorsareproportionatlto the shift in position.

The lessonis that for asymmetricpro les the relative position of the pro les needsto be known, as shifts resultin
errorsof thelower ordertermsthatcannotbe distinguishedrom similar errorsin themeasuremerihstrument.In thecase
of our elliptical mirror, theresultis alossof informationaboutthe averageradiusof curvature.

4.1.The APSLong Trace Pro ler

The long tracepro ler (LTP) is a non-contactlope,or angle, measuringdevice thatis widely usedfor measuringhe
surface gure of synchrotrorbeam-linemirrors. The original idea, creditedto Takacsetal.,'*(!® wasbasedon the pencil
beaminterferometettechniqueoriginally developedby von Bieren!® Variationsof the original designarenow in use
worldwide.

The APSLPT Il long tracepro ler of the AdvancedPhotonSource(APS) (seenin Fig.8 on the left) is the second
generatiorof this instrumentandwas commissionedn 1994. The pro ler hasa humberof improvementsjncludingan
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= Folding mirrors; 12 = 1024pixel doublearraydetector;13 = Stationaryreferencemirror. Uponre ectionfrom the SurfaceUnderTest
(SUT), the probebeamcomponentaredirectedto the Fouriertransformlens(10) by the polarizingbeamsplitter (8). Thelensfocuses
thetwo beamcomponent®ntothelineararraydetector(12) andproducesandintensitypatternwith two peaksanda minimumbetween
them. Thelocationof the minimumis proportionalto the measuredocal slope,andthis minimumtranslatesicrossthe detectorasthe
surfaceslopechangesin asimilar fashion thereferencebeamcomponentsletectthe slopedueto opticsboardpitch asit movesonthe
linearair bearingsystem.For clarity, thefull pathof there ecteccomponent®f thereferencebeamis not shavn. At theendof ascan,
thereferencesignalis subtractedrom the SUT signalto obtainthetrue slopepro®Ie.

internally generatedeferencebeamthatis usedto correctfor tilt errorsof the opticalboard,a dove prism (not shovn in
Fig.8) thatis incorporatednto this referencebeamto correctfor phasingproblemsbetweenthe mechanicahndthermal
errors,andanervironmentalenclosurehatstabilizeghetemperaturéo within - 0.1 C, whichgreatlyimprovesinstrument
repeatability Measurementperformedon a 500mm long Zerodursubstrateshav a standarduncertaintybelov 0.3 rad
rms,anda correspondingtandardincertaintyfor the heightof 4.6nm® Theangularangeof theLPTis 5mradandit
canhandlemirrorsupto 2m long.

Themirrorin Fig. 7 wassetuponthe APSLPT Il tablewith thegold coatedsidefacingup andwasleft for severalhours
to thermallystabilize. The mirror was rst measuredn oneorientation.Thenit wasrotatedby 180 abouta verticalaxis
throughthecenterof themirror, andmeasureégain. Tenscansveremadeateachorientationandtheresultswereaveraged
to improve the signal-to-noiseatio. Additionally, at eachof theseorientationsthe mirror wasmeasuredét threedifferent
tilt positions.In doingthis, the beamprobetakesdifferentpathsthroughboththe polarizingbeamsplitterandthe Fourier
transformlensandaveragingthe resultingdatareducedsystematiaincertaintiesarisingfrom thesecomponentsFinally,
thedatameasureavith the rotatedmirror arerotatedbacknumericallybeforeaveragingwith datafrom the measurements
with the unrotatedmirror to arrive atthe nal tangentiaklopepro le for themirror.

4.2. Subaperture Stitching Interfer ometry with XCALIBIR

Themirror in Fig. 7 wasmeasureavith the “eXtremelyaccurateCALIBration InterferometeR'(XCALIBIR) atNIST. A

solid modelof the interferometercon guration is shavn in Fig.9. The XCALIBIR interferometetis built on a granite
tableto isolateit from seismicvibrations. The interferometeiis housedin a class1000 cleanroom that maintainsthe
air temperaturat (20 0.02) C to achieve the structuralstability necessaryor measurementsuchasradius-of-curature
measurement$Sourceandimagingcomponentsf theinterferometearesetup onanelevatedopticalbreadboardo create
sufcient clearancdor thetestingof large parts.Light from thelasersources deliveredto theinterferometewvith optical
bers. An off-axis parabolicmirror collimatesthe centralpart of the light conethatis emittedby the optical ber and
createsa collimatedbeamparallelto the top surfaceof the granitetable. A beamsplitter directsa fraction of the return
beamfrom the part undertestto the imaging arm of the interferometerand the camera. A beamexpandef consisting



Figure 9. XCALIBIR interferometercon®guredfor “atnessmeasurementsThe main component®f the interferometerfrom left to
right, are: breadboardvith sourceandimaging optics, diverger lens (DL), collimator lens(CL), reference at (RF), and testmount
(TM). Themirror in Fig. 7 wasmountedon thetestmountandtheform errorwasmeasuredby combining5 sub-apertureneasurements.
A photoof theinterferometein its clean-roomervironmentis shovn ontheright.

of anf/4 divergerlensandan f/4 collimator lens, createsa collimatedtestbeamwith just over 300 mm diameter For
the measurementsf the gold-coatedmirror surfacedescribechere,a referenceat with a Dyna ect’ coatingwasused,
which providedgoodfringe contrasfor thehighly re ective surface.Severalmeasurementsf themirror with threeor ve
sub-apertureseremade.Thesubapertureneasurementserethen“stitched” togethemumerically

4.3. The Moore M48 Coordinate Measuring Machine

TheNIST M48 coordinatemeasuringnachineshavn in Fig. 10,is widely regardedasthemostaccurateCMM of its sizein
theworld. Themachinestructureconsistof aheary castiron, jig-grinderbaseseton threevibration-dampingnounts.The
X-axistableandthe Y-axiscross-carriagenotionsarecarriedout by high precisionleadscravs immersedn oil bathsand
areguidedby precisiondouble-“V” roller waysandassistedy constanforce springsto reducebacklashto insigni cant
levels. The Z-axis motionis achiezed througha counterweightederamicram hungby anothemrecisionleadscre and
guidedby air bearingsand constantforce springs. Laserinterferometersare usedon all threeaxes. A 200mm thick,
kinematicallymountedgranitesurfaceplateonthemachinetabletransformscomplec tablebendingerrorsinto moreeasily
correctedigid bodymotionerrors.Themachinds currentlyhousedn avery stablelaboratoryervironment. Thehumidity
controlledroom is maintainedat a temperatureof 20.00 C 0.01 C. The local machinetemperaturesrvironmentis
monitoredthrougha seriesof 14 sensorplacedn andaroundthemachingor ner assessmemif thethermalenvironment.
The currentprobing systemuseshydraulically dampedandindependentieformableparallelogramgor all threeaxes of

Figure 10. Moore M48 coordinatemeasuringnachinein the AdvancedMetrology Laboratoryat NIST.
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Figure11.Pro®lesatthecenterof themirrorin Fig.7 in thelongdirection,measuredavith the APSLTP Il pro®ler, the XCALIBIR inter-
ferometerat NIST, andthe Moore M48 coordinatemeasuringnachineat NIST. The graphsontheright shav the GEMM, XCALIBIR,
LTR, andCMM measurementsith thenominalelliptical pro®le of themirror subtracted.

motion and provides repeatabilityat the level of 10nm. Redundanerror mappingand processcontrol techniqueshave
achiereda 2D positioningaccurag overanareaof 600mm  600mm of betterthan50nm for all opticalandtouchprobe
measurements.

4.4. Comparisonof Pro le Measurements

A comparisorof the centralpro le of the mirror in Fig.7, measuredvith the APSLTP Il pro ler, the XCALIBIR in-
terferometerthe M48 CMM, and GEMM is shovn in Fig.11. The graphon the left of Fig.11 shaws all four pro le
measurementwith offsetandslopesubtractedThe graphon theright of Fig. 11 shawvs the samedatabut with the ellip-
tical pro le of themirror subtractedThe curvaturedataon which the reconstructe@6GEMM pro le is basedareshavn in
Fig. 7. Theparametersf thenominalelliptical mirror pro le wereknown andthenominalellipsewasorientedto matchthe
pro le measuredavith the M48 CMM. Theelliptical pro le wasthensubtractedrom the CMM data. Theresidualpro le
is shovn in Fig.11 ontheright. Usingdifferentinstrumentsnadeit dif cult to accuratelyrelatethe positioncoordinates
of the differentmeasurementsTo comparethe pro les, the GEMM, LTPR, and XCALIBIR pro les were shifted, until
the bestpossibleagreementin aleast-squaresensewith the ellipsedescribingthe nominalmirror pro le wasachieved.
The ellipsewasthensubtractedthe residualsareshovn in Fig.11. As we have describedabore, the resultof the pro le
shifts, which arenecessaryor the comparisonnoneof the pro le errorsshovn in Fig. 11 containinformationaboutthe
quadraticermof thepro le error All four pro le errorsagreeto within 20nm, whichis not far from the expectedpro le
reconstructioruncertaintyfor the curvaturesensinguncertaintywith the L0mm GEMM objective (seeTablel andFig.4).

5. CONCLUSION

Simulationsof the pro le reconstructionuncertaintyfor the GeometryMeasuringMachine (GEMM) at NIST for the
dominantmeasurementincertaintieshave resultedin a setof requirementghat mustbe met by ary instrumentof the
GEMM typeif it is to be usedfor measurementsf precisionopticswheremeasurementncertaintiesloseto 1 nm are
needed. While the necessaryositioningaccurag of the cunaturesensoris not dif cult to meetfor a wide rangeof
surfaces,aslong asthe departureof the aspherdrom the best- t spheres modest,it is a considerablygreaterchallenge
to achieve the requiredcunaturesensinguncertaintybelov 10 8 mm 1. The compactTwyman-Greerinterferometer
which s currentlyusedascurnaturesensolin GEMM, comescloseto this uncertaintywith only oneof its measurement
objectves. Basedon our experiencewith this interferometerwe estimatethat we canachie/e an uncertaintyaslow as
510 *mm * with a new interferometedesignedspeci cally for curvaturesensingwhich is currentlybeingconstructed
at NIST. The calibrationcurve (Eq.4) mustbe known to a high degreeof accurag, in particularthe offset , because
its effect on the peak-to-alley errorin the reconstructegbro le risesquadraticallywith pro le length. Sensorstability is



equallyimportant.For apro le of 86mm lengtha stability betterthan10 ° mm 1! is neededor reconstructiorerrorsof

aboutlnm. Our pro le measurementf an elliptical x-ray mirror with the GEMM prototypeandwith threeotherwell-

establishednetrologytools shaw, thatthe third- andhigherorderpro le error measurementisom all instrumentsagree
within 20nm. Futurework on GEMM will bedirectedtowardsdevelopingarobustcalibrationprocedurdor the curvature
sensoranda new comparisorof GEMM with othermetrologytoolsin sucha way thatthe importantparabolictermsof

pro les canbecompared.
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