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Foreword

Thelast yearhasbroughta few changes.Mostimportantly, sinceSeptember, our chair is fortunateto havea new
andhighly efficientsecretary, Mrs. SabineVolk. If youhavecontactedmeby telephonepreviously, youmayhave
alreadymadeacquaintancewith her kind voice. In the laboratory, our technician,Michael Kraft continueshis
excellentwork,helpingusto solvemanyof thetechnological problems.In Februaryof lastyear, anold friendand
well-knownspecialistfor Wigner functions,Daniela Dragomancameas a Humbold-visitingprofessortogether
with her husband,who is also a professorat the NationalResearch Institutefor Microtechnology in Bucharest,
Romania.This visit hasalreadycreatedseveral productiveresults.So,our work on the hemisphericalrod lens
couldbemergedwith theexpertiseof DanielaDragomanon fractionalFourier-transformsandresultedin a joint
publication.Oneof my PhD-Students,ChristophPassonhasreachedthe endof his PhD-workand has left us.
Thushiscontributionsto theannualreportunfortunatelycouldnotbeincludedhere. For thedesignof continuous
phaseelements,after manyyears of search, now a satisfactoryapproach hasbeenfound,which is reportedas
contribution no. 3 in this report.Anothernew development,the angularmultiplexing of signalsin a multi-mode
fiber has developedinto a very promisingtechniquefor short distanceinterconnections.Our first studentsof
computerengineeringare now in their fifth semesterand someof themhavealreadyusedthe opportunityof
acceptingshortjobsfor contributingto theresearch work,which is documentedin thecontributions12and13.

Karl-HeinzBrenner
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Projection Unit for optical 3D-Metrologybasedon Polarization Optics

U.W. Krackhardt, K.-H. Brenner

In optical 3D-metrology(topometry)objectshapesor surfaceprofiles,respectively, areacquiredfor subsequent
digital processing.A well–establishedtechniquefor imaging3D-metrologyis fringe projection:A fringe pattern
is projectedonto an objectundertest.Thepatternis observedby a camerafrom a differentdirection.Depthin-
formationof theobjectcanbeobtainedfrom thelocal fringedisplacement.For resolvingthefringedisplacement
with highaccuracy, phasesamplingtechniqueslike in interferometry(PSI)areapplied.Thereby, thefringepattern
is laterallyshifted(phaseshift) by a fractionof a fringeperiodbetweensubsequentexposures.
However, this techniquesuffers from an ambiguityby principle: Fringedisplacements,i.e. lateral fringe shifts,
canonly bedetectedup to multiplesof thefringe periodresultingin relative data.Absolutedatacanbeobtained
eitherby codingthefringenumber(e.g.by Graycodes)or by usingmultiplefringeperiodscomparableto multiple
wavelengthinterferometry.
Consequently, for achieving accurateandabsolutedatait is desirableto haveadjustablefringeperiodsandphases.
For rapid dataacquisitionit is necessarythat thephaseshift of a fringe patternis thesamefor all patternswith
differentperiods.Wedevelopeda fringeprojectionunit for measuringabsolutedatawith noextraacquisitiontime
in contrastto otherabsolutemeasurements[13]. Theprojectionunit providesfringepatternsgeneratedby interfe-
rence.Theopticalsetupis basicallyapolarizationinterferometerof theMichelson–type.Theintensitydistribution
at theoutputof theinterferometeris thefringepattern.Theperiodcanbeadjustedby tilting onemirror.
In our approachthepatterncanbe shiftedwith high accuracy and,mostimportantly, theshift is independentof
thewavelengthλ. Thepolarizationopticalelementsareneededto achievethewavelengthindependentshift of the
fringe pattern.The λ � 4-platein the outputpathgeneratestwo circularly polarizedfields with oppositerotation
resultingin a linearly polarizedfield. Thedirectionof polarizationis determinedby thephasedifferencebetween
thecircularlypolarizedfields.By tilting onemirror a spacevariantphasedifferenceis realized,leadingto a space
variantorientationof thelinearlypolarizedfield [8].

Theanalyzerprojectsthefield ontoa particularpolarisa-
tion orientationgeneratinga fringe pattern.Rotatingthe
analyzerby anangleα resultsin a phaseshift of thepat-
ternby ϕ � α

2 . In contrastto piezo–drivenphaseshifting
devices,thisapproachdemandssubstantiallylessaccura-
cy for a phaseshiftingunit: A phaseshift of ϕ � 2π � x is
realizedby the rotationof an analyzerby α � x

π which
is to be comparedto a mechanicalshift of a mirror by
δz � λ � x

2.
The obtainedphaseshift is independentof wavelength,
sinceit is only proportionalto the rotationangleof the
analyzer. The realisationof the phaseshift can also be
describedby a topologicalphasechangeon the Poin-
caŕe–sphere(Berry / Pancharatnam–Phase)which is ano-
ther explanationfor wavelengthindependence[10]. For
multiple wavelengthapplicationsone can use multiple
light sources,which may be mutually incoherent.Dif-
ferentwavelengthsresult in differentperiodsandinitial
phasesof the fringe pattern.Thescenemaybeobserved
by multiple detectors,e.g. a 3-chip color CCD, equip-
pedwith appropriatefilters for eachwavelengthchannel.
Thus,parallelfringeevaluationfor obtainingabsoluteda-
ta is possible.
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References
[8] K.-H. Brenner, S.Sinzinger, “ Polarizationcodedimagesrealizedwith binaryphasemasks“ , Ann. Rep.,Ange-
wandtenOptik, Erlangenp. 26 (1988).
[10] U. Krackhardt,K.-H. Brenner, “ TheBerry-Phaseappliedto opticalMetrology“ , Verh.derDPGKY 5.3,ISSN
0420-0195(1999).
[13] U. Krackhardt,K.-H. Brenner, “ FlächenhaftesInterferometer“ ,patentpending,IPCG01B9/02(1998)
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RefractiveVolumeHologramsrealizedby Ion Exchangein Glass

U.W. Krackhardt, J. Bähr

Beamdeflection,shapingandfocussingarethe basicoperationsneededin any opticalprocessingsystem.Typi-
cally, theseoperationsarerealizedby micro–opticalcomponentsbasedondiffractionor refraction.Theproperties
of an idealmicro–opticalcomponentaredesignflexiblitiy , optimumopticalperformance,durability andeaseof
assembly. Optimumopticalperfomanceis determinedby energy efficiency, minimumaberrationsandapplication
specificwavelengthdependenceproperties.
We intendto userefractivevolumeholograms(RVH) asa basicconceptfor achieving micro–opticalcomponents
with highefficiency, highdurability, simpleassemblybehaviour, low wavelengthdependenceandhighdesignfle-
xibility . Especiallythewavelengthsensitivity is reducedin RVHs sincetherestrictionof thephaseto theinterval	 


π � π � is omitted.
RVHs show a distribution of refractive index within thevolumein contrastto surfacestructureslike conventional
computergeneratedholograms(CGH) or classicalrefractive opticalelementslike lensesor prisms.As a conse-
quence,the surfaceof theseelementsis flat andthusaccessiblefor further processinglike structuring,coating
or assembly. In contrastto diffractive (Braggeffect) volumeholograms,RVHs arerefractive andthereforeshow
substantiallylesswavelengthdependenceandhighefficiency evenfor smalldeflectionangles.

We realize RVHs by ion exchangein glass.A
schematicprocessflow is depictedin fig. 1: Star-
ting from a desiredindex distribution an appro-
priatediffusion maskis calculated.The maskis
optimizedin termsof positionsandareasof ope-
nings. To this end, continuousindex valuesare
mappedto the binary mask structureby half–
toning. In a thermaldiffusion processsilver ions
penetratethe glasssurfaceat the locationsof the
openingsandreplacethesodiumionsin theglass
matrix.Theareaof anopeningdefinestheamount
of silver ionsandthustheincreaseof refractivein-
dex in thatregion.After removing themasklayer
a componentwith space–variantrefractionin the
volumeis obtained.

Design

Mask

Ion-Exchange

Post-Diffusion

Fig. 1 Schematicprocessflow for realizinganRVH

However, thethermaldiffusionprocessis non–linearandisotropic,which impliestwo requirementsfor themask
geometry:i) Theareaof anopeningis not proportionalto the index change.ii) Maskopeningsmustnot bemu-
tually separatedby morethanthe diffusion lengthin orderto obtainsmoothindex distributions.We incorporate
theserequirementsinto thefabricationprocessby i) processcharacterizationspecificfor a substratematerialand
ii) applyinganappropriateprecompensationin thehalf–tonematrix [12]
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Fig. 2 Phaserampwithout
compensation
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Fig. 3 Phaserampwith
compensation,nopost–diffusion
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Fig. 4 Phaseprofileof a9–fold
beam–splitterimplementedasa RVH

References
[12] U. Krackhardt,J.Bähr, K.-H. Brenner, “ HerstellungvonStrahlteilernmit kontinuierlicherPhasedurchIonen-
Austausch“ , DGaOTagung,BadNenndorf(1998).
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5 Analysisof phaseanomaliesand designof continuousphaseelements

Karl-HeinzBrenner

The designof diffractive optical elementsis typically performedby iterative Fourier transformalgorithmslike
theGerchberg-Saxton-Algorithm. In the imageplane,a desiredintensitydistribution is enforced,whereasin the
elementplanethefabricationrequirementsareimplemented.For phaseelements,e.g.,theamplitudeis setto unity
andthephaseis adjustedfreely. In thecaseof phaseelementsrealizedby ion exchange,anadditionalrequirement
hasto be met: the phasedistribution hasto be continuous.This requirementis dueto the fact that for the ion
exchangeprocess,the index distribution arisesfrom thermaldiffusionof Ag-Ions.Thusthegradientof the index
distribution cannotexceedtypical valuesof 2π 
 8µm� 1. Accordingto the iterative Fourier transformalgorithm,
thereare two sourcesof discontinuities.Regular discontinuitiesoriginatefrom the fact that the phaseis a 2π-
periodicfunction.

Fig. 1 Anomalousphasedistribution

Thesediscontinuitiescanberemovedsimplybycontinuation,which
is a processof addingmultiplesof 2π until all phasestepshave va-
nished.The secondkind of discontinuitiesarephaseanomaliesas
shown in fig. 1. Theseanomaliesarea seriousproblem,sincethey
appearfrequentlyandpreventa phasedistribution from beingcon-
tinuable.This canbe realizedby observingin fig. 1 that someof
the edgelines of the discontinuitiesdo not form a closedregion.
A first attemptto solve this problemwas treatedin [5] for one-
dimensionalor two-dimensionalbut x-y-separabledistributionsand
for non-separabledistributionsin [2] with moderatesuccess.

Thenew approachis alsobasedon theiterativeFouriertransformalgorithmbut it startsin theelementplanewith
a heightdistribution insteadof aphasedistribution.After eachiterationtheheighth is correctedaccordingto

hn� 1 � x � y��� hn � x � y� � ϕn� 1 � x � y��� 2π � SAW

�
hn � x � y�

2π �
wheretheSAW-functionis a modulo-functionwhich mapsits argumentto valuesbetween-0.5and0.5.As a se-
condstep,a low-passfilter is appliedto theheightdistribution to assurethattheheightgradientdoesnotexceeda
maximumvalue.Fig. 2 showstheresultingheightdistributionfor abinary2562-imageasdesiredintensity(fig. 3).
Thephasecorrespondingto thisheightvariesover4π andis guaranteedto becontinuable.Thedigital reconstruc-
tion shown in fig. 3 hasastandarddeviationof 10% after300iterations.

Fig. 2 Continuousheightdistribution Fig. 3 Reconstructedintensityfrom thephaseof fig. 2

Thecontinuousheightdistributioncanbetransferredto abinarydiffusionmaskby half-toning,resultingin aRVH,
asdescribedonpage5 of this report.

References
[2] D. Birk,

”
EntwurfundAnalysekontinuierlicheroptischerPhasenelemente“ , DiplomarbeitLehrstuhlfür Ange-

wandteOptik, UniversiẗatErlangen1994
[5] M.T. Gale,

”
Continuousrelief optical elementsfor two-dimensionalarray generation“ , Appl. Optics 31,14

pages2526(1993)
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6 Realization of planar microlenseswith long focal distance by mask-
synthesis

J. Bähr, K.-H. Brenner

We reporta realizationof microlenseswith a diameterof 400µmanda focal distanceof 17mmwith diffraction
limited performance.Applicationsof theselensesarein thefield of sensors,suchasin a Hartman-Shacksystem
or in confocalmicroscopy.
For fabricationwe exclusively usethermalion exchangein glass,sincethe parametersof this processarequite
easyto control.By combiningdifferentmaskstructuresabroadvarietyof phasedistributionscanberealized.Ex-
amplesincludeastigmaticor asphericallenses.In ourpresentwork weuseasynthesisof concentricring apertures
to attainmicrolenseswith awavefrontoptimizedfor collimating/focussingpurposes.Theminimumfeaturesizeis
2 µm, whichis givenby thephotolithographicandthewet-etchprocessappliedfor maskstructuring.Theoptimum
structureof themaskis determinedby numericalsimulationof thediffusionprocess.For simulationweusethek-
model[7] for non-lineardiffusionproblemsimplementedin cylindrical coordinates.Figure1 showsa photograph
of a maskconsistingof circularringstypical for our process.Figure2 shows thephasedistribution of anelement
afteran ion exchangeprocessof 460minutesat a temperatureof 400oC. Thesolid line representsthephasedis-
tribution throughthe centerof the elementmeasuredin a transmissioninterferometer, the dottedline shows the
simulateddata.Figure2 indicatethe goodagreementbetweenexperimentandsimulateddata.To smoothenthe
index distribution we appliedan additionalpostheatingstep[1]. Figure3 shows the index distribution andthe
simulationresultaftera postheatingtimeof 300minutesat400oC. Theshapeof thewavefrontis in sufficientap-
proximationhyperbolic,which is idealfor focussing/collimatingapplications.Thefocaldistanceis 17mm, which
correspondsto a numericalapertureof 0 � 012.Figure4 shows thewave aberrationsof themicrolenscomparedto
simulateddata.Accordingto the Maréchalcriterion the lensprovidesdiffraction limited performancewithin its
wholeaperture.By theuseof differentoptimizedmaskstructuresa varietyof focal distancescanbeachievedon
onesinglesubstrate.Applying the fabricationparametersmentionedabove, the focal lengthcanbe adjustedto
valuesbetween10mmand30mm, whichcorrespondsto a numericalapertureof 0 � 02to 0 � 007.By variationof the
timeof ion exchangenumericalaperturesup to 0 � 05canberealizedwith this technique.

Fig. 1 Photoof amaskstructureetchedin a Titanium
layer
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Fig. 2 Index distributionaftertheion exchange
process
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Fig. 4 Wave aberrationsof theoptimizedmicrolens

References
[1] J. Bähr and K.-H. Brenner. Realizationand optimizationof planarrefractingmicrolensesby Ag-Na ion-
exchangetechniques.AppliedOptics, 35:5102–5107,1996.
[7] K. Iga,M. Oikawa,S.Misawa,J.Banno,andY. Kokubun. Stackedplanaroptics:anapplicationof theplanar
microlens.Appl.Opt., 21:3456–3460,1982.
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7 1:3 Beam-Splitting with a H-ROD Element

J. Bähr, K.-H. Brenner

Wereportarealizationof a1:3beam-splittingoperationusingaH-ROD element.Sincethereflectionathesurface
virtually completestheH-ROD to afull-cylindrical ROD lens,theH-ROD performstelecentricalimagingwith the
full numericalaperture[3]. A testpatternconsistingof point sourceswasimagedover a half-pitchdistance.On
thesurfaceof theH-ROD, which is a filter- plane[3] we depositeda specialamplitudegratingin reflectionmode
to provide that light of the1., -1. and0. orderof theinput patternis preservedin theelement.At theendplaneof
theH-ROD thedublicatedimagescouldbeobtained.Figure1 showsa schematicsetup.

filter plane

input output

Fig. 1 Schematicsetupof the1:3beamshaper Fig. 2 Simulationof thesplittingoperationusingthe
BPM method

Figure2 shows a simulationof thefilter operationwith thebeampropagationmethod.Theorientationof theH-
ROD elementis analogto thatin fig. 1, thethin white line markstheinterfacebetweentheelementandtheair. The
amplitudegratingwascalculatedholographically.
For experimentalrealizationweusedahalf-pitchH-ROD elementfabricatedin aSCHOTT BGG31substrateglass
with a refractive index of 1.474.The index wasincreasedin thecenterby anamountof ∆n � 0 � 065by thefield
assistedsilver-sodiumion exchange. The diameterof the elementwas740 µm, the half-pitch lengthwas3900
µm. Thefilter gratingwasdepositedon thesurfaceof theH-ROD element.Matchingthegratingwith anoptical
glue,which hasa higherrefractive index comparedwith thatof theH-ROD surface,enablesthat light cantravel
out of theelementat certainpointsof thesurface.For demonstrationwe useda three-pointtestpattern.Figure3
shows thepoint to point imagingof thetestpatternwithout thefilter. Figure4 demonstratestheresultof thefilter
operation.

Fig. 3 Imageof thetestpatternwithoutfiltering Fig. 4 Resultof thefilter operation

References
[3] D. Dragoman,K.-H. Brenner, M. Dragoman,J. Bähr, andU. Krackhardt. Hemispherical-rodmicrolensasa
variantfractionalfourier transformer. OpticsLetters, 23:1499–1501,1998.
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Variable Fractional Fourier Transform usingan H-Rod Micr olens

D. Dragoman,K.-H. Brenner, M. Dragoman,J. Bähr, U. Krackhardt

The fractionalFourier transform,widely usedfor signalprocessingandcharacterizationapplications,is a linear
integral transformof a field distribution characterizedby a degreeof fractionality α. We have microoptically
implemented[3] a fractionalFourier transformerwhich simultaneouslydisplaysa rangeof continuouslyvarying
α values.Thedevicewhichperformsthis taskis asemicylindergraded-index mediumwith a radialdistributionof
therefractive index in a directiontransverseto thecylinderaxis,

n � x  y!#" n0 $ 1 % A2

2
� x2 & y2 ! ' x ( 0

calledH-rodmicrolens(Fig.1a).Typicalvaluesaren0 = 1.544,A = 1 ) 2 * 10+ 3µm+ 1 and500µmfor thediameterof
theH-rodmicrolens.

x

z

 y
xi

continuous varying degree
of fractionality

fixed degree
of fractionality

0

a b
Fig.1(a)Theoff-axis illuminatedH-rodmicrolensand(b) therecordedoutputwhenilluminatedwith amono-
modeopticalfiber

If illuminatedoff-axis the H-rod microlensdisplayson its planesurfacethe fractionalFourier transformof the
incidentlight with variableα valuesin themeridionalplaneandthefractionalFouriertransformwith constantα
valuein thesagitalplane.Along thez direction,thedegreeof fractionalityα recordedat a distancez " απ , 2A is
determinedby theexcitationpositionxi andexcitationanglepi as

tan - απ
2 . "/% n0A

xi

pi

The rangeof displayedα valuesdependson the angulardivergenceof the incident light beamandits point of
incidenceon the H-rod microlens.A spanof α valuesfrom 0.5 to 1.5 is easilyobtainable.Fig.1bpresentsthe
intensityrecordedon theplanesurfaceof theH-rod if illuminatedwith a monomodeopticalfiber. In this casethe
outputshouldhaveaGaussianenvelopedeterminedbothby thewidthof theincidentbeamandthexi ,pi parameters.
Theexperimentalresultsconfirmtheshapeof theenvelopeaswell asits width dependencies.Possibleapplications
of thevariablefractionalFouriertransformerincludeopticaltomographyasa methodof reconstructingthephase
spacedistributionof theincidentlight from fractionalFouriertransformswith variousα-values.

References
[3] D. Dragoman,K.-H. Brenner, M. Dragoman,J.Bähr, U. Krackhardt,

”
Hemispherical-rodmicrolensasavariant

fractionalFouriertransformer“ , OpticsLetters23,1499-1501(1998)
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Experimental Characterization of Micr ooptical Objects in PhaseSpace

D. Dragoman,M. Dragoman,J.Bähr, K.-H. Brenner

Usinganopticalset-upwhichallowstheoptimizationof blurringandamagnificationof theobject(Fig.1),wehave
measuredfor thefirst timethespectrogramof individualmicrolenseswith sub-mmdiameters[4]. Theangularand
spatialvariables(phasespacevariables)of thespectrogramarerelatedto thecoordinatesin theoutputplaneby

p 1/2 xout

f
and x 1 f0 sinθ

f cosθ
yout

respectively whereθ is theanglemadeby therotatedslit with thex axis.

f0 f

f frotated sl it

object

output
plane

xin

yin

f0

xout

yout

a b
Fig.1Experimentalset-up Fig.2Experimentalresults

Fig.2ashows the spectrogramof an individual microlensfrom a microlensarray, with a diameterof about250
µm and Fig.2b is the spectrogramof a GRIN-lenswith a 1 mm diameter;both objectswere illuminated with
a planewave. For purely phaseobjects,characterizedby a transmissionfunction T 3 x451 exp 3 ı̇φ 3 x4 4 , the phase
spaceimage(spectrogram)is given by δ 3 kp 2 ∂φ 6 ∂x4 with k the wavenumberof light. In the caseof quadratic
phaseobjects,for exampleideal lenses,this phasespaceimageshouldbea straightline. FromtheslopetanΦ of
the spectrogramonecanthendeterminethe focal lengthF of the microlensasF 1 f0 tanθ tanΦ aswell asthe
eventualaberrationsidentifiedasdeviationsfrom the straightline. The measurementswerefound to be in very
goodagreementwith thoseobtainedfrom experimentalinterferometricresultsof thesameobjects.Typical values
for thefocal lengthsof thesphericalandcylindrical lensesare f = 300mm and f0 = 200mm.Theimportanceof
phasespacemeasurementsis thatthey offer anoptimumdisplayof informationof thestudiedobject.Our results
show thatphasespacemeasurementsof microopticalobjectscanbeperformedwith a sufficientaccuracy.

References
[4] D. Dragoman,M. Dragoman,J. Bähr, K.-H. Brenner,

”
Phasespacemeasurementsof micro-opticalobjects“ ,

AppliedOptics,submitted
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Angular Multiplexing for optical Board to Board Inter connections

R.Klug, U. W. Krackhardt andK.-H.Brenner

Opticalsignaltransmissionbenefits,amongotherfeatures,from its hugebandwidth,whichis exploitedcommonly
by wavelength,time or spacedivision multiplexing (WDM, TDM, SDM). As optical interconnectionsbecoming
attractivealsofor shortdistances,a furtheralternative,angledivisionmultiplexing (ADM) is now applicable.
Over distancesin theorderof 10 meters,thecouplingangleϑ betweenthesymmetryaxisof a step-index multi-
modefiber andtheprinciple propagationdirectionof a beamis conserved[6] asdepictedin figure1. This con-
servationbehavior canbeusedfor codingdifferentchannelsfor multiplexedtransmission.To exploit conservation
of couplinganglefor multiplexedtransmissionlines,suitableopticalset-upsfor multiplexing andde-multiplexing
(DeMUX) operationsweredesignedandaparticularDeMUX devicewastested.

Whenanoff-axisGaussianbeamis launchedintoamulti-
modefiber, theintensityin thefarfieldof thefiber is dis-
tributedover an annularring with the radiuscorrespon-
ding to thecouplingangleϑ. Thefinite thicknessof the
circle resultsfrom threeeffects:

1. Finiteangularspectrum(finite 89 k -spectrum)of the
inputbeam.

2. Dueto theuncertaintyprinciplethefinite coredia-
meter d of the fiber core results in an angular
spreadλ : d (whereλ is the wavelength)at the fi-
beroutlet.

3. ϑ-blur due to fiber interaction:Imperfectionsof
both thefiber coreandthecore/claddinginterface
inducemodecoupling,describedby a modecoup-
ling constantD [6]. Sincethiseffectscaleswith the
propagationdistance,angularblur increaseswith
thefiber lengthL.

ThemaximumnumberN of multiplexedchannelsis basi-
cally limited by thenumberof modesin thefiber. Howe-
ver, cross-talkrequirementsmayreducethis numberdue
to mode-couplingleadingto ϑ-blur. Thereforethereare
thefiber lengthL, thecorediameterd, thefiber NA and
the mode-couplingconstantD to optimizethe transmis-
sionline for a maximumdegreeof multiplexing.

cladding

cladding

coreθ0

θ0
θ0

Figure1: Conservationof couplingangleϑ
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 a
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direction
coded channels

focusing
lens

CGH

collimating
lens

Figure2: Conceptfor aDeMUX device

TheDeMUX devicemapslight distributedoverdifferentannularrings(correspondingto differentϑ-directions)to
separatedpointsin thedetectorplane.Thedevice consistsof two lensesthat imagethefiber outputto a detector
planeandafilter to performthemappingbetweenannularringsandpositonson thedetectorplane.Basically, this
filter actsasasetof prismsof differentorientationsanddeflectionangles,eachclippedby anannularring. Within
eachring thedeflectionangleis constantandtunedto matchthecorrespondingdetectorposition.Figure2 shows
a setupwherethedetectorsarelined-up.
Becauseof designflexibility in thefirst stepweuseda computergenerateddiffractiveelement(CGH).To achieve
high diffractionefficiency η andlow straylight (i.e. low cross-talk)an8-level CGH with η ; 80%canbefabri-
catedusinglithographyandreactive ion etching(RIE). Sucha deflectingcomponentcanbedesignedfor almost
arbitrarydetectorgeometries.It is evenpossibleto includefan-outoperations.
With abinaryamplitudeCGHandastep-index mulimodefiberwith acorediameterd < 200µm , anNA=0.48and
a lengthL < 0 = 4 m we coulddemultiplex 11 channelswith anaveragecross-talkof -11 dB [9]. A highernumber
of multiplexedchannelsor lower cross-talkrequirestheuseof fiberswith higherNA or shorterlengthor smaller
couplingconstantD.

References
[6] G. Glode,OpticalPowerFlow in MultimodeFibers,Bell Syst.Techn.J.51, 1767-83(1972)
[9] R. Klug, U. W. Krackhardt,K.-H. Brenner, DirectionalMultiplexing for opticalBoardto BoardInterconnecti-
ons,Proc.SPIE3573,p. 174-77(1998)
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Micr oobjectiveswith largenumerical aperture by stacking of micro-
lenses

R.Klug, J. Bähr andK.-H.Brenner

In thefield of microopticsthereis a demandfor objectiveswith largenumericalaperture(NA). Examplesinclude
objectivesfor optical disksor highly light efficient collimating optics.If onewantsto usemicrolensesin these
applications,theNA of asinglemicrolensis notsufficient.Consequentlyanobjectiveshouldbebuild.
For constantradiusof curvaturetheNA of a classicallenscanbe increasedby increasingtherefractive index of
theglass.In orderto avoid aberrations,asphericalsurfacesarerequired.For Gradientindex (GRIN) microlenses
the maximumNA is determinedby the index differencebetweenexchangedandnonexchangedregions.These
typesof lenseshave many advantagesover classicallenses.Most importantly, the index distribution is insidethe
glass,allowing an optimizationof the index profile [1] andleaving the substratesurfacesflat. Thereforeseveral
layersof micro lensescanbestackedwithoutanair interface,realizinga largeNA multi-lensimagingsystem.An
additionalbenefitof stackingseverallensesis thepossibilityto correctfor differenttypesof aberrations.Thereby
largeaperturesystemscanbecorrectedalsofor largefields,which would be difficult or impossiblefor a single
lenssystem.
Wehavealreadydemonstratedearlyer[11], thatit is possibleto designandfabricateastackedopticalsystemswith
microlenses,whenwe realizedanoff-axis confocalsensorheadwith a NA of 0 ? 32 . Now we realizedanon-axis
16x32arrayof microobjectiveswith aNA @ 0 ? 45from threeGRIN-lensarrays.

For the optical design a previously developed a
GRIN-ray trace software(TraceSys)[see annualre-
port 1997] was used.Figure 1 shows the light pro-
pagationthroughthestackascalculatedby TraceSys.
For thedesign,we usedlenses,which wereavailable
andwerecorrectedfor light collimation,having adif-
fractionlimited NA of 0 ? 15.
The microobjective, constructedfrom 3 lenseswas
designedfor a two to onedemagnificationtaskat a
wavelengthof 0 ? 63µm. The imaging result for test
masksis shown in figure2. TheNA of the objective
wasdeterminedwith theequation:

NA @ 0 ? 61λ
xmin

whereλ is the wavelengthand xmin is the resolved
linewidth.

Figure1: Raytraceof a microobjectivefrom 3 GRIN
lenses

Figure2: 2 to 1 imaging,linewidth in theobjectplaneis
3 ? 175µm

The microobjective resolvesstructuresof 2 ? 4µmsize.This correspondsto a NA of 0 ? 3 at the imagesideof the
microobjective anda NA of 0 ? 15 at theobjectsiderespectively. Thustheobjective hasanoverall power of 0 ? 45,
whichis threetimeslargerthanasinglemicrolens.Thefabricationof microobjectiveswith largerNA is possibleby
stackingseverallenslayers.Additionally theaberrationsof theobjectivecanbecorrectedeitherby optimizingthe
gradientindex profile of individualmicrolensesor by optimizingthesystemdesign.For futurework, a combined
optimizationof gradientindex profileandsystemgeometrywill beincludedin thetracesoftware.

References
[1] J.Bähr, K.-H. Brenner, Realizationandoptimizationof planarmicrolensesby Ag-Naion exchangetechniques,
Appl. Opt.35,5102-7(1996)
[11] R. Klug, K.-H. Brenner, A. Knüttel,Microoptic implementationof anarrayof 1024confocalsensors,Procee-
dingsof the3rd Int. Cong.andExh.onOptoelectr., Opt.Sens.andMeas.Techn.p. 155-60(1998)
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SoftwareToolsfor Pattern Designin Lithography

U.W. Krackhardt, O. Döringer

In lithographytherearedifferentpatterndesriptionlanguagesmostlyoptimizedfor theneedof microelectronics.
Exceptfor very expensive professionalsoftware thereis no assistancefor interactive designor previewing of
patterns.We decidedto createsoftwaretoolsrunningunderMS-WindowsTM for our in–houselaserlithograph:

Previewer: A tool to inspectat designedpatternsbeforethey areconvertedor plotted.Thissavesa considerable
amountof time in thedesignprocess.

Expander: Helpsto extendcommonpatterndescriptionlanguagesby addingcustomerspecificcommands.This
is usefulwhenusingspecialobjectslike circles,bezíer curves,speciallystyled labels,etc. The customer
specificdialectis thenmappedto thestandardcommandsof anappropriatepatterndescriptionlanguage.

Texter: This tool allows plotting standardtext fontsof a MS-Windows–Systemby meansof a lithograph.The
userhasthesamefreedomin choosingfont, style,sizeasin commonWISIWYG–text editors.The texter
mapsthetext asabitmapgraphicontoauserselectedstandardpatterndescriptionlanguage.

Designer: Puttingall theothertools togetherandaddinga visualdrawing panenaturallyleadsto a designsoft-
ware.The main differenceof this tool ascomparedto standarddesignsoftwareunderMS-WINDOWS is
that geometricparameterscanbe determinedwith high resolution.As an example,considera lithograph
with 200nmaddressgrid writing on4“ substrates.Thismeansthatcoordinatesrangefrom 0 to 500.000,ap-
proximately. TheMetafile–format in MS-WINDOWS encodescoordinatesby 16–bitvaluesallowing only
65.535steps.

Currently, only thepreviewer is in a ready–to–usestate.Theothertoolsarein abeta–version–state.Thepreviewer
is capableof handlinghugefiles sinceonly thevisible portionof a patternfile is loadedandevaluated.Theuser
can interactively selecta zoomwindow with adjustablezoomfactorandposition within the completepattern.
If providedby the patterndescriptionlanguagetheusercanselectparticularlayersof a patternto be displayed.
Additionally, patterninformationis displayedlike boundingbox, numberof call statements,numberof ignored
commands,etc.In caseof errorswhile interpretingthefile, theerrormessagesarelistedwith details.By double
clicking an error messagean externaleditor canbe envoked which supportsline addressingto display the line
causingtheerror.

Fig. 1: Main window showing a half–tonemaskfor
thefabricationof a beamsplitterwith continuous

phaseby ion–exchange
Fig. 2: Layer–selectdialog

Fig. 3: Patterninformationdialog Fig. 4: Sectionof anerrormessage
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Software for Computer Aided SurfaceProfiling

U.W. Krackhardt, T. Schmelcher, S.Schiek

Surfaceprofiling is a contactmethodfor sensingprofilesof flat surfaces.In our departmentwe useanalpha–step
stylusproberfor characterizationof micro–opticalelements.We have developeda softwarefor remotecontrolof
thestylusproberandfor real–timedataacquisition.Thedatais evaluatedfor processcontrol.
Thus,etchratesof a reactive ion etchingfacility (RIE) or the volumechangedueto ion exchangein glasscan
becharacterized.Theproberis calibratedby interferometrictestingof glasssheetshaving a squarewave surface
profile realizedby RIE.
Thealpha–stepprofiler is originally designedfor manualoperation.We modifiedthebuilt–in electroniccontroller
to enableremotecontrol.Thus,ausercaninteractwith theproberby aPC.Datais acquiredby meansof a ADC–
cardandis displayedon–lineon the screen.Thesoftwarecaneasilybesetto thedifferentconfigurationsof the
prober:Scanspeedanddepthresolutioncanbeadjustedfor metricdisplayof scanningresults.
Therearetwo operatingmodesof thesoftware:

Manual mode: The software continuouslyacquiresdatafrom the prober. The usercan manuallycontrol the
prober. This modeis to provide a comfortablevisualproberinterfaceasanextensionof thestandardprint
out on a paperstrip. Theusercaneasilyfind the region of interestanda propersetupfor scanspeedand
depthresolution.

Automatic mode: As soonastheuserstartsascanby pushingabuttonof theprober, dataacquisitionis triggered.
To thisendthecontrolsignalof thesteppermotorof theproberis continuouslymonitored.Sincescanspeed
anddepthresolutionareknown by set–up,thescandepthis displayedasa functionof relative lateralco–
ordinates.

As thesoftwareis generallysuitedfor acquiringtime dependentvoltagesignals,thusactingasa PCbasedoscil-
loscope,wecall it TimeScan.

Fig. 1 Main window Fig. 2 Parameterdialogfor interactionwith the
alpha–stepstylusprober

Fig. 3 Dialog for settingup theADC Fig. 4 Dialog for enteringsessioninfo
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