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We have moved

Themostsignificantchangein theyear2000is thatwefinally havemovedinto anew building,whichwascomple-
tedat thesideof theold building. Also, thecleanroomandtheopticslaboratoriesweremovedinto thebasement
of this building andwe thankthetransportfirm for safelytransferringtheheavy equipmentandthelasertablesto
their new location.Soafter4 yearsin Mannheim,theofficesandthelaboratoriesarefinally in onebuilding.
Our researchis centeredon optical interconnectsandopticalstorage.For theseapplications,thedesignandfabri-
cationof micro optical componentsis the main componentof our activities. The masked ion-exchangein glass
meanwhilehasfound an application,which is both scientificallyand economicallychallenging.To this end,a
spin-off firm (Brenner& BährGdbR)hasbeenfounded.Contributions1 and2 describethatwe have fabricated
an arrayof rectangularmicro lenseswith diffraction limited performance.Theselensesareusedin a Hartmann-
Shackwavefrontsensor. As RobertKlug hasfinishedhisPhD-thesis,thework onangledivisionmultiplexing was
completedandthestudiesin contribution3-6 reporton that.
As an industrialdevelopmentproject,the designof micro opticsfor the pickup of next generationDVD readers
posesaseriesof interestingphysicalandopticalproblems.Thebeamshapingproblemdescribedin 7 is still under
developmentanda patentapplicationfor the nonsymmetriccasehasbeenissuedrecently. In contribution 8 we
haverealizeda diffractiveopticalelementandin 9 a vectorialtreatmentof high-NA focussingwasperformed.

Karl HeinzBrenner
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1 High precisionmicro-lensesfor Hartmann-Shack wave fr ont sensoring
for applications in ophthalmology

J. Bähr, K.-H. Brenner

We report the realizationof diffraction limited micro lenseswith high fill factorusing the maskstructuredion
exchangeprocess(MSI) for applicationsin modernophthalmology. As describedin the last annualreport, the
MSI techniqueprovidesa very accuratelocal insertionof silver ionsin planarglasssubstratesusinganexchange
maskwith locally varyingaperturedensity. With thismethoddiffractionlimited performancebetterthanλ

�
10can

beachievedat numericalaperturesof N �A ��� 0 � 05 andless.As an importantbenefitthesetypesof lensescanbe
realizedwith almostarbitraryshapeat a fill factorof nearly100 %. Herewe report the realizationof quadratic
micro lensesin a cartesianpattern.
In modernrefractive eye surgery, even high orderoptical aberrationsof the humaneye canbe correctedalmost
completelywith the LASIK R

�
technique.Accordingto the measuredwave front defects,the corneaof the eye

is alteredby theuseof laserablationin this method.To identify all kindsof opticaldefects,thecompleteoptical
systemof the humaneye consistingof cornea,eye-lensandretinahasto be examinedtogether. Sincethe retina
scatterslight diffusely, the measurementhasto be performedincoherently. Figure1 demonstratesthe principle
of themeasurement.A small spotis generatedon theretinaby a laserbeam.The light scatteredbackpassesthe
completeopticalsystemof thehumaneye.In absenceof aberrationstheeyewouldactasanidealcollimator. Any
wave front errorsof theeyecanbedetectedasa deviation form a planewave,usinga wave front detector, herein
particulara Hartmann-Shacksensor.
To cover thewholepupil of thehumaneye anarrayof 25 x 25 micro lenseswith a focal lengthof 32� 0 mmanda
diameterof 400µm (fig. 2) is usedin theHartmann-Shacksensor. To minimize theexposureof theeye with the
laserbeam,the lenseshave to provide high efficiency. For this reasonthe lensesweredesignedwith a quadratic
shapedemonstratedin fig. 3. Sincethemaskis realizedby a photolithographicprocess,thepositionsof the lens
centersandalsothepositionsof thespotsin thefocal planeareasaccurateasthe laserlithography. Fig. 4 shows
theintensitydistribution in thefocalplaneusinga planewave for illumination.

las er

hum an eye

beam  sp li t ter

  ca lc u lat io n o f
aber r at io n m aplens

Hartm ann-
   Shack
  sensor

las er

hum an eye

beam  sp li t ter

  c a lc u lat io n o f
aber r at io n m aplens

Hartm ann-
   Shack
  sensor

Fig. 1 principleof wave front measurementof the
humaneyewith aHartmann-Shacksensor

Fig. 2 view of themicro lensarray

Fig. 3 phasedistributionof thelensarray Fig. 4 focal planeandline scanthroughthearray

cooperationpartners:20/10PerfectVisonGmbH(Heidelberg),VISX Inc. S.Clara(CA, USA), GdbRBrennerund
Bähr(Mannheim)
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Array testof micro lensesfor usewithin Hartman/Shack- sensors

U. W. Krackhardt

TheHartmann/Shacktechniqueprovidesa metrologyof
phasefrontswithout requiringa referencewave [1]. The
methodis basedon the samplingof an input wave front
by anarrayof lenseswith a commonfocal plane(fig. 1).
In the caseof a planewave impinging perpendicularly
ontothelensarraythefoci form a regularspotpatternin
the focal plane.Any deviation of this wave front results
in a shift of the individual foci which correspondsto the
averageslopeof thephasefront acrossa lenscrosssecti-
on.
For automatedinspectionthe ideal spotpatternmustbe
known asexactaspossible.SomealgorithmsareFourier-
basedandrequirea definiteperiodicityof the ideal spot
pattern.Besidestheopticalquality requirementsthelens
position is a vital quality criterion for the fabricationof
-lensarraysfor Hartmann/Shackapplications[2].

lensletts detectorwave front

Fig. 1: Sketchof theHartmann/Shacksensorprinciple

Wehavedevelopedasoftwarewhichis capableof grabbinganimageof thefocalplanebymeansof aCCDcamera,
finding thecentersof anarbitraryspotdistributionandcalculatingtherelativeencircledenergy of thespots.
In the imagea thresholdmay be definedinteractively to separatethe background(ambientandscatteredlight).
Subsequently, a regionof interest(ROI) maybedefined.Within thisROI thesoftwareautomaticallyfindsall spots
anddeterminesthecenterof gravity (COG)of eachspot.TheCOGis calculatedby anintensityweightedaverage
processthusachieving sub-pixel resolutionof typically 1

�
3 ��������� 1 � 5 of apixel. In thesamestep,theencircledener-

gy of eachspotis calculatedin arbitraryunitswhich servesfor judgingthehomogeneityof thespotarray, i.e. the
lenstransmittivity. Theresultsarepresentedin a tablewhich maybeexported,e.g.,to a spreadsheetsoftwarefor
furtherevaluation(fig. 2). Thepositioninformationmaybedisplayedin absoluteunits,providedthat thesystem
software/camerahasbeencalibratedbefore.

Fig. 2: GUI of thecharacterizationsoftware(Imagewith ROI andtableof results)

References
[1] J.Ghozeil,Hartmannandotherscreentests.in OpticalShopTesting,D. Malacaraed.,JohnWhiley, NY (1992)
[2] J.Bähr, High precisionmicro-lensesfor Hartmann-Shackwave front sensoringfor applicationsin ophthalmo-
logy. page4 this report.
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Exploring the extensibility of the ADM concept

U. W. Krackhardt, S.M. Flammuth

Angle division multiplexing (ADM) allows for multiplexedsignaltransmissionthroughoptical fibersover short
distancesin the orderof several meters[3]. Its suitability for practicalapplicationshasbeenshown in termsof
multiplex degree,bandwidth,crosstalk, transmissiondistance,alignmenttoleranceof MUX andDeMUX units,
androbustnessagainstenvironmentalstress.Thescopeof this contribution is to sketchapproachesfor extending
theADM concept.Extensionscanbethoughtof in two terms:
 Performance:As describedin [4] performancecanbemeasured

in termsof the productof the numberof logic channelsN, the
transmissiondistanceL andthecross-talk.Thekey parameteris
the angularextent δϑ of a channel.A minimum δϑ leadsto a
maximumperformance.δϑ consistsof a constantoffset anda
lengthdependentcontribution.Thelatteris phenomenologically
expressedby the modecoupling constantD [4]. The constant
offsetof δϑ is dueto the angularspectrumof the light source,
diffractionat thefiber apertureandscatteringdueto roughness
of thecouplinginterfaces.
In order to decreasethe constantoffset of δϑ pursuedthe ap-
proachof elevating the influenceof the roughnessof the coup-
ling interfacesby index matching.
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Fig. 1 Angularwidth vs.couplingangle
for a fiberof L � 7 � 88m

To this end,thefiber input hasbeencoveredby UV-inducedadhesive which matchesthecoreindex. Fig. 1
shows thatδϑ canbereducedby a factorof � 1 � 2 by this technique.It shouldbenotedthat this technique
canbeappliedvery simply andthereforedoesnot substantiallyincreasefabricationcosts.We furthermore
investigatedpolarizationpropertiesof the fiber channel.For a fiber length of L � 0 � 4 m we measureda
polarizationcontrastof 0.3.ForL � 2mof thesametypeof fiberthepolarizationinformationwascompletely
lost.Furthermore,polarizationis very sensitive to environmentalstresslike local pressureandbending,i.e.
microandmacrobending.As a resultof thesemeasurements,thepolarizationdegreeof freedomcannot be
exploitedfor ADM.
 Handling:Typical applicationsof ADM areboard-to-board,rack-to-rackinterconnectionandsensorsignal
transmission.Besidesrobustness,the effort for mountingan ADM sub-systeminto an embeddingsystem
is decisive for its acceptance.Mountingeffort is closelyrelatedto thequestionof connectioninterfaces.A
typicalADM systemconsistsof aMUX andDeMUX moduleandamultimodestep-index fiber. Connection
interfacesmaybe situatedeither(a) after / beforetheMUX / DeMUX modules,respectively, or (b) at the
multimodestep-index fiber. A connectioninterfacewithin the MUX andDeMUX modulesis not suitable
due to the alignmentrequirementsof typically 5 � 10 m. Approach(a) is a purely electric interconnect,
whereas(b) is a purelyopticalone.We exploredapproach(b) in termsof power lossdueto misalignment.
The questionof cross-talkis still underinvestigation.The multimodefiber hasbeencut into two pieces
andbutt-coupledagainwith somecontrolledmisalignment.Themisalignmenthasbeenrealizedin termsof
lateralshift andtilt. As canbereadoff from fig. 2 (fiber NA = 0.39),power lossis not a critical parameter
sincetypical fabricationtolerancesare10µmfor lateralshift and5 mrad for tilt control.
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Fig. 2b Power lossdueto angularmisalignment

References
[3] U.W. Krackhardt,R. Klug andK.-H. Brennerr. Broadbandparallel-fiberoptical link for short-distanceinter-
connectionwith multimodefibers.Appl.Opt., 39, 690–697(2000)
[4] U. W. Krackhardt,S.M. Flammuth,AutomatedMeasurementof FiberQualityfor AngleDivisionMultiplexing
Applications,2000.page7, this report.
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Automated measurement of fiber quality for Angle Division Multiple-
xing applications

U. W. Krackhardt, S.M. Flammuth

Angle division multiplexing (ADM) providesa meansfor paralleldata
transmissionwith high aggregatebandwidththrougha singlemultimo-
de step-index fiber [3]. The performanceof an ADM systemcan be
measuredin termsof theproductof thenumberof logic channelsN, the
transmissiondistanceL andthecross-talk.It canbeshown thatoptimi-
zing theperformancebasicallyis equivalentto minimizing theangular
extendperchannelδϑk. Theachievablenumberof channelsis determi-
nedby

N

∑
k� 1

δϑk � arcsin� NA� whereNA denotesthefiberNA.

In a real systemthe valueof δϑk is limited by the angularspectrum
of the light source,diffraction at the fiber aperture,scatteringdue to
roughnessof thecouplinginterfaces,dueto core/claddingimperfections
anddueto coreinhomogeneities.The latter two effectsscalewith the
lengthof thefiber, i.e. thetransmissiondistanceL. Theseeffectscause
modecouplingresultingin angularbroadeningwhile light propagates
throughthestep-index fiber. Gloge[5] hasdescribedtheeffectof mode
couplingin termsof a phenomenologicaloptical power flow analysis.
As aresult,opticalpoweris distributedaroundtheprincipalpropagation
anglebyadiffusion-likeprocess.In thiscontext thediffusionconstantD
describesthe effect of modecouplingandis calledcouplingconstant.
The angulardistribution of the optical power p � θ � z� is approximately
gaussianshapedlike

p � θ � z� ∝ exp

� � � θ � θm � 2
4D � z � ��� 2D � z

θmθ

, wherethe letter θ denotesangleswithin the fiber. θm representsthe
principalpropagationdirection.

Fig. 1 Farfield distributionof amultimode
step-index fiberwith severalactive

channels

Fig. 2 Automatedidentificationof ring
location,radiusandthicknessby image
processingandnon-lineardatafitting.

In the far field of the fiber outputan angulardistribution p̂ � ϑ � canbe
observed(fig. 1).δϑ is obtainedfrom p̂ � ϑ � by clippingatanappropriate
thresholdwhichis givenby thecross-talkrequirements.It canbeshown
[3] thatclipping at the1

�
e-level resultsin a cross-talkof � 10 dB bet-

weenadjacentchannels.Then,δϑ ��� 4D � z. Thus,D canbeobtained
from lineardatafitting of δϑ2 vs.fiber lengthz.
Wedevelopedasoftwarewhichacquiresthefar-field intensityof amul-
timodestep-index fiberat differentcouplinganglesandfiber lengthsin
anopticalset-updescribedin [6]. Fromthisdataδϑ is obtainedby mea-
suringthethicknessof theannularrings(fig. 1) andtakinginto account
the geometricalparametersof the measurementset-up.The ring para-
metersarecalculatedby imageprocessingandnon-lineardatafitting
(Levenberg-Marquardt).As a result,for eachcouplingangleϑ a value
of thecouplingconstantD is obtained(fig. 3).
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Fig. 3 Result:CouplingconstantD vs.
couplingangleϑ

References
[3] U.W. Krackhardt,R. Klug andK.-H. Brennerr. Broadbandparallel-fiberoptical link for short-distanceinter-
connectionwith multimodefibers.Appl.Opt., 39, 690–697(2000)
[5] D. Gloge.Opticalpowerflow in multimodefibers.Bell Syst.Techn.J., 51, 1767–1783(1972)
[6] R.Klug, U.W. Krackhardt,andH. Froening, Designof the demuxunit for adm–basedinterconnects,1999.
page12,AnnualReport1999.
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5 Influenceof a Gaussianwavefr ont on the angular spreadthr oughmul-
timode step-indexfibers

R.Klug, U. W. Krackhardt

Recently, afiberbasedmultiplexedtransmissionby angle
division multiplexing (ADM) hasbeenproposed[3]. A
key parameterof ADM is theangularextentδϑ of achan-
nelsincethis limits theperformance.Theperformanceof
an ADM systemmay be definedasthe productof fiber
lengthL, numberof channelsN andthe maximumtole-
rablecross-talk.
δϑ is determinedby the angularspectrumof the light
coupledinto the fiber, diffraction at the fiber apertures,
roughnessof thecouplinginterfaces,coreinhomogenei-
ties, roughnessof thecore/claddinginterface.The influ-
enceof imperfectionswithin a fiber hasbeendescribed
by aphenomenologicaltheory[5].
Thiscontributioninvestigatestheinfluenceof theangular
spectrumof the light coupledinto thefiber on theangu-
lar spectrumof the light coupledout of the fiber. Fig. 1
showsa typical multiplexing (MUX) unit couplingdiffe-
rent physicalchannelsinto onemultimodefiber (MUF)
at differentcouplingangles.The MUX unit imagesthe
angularspectrumof thelight sources,e.g.VCSELs,onto
thefiberinput.Providedthelight sourceshowsagaussian
angularspectrumtherewill bea scaledgaussianangular
spectrumat thefiber input.Thescalingis determinedby
the magnificationof the imagingsystem.The spectrum
at thefiber outputis measuredin thefar field of thefiber
aperturein termsof thewidth of annularringsasdescri-
bedin thelastyear’sannualreport[7].
At first glancetherearetwo waysto minimizeδϑ: a)Ma-
ximum magnificationβ of theMUX unit. b) Locationof
thefiber input apertureat thewaistof thegaussianbeam
to havezerocurvatureat theinterface.
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Fig. 1 Sketchof a multiplexing unit
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Fig. 2 Angularwidth vs.distancebetweenfiber
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Approacha) is limited by the couplingefficiency. Typically, 1 � β � 10. As canbe seenfrom fig. 2 thereis in
facta reductionof angularspreadwith increasingmagnification.Themarkersindicateexperimentalresultstaken
from a fiber with NA � 0 � 39 anda corediameterof d � 200µmanda monomodefiber with NA � 0 � 095aslight
source.Thesolid linesdenotetheoreticalvalues.Thetheoreticalvaluesareobtainedby theconsiderationthat the
total gaussianwidth σ is obtainedby a convolutionof two gaussiansat thefiberoutput:Onegaussian� σp � results
from aplanewavecoupledin, thesecondgaussianresultsfrom theangularspectrum� σg � of theinput wavefront.
As a result,σ2 � σ2

p � σ2
g. σp is measuredby couplinga planewave, i.e. gaussianbeamwith a very largeradius

of curvature,into thefiber. Thedeviation of experimentalfrom theoreticalvaluesarewithin the resolutionof the
measurementset-up ��� 0 � 5 mrad� .
Likewise,fig. 2 shows that approach(b) is not valid: The angularwidth δϑ at the fiber output is virtually inde-
pendentof thedistancebetweenthefiber apertureandthebeamwaist.This is dueto thequasicontinuousmodal
spectrumof thefiber. Therefore,theangularspectrumof agaussianbeamremainsconstantwith freespacepropa-
gation.In thiscontext, approach(a)correspondsto ahard-clipof theangularspectrumof agaussianbeam,limited
by energy lossconsiderations.
As a result,longitudinalmisalignmentof themultimodefiberhasno impacton theangularwidth of achannel.

References
[3] U.W. Krackhardt,R. Klug andK.-H. Brenner. Broadbandparallel-fiberoptical link for short-distanceinter-
connectionwith multimodefibers.Appl.Opt., 39, 690–697(2000)
[5] G. Glode.Opticalpowerflow in multimodefibers.Bell Syst.Techn.J., 51, 1767–1783(1972)
[7] R.Klug, U.W. Krackhardt,andK.-H. Brenner, Characterizationof FiberParametersfor AngleDivision Multi-
plexing. page13 AnnualReportof theChairof Optoelectronics,Universityof Mannheim,Germany, 13, (1999).
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Analysisof alignment tolerancesof ADM MUX- and DeMUX- modules

R.Klug, U. W. Krackhardt

ADM hasbeenproposedasafiber-basedmultiplexedtransmissionsystemusing
Angle Division Multiplexing [3]. Fig. 1 shows typical set-upsfor multiplexing
(MUX) andde-multiplexing (DeMUX) units. This contribution focuseson the
impactof misalignmenton thesystemperformance.
A lateralshift of aninput sourceor of a micro-lensin theMUX module(fig. 1)
causesa magnified � β1 � lateralshift of the imageat thefiber input, thusincrea-
sing insertionloss.Thesameis true for anaxial shift, however, scaledby β2

1 at
thefiber input.Ontheotherhand,asdiscussedin [8], if thefiber inputselectson-
ly thecentralpartof thebeamcrosssection,a reducedangularspectrumresults.
Theaxial shift of thebeamwaisthasvirtually no effect to theangularspectrum.
As a result,thereis a trade-off betweeninsertionlossandangularspectrumfor
thechoiceof β1. Themagnification� β2 � of theDeMUX moduleis limited by two
effects:An upperlimit is imposedby alignmentconsiderations,i.e.,theimageof
achannelhasto staywithin theareaof adetectorin caseof lateralmisalignment.
A lower limit is givenby thedetectorextentandthemaximumdeflectionangle
of the CGH (fig. 1). Sincethe corediameterof the multimodestep-index fiber
we usedis d � 20 µm, andthe diameterof typical detectorsis in the rangeof
d ��� 200µm, β2 � 1 is chosenfor a testsystem.An axial misalignmentof the
fiber outputresultsin a changeof ring radii at the CGH resultingin crosstalk.
Theproblemof power insertioninto thereceiversis consideredminor, sincethe
optoelectronicreceiversacceptvirtually all reasonableapertureangleswithout
changeof insertionloss.
For aquantitativeestimationof theinfluenceof fabricationtolerancesa3D,non-
paraxialray tracing formalismhasbeendevelopedanalytically. Sincethe pro-
blem is non-linear, numericalresultsarenow discussedby meansof particular
designgoals:TheADM systemis designedto haveN � 10 channels,anoverall
crosstalk of � 10 dB, a detectorpitch of 250µmanda CGH with a maximum
deflectionangleof 25o at λ � 850nm. The input sourcesaremonomodefibers
with a corediameterof 9 µm. A magnificationof β1 � 10 is chosen.
Fig. 2 shows the insertionlossvs. focal length f1 of the micro lens array for
differentvaluesof fabricationaccuracy dx.For dx ��� 3 � 5µmand f1 � 575there
is an insertionlossof � 1 � 5 dB dueto a positionmismatchat thefiber input of
about90 µm. Thecrosstalk causedby this MUX unit canbereadoff from fig. 3
as � 10� 7 dB. Thedivergenceof theGaussianbeamat thefiber input is 7 mrad.
As alreadypointedout,insertionlossis notcritical for thedesignof theDeMUX
module.A lineardetectorarraywith 10elementsof pitch250µmresultsin f3 �
f4 � 2 � 7 mm(fig. 1).Fig.4 showstheimpactof fabricationtoleranceonthecross
talk: Themismatchof thering thicknessis muchlesscritical thanthedecentering
of theCGH.A decenteringof dx � � 7µmleadsto adegradationof crosstalk by
1 � 5 dB. Theoverall crosstalk of thesystemwith thegivendesignandtolerance
datais � 9 � 9 dB. Thepowerlosscausedby theMUX andDeMUX unitsis 1 � 5 dB
(MUX) � 0 � 7 dB (CGH@DeMUX)= 2 � 3 dB. TheCGHis assumedto berealized
asan8-level phase-onlydiffractiveelement[9].
Fromthederiveddesigndatathevolumeconsumptionis VMUX � π52 � 8 mm3 �
0 � 6 cm3 andVDeMUX � π32 � 8 mm3 � 0 � 25 cm3 for theMUX andDeMUX mo-
dules,respectively.
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7 Designand investigationof a refractiveGaussianto flat-top converter

PeterKümmel,Karl-HeinzBrenner

For thenext generationof DVD wehavedesignedanGaussianto flat-topconverterthatincreasesthelight efficien-
cy in theopticalpick-upfrom about25% up to 100% (fig. 1). Thisconverterusestwo refractiveopticalelements
(fig. 2).

objective
lense

Gaussian to flat-top
          converter 

Conventional light efficiency about 25%: 

Light efficiency with converter up to 100%:

Fig. 1 Improvedlight efficieny by beamshaping
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Fig. 2 Geometricmodelof theGaussianto flat-topconverter

The designmethodis basedon conservationof energy of geometrical
raysandthethin-elementapproximation(TAE). Thisapproachleadsto
an analyticallysolvableequationfor the optical phaseof the first ele-
mentwhichwassolvednumericallyby integration.For anexperimental
verificationof thedesignprocedure,wechosethesituationof aGaussi-
anbeamwidth of 1 � 5 mm, positionof thesecondelementin a distance
of 60 mmanda top-hatradiusof 2 � 2 mmwith a theoreticalpower effi-
ciency of 99%.Fig.4 showstheradialphasedistributionof theelement
resultingfrom theseparameters,it alsoshowsthemeasuredphaseof the
realizedelement.The elementwasfabricatedby direct write in photo
resist(IOF Jena).Thepropertiesof thedesignedelementwereanalyzed
by numericalnonparaxialwave-propagationaswell asby experimen-
tal characterization.Fig. 5 shows the calculatedoutput intensity as a
gray-level image.Fig. 6 shows themeasuredoutputintensity.
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Fig. 3 Phaseof thebeamshaping
elementasa functionof radius

Fig. 4 Gray-level imageof calculatedoutputintensity Fig. 5 Gray-level imageof measuredoutputintensity

References
[10] P. Kümmel,U. Krackhardt,K.H. Brenner. Berechnungund HerstellungmikrooptischerElementefür den
blauenDVD-Standard.Optik in derRechentechnik,Hagen(2000)
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Diffracti ve elementfor focus& position tracking in DVD-pickups by a
Foucault knife-edgetechnique

S.Dambach 1, U. W. Krackhardt

In the scopeof an Europeanresearchproject(BLUE-SPOT) our groupis working on the optical pickup system
of the next-generationDVD storage.By reducingthe wavelengthto 405 nm (blue), using fast front lensesand
decreasingthe pit sizeon the mediumthe capacitywill be increasedby a factorof morethan4 ascomparedto
todaysDVD � 4 � 7 GB� systems.

Oneof ourresearchgoalsis to provideameans
for generatingopticalsignalsfor trackandfo-
cuserrorwhichcanbesubsequentlyevaluated
in an electroniccontrol circuit. Togetherwith
our industrial partnerwe realizeda diffracti-
ve structurewhich in essenceactsasaperture
splitterandspacevariantdeflector. Thestruc-
tureis partitionedinto 4 quadrantseachhaving
a linear binary phase-onlydiffraction grating
with individualsizeandorientationof thegra-
ting vectors(fig. 1). The gratingis locatedin
the converging backward beamof the pickup
suchthatall quadrantsareequallyilluminated
if thesystemis on track.Thediffractivestruc-
tureis designedsuchthatthediffractionorders
impingeon astructureddetector.
In thecaseof perfectfocusthe,say, � 1st dif-
fraction orderslie just betweentwo adjacent
detectorareas(fig 2b). If the systemis out of
focusthe imageno longercoincideswith the
detectorplane.The quadrantboardersof the
diffractive elementact as knife-edges.Thus,
thedirectionof theraysconstitutingthefocus
arenot symmetricwith respectto the princi-
pal propagationdirection.This leadsto defo-
cuspatternswhich show differentorientations
dependingonthesignof thedefocus(figs.2 a,
c). Thecontrolsignalis obtainedby electrical-
ly subtractingthevoltagesof adjacentdetector
areas.By theabsolutevalueandthesignof the
resultingvoltagetheamountandthedirection
of defocuscanbemonitored.
The track signalcanbe obtainedin a similar
manner:If thetrackis shiftedout of focus,the
quadrantsof the diffractive structureare un-
equallyilluminated.Thischangestheintensity
distributionof the,say, � 1st diffractionorders.
Again,by electricallysubtractingthevoltages
of correspondingdetectorareas,a monitoring
signalfor trackcontrolcanbeobtained.
For the fabricationof the diffractive structure
wedevelopedapolygonintersectionalgorithm
to automaticallygeneratestructuredatafor our
direct writing lasermachine.The specificati-
ons were met with an absoluteerror of be-
low 2 %. Technicalassistanceof the Fern-
Universitt Hagenfor etchingthe glasswafer
is gratefullyappreciated.

Fig. 1 Microscopeimageof thediffractiveelement

a)mediumtoo nearto front lens

b) mediumin focus(focusdetectordashed,trackdetector
dotted)

c) mediumtoo faraway from thefront lens
Fig. 2 Diffractionpatternof diffractiveelement

1ThomsonMultimediaGmbH,Hermann-Schwer-Str. 3, 78003Villingen-Schwenningen
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High NA - lens:Fresneltransmissionand vector propagation

PeterKümmel,Karl-HeinzBrenner

The next generationof DVD will have an objective lens/ lens-system
with aboutNA � 0 � 85. Figure1 shows the correspondingangleaper-
ture of arcsin� 0 � 85�(� 58o. Refractionat suchlarge anglesmakesan
investigationnecessaryconsideringthepolarizationof theincidentray.
In a single lens-systemthereare two points of refraction:1. air-lens
and2. lens-air, seeFig. 1. At thesepointsarelight lossesdescribedby
Fresnelsformulae.Becauseof differenttransmissionsof thethreeelec-
tromagneticcomponents,therefractionwill alsochangethedirectionof
polarization.Wehavecalculatedtheintensitylossesandrotationof po-
larizationfor suchasystem.Usinga lensdiameterof 5 mmandn � 1 � 5
for thelensrefractiveindex weassumeaincidentlinearpolarizedplane
wave with theonly nonvanishingx-componentof theelectromagnetic
field. Figure 2 shows the intensity transmissionof the two following
refractions.Thetwo maximaoriginsin theBrewsterangles.

2. Lens - Air

NA = 0.85
          = ca. 60° α

α

1. Air - Lens

Fig. 1: High NA lens.
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Of high interestis theintensitydistribution in thefocalplane.Thereforewehavecalculatedthisdistributionunder
consideringthevectorcharacterof light. Thevalidity of ray-tracingbreakingdown atsuchhighNA weuseawave
opticaldescription.Thedownwardpropagationwascalculatedfor thethreecomponentseparateby theKirchhoff
diffraction integral. Summationof the threeindividual intensitydistributionsgivestheoverall intensity. Figure4
showsthecalculatedintensitydistributionsof thethreecomponents( aplanaticlens,NA * 0 + 85,λ * 405nm).The
no morelongerrotationalsymmetricoverall amplitudedistribution of the electricfield shows Fig. 5. The added
circle indicatesthefirst minimumof thescalardiffractiontheory(Airy).

x

y

z

Fig. 4: Intensityof thethreecomponents Fig. 5: Overall intensityin focal planeof a NA=0.85system.
Units in µm.

12



10 Equivalenceof paraxial optical systems

K.-H. Brenner, W.T. Rhodes1

On theoccationof a visit to Mannheimlastyear, Bill Rhodes,thedirectorof researchat GeorgiaTechLorrain in
Metz, Franceposedan interestingproblem,for which he provideda closedsolution.The problemcanbe stated
like this: Is it possibleto realizediffractionin freespaceover a distanceof z with anopticalsystemthat is much
shorterthanz ? In a mathematicalformulation,thegoal is to find anequivalent,but shorteropticalsystemwhich
realizesa Fresneltransformation.ThesolutionBill cameup with [11] consistedof two lenses,a scalingunit, and
freespacepropagationoveradistance

zs * zf
z , f -

which is obviouslyshorterby a factor
zs

z
* f

z , f
+

By employing diffractionintegralshewasableto provethatthissystemwasmathematicallyequivalentto aFresnel
transformation.
Using the Wigner descriptionof optical systems,the sameproof canbe performedby linear transformationsin
phase-space.In Wigner-space,the effect of propagation. P/ , a lens . L / , and scaling . S/ are describedby the
matrices

P . z/0*21 1 z
0 1 3 L . f /4*51 1 0) 1

f 1 3 S. m/0*21 m 0
0 1

m 3
with z asthepropagationdistance,f asthefocal lengthandm asthescalingfactor. Thesematricesacton phase
spacecoordinates 6

r * 1 x
kx 3

andarereadily identifiedas the ray-transfermatrices,known in paraxialoptics.While raysareonly applicable
in the eikonal approximation,the identificationof phase-spacecoordinatesasgeneralizedrayswasshown to be
mathematicallyequivalentto the integral treatmentof quadraticoptical systems[12] if a descriptionin termsof
thecomplex amplitudewasreplacedby a descriptionin termsof theWignerfunction.
Theabovesolutioncanbeexpressedin termsof systemmatricesby theequality

L .7) z ) f / S 1 z , f
f 3 P 1 zf

z , f 3 L . f /8* P . z/ -
whichmustbereadfrom right to left. A lenswith focal length f is placedbehindthecomplex amplitudeu0. Thena
propagationoveradistancezf 9�. z , f / follows.Theresultis scaledandasecondlenswith negativefocal lengthis
applied.Thisconceptcanbeextendedalsoto otherproblems.A problemof specialinterestwasafocusingsystem.
Theequality

S 1 1:
m 3 P . mf / L . mf / S ; : m<=* P . f / L . f /

statesthata focusingsystemconsistingof a lens . f / anda propagationdistance. f / canbereplacedby a scaled
system. factorm/ if theinput is scaledby

:
m andtheoutputis scaledby > 19 m .

References
[11] W.T. Rhodes,SeminarPresentation“ Light tubes,Wigner diagrams,and numericalsimulationof Fresnel
propagation“ presentedat Universityof Mannheim,2000
[12] M.J.Bastiaans,OpticaActa 26 (1979)1265,J.Opt.Soc.Am 69 (1979)1710.

1Georgia Tech,Lorraine,Metz,France
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11 Corr ect samplingof paraxial focusingsystems

K.-H. Brenner

Sincetheclassof analyticallysolvableproblemsis muchsmallerthantheclassof all problems,thereis alwaysa
needfor numericalmethodsin orderto solve thoseproblems,wherean analyticsolutioncannotbe derived.For
a satisfactorynumericalrepresentation,the continuousdistribution hasto be sampledaccordingto the Nyquist
criterion,statingthatthesamplingdistance

δx ? 1
2νmax

hasto besmallerthatahalf of theperiodof thehighestfrequency.Opticalsystemsconsistof lensesandpropagation
distances.In the paraxialapproximation,thesemodulescanbe approximatedby quadraticsystems.Thusa thin
lenscanbedescribedby aquadraticphasefactor. Thereal(or imaginary)partof thelensamplitudeis asinusoidal
functionwith linearly increasingspatialfrequency:

ν . x/4* x
λ f

Hence,correctsamplingof a lenswith diameterD * 2R requiresthat

δxlens ? λ f
2R

Thus the samplinghasto be better than the spot-sizeλ 9 NA for a numericaltreatmentof lenses.If we useN
samplingpointsto representtheinputdiameter, therelation2R * Nδx indicatesthat

f @ Nδx2

λ

is a necessaryrequirementfor thefocal lengthof thelens.Thepropagationin spacein theFresnelapproximation
canbesolvedmosteasilyin theFourierplane,wherethespatialfrequency spectrumis multipliedby thequadratic
phaseπλzν2 . By similar stepswe find that thesamplingin the frequency domainaccordingto Nyquist requires
that

δνpropagation ? 1
2λzνmax

UsingadiscreteFouriertransform,thespatialandthefrequency samplingarerelatedby δν * 1 9 Nδx , thusνmax *
19 2δx andwe observethecondition

z ? Nδx2

λ
for the propagationdistance.Thus,if lens-andpropagationmodulesarechained,the Nyquist criterion requires
that

z ? Nδx2

λ
? f

leaving

z * Nδx2

λ
* f

astheonly optionfor a focusingsystemwith a full lensdiameter.
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12 Off-axis operation of optical phaseelements

K.-H. Brenner

A hologramis typically reconstructedby illuminating it with a planewave from a collimatedlaserandobserving
the reconstructionat the focal planeof a lens.For a binary phasehologram,the zerodiffraction order can be
suppressed,if thephasedifferencebetweenthetwo levelsis π , or equivalently, if thedifferencebetweenthetwo
heightlevelsis

λ
2 . n ) 1/

.
If the hologramis placedin thecollimatedbeamnot perpendicularto the axis,but at anoff-axis angle,the light
paththroughthephaseelementwill becomelongerby a factor1 9 cosϑ . Thereforeit is awidely heldbelieve,that
alsothephaselevelsh will increaseby this factorandthephasewill beφof f A axis * k . n ) n0 / h

cosϑ . To makethings
short,this formula is wrongandMarkusTestorfandWolfgangSinger, two formerPhD-studentsduringmy time
in Erlangenwerepuzzledby this,comparingit with theRayleigh-Sommerfeldpropagation,describedby

u . 6r B - z/4* 1. 2π / 2 CDC ũ E 6kB0F ei GkH Gr H eiz I . nω
c / 2 A k2H d2kB

It indicates,thate.g.for thex-component,kx * nk0sinϑ andthus

zJ E nω
c
F 2 ) k2B * k0z> n2 ) n2sin2 ϑ * k0zncosϑ

is theappropriatephasefactor, to beappliedif a planewave propagatesin a mediumwith index n at anoff-axis
angleϑ . Sincethereis a significantdifferencebetweena factor1 9 cosϑ andthefactorcosϑ, MarkusTestorfhas
pursuedthis problem,pointingout in a recentpublication[13], that thecorrectphasefactorfor off-axis operation
of a phaseelementwith heighth is

φof f A axis * k0 . ncosϑ ) n0cosϑ0 / h (1)

if n0 is theindex of theoutsidemedium,ϑ0 is theangleof
the illuminating planewave outsideandsinϑ * n0

n sinϑ
is the angleof the planewave inside the mediumwith
index n . It is easyto show thateq.1 canequivalentlybe
writtenas

φof f A axis * k0h 1LK n2 ) n2
0sin2 ϑ0 ) n0cosϑ0 3

illustrating, how the Rayleigh-Sommerfelddescription
canbeappliedfor propagationin aninhomogeneousme-
dium.

By usingonly ϑ0 in thedescription,theinitial spatialfrequency spectrumcanbeusedthroughoutthepropagation
in differentmediawith differentindicesof refraction.Thegraphabove shows theopticalpathlengthfor 19 cosϑ
(topcurve),cosϑ (bottomcurve)andthecorrectformula(solid line) for anindex differenceof 0.5.It indicatesthat
thephaseindeedgrowsfor off-axisanglesandthatthewrongformula(top) is anunexpectedlygoodapproximation
for thecorrectformula.

References
[13] M. Testorf,“ On thezero-thicknessmodelof diffractiveopticalelements“ , JOSAA 17,pp 1132-1133,2000
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13 Realisationof vertical coupling deviceswith SU-8resist

J. Bähr, T. Schmelcher, K.-H. Brenner

We reporttherealizationof multimodewave guidesubstratesfor verticalcoupling[14][15] with a very costeffi-
cientUV-structuringtechniquein thick photoresist.
For realizationof D-WG structureswe suggest3 differentapproaches.The first is to embossa semicylindrical
structureinto a blankof PMMA (fig. 1). After that thestructureis filled with a high index material,for example
Polycarbonate.Thesecondapproachis thefield assistedsilver-sodiumion exchangeprocessin planarglasssub-
strates[16]. Hereweusesoda-limeglassescoatedwith a thin layerof Titaniumwhich is structuredononesideby
a photolithographicprocess.This glassis put into a silver saltmelt at a temperatureof about250to 400degrees.
Betweenthemeltandthebottomof theglassanelectricalfield is applied,whichforcesthesilverionsfrom themelt
into theglass.In caseof a line shapedmaskwith a very narrow aperture,next to themaskaperturetheelectrical
drift field shows semicylindrical geometryin goodapproximation[3]. Accordingto the ion migrationalongside
thedrift linestheindex distribution is semicylindrical, too.Thisapproachis certainlythemostexpensiveone.But
themainadvantageis thatby applyinga postheatingprocess,thesteplike index distribution canbesmoothened,
andevenparabolicdistributionscanbeattainedwith highprecision[16]. With this techniquewecangetstep-index
andalsograded-index profilesto reducemodaldispersion.
Thethird approachis themostcostefficient. We realizedstrip-wave-guidesby UV-structuringof thick photore-
sist (SU-8by MicroresistTM). By varyingtherotationspeedof thespinningmachinewe canadjustthethickness
between10 to approximately1000micronswith goodrepeatability. With 2000U 9 min thicknessof 50 M 5 micron
couldbeobtained.Theindex of theresistis 1.61. After UV-exposurethenonexposedareascanbeunhingedso
we canattainrectangularshapedstrip waveguides.

fig. 1 embossandfill: step-index
profiles

fig. 2 field assistedion exchange
process:stepindex andalsograded

profiles

fig. 3 UV-structuringof thick
resist:strip waveguideswith step

index profile

Werealizedplugontopcouplingwith thesestripwave-guides.Accordingto figure4 weput two identicalsubstra-
tesontopof eachother. Light wascoupledinto thebottomwave-guide.Themicroscopeimageof thebacksurface
demonstratesthe energy transitioninto the uppersubstrate.For bettervisualizationof the two strip-wave-guide
substratesaslight shearbetweenthesubstrateswasintroduced.Theheightof thestrip-wave-guidewas40 µm, his
width was100µm. Thesubstrateswerepressedtogetherwith a forceof approximately1 N 9 cm2. We did not use
any index matchingfor this experiments.Sincethemodesaredistributedstatisticallyin multi modewave guides,
themaximumamountof energy transitionis limited to 50%.In our first experimentswe obtainedantransitionof
44 M 5% of the insertedenergy. By comparingthe power in both wave-guidesin the pluggedsituationwith the
power in thebottomwave-guidewithout connectionweobtainedacouplinglossof about0 + 05dB.

fig. 4 schemeof theverticalcouplingof two strip
waveguidesubstrates

fig. 5 microscopeimageof theoutputplanesof the
stripwaveguides

Refereces
[14] T.Schmelcher, JochenBähr, K.-H. Brenner. Fabricationof integratedD-WaveguideY-Branchesby field assi-
stedion-exchange.AnnualReport1999,page4
[15]
[16] J.Bähr, K.-H. Brenner. H-ROD a new andversatilemicroopticalcomponentOptik 2000,accepted
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14 Experiment for measuringwavelengthand angle toleranceof two di-
mensionalcontinuousphaseelements

G. Walze

Diffractive elementscanbe usedfor many of today’s applications.Onegoal in designingdiffractive elementsis
to obtaina high diffraction efficiency. Thereforephase-onlyelementsarepreferredto amplitudeelements.The
diffractionefficiency increaseswith thenumberof phasequantizationlevels.Thereforecontinuousphaseelements
(CPEs)areexpectedto show thehighestdiffractionefficiency. With a new designmethod[17] we arenow ableto
designarbitrarytwo-dimensionalcontinuousphaseelements.Our goal is to investigatethetoleranceof elements
designedwith this methodagainstchangesin wavelengthandincidentangle.In orderto measurethis tolerance,
we build a testarrangementin which wavelengthandanglecanbevaried.

Fiber from Monochromator Pinhole

CCD-Camera

Phase element

Thewavelengthcanbevariedfrom 480nm ) 840nmandtheanglefrom ) 60oto , 60o. Thefirst testobjectrecon-
structsanarrangementof 24 spotsrepresentingthelettersUM for Universityof Mannheim.

Fig. 1 ContinuousPahse
Distribution

Fig. 2 ReconstructedIntensity

Figure1 shows thecontinuouspha-
se element,wheredifferent greys-
calesarerepresentingdifferentpha-
sevalues.Thephasechangeof this
elementcovers a range of 2 - 51 N
π. The whole elementhad all to-
gether 5*5 of thesepatternstiled
in a 2 mmO 2mmsquare.Figure2
shows thereconstructedimageon a
CCD-Camera.Thecentrerspotcor-
respondsto the zerodiffraction or-
der.

Thediagramsbelow show thefirst resultsof theexperiment.Thediagramsareshowing thestandarddeviation of
thespotsrelative to theirmiddlevaluefor wavelength(Fig. 3) andangle(Fig. 4). Becausetheelementis designed
to behomogeneousat thedesignwavelength,a minimumis expectedfor this wavelength.In our experimentswe
foundthatthisdeviation is a reliablemeasureof wavelength-andangletolerance.

Wavelengthdependenceof standarddeviation Angle toleranceof thestandarddeviation

References
[17] K.-H. Brenner. Methodfor designingarbitrarytwo-dimensionalcontinuousphaseelementsOpt. Lett. 25,
31-33(2000)
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15 Measurementof the attenuationof D- Waveguidesby cut-backmethod

T. Schmelcher, J. Bähr, S.Serov

For opticalinterconnectsat theboard-boardandchip-chiplevel, thereis anincreasinginterestin solutions,which
are tolerant with respectto fabrication,positioning and operationconditions.Consequentlymultimode inter-
connectsarefavoredover single-modeapproachesin the shortdistanceregime.The interconnectionsystemwe
proposedearlier[18], utilizesD-shapedmultimodewaveguidestructures,whichareembeddedin aplanarsubstra-
te.Theflat sideof theD-structureis realizedasthesubstratesurfaceandcompletesvirtually thestructureto a full
cylindrical by total internalreflection(Fig. 1a). In analogyto D-fibers[19] we usetheexpressionD-waveguides
(D-WG).

First Measurement of Attenuation by cut-back method of D-
Waveguides

T. Schmelcher, J. Bähr, S. Serov

For optical interconnects at the board-board and chip-chip level, there is an increasing interest in solutions,
which are tolerant with respect to fabrication, positioning and operation conditions. Consequently multimode
interconnects are favored over single-mode approaches in the short distance regime. The interconnection system
we proposed earlier[A], utilizes D-shaped multimode waveguide structures, which are embedded in a planar
substrate. The flat side of the D-structure is realized as the substrate surface and completes virtually the structure
to a full cylindrical by total internal reflection (fig 1a, fig 1b). In analogy to D-fibers [2] we use the expression
D-waveguides (D-WG).

Fig. 1ab An integrated Rod is structurally equivalent to
a semi-cylinder due to total internal reflection at the

surface.

Fig. 1c Front-end coupling Fig. 1d Plug-on-top
coupling

Due to this D-WG structure all the operations of guiding and beam splitting can be realized. In addition to front-
end coupling one can easil y realize a plug-on-top coupling by simply placing a second D-WG on top.
For the realization of D-WG structures, different techniques can be applied. One possibilit y would be to emboss
a structure into a polymer and to fill the resulting channel with a higher index polymer. In the present stage we
use the field assisted silver-sodium ion exchange process in planar glass substrates and direct write techniques
[C].  These processes provide step or graded index variations [D,E]. Coupling into the D-waveguide was reali zed
by focusing a laser at the front surface. The back surface was monitored by a microscope setup with a CCD
camera and a power meter.
Measurment-Setup

Laserdiode Microscope objective Microscope objectiveD-WG CCD

z0

z1

z0

D-Waveguide 1 2 3 4 5 6 Average
Power / mW @ z0=26.65 mm 35,6 39,2 38,0 37,5 35,0 36,0 36,9

Power / mW @ z1=15.93 mm 50,0 53,8 52,8 50,3 48,6 48,8 50,7

a dB/cm 1,38 1,28 1,33 1,19 1,33 1,23 1,29

A great part of this attenuation  is due to normal glass-attenuation, which contributes at the measurement

wavelength nm635=λ to 
cm

dB
AttGlass 38.0. =−α . By choosing a different wavelength and / or a different glass

type the attenuation can be reduced . The remaining attenuation can be explained by micro cracks and non-
uniform exchange regions.
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First Measurement of Attenuation by cut-back method of D-
Waveguides

T. Schmelcher, J. Bähr, S. Serov

For optical interconnects at the board-board and chip-chip level, there is an increasing interest in solutions,
which are tolerant with respect to fabrication, positioning and operation conditions. Consequently multimode
interconnects are favored over single-mode approaches in the short distance regime. The interconnection system
we proposed earlier[A], utilizes D-shaped multimode waveguide structures, which are embedded in a planar
substrate. The flat side of the D-structure is realized as the substrate surface and completes virtually the structure
to a full cylindrical by total internal reflection (fig 1a, fig 1b). In analogy to D-fibers [2] we use the expression
D-waveguides (D-WG).

Fig. 1ab An integrated Rod is structurally equivalent to
a semi-cylinder due to total internal reflection at the

surface.

Fig. 1c Front-end coupling Fig. 1d Plug-on-top
coupling

Due to this D-WG structure all the operations of guiding and beam splitting can be realized. In addition to front-
end coupling one can easil y realize a plug-on-top coupling by simply placing a second D-WG on top.
For the realization of D-WG structures, different techniques can be applied. One possibilit y would be to emboss
a structure into a polymer and to fill the resulting channel with a higher index polymer. In the present stage we
use the field assisted silver-sodium ion exchange process in planar glass substrates and direct write techniques
[C].  These processes provide step or graded index variations [D,E]. Coupling into the D-waveguide was reali zed
by focusing a laser at the front surface. The back surface was monitored by a microscope setup with a CCD
camera and a power meter.
Measurment-Setup

Laserdiode Microscope objective Microscope objectiveD-WG CCD

z0

z1

z0

D-Waveguide 1 2 3 4 5 6 Average
Power / mW @ z0=26.65 mm 35,6 39,2 38,0 37,5 35,0 36,0 36,9

Power / mW @ z1=15.93 mm 50,0 53,8 52,8 50,3 48,6 48,8 50,7

a dB/cm 1,38 1,28 1,33 1,19 1,33 1,23 1,29

A great part of this attenuation  is due to normal glass-attenuation, which contributes at the measurement

wavelength nm635=λ to 
cm

dB
AttGlass 38.0. =−α . By choosing a different wavelength and / or a different glass

type the attenuation can be reduced . The remaining attenuation can be explained by micro cracks and non-
uniform exchange regions.
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a polymerandto fill theresultingchannelwith a higherindex polymer. In thepresentstagewe usethefield assi-
stedsilver-sodiumionexchangeprocessin planarglasssubstratesanddirectwrite techniques[20]. Theseprocesses
providestepor gradedindex variations[21] [22]. Couplinginto theD-waveguidewasrealizedby focusinga laser
at thefront surface.Thebacksurfacewasmonitoredby amicroscopesetupwith aCCDcameraandapowermeter.
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70. D. Dragoman,M. Dragoman,J. Bähr, and K.-H. Brenner. Phasespacemeasurementsof micro-optical
objects.AppliedOptics, 38, 5019–5023(1999)

71. R. Klug, U. W. Krackhardt,K.-H. Brenner. AngularMultiplexing for opticalBoardto BoardInterconnecti-
ons. In Opticsin Computing,OSA TechnicalDigest,11,page8 - 120, Snowmass1999.

72. U. KrackhardtandK.-H. Brenner. Theberry-phaseappliedto opticalmetrology. In Verh. der DPG, page
KY 5.3(1999) ISSN0420-0195.

73. D. Dragoman,M. DragomanandK.-H. Brenner. ExperimentalDemonstrationof a continuouslyvariant
fractionalFourierTransformer. AppliedOptics, 38, 4985–4989(1999)

74. R. Klug andK.-H. Brenner. Implementationof multilensmicro–opticalsystemswith largenumericalaper-
tureby stackingof microlenses.Appl.Opt., 38 7002–7008(1999)

75. D. Dragoman,M. DragomanandK.-H. Brenner. Variantfractionalfourier transformerfor optical pulses.
Opt.Lett., 24, 933–935(1999)

76. K.-H. Brenner, R. Klug andU.W. Krackhardt.Angle division multiplexing in multi-modefibersfor optical
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