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ABSTRACT

We present arocedureo preciselyalign lens elements using specific difftave optics with an integratedansmission

flat (Diffractive Fizeau Null LensDFNL) which serves as reference surfaceddfizeau interferometer. The method is
used for aligning theptical asemblyof the neatinfrared spectrometer and photometer of the Euclid space telescope,
which is currently being developed in the framework of the ESA Cosmic Vision-2025 Prograniil,2]. Ead lens has

a correspondingnnularzone on a multizonal @mputergeneratedhologramto control its position. The alignment
sensitivity iswell below 1 um. The achieved alignment accuracy of the lenses relative to each othes deaigyon

the long-time stability of theintegrationtower. Error budgetsf the utilized computergeneratediolograms and physical
limitations areanalyzel. Calibration measurements and the typically reached alignment accuaaeiskown and
discussed

Keywords: diffractive optics, computer generated holograms, lens alignment, precision tgiigspe, interferometry,
space optics

1. INTRODUCTION

In the field of precision metrology faxspheic surfacesthe use ofComputerGenerated Hologram§CGHSs) isquite
common. Using CGH®Ne can transform spherical into aspheneabefronts whichresemblehe nominal shape afn
aspherical surface under te3the correspondingays arethus normal to the surfageand reflected baetkardsinto
themselvesThis is theautocollimationcondition, used fomterferometrical methodswhich are thus available al$or
asphere metrologyn doing sgone igypically interested in detecting surface irregularitieserferometrical measurement
resultscan beanalyzedusingthe Zernike polynomals, which arean orthogonal basis system oveciecular disk. For
optical manufacturing, the firgternike coefficients representing piston, tilt andefocus are usuallyof no interest Tilt

and power contributions can be cancelled by appropyiatégning the interferometric measurement setup and the
remainingportions arenormallyregarded aadjustmenartifacts, which arenumericallysubtracted, using thieemove til6
and@emove poweiclick boxesof the evaluationsoftware

In this paper,we want to point outthat these simple mouse clickremovepowerfuland extremely sensitivalignment
signak. Usingthemsuccessivelyo severabpticalelements in a roweads taahighly accurate alignmeptrocedure along
astraightaxis, defined byan appropriate mukzonal CGH.This concept is used for alignirgour-lensoptical assembly

of the EUCLID spacetelescop€1,2,34,5]. The EUCLID optics has very high demands on alignment accuracy and
stability. Inthispaperwe explain the concept of using a Fresroeleplate CGH with multiple zonesfor aligning purposes,

its manufacturing accuracies and tt@respondindimits concerningthe generated wavefronts. A comparison of the
theoretical performance with experimental investigatiasils be shown to yield promising resultswhich satisfy the
requirementsvell.

2. NISP OPTICAL ASSEMBL Y AND ALIGNMENT PROCEDURE

The European Space Agen(lySA) is currently developindhe spaceaelescopeEuclidb |, waldldresdefundamental
cosmological questions related ttte large-scaledistribution ofdark matterand the essencef dark energy[1,2]. The
mission will be equipped witlan f/20 Korsch type telescopesinga 1.2m primary mirror It has a visuathanneland a
near infrared spectrographic and photometric (NISP) chdi3y . The NISP optical assemblys,p] consiss of a



sphericalaspherical meniscus typerrector lens (CL), a filtetand agrismwheeland threesphericalaspherical meniscus
typelenses L1, L2 and L3Agurel). The lens elements need to be aligagdinsteach other with very tight mechanical
tolerances in the micrometer ran@ée adjustment hast to be done according to the warm positions, while the final
positions are reacheabt until the operatingtemperatures of 18K in space[4] The lens positionfiaveto be stable
throughout the launck].
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Figurel. Optical assemblyf Euclidd sear infrared spectrometer and photometer

CGHs for asphergests generateavefronts with continuously changimgdius of curvature as a function of the radial
distance from the centre to tleiter margin They are designed teesemblethe nominal aspherical surface under test.
Multi-Zone CGHs(MZ-CGHs) follow a similar approach. However, the important differésitettheradius of curvature

of the generated wavefroakperience discontinuougumps at the zone edgeéghe wavefronthereforeseparates into a
series of annulasubarea (Figure?2). In the presented case, allbareabuild sphericalwavefronts each with a different
focal length. Accordinglya series ofpotsalong a straigt line arises.The thus definedptical axisserves aseference
for the interferometric adjustment procedure of the lerBes straightness of this axsthe key feature of the presented
method.

Thelensalignment is performed according to the followimgpcedure The MZCGH is mounted on thieayonet loclof

a Fizeau interferometeFigure2b). Next, the greerplanewave Figure2a) is interferometrically aligned normal to a plane
reference surfacdn the simple case, which we present héine, mechnical setugwhich is beyond the scope of the
current papergnsures, that thHensesare not tiltedrelativeto the reference surfaces.

Now, the lenses are inserted in thequencel3, L2, L1. The spherical surface ofaeh lens is sampled with the
corresponding annular wavefrostibareawhich definesaccuratelyits nominalposition. Alenspositioningerror along

the optical axis is detected as Zernilkefocuderm in the wavefront. A centering error in tageralplare is observed as a
Zerniketip/tilt term The correct position is reached, if the fringes of the interference pattern are perfectly nulled. In this
case, theentres of curvature of théensescoincidewith the corresponding spot positions.

The layout accaling toFigure2a shows two more zones. They provide signals frontélveyepositions at the vertices
of L3 and L1. As they have a larger numericgberture (NA) than theones thasample the surfacgautocollimation
position) the Zernike defocus termimsore sensitivéo thedistance in Z7]. And unlike theautocollimationpositions the
cateyes areindependent of the actual radiniscurvatureof the lenseg-urthermorethecateyezonebelonging td_3 has
arectangularshape and crosses all annular zqiR@gure2b). The large radial range of this zoiseptimized for defocus
measurementdt improvesthe initial z-positioningof the interferometerCateye positions carryhoweverno centering
information of the lenses.
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Figure2. CGH desigrwith six different FZP zones (a) ) )
Photograph of thiMZ-CGH, mounted otthe bayonet loclof aFizeau interferometer (b)

3. MANUFACTURING OF THE MZ-CGH

For manufacturing CGHs, a specifically designed Hitlieographic high precision polaoordinate circular laser writing
system (CLWS) has been designed and built at the IA&E SB RBAH1415]. This system can produce very precise
rotationally symmetric andlso arbitrary shaped diffracvstructures in a chromium layer on optical subatialhe
lithographic process does not need any photoresist, it works Witihgoowerlaser whichdirectly exposes a chromium
layer.

Figure3 shows a schematic layout of the CLWS. The optical substrate with the chromium based recording layer is fixed
on a 300mm faceplate, which is part of an-biearing spindle. An angular encoder and frequency multiplier form clock
pul s e < pefrevéldon)@vhich are used to synchronize the laser writing beam modulation with the substrate rotation.
A linear air bearing translation stage and the linear drive move the optical writing head across the radial coordieate. A las
interferometer serves for thegeise position control of the writing head, having a positioning resolution of approx. 0.6
nm. The absolute accuracy of the laser beam positioning is approx. 10 nm. The CLWS is equipped with twedifferent
statelasers with 405 nm and 532 nm waveldmiggspectively10,11] Thefirst laser is used for photoresist lithography and

the second laser with 2W of power is used for writing directly into chromium films. Two aespistanodulators (AOM

1 and AOM 2) controthe beam power of the both lasershaliigh dynamic range. The writing head is equipped with a
laser based autofocus system, a microscope head with CCD camera, photodetectors and deflector and forms a writing spot
with a spot diameter af0.5em FWHM. Using higher intensities of the lasée tine width can be enlarged up to &rb.

Detailed specification of the CLWS can be found in table 1.
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Figure3. Schematic layout of thercularlaser writing systeniICLWS).

Table 1. Performance and Specifications ofléiser writing systems.

Parameter Name Value
Maximum diameter of the writing field 300 mm
Substrate thickness 1.5/24 mm
Recording spot diameter 0.5 &m
Rotation speed 3001 800 rpm
Accuracy of radial coordinate positioning (rms) 0.02 &m

Accuracy ofangular coordinate measurement (rms) ~1 arc sec
Recording wavelength 4571 514-nm, Ar laser

Writing time with ~0.5um pitch 2h
on a 90mm diameter field

CLWS dimensions / weight 15x1x1.4m31.2t

Direct Laser Writing process

The CLWS allows the fabrication of CGHs with binary or continuaalef microstructures onto mechanically stable,
thick and large optical substrates. The CGH pattern can be created either lgy pisaigresisbased lithography or by a

so called laser direct wimg method, which is based on a thermochemical effect of a laser induced local heating of the
chromium film[12]. This process is used for creating binary CGHs and is shotigume4a. Thelaserinducedheating

of thechromium filmcreatesa thin oxide layer (stage | Figureda). After exposare, the substraties immersedn acaustic

bathto developthe written pattern (stage Ill). The bare chromium is dissolfasterthan the chromiumwvith oxide layer

on top The drromium pattern othe substrate can be used as amplitude G&abe I1). The diromium film can be easily
depo#tedalso oncurved surface. It allows lithographic process on weesincaveor convex surfacedJsing a subsequent
reactive on beametching the amplitude CGH can be transformed infghase binary CGHs{age 1V). In this case, the
chromum pattern is ged as a protective masihile the ion beam is etching into the bare substhatie last stages{age



V), the residualchromiumis removedagain by wet chemicaletching and the phase CGH is ready for. uBeis
thermochemicalithography procesbhas aspatial resolutiorof 1500-2000 mmt (Figure 4 b,c), with subsequent phase
etchingit is slightly smalle(600-800mm?).
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Figure4. Lithographic process for creatitgnary CGHs (a),
typical examples of diffractive patterivsthe center (b) aneh theperiphery (c).

Fabrication errors

The lithographic writing procedsas severdimitations concerning the accuracy of thergeration of th&€GH structurs
[13,14] These manufacturing errors have two components: the difference between the calcultitedeahdoordinates
of the CGH pattern and the difference between the ideally symmetric binary amplitude or phase prdfilecarealized
profile.

The absolute error of theructuredcoordinates depends on the accuracthefposition of thevriting headwith respect

to the substrateCoordinate error results in an additional phase shift of the wavefront of the lightahsatitted through

the fabricated CGH. The phase shift is similar to the phase shift caused by disturbance of the periodicity of grooves in a
usual diffractive grating and leading to the appearance of parasitic diffraction orders. The phase shifofis trhlitjht
wavelengtH ) can be defined 443]:

DW(x,y)=-ml e(x,y)/ S(x.y),

where m is the diffraction order, S(x,y) is theminallocal gratingspacing e(x,y) is the positioring error of the local

grating spacingperpendicular tdhe grating lines, or mongreciselye=rij-ri, where rand tj are thenominal and the real
positions of thegratingl i n.d-rora thi equation one can see, that the knowledge of theglatilgline position error

e across thavhole aperturallows the analysis of the wavefront error related to the positioning.drrdhe case of a
rotationally symmetric CGHreated by the CLWShe problem of measurirgbecomes a ondimensional task

A list of different effects which introduce writing errasd the taken measunerts for reducing theraregivenin Table2.
These various actions for increasing the patterning accuracy lead to a final radial positioning accuranoynafi®5
[15,16,17,18,19]



Table 2. Different sources of CLWsatterning error and methods for reducing them

Error type Methods for error reduction

Zeroing error of the origin of coordinates Accurate search of rotation axis

Drift of the origin of coordinates during writing Periodical drift measurementprecompensatior
of drift prediction

Error of circular shape of zones due to spindle runout Realtime correction of reproducible spind
trajectory

Errors of absolute radial coordinate of writing spot System calibration, correction

Angular coordinaterror System calibration, correction

Generalized eror budget of the CLWS system for CGH fabrication

As shownin the previous section, the CLWS demonssaggterning accuracies sufficient for creating diffraction limited
wavefronts.To predictthewavefront irregularities for CGH structures in general, the error contributions widieual
effects need to be evaluatétherefore two patterning error contributions of the CLWS arenitoredregularly: Figure
5ashows thenducedwaveront error as a function of theeasured positioningrrorfor one of the fabricated CGHvith
146 mm diametethaving a rms errorof 0.006a; corresponding td nm. Figurebb shows the trajectory obtationof the
spindle or spindle run owif the air beared CLWS spindl&his effect leads to an rms wavefront error of 0.8(dr
2.5nm)

Table 3 shows the totakrror budgetof the CGH, including substrate effect3he total error of the wavefront of the
produced CGHs 0.013a-(or 8 nm), with the dominantontributionbeingthe flathess of the substraitself.
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Figure5. Measured positioning errauring CGH writing (a) andCLWS spindle runout (b).
Table 3. Error budget of the CGH

Error contribution rms value/ |
Flatness of the substrate 0,011
Wavefront errors caused by drift 0,006
Wavefronterrors caused by spindle rotation trajectories 0,004

Total error(RSS): 0,013




4. EXPERIMENTAL VERIFIC ATION OF THE CLWS PA TTERNING ACCURACY
USING A FZP TYPE CGH

The most common application for the CGHs fabricated on the CLWS is the interferometric test of aspheres. In this case,
the CGH generates an aspherical wavefront, which is designed in a way, that itiitsithal shape of theurface under

test in a pedctly perpendicular incidence, thus realizingccalled Null test. One relies on the diffracted aspherical
wavefront as a 06 gsthétdstrasults forateratizely dpdmizangitide aspkere sHayethere is always

the possibility thatiie Null CGH might be defectively producedthat the resultingssphere coulte incorrect.

For spherical CGHs dfresnekone plate§FZP9, the verification of the wavefront accuracy can be done using a calibrated
reference sphere, thus giving an uppstineate of the CGH error. One can also create a CGH which in the ideal case
reflectsan incident spherical wavefront, thus imitating a reflective sphere. &diftnactive imitator CGH (DI) can also

be usedo verify refractive Null tests for aspherf0].

For the experimental verification of the CGH writing process, a DI of a reflecting spherical mirror with a diameter of 200
mm and a radius of curvature of R = 600 neading tominimum period of the circularchromium zonesf d_min =1.9

€ m w dricated an an optical substratith aflatnessof 0.01a ( r madiameten af 230 mnf21,22]. An analysis

of thediffractedreflected wavefront of the DI was carried out witRizeau interferometeusing a transmission sphere
lensTS with f-numberf/2.4. The TS forms a spherical wavieont Ws which is diffracted andreflectedfrom theDI back

into the interferometerigure 6 shows the optical layout of the testdthe resultingnterferogramwith wavefront map.

The irregularity of the wavefront wasneasured toNp = 0.0598 -Y¥)Rand 0.0092a ( r Tihis hZwavefront error
correspondto apatterning error of@nm. This value is an upper estimate, because itiatdades both the surface figure

error of the optical substrate of the DI and of the TS.

TS /2.4 DI
Fizeau - ____-__'-, _____________ i
interferometer “
) P
R=600 mm

Parameter Value Units
PV 99.90% 0.0590 waves
RMS 0.0092 waves
a b

Figure6 .Oﬁtical layout for testing a diffractive imitator CGHI),
resulting phase mapf the reflected wavefrorb).



5. EXPERIMENTAL VERIFIC ATION OF THE MZ-CGH

The previoussection describes a verification of the CLWS accuiadgrms of the quality of a generated wavefrdys.
pointed out in section 2, tHeey feature oMZ-CGHs for alignment purposes is however strmight line(optical axi$
defined by theeries of focifrom the differentzones Thestraightnesas well as theorrectdistance between the spots are
accordingly essentigrerequisi¢s for the success of the method and therefore explicitly verified.

A sketch of theexperimentabketup is shown iffigure 7. A high precision air bearing translation stabgeilt up of hard
stone (granite) with an aluminium carriagealigned parallel tthe optical axi®f the MZ-CGH with an accuracy in the
sub-micron rangeThis task is facilitated with the help of a hexapod difinable pivot pointThe position of the carriage
along the direction of motion is optically detett@ith a contactless measuring tape with a graduation period of 20 pm
and aspatial resolution of 0. Am. The lineaity is specified as 8¢ nover a distance ofrh and 0.7% nover60mm. The
measuring tape is bonded to the granite core of the stagbediades thermally like this substrate (linear expansion
coef f i&8g me/nm/ KJ) .

We present two different approachd3etection of the spots with aooled low noisemeasurement camera and
interferometrical test with a reference sphegacing the camera

Spotdetection with measurement camera

In the case of the camera measurementpéinal magnifcationwith a micro objective tube lens combination by a factor
of 30.3yields an effective pixel size of 0.15 pihe cengér of massof each spotan be determinedith an accuracy of
typically up to about 1/10 of the pixel size, which is otillynm. The straightnestleranceof the translation stage is
specifiedwith a maximum deviation of 2.5 um over the whole travelling distand&@6fmm.This remaining error is
eliminated by calculating the differences of the spot positions for two measurement sequences, whéiZa€&id is
rotated in between bi/80°.

The upper pts of Figure8 shows the so determined lateral sprner of masspositions(blue circles), averaged over 50
camera shotglong the nominal-positiontogether with a linear fifred line) Thecircle diameter is chosen in the order
ofthest andar d dtee’0 frarhes Dha lower ptots indicate the residuals between spot position and linear fit.
Thenormof the residuals (defined as the square root of the sum of the squares of the residualsjli;piile the plots.

As result, the observed deviation of the 5 spots from a straight liree2qmn. Thisoutcomes well reproduced in repeated
measurements. Included as error budget are measurement errors due to mechanical and thermal drifts.
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Figure7. Setup for verifying thetraightness of the optical axiéaMZ-CGH.
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Figure8. Measurement dhestraightness ahefocal spot positions cd MZ-CGH. Note the tiny range in the lateral direction!

I nterferometrical test with reference sphere

For the second approach, the camar&igure 7 is replaced by aeflecting reference sphere withigh optical surface
quality, which is moved along the linear sta@hbis setup is similar to the later alignment procedure of the lens assembly.

The five spherical wavefront segmentith the reference spheraoved to itscorrespnding nominal autocollimation
positionsare measured iRigure9. TheP-V error isin the rangdetween 0.1 and 0&

Figure9. Measurement of thitve spherical wavefront segments of the M&GH. L3 (a), L2 (b) and L1 (¢)
Cat-eyesignals:L3 (d), and L1 (e)



As described in sectid?) the most important signals for the alignment strategy are however the tip, tilfacdsd@ower)
Zernike coefficientsAs an examplefigure 10 shows the defocus coefficient &mction of the distance along the optical
axis for the cakeye spot on Liaround the nominalull fringe position (blue circles) The linear fitallows a sesitive
determination of the position, in this case with an accuracy in the sub um range. The exact quaetiatine will be
analyzed irRef.[7].

Figure10. Blue circles DefocusZernikecoefficient afunction of the distance along the optical axis for theegat spot
on L1 around the nominal Null fringe positidRedsquaresRMS of the wavefront including defocus.

The distance between the five spots of & CGH can baleterminedwith high acuracyas the difference between the
crossings of the linear fits with the defocus (power) axiEgurel10. As result, 4 spots meet th@ominal position within
the expected measurement accuracy of aboytrd.5The spot from the outermamtnular zon€cyanrays, labeled with
number5 in Figure7) with the largest focal lengtti =379.395mm) turns out to be reproducip(6 £+ 2.5) um too closeA
detailed analysis follows in a recqniblication

6. CONCLUSION

A multi-zone CGHwasfabricated on the high precision circular laser writgggtem(CLWS). For this purposgaresistless
laser direct writing methodnto achromium filmwith subsequent reactiver beametchingwasused The wavefront
precision of the manufactured CGH consisting of a set of different Fresnel ZonarB&sgasverified using a reference
sphere and a Fizeau interferometer giettleda surface figure error of < 022 -\RP

Thestraightnesas well as the correct distee between the series of spots generated hytitezone CGHareessential
prerequisiés for the success of the demonstrated alignment procedure and therefore explicitly. verifiesult, the
observed deviation of the 5 spots from a straight linec@2um. This outcomeis well reprodued in repeated
measurements. Included are measurement errors due to mechanical and thermal drifts.

The distance between the five spots of the-®ZH along the optical axis yielded the followifigdings. Four spotsneet
their nominal position within the expected measurement accuracy of abqum.2The spot from the outermost annular
zone with the largest focal length/879.395mm) turns out to be reproducibly£@.5)um too closeMeasurement errors
are expead mainly due to the accuracy of timeasuring tapas well as mechanical and thermal drifts.

A detailed analysis follows in a recemiblication



