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ABSTRACT

Aspherical and freeform optical elements have a largenpatén reducing optical aberrations and to reduce the number
of elements in complex high performance optical systétosvever, manufacturing a single piece or a small series of
aspherical and freeform optics has for long been limited byattie of flexible metrology tools. With the cooperative
development of the NANOMEFOS metrology tool by TNO, &ldhd VSL, we are able to measure the form of aspheres
and freeforms up to 500 mm in diameter with an acculztier than 10 nm rms. This development opened the
possibility to exploit a number of iterative, correetimanufacturing chains in which manufacturing technologies such as
Single Point Diamond Turning, freeform grinding, determinigtolishing and classical polishing are combined in an
iterative loop with metrology tools to measure form deviafid®e CMM, LVDT contact measurement, interferometry
and NANOMEFQS).

This paper discusses the potentials, limitations and diffegent iterative manufacturing chains used by TNO in the
manufacturing of high performance optics for astronomiogb@ses such as the manufacturing of the L2 of the Optical
Tube Assembly of the four laser-guide star facilityld ESO VLT, Manufacturing of Aluminum freeform mirrois f

the SCUBA-2 instrument. Based on these results we gtk an outlook into the new challenges and solutions in
manufacturing high-precision optics.
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1. INTRODUCTION

One of the focal points of the TNO department InstrumentWcturing is the manufacturing of ultra-precision
asperical and freeform optical parts for a wide rarfgesttonomical, and space based earth observation instrurents.
serve a broad range of materials, Polishing processa@s]y for glass-type materials and and Single PBiaimond
Turning (SPDT), mainly for non-ferrous materials, available. Typical single components or small series (<Sspart
are required by the customer and therefore accurate measuseon these optics is challenging. TNO has, togetfitér

the TU/e and VSL developed and build the NANOFOS, aatmgy tool able to measure spherical, aspherical and
freeform optics. This paper introduces the various fabdoastrategies for aspheric and freeform optics availabl
TNO, together with some illustrative examples of the tesd far.
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Figure 1: Generic process chain for ultra-precisispherical or freeform optical manufacturing peses at TNO
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2. FREEFORM FABRICATON STRATEGIES

The generic process chain for ultra-precision optieahponents is shown in Figure 1. After design, pre-machining and
pre-measuring of the component TNO has the ability tcsHirthe optical surface by either a sub-aperture CNC
controlled polishing process or to generate the findhsarwith single point diamond turning. For metrology puegos
there is the ability to use on-machine metrology forSROT process or to use the NANOMEFOS. For spherical and
flat surfaces a standard interferometer is also availabl

Characteristic for the freeform fabrication strategyhie iterative loop between the manufacturing and measurement
processes. The benefits of this approach are best visitihe imanufacturing of single pieces or small series dfeasp

or freeform components, where the development of spemidihg or measurement equipment is economically not
viable.

3. ITERATIVE MANUFACTURING

Conventional lens polishing technologies using classical lapping diegies always have had an iterative character.
Control of the figure is realized by the geometry of pladisher: how the lap is stroked and the table with the dptic
rotated. The part has to be measured regularly, usudéhyimerferometry, to adjust the fabrication processawect the
errors in the surface. This iteration between manufexguand measurement results in a time consuming process.
Simultaneously the cost of the optic is highly dependenthe efficiency of the optician in converging to the final
specification[1]. With the increasing popularity of asph@nd freeform optics, which are difficult to manufacturehbot
due to the limits in classical manufacturing technologies @vailable measurement technologies, new manufacturing
and measurement technologies had to be developed.

Aspheric and freeform manufacturing is a different frolassical production technologies in that manufacturing is
performed using sub-aperture tools. These tools are simifjcsmaller than the optical area to be machined, thus
allowing the shaping of aspheres and freeforms. The subiapepproach also enables the local variation of machining
parameters, like local positioning, local feed or dwelieti When correctly applied the local variations can Il us
correctively machine an optical surface. The correction eifiased on an error map, resolving local errors atdeast
order better than the corrections, which can be resolyethé manufacturing process. Examples of deterministic
machining processes include diamond turning, computer-cadrgblishing (CCP), ion-beam figuring, plasma-jet
etching magneto-rheological finishing and fluid jet pakigh

Although it is sometimes postulated that every error, whahbe measured, also can be corrected, there aratilimst
in the achievable results with correction. The next chapleals with the possibilities and limitations of the wmasi
iterative loops available at TNO.

4. EQUIPMENT AVAILABLE AT TNO
4.1 Equipment for deterministic polishing

TNO applies a Zeeko Intelligent Robot Polisher (IRP) for potar controlled polishing. A rotating inflatable boniget
used as a tool, which is covered with a polishing cloth. Wecosemercially available polishing slurries and polishing
clothes. Our robot (FJP600) is capable of polishing large optid® 600 mm. However, this can only be achieved in
spiral polishing mode. For raster polishing, the maelsriimited to approximately 300 mm. Figure 2 showsctupé of

the equipment.
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Figure 2: Zeeko FIP600 polishing robot (left). Nanm 350 and Freeform 700 SPDT-machines (right)

4.2 Equipment for SPDT

Two SPDT machines from Precitech are available, a Namo8®0and a Freeform 700. Both machines are based on
two linear hydrostatic oil-bearing slides (X, Z) in ecdnfiguration. The Freeform 700 is additionally equippeth ai
linear hydrostatic oil-bearing slide as Y-axis, mountadie X-axis and with a rotary hydrostatic oil-bearingedaused

as a B-axis, mounted on the Z-axis. On both machines deaimg main spindle is mounted which can also act as a
rotary C-axis.

Both machines are equipped with on-machine metrology infahm of a LVDT-contact measurement, which, in
conjunction with the linear axis can be used to measereyitical surface with high accuracy. These measurements can
be used to create an 1D or 2D error-map of the machineatsufigure 2 shows the setup of these machines.

4.3 Measurement of aspheric and freeform surfaces

When on-machine metrology is not enough to measure defésg or freeform optic (which is often the case), TNO
employs a new and very promising instrument called NMEBOS [2]. This instrument is a non-contact measuring
machine for aspherical and freeform optics up to 500 mm etermlIt has been developed by TNO, Eindhoven
University of Technology and the Dutch metrology institutd_ Vanded within the framework of the Dutch Innovation-

oriented Research Programme (IOP).

When using NANOMEFOS, the surface to be measured is ptatadcontinuously rotating air-bearing spindle, while a
specially developed optical probe is positioned over it byoiom system (see Figure 3). The optical probe fa@ktat
high scanning speeds (up to 1.5 m/s), and its 5 mm measuresmngget captures the non-rotational symmetry of the
surface. This allows for the stages to be statiodaring the measurement of a circular track, reducing yhardically
moving mass to 45 g. The position of the probe is medsuaterferometrically relative to a silicon carbide ro&igy
frame. Capacitive probes measure the spindle positisq,ralative to this reference frame. Static as weltynamic
position errors from this short metrology loop are comatatsfor in data processing.
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Figure 3: Overview of the NANOMEFOS setup (leftjo&€e-up of the measurement head in action (right)

Reproducibility tests have shown that a reproducibditypproximately 1-3 nm rms can be reached. The madtzgae
recently been calibrated, resulting in a form measuremesettaintty of approximately 10-30 nm rms, depending on the
surface type. The major advantage of NANOMEFOS idétaHility. Measuring an asphere or freeform conventilgna

is difficult and generally requires the use of a dadidaetup with e.g. a computer-generated hologram. tHaweith
NANOMEFOS every asphere can be programmed and measaséy, evithout the need for custom-made (if at all
possible) computer-generated holograms. For asphemeglegparture from the best-fit-sphere is unlimited, and fo
freeforms the maximum allowed non-rotational symmetry mmm PV. The slope may range from -45° concave to 90°
convex (i.e. cylindrical). This means that large conveiceggre also easily measured. Typically, a highly cuoet/ex
optic of > 50 mm diameter cannot be measured on a standaridtefferometer and requires large-aperture
interferometers, which is why convex aspheres are nquémly applied. Another benefit of the machine is that it
measured absolute radius of curvature, to sub-um sagaay levels. The NANOMEFOS machine therefore removes
boundaries of application of aspheres and freefoemabling much more freedom in an optical design.

5. ITERATIVE MACHINING
5.1 Computer controlled sub-aperture polishing

Computer controlled sub-aperture polishing has a two-foldedl goanost applications the optical surface is pre-
machined close to its final shape. The polishing processohaeét the final shape specifications, and simultaneously
meet the required surface roughness. Depending on thé ¢oitiditions of the surface, both roughness and form-error.

Bonnet-based sub-aperture polishing is a dwell-time drivatemal removal process. By varying the local feed-speed
over the surface, the local material removal can be altedrto reduce form errors. Small height variationthe order

of a few micrometers will have a negligible influenae the spot size and shape of the polishing aperture and on the
local material removal. Consequently, the requirement foitipwsaccuracy are relaxed and instead of ultra-precision
machine tools, common machine tool designs can be usediohddlif, small, elastic workpiece deformations due to
mounting induced stresses will have no influence onab&l Imaterial removal and hence on the error correction.

For first polishing runs the material removal is assumed fardygortional related to the feed speed over the surface. Fo
high precision polishing the variation in local removal oriotss locations as function of location and slope angle angles
must be taken into account. Therefor on a number ofitosatand under various slope angles the material removal is
predetermined. This knowledge is convoluted with the emrap to obtain a more precise dwell-time calculatiorttier
bonnet on the surface.

In figure 4a it is clear that the material removatha polishing spot is not uniformly distributed. A vertiiak pattern

is visible, which is caused by the rotation of the bonnetirad its axis. If the feed speed is in the direction of lthes
pattern extreme mid-spacial frequencies are introduced-€figjn). The sine-waved pattern has an amplitude of 80 nm in
this case and Rq is 24 nm. However, if the feed speed isnglicptar to the line pattern these lines get smeared out,
resulting in a much lower roughness of 1.6 nm. This becaeas in figure 4c where a track spacing of 1 mm was
applied to get a removal of 1 pm. High spatial frequenmée®me visible for this case, but they can be optimizsxksi
the spatial length is the ratio of the used feed rate (rmjand tool rotation speed (rev/min).
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Figure 4: Polishing spot (a) and typical mid-sggietterns obtained with (b) bonnet rotation aretifspeed in the same
direction and (c) with bonnet rotation and feedesperthogonal to each other.

Iterative machining with identical process conditions argsuring the result has the advantage that the localiahater
removal can be measured accurately, which can be usedrgsuafor more precise dwell time calculations. In thise
iterative machining require a stable and repeatabletponli process. Stability is however limited by the weathef
bonnet and the properties of the slurry. Especiallydiayer optics this requires a careful selection of processmers

to be able to finish the number of required iterative @sscsteps with a single bonnet.

The amount of achievable correction in a single step @eatside determined by the process conditions, and maximum
achievable feed speed variation. The first being cbettdy e.g. the selected abrasives, polishing cloth and bonnet
pressure. The latter by machine-acceleration limitatiom®mbination with the workpiece geometry. These intevasti
forces us to develop a tailored iterative polishing sehémn each dedicated aspheric or freeform optic. THierse is
based on the pre-machined condition of the surface, macimmgatons, dry-runs and polishing experiments. The
scheme must ensure that the process in a defined numbenatibns will convolute to the required specifications.

Conclusively we can state that the challenges in NCralted sub-aperture polishing are the selection of polishing
parameters and to maintain these parameters in a stapleAdditional challenges are introduced with large optics i

the form of increased importance of wear and with heauilyed optics in the form of acceleration limits of the

machine.

5.2 Corrective manufacturing with SPDT

SPDT, in contrast to polishing is basically not a dwell-tirakated material removal process, but a geometric-driven
material removal process. SPDT generates with evegjesrun a complete new surface. Normally the depth ofsdat

the range of a few microns, therefore deviations below ckamj introduced in a previous cutting run, will have no
influence on the current run. This is to say, there imheritance of previous surface errors. SPDT is thezafot a real
iterative process, but rather a corrective process. Bewgafrom the nominal surface in SPDT are contributeerbgrs

in setup, in motion, in clamping and in tooling.

Surface errors due to setup are largely caused by d ddf$iat between the zero-point of the tool and the trueiootat
axis of the main spindle. This type of errors is mostlgaorrected using a spherical test-workpiece, agypis of error
has no direct relation with the asphere or freeform to beufaatured. The radial shift can be determined using on-
machine metrology, making the shift compensation a rdtst iteration cycle. The thermal balance in thecize
should be stable and identical during setup and machining of timloptrface, else machine deformations due to
thermal effects can still cause radial offset aadlal offset drift.

Deviations of the optical surface caused by motion ervangch are in turn related to straightness and positiomseafo

the axis, will repeat well between successive runs,candbe corrected in an corrective machining cycle. sEhection
between on-machine and off-machine measurement is auttifiade-off. Aspheres can be measured relativelysiad
with good accuracy with on-machine metrology. Repeatalufitpyeasurement results in the order of 30 nm PV are not
uncommon. The measurements of freeforms is at the other asidow process. Off-line measurement with
NANOMEFOS might be faster and more accurate, howewvenounting and remounting might also introduce additional
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positioning errors. Usually, an intermediate body isdf@e applied that can be easily interchanged between the
machines.

Temperature fluctuations in the machine environment, eitidhrced by thermal sources in the machine or external
influences will limit de achievable level of correctiohefmal effects will cause mechanical deformationthefwhole
setup, in turn leading to motion errors between tool and war&pi€hese motion errors will not repeat between
successive machining runs. In the worst-case erroratmmebased on the previous run will introduce additiopaif
errors instead of reducing them.

In contrast with polishing, mounting-induced workpiece deformatawasopied one-to-one in the surface error. So even
when a part is machined perfectly, internal stressesadakmping will be released when the part is unclampedrand t
surface will still have errors. Moreover the fixationSPDT must be better as compared to polishing, due to ghe hi
rotational speed of the workpiece. Theoretical thesesoan be compensated for with an error-map measuredheith t
part in unclamped situation. However, similar internaésst distributions between successive runs are a prerequisit
which is nearly impossible to realize in practiceur @fforts focus on stress-free clamping of the opticsSeDT. In
most cases interfacing is realized in two step. The @ptmoounted as stress-free as possible on an product-specifi
interface, which is in turn clamped on a generic interfac the machine. This allows for easy removal of theomir
interface assembly for off-machine metrology measungsnef the mirror.

During the toolpath generation the tooltip is assumed to haperfect spherical shape with known diameter. But in
practice the tool radius will locally vary. This tool nasl variation, called tool waviness, will be copied one-to-as&
rotation invariant error in the optical surface. Theviwass errors on an SPDT-tool stay constant and will repestly

in successive machining runs and can be corrected for undereitendition that the machining setup is not changed in
the meantime. A-priori measurement of the tool waviriesmpractical due to the small size of the tool. As t& t
waviness will change as a result of tool wear, caiwads limited to this wear rate. Especially in lamggtics this will
play an important role in selection of the machining patarse
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Figure 5: Typical 24 hours temperature cycle offR&00 from Friday afternoon to Saturday morninghiswn.

As mentioned in the previous paragraph corrective SPDT faetoning can compensate for a number of errors,
however a number of error sources cannot be compensatedéoeover the various error sources cannot be
discriminated in the measurement e.g. the contribution dfnaviness or temperature fluctuation to the total dewviatio

of the surface cannot be discriminated. The main goal in emufacturing strategy is to minimize influences of non-
correctable error sources and correct the other sources.

To minimize thermal influences the temperature the Freei90 is equipped with an temperature controlled enclosure
to minimize external temperature influences. Both machiaes equipped with chillers on the main spindles.
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Additionally on both machines the temperature is monitored ridugalocations to decide if the machine is thermally
stable before starting the machining process.

In Figure 5 a typical 24 hours temperature cycle ef F+700 is shown. The overall thermal balance shows a steady
temperature difference of approximately 1°C between titogure and the spindle. Spinning-up the spindle from 0 to
2000rpm show a steep temperature increase in the spindie firat half-hour and a slight increase in next hour. It is
discussable if the spindle is already stable aftethtls. The rest of the graph shows a stable situatiorhéspindle
during part of the weekend, showing the system in itselfaisle when no external influences are present. Espeftally
freeform optics, which are cut in slow tool servo modaglsi machining runs of 20 hours are not uncommon,
underlining the necessity of a thermal stable environmering the machining process.

To minimize the influence of clamping, our interfaceiges are focusing on robustness, decoupling of clamping forces
and the optical surface, thereby facilitating minimieformation during clamping.

Conclusively we can state that the cutting process iff is@ery repetitive although with large optical aagés tool
wear becomes an issue. To take full advantage of fheditigely of the SPDT process the machine tool needs ta be i
perfect condition repetitive errors can be compensated velly @ither by on-machine metrology or using dedicated
freeform measurement equipment like NANOMEFOS. Ngpetitive errors are mainly introduced by clamping
deformations and thermal effects. At TNO there is tloeeefa strong focus on clever interface design to minimize
clamping induced surface errors and monitoring of temperatability of the equipment to minimize thermally induced
surface errors.

6. ITERATIVE PROCESSESRESULTS
6.1 Manufacturing of the L2 of the Optical Tube Assembly

For the ESO Very Large Telescope, TNO has made four @ftide Assemblies for the Four Laser Guide Star Facility
Each OTA is a large 20x Galilean beam expander, which exgand$ mm, 25W CW 589 nm input laser beam to a
steerabléd]300 mm output. The L2 lens is[&380 conical convex lens with a radius of curvature of 637 mm anid c
constant k = -0.4776. This results in a departure from thefibeghere of 32Qum. The required form accuracy is 2
fringes regular and 2 fringes irregular power, and 26 nmofmsid-spatials.

Figure 6: Measurement of the OTA-L2 lens on NANONIS-(left) and completed OTA-tube (right)

The OTA L2 aspheres cannot be polished conventionally due tdathe departure from the best fit sphere.
Deterministic local polishing is therefore applied on the Zgel& polisher. With a diameter of 380 mm, the OTA L2
lens can only be polished in spiral polishing mode on this meachi the standard precession angle for spiral polishing
the rotation of the bonnet is in the same direction as ttiacgeufeed, introducing large mid-spatial frequenciedhé t
surface as explained in figure 4. A process optimizationpeafrmed to minimize the inherent mid-spatial generation,
minimize the roughness and optimize the process predictability.

Figure 7 shows the result of the first L2 lens needed fbA.Or'he lens blank was ground and pre-polished by our
supplier. It can be seen that the initial error is abown5PV (incl the radius error), or almost 1200 nm rms. Neixt
iteration runs were needed to reach the required final haseserror. The determinism in the corrective polisténg
relatively good, but because of the tool wear during polishiregpolishing runs needed to be shorter than six hours. The
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final form error is 24 nm rms, of which about 14 nm rrasnmid-spatial content. A final surface roughness of
approximately 1 nm on the the N-BK7 material was reached
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Figure 7: Deterministic polishing result of the OT& lens: (a) shows the pre-polished state as eedi/by our blank
supplier. Next, in 6 iterations, the total rms eigodecreased to 24 nm over the effective apedti830 mm diameter.
The PV error of the lens is 307 nm. In the centpeak defect can be seen that is the result df etetar during the
long polishing run. Note that the vertical scalea®med 10x for figures (e) to (g)

A more detailed description of the manufacturing of théA@?P lens can be found in [4].
6.2 Corrective SPDT using on-machine metr ology

In October 2011 the first observations with the SCUBA-2 imsémt at the 15-metre James Clerk Maxwell Telescope
(JCMT) located atop the 4,300-metre high peak of Maura iKeHawaii where made. SCUBA-2 is a sub-millimeter

wavelength instrument which will map large areas of spytai 1000 times faster compared to the original SCUBA
camera, with a much larger field-of-view and sky-baokgd limited sensitivity.

In 2003 TNO started with the design and manufacturing ofnthe freeform Aluminum mirrors of the SCUBA-2
instrument. The five largest mirrors where iterativelndizolished and measured by a CMM. The four smaller mirrors
where single point diamond turned in slow tool servo mode rtergée the freeforms. The mirrors were mounted on a
special interface plate that allowed for accurate s#ning during the iterative fabrication and off-machmetrology
steps. The interface plate was mounted directly ontostiiedle and the mating surfaces were themselves diamond
turned to remove tilt errors. The whole interface wasgies! in such a way as to avoid any stress transferertbe to
mirror. A more detailed description can be found in [3].

As mentioned previously, all mirrors went through a high aagumilling operation before they were either hand
polished or diamond turned. The initial mirrors surfdzefpre being diamond turned, had a nominal accuracy of around
20um, but with a scallop height of aroundy®0. A roughing cut, with an average feed rate of Imm/mghan average
depth of cut of 20-30m, was required to improve the surface finish of the mitwoa level where finer cuts could be
made. A typical final finishing cut, with an average featk of 0.5mm/min and an average depth of cutuofi,9ed to

form accuracies between 4 taré PV. Such a fine cut on a 650mm diameter surface typitadly 18 hours to complete.
The surface roughness obtained with this process was betweerd bam RMS, which is much better than that
required for sub-millimeter wavelengths.
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Figure 8: SPDT-Setup for the turning of the SCUBA&?2 mirror with a diameter of 650 mm (left). Erraap of the full
surface (middle). Error map with reduced apertuight)

A large emphasis is placed on integrated fabrication andology equipment. This type of equipment allows on-
machine or in-process metrology, improving efficiency andlity of the process tremendously. TNO, together with
help of Precitech, developed such an on-machine metragsfem for measuring freeform surfaces directly lon t
Nanoform 350. The basic system consists of an air beakij Lthat scans a programmed raster of grid points over the
surface. Theoretically, the accuracy attained by susystem should rival the best available CMMs. Figure 8 shibats
5.7um form PV was obtained on C2, a mirror of 650mm diametee. OVDT setup is shown in the right of the figure.
Nowadays this system is seamlessly integratedeimtachine-controller and in daily use for on-machine meammts.

7. DISCUSSION AND OUTLOOK

Iterative manufacturing is a very useful method to realif@-precision optics for scientific instruments. Two tyé
iterative manufacturing are available at TNO. CNC colgdosub-aperture polishing and Single Point Diamond Turning.
The strategies to use iterative manufacturing for bothstgb@rocesses differ greatly.

In sub-aperture polishing the form errors are grdgualduced, simultaneously taking into account requiremidges
surface roughness. The process conditions might be changed inrbégvaton loops to reach the final requirements.
TNO is focusing on process schemes which will efficientigch the final surface requirements in a robust, releide
predictable number of iterations.

In SPDT effectively only one iteration cycle or correntimycle is executed. All process conditions, likaipetooling

and cutting parameters are kept constant during this cyclg. tBmlcommand positions, used to describe the relative
motion between tool and workpiece are modified slightlyetiasn the measured form deviation. This iteration loop
allows for surface precisions in the order of the refipdl#tiaof the machine-tool instead of the absolute aacy of the
machine-tool. As a consequence of the given iterativeoapprin SPDT, the selected machining setup should be such
that non-repeatable errors like thermal drift in thechirge-tool and deformations due to workpiece clamping e&c. a
minimized as far as possible.

Currently TNO is working on clamping principles and mantufdng procedures, which can be easily tailored to the job
at hand, to reach the next level in diamond turned precigitics.
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