Asphere Metrology

Options for measuring aspheric lenses
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form and is defined by the polynomial equation sham L 'i:fr": % ]
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reduce the number of elements, and therefore ade a

weight of an optical system, as well as many atiens ~ Figure 1: Asphere Equation

inherent to spherical lens systems. Optimax iskimgrwith industrial partners and researchers et manufacturing
technology for improving both fabrication and métggy of aspheres. The specifications to whichrs is manufactured are
only as good as the metrology available. It iphelto consider the method of metrology that Wil used before setting the

tolerances on a lens.

This paper will outline the numerous metrology op$ for aspheres at Optimax, including how theykwany requirements,
and what is specified with each method in an etfotielp reasonably tolerance aspheres. Effecthefabrication and cost
of the lens will also be discussed. Metrology siftaeres fits into three basic categories: physica#asuring the form of the
optical surface, reflected wavefront testing, aadsmitted wavefront testing. Each category héisrént methods of testing

with varying degrees of accuracy.

Physical M easur ements

Before advancements in machining and computer sofivaspheres were measured against an alreatingxikysical
object of near perfect form. Brass, easier anslfiegile to work with than glass, can be cut amabgd into gauges equal in
shape to the desired lens but opposite in curvatueeses are subjectively judged by how well thieyith their brass
gauge counterpart. Now only special cases areuredsvith brass gauges because there are progrdmmstituments that
can physically measure and provide more accurateatathe profile and form of a lens.
Optimax has two such methods to measure asphecesrdinate measuring machine and

profilometers.

Coordinate Measuring Machine (CM M)

The FARO Gage Plus coordinate measuring machiotyrpd in Figure 2, is a portable arm
with six flexible joints. Precision rotary encodén each joint provide extremely accurate data

on the position of the arf By defining certain geometrical characteristissch as a plane, a

Fiqure 2: CMM*
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line, and a point) with respect to the positionha arm, the shape and form of the rest of thedansbe determined using
these calibration points. Also, the software camgare the lens to a 3D model and generate a rgpary the deviation of

the lens from that form.

The CMM is generally used to measure acylinderstarids but can be applied to rotationally symneesspheric lenses as
well. The arm is portable and has various mourifixtgres allowing it to be utilized without remang the lens from the
machine it is being worked on. It is convenienbé&able to measure, rework, and re-measure teanighout having to
realign it with the polishing equipment. The arasta 1.2m coverage sphere and, unlike most meyrolgiipns, a lens does
not need to be rotationally symmetric to be measbrethe CMM. If the desired lens is not axialfyrsnetric, the CMM

should be a strong consideration. Accuracy, depenoh the linear distance between measurementsp@n:5um at best.

Profilometry

Optimax has Talysurf profilometers from Taylor Hobhghat can be used to measure surface profilaspiferic lenses. By
defining an initial position in the z-axis and ailed length of movement in the x-axis, the maclipiukés the stylus across
the surface of the part measuring the change iz-tieds

throughout that movement. The instrument is pog@Emmed with

the asphere equation and any other unique chaisdter The data
from the stylus tip and from this program are oigad to output
information about the lens as shown in Figure B3; itiformation

can be viewed as height from the theoretical fosra &unction of

radial distance or separated where vertex radias and surface

irregularity are similar to power and irregularitya spherical lens.

Any tilt inherent to the setup of the machine rathan the lens is

removed in this calculation.

Figure 3: Profilometry Data

The talysurf must measure through the axis of imtaprofiles are normally measured and provide@and 90° on axis,
but if more data is desired they can also be medsuarother places, at 45° on axis for exampletin@yx also has new
software available to combine multiple measurem&ots the profilometer and generate a plot of thedurface of the lens.
This allows for asymmetric corrections to be geteztdo help with final figuring. Optimax frequentlises profilometers for
surfaces that are tolerance at +0.5um or looserth@& sag of a lens increases or the slope oétisedecomes too steep or
too flat, the lens becomes harder to measure aetyirarhe extreme slopes approach the limits efrésolution of the
instrument, which vary depending on the arm lensityius tool, and current calibratiénPossible tolerances are largely
dependent on the geometry of each individual lehsag table is required to aid in the manufactypnocess of every
asphere but can be used to tolerance the lengvafliometry. A lens can be toleranced by speaifyacceptable microns
deviation from the theoretical form as a functidmaalial distance, or the tolerance can be spetd®vertex radius and

maximum allowable deviation from theoretical formdughout the profile.
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Profilometry is the most common way to measure asgshat Optimax. Interferometric testing may bpassible for some
lens designs or unnecessary for some tolerandghter tolerances increase cost but using thelproéters is generally less

expensive if they can obtain the desired specifioat

Surface Testing in Reflection

Profilometry can often provide the accuracy desoets sometimes the only metrology option for apteeric lens design,
but if tighter tolerances are desired and the gégniesuitable, aspheres can also be measured imérferometers. There
are many interferometric methods and it is impdrtarchoose one appropriate for the lens desigheWesting a lens
interferometrically, the most common way to dosby imaging the reflected wavefronts. Wavefrartsemitted from the
interferometer, reflected from the lens, and imaigéal an interferogram to be analyzed for surfamenfand irregularity.
There are many different ways to do this dependimghe form of the lens, some of which are based oull configuration,

meaning a perfect lens would result in no interieesfringes.

The interferometer setup to measure spherical seigssaften only slightly modified to measure asglseand many of the

same principles are applied; a basic understardfitige way spherical lenses are measured will lfide

Spherical lenses are tested using a phase shiiftieiderometer (PSI) and a displacement measuntegferometer (DMI)
together in a null configuration so that a perfeos would reflect a spherical wavefront in suckagy that no interference
fringes are formed on the interferogram. If angdes do appear, each represents a deviation fpherisal byA/2; ) is the
wavelength of light used in the test and equal3®.8nm for the HeNe lasers in the interferomete@mimax. The PSI
analyzes the interferogram from the confocal positd determine irregularity. The resolution deifierometers at Optimax
is approximately 0.04 fringe&/60), and 0.1 fringesy20) is approaching the manufacturing limits of tafshe
interferometric tests. Any fringes that do forrarfr the reflected wavefront of a spherical lensimterpreted to calculate the

power and irregularity.

Spherical Wavefront I nterferometry with Zernike Subtraction

An asphere can be tested in the same way as asipkiee departure from spherical is mild enougdt the fringes formed

by the interferometer do not violate the Nyquistdition, which states each fringe must cover twonore pixels for the
pattern to be accurately resolvable by the sen&@pherical wavefront reflects from an aspheridaae and fringes form
based on the surface’s deviation from sphericaljadhger the deviation or local slope, the monegis that form in a smaller
area, and the larger the fringe density. Thioisannull configuration; there is an expected fenmattern and an actual fringe
pattern, and these are compared, if the Nyquiddition is not violated, to determine the form oéflens. One way this can
be done is with Zernike based aberration subtnactidlowable departure for this test varies prdjmorally to the diameter

of the lens but depends mostly on the angle oflibaé slope. A large departure in a small aredaclvindicates a steep local

slope, can lead to irresolvable fringes densities.

Optimax Systems 5 August 08
Pg3of9 Sales Department



This test is straightforward but can only be usadektremely mild aspheres. Approximately x/mmesidal departure is the
limit of this test, but departure needs to be abeisd for the fringe density of each particulasldesign. With this test,
tolerances as small as 0.1 fringkR0) are sometimes possible, but uncertainty may wéth the form and departure of the

asphere. Specifications can be set for both veaeixis and maximum deviation from aspheric form.

Null Testing of Ellipse/Parabola

While all aspheres are defined by the general asprguation, FigureFive: Null Testing of Parabolic Lenses
some are varied only by k, the conic constant. Wthe higher Reflective Ball Lens

order terms are zero and<Xk < 0, a special null test may be

applicable. By properties of the equations forghgace form of

lenses that are portions of conics such as paraisobo

Transmission Flat

ellipsoids, they bring collimated light to focuscatrtain

Parabolic Lens

conjugate points or foéi.Using this property, there are two ways

Reflective Flat

I

to perform null testing.

By placing a reflective surface concentric to theus, collimated

Transmission Sphere

|: Parabolic Lens

configuration. Two possible setups are shown gufé Five; there are many different setup optionshoose from when

light is focused onto and reflected off the conpagaoint and

reflected from the optics back to the interferometehis is a null

using this test.

This test is performed using the PSI and DMI sétgiether. It relies on the optical surface beiafireed by a first order
aspheric equation with a conic constant greater tinaqual to -1 and less than 0. Tolerancegyhsdis 0.1 fringes\(20)
can be achieved. Vertex radius and deviation faspheric form can be specified. Tolerance is basatie form of the

optic and tighter tolerances will lead to a higfieal cost.

Custom Null Optics: Computer Generated Hologramsor Spherical Null Lenses

Custom null optics, a computer generated hologi@@H) or spherical null lenses, can be aligned extér with the
interferometers to measure an asphere defined byemorder polynomial. A collimated beam paskssugh the
transmission sphere and then a converging or divgngavefront is diffracted by the CGH into an aspt wavefront
matching the ideal aspheric surface. A spheriglllens or lens system can be used in the sameawayCGH if there is a
design that creates the correct shape and ab@saticghe wavefront. These two setups are shoviaigare Six and Seven.
The beam is reflected from the aspheric surfacebactt through these elements to be interpretetidojnterferometer. It is
recommended the aperture of the null elementsigletlsi larger than the clear aperture of the ofiensure the entire area

is both imaged and corrected accurately. Ensuhagjuality at the edge of the clear aperture efojtic is extremely
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challenging when the apertures match. The lens haye a clear aperture area that can be testbcawiaivailable

transmission sphere.

For a CGH, which is created like a diffraction grgtwhere line patterns are drawn into glass uaimglectron beam or laser
lithography, there are some limitations on locapsl and spherical departure due to the fabricatidhe CGH that limit the
use of this test. However, these limitations are broad in comparisoother methods and CGH may be the only option t
interferometrically measure certain asphere desi@izch CGH is specific to the aspheric desigs iheasuring, so
considering cost, it is often a better option wharitiple lenses are being produced. Alignmentefdystem is extremely
important for a CGH test and can induce error thiomeasurements if not setup prop&ri. CGH can have a 10 week
lead-time and may cost more than $10,000. WhemguwsiCGH, the tightest recommended tolerance B irzges {/8)

because of setup induced alignment errors that@retimes

_\-\ ot Aspheric difficult to identify and eliminate. It is impométo have an
T Lens

accurate way to align the interferometer, CGH ams) such a
fiducial or some other means, to minimize this ea®much as

possible. Using a CGH, a lens is often specifi@ti @ radius

tolerance at the vertex and an irregularity toleeaas deviation

_/ from aspheric form. A CGH may cost more or takegler than

other options, but if the asphere cannot be medsamg other way

Transmission Sphere

Figure Six: Null Testing with a CGH
interferometrically, it is a good choice to providéighter

tolerance than is available with profilometry.

Using a spherical null lens or lens system is béesegkly upon the ease and ability to manufactackeertify the lenses, and

the time and difficulty of this task affects thestof the final asphere. The tolerance also dependhe system of null

lenses. The error in the null lenses as well aotkerall ]

alignment of the test setup needs to be considerkd. . | ASLp:IfSriC
interferometer can measure parts to a tolerantiglasas 0.1 %

fringes ¢/20) but because of difficulty and errors inherenthe g

test setup this is not always possible. This n&g lgood choice é

for testing the asphere if the spherical null Isystem is readily §

available or easily manufactured. It is less espanthan other e Spherical Null Lens

options for custom null optics and sometimes edhean more Figure Seven: Spherical Null Lens in Reflection
complicated interferometric methods.
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Subaperture Stitching I nterferometer for Aspheres (SSI-A)

Subaperture stitching was originally developedueroome the size limitations on spherical lensdsasic interferometer
setups. However, the new software of the SSI-Anff@ED allows this technology
to be applied to measuring aspheres. A major igstleaspheres on
interferometers is the steep localized slope ahérépal departure which leads to
irresolvable fringe densities. The SSI can “zoorhtising a slower f/number
transmission sphere and image smaller portionseopart. The motion capability
rotates the lens, capturing a collection of subtapes called a lattice. The lattice,

shown in Figure Eight, is determined by the padrgetry® The localized slope in

each subaperture should be such that the fringgtglés resolvable for the imaging

sensor. The Nyquist condition must not be violated; ghisciple is one criterion
FigureEight: Latticé . . . . .

that guides the software in suggesting a transamssphere and determining a
lattice. The lattice of subapertures is then lséitttogether using multiple overlapping areas taimmize error. Because the
part is moved/rotated with respect to the intenfegter, errors from the transmission sphere ang saialso identified and

subtracted.

The lens can be no larger than 250mm in diametmnaust be rotationally symmetric to be measured ttie SSI-A; 50 pm
is approximately the largest allowable sphericglattture, but local slope and fringe density needet@onsidered specific to
each lens. The tightest tolerance that is recondextio be specified is 0.1 fringegZ0). This is an absolute test since the
surface is measured without respect to anythingrdtian the theoretical form. Vertex radius is sbmes measured with
profilometry on parts where surface irregularityrieasured with the SSI. The SSI cannot calculatie tadius and

irregularity with respect to one another.

Zng VeriFire Aspher e Interferometer (V FA) Interferograms at Each Position

The Zygo VeriFire is a new technology for measuring
aspheres that uses both a PSI and DMI but in erdifi
arrangement. Using spherical wavefronts from a
transmission sphere, the optic is moved along its

symmetrical axis and multiple interferograms of plaet are

captured in annular zones as shown in Figure Nirtee Measurement Positions

zone on the part and the position of the stage are Figure Nine: VFA Scarl

corresponded based on where the optical surfacemretical wavefront will have a common tangent (tlavefront is
normal to the surface in that zone). Thereforerdffiection will produce an interferogram with aoévable fringe density
that can be interpreted using the Fizeau interfetem The zones, rather than being stitched tegetsing overlapping

apertures like the SSI, are put together baseti@inrelative apex to the zone distance and scaitipo determined with the
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DMI.° Because of the DMI capabilities, the surfacegatarity and apex radius are measured togetheredative to each

other.

The lens must be axially symmetric, have a measeiggiex and defined aspheric equation, and carawet feversing
curvature to be measured with the VFA. The ardzetonaged can have a diameter ranging from 1mb3@nm; 800um is
nearing the maximum allowable spherical depar@mauch larger allowable departure than any otherferometer without
additional custom null optic. It is still important to verify that local sloed fringe density are not issues. The smallest
recommended tolerance with this method is 0.1 &n@/20).

Lens Testing in Transmission

The simplest of all transmitted tests is an uncicapdd image quality test — using the lens to famimage and subjectively
and visually determining if it is good enough fbetintended application. There are also ways &ntiatively measure a

lens in transmission using interferometers.

Transmitted Wavefront Error

A quantitative way to measure overall performanice lens in transmission with finer resolutionasmeasure the
transmitted wavefront error (TWE). This methodseke total lens function, including both surfaees material defectg.
Using the same setup that is used to test sphégitsgs, a well-behaved asphere can be tested I TANens is well-
behaved if the design has approximately less tBambdeparture and the change in slope is lessOBamm/mm. In this
test, a spherical wavefront is transmitted throtighasphere, reflected from a plano or spherid¢ateace surface, and
transmitted back to the interferometer. With alwehaved asphere in this setup, the interferonigtalle to accurately

interpret the wavefront and resolve interferenaegfes to measure errors in the aspheric lens.

Figure Ten: Spherical Null Lens in Transmission If an aspheric lens is not well-behaved, custom

- Aspheric Reference null optics can be used to test in transmission. A
Lens Surface

spherical null lens or lens system or a CGH can be

used in such a way that the wavefront is resolvable
for the imaging sensor of the interferometer. One

of many possible setups is shown in Figure Ten.

Transmission Sphere

Spherical Null Lens The fabrication and design process for the null

optics is similar to testing in reflection, so thes
elements have the same affect on leadtime and Wékile this can take longer and be more expengiv pften a good

choice to test in transmission and evaluate theatiMens performance.
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Each lens has an ideal target TWE map and thiptedtices an actual TWE map as shown in FigureeBleWsing these
maps, a corrective strategy for the lens can beraiéned. This is a feed-forward process; one sfdhe lens is modified to
correct the sum of transmission errors shown infW& map, including any
material defects and form error from both surfdte$herefore, when
tolerancing a lens that will be tested using thethnd, measurements of
surface form are not specified because one sidebmajtered to fix a sum
of the errors in the lens, which changes the thealeshape but corrects the
lens performance. An allowable deviation from éxpected wavefront is
specified; tolerances as small as 0.1 fringé20) can be achieved, but as

always, this depends on the figure and designeofehs being tested.

While TWE testing is favorable because it evalutitesoverall lens Figure Eleven: TWE map*
performance, there are many requirements for almeaspo be tested in this manner. The interferemmaust be able to
resolve any aberrations from the lens; if the feiignsity exceeds the resolving capabilities ofrtieging sensor the TWE
map will not be accurate. (The fringe density mtviolate the Nyquist condition.) The lens miiate an appropriate
setup with the interferometer; part diameter, &rarror, and vignetting all need to be considerEe lens must transmit
the wavelength of light being used in the test, mmeg@material must be considered, no paint or blagkvax can remain on
the lens, and differences betweeim the test and in the application of the lens are pertinent sufts. It is important that

the lens fits the specifications of the test inevrth obtain accurate data and corrective acfion.

M anufacturing Consider ations

How the metrology impacts the manufacturing proie$argely dependent on the tolerance set on pliead surface. Most
optics are finished with an iterative test, coniamdl zone polish, test process. Profilometryessicomplicated

interferometric methods are used to give the ogni@n idea of the shape of the optical surfacepalighing techniques are
used to improve the form and surface of the omtamedingly. The lens is repeatedly tested andspelil until all tolerances

are met. This is the expected process with profisy and sometimes used with interferometric masho

Optimax has several deterministic polishing techgws, for example, the All manufactured by Satisiad QED’s
magnetorheological finishing (MRF) machine and @gtx’ patented VIBE polishing. The All is an aspbal polisher that
can be used in conjunction with any of the metrglogtions at Optimax. New software can combinetiplel profilometry
plots or data from the interferometer or CMM to gexte a diagram of the surface and form of thecophi corrective
polishing process is determined from this dataGarded out by the All. The All can polish to accaracy ofA/10. If a
lens is finished with the All, it is measured ahd tlata is analyzed to generate a corrective psogeieh is carried out in
the All. The part is then measured one more tioneetify the lens meets all tolerances. This édféorward, faster, and
more deterministic than the traditional iterativegess. The All is often used with tighter toleras on the profilometer or

interferometric methods such as spherical nulldspa CGH, or TWE testing.
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The MRF is another method to deterministically glolaspheres. Data from any interferometer camplmmaded and used to
achieve a polishing process that can be as acaasat20. Occasionally, data from the profilometers barused with the

MRF but this is unusual. Like the All, this is @asure, polish, measure process with the metrdiegyg used.

Another method for polishing aspheres is called ¥ i®lishing, patented by and unique to Optimaxthla process, a
conformal polishing lap is moved in a very rapitnrating motion. When brought into contact withagatic, very high
removal rates can be achieved while maintainingstbpe variation across the surface. Optics withenextreme slope
variations and reversing curvature that can be géfigult to grey out with other methods but cam folished with ease
using the VIBE process.

These testing and polishing combinations aboveaneral examples but not a complete list. The d@oatilon of metrology
and finishing process is decided depending on emfihidual lens geometry and the tolerance desitedch asphere is

unique and it is important to consider cost andiegiion of each lens when setting tolerances drbsing metrology.
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