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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.

ISO collaborates closely with the International Electrotechnical Commission (IEC) on all m
electrotechnical standardization.

atters of

The procedures used to develop this document and those intended for its further mainten|
dpscribed in the ISO/IEC Directives, Part 1. In particular, the different approval criteriayneedd
djfferent types of ISO documents should be noted. This document was drafted in accordance
eflitorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

ttention is drawn to the possibility that some of the elements of this documént'may be the s
htent rights. ISO shall not be held responsible for identifying any or all suchpatent rights. I

o LT >

h the [SO list of patent declarations received (see www.iso.org/patents).

Ay trade name used in this document is information given for the.convenience of users and
cpnstitute an endorsement.

Fpr an explanation of the voluntary nature of standards, the meaning of ISO specific te
ekpressions related to conformity assessment, as welkas information about ISO's adheren
World Trade Organization (WTO) principles in the Jechnical Barriers to Trade (TBT) see
.drg/iso/foreword.html.

This document was prepared by Technical Cominittee ISO/TC 172, Optics and Photonics, Subcg
SC 1, Fundamental standards.

technically revised. The main changes-are:
a) Figure 1 has been updated.
b) A.1 hasbeen aligned with:the notation of ISO 14999-4.

c] Updated text referring’to technologies that have evolved over the last 10+ years, such as 14
detectors.

Improved clatity of the overall document (many minor edits made throughout the text).
list of all parts in the ISO 14999 series can be found on the ISO website.

ny feedback or questions on this document should be directed to the user’s national standard|
pbmplete listing of these bodies can be found at www.iso.org/members.html.

Qx> > o

Ance are
d for the
with the

ubject of
etails of

hy patent rights identified during the development of the document will be'in the Introduction and/or

does not

rms and
e to the
WWW.iso

mmittee

This second edition cancels and replaeés the first edition (ISO/TR 14999-2:2005) which has been

sers and

s body. A
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Introduction

A series of International Standards on Indications in technical drawings for the representation of optical
elements and optical systems has been prepared by [SO/TC 172/SC 1, and published as ISO 10110 under
the title Optics and photonics — Preparation of drawings for optical elements and systems. When drafting
this standards series and especially its Part 5, Surface form tolerances and Part 14, Wavefront deformation
tolerance, it became evident to the experts involved that additional complementary documentation was
required to describe how the necessary information on the conformance of the fabricated parts with
the stated tolerances can be demonstrated. Therefore, the responsible ISO Committee ISO/TC 172/SC 1
decided fo prepare an ISO Technical Report on Interferometric measurement of optical wavefrontscand
surface form of optical elements.

When difcussing the topics which had to be included into or excluded from such a Technical)\Report, |it
was env]saged that it might be the first time, where an ISO Technical Report or Standardis prepargd
which dg¢als with wave-optics, i.e., in which the ray approximation of geometrical optics is no long¢r
valid. As|a consequence, fewer references than usual were available, which made the task'more difficult.

Envisaging the situation, that the topic of interferometry has so far been left hlank in ISO, it was the
natural wish to now be as comprehensive as possible. Therefore, the commmittee held discussionis,
whether[important techniques such as interference microscopy (for charactérizing the micro-roughness
of optical parts), shearing interferometry (e.g. for characterizing corrected optical systems), multip|e
beam intlerferometry, coherence sensing techniques or phase conjugation’techniques should be includgd
or not. Qther techniques, which are related to the classical two beam interferometry, like holographjic
interferdmetry, Moiré techniques and profilometry were also méntioned as well as Fourier transform
spectrosicopy or the polarization techniques, which are mainly:for microscopic interferometry.

In the enld, the committee adopted the guideline to include what presently are common techniques usgd
for the purpose of characterizing the quality of optical parts as described in the ISO 10110 series. The
decision|was made to complete a first Technical Report, and to then update it by supplementing nefw
parts, as|required.

The committee intends that this document covers the need for qualifying optical parts and complefe
systems|regarding the wavefront error praduced by them. Such errors have a distribution over the
spatial ffequency scale; in this document only the low- and mid-frequency parts of this error-spectrum
are covefed, not the very high end of the.spectrum. These high-frequency errors can be measured only
by micrgscopy, measurement of thescattered light or by non-optical probing of the surface.

A similaf statement can be made regarding the wavelength range of the radiation used for testing.
ISO 14999 considers test methods with visible light as the typical case. In some cases, longer wavelength
infrared|radiation (e.g. 10;6yrim CO, lasers) is used for testing rough surfaces after grinding. A variety pf
laser wayelengths mightbe used for transmitted wavefront testing of optical systems at the applicatiqn
wavelength (e.g. neafdnfrared 1,55 pm or 1,06 um, or ultraviolet 193 nm or 248 nm excimer lasers for
microlithography-eptics). However, these are still rare cases, which are included in standards, that will
not be d¢alt withuin detail. The wavelength range outside these borders is not covered.
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Optics and photonics — Interferometric measurement of

optical elements and optical systems —

Part 2:
Measurement and evaluation techniques

Scope

= B

—

¢ports and calibration certificates.

[\

Normative references

—3

here are no normative references in this document.

3] Terms and definitions

N terms and definitions are listed in this document.

[

§0 and IEC maintain terminological databases foriuse in standardization at the following add

— ISO Online browsing platform: available-avhttps://www.iso.org/obp

- IEC Electropedia: available at http: /Awww.electropedia.org/

4 Measurement objects
41 Surfaces

4/1.1 Boundary suisfaces of optical components

tihe measurement.

Ipterféerometric measurement is achieved by comparing the difference of two optical path len
ually one path is called the reference path, the other the measurement path.

his document gives fundamental explanations to interferometric measurement’objects, describes
hrdware aspects of interferometers and evaluation methods, and gives receinmendationg for test

[esses:

Alcommon taskqnjinterferometry is measurement of the shape of a surface. This can be accomplished in
tyo different ways. Either reflected light or the light transmitted through the surface could be used for

gths [nd.

The resulting wave aberration, AW, for a displacement d of the surface, if measured in reflection,
is AW = 2nd. The same displacement measured in transmission results in the wave aberration

AW: (nz - nl)d
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4.1.2 Reflection degree

The Fresnel reflection from the boundary between two different media, R, can be calculated from the
refractive index n; and n, at the boundary surface.

R=| "0 ®
n, + n

For most optical glasses this value is between 4 % and 6 %, so an average of 5 % is usually a good
estimatx].

This reflection causes a loss of light from the transmitted wavefront at every surface. On the~othér
hand, thfs reflection is often used for the measurement itself. To obtain maximum fringe visibilitly,
or contrast, the two interfering beams should have approximately the same intensity. Changing the
reflectivjty of the beam splitter within an interferometer only changes the amount ©f*light in the
interfergnce pattern and does not change the beam intensity ratio of the two beamsbecause the light
in both grms is transmitted through and reflected by the beam splitter once. If the measurement path
and reference path are separated, as in a Mach-Zehnder or Twyman-Green set-up/it is usually possibje
to adjustthe intensities of the light in both arms.

A major [problem arises in a Fizeau interferometer if the reference surface’has high reflectance, the
result wjill be multiple beam interference fringes resulting in narrow-fringes as in a Fabry-Perpt
interferdmeter. If sinusoidal fringes are required as for the evaluationby phase shifting interferometry,
the refeilence surface should have low reflection and an element-needs to be introduced between the
referencg and the measurement surface that will absorb light without distorting the wave aberration

Theissug¢is solvable, when using a wavelength shifting interferometer or short coherence interferomete

]

4.1.3 Roughness

For inteyjferometric measurement the roughness.of the measured surface should not exceed a certajn
limit thdt is a fraction of the wavelength and of the difference of indices of refraction, if used In
transmigsion.

4.1.4 Topology of the regions (discontinuous regions)

Difficultljes may arise with interferometer software when the wavefront area has breaks in it (e.
because |it is split into segments’by the mechanical supports of the secondary mirror of a mirr
telescope). Problems are maost'severe with static fringe analysis software that depends strongly on usiy
neighbolring points to detérmine the position and continuity of fringes. Software analysis of phas
differenges is not affected to the same extent as it is a point-by-point evaluation of wave aberrations.

@ 0q ~ 99

Similar groblems,may occur if the wavefront area has a complicated outline.

4.1.5 Continuity of the surface; gradient of the surface

Due to thesnherent-ambigtity-of+n2rphase-differeneeitisnotpossible-to-measure—any-arbitraty
surface shape uniquely. The evaluation of a smooth surface is usually correct, if the wave aberration
between two resolvable points is less than 7. This effectively limits the largest slopes (or highest step
discontinuities) that can unambiguously be measured with the interferometer.

The gradient of the surface under test relative to the reference surface results in a gradient of the
measured wave aberration and in high-density or closely spaced fringes. Interferograms cannot
be evaluated, if the fringe separation is less than twice the distance of two resolvable points. Thus
the local gradient of the imaged wavefront needs to be less than (0,5 A)/(detector element spacing)
for unambiguous phase recovery. If this condition is not possible by adjustment, or by changing the
measurement set-up, compensating optics may be required in some cases.
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Some of the problems caused by phase difference ambiguity can be solved by multiple wavelength
interferometry:.

4.1.6 Stiffness of mirrors; finite-element-calculations

An optic under test should not be deformed in a manner other than it would be deformed under its
intended application. It can be difficult to notice whether an optic is deformed during the measurement
by the test fixture, which holds the optic in place during the measurement. As a first indication of the
influence of the test fixture, the object can be measured by usmg two or more dlfferent test fixtures to
hpld doubt 3 : calculatic ended to
e aluate the effect of deformatlon on the optlc

4/1.7 Temperature homogeneity of mirrors

During measurement the object should have ahomogeneous temperature. Inhomogeneous temperatures
cqin cause deformations. The thermal expansion coefficient of optical materialsds rather high and the
thermal conductivity of optical materials is very low. Sufficient time should be.allowed for optics under
tést to reach thermal equilibrium. In some cases, this can take minutes,butin others it might require
s¢veral hours to reach thermal equilibrium.

4/1.8 Examples of measurement objects

et

lems that can be measured by interferometry include opti€al flats, windows, raw glass, copvex and
ncave mirrors, lenses, prisms, and optical systems.

(o)

o

.2 Optical components in transmission

4/2.1 Single-pass versus double-pass testing

—3

Fansmitting optical components can be measured in single-pass or double-pass, dependinfg on the
terferometric set-up. Double-pass medsurement increases the sensitivity by a factor of two|but may
so include the effect of the reflectifig surface. In double-pass measurements consideration should
so be given to the possibility that the returning light passes back through the component at different
gcations.

Y=

I~

2.2 Windows (wavefront aberrations in transmission)

br windows the shape-error of the surfaces is usually not important. Also, the measured trapsmitted
avefront will inelude the homogeneity of the material. Depending on the application, a certaif amount
 power may be tolerated separate from the other wave aberrations. Also, a tolerated wedge can be
easured by fnterferometry. However, it can be more convenient to measure angular errors by different
uipment:

o350 < T B

4/2.3¢_YPrisms (wavefront aberrations and angle error)

Asinthe case for windows, The wavelTont aberrations and angular errors of prisms can be measured
by different equipment. However, if the angular tolerances are in the interferometric region, and many
parts are to be measured, it can be more convenient to measure both features by interferometry. In this
case a fixed set-up, or a master specimen, is used as a reference.

4.2.4 Influence of temperature on the refractive index

For measurement of an optical component in transmission, it should be noted that not only the objects
might be deformed by the thermal expansion but, also, that the refractive index of the material changes
with temperature. Therefore, thermal settling of the test piece before testing is even more important.

© IS0 2019 - All rights reserved 3
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4.3 Optical systems

4.3.1 Single-pass versus double-pass testing

Complete optical systems can be measured by interferometry in a manner similar to the testing of single
components. It is, however, important that systems be measured in the same geometry as they were
designed to be used. This can lead to a complicated set-up in single or double pass. For long systems
tested in double pass and in the presence of severe aberrations, it is necessary to consider that the
return light path can be considerably different from the incident light path.

4.3.2 Examination in the pupil

Interferqmetric measurements should be made in the exit pupil of the optical system.

4.3.3 Chromatic aberrations

If systenps are measured at wavelengths different than those they are designed for, the effects causqd
by chrozkatic aberrations should be computed. There will be some systems, wherethe wave aberrations
can be sjmply scaled by the ratio of the test and design wavelengths, whereas other systems are go
differeny that a measurement is not possible.

For trangmitted wavefront measurements with a wavelength-shifting interferometer, consider whethgr
the classjical refractive index or the group refractive index should beused to describe the medium.

4.4 Infirect examination of the function of optical elements

4.4.1 Examination with different wavelengths

In some ¢ases, examination of flat optical elements is(possible at wavelengths other than the applicatign
wavelength. In these cases, corrections can be scaled to the application wavelength. It should be notef
however| that inhomogeneities of optical matérials may to some degree depend on the wavelength
range. Beécause of the presence of chromaticaberrations no universal recommendation is possible.

<

4.4.2 Examination with different beam paths

It is pref¢rred that the measuremeént set-up should be as similar as possible to the application. Howevg
in some [cases it may be more.convenient to measure optical elements in a way that is different from
their usd. In this case, it may be difficult to find a correlation between the measured wave aberratign
and how|the application js affected by these aberrations.

=

4.4.3 Tolerance range

Sometimes the-relationship between the interferometric measurement and the tolerances of the
measured objects is not clear. Usually the complete test set-up should be considered and, if possible,
the sensjtivity to measurement tolerances analyzed with finite-element calculations. Optical design
calculatiormsmayatsobeusedasamrevatuatiomrmethod:

5 Hardware aspects of an interferometer and test environment

5.1 General

The purpose of this clause is to acquaint the user with common issues associated with interferometric
measurements that can affect the accuracy of measurements. It is a matter of fact that two different
persons using the same hardware and doing their measurements in the same laboratory, will not
necessarily achieve identical results with their measurements. The skilled user might achieve a highly
accurate result, whereas the unskilled user might have severe errors in his result that he might not be
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aware of. It is important to keep in mind that good reproducibility of measurement is no guarantee
for a correct result, because systematic sources of errors might have influenced the measured results.
Knowledge about such possible influences, and how to avoid them, is what experimental skill is about.

Sources of errors in interferometric measurements include, for example:

— improper use of the measuring instrument, because the optical principles are not well understood,

e.g. failure to image the surface under test onto the CCD camera of the interferometer;

— use of unsuitable fixtures to hold the test piece, inducing stress which causes bending;

— influence of gravity on the test piece;
— vibrations of the test set-up, which might induce phase-measuring errors;

— unsuitable use of polynomial fits with respect to the given shape of the apertur¢ (for exa
to some obscured parts of the circular shape) and adjacent subtraction of enror terms lik
focus terms, due to a violation of the orthogonality assumption;

— presence of stable layers of air with different temperatures in the dnferferometer cavity
systematic low-order aberration;

— flipping (mirroring), or some other mismatch, of a calibration exror map with respect to t
orientation, shape or magnification of the measured field;

— influence of different temperature or different focus settings between calibration and meas

— use of test pieces that are not homogeneous in température and have a considerable coef]
temperature expansion;

— adjustments with tilt or focus subtraction can‘lead to unnoticed misalignments.

These are only examples; although there.are a much greater number of “typical” sources

The only way to overcome such types of error, which depend very much on the actual test

ahd the demands for the final accuragy, is that the operator planning and assembling the te{
bk aware of possible influences omthe accuracy of the measurement, which might be of an ¢
mjechanical nature.

C

S

n

bnceptually, it is very impettant not to believe blindly the results which the instrument show
ime time, it is equally imiportant not to blame the instrument, or the principle of the interfe
easurement, if there/are inexplicable results. Note that in the majority of cases the instrume|
the “correct” readings;from what is presented to it, even if that is not the measurement task in
I
by 72°, this mightiindicate that the reference surface may contribute a considerable amount to
efror. The support of the test piece can also influence the measurement, etc.

Anothertest might be to repeat the measurement after 1 h without touching anything in the m
[f{thecresults deviate from each other, the temperature of the surface under test or its support g
ay have had an uneven temperature dlstrlbutlon in the flrst test. The time needed to achleve

mple due
e tilt and

causing

he actual

irement;

ficient of

of error.
situation
t should
ptical or

/s. At the
rometric
nt shows
Juestion.

for example, théneasured error map does not rotate by 72° when the test piece is rotated physically

the total

eantime.
tructure
thermal

ry
coefficient of thermal expansion, dn/dT thermal conduct1v1ty, heat capac1ty, initial tem
distribution, and the desired measurement accuracy. Also, the temperature in the laboratory might
have changed, the instrument might have warmed up, etc.

Such tests are imperative in order to exclude at least the most common sources of error. It is

mensions,
perature

strongly

recommended to repeat a measurement at least three times and compare the results; this repetition
should include the demounting and remounting of the part in the test set-up, as well as all the
adjustments of the set-up and the settings of the interferometer. It is even better to repeat the whole

test procedure on another day, and even by another operator.

All measurement conditions and settings should be documented and the final data sets should be
stored in the computer in an organized way. Ideally, the documentation should be stored together with

© IS0 2019 - All rights reserved
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the measured data sets. Any further treatment like subtraction of tilt or even higher order (Zernike)
functions, number of averages, any filtering like smoothing with a spatial low pass or median filter to
remove “spikes”, should be documented and stored together with the data set. Such information is part
of the result and when not given together with the measured surface map, the result is useless and
cannot be used for proof of quality for the part under test.

5.2 Construction principles and influences on the quality of measurements

5.2.1 General

When the wavefront deviation of a test piece is measured by an interferometer, the test piece becoemés
part of the optics of the instrument. The auto-collimation condition should be met, as well\as the
condition to image the surface under test onto the detector. In order to achieve high flexibility pf
possiblelocations for the surface under test and for different test configurations, there wilthe’stringent
requirements on the spatial and temporal coherence of the light source that need to be-fulfilled. Thege
can easily be attained by use of a laser and, together with a very high intensity compabed to other light
sources, jare the reason that the laser is the typical light source for interferometers,

One of the consequences of the very high coherence of lasers is that all kinds, of imperfections, sugh
as impuyfities of substrates, optical cements and coatings, tiny scratches, bubbles, holes, dust particles
micro-rdughness of surfaces, which can occur at any part of the light path*through the interferometer,
are “collected” and are superimposed as an uncleanliness, i.e., unwanted amplitude and phage
modulatjons of the wavefronts. The further away the disturbing defe¢ts are from an image plane of the
detector] the more the defects are altered in their phase distribution’s due to Fresnel diffraction and |n
spatial ffequency. A very narrow defect located on a surface near an image of the light source might
spread ot to a big size in the detector plane. The specificationof optical parts used in an interferometer
set-up therefore have to be much more stringent than in.ednventional optical instruments and depernd
on the ppsition of the part in the ray path. For surfaces near the image of the light source (where the
diametefs of the ray bundles are small) ultra-high suiface quality requirements should be maintainef.
Generally speaking, the higher the test accuracy néeds to be, the more severe are the demands for the
quality df all interferometer parts.

As discussed in ISO/TR 14999-1, it is very~important to image the wavefront under test onto the
detector|plane. If the location of this waveéfront relative to the instrument changes from one test s¢t-
up to angther, a possibility of refocusing the detector to this new location should be provided. In sonje
instruménts, provision is made to alter the magnification with which the wavefront under test is imaggd
onto the|detector. In some cases, this is done in fixed steps, in other cases this is done continuousl|y
over a cgrtain range. On the other hand, it is necessary to attain a good optical wavefront-correctiqn
when “tdiloring” the waveftents in the instrument to the desired shape and at the same time realizing
a good optical transfer function for the amplitude and phase when imaging the wavefront under tept
at the ddtector plane-An/interferometer’s ability to transfer different spatial frequency features (with
amplitudes a small fraction of a wavelength) to the detector is quantified with an instrument transfer
function| (ITF). Fhis is also sometimes termed system transfer function (STF) or height transfé¢r
function|(HTE) Definitions and methods for quantifying the ITF can be found in References [5], [6] arld
[7] and dlsewhere in the literature.

All such possibilities and demands cause a certain amount of complexity ol the optical layout of such
an instrument, leading to optical systems with multiple surfaces. It is obvious that it is more difficult
to keep the unwanted additional disturbances by the optical parts small when more optical parts are
necessary to achieve the desired functionality. The skill of the designer of an instrument lies in finding
the best compromise between the degree of aberration correction (keeping the wavefront errors with
low spatial frequency small) and the degree of noise (i.e., high spatial frequency errors). The noise
increases with every additional surface which might be necessary for aberration correction. Since the
complexity of the optical layout grows with the universality of the use of the instrument, it is much
easier to construct a high-quality single-purpose instrument.

Due to higher cost of production, and the deterioration in the appearance of the interferograms obvious
to any customer, companies tend to minimize the number of optical elements and seek to achieve
the best correction for wavefront aberrations. This might have consequences for the handling of the
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instrument. If, for example, the transmission sphere, used for spherical testing, is not aligned properly
when attached to the instrument, coma and astigmatism might be introduced into the measured
wavefront. If deviations in the alignment of the focus setting between calibration measurements and
final measurements for the parts under test exist, this again might cause wavefront errors in the final
results. While an instrument that incorporates more wavefront corrective components may be “robust”
against higher order aberration errors, it may lead to measurement results with a higher amount of
coherent noise due to the increased number of surfaces.

The opposing criteria for the way to design a laser interferometer require a compromise between
wavefront quality, field correction, versatility on the one hand and number and location of surfaces on
the other hand.

5(2.2 Intrinsic instrument errors and the principle of common path

—3

he task gets more and more difficult when the errors, which have to be measured’accurately} become
smaller and smaller. It might be concluded from this that it would be nearly impossible to get reliable
nmjeasuring results. Needless to say, it is necessary that the “intrinsic errors”icaused by the in§trument
tiself should be at least not higher than the errors caused by the test piece.--Example: suppose the test
plece is a well-polished spherical surface of a lens. The interferometeén itself might includg in total
1P lens surfaces and another 10 surfaces of plane plates. Therefore,.it would be necessary to fabricate
the 22 surfaces within the instrument to a degree of perfection thatis’at least 22 times better than that
of the test piece in order to attain the same disturbance from the instrument (i.e. “intrinsic|errors”

and from the test piece. Or, it might be concluded that a factor 4 to 5 would be sufficient for randomly
djstributed errors. Even in the latter case, it would be nearly impossible to fabricate and majntain an
instrument with such a degree of perfection.

[

—

his argument is both right and wrong. It is the principle of interference that errors common to both
aves, i.e., the test wave and the reference waw¥e; cancel out. The ultimate use of this principle is
bparent in the Fizeau-type interferometer, wheke all but the last surface before the surface to pe tested
hd the air between these two surfaces are;.¢common to both waves. The quantity that is measured by
Fizeau interferometer is the optical path difference between the two surfaces facing each ofher (the
ptical thickness distribution” of the ait-gap; this includes the distribution of the refractive|index of
me air). So far the argument is wrong;but it is right for very small-scale errors. It is never pogsible for

e rays to travel exactly the samepath, so the principle of “common path” with cancellation ofjcommon
‘rors is always violated, if high‘spatial frequency noise is in demand. So, even if Fizeau interfefometers
e more robust for errors with*low spatial frequencies, this is not the case for coherent noise.

20 0oL g ]

=

QD

Ip order to check the sensitivity of an instrument to alignment errors as well as for intripsic high
flequency noise, the following two procedures can be useful.

a) The followingprocedure should be repeated with different orientations of the fringes and also with
the highest number of fringes the instrument is capable of measuring. This test is one megasure for
the robustness of the instrument against misalignments of all kinds. Proceed as follows.

1) “Place a reference flat in front of the transmission flat of the instrument and adjust for about
25 fringes of tilt.

D

2y Performr a Measurernnent and Store the Tesult:

3) Adjust for zero-fringes and perform another measurement.

4) Subtract the step 3 measurement data from the step 2 data and compute the Zernike terms for
the resulting difference-data set; besides other errors, the induced wavefront tilt with respect
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to the optical axis make visible the optical wavefront aberrations which go along with the small
angle of the test wave.

b) The second procedure checks the intrinsic high frequency noise and therefore the ability to detect
small-scale errors which normally go along with very small amplitudes. Proceed as follows.

1) Take the data of the difference from the measurement on-axis and the measurement with the
25 fringes of tilt.

2) Subtract the first 36 Zernike terms. The remaining surface map shows mainly the intrinsic

1 + . £ . + +
LUIICT CIIU [TOISC O UIC ITIS UL UITICTIL.

3) When “spikes”, which occur at the boundary of the measured part, are removed, the rnjs
yalue is a quality number for the intrinsic noise. This noise should be uncorrelated when the
bxperiment is repeated with different orientations of the fringes and therefore reduce with
the square root law, if measurements with different fringe orientations are averaged and the
Hifference of those averages are calculated instead of the difference of only two-measurements.

Togethe1 with these tests, it is recommended that two other simple checks be pefformed to assess the
proper alignment of the instrument:

The coll;Elation of the plane-wave leaving the system can be checked with ‘the help of a thick (>30 mm)
plane-pafrallel plate of known good optical quality by inserting the plane:parallel plate with an incident
angle of #5° into the beam and projecting the lateral shearing interferogram onto a screen. If the plafe
has no wedge-angle, no fringes should be visible, but they will be present if the wavefront from the
interferdmeter converges or diverges.

The adjustment for the alignment reticle, or other means forthe alignment of the beam, can also &
checked |using a corner-cube mirror or prism of knowngood quality. The returning beam should &
incident precisely at the centre of the alignment device, This is also a method for adjusting the referen
surface perpendicular to the beam. By tilting the reference surface, the interference fringes formed &
the referlence wave and a wave reflected by the triple-mirror (having three surfaces with angles of 9
between|them) should be made as broad as possible.

o< @ ® ™

5.2.3 OQptical compensation of errors

It is a verly useful property of two-beain interference that the physical principle can help to suppress th
errors cqused by component parts of the interferometer. If the two interfering beams experience th
same digturbances when passingthrough the optical parts, the wavefront errors impressed on the
are identfical and cancel out in)the final wavefront difference. Therefore, the two wavefronts shou
travel alnost the same path-through the instrument so ensuring that “optical compensation” of erro
takes place. This is achieved best by the arrangement of a Fizeau test set-up, where the test surfag
and the reference sutface face each other without any component in between. This cancellation is nft
necessaltlily perfect,\ifthere are deviations in the optical path when the beams are tilted with respect o
each othpr.

o v s o o

surface and the reference surface, cannot both be imaged exactly onto the detector surface at the same
time. Normally, the reference surface is larger than necessary, so that the surface under test defines the
final aperture for the size of the interferogram. In this case, no errors are introduced to a first order
by Fresnel diffraction at the boundary of the reference surface, when this boundary is larger than the
diameter used. Nevertheless, there is another higher-order error, which will be explained in conjunction
with the testing of spherical surfaces with a so-called “Fizeau transmission sphere”.

Figure 1 shows the optical conditions when testing a spherical surface B with respect to a reference
surface A. In this example, it is assumed that the reference surface A (this is the last surface of the
transmission sphere) as well as the test-surface B are both concave. The apexes of the surfaces are
called S, and Sg. The Fizeau cavity is set up correctly when both surfaces are arranged so that they
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have a common centre of curvature. If the Fizeau lens is calculated and manufactured properly, this
centre point coincides with the focal point F of the spherical wave, illuminating the reference surface A.
S’ X
A Ly B

F
B
A
Sg Sp H=H'

Figure 1 — The images S," and Sy’ of the apexes of the reference surface S, and the test surface
Sg are defocused with respect to each other

Al can be seen from Figure 1, both surfaces in question are imaged ‘by’the transmission spherefwhich is
ptically represented by the principal plane H = H' and the focal points F and F’, into different lo¢ations at
the optical axis. The sizes of the images match, but the axial distarce between the images, L, (the “defocus”)
igshown in Figure 1. Now, it is supposed that there might be-aberrations already present in the wavefront
illuminating the transmission sphere as well as additional aberrations added by the transmissign sphere
itself. The transmission sphere should image an infinite.object into the focus point F without introducing
dditional spherical aberration. Furthermore, the test surface apex Sz should be imaged to S’} and the
ré¢ference surface apex S, into S’ without adding different phase-terms into these images.

@]

Q) =

Ak was explained in ISO/TR 14999-1:2005, 2i71, only ideal plane waves do not alter their shdpe when
they spread out. So, even if we suppose that'the two wavefronts at the locations S’y and S’ nfight still
hhve the same shape, i.e., the same aberrations, the fact that one of them has to travel the|distance
defocus” will cause them to deviate ffom each other when they meet to interfere on the detegtor. This
introduces a systematic wavefront error, which depends on the wavefront quality of the interf¢grometer
“¢ommon path” and is the more pronounced the larger the distance “defocus” is compargd to the
djameter of the wavefront. As-a'rule of thumb, the radius of the test surface should not be smdller than
1P % of the focal length of the transmission sphere. Also, the transmission sphere should not iptroduce
ah error greater than,A/2-in double pass, though higher local slopes are more problematic. For high-
precision measurements, these tolerances should even be more stringent.

et

t{is important tokeep in mind that any wavefront error, which is already present in the plane wavefront
ehtering the ttansmission sphere, will be made visible also by this effect of defocused images| There is
np way to,evercome this problem with Fizeau interferometers other than to keep the defocus|as small
aj possible'by using a transmission sphere with the smallest possible air gap. The influence of this error
cqn be'mminimized by appropriate calibration measurements.

5.24— Mathematical compensation of errors ...

The great advantage of “optical compensation” of errors due to the principle of “common path
through the optics” is that this compensation takes place in “real time”, i.e., continuously during the
measurement.

In contrast to that approach, a better outcome can be attained when two measurements are performed,
including all the errors of a test set-up “left over” by the optical compensation scheme (Fizeau or
Twyman-Green or others). The first measurement is with a “calibration master” and the second
with the test piece. The resulting error maps are stored in computer memory. Suppose that nothing
but the master and test pieces have changed between the measurements, the difference of the two
measurements should show only the difference in the shape of the master piece and the test piece. All
other errors should cancel out by this “mathematical compensation for the intrinsic errors” of the test
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set-up. Therefore, the master plays a similar role as the reference wavefront, however, in this case some
higher order errors, like “defocus” discussed in the context with Figure 1, also cancel out due to the
higher degree of “symmetry” compared to the normal Fizeau test.

The drawback with this method is that, in principle, two measurements are necessary to get the result
which increases the statistical errors by a factor of \/2, and that the two measurements cannot be
performed both at the same time. In order that this mathematical compensation of errors be effective, it
should be assured that the calibration measurement is still valid for the test piece. It is therefore highly
recommended to take the calibration measurement at a time immediately before or after (or both) the

measure

ment of the test surface.

This “m
compens

— Mas

the dletector are identical both times. Note that this can also be a disadvantage, sinc¢e'if the mastg

piec
path

— Influ
out {

— The
mor

of the test piece by the support will show in the result. In othei cases, it may be possible to produ

ana

— Agr
does
in fr
uncq

This last

52.5
equilibr]

ithematical compensation” can have some important advantages compared to the “optic
ation”:

fer piece and test piece may have the same radius of curvature, e.g. the imaging preperties onf

b has a radius different than the test piece, systematic errors will be introducéd by the comma
elements as described in the previous section.

ences of gravitational deformations, quasi-stationary temperature gradients, etc., are cancelld
0 some extent.

reference piece may be made much thicker than the typical trafismission sphere. If it is mad
b stable than the test piece, this might be helpful in some situations. For example, the “bending

most identical master (but with a known error map) for calibration purposes.

pater flexibility exists for the design of the test configuration. For example, the reference surfa
not have to be the last surface of a transmissiofn(sphere any longer. It could be a plane surfa
bnt of the lens. In this way, “tilt” can be introduced into the test configuration, without causir
mpensated errors.

point is an important one, and will be ‘explained later in greater detail.

Contrast as a function of the irradiance in test and reference arm: methods to attain
jum in both arms

h1

eI

d

le

S

D

g

It is well known (see ISO/TR 14999-1:2005, 3.2.1), that the intensity of two beam interference I(x) fis
described by the formula
2T !

I(x)E 1y (x)+15 (x)423/11 (x)15(x)|y|cos TAIOPD (x) »

where

b'¢ is a vector describing the spatial coordinates, which may be on the detector or the
surface under test;

Alypp is the complete “optical path difference” of the two interfering beams, in principle
from the light source all the way down to the detector (practically, in Fizeau interfer-
ometers, it is twice the “optical thickness” of the cavity, because of the (quasi) identi-
cal paths of the two beams through most parts of the interferometer, as was discussed
before);

4 is the magnitude of the complex degree of coherence; this quantity is close to unity in
most cases when using a laser as the light source;

I;(x)and  are the intensities of the interfering wavefronts when measured separately.

L(x)
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The visibility V of the fringes is given by

_2,/11 12| |
I +1,

(3

If we assume that |y| = 1, then the visibility can be expressed as a function of the relative magnitude of
the intensities of the two waves, e.g. as a function of

A= swith <1 4)

—

hen, the visibility is

12
2 |=
_2yhil NI _2yn

for 0<n<1 (5
Iy +1, 1+ I 1+4n
I
Flgure 2 gives the function V= V(n). Table 1 provides related valuest
%4
1

0,8

0,6

0,4

0,2

Figure 2 — Visibility of two-beam interference as a function of the ratio n = I,/I; of the
intensities of the two waves
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Table 1 — Intensities [, I,, intensity-ratio n, visibility Vand number of bits lost in the detector’s
dynamic range when the intensities of the two-beam interference are not equal

L] oL n v bit Lo n v | bit

1 | 1,000 | 1,00 | 0,00 1 | 1,00 | 1,000 | 1,00 | 0,00

1 | 0500 | 094 | 0,08 1 | 090 | 0900/ 1,00 | 0,00

1 | 0200 | 075 | 042 1 | 0800800 099 | 001
10 | 1 | 0100 | 057 | 080 1 | 0500500 094 | 0,08
20 1 n’nI:n n’A.Q 1"7? 1 ﬂ’1ﬂ n,mn n":7 n's:zn
25 | 1 | o040 | 038 | 1,38 1 | 0060060 046 | 1,11
50 | 1 | 0020 | 028 | 1,85 1 | 0040040 038 | 1,38
100 [ 1 [ 0010 | 020 | 2,34 1 | 0030030/ 034 | 1,57
200 | 1 | 0,005 | 014 | 283 1 | 0020020 028 | 185
400 | 1 | 0,003 | 0,10 | 3,33 1 | 001 |0010| 020 | 2,34

It can b seen from Table 1 that the visibility drops to 38 % of its optimal valuécwhen the intensitigs
differ by|a factor of 25, e.g. when a highly reflective test surface is measured against an uncoated Fizedu
referencg plate. This corresponds to a 2,6x loss in dynamic range (or 1,38-bits). If the camera in the
interferdmeter has a quantization into only 8 bits, which is the case in mast'systems, this might degrade
the meagurement precision unacceptably, whereas with cameras of 10(bits or 12 bits of quantizatiop,
the degiladation might be acceptable. In any case, this effect can{be compensated by raising the
number pf measurements to be included in one average by a factorof N = 1/V2 = (1 + n)2/4n, which |s
approxirhately seven in our example.

If this is| not adequate, it will be necessary to adjust the intensities in the two beams, i.e., attenuate
the refldctance of the higher reflecting surface. Possible:ways to achieve this are discussed for two
versions|of a Twyman-Green configuration as well as-for a Fizeau configuration. In the Twyman-Gregn
configurptions it is assumed that the beam splitter BS’has no absorption and that the reflectance of the
test-surfpce T and the reference surface R are py@and py respectively. The absorbance for the attenuat¢r
is abbreyiated by a,, while 1 is the abbreviationfor the ratio of the reflectances pg / pr.

Some pofssible interferometer configurations (two Twyman-Green, one Fizeau) are given in Figure B.
Figure 3|a) (hereafter referred to as ‘configuration 1”) is a Twyman-Green type interferometer whigh
includes|an additional attenuation filter in the test arm. Figure 3 b) (“configuration 2”) is a Twymap
Green inferferometer using a beam.splitter with unequal reflectivity and transmissivity (i.e. not 50 %).
Figure 3c) (“configuration 3”)-is'a’Fizeau interferometer that includes an attenuation filter between the
test and feference surfaces;
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) g b) g
C——A
BS Fi BS Fi
c) R A T

-

with attenuation filter between the'test and reference surfaces

Figure 3 — Three configurations with unequal reflectance for the test surface T and the
pference surface R; a) Twyman-Green with attenuation filter in the test arm; b) Twymapn-Green
using a beam splitter with unequal reflectivity and transmissivity; c) Fizeau interfergmeter
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The necessary attenuations and reflectance and transmittance values for the beam splitter are:

a) Configuration 1 5
\/ Pt

b)  Configuration 2
VPTPR PR _ \/77—77

Pt~ PR 1-n

Pt —NPTPR _ 1—\/5

TBs =
PT—PR 1-n
with n =Pr and with pr =2 pp
Pt

c) Comfiguration 3 5
127\ :,/—R :\/ﬁ
Pt

In the Fi

veau configuration, the reflectance of the reference surface{should not be higher than 4 %, {

avoid the influence of multiple reflections on the fringe profile.

In the TWwyman-Green configurations, only a pure two-beam interference will take place, whereas t}

Fizeau c
effect ca

bnfiguration suffers from the fact that multiple reflections within the cavity will occur. Th
In be neglected in most cases, provided that thé(reflectance of the reference surface (the s

called “transmission flat”) is no greater than 4 %. For very high precision measurements, the tru

shape of
analysis

the fringes should be taken into account fordhe evaluation formula used for phase-measurir

The attepuator plate A in Figure 3 should pe-of very high quality; normally an absorbing coating
applied dnto a plane parallel glass plate orapellicle. From Figure 3, it is clear that the attenuator plate
is an intggral part of the cavity, and the.influence of this plate (double transmission) to the transmitte

wavefro

1t will be part of the measured.result, adding to the errors of the test piece. Thus it is importa

to verify|that the phase variation introduced by the attenuator is sufficiently low to achieve the desireg
test accyracy, or that the phase_variation can be calibrated and compensated in the measuremen
For example, one such calibration method is to measure a test cavity with and without the attenuat

in positi
with the
possible

pbn, and use the différence between the measurements to compensate measurements mac
attenuator (the.difference estimates the systematic phase error of the attenuator). Thus, it
to mathematjcally correct for the influence of the attenuator.

5.2.6 Contrastas a function of performance of the light source

5.2.6.1

General

D = s Q>

IS

The generalized interferometer may be considered as composed of

— an optical source,

— acollimating device,

— the interferometric device,

— afocusing device, and

— adetector.

14
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The light emitted by the optical source is used to generate interference patterns and the detector
collects the information, i.e., the interferogram.

Interferogram contrast depends on the following parameters:
a) spectral domain,
b) coherence, and

c) polarization of the light.

The light source needs to be chosen in accordance with the application.

9]}

2.6.2 Spectral domain

2.6.2.1 Source and detector

5
The user will choose the source to match its spectral emission range and the'spectral sensitivjty of the
dptector. The emission range should be close to the maximum sensitivity

NOTE In the case of visual observation, a green (filtered mercury lamp).or a yellow source (sodium spectral
lgmp for close to null path difference) are the best choice (they correspond to the peak eye sensitivity); a red
ldser diode can be a poor choice for colour-defective observers.

9] 1

2.6.2.2 Factors impacting transmission and reflection

o]

etween the source and the detector, light will be subject to transmissions and/or reflectigns when
titavelling through the collimating, interferometric and focusing devices. These devices can distort the
njitial spectral emission range of the light passing through them.

—

NOTE For example, a gold-coated mirror ha§’a poor reflectance in the blue and green spectral fjange; the
¢flectance increases in the yellow spectral range and is high in the red and infrared spectral rangg¢s. With a
illver coating, the reflection curve peaks in‘the yellow spectral range. With an aluminium coating, the visible
;Eectral range is not affected.

v »n =

—

herefore, care should be taken wheén selecting the source.

5(2.6.2.3 Control requirements

h—

fithe sample is to be uSed with a pre-determined wavelength, the user has less freedom in the choice
of source and detector, and will operate with the required wavelength. In some cases, the|use of a
ybstitute wavelength is possible, butin this case appropriate information about this should befincluded
the test report.

=)

9]}

2.6.3 _~Temporal coherence

5/2:6,3.1 Pragmatic representation

Whatever the theoretical approach to describing the temporal coherence of the light, an elementary
approach is to consider the beam as a light wave train. The train is limited in length equivalent to the
coherence length.

The light wave train will travel from the source to the detector. Reaching the beam splitter, the train
is divided into two “subtrains”, one going through the reference arm, and the other through the
measurement arm of the interferometric device. After their separate paths, both subtrains reach
the component used for the light wave train reconstruction (the beam splitter in some cases). The
reconstructing optical component performs an addition of both subtrains, equal to the initial light
wave train, if possible. The subtrains are fully superposed if the arm lengths are equal, or one subtrain
is delayed if its arm is longer than the other one.
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The interference contrast is maximum when the arm lengths are equal, but decreases as they become
unequal.

NOTE The interference contrast obtained with a laser decreases when the path difference approaches the
laser coherence length, but the coherence length can vary widely across laser types. Frequency-stabilized lasers
can have tens of meters of coherence length; while others may have coherence lengths of centimeters or even
sub-millimeter. Check the coherence length specifications of the laser, and ensure that it comfortably exceeds the
path difference between the desired test and reference wavefronts.

The contrast obtained with a Na spectral lamp oscillates as the path difference varies, the period corresponds to
a path difference of n,A mmduetothe Na doublet

The contfast obtained with a Hg low-pressure spectral lamp goes to zero, when the path difference hecomes
close to ope centimetre.

The cohefence obtained with a Hg high-pressure spectral lamp decreases very rapidly as the lamp)temperatute
goes up, fand is quickly reduced to less than one millimetre. Nevertheless, the user can maintain a longer
coherence length by using a rheostat in the lamp power supply to cool the lamp during operation-

5.2.6.3.1 Sample surface contribution

The user] needs to consider the question “Is the source coherence compatible,with the peak to valley pf
the test piece?” although it is rare to be limited by the coherence when @bserving the defects of a tept
piece (the peak to valley would need to approach or exceed the coherence length — generally only gn
issue for|very low coherence sources such as white light).

On the ofher hand, it is important to adapt the form of the comparison wavefront to the surface of the
sample. This means, the user will adapt the shape of the wavefront to the sample shape, the goal being
to keep the variations of path difference lower than the sgurce coherence at all points.

5.2.6.3.3 Sample thickness contribution
When the measurement beam has to travel throagh the test piece, two effects need to be considered.

First, is [the delay given to the “subtrain’.going through the sample arm. Consider a sample with|a
thicknesp T and a refractive index n. It{will introduce in the measurement arm a path difference pf
2(n = 1)T. This path difference can be compensated by moving the mirror of the reference arm awdy
from the/beam splitter.

Secondly, the sample can be considered as a thick window plate with parallel faces. This window plate
gives an jmage from the miprorof the sample arm, translated from its initial position. The translation fis
(n = 1)T/p in the direction:0rthe beam splitter.

In total,|the user wantS to extend the reference arm, and the sample reduces the length of the
measurement arm. The user needs to place the reference mirror in a compromise position, taking the
coherengde and thefringe visibility into account.

5.3 Testenvironment

5.3.1 General

The ideal interferometer system would be a system delivering the same correct results in any
environment, independent of vibrations, temperature and temperature gradients, gravity and
distribution of forces supporting the test piece. Such a “magic” interferometer could be thought of as
having the ability to act as a filter, which completely blocks all environmental influences. At the same
time, it would be completely responsive to all the surface form information of the test surface, sensing
this to the highest precision, which might be in the range of sub-nanometres normally to the surface
and more than 1 million measured points in the most demanding cases. Also, such an ideal instrument
would not contribute any intrinsic errors or noise to the measurements.
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In practice, it is impossible to block all environmental influences and intrinsic errors or noise by the
instrument. But, still, there are a number of ways that a designer of an instrument can make it more (or
less) robust against environmental influences.

Itis also evident that the influence of the environment can be kept constant by keeping the environment
itself constant. In a laboratory equipped with high-grade air conditioning, shielding against vibrations,
acoustic noise, very stable and noise-free voltage supply, etc., and, ideally, if the tests were performed
in a zero-gravity environment, it would be much easier to attain reproducible results. The quality of
the laboratory environmental conditions will influence the precision of the result, but not necessarily
accuracy; hence, generally the importance of a very good laboratory is overestimated.

owever, besides the laboratory and the instrument, there is a third influence: the opératpr of the
strument. In most practical cases, the instrument and the laboratory will already beprovided, and
the operator will thus be the key person to influence the ultimate accuracy and precision wjithin the
glven limitations.

—e

5/3.2 Influence of vibrations

hen testing optical surfaces, e.g. using a Fizeau interferometef\ as given in Figure 14 of
I§0/TR 14999-1:2005, the two interfering waves are reflected back from the last surface V as well
a} the reference surface M. These two surfaces have to be mounted’and this mount needs td provide
e necessary stability. It is essential to ensure that the gap bétween the surfaces will not change
uhintentionally during the acquisition of the intensity datacin"a (conventional) phase meaqurement
approach with temporal carrier as described in 6.4.

t

The reason for this is, that in the case of an additionalchange of the “interferometer cavity” due to
vlbrations of the mount carrying the parts, Formula (8] is no longer complete since ¢(t) now [contains
npt only the wanted term as described in 6.4, but als6-an unwanted component describing the v]brations
1} the cavity. This “noise” term, @y, can, in the simplest case, be described by Formula (6).

—

oN :2(27“](xsiant (6)
where

a  isthe amplitude of the'vibration;

wy is the (dominant)frequency.

i

ven if the noise might contain a complicated spectrum, in many cases it will be sufficient to regtrict the
pnsideration to-gneé single frequency with the lowest mechanical eigenfrequency wy of the dtructure
nd the largestassociated amplitude a.

L 0O

Gjven a specific phase algorithm and given the frequency of the camera frames, it is possible to|compute
the amount of the phase errors due to a, under the assumption that « is small enough (on the order
F A/10) that the linear model can be applied. There are significant differences between the phase

0
algorithms.

As interferometry can be used to measure deviations of wavefronts or surfaces as small as a few
nanometres or even smaller, it is obvious that the test pieces need to be mounted in a stable manner. It is
therefore common practice to install the interferometer on a passive or, even better, actively-controlled
vibration isolated table, which acts as a low-pass filter to the vibrations of the floor of the laboratory.
If possible, there should be no running machines in the vicinity of the laboratory. If an isolation table
does not reduce the vibrations enough, it can sometimes be helpful to introduce a low-force mechanical
contact between the reference and test parts (in a horizontal Fizeau set up). For example, a light plastic
bar or piece of wood can be placed on the surfaces (or their mounts) to “bridge” them.

However, many circumstances exist where it is difficult to avoid sources of vibrations or to isolate well
enough. In this case, it is useful to investigate the result of vibrations on the measurements in order
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to optimize the given set-up. If the effect of vibration on the measurement is deemed too large, phase
measurement devices and algorithms which are less sensitive to vibration can be considered. Two
groups of algorithms can be distinguished here:

1) phase-measurement algorithms that do not rely on temporal phase shifting, such as spatial carrier
frequency (see 6.5), and

2) algorithms which do not require a priori knowledge of the phase steps (the unknown differences
between phase shifts are solved for).

The first appr vachr s mostsuttable forcases where the vibratiomrcanmot becontrotled s the p‘ud)c Tqn
be measjired in a single fast exposure. The second approach is especially interesting in cases where
already feasonably good starting values for the phase steps can be assured, which are then-further
refined in an iterative optimization process, i.e.,, when the vibration isolation is already very geod byt
still the femaining disturbance is too high for the application.

It is very important for the user of a phase-measuring interferometer to know how to.check the set-yp
for vibrations which might degrade the result. For a better understanding of the procedure describgd
hereaftef, it is useful to state that the phase errors A¢(x,y) due to vibrations canbeexpressed by:

Ad

—~

¥,y)=¢sin [2(1) (x,y)] +... small higher-order terms (N

where the amplitude ¢ of the sine function is dependent on a numberf parameters as:

— the gpecific algorithm used;

— the gmplitude of the vibration;

— the tfatio of the dominant vibration frequency wy, tq the camera frame frequency w,, i.e., wy/ w;
— the ¢xposure time of the camera.

It is intefesting that the dominant error term in‘square brackets [ ] has as its argument twice the phage
value to[be measured, i.e., 2¢(x,y). Therefore; to decide whether ¢ is small enough to be ignored, the
following procedure is useful:

1) Meapure in a null configuration (e.g. <1 fringe in the interferogram) and save the phage
meapurement;

2) intr¢duce fringes into the-interferogram by tilting the object (e.g. ~5 fringes) and save |a
meapurement in this configuration;

3) subtract the two nieasurements from each other;

4) remgve a low=erder polynomial from the difference (to remove the tilt and any contribution from
air thrbulence/thermal effects);

5) exarhine‘the fit residual for a sinusoidal-like pattern that looks like twice the number of fringgs

lntr duaced huthe earliertiltina cton (o o 10 neriadc)
Oeraceaoy—ne-eater—ritit tsBadasd s oy TopEeToaS J]

6) the peak-valley of the sinusoidal pattern provides an estimate of the vibration error.

The above process can be repeated if a more statistically robust estimate of the vibration error is
desired. Or other repeatability tests could be done. What is important is after you have an estimate of
the vibration-induced error, you can decide whether it is at an acceptable level or whether vibration
mitigation strategies are needed.

5.3.3 Influence of gravity and support of the test piece

The effect of the support of the test piece on the measuring result under the influence of gravity should
be taken into consideration.
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For many practical cases, the effect is quantitatively foreseeable by mathematical means. For practically
edited details, see for example Reference [8]. Such an analysis is often a rather complicated procedure,
which consists in solving differential equations or in FEM calculations. Fortunately, a detailed
mathematical analysis is required only in cases where the highest measuring accuracy is required.

Some basic facts and rules of thumb are very useful to estimate the magnitude and help to avoid
considerable measuring errors.

a) Optical materials vary in their stiffness by a factor of 10 (see Table 2). Optical glass BK7 has its
place in the geometrical middle between the extrema. The sag varies between three times to one
third of the value for BK7.

b) From mechanics it is known that the sag of a twofold supported beam (or straightredge) is
minimized if the support points are arranged at nearly one fifth of the beam length away from
the beam ends (the so called minimum deflection points separated by 0,55 dength). This rule is
useful if a horizontally arranged standard surface is to be optimally supported. More detdil on low
deformation support design is presented in Reference [8].

c] Table 2 shows some numerically calculated values for the sag of uniformly loaded (gravity]) circular
plates supported continuously around their edges, using the formula in Reference [8] oh p. 288.
It shows the effect of different materials (A in Table 2), thickness’/according to the cominon rule
“D/d = 8” (B in Table 2), and the required thickness to result in-an approximately constant sag of
30 nm (C in Table 2).

Table 2 — Sag of uniformly loaded circular plates
Effect Material Diameter Thickness Sag
mm mm nm
A LF5 120 10 52,6
SF59 120 10 112,7
Sapphire 120 10 11,1
BK7 120 10 30,5
B BK7 20 2,5 0,4
BK7 60 7,5 3,4
BK7 120 15 13,5
BK7 200 25 37,6
BK7 300 40 74,4
BK7 400 50 150,5
C BK7 20 0,28 30,0
BK7 60 2,5 30,5
BK7 120 10 30,5
BK7 200 28 30,0
BK7 300 63 30,0
BK7 400 112 30,0
NOTE The material properties used to calculate the values in Table 2 are shown in Table 3.

Table 3 — Material properties

Material Density Young’'s modulus | Poisson ratio
(g/cm3) E (GPa) 0

LF5 3,22 59 0,226

SF59 6,26 51 0,269

Sapphire 3,97 335 0,25
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Table 3 (continued)

Material Density Young’'s modulus | Poisson ratio
(g/cm3) E (GPa) u
BK7 2,51 81 0,208

6 Methods for evaluating the optical path difference

6.1 General

Various procedures exist for the accomplishment of interferometric measurements. This clause previdg
an overvjiew of them, together with information-associated errors from random and systemati¢'source
as well af certain specific procedures for high-accuracy measurements.

The varipus methods for the evaluation of interferograms can be divided into the following.

1 or manual procedures giving qualitative information about shape of the test wavefrol
rface) and simple characteristic values (e.g. PV value).

6.2 Visual inspection of interferograms

6.2.1 eneral

An interfferogram arises from a comparison of a test\wavefront (surface) with a known referen
wavefront (surface). The shape and orientation of the reference wavefront should be adequately chose
so that the ideal test wavefront leads to a typical iiferference pattern (e.g. straight fringes) which
easy to ipterpret.

By obsefving the deviation of the actual interferogram from this ideal pattern, the various optic
aberratipns of wavefronts, as well as typical'wavefront and surface deviations can be recognized an
classified by their visual appearance.

In additipn, it is important to gaindnformation about the sign of the wavefront aberration, i.e., whethg
the deviftion is a peak or a valley, or whether a test wavefront (surface) is convex or concave wit

respect [to a reference wavéefront (surface). This phase information is not contained in a statf

interfergnce pattern or intérferogram. To obtain it, it is necessary to ascertain and record the locatic
of the zefo order of the jritérference pattern, i.e., the location where the optical path difference betweg
the interffering wavefronts is zero. Knowing the location of the zero order, and applying a variation
the optidal path difference in a known way;, it is possible to deduce the sign of the wavefront (surfac
deviatiof by obséryation of the direction of motion of the fringes:

— If the optical path difference is decreased, the fringes move away from the direction of the ze1
orddr‘(for tilted wavefronts: to the thick portion of the wedge).

ES

ht

ht

— If the optical path difference is increased, the fringes move toward the direction of the zero order

(for tilted wavefronts: to the thin portion of the wedge).

— Ifthe tilt between the wavefronts is increased, the fringe spacing is decreased and the fringes move

toward the zero order fringe.

If possible, the interferometer should be adjusted “with tilt”, so that the path difference contains an a
wedge to obtain nearly straight fringes.

6.2.2 Example 1 — Fizeau interferometer

A hole will cause fringes to move toward the thin portion of the air wedge (Figure 4).

ir
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Al  maximum of the fringe pattern.from the best-fitting pattern

Figure 4 — Maovement of fringes in case of a hole and a bump, respectively

1]

br a concave surfacé, the fringes at the edge of the pattern curve toward the thick portion of thle wedge;
far a convex surface’'the fringes curve toward the thin portion of the air wedge (Figure 5).

© IS0 2019 - All rights reserved 21


https://standardsiso.com/api/?name=994224babbc37af91aa562a94911bc5e

ISO/TR

14999-2:2019(E)

1 conc
2 cony
3 thick
4 refer
5 testg
6  thin

Fig

Figure 5
the wavg

greatly g
If the we]

For the g

applies. F
Secondly],

whether

In the ca
that the
importal
also con
in a wed
decrease
In this ca
If on the

L
5

— =

hve sphere

bX sphere

part of wedge
ence flat
urface

bart of wedge

ire 5 — Movement of fringes in case of a concave and a convex surface, respectively

assumes that the wedge angle between the two wavefronts being compared is larger thgn
front errors, and thus no closed fringes are;obtained. The wedge angles in the drawings are
xaggerated.

dge direction is not known, it can be.determined as described in Table 4.

feneral case, where the fringes are neither circular nor straight, a combination of these facts
irstly, the direction of the zero order as described for straight fringes needs to be determinef.
the direction the fringes.¢urve relative to the zero order needs to be observed to determine
the wavefront/surface js eonvex or concave. This also applies to local deviations.

se of spherical wayefronts or surfaces, the sign of the optical path difference, Alypp, indicatgs
test wavefront is.either concave or convex relative to the reference wavefront, which |
it in the fabrieation of optical surfaces as well as in the assembly of optical systems. Table
fains the determination of the relative curvatures of test and reference surface (wavefrongt
be-free set-up (e.g. proof glass). If the test surface is convex relative to the reference surface,
in air.gap’thickness causes the fringes to move out, away from the zero order [see Figure 6 a]
se, theradius of curvature of the test surface is longer than the radius of the reference surfac
other hand, the test surface is concave relative to the reference surface, a decrease in air g3

TN

L

thicknes
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test surface is shorter than the radius of the reference surface [Figure 6 b)].

In these considerations, the expression “surface” may be exchanged by “wavefront”.

22
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Table 4 — Determination of the sign of a wavefront deviation in a Fizeau interferogram

a) Interferometer set-up with tilt (containing air wedge)

Wedge direction known

Hole Fringe deviation from straightness toward thin portion of wedge
Bump Fringe deviation from straightness toward thick portion of wedge
CUllLdVC DP}ICI S Fl illsUb curve tUVle d t}llb}\ puUl tiUll Uf VVUdBC

(Jonvex sphere Fringes curve toward thin portion of wedge

Wedge direction not known

+ Push on edge of test piece to determine direction of wedge
Number of fringes increase: pushing on thin portion of wedge
Number of fringes decrease: pushing on thick portion of wedge

+ Pushing uniformly on test piece to decrease air gap thickness
Closed fringes: fringes move toward low points
Open fringes: fringes move from higher regions to lower regions

+ Pushing uniformly on test piece to increase air gap thickness
Closed fringes: fringes move toward high points
Open fringes: fringes move from lower regions to higher regions

=

) Interferometer set-up without tilt (air wedge), comparingspherical surfaces

—

est wavefront (surface) radius > reference radius

+ When decreasing air gap thickness: fringes move outgaway from the zero order
+ Fringes are curved towards the zero order

+ Wavefront (surface) convex to reference

Test wavefront (surface) radius < reference radius

+ When decreasing air gap thickness: fringes move in, away from the zero order

+ Fringes are curved away from the\zero order

+ Wavefront (surface) concave.toreference
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Figure 6 — Fringe movement

6.2.3 [Example 2 — Twyman-Green interferémeter

Table 5 dutlines several common techniques:for determining the sign of the error.
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Table 5 — Determination of the sign of a wavefront deviation in a Twyman-Green interferogram

a) Pushinonreference mirror
1) Closed fringes

— Surface test: fringes move toward high points

— Transmission test: fringes move toward thin regions
(=] [=]

2) Open fringes
— Surface test: fringes move from low regions to high regions

— Transmission test: fringes move from thick regions to thin regions

H) Push out on reference mirror
Opposite of a)

d) Pushinon test mirror

Opposite of a)

d) Push out on test mirror

Same as a)

d) Puthotwireintestbeam
1) Closed fringes

— Surface test: in vicinity of the wire fringesdnove toward lower regions

— Transmission test: in vicinity of the wire fringes move toward thick regions
2) Open fringes

— Surface test: in vicinity of thie wire fringes move from high regions to low regions

— Transmission test: in ¥icihity of the wire fringes move from thin regions to thick regions

f) Puthot wire in reference beam
1) Closed fringes: opposite of e1)

2) Open fringes: opposite of e2)

—

hpossible todchieve.

Note that a change in spacing without a change in relative tilt between the wavefronts

© IS0 2019 - All rights reserved
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When testing optical systems, the visual inspection of the interferogram allows (for simple cases
and small aberrations) a rough statement about the nature of the aberration. Some typical cases are
illustrated in Figures 7 and 8.

@) Pure defocus b) Pure tilt c) Defocus + tilt

NOTE Interferograms show adjustment of interferometer.

Figure 7 — Interferograms for a system under test with only alignment errors (negligible
aberrations)

a) Spherical aberration

b) Astigmatism

Figure 8 — Interferograms for a system under test with small aberrations

6.3 Manual evaluation of interferograms

To evaluate an interference fringe pattern, it is necessary to quantify the deviation of the fringe pattern
from some ideal best-fitting pattern, which is expected for some specific (best-fitting) test wavefront.
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Depending on this theoretical wavefront, several kinds of deviations can be extracted from the
interferogram, i.e., wavefront sagitta error, irregularity and rotationally symmetric irregularity (see
1SO 10110-5:19961), Annex B). Ideally, the fit should be based on a least-squares computation.

In practice, try to adjust for straight fringes (minimum sagitta error), so that the estimation, respectively
manual evaluation, can be done with the help of a ruler or specially designed hinged mechanical
parallelogram. If this is not possible (e.g. when using proof glasses), the central fringe should not be
compared to a straight line, but to the circular arc joining the two ends and the centre of the central fringe.

The deviation is usually presented as a fraction of the spacing between a pair of fringes in the ideal
ppttern. See Figure 9.

A

24
fringe spacing in the best-fitting pattern

%}

Al  maximum of the fringe pattern from the bestf:fitting pattern

Figure 9 —<Manual evaluation of interferograms

antitatively, A/s is the fractional deviation in the fringe spacing, where s is the fringe spacipg in the
bpst fitting pattern, and A i§ the maximum deviation of the fringe pattern from the best-fitting pattern.
This corresponds to thé_maximum distance between the test and reference wavefront mlinus the

inimum distance between the wavefronts, which is referred to as the peak-to-valley diffefence. In
this case, where the Wavefronts intersect, the minimum distance between the wavefronts is alnegative
nhmber; take theSign into account in the computation of the peak-to-valley difference. If one of the
wavefronts represents the theoretical planar wavefront, then the peak-to-valley difference [between
the wavefroiits'is called the “peak-to-valley deformation”.

The deviation, in units of wavelengths, is equal to the product of A/s and the “interferogram scale
dctor”.

-

eviation = (A/3) X (INterferogram scale factor) X A

For example, when evaluating a mirror surface at normal incidence in a Fizeau or Twyman-Green
interferometer, the scale factor is 1/2: one fringe spacing = (1/2).

Table 6 gives the interferogram scale factors for some common interferometric set-ups.

1) Withdrawn.
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Table 6 — Interferogram scale factors

Measured parameter Interferometric set-up Interferogram scale factor
Reflective surface Normal incidence, single pass 1/2
Reflective surface Angle of incidence = 0, single pass 1/(2cos0)
Reflective surface Normal incidence, double pass 1/4
Reflective surface Angle of incidence = 6, double pass 1/(4cos0)
Single pass transmitted wavefront deviation |Single pass 1
Single pgsstramsmittedwavefrontdeviatiomr - Doubte pass /2
Double ppss transmitted wavefront deviation | Single pass
Double ppss transmitted wavefront deviation | Double pass

When cHaracterizing a surface form deviation in units of fringe spacings, the word “frifige spacin

does no

spacings| visible in the interference pattern corresponds to the number of half-wavelengths of surfa
form devyiation.

The transmitted wavefront quality of an optical element is judged by the deformation of a planar
spherica] wavefront (depending on whether an infinite or finite conjugate is tebe evaluated) transmitte
twice thfough that element. This deformation is measured along the difection of propagation, that i
perpendjcular to the nominal plane of the wavefront. The unit of measure is also a “double-pass fring
spacing’

The rms|measures of wavefront deviation cannot be determined:by visual inspection or this elementat

manual

The ana

6.4 PHase measurements with temporal catrier

6.4.1
The bas

6.4.4, which use a temporally varyingreference phase ¢(t) to measure the phase @(x,y) of the wavefroi
under tept (without sign and phase ambiguity). The description is restricted to the most common caj;
of two-bpam interferometry.

The intensity I(x,y) of the interference pattern, recorded on a uniform rectangular grid, obeys tk
following formula (see IS@/TR 14999-1:2005, 3.1.1):

I(x,

where

tl refer to the transverse distance between fringes, but to the fact that the number of fring

)|

and it is equal to one wavelength of the light.

¢valuation.

lysis of fringe patterns is treated more fully in many textbooks, such as Reference [9].

G:eneral

ilc procedures for the analytical evaluation of interference patterns are described in 6.4.2 {

y)=1, (x,y){1+V(x,y)cos[(D(x,y)—go(t)]} (

CA |

e

Y a =

e

y

Nt

B)

Iy(x,y) is the nearly uniform background intensity;

V(xy) isthe visibility (contrast) of the fringes;

®(xy) isthe phase distribution to be measured;

()

is the reference phase.

Since there are three unknowns in the interference equation (/,, V, ), a minimum of three intensity
measurements for each location (x,)) is necessary to determine the phase @(x,y).

It is assumed that the relative orientation of both test and reference wavefront is such that the
difference A® between neighbouring points on the grid does not exceed 7, so there are at least two

28
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detector locations for each fringe (sampling according to the Nyquist frequency). Contrary to the
manual evaluation methods, no other requirements exist for the relative adjustment of the wavefronts,
since in the quantitative description of the test wavefront, tilt and defocus effects can be subtracted.

The temporal modulation of the reference phase is accomplished by continuously or stepwise changing
the optical path of one of the interferometer arms. Among various possible devices, the most common are:

— moving reference mirror [mounted on a piezoelectrically driven transducer (PZT)];

— wavelength shifting;

— tilted glass plate;

—+ moving grating;

— rotating polarizers in conjunction with a polarizing dependent interferometerSet-up;
— acousto-optical modulator.

These devices are used to either introduce a phase difference between the beams in discrete
t¢ vary the phase difference continuously, which corresponds to a frequericy shift.

—+ heterodyne interferometry (¢ = w t);

- phase lock interferometry (¢ = asinw t + ¢);

- phase stepping and phase shifting interferometry{¢ = (r - 1)¢,].

=z

OTE The method described in 6.3 uses a spatiallywarying phase difference ¢ = p( + p;x, correspo

(=3

More sophisticated methods relying on spatial phdse variation are described in 6.5.

4.2 Heterodyne interferometry

he phase difference (¢ = w t = 2Aft) between the interfering beams is varied by means of a co
hase modulator, such as a retating radial grating, acousto-optic modulator or rotating bir
pvice. Since a continuouslylincreasing phase difference corresponds to a second frequency,
bssible to use a 2 frequeney laser. The modulated fringe intensity is photoelectrically det
hch location (x,y) of the interference pattern, the detector measures a signal at the beat freq
Fovided its bandwidth’is high enough. The phase measurement can then be performed elect
y comparing twa siich signals.

oo 0T QT — (=)}

e possibility“is'to use a detector at rest at the location (x,,y,) and another detector which is
oyer the whole interference pattern. For each position (x,y) of the scanning detector the phase d

steps, or

Dlepending on the phase variation, several methods can be distinguished (see References [10] dnd [11]):

hding to a

it between reference and test wavefront to produge wedge-type straight fringes of a certain spatial ffequency.

ptinuous
bfringent
it is also
bcted. At
iency Af,
ronically

scanned
ifference

AP = D (X))~ P (xqy,) is determined by an electronic phasemeter. By integrating these differellces over

the whole interference pattern, the optical phase difference between the wavefronts can be
ithout modulo-2m -ambiguity and including the sign information.

easured

Another possibility is to use a second detector seeing the interference of light beams which are
uninfluenced by the probe. The phase of this detector signal is fixed and serves as a reference in the

electronic phase measuring.
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6.4.3 Phase lock interferometry (PLI)

In phase lock interferometry, the phase difference between the interfering beams is modulated
sinusoidally with an additional adjustable phase offset ¢:

@(x,y,t)=asinot+¢g(x,y,t) 9)

A simple possibility to achieve this is a piezoelectrically driven reference mirror. The resulting intensity
detected by a photoelectric sensor is

1(x,ly,t)=Io{1+V cos[ @ (x,y) g, (t)-asinet ]} §0)

The forrhula for the interference intensity I(t) at a given position (xy) contains terms-of‘the type
cos[asin(wt)] and sin[asin(wt)]. These terms can be expanded into a series with Bessélyfunctions gs
coefficients:

Iy

—~

1)=1o +1oV cos(@—¢g ){Jo (a)+2] (a)cos(2at)+..}

—~Iosin(® - ){2/; (a)sin(wt)+2/3 (a)sin(3et)+...} - ap

The freqpency spectrum of the detected signal U contains compongents Uy, U, U, , ... at the multiples pf
the modtilation frequency w. For small modulation amplitudes g, these components are:

U, 4 loVasin(at)-sin(® -g) (12)

)]

Use z%IOVaz cos(2at)-cos(® —q, ) (13)

The signal component U, vanishes at the:locations of a fringe maximum or minimum, whereas U,
reaches § maximum value:

Uy +0; Uy, =max. (1)

U, can He separated by a suitable electronic filter. With a phase sensitive detector, the offset phage
¢, can ble steered in such'a‘way that U, = 0 is locked. So the change of @ with varying positions (x,)
of the sdanning detecter is monitored by a variation of ¢, since the electronic circuit maintains the
conditioh ¢, = ®.

~

The main features of this type of interferometry are as follows.

a) The|phdse detection is very sensitive to phase differences of the whole apparatus during the
scanning procedure; the achievable rms accuracies are practically limited to A/30.

b) The scanning region should be determined beforehand (with some type of interactive software) to
avoid an interruption of the phase tracking if the rim of the interferometric aperture is crossed.

6.4.4 Synchronous detection and phase-shifting interferometry

6.4.4.1 General

Since the interference equation [see Formula (8)] contains three unknowns (/y, V, ¢), a minimum of
three discrete intensity measurements for each location (x,y) in the interference pattern is necessary to
determine the phase @ (x,)). For more than three measurements the technique corresponds to a least
squares fitting procedure with enhanced accuracy.
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The phase difference between the two beams needs to be stepped, preferably the reference
shifted such that R measurements are equally spaced over one or more modulation periods:

j—1)2
0, :(]# with j=1,..,]

phase is

(15)

To solve the resulting equation system, the interference equation [Formula (8)] is rewritten in the

following form:

(X, yJ=LFMcos@pFNSImQ

where

L =1y;

M =1,V cos®;

N =1,V sin® multiplied by cosg, respectively sing, and summed ap.over one period,
apd where

¢, =(r-1)-¢pandr=1,..,R.

—

| follows:

R
M o< ZIr CosQ,.

r=1
R

N Y1, sing,
r=1

where I, being the intensity value'bélonging to the reference phase value ¢,.

—3

he following formula for thé;phase @ holds:

Z rlr (X!y)Sinq)r
Zrlr (x,y)coso,

he multiplication with sing, and cos¢, corresponds to a synchronous detection of the cos
gnal I.(¢,).

(mod m)

@ (x,y)=arctan % = arctan

—3

SH

pending on the actual number of phase steps, there are several common schemes.
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Four-step technique

0T 3n . . .
0,/,1t, 5 Formula (18) simplifies to:

I (x,y)=14(x.y)

& (x,y)=arctan (19)
I (x,y)—13 (x,y)
The fringe visibility can be written:
2 2
\/(11 —1,)"+(1, - 13)

V(ix)y)= 20
(x{y) 20 (20)
For each|detector element, the value V (x,)) gives information whether the phase measurement @ (x,y)

is reliab
rim of t

wr'depe
6.4.4.3

Concern
because
after ead

time. Th
A=2n/R

I (X

After int

>

I (

where sinc lA =sinlA/1A.
2 2 2

So the or

For exanpple, the visibility is reduced by a factor of 0,9 for A = /2 (e.g. for 4 buckets).

NOTE
This is ng
shift ram

e or not. In an automated measuring procedure it can be used for the determiination of th
e interference aperture or detection of dust particles, which do not exhibit the sinusoid
dence.

Four-bucket technique

ng the measurement time, the phase stepping technique is notthe fastest possible procedur]
the phase stepper (for instance a piezo-driven mirror) requires a certain time to settle dow
h step. In a modified scheme the phase is shifted continuously during the detector's integratid
e phase change ¢, is divided into R sections in which the'relative phase changes by an amoua
For each section the integrated intensity is:

1(Pr+A/2
)= [ lley)isves[e(xy)-eBdo() 2

Or _%

borating this expression, the recorded-intensity is:

L y)=1, (x,y){1+Vsinc(%A]cos[cD(x,y)+gor]} (21

ly difference af'this method to phase stepping is a reduction in the detected fringe modulatio

The Formulae (21), (22) assume the detector is exposed for the entire duration of the phase shiftin
t possible for all detectors; e.g. a shutter may be engaged during data is read out, thus part of the pha
b will not be integrated, and the integration range would be less than A.

)

be

6.4.4.4

Three-step technique

There are several ways of implementing a three-step technique, the most common use phase steps of

60°,90°,

A,

D (x

32

or 120°.
=60°=m/3 (23)
21, =31, +1
,y)=arctan it S A (24)
3(Iy~15)
© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=994224babbc37af91aa562a94911bc5e

ISO/TR 14999-2:2019(E)

Agp,=90°=n/2:¢,=n/4,3n/4 and 5t /4 (25)
I3 -1
@ (x,y)=arctan| =—*= (26)
Iy =1
2 2
\/1 —1,)" +(I,-1
Ve (11 =13)" +(Iy-13) (27)
21,
Ag, =120°=2n/3: ¢, =0,2n/3 and 47 /3 (28)
@ (x,y)=arctan ﬁi (29)
’ 21 1, —14
2 2
\/31 —1,)" +(21{ -1, -1
Ve (1 2) (1 2 3) (30)
21,
Fpr a phase difference other than /2 or 2m/3, the phase can be ¢alculated using
- 1, -1
& (x,y)=arctan ! _COS('D 1 -3 (31)
Sln(p 212—11—13

where phase shifts -¢, 0 and ¢ are assumed.

(=)

4.4.5 Carré technique

et

mthe previous technique, the phase difference is known. With four steps, it is also possible to d¢termine
e unknown but constant phase différence ¢,

tan[Aq)r ]z\/3(’2‘13)—(11—’4) (32)

2 (12— L3)(11 —14)

he phase @ at each point is

q>(x,y):arctan{tar{%r}< (I;-13)+(14 —14)}

—

(I +13)—(11+14)

=arctan\/[3(12 _13)_(11 _14)][(12 _13)+(11 _14)]

(33)
(Ip+13)—(13 +14)
For this technique the intensity modulation is
2 2
1 |[(I=13)+ (I =14) | +[ (1 +15) = (1; +14) ]
V:21 5 (34)
0

Here ¢ is assumed to be near /2. If the phase difference is off by +10 % the estimation of V will be off
by 10 %.

The technique works with a phase difference that does not have to be calibrated. The phase @(xy)
at each point in the interferogram can be determined modulo 2m, even in the case of varying phase
calibration differences across the beam.
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6.4.4.6 Calibrating the phase shifting device

The accuracy of the above methods depends on the linearity of the phase shifting device. For the typical
phase shift from the piezoelectric transducer (PZT), the linearity depends on the actual driving voltage
due to hysteresis and other nonlinear response effects. Therefore, a calibration of the phase-shifting
equipment is necessary.

One possibility is given by the Carré technique already mentioned. A set of four intensity values is used
to calculate Ag. The phase shift controller should be adjusted so that the average phase shift is at the
desired value and the spread in calculated phase shifts is small.

A simplgr formula can be used when taking five intensity measurements with a constant phase shilft
between|them (see Reference [12]):

I -1
= arccos 1f5s=h (35
2\ Iy -1,

With sorhe prior knowledge of ¢, the sign ambiguities of the cosine function can be.resolved.

Ag

<

With a s¢parate small interferometer fed by light split off from the reference arm, and with a separate
detector] the phase can also directly be measured.

With the measured values, corrected values for the phase shifting device can be obtained (for instange
a lookup| table for the input voltages of the piezo driving high voltage amplifier, if a computer controls
the phasg shifting device).

6.5 PHase measurements with spatial carrier

6.5.1 Fringe analysis by Fourier transform operations

If the spatial frequency v, of the interference pattern obeys the condition v, > max|grad|, no closgd
fringes dre present in the interferogram and one-dimensional Fourier transforms can be used to obtaln
the phasg @ as described in Reference [13]:

The intefference Formula (8) can be rewritten as follows:

I(x, y):a(x,y)+c(x,y)ej27w0x +c (x,y)e_jznvox (36)

where ¢ x,y):%IOVejq)(x’y).

After a ope dimensional Fourier transform the following holds:

F(I)= A(vap)+C(v=vy,»)+C (v+vg,) (37)

where 4, C and C* are complex Fourier amplitudes.
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By means of digital filtering, one side-band of the intensity distribution is filtered out and undergoes an
inverse fast Fourier transformation (FFT). In this way the quantity c(x,y) is obtained, from which the
phase can be calculated:

(D(x,y)=arctanIm—C mod 7t (38)
Rec

or by using the complex logarithm:

1og|_c(x,y)J=10g[%(10V)]+j€D(x,y)

p—

flthe sampling theorem is fulfilled (more than two detector elements per period of the,cosine function),
phase ambiguities can also be eliminated (see 6.4.4).

Altwo-dimensional approach of the FFT technique (see Reference [14]) can also-deal with intgrference
pptterns, where the fringe density is smaller than the maximum slope of the wavefront: v, < max|grad®|.
Fpr example, closed fringes are an obvious violation of this condition.

I the two-dimensional algorithm, the formula for F(I) becomes

F(I)=A(v,p)+C(v,u)+C" (v,u) (39)

—3

he filtering of the complex quantity C can now be done in two orthogonal directions (with different
ilters in the v and u directions). Ambiguities can be resolved when making two separated cal¢ulations
F @ with band-pass filters oriented in orthogonal djrections.

o =

Ahnother procedure is based on the evaluation ofitwo interference patterns where the second pgattern is
shifted by about a = /2 compared to first pattern. The respective Fourier coefficients c;(x,y) apd c,(x,y)
cqn be used to calculate

Recq-Imc, -Imei-Rec,

a(x,y)=arctan (40)

Rec,-RecyImcq-Imc,

is expected to be nearly constant apart from the sign indication, which can be used to determine the
sign of @(x,y) unambiguously.

Q

6(5.2 Spatially syfichronous fringe analysis

Ak the locationsdnythe interference pattern where closed fringes appear, the local slope of the wavefront
d steeper than—the mean relative tilt between test and reference wavefront. At such locatjons, the
Fpurier ceefficients C(v, u) and C*(v, u) of the equation for F(I) partially overlap and the sign is
uhdeterminted (change of sign of the calculated phase). To remove this difficulty, the relative tilt of the
re¢ference wavefront may be increased, which corresponds to a higher spatial frequency v,

The—wnderlying intformationabeoutthe local phase -+ he—wavefrontunderte ad also be
extracted by multiplying the interference pattern of Formula (8) directly with cosine and sine functions
that have a linear phase dependence with the same mean spatial carrier frequency as the interference
pattern (as described in References [15] and [16]). Since the interference pattern is usually scanned, a
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one-dimensional representation can be used. Let f; be a rough estimate of the mean spatial frequency

f ofthe

interference pattern. Then

I(x,y)-cos(2mfyx) =a(x,y)cos(2nf0x)+§cos[¢ (x,y)+2nf0x:| +§cos[d§ (x,y)—anox] (41)

and

b b 40

\ i (Dt oo\ ( Vi (Dt 2\
I X, y} Olll\hl\:’OA}_u\A’_y}Dlll\AIVOA}|

If the difference between the test wavefront represented by @(x,y) and the “reference wavefront™2mnfjx
is small,|the third term of these expressions represents a low spatial frequency component which cqn
be extragted by a low-pass filter with a window function H(x,y) (preferably of the Hanning-type).

The resullting low spatial frequency Moiré can be written:

Since the
for each
This alsq

the pupil.

The simplest implementation of the_quadrate multiplicative Moiré (QMM) involves a pure one-

dimensi
compong

Ml =

-%IOVcos[d)(x,y)—Zn(f—fo )x} (43)
. %IOVsin[cD(x,y)—Zn(f—fo)x} “44)
M, (x,y)

NN AL SRR I NN AL - |
ZOIIILY \A,-/V} T Lnl\:jOA_] T ZOIIILY \A,-)/} AIVOAJ L_IA-

4%)

y)—2rnfyx =arctan
=2y My (x,y)

convolution window should be several fririges wide, a high fringe density is needed in order
phase measurement to be located to a<kegion much smaller than the overall size of the pupjl.
keeps the loss of phase information‘small where the convolution window overlaps the edge pf

nal reference containing pure tilt, and is applicable to interferograms to which a large tilt
nt has been added, elinfinating closed fringes. In this case, M; and M, reduce to:

N

Z I(x;,y)cos{2nfyx; ) H(x—x;,y) (46)
i=N

36
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N
M, = 2 I(x;,y)sin(2nfox; ) H(x—x;,y)

i=—N
and
D(x,y) =arctan£
M,y
I aToTher VeTstom, The g frequency CompoTent of The equation 15 extracted by fHterng Wit
frequency f,,. Then:
N
Fi(x,y)= 2 I(x; ,y)cos[Zﬂ:fO (x—x; )]H(x—xl- 5%
i=—N

ahd

F, (x,y)= 2 I(xi ,y)sin[Zn’fo (x—xl-)]H(x—xi ,y)

i=—N

—

d calculated, resulting in the phase

Fy(x,y)
Fi(x,y)

his method is called “sinusoidal window algorithm”.

@ (x,y)=arctan

—3

Al third method makes use of a complex exp@nential window to filter out the phase informd
ingle side lobe of the Fourier transform

2]

h'=h(x,y)ej2nf0x

re¢sulting in a function whieh\real and imaginary parts are identical to F; and F, of the s
window method. The phasé_is then given by the arctangent of the ratio of real and imaginary p

616 Removal of phase ambiguities (phase unwrapping)

he above formulae allow the determination of the phase modulo 7. In order to determine t
fference between the interfering wavefronts without ambiguity, perform the following a
teps (seeReference [9]).

o -3

%]

(sin®) and the denominator (cos®) in the arctangent expression of the phase into accg

(47)

h a filter

(48)

(49)

(50)

tion of a

(51)
nusoidal

arts.

he phase
dditional

a) Infa-first step, the determination of phase modulo 27 requires to take the signs of the nymerator

unt. The

phase is calculated modulo /2 using absolute values in the nominator and denominator;

then the

signs of these quantities are used according to Table 7 to calculate the phase modulo 2.

For the Carré technique, two other quantities instead of (sin®) and (cos®) have to be examined in

the same way:

(I —13)=[2IyVsing |sind
and

(I,+13)=(I4 +I4)=[210Vc05(psin2 go}cosd’
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b) Provided that the sampling requirement is fulfilled and the phase difference between adjacent
pixels exceeds m a phase jump will occur and a phase of 27 should be added with the sign of the
phase of the previous pixel. This procedure should be carried out in two dimensions, first for one
diameter and then in the perpendicular direction from this diameter proceeding over the rest of
the aperture.

In this way, a continuous phase function can be obtained from the raw phase data.

Table 7 — Determination of the phase modulo 2n

Numerator Denominator Adjusted phase Range of phase values
(sin @) (cos 9)
positive positive @ 0— r
positive negative m-@ R
2
negative negative T+ P _3n
2
negative positive 2m- @ 3n_ o
2
0 anything T T
negative 0 had r
2 2
positive 0 3 P 3 P
2 2

6.7 Rdgistration of wavefronts; coprdinate systems, coordinate system definition

In direct phase measuring interferometers, wavefront phase or surface figure data are recorded on|a
detector] At each x,,, y, pixel locatiog*on the detector where there is phase modulated intensity data,a
phase or|height Valp ue is recorded. ATright-handed coordinate system is preferred to represent this dath:
positive [x to the right, positige)y to the top, positive z coordinate corresponding to a “taller” surfage
height (shorter OPD/cavity.foy a Fizeau). Some measured objects will fill the entire detector array, while
others will fill only part.efiit. When the entire array contains data, the centre of the array is the centre
or origin of the processed data set. The ratio of the number of pixels vertically to horizontally needed {o
describela circle is theraspect ratio.

When onply partof the array is filled with phase data, the origin of the processed data is the centre
of gravitly (or Centroid) of the data set. For data from a circular object, the coordinate system of the
object b¢ing measured will be shown how it is related to the pixel coordinates. Some detectors havye
pixels that are not square but rectangular. However, it is desirable that a circular object be displayed
and analysed as circular. Both the centring and the aspect ratio of the pixels are accounted for by the
following method. Using all the modulated phase data, the mean x,, and y,, are found by summing the x
and y locations of every modulated data pixel. This mean, x, y,, ofp the x;, and V., gives the centre of the

data set in pixel coordinates. The coordinates (xpc,ypc) of the centred plxel data set is then

Xpc =Xp ~Xp and.ypc:yp_yo (54)

The centred pixel data set are then used to determine the statistics of the data by using various
processing algorithms described below.
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Another issue regarding coordinate systems is the mapping of a curved surface onto the plane detector.
For a plane surface the lateral (x,y) coordinates of the object are mapped linearly onto the detector. For
a curved surface, however, particularly a surface with a high numerical aperture, there is a question of
how the surface is mapped onto the detector. For most interferometers, the object under test is mapped
onto that object’s pupil plane, a plane at the object’s vertex. The mapping is given by rays that appear to
come from infinity so they are parallel to the optical axis. Thus the x,y coordinates of the surface under
test are mapped one to one to the pupil plane while the component of sag in the direction of the optical
axis is suppressed. The pupil plane is mapped linearly onto the detector just as in the case of a plane
surface.

There are two consequences that follow immediately from this.

—+ A plane grid of straight lines perpendicular to the optical axis placed between theyobject and the
interferometer will be imaged on the detector with pincushion distortion.

— Also, thex,y coordinates in the pupil plane are the same x,y coordinates that appear in all thg analysis
of the phase data

6.8 Polynomial and other representations of wavefronts

6{8.1 Representation of phase data

Once the phase data is transformed or mapped from detéector or pixel coordinates into|analysis
cpordinates, it can be represented in basically two different.ways. It can be left as discrete dafa points
of it can be interpolated with an analytic function into a global representation expressed by § number
of coefficients. Each method has advantages and disadvantages depending on how the data are to be
uked. Neither method is optimum in all cases. In some methods of analysis, it is best to repr¢sent the
Iqw spatial frequency part of the data by analytiefunctions and the high spatial frequency palrt by the
\w pixelated data.

—

Al common use of analytic functions in interferometry is alignment error removal. The intgrference
linges are typically “nulled” by adjustingthe test part position (via rigid body motions: translations and
ilts/rotations). The nulling will not beperfect, so any part of the measured wavefront attribuitable to
isalignment should be removed/mathematically. Tilt alignment error is defined in ISO 14999-4:2015,
2.2 (and the wavefront with the tilt removed is defined in ISO 14999-4:2015, 3.2.4). This tilt/function
uld be represented with the first 3 terms of the polynomial series given in Annex A (Z, L, B fulnctions);
g.7(0,0),Z(1, 1), and Z(1,.51) for Zernike polynomials. Twist alignment error for cylindrical wavefronts
4 defined in ISO 14999-4:2015, 3.2.3, and could be represented with Z(2, -2), L(1, 1), or B5.

=+ —h

o0 W

—e

Ppwer deviation for_spherical wavefronts (from ISO 10110-5 indication 3/A which is defined by
1§30 14999-4:2015,3.2.6 and 3.3.1) is often treated in a similar way. A parabolic approximation is[effective
1) cases wher€ithe spherical wavefront numerical aperture (NA) is low (small ratio of part digmeter to
idius), e.g. 'Z(2, 0) for Zernike polynomials. This approximation, however, can introduce significant

—_

o8]

mountsof spherical aberration for higher NA wavefronts; in such cases the function [1—\/1 —r2NA? )

id abetter approximation. But unfortunately this function cannot be represented by a single tgrm from
the annex polynomials. Further note that this fitting function depends on the part prescription (from the
NA), while the low NA approximation (and the tilt and twist terms given above) do not.

NOTE1 The more accurate power fitting function depends on the part prescription (from the NA), while the
low NA approximation (and the tilt and twist terms given above) do not.

NOTE 2  The power approximation is similar to that given in ISO 10110-5:2015, Annex A.

Leaving the phase data as discrete data points, or pixelated data, has the advantage that it is essentially
raw data. It has the maximum intrinsic information about the optic under test. As with any sampled
data set, there is no, or too little information about the object on a spatial scale of less than two pixels,
the Nyquist limit. But there is detailed information about the surface up to the Nyquist limit.
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The disadvantage of leaving the data pixelated is that many useful aspects of the data are not obvious
from this large number of essentially unrelated data points. Also to derive most statistical parameters
from the data, the entire data set should be processed to determine each different parameter.

If the pixelated data is fitted to 2-D analytic functions, many properties of the data set are obvious from
inspection or can be calculated simply from the coefficients representing the function. The entire data
setis no longer needed to get most of the surface information out of it. Also, if certain analytic functions
are used, many properties of how well an imaging system will work can be determined directly from
the functional coefficients.

The disaflvantage of Titting to the raw data is that the Titting process acts as a [ilter, particularly of high
spatial ffequency components, i.e., it is not possible to recover the raw data from the analytic fungtion.

Analytic[functions for describing surfaces with either circular or rectangular boundaries are-defined |n
6.8.2 to $.8.6.

6.8.2 Zernike polynomials for a circular boundary

Because|most optical systems have circular pupils, a particularly useful set of dnalytic functions for
represerfting optical surface and wavefront data are the Zernike polynomials. This particular set pf
polynomjials is complete and orthogonal over the unit circle. In addition, with-appropriate normalizatiop,
the coefficients of the Zernike polynomials are the rms values of the §ndividual optical aberrations
present in the phase data and these directly relate to the imaging properties of optical systems.

It should be pointed out immediately that the useful properties¢of*Zernike polynomials apply only fo
circular apertures (or their close relatives) and that very misleading results will be obtained by applying
Zernike fitting to non-circular data sets. For square or rectangular data sets, see 6.8.5, A.3.2, and A.3.B.
For situdtions where the clear aperture is elliptical, it isisually this way because a circular beam fs
incident on a mirror at a 45° (or some other large) angle of'incidence. In this case, the correct amount pf
astigmatlism over the elliptical aperture is the equivalent of power at normal incidence. For this reasoh
in 6.8.3, [it is suggested to rescale the aperture coordinates to make the pupil circular, to evaluate t}
error with the regular Zernike polynomials and(then to scale the aperture back to its elliptical shap
The notation used is that of Reference [17] with indices given by (n, m), where “n” is the radial order an
“m” and the angular order of the functions:See A.3.1 for more detail.

-

a ® o

A usefull initial operation to perform with the Zernike representation is to remove the piston, tlp
and tilt present in almost every sef.of interferometric data. Similarly, higher order coefficients cdn
be set td zero to see the effect of rémoving higher order aberrations. The Zernike normalization and
nomenclpture related to preparation of drawings is defined in ISO 14999-4. See A.2 for further detdil
about normalization.

6.8.3 Use of Zernike polynomials for an elliptical boundary

Elliptica} apertures generally occur in optical systems because a collimated beam of light is reflectqd
from a plane mitror to fold the beam path. As in many optical systems, a small amount of power in the
optical pathfsof little consequence because it can usually be focused out in the image plane. Howevar,
if a plane*mirror has a little power and is used in non-normal incidence the mirror will introduge
astigmatism, which will degrade the optical performance of the system.

On the other hand, if the plane mirror has astigmatism aligned with the plane of incidence then this
astigmatism will appear as power in the system and may be focused out. Thus, the main use for Zernike
polynomials in the analysis of elliptical apertures is to determine the magnitude and orientation of
power and astigmatism in the mirror surface.

The following procedure will permit the analysis of phase data over an elliptical aperture. First, assume
the major axis, a, of the aperture is aligned along the x-axis. Let a and b be the lengths of the semi-major
and minor axes of the ellipse. Multiply the x coordinates of all the data locations by the ratio (b/a). The
pupil will now be circular. Fit Zernike polynomials as usual.
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If the optical system will allow power to be focused out then the Z(2,0) coefficient times 2 times the
cosine of the angle of incidence at which the mirror will be used is a measure of the peak-to-valley power
introduced by the mirror. Any astigmatism or other aberration terms will degrade the wavefront and
should be considered as irregularity. After power (Z(2,0)) is removed, the peak-to-valley magnitude
over the remaining irregularity needs to be multiplied by the cosine of the angle of incidence in the
system to determine its effect on the wavefront. The comments above assume the mirror surface is
tested at normal incidence. If it is tested at the angle in which it will be used the test will give a direct
measure of the irregularity.

Once Zernike polynomials have been fitted to the circle aperture data, a contour map of the surface
oyer the elliptical aperture can be made by multiplying the x coordinates of the circular data by the
ratio (a/b) and plotting the results.

There may be other occasions for fitting Zernike polynomials to data from an elliptical.Clear dperture.
The approach suggested above may also be used in this case provided there is a cléar understanding of
hpw scaling the aperture coordinates in one direction affects the results of the fitting.

6/8.4 Zernike-Tatian polynomials for a circular shape with a centraldhole (annular)

Ip the case of an interferogram of an annular aperture, such as might be obtained when festing a
Chssegrain type telescope, the annular aperture can be fitted with modified Zernike polynomials
dpscribed by Mahajan (References [18] and [19]). These polynomials are a function of g, the ratio of the
innner radius of the annulus to the unit outer radius of the andulus. In all other attributes, thel are the
ime as the Zernike polynomials for the full circular apertute.

wn =

6(8.5 Legendre polynomials for a rectangle boundary

There are times when it is convenient to repiesent a rectangular aperture with a 2-D|analytic
function, such as when testing cylindrical opticss When this is necessary, Legendre polynomials are an
bpropriate choice, and are detailed in A.3.2.In some cases polynomials with a rotationally syjmmetric
character are desired over a rectangular.aperture (for example, when a power-like (x2 + y2) term is
dpsired). In such cases, polynomials based’on Zernikes can be employed, see A.3.3 for details.

5]

=)

8.6 Orthogonal functions on “unusual areas”

ot

tf is possible to compute, orthogonal polynomials, given certain desired characteristics,|over an
rbitrarily shaped area, including a weight function, if desired. Mathematically, this is not a new method
1t it does not seem tobe applied in the optics world. The term orthogonal function, and not pofynomial,
qused in this text agthis method applies to absolutely any base of functions. For example, the fynctional

Z oo

bpsis could inclade [1—\/1—r2NA2 ), where r is the normalized coordinate (1 corresponding to the

=

imericalaperture NA) to accurately model the wavefront from a longitudinal shift or radius djfference
1} a spherical surface test in a Fizeau interferometer (i.e. defocus).

—

Shown in Annex A are a few examples of orthogonal polynomials, without showing the detajls of the
computation This computation can be very cimplp using matrix notation, pnnhling the generration of

the polynomials one after the other, in a deterministic way (no iterations or approximations).

7 Testreports and calibration certificates

7.1 General

The results of each test, calibration, or series of tests or calibrations carried out by a laboratory should
be reported accurately, clearly and objectively, and in accordance with any specific instructions in the
test or calibration procedures in accordance with policies outlined in ISO/IEC 17025.
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The results should be reported, usually in a test report or a calibration certificate, and should include
all the information requested by the client and necessary for the interpretation of the test or calibration
results. This information typically provided is described by 7.2, and 7.3 or 7.4

7.2 Content of test reports and calibration certificates

Each test report or calibration certificate should include at least the following information, unless the
laboratory has valid reasons for not doing so:

a)
b)

9
d)
e)
f)
g)
h)
i)

Hard copies of test reports and calibration certificates should also include the page number and t}
total numpber of pages, e.g. Page 1 of 3.

It is recdmmended that laboratories should also inclidde a statement specifying that the test report
calibratipn certificate should not be reproduced except in full.

7.3 Testreports

In additipn to the requirements listed,in 7.2, test reports should, where necessary for the interpretatic
of the tegt results, include the following:

a)

b)

c)

d)

42

a title (e.g. “Test report” or “Calibration certificate”);

the mame and address of the laboratory, and the location where the test or calibration was carrig
out if different from the address of the laboratory;

unique identification of the test report or calibration certificate, such as a serial number,©1 €éach pag
the pame and address of the client;

a brief description of the method of measurement used;

a brief description, including unambiguous identification, of the item(s) tested or calibrated;

the dlate(s) of performance of the test or calibration;

the tlest or calibration results with the units of measurement;

the ame, function and signature of the person authorizingthe test report or calibration certificat

deviptions from, additions te,/or exclusions from the test method and information on specific te
conditions, such as envirenmental conditions;

where relevant, a statément of compliance/non-compliance of the test item(s) with requirement

or specifications;

whefe applicable, a statement on the estimated uncertainty of measurement (information g
uncdrtainty. of measurement is needed in test reports when it is relevant to the validity
appljcation of the test results, when a client’s instructions so require, or when the uncertaint
affe¢ts’compliance to a specification limit);

k)

®

e

r

y

where appropriate and needed, opinions and interpretations based on the measurement results;

additional information which may be required by specific methods or clients.
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7.4 Calibration certificates

7.4.1 Basics

In addition to the requirements listed in 7.2, calibration certificates should include the following, where
necessary for the interpretation of calibration results:

a) the conditions (e.g. environmental) under which the calibrations were made that have an influence
on the measurement results;

b) the uncertainty of measurement and/or a statement of compliance with an identified metirological
specification or clauses thereof;

c] evidence that the measurements are traceable to national standards or physical constapts (such
as a particular wavelength of light; for example BIPM has a statement on the)Helium N¢on laser
633 nm wavelength for traceability to the metre).

|

4.2 Specification

The calibration certificate should relate only to quantities and the nesults of functional tests. If a
statement relating to compliance with a specification is made, this.should identify which clauges of the
pecification are met or not met.

2]

When a statement of compliance with a specification is madé omitting the measurement regults and
apsociated uncertainties, the laboratory should record thase results and retain them for possible future
r¢ference.

=

(hen statements of compliance are made, the un€ertainty of measurement needs to be tgken into
afcount.

7(4.3 Adjustment or repair

When an instrument/device for calibration has been adjusted or repaired, the calibration results before
nd after adjustment or repair, if available, should be reported.

o)

7}5 Opinions and interpretations

VJ:hen opinions and interpretations are included, the laboratory should document the basis uppn which
the opinions and intérpretations have been made. Opinions and interpretations should bg clearly
njarked as such in a.test report.

Opinions and jnterpretations included in a test report may comprise, but not be limited to, the fgpllowing:

- an opinion on the statement of compliance/non-compliance of the results with requirements;

- recommendations on how to use the results;

—+ gnidan‘p to be used for imprnvpmpnfc

In cases where it is appropriate to communicate opinions and interpretations by direct dialogue with
the client, that dialogue should also be written down.

7.6 Electronic transmission of results

In the case of transmission of test or calibration results by telephone, telex, facsimile or other electronic
means, the requirements of this document should be met.
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rmat of reports and certificates

The format should be designed to accommodate each type of test or calibration carried out and to
minimize the possibility of misunderstanding or misuse.

Attention should be given to the layout of the test report and calibration certificate, especially with
regard to the presentation of the test and calibration data and ease of assimilation by the reader.

The headings used within the report or certificate should be standardized as far as possible.

7.8 Arn

Material
the forn
“Supplen

When it
uniquely]

8 Dat

Informat
standard
referred
export t
a header
matrix o

nendments to test reports and calibration certificates

amendments to a test report or calibration certificate after issue should be madeyonly
of a further document, or data transfer, which includes a statement indicating that it is
ent to test report, serial number (XXXX)” or the equivalent for a calibration certifi¢ate.

is necessary to issue a completely new test report or calibration certificate,-this should h
identified and should contain a reference to the original that it replaces.

a format

ion concerning data formats used in interferometric computational processes is n
ized, and so the software documentation of the interferometer manufacturer will need to &
to. The format will usually be binary, though the interferometer software may also suppo
a human-readable (text) format as well. The data file:will typically include some metadata
(e.g. instrument serial number, date of measurement) wavelength of light used), as well as
f values corresponding to the measured wavefrontion a uniformly sampled grid (in X and Y).

a

bt
e
't
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Annex A
(informative)

Orthogonal polynomials

=

.1 General

<

hrious polynomial sets are described here, to be used on the two most widely used area Shapes

\ml

Circular area (extendible to the elliptical area);

b) Square area (extendible to the rectangular area).

e

hch set is designated by a combination of letters:

- Area shape: C (circle/ellipse); S (square/rectangle);

- Generation basis: P (polar); R (rectangular);

- Form of expression: Z (Zernike), P (polar); R (rectangular):

OTE1 In this annex, the terms “polynomial” and “funetion” are sometimes used interchangg

S o =

s(¢), sin(¢)]. However, expressed in Cartesian coordinates, Zernike functions become polynomials wif
(x.y).

—t
o

ODTE 2  Theorthogonal sets described here arelorthogonal on continuous areas of the appropriate shz
" square). Using these sets for discrete, which'is always the case with real data, results in non-orthog
e said functions. It is up to the user to determine the degree to which this non-orthogonality per
efficient computation. However, it can-be said that for metrology devices common today, the discr
boligible for the lower order functions.

5 Qo =

AUTION — Any orthogonalssetis to be used with caution. When applied to real data (as

oo

-

bpresenting arbitrary(topographies over the defined aperture shape, but individual t
ot generally have any,particular physical meaning beyond that.

=

»n o«

n optics:

ably. For

xample, a Zernike function may be obtained by multiplyinga’Zernike polynomial by a harmonic functionp [namely,

h respect

Ipe (circle
onality of
turbs the
epancy is

bpposed

0, e.g. studying the matheniatics of aberrations), the orthogonal functions are convenient for

erms do

The reason why the'orthogonal sets described here are useful for practical analysis is the forxlin of first

fgw terms, nantely “piston”, “tip”, “tilt”, “power”, which describe changes in conjugates, and a

upeful lower.order aberrations: “coma”, “astigmatism”, “spherical aberration”.

The universally used Zernike set (A.3.1), as well as the alternative set (A.3.3), include the
terms.The Legendre set (A.3.2) does not include all these terms (in particular, it has no “powe

SO some

be useful
" term).

|.A. - d00Ve nese 10We Qrde ne I 1 QI Al 0 NO0oOQNA Iaramals 0 nave an

physical

meaning in practice (beyond a convenient representation of an arbitrary surface). For example, optical

components rarely exhibit a pure Z20, L17 or B29 shape.
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Table A.1 — Orthogonal set summary

No. Reference Name Area Symmetry | Coordinates Form Note
(see notes)
Table A.2 C-P-P Circular/ Circle Polar Polar {P, m(r)cos(m6)} | Zernike
Zernike (ellipse) {P,, m()sin(-m6)} {Z}
Table A.3 S-R-R Square/ Square Rectangular | Rectangular {L,(x) L)} Legendre
Legendre | (rectangle) {L}
Table A.4 S-P-Z Square/ Square Polar Polar Combination New set
Doloe L tanagla) £7 vl LD
Petat trectanste of Zerrtke 85
functions
Table A.§ S-P-P Square/ Square Polar Polar {B,,m(r, )} New set
Polar (rectangle) {B}
NOTE1 P,(r) denotes polynomials for the variable “r”.
NOTE 2 | n, p, q are non-negative integers; m is positive for cosine terms, negative for sine térms. See “A.3.1.p
Definitiops” below.
NOTE 3 More information may be obtained, e.g. the references and the worldwide web.

A.2 Cqefficient computation

When fitting a given set of orthogonal functions {Q, @4, Q,, ...} to a function " f", coefficients {a, a;, a,, .|}
of the orthogonal functions are computed as follows:

) ”A 0; (u,v) f(u,v)dA
ai_.UA D; (u,v)Q; (wv )dA As}, ”Ql e

rms,i A

where

(w,v)| are the space coordinates;

A is the area of integration and-dA4'is the area increment;
2 is the mean-squared value of orthogonal polynomial (Q;) (S, is the root mean square,
Srmsli  or rms).
ngs,i values are tabulated-in-the tables below. However, because the orthogonality of the sets over

discrete preas is not strict; it is advised to perform the actual computation of the s2__ values when the N4

rms

are requjred, rathefithan using the values tabulated here.

NOTE 1 | Thedefault normalization of the orthogonal polynomials given here is unity at the edge (polynomipl
terms achieve @ maximum value of one at the edge). In some cases, however, using an orthonormal basjis
(polynonjiakterms have unit rms) is convenient. For example, orthonormal polynomial coefficients can be ropt
sum squared together to obtain a total T3 of thoSe polynomiais.

2

NOTEZ The edge-normalized polynomials can be converted to rms-normalized by dividing by s (4/S s »

where sfms is found in the tables). For example, Z(2,0) goes from (2r2 - 1) edge normalized to V3 (2r2 - 1) rms

normalized.

NOTE3  Edge-normalized coefficients can be converted to rms-normalized by multiplying by s. For example, if
a wavefront fit with edge normalized Zernikes obtained a coefficient of 10 nm for Z(2,0), then the rms-normalized

1
Z(2,0)is (10 nm)x\/; or approximately 5,77 nm.
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A.3 Definitions, tables and illustration of orthogonal functions

i!(n;i)!

A.3.1 Circular areas: Zernike functions (“C-P”)

NOTE  C} =Comb(n,i)=

A.3.1.1 General

S | 1 : 1.7 1 - b I A | ] P T +1 1 +1 .
T IS 15 T UIdSSItdl ATTIIIRT STL, WILILIT IS VWIUCTTY USTU 1T UPUILS. TU LS UI'tIIUgUIIdT UOVELD LT CIT

(¢xtendible to the elliptical area).

2
rms

ot

tfs definitions are given in A.3.1.2. s values are given in Table A.2 and an illustratio

=}

Fthogonal set up to N = 10 (Z0-Z35) is given in Figure A.1.

ODTE1 The indexing of Zernike polynomials is standardized in ISO 14999-4, and uses a double ind
he use of a single index (often termed “fringe” ordering), however, is commonly/lised in the optics ind
1] lens design and metrology analysis software packages). This ordering is given'in the “Z” column of
wthile the equivalent standardized dual indices (n, m) are given in the “n, m”€olumn.

= 7

=z

OTE 2  The fringe ordering index given in Table A.1 starts at 0; e.g. Z(0,0) = Z0. Another convent
1jinge ordering starts at 1; e.g. Z(0,0) = Z1. This notation is not standardized, so use caution when int
brnikes that use a single index.

N =

A[3.1.2 Definitions
Ipdices: (n + |m|) = N: Order of the function;
(n = |m|) 2 0: |m] is not greater than-i;

(n = |m|) is even.

Z

ODTE 1  For the purpose of compact notation, the sign of “m” denotes whether that term uses sine
=0 is rotationally symmetric, with+ieither a sine nor a cosine factor), rather than having a third ind¢
s. This deviates from conventional mathematical practice, where m is nonnegative.

—

(o)

nlar area

n of the

ex (n, m).

stry (e.g.
Fable A.2,

on of the
erpreting

or cosine
x for sin/
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Area of definition:

Zernike polynomial:

Principajtersr

njm|

P(n,m,r)= Z

—1!

Circle, radius equal to 1 (area = m).

i n-2i

Zernike function

(orthogonal series for use in optics):

. 2
Functiory mean-square value (srms) :

NOTE 2
these fun
rotationa

polynomifal.

Z(n,m,r,0)=P(n,m,r)x

|Z(n,m.r,0)|° 7 A=1/(n+2)x(2"

The mean-square value of the Zernike functions is miedified by the cosine or sine functions. For
ctions (|m| > 0), the mean-square value is half that of¢he corresponding Zernike Polynomial. For tie
Illy-symmetrical functions (m = 0), the mean-square'values are equal to those of the correspondi

Table A.2 — Circular — Zernike (“C-P-P”)

cos(m);m>0

sin(—m6); nr<0

m|>0

1;m=0

g

Orthogonal on the circle (extendible to theellipse)

Loiuinables: r, 6)

Expressed in polar coordinates: Y, {P;(r) cos(m6)} for m > 0 or X {P,(r) sin(-m6)} form < 0; N=n +|m|; n 2 |m

Z N n,m Formula 52
rms

Z0 0,0 |\t 1
Z1 2 1,1 rcos6 1/4
72 : 151 |rsin@ 1/4
73 2 2,0 |2r2-1 1/3
74 2,2 |r¥cos20 1/6
75 2,-2 |r2sin26 1/6
76 3T (3r2="2)7C0S0 178
77 3,-1 |(3r2-2)rsin6 1/8
78 4,0 |6rt-6rz+1 1/5
79 6 3,3 r3cos360 1/8
710 3,-3 |r3sin36 1/8
Z11 4,2 |(4r?-3)r2cos20 1/10
712 4,-2  |(4r?-3)r2sin26 1/10
713 51 |(10r*-12r2 + 3) rcosd 1/12
714 : 5 -1 [(10r*-12r2+ 3) rsinf 1/12
715 6 6,0 |20r5-30r*+12r2-1 1/7
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Table A.2 (continued)

Orthogonal on the circle (extendible to the ellipse)
Polar variables: (1, 6)

Expressed in polar coordinates: ), {P,(r) cos(m6)} for m > 0 or X {P(r) sin(-m68)} for m < 0; N=n +|m|; n 2 |m|
Z N n m Formula Srzms
716 8 4,4 rtcos46 1/10
Vel : 4=l pdeindg 1/10
718 : 53 |(5r2-4)r3cos360 1/12
719 : 5,-3 |(5r% - 4) r3sin30 1/12
720 : 6,2 |(15r - 2012 + 6) r2cos26 1/14
721 : 6,-2 | (15r* - 2012 + 6) r2sin26 1/14
722 : 7,1 |(35r%-60r*+30r2-4) rcos6 1/16
723 : 7,-1 |(35r® - 60r* + 30r2 - 4) rsinf 1/16
724 8 8,0 70r8 — 140r + 90r* - 20r2 + 1 1/9
725 10 55 r5cos56 1/12
726 : 5,-5 |r5sin56 1/12
727 : 6,4 |(6r2-5)rtcos4d 1/14
728 : 6,-4 |(6r%-5) rtsin40 1/14
729 : 7,3 |(21r* - 3012 + 10) r3cos36 1/16
730 : 7,-3  |(21r% - 30r2 + 10) r3sin36 1/16
731 : 8,2 |(56r°-105r*+ 60r2 - 16)32cos26 1/18
732 : 8,-2 |(56r6 - 10514 + 60r2 ~110) r2sin26 1/18
733 9,1 |(126r8-280r6+ 210r* - 60r2 + 5) rcos@ 1/20
734 : 9,-1 |(126r8 - 280165210 - 60r2 + 5) rsind 1/20
735 10 10,0 |252r10 - 63078 + 560r° - 210r* + 30r2 - 1 1/11
736 12 6,6 |rcos68 1/14
737 : 6,-6 |rbsin6e 1/14
738 : 7,5 _|(7r? - 6) rocos50 1/16
739 : 7,55, ~(7r? - 6) r5sin56 1/16
740 : 64~ | (284 - 42r2 + 15) rtcos46 1/18
741 : 8 -4 |(28r% - 42r2 + 15) rtsin46 1/18
742 : 9,3 |(84r6 - 168r* + 105r2 - 20) r3cos30 1/20
743 X 9,-3 |(84r®-168r* + 105r2 - 20) r3sin360 1/20
744 : 10,2 |(210r8 - 504r% + 420r* - 140r2 + 15) rZcos26 1/22
745 : 10,-2 | (21078 - 50476 + 42014 - 14012 + 15) r2sin20 1/22
Z46 : HA— 46210 260+ 2600 — 5604+ 105+ —F6)reost 1/24
747 : 11,-1 |(462r10-1260r8 + 1 260r% - 560r* + 105r2 - 6) rsinf 1/24
748 12 12,0 |924r12-2772r10+3 150r8 - 1 680r¢ + 420r* - 42r2 + 1 1/13
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N Radial cos(0) sin(0) cos(20) sin(20) cos(30) sin(40) cos(40) sin(40) cos(50) sin(50)
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"
NOTE This figure depicts the same Zernike orthogonal@s}lynomial set shown in ISO 14999-4:201p5,
Figure B.[, but with 2 key differences. First, the grey scale in this figure has a higher contrast, to bettgr
highlight|the structure in the polynomial terms. Second, t@ labels in the terms use the fringe ordering rather
than the qual index standardized in ISO 14999-4 (to con the fringe index to the corresponding dual index, s¢e

Table A.2| columns 1 and 3).
xO

Figure A.1 — Example of vis&;‘&@i\gtion of Zernike orthogonal set (Z0 - Z35)

A.3.2 Square areas — Legen@mctions (“S-R”)
O

A.3.2.1 | General O .

Legendre polynomials §‘D polynomials. By multiplying two such polynomials, one for each directign
(x and y}, one obtailé~ D set of polynomials (functions) orthogonal on a square (extendible to the
rectangylar area). ?\

rms

dlset (LO - L20) is given in Figure A.2.

The definiti @re given in A.3.2.2. s values are given in Table A.3 and an illustration of the
orthogou[l

A.3.2.2 Definitions
Indices: (p+q)=N: Order of the function;

b q: Non-negative integers.
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