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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 matters of
electrotechnical standardization.

The proceglures used to develop this document and those intended for its further maintenange
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

This part of ISO 14999 provides a theoretical frame upon which are based indications from ISO 10110-5
and/or ISO 10110-14.

A table listing the corresponding nomenclature, functions, and values used in ISO 10110-5 and

ISO

14999-4 is given in ISO 10110-5, Annex B.

[SO 10110-5 refers to deformations in the form of an optical surface and provides a means for specifying
tolerances for certain types of surface deformations in terms of “nanometers”.

ISO
pro

As

def
itig
cas

defgrmation of the reflected wavefront of one wavelength.

Cer
test

Duse
“fri
way
way

10110-14 refers to deformations of a wavefront transmitted once through an opticals
vides a means of specifying similar deformation types in terms of optical “wavelengths”.

t is common practice to measure the surface form deviation interferometrically ‘as the
rmation caused by a single reflection from the optical surface at normal (99%to surface]
possible to describe a single definition of interferometric data reduction-that can be u
bs. One “fringe spacing” (as defined in ISO 10110-5) is equal to a surfa¢e deformation th

fain scaling factors apply depending on the type of interferométric arrangement, e.g. w
object is being measured in single pass or double pass.

to the potential for confusion and misinterpretation,{units of nanometres rather th
hge spacings” or “wavelengths” are to be used for the value of surface form deviation or t
refront deformation, where possible. Where “fringe spacings” or “wavelengths” are used 4
relength is also to be specified.

ystem and

wavefront
incidence,
ted in both
At causes a

hether the

hin units of
he value of
s units, the
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INTERNATIONAL STANDARD ISO 14999-4:2015(E)

Optics and photonics — Interferometric measurement of
optical elements and optical systems —

Part 4:
Interpretation and evaluation of tolerances specified in ISO
10110

1 [Scope

Thip part of [SO 14999 applies to the interpretation of interferometric data relating to the mgasurement
of optical elements.

Thip part of ISO 14999 gives definitions of the optical functions and values-specified in the prejparation of
drapvings for optical elements and systems, made in accordance with'1SO 10110-5 and/or ISP 10110-14
for which the corresponding nomenclature, functions, and values ave listed in ISO 10110-5, [Annex B. It
alsq provides guidance for their interferometric evaluation by viSual analysis.

2 [Normative references
The following documents, in whole or in part, arechormatively referenced in this documgnt and are

indispensable for its application. For dated references, only the edition cited applies. F¢r undated
refgrences, the latest edition of the referenced.décument (including any amendments) appligs.

wn

[S0|10110-5, Optics and photonics — Prepatation of drawings for optical elements and systems — Part 5:
Surface form tolerances

1S0|10110-14, Optics and photonics —Preparation of drawings for optical elements and systemd — Part 14:
Wayvefront deformation tolerance

ISOfTR 14999-2, Optics and photonics — Interferometric measurement of optical elements pind optical
systlems — Part 2: Measufement and evaluation techniques

3 |Terms and<definitions

3.1| Mathematical definitions

3.11
funiction
mathematical description of the measured wavefrontdeformation and its decomposition into components

Note 1 to entry: The functions used in this part of ISO 14999 are scalar functions.

3.1.2
peak-to-valley value

PV (f)
<of a function f> maximum value of the function within the region of interest minus the minimum value
of the function within the region of interest

3.1.3
root mean square value

rms (f)

<of a function fover a given area A> value given by either of the following integral expressions:

© IS0 2015 - All rights reserved 1
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Cartes

rms (f)=| <&

b)

ian variables x and y
g
2

where (x,y) €A

“If(x,y)]z dxdy
.” dxdy

Xy

Polar variables rand 6

rms (f

—jj[f(r,e)]zrdrde— ’

r ”rdrde
Or

where (r,Q) cA

Note 1 to enfry: This integral may be approximated by the standard deviation if the usage includes removal o

mean value

3.2 Defi

NOTE 1 i
wavefront d

NOTE 2

aspherical)
correspond
functions fd
with resped

’

NOTE3 1
cylindrical,
cylindrical

3.2.1
measured,

fmMwp
function r

wavefront,

of the wavefront (piston) and provided that the measurement resolution is spécified and is suffic

nition of optical functions

or the relationship of interferometric measurements to surface-form deviation and transmi
eformation, see Clause 4.

'he optical functions given in this subclause are used either for rotationally invariant (spheric:
wavefronts (depicted in Figure 1) or cylindrical wavefrents (depicted in Figure 2). The funct
ng to each are grouped together; the functions for.rotationally invariant wavefronts first and
r cylindrical wavefronts follow. The functions for rotationally invariant wavefronts are unchar
t to ISO 14999-4:2007.

'he term cylindrical waveform is used here as synonym for circular cylindrical, non-cirg

and torical wavefronts. The functions canvalso be applied for general wavefronts that are clog
r torical ones.

wavefront deformation

bpresenting the distances between the measured wavefront and the nominal theoret
measured normal to.the nominal theoretical wavefront

Note 1 to enftry: See Figure 1.a)and Figure 2 a).

Note 2 to
z-direction,
perpendicu

3.2.2

entry: In cas€l of tactile measurement where the measurement values are usually taken a
the measdrement values have to be converted to the measured wavefront deformation fywp (dist
ar to the-theoretical surface).

Fthe
ent.

Lted

1] or
jons
the
ged

ular
e to

ical

ong
ince

tilt
frir

plane function representing the best (in the sense of the rms fit) linear approximation to the measured

wavefront

deformation fMwp

Note 1 to entry: See Figure 1 b) and Figure 2 b).

3.2.3

twist-function describing rotational misalignment for cylindrical wavefronts

fTwsT

function of the saddle form used for eliminating rotational misalignment

frwst(x,y)=const.*x*y

© ISO 2015 - All rights reserved
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Note 1 to entry: See Figure 2 c).

Note 2 to entry: A rotational misalignment (twist) of the cylindrical axes of the test wave and the surface
(respectively, the object under test and the optics generating or compensating the cylindrical or torical phase
front) results in an additive term in the form of a saddle. This term could be eliminated or minimized by
careful alignment of the setup. In most practical cases, it is more useful to eliminate this term by removing it
mathematically.

3.2.

4

wavefront deformation

fwp
fung

Not

3.2
way

fwo
fun

def

Not

3.2
way

fws
fun

Not

3.2
way

fwce
fun

defprmation fwp,cy

fwp = fmwp — frit

e 1 to entry: See Figure 1 c).

5
refront deformation for cylindrical wavefronts

CY
Ction resulting after subtraction of the tilt frpr and frwsr™rom the measured

brmation, fMwD

Swo,cy (%)= fuwp (%, ¥) = frir (%, ¥) = frwst (%, )

e 1 to entry: See Figure 2 d).

6
refront spherical approximation

‘tion of spherical form that best (in the sense of the rms fit) approximates the wavefront defor
e 1 to entry: See Figure 1 d).

7
refront circular cylindrical'approximation

x:fWC,y
ctions of cylindrical form that best (in the sense of the rms fit) approximate the

2 .2

fwex (X, Y)=Ryhie —+/ Ry it —x~ +const.
/ 2 2

fwc,y y)= Ry,fit - Ry,fit — Yy~ +const.

Not

wavefront

mation fyyp

wavefront

b 1-to entry: See Figure 2 e) and Figure 2 f)

3.2.8
wavefront irregularity

Sfwi

function resulting after subtraction of the wavefront spherical approximation fys from the wavefront
deformation fiyp

Sfwi=fwp — fws

Note 1 to entry: See Figure 1 e).

©IS
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3.29

wavefront irregularity for cylindrical wavefronts

fwi, cy

function resulting after subtraction of the wavefront circular cylindrical approximations fic, x and fwc, y

Sfwi cy

(x,¥)= fwp, cy (%, ¥)= fwex (X, Y)— fwey (X, )

Note 1 to entry: See Figure 2 g).

3.2.11
wavefront

SFWTIL % fwT
translation

approxima

fwrix

fwriy

ry: See Figure 1 f).

non-circular cylindrical approximation

[, y
ally invariant non-circular cylindrical function that best (ir«the sense of the rms

Les the wavefrontirregularity for cylindrical wavefronts, fiy; ¢y inxXandydirection, respecti

X, ¥)= fwrix (%)

X, )= fwriy ()

Note 1 to enftry: See Figure 2 h) and Figure 2 i).

3.2.12

rotationally varying wavefront deviation

fwrv
function rq

irregularit|

Sfwry 7

sulting after subtraction of the wavefront aspheric approximation fiyyrj from the wavefi
y fwi

F fwi — fwri

Note 1 to enftry: See Figure 1 g):

3.2.13
translatio

fwrv
function rg

fwTly

hally varying wavefront deviation

sultingrafter subtraction of the wavefront non-circular cylindrical approximation fry, x

the

fit)
Vely

ont

and

fwrv =

Jwicy — fwrix — fwry

Note 1 to entry: See Figure 2 j).

3.3 Definition of values related to the optical functions defined in 3.2

3.3.1

power deviation

PV (fws)

peak-to-valley value of the approximating spherical wavefront

Note 1 to entry: PV (fiys) corresponds to the quantity A in ISO 10110-5 and ISO 10110-14.

© ISO 2015 - All rights reserved
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Note 2 to entry: Previous versions of this part of ISO 14999 used the term sagitta deviation to represent this value.
For better clarity, the term sagitta deviation has been replaced with power deviation to more accurately reflect
the distance normal to a reference surface, whereas sagitta deviation refers to the distance parallel to the z axis

to the surface.

3.3.2
power deviation for cylindrical wavefronts

PV (fwc, %), PV (fwc,y)

peak-to-valley value ofthe approximating circular cylindrical wavefrontsinxandydirection, respectively

Note 1 to entry: PV (fic, x) corresponds to the quantity AX and PV (fwc, y) to the quantity AY in ISO 10110-5 and

ISO to+16-1#-
3.3{3

irr¢gularity

PV {fwi)
peak-to-valley value of the wavefront irregularity

Note 1 to entry: PV (fwi) corresponds to the quantity B in ISO 10110-5 and ISO 104.10-14.

3.314
irregularity for cylindrical wavefronts

PV {fwr, cy)
peak-to-valley value of the wavefront irregularity for cylindriecalkwavefronts

Not¢ 1 to entry: PV (fwi, cy) corresponds to the quantity B in 1SQ.10110-5 and I1SO 10110-14.

3.3]5
rotationally invariant irregularity

PV {fwri)
peak-to-valley value of the wavefront asphericapproximation

Note¢ 1 to entry: PV (fwri) corresponds to the guantity C in ISO 10110-5 and ISO 10110-14.

3.3l6
translationally invariant irregularity for cylindrical wavefronts

PV {fwrt1, %), PV (fwrtl,y)
peak-to-valley value of the wavefront non-circular cylindrical approximation

Notg 1 to entry: PV (fiyTi, x) corresponds to the quantity CX and PV (fwri, y) to the quantity CY in ISO

ISO[10110-14.

10110-5 and

3.3{7

rotationally varying irregularity

PV {fwrv)

peak-to-valley value of the remaining rotationally varying wavefront deviation
3.3{8

trahslationally-varyingirregularity

PV(fwrv)

peak-to-valley value of the remaining translational varying wavefront deviation
3.39

rms total

rms (fwp)

root-mean-square value of the wavefront deformation

Note 1 to entry: rms (fwp) corresponds to the quantity RMSt in ISO 10110-5 and ISO 10110-14.

© ISO 2015 - All rights reserved
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3.3.10
rms total for cylindrical wavefronts

rms (fwp, cy)
root-mean-square value of the wavefront deformation for cylindrical wavefronts

Note 1 to entry: rms (fwp, cy) corresponds to the quantity RMSt in ISO 10110-5 and I1SO 10110-14.

3.3.11
rms irregularity

rms (fwi)
root-mean-square value of the wavefront irregularity

Note 1 to er]try: rms (fwi) corresponds to the quantity RMSi in ISO 10110-5 and ISO 10110-14.

3.3.12
rms irregularity for cylindrical wavefronts

rms (fwr, clr)
root-meanjsquare value of the wavefront irregularity for cylindrical wavefronts

Note 1 to entry: rms (fwi, cy) corresponds to the quantity RMSi in ISO 10110-5 and ISQ 10110-14.

3.3.13
rms rotationally invariant irregularity

rms (fwri)
root-mean{square value of the wavefront aspheric approximation

3.3.14
rms transjationally invariant irregularity

rms (fwrl k), rms (fwTi,y)
root-meanjsquare value of the wavefront non-circular gylindrical approximation

3.3.15
rms rotationally varying irregularity

rms (fwrv
root-meanjsquare value of the remaining rotationally varying wavefront deviation

Note 1 to enftry: rms (fwyry) corresponds.to-the quantity RMSa in ISO 10110-5 and ISO 10110-14.

3.3.16
rms transjationally varyingirregularity

rms (fwrv
root-meanisquare value of‘the remaining translational varying wavefront deviation

Note 1 to enftry: rms (fifry) corresponds to the quantity RMSa in ISO 10110-5 and ISO 10110-14.

3.3.17
peak-to-vplley deviation

PV (fwp)
peak-to-valley deviation of the wavefront deformation

Note 1 to entry: PV(fwp) corresponds to the quantity of PV(Q) in ISO 10110-5 and ISO 10110-14.

3.3.18
peak-to-valley deviation for cylindrical wavefronts

PV(fWD,cy)
peak-to-valley deviation of the wavefront deformation for cylindrical wavefronts

Note 1 to entry: PV(fwp,cy) corresponds to the quantity of PV(Q) in ISO 10110-5 and ISO 10110-14.

6 © IS0 2015 - All rights reserved
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3.3.19

robust peak-to-valley deviation
PVr (fwp)

robust estimate of the amplitude of a surface or wavefront measured using a digital interferometer and
evaluated from the peak-to-valley value of a 36 term Zernike polynomial fit plus three times the root-
mean-square value of the residual after removal of the Zernike polynomial fit[4]

Note 1 to entry: The terms Z(N<10) and Z(12,0) from Annex B are being used for the 36 term fit.

Note 2 to entry: PVr(fwp) corresponds to the quantity of PVr(R) in ISO 10110-5 and ISO 10110-14.

Not

Not
and

3.4
Thd

3.5
3.5

funiction after detrending

f det

fun

Not
dety

e 5 L0 entry: 1n1s specification i1s not recomimended 10or non-circular areas.

e 4 to entry: The robust peak-to-valley deviation is a tolerance specification that has been récent
is increasingly used for specifications.

Definition of Zernike polynomials

Zernike polynomials and their referencing are given in Annex B, originating from ISO/T

Definitions of functions and terms for tolerancing the slope deviation

1

Ction resulting after detrending the measured wavefrent deformation fMwp

.

b 1 to entry: The tolerance of the slope deviation<describes local surface form deviations.
ending of the function fywp before calculating the slope deviation can be useful. The type of

§2-d
angular deviation of the local normal of the actual (real) surface from the normal of the theoretical
surface, measured by a two-dimensional measurement with x and y denoting arbitrary directions that

are

ld be defined in the drawing. For instance, fqet cat be calculated by removing the component desd

y defined[4]

R 14999-2.

"herefore, a
detrending
ribed by the

ation of the
25178.

theoretical
 direction,

im

orthogonal to each other, as shown in the following formula:

1

1+(6fdet J2+(afdet )2
ox oy

cos(52-dim) =

© ISO 2015 - All rights reserved
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3.54

spatial sampling interval
distance between two neighbouring points, at which values of the function fyet are measured for the
determination of the slope deviation

Note 1 to entry: The spatial sampling interval is specified by the quantities Hand M in ISO 10110-5.

Note 2 to entry: Depending on the used measurement equipment, the distance of the measurement points can be
slightly different from the specified spatial sampling interval. For calculating the slope deviation, the measured

values shall

3.5.5

be used.

sampling length
<one-dimensional slope measurement> distance for which the function fyet is fitted by a line to(Calcullate
the slope deviation at the centre point of the sampling length interval

Note 1to e
measureme

3.5.6

edge lengt
<two-dimsg
a plane to ¢

Note 1 to er
dimensiona

3.6 Defi

3.6.1
maximum
max(&1-dim
maximum

try: The sampling length is specified by the quantities G and L in ISO 10110-5 foryone-dimensi
nts.

h of sampling area

alculate the slope deviation at the centre point of the sampling‘area

try: The edge length of sampling area is specified by the quantities G and L in ISO 10110-5 for
measurements.

nitions of values for tolerancing the slope.déviation

value of the slope deviation (one-dimensional measurement)

value of the slope deviation (for one:dimensional measurement)

Note 1 to enjtry: The maximum value of the slope deviation corresponds to the quantity F in ISO 10110-5.

3.6.2
maximum
max(&2-dinf
maximum

value of the slope deviation (two-dimensional measurement)

—

value of the slope deviation (for two-dimensional measurement)

Note 1 to enjtry: The maximum-value of the slope deviation corresponds to the quantity F in ISO 10110-5.

3.6.3
rms of the

rms(§1-dim
root-mean

slope deviation (one-dimensional measurement)

square value of the slope deviation (for one-dimensional measurement)

bnal

nsional slope measurement> side length of the square for whickithe function fye¢ is fittedl by

WO-

Note 1 to entry: The rms value of the slope deviation corresponds to the quantity Kin ISO 10110-5.

3.6.4
rms of the

slope deviation (two-dimensional measurement)

rms(&2-dim)
root-mean-square value of the slope deviation (for two-dimensional measurement)

Note 1 to entry: The rms value of the slope deviation corresponds to the quantity K in ISO 10110-5.

© ISO 2015 - All rights reserved
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==

Vel
==

b) Tilt (frLt)

Wavefront spherical approximation (fws) that
determines the power deviation “A”

a) Measured wavefront deformation

c) Wavefront deformation (fwp) thatd
the “RMSt”

e) Wavefrontirregularity (fwi) that de
the irregularity “B” and “RMSij

(fmwb)

btermines

termines

4

| L

f) Rotationally invariant wavefront aspheric

approximation (fyRri) that determines the rota-

tionally invariant irregularity “C”

g) Remaining rotationally varying wavefront

varying irregularity “RMSa”

Figure 1 — Measured wavefront deformation and its decomposition
into wavefront deformation types
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a) Measured wavefront
deformation (fmMmwnp)
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b) Tilt (frLT) ¢) Function describing rotational d) Waveffont deformatidn
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o e
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80 7 o3 JEREIIE
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e) Waveflront circular-cylindrical f) Wavefront circular- g) Wavefront irregularity
approximdtion in x direction (fwc,x) cylindrical@pproximationiny  (fwi cy) that determines the
that determines the power direction(fwcy) that determines irregularity “B” and “RM{i”
deviation “AX” the.power deviation “AY”
0,08 05
% - i
0,02 i 02 N
008 8 -.,”#%W‘ 0.1 il lmlllflﬂ
004 &N 09 it
0,06 ——1 02 o
15 80 15° e ——=—5-80
* 5l 80 60 e 80 20 0
15 -804, 20 -15 -804 20
i) Translationally invariant j) Remaining translationallly

wavefron
approxim

h) Translationally iivariant
[ non-circujar cylindrical

invarfangirregularity “CX”

wavefront non-circular cylindri-

ion inx-direction (fwr1x) cal approximation iny direction

lationally invariant irregularity

varying wavefront deviation
(fwtv) that determines the

that determines’the translationally (fwTiy) that determines the trans- translationally varying irrggu-

larity “RMSa”

CY

Figure 2 — Measured wavefront deformation for cylindrical and torical wavefronts and its
decomposition into wavefront deformation types
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Relating interferometric measurements to surface form deviation or

transmitted wavefront deformation

4.1

Test areas

The optical functions defined in 3.2 are only defined within the specified test areas.

NOTE

Zernike polynomials.

4.2

The
us

—-

An
sur

4.3

Tra
pas
intq

4.4

twi
the

g the specified fringe spacings or wavelength or nanometer as unit.

If the test area is non-circular, the wavefront deformation decomposition cannot be made by

Quantities

quantities defined in 3.3 are used for the indications according to ISO 10110-5and IS

pptical path difference of one wavelength in the wavefront (one fringe spaging) corres
face form deviation of half a wavelength when reflected once at normal incidence.

Single-pass transmitted wavefront deformation

D 10110-14

ponds to a

hsmitted wavefront deformation as defined in ISO 10110-14, is_directly measurable usi
5 arrangement, such as a Mach-Zehnder interferometer~provided that the wavele
rferometer is the same as the wavelength of the specification.

Double-pass transmitted wavefront deformation

g a single-
th of the

Ce as sensitive. The interferometric results'shall be divided by two to obtain approximate
transmitted wavefront deformation.

Doyble-pass arrangements are often used to measure the transmitted wavefront deformatiop of optical
elements by common path instruments. In this case, the interferometric measurement is app[l:l

oximately
results for

NOTE Since diffraction occurs at both-passes through the test object and since the wavefront gleformation

imp

first pass, the transmitted wavefront deformation measured in a double-pass arrangement is only ap
half|the results reported by the interferometer.

4.5

Sur
refl

An
sur

4.6

hrted by the test object on the second pass depends slightly on the wavefront deformation imp:

Surface form deviation

Face form deviation is commonly measured using an interferometric measurement of a
pcted once frgm)the optical surface under test.

pptical path difference of one wavelength in the wavefront (one fringe spacing) corres
face foem deviation of half a wavelength when reflected once at normal incidence.

irted on the
broximately

wavefront

ponds to a

Conversion to other wavelengths

If the test wavelength is not equal to the specification wavelength, the results of the interferometric test
shall be converted using Formula (1):

A
N,, =N, x=L
A2 A1 12

where

©IS

Nj1 and Njyare, for example, the numbers of fringe spacings at A1 and A;.

02015 - All rights reserved
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5 Representation of the measured wavefront deviation as Zernike coefficients

Optical components or systems can require a more detailed tolerance description than is possible by the
values given in 3.3. It is common practice to apply coefficients of an orthogonal polynomial system to
describe surfaces or wavefronts. A more detailed description of this approach is given in ISO/TR 14999-2.
This part of ISO 14999 refers only to the Zernike coefficients for circular and elliptical areas.

The measured wavefront deformation fMwp can be approximated by an analytic function yielding a
global representation expressed by a number of Zernike coefficients (see ISO/TR 14999-2, 4.8). The
Zernike polynomials and the nomenclature are given in Annex B. The coefficients may be given in

addition to the values specified in 3.3.
For specifyjing the tolerance of the surface or wavefront, the tolerance band of individual coefficienjs or
numeric cdmbinations of the coefficients can be required. Also, the rms value and/or the peak-to-vdlley

value of th
Therefore,
valley PV/(7
value Z(n,n

NOTE1 1

q

NOTE 2
with the cod

EXAMPLES

6 Toler

Becauselo
tolerance fi

The tolera
useful to d
be defined

This parto
The distan

normal. Therefore, for an ideal part where the measured wavefront is the same as the theoret

wavefront,
the norma
by means ¢

§pecial care has to be taken not to mistake the coefficients describing the'surface form or the wavef|

e approximation function described by a set of the Zernike polynomials can be requi
the wavefront deviation tolerance described by Zernike coefficients is defified as peaK
(n,m)) or PV(Z(N)) corresponding to Z(n,m) (PV < 0) or Z(N) (PV < 0) or asmoet-mean-squ
1) (RMS < P) or Z(N) (RMS < P) in 1SO 10110-5.

'he unit of the coefficients is normally nm.

fficients describing the measurement deviation fywp.

Examples are given in ISO 10110-5, 5.4.2.
ancing of the slope deviation

br the slope deviation, which limits the wayiness of the surface, should be introduced.

hce of the slope deviation describes lo€al surface form deviations. Therefore, it migh
ptrend the measurement data befere calculating the slope deviation. This procedure sh
in the drawing.

f1SO 14999 considers the distance between the measured surface and the theoretical surf
Ce is measured perpendicular to the theoretical surface; that is, along the theoretical sur

the difference is zerofor all points on the surface, which would define a plane z = 0, whe
lies in z-directipn\for all points on the surface. Hence, the slope deviation can be expres
f the gradientx

For the sl
Slope devi
correspon
dim) OF rms

(})e deviation; rms-values and the maximum value of the slope deviation can be requi

tion tolerance is defined as the maximum permissible value max(¢1-dim) or max (&;-
ing to-the quantity ASv,w(F/G/H) in ISO 10110-5 or as the root-mean-square value rms
(é2-dim) corresponding to the quantity RMS ASv,w(K/L/M) in ISO 10110-5.

red.
-to-
are

rfont

ral figuring with small tools is generally used for generating aspherical surfaces, an additignal

[ be
uld

hce.
face
ical
rein
sed

red.
iim)

(&1-

According to ISO 10110-5, ISO 10110-12, and ISO 10110-14, different values of the slope deviation are

allowed in

6.1 One-

different regions of the measurement area.

dimensional measurement of the slope deviation

When using this kind of tolerance definition, the slope of the surface is only evaluated by a line wise
measurement, which is consistent with tactile measurements. Nevertheless, the slope deviation
tolerance applies to the complete test area or the defined areas (see ISO 10110-5). Hence, no starting or
reference points are given.

The measurement of the slope deviation can be required in one or several directions: arbitrary, X, y,
radial p, or, tangential ¢ direction. See Figure 3.
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For different directions of the measurement, different values of the slope deviation can be required (see
[SO 10110-5, ISO 10110-12, and ISO 10110-14).

Table 1 gives the indications of the tolerance values for ISO 10110-5.

y

.

Figure 3 — Directions for line-wise measurement of the slope deviation

Table 1 — Indication of the tolerance values for one-dimensional measurements
Dirfection of measurement Indication Value Indication Valup
Slope deviation in arbitrary direction AS max(&1-dim) RMSAS rms(§1-dim)

AS1-dim RMSAS1-dim

Slope deviation in x-direction ASx max(&1-dim) RMSASx rms(f1-dim)
Slope deviation in y-direction ASy max(&1-dim) RMSASy rms(1-dim)
Slope deviation in radial direction AS, max(&1-dim) RMSAS, rms(f1-dim)
Slope deviation in tangential direction ASg max(&1-dim) RMSASy rms(1-dim)
When using the one=dimensional measurement, the angle of the surface normal is only measured in
the plane that contain’s the measurement direction and that is perpendicular to the x-y-plang. The slope
devjiation in the‘perpendicular direction is not included. So the slope deviation value can be[lower than
the[real value:
© IS0 2015 - All rights reserved 13
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0,5 | | | | |
0 2 4 6 8 10 12 X
Key
1 patial sampling interval X lateral coordinate (mm)
2 ampling length Y  fdet (Lm)
- 'eal surface after detrending
+ measurement values after detrending
- inear fit
Figure 4 — Example of the measurement of the one-dimensional slope deviation
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15 X X X

1 F % x

05 - * 2 x«;

0 L ! R8s XX? X I

0 2 4 6 8 10 12 X

Key
1 non-calculated area
X lateral ¢oordinate (mm)
Y slope dpviation (mrad)

Figure 5 — Example of the measurement of the one-dimensional slope deviation

Figure 4 and Figure 5 shows the measurement procedure for the measurement of the one-dimensional
slope deviation. For every interval of the sampling length inside the measured cross section, the local
slope is calculated by means of a least square fit of a straight line function. The distance between
two neighboured intervals for slope calculation equals the spatial sampling interval. The local slope
deviation is calculated according to 3.5.2 and is attributed to the centre position of the interval of the
sampling length. Hence, for one half of the sampling length on the left and on the right side of the used
cross section, no local slope deviation is defined.

For measurement equipment that provides measurement points with a smaller separation than the
spatial sampling interval (e.g. scanning instruments), all measurement points within one spatial
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sampling length shall be used for calculating the least square fit of the straightline function to determine
slope deviation for that sampling interval. As above, the distance between two adjacent intervals for
calculating the slope deviation equals the spatial sampling interval.

6.2 Two-dimensional measurement of the slope deviation

When using this kind of tolerance definition, the surface data are measured on a two-dimensional grid.
This allows the calculation of the slope deviation by means of the gradient of the surface.

Table 2 gives the indication of the tolerance value for ISO 10110-5.

Table 2 — Indication of the tolerance value for two-dimensional measuremenlts

Twp-dimensional measurement Indication Value Indication Valule
Slope deviation based on a two- AS>_dim max(€2-dim) RMSAS,. {iw rms(2-dim)
dimensional measurement
y
I
1
—bHd—
2
2 =\,

_ J

Key)
1 |spatial sampling interval
2 |edge length of sampling area

Higure 6 —Spatial sampling interval and edge length of sampling area for two-dim¢nsional
measurement of the slope deviation

re.6 indicates the data analysis procedure for the measurement of the two-dimensjonal slope
ta .. or-every—saaare—with Fre—CageTeHigt—o yiw ‘2“6'32“2 Frat—+S Contained
inside the test area, the local slope is calculated by means of a least square fit of a plane function. The
distance between two neighboured squares for slope calculation equals the spatial sampling interval.
The local slope deviation is calculated according to 3.5.3 and is attributed to the centre position of the
square. Hence, at the border region of the test area, the local slope deviation is not defined, analogous to
the one-dimensional case.

For measurement equipment that provides measurement points with a smaller separation than the
spatial sampling interval, all measurement points within the square with the edge length of the spatial
sampling area shall be used for calculating the least square fit of the plane function to determine slope
deviation for that spatial sampling area. As above, the distance between two adjacent squares for
calculating the slope deviation is the spatial sampling interval.
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A.1 Gen,

Annex A
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Visual interferogram analysis
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A.1.2 Interferometric.tilt

Two methd
the amoun
applied wh

nheral remarks

k is intended as an aid to understanding ISO 10110-5 and ISO 10110-14. It is useful for
ion of interferograms (including fringe patterns seen when using test glasses). For sur

pduction. The guidelines given for the estimation of the amounts of interferograms for
ypes of wavefront deformation shall not be regarded as a definition of those wavef}
n types.

be of this Annex is to demonstrate the visual appearance of interferograms for the diffe
hvefront deformation.

 deals exclusively with the following types of wavefront-deformation:
deviation;

arity;

nally invariant irregularity.

psidual wavefront deformation typgs-{defined in 3.3) cannot be determined accurately
ection.

b describe the analysis of circular test areas. Special consideration for non-circular test a1
A.4.

bis of interferograms~is described in more detail in many textbooks. See, for exam
5].

ds are used for estimating the amounts of power deviation and irregularity, depending
F of relative tilt between the test and reference wavefronts. The method without tilt is ma
en th& wavefront deformation is large. The method employing tilt is generally more accuy

the
face

irement, the form deviation is determined by the resulting wavefront dewviation as described

the
ont

fent

rby

eas

ple,

r on

inly

ate.

The relati
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termination of the sign of the deformation

In order to determine the sign of the deformation of the wavefront or regions of the wavefront, it is
sometimes necessary to slightly shorten or slightly lengthen the test arm of the interferometer, in order

to note the

16

behaviour of the interferometric fringes when this is done.
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A.2 Estimation of power deviation and irregularity

A2

.1 General

The power deviation can only be determined if the positions of both the object point and the image point
are specified. Often, when testing optical elements and systems interferometrically, only one of these
two positions is specified and the power deviation cannot be determined; however, the irregularity can
still be determined.

NOTE

and

illustration of interferometer set-up

SeeISO/TR 14999-1 and ISO/TR 14999-2 for background information on interferometric measurement

The
att
plad
this
and
ind
moy

Usu
the
sho
of t
for
uny
tho

A2

In t
pat

determination of the power deviation is simplest if the point source of the interferomet

ed concentric with the indicated image point. In the following, it is assumed that this is
is not the case, then the distances between the indicated and actual object points and th|

red within these tolerances to minimize the power deviation.

ally, the wavefront deformation is dominated by power deviation aiid/or by a kind of asy
power deviation. In the case of asymmetry, cross-sections of the wavefront in different
v different amounts of power deviation. Other kinds of jrrégularity are possible; the
heir amounts is more difficult. The estimation of the amfounts of power deviation and i
the commonly occurring cases is described in A.2.2 and A.2.3, while a more general pr¢
sual types of irregularity is described in A.2.4. The reférence given in Reference [5] cont3
rough discussion of interferogram analysis.

.2 Analysis of interferograms withouttilt

ern having concentric, circular fringes. The radii of the fringes increase with the square

frinige number, counting from the centre’of the interferogram.

If a

small amount of asymmetric deformation is present, the circles distort into ellipses, a

Figlire A.1. If the test wavefrontis concave with respect to the reference wavefront, then the

moy
rev

To

spa
larg
but

e toward the centre of the-fringe pattern when the test arm of the interferometer is short
brse is true, then the testwavefront is convex with respect to the reference wavefront.

pstimate the ameunt of power deviation and irregularity, let m and m’ be the numbe
Cings seen in the fringe pattern, counted from the centre to the edge, in the directions th
est and smatllest numbers of fringes (usually, these two directions are oriented at 90° to o
this neednotbe the case). In the case of elliptical fringes, the power deviation is given by

of np and m>as given in Formula (A.1):

!

he indicated object point and the mirror that reflects the beam back toward the‘interfq

actual image points is to be taken into account. If dimensional toleranceSare associatg
cations of the positions of the object and image points, the source and the’reflecting surf]

b1 is placed
rometer is
the case. If
e indicated
d with the
ace may be

mmetry in
directions
estimation
'regularity
cedure for
lins a more

he absence of all other types of wavefront deformation, power deviation causes an interference

root of the

5 shown in
ringes will
ened. If the

s of fringe
at give the
he another,
he average

(A1)

PoWwer deviation (elliptical fringes) =w
y4

In the case of elliptical fringes, the wavefront irregularity is equal to the absolute value of the difference
of the fringe counts m and m’, as given in Formula (A.2):

Irregularity (elliptical fringes)= |m - m'|

© ISO 2015 - All rights reserved
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Key

m = 3,0 fringe spacings

m =10fr

Figure A

EXAMPLE 1

nge spacing

.1 — Example of an interferogram showing two wavelengths.of power deviation and
two wavelengths of irregularity (evaluation in Exarhple 1)

Figure A.1 shows the interferogram of an optical element)The values of m and m’ are 3 and 1;

therefore, the power deviation [Formula (A.1)] is (3 + 1)/2 = 2 wavelengths, the irregularity [Formula (A.Z)] is
|3 - 1| = 2 wavelengths.

If a large pmount of asymmetric deformation is present;(thie elliptical fringes may be broken |nto
approximately hyperbolic fringes, as shown in Figure A.2.In this case, when the test wavefront is mgved
slightly toward the interferometric reference wavefront/some of the fringes will move toward the ceptre

of the fring

e pattern and some will move away from the centre.

Key
m = 2,5 fringe spacings
m' =1,5 fringe spacing

Figure A.2 — Example of an interferogram showing 0,5 wavelengths of power deviation and
four wavelengths of irregularity (evaluation in Example 2)

18
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In the case of hyperbolic fringes, the power deviation is equal to half the difference between the numbers
of fringe spacings, as given in Formula (A.3):

Power deviation (hyperbolic fringes) :‘%‘ (A.3)

The irregularity in the case of hyperbolic fringes is given by the sum of the numbers of the fringe counts,
as shown in Formula (A.4):

Irregularity (hyperbolic fringes)=m-+m’ (A4)

EXAMPLE 2  Figure A.2 shows the interferogram of an optical element. The values of m and m{ drq 2,5 and 1,5
wavlelengths, respectively, so the power deviation [Formula (A.3)] is | 2,5 - 1,5 |/2 = 0,5 wavelengfhs, and the
irregularity [Formula (A.4)] is 2,5 + 1,5 = 4 wavelengths.

A.2l3 Analysis of interferograms with tilt

Thif method requires the fringes to be observed twice, with the tilt between the test and reference
wavefronts adjusted so that the fringes are oriented in two different directions.

When the reference surface is tilted with respect to the test surfacejithe fringes appear as in|Figure A.3.
If only power deviation is present, then the fringes appear as parts‘of concentric circles, with the radii
of the fringes increasing with the square root of the fringe number, counting from the appafent centre
of the interferogram. If other wavefront deformation types are also present, the fringes are fot parts of
confentric circles.

-
a
a) b)
Key
m |=h/s
m' =h'/s’

a  Motion: the arrows indicate the direction of motion of fringes when the test arm is shortened.

Figure A.3 — Example showing interferograms with 0,3 wavelengths of power deviation
and 1,8 wavelengths of irregularity, with the interferometric tilt oriented in two directions
(evaluation in Example 3)

To estimate the power deviation and the irregularity, the curvature of the test wavefront in the cross-
section parallel to the fringes is estimated for the two directions of tilt that give the maximum and
minimum amounts of curvature [see Figure A.3 a) and Figure A.3 b)]. In each case, the number of fringe

© IS0 2015 - All rights reserved 19
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spacings, m, is equal to the curvature, h, of the fringe closest to the centre of the interferogram, divided
by the spacing, s, of the fringes, which is also measured as close as possible to the centre of the test area.

In addition, it is necessary to note (for both directions of the tilt) the direction of motion of the fringes
when the test arm of the interferometer is shortened (the surface under test is moved slightly towards
the reference surface).

If the fringes for both directions of tilt move toward the apparent centre of curvature of the fringes or
if the fringes for both directions of tilt move away from the apparent centre, then the power deviation
exceeds the irregularity and Formula (A.1) and Formula (A.2) are used to estimate the power deviation

and the irregularity, respectively.

If one seto
apparent c
Formula (A
respective

EXAMPLE 3
fringes moy
move away
h, is approx|
spacing, s, s
Formula (A,

A.2.4 Unusual forms of irregularity

F fringes moves towards its apparent centre and the other fringe pattern moves away frorn
bntre when the test arm is shortened, then the irregularity exceeds the power deyiation
.3) and Formula (A.4) are used to estimate the amounts of power deviation andiifrégula

y.

Figure A.3 shows interferograms of an optical element tested with tilt. ln“Figure A.3 a),
e towards the apparent centre when the test arm is shortened while in Figure A.3 b), the fri
from the apparent centre, so Formula (A.3) and Formula (A.4) apply. In Figure A.3 a), the curva
imately 1,2x the fringe spacing, s, so m = 1,2. In Figure A.3 b), the curyvature, h’, is 60 % the fr
o m' =0,6. The immediate result of Formula (A.3) is 0,3 wavelengths forthe power deviation. Simil
1) yields a value of 1,8 wavelengths for the irregularity.

It is possi

) its
and
Fity,

the
ges
ure,
nge
hrly,

e that the wavefront deformation be at maximum at.some point inside the test area, raf

her

than at th¢ edge. When testing wavefronts with no tilt between the test and reference wavefrognts
this leads fo closed fringes which might not be concentri¢ with the centre of the test area, as shovle\ in
Figure A.4]In such cases, it is necessary to note whicksfringes move away from the centre and which
move towalrd the centre when the test arm of the interferometer is shortened. Those that move toward
the centre may be regarded as “positive” and the ethers as “negative”.

)

a Motion

th

Figure A=
fringes when

e 4)

e test arm of the interferometer is shortened (evaluation in Exampl
EXAMPLE 4 The power deviation is determined according to Formula (A.1), where m and m’ represent the
cumulative numbers of fringes measured in two representative directions. In the vertical cross-section of
Figure A.4, there are four fringe spacings in the negative direction, followed by four fringe spacings in the positive
direction, giving a value of zero for m. In the horizontal direction, there are two negative and two positive fringes,
again giving m’ = 0. According to Formula (A.1), the power deviation is (0 + 0)/2 = 0.

The irregularity is determined by finding the highest and lowest departures from the theoretical
expected fringe pattern, which is that the fringes are concentric circles with radii increasing as the
square root of the fringe number. The irregularity is the sum of the absolute values of the highest and
lowest departures from the pattern. For the pattern of Figure A.4, the power deviation is zero, so the
theoretical expected fringe pattern has no fringes. The lowest departure from this is -4 fringe spacings
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(at the centres of the two outer oval patterns) and the highest departure from this is zero. Therefore, the
irregularity is |0| + |-4| = 4 fringes.

A.3 Estimation of rotationally invariant irregularity

The estimation of this deviation by visual methods is difficultiflarge amounts of other types of wavefront
deformation are present. For this reason, digital methods of interferogram analysis are preferred.

If no tilt is present between the test wavefront and the reference wavefront, the fringes appear as
concentric circles but their radii do not increase with the square root of the fringe number as would be
the[case with power deviation. Visual observation of this property is difficult and becomes|inaccurate
for pmall deviations. Therefore, the assessment of this type of wavefront deformation is\prdctical only
in the presence of tilt.

In the presence of tilt, the fringes are W-shaped or M-shaped, depending on the direction of the tilt. In
thejabsence of power deviation, the two ends and the centre of the fringe nearest’the centre of the fringe
patfern can be joined by a straight line. In this case, the irregularity is représented by the deviation of
thelfringes from straightness. If power deviation is present in the wavefront; the fringes are|curved (as
shopn in Figure A.5) and the irregularity is estimated by the deviation ‘ef'the fringe nearesq the centre
from a circular arc joining the two ends and the centre of the fringe;

Figure A.5 — Examplé of an interferogram showing 0,3 wavelengths of rotationally invariant
irregularity (evaluation in Example 5)

Theirregularityiseequal to the maximum deviation, h, of the fringe from a circular arc, divided bl the fringe
spaging, s. The-deviation, h, is measured perpendicular to the circular arcat the point of maximum departure.

The rotatjenally invariant irregularity is given by Formula (A.5):

h
Rotationally invariant irregularity = — (A.5)
s

EXAMPLES5 InFigureA.5, the deviation, h, of the central fringe from a circular arc is 30 % of the fringe spacing,
s, so the rotationally invariant irregularity is 0,3 fringe spacings [the result of Formula (A.5)].

The degree to which the wavefront deformation is rotationally invariant is observed by repeating the
above test with the tilt adjusted so that the fringes are oriented in another direction. The wavefront
deformation is rotationally invariant if the appearance of the fringes is the same for all orientations of
the fringes. The rotationally invariant irregularity is that part of the deformation which remains the
same for all orientations of the fringes.
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