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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-govermmental, in liaison with 1SO, also take part in the work. ISO collaborates closely with
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bl Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
bl Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Rart 2.
fask of technical committees is to prepare International Standards. Draft International Standa
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14 was prepared by Technical Committee ISO/TC 172\ Optics and optical instrume
ftee SC 1, Fundamental standards.

consists of the following parts, under the general title Optics and optical instruments — Prepara
5 for optical elements and systems:

General

Material imperfections — Stress birefringénce
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ISO 10110-1

Introduction

4:2003(E)

This part of ISO 10110 makes it possible to specify a functional tolerance for the performance (expressed in
wavelengths of single-pass wavefront deformation) for an optical system. This tolerance therefore includes the
effect of surface deformations, inhomogeneities, and possible interactions among the various individual errors.

The quality of an optical system depends not only on the quality of the surfaces, but also on g
factors, such as the homogeneity of the optical material and how the optical surfaces of the.systs
with each other. Because of this effect, the selection of tolerances for individual degradations
surfaces and inhomogeneity) may be difficult. For instance, the effect of glass inhombgeneities
opfical quality of a prism depends greatly upon the form and orientation of the inhomogeneit
patticularly true when light passes through the glass in more than one direction, as.n the case
prigm. In the case of a thin optical element, it often happens that the deformations of the rg
corfespond closely to those of the front surface, due to bending of the-system during
Unfortunately, it is usually not known in advance that this will be the case, afd for this reason, in th
of & wavefront deformation tolerance, the tolerances for the individual surfaces of a system must of]
tight to guard against the possibility that the deformations might add‘to“each other rather than
angther.

It should be noted that it is possible to specify a tolerance_ on the wavefront deformation or
spgcifying tolerances on the individual surfaces. In this case,.the manufacturer must ensure that the
safsfies the specified tolerance, but is not bound by tolerances on the individual surfaces of the el
is ffee, for instance, to allow the surface deformations to.be large provided they cancel each other.

It i$ also possible to supply a tolerance for the wavefront deformation, according to this part of 1S
addlition to tolerances on the individual surfaces and/or inhomogeneity (according to 1SO 10

ISO® 10110-4, respectively). In this case, thecmanufacturer must ensure that all of the individual
(surface deformations and inhomogeneity) are upheld, as well as ensuring that the wavefron
spgcified quality.
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INTERNATIONAL STANDARD

ISO 10110-14:2003(E)

Optics and optical instruments — Preparation of drawings for
optical elements and systems —

Part 14:

Wavefront-deformationtoleranee———————————————

1

Int¢rnational Standard ISO 10110 applies to the presentation of design and functional requirements

ele

Th
thr

Th
wa

thig part of ISO 10110.

There is no requirement that a tolerance for wavefront deformation be indicated. If such a t
sp¢gcified, it does not take precedence over a tolerance for the surface deformation according to IS
If tplerances for both the surface deformation -and the wavefront deformation are given, they mu
upheld.

NOJTE In this part of 1ISO 10110, theiterm “wavefront” used alone stands for either “transmitted w
“reflected wavefront”, according to the type_ of system to be specified.

2

Th
ref
do
1S(

1Sq

Scope

ments and assemblies in technical drawings used for manufacturing and inspection.

s part of ISO 10110 provides rules for the indication of the allowable-deformation of a wavefront
bugh or, in the case of reflective optics, reflected from an optical €lement or assembly.

p deformation of the wavefront refers to its departure .frém the desired shape (“Nominal
vefront”). The tilt of the wavefront with respect to a given-reference surface is excluded from th

Normative references

following referenced documents are indispensable for the application of this document.
rences, only the“edition cited applies. For undated references, the latest edition of the
ument (including’any amendments) applies.

O

D 7944:1998, Optics and optical instruments — Reference wavelengths

D 10410-1:1996, Optics and optical instruments — Preparation of drawings for optical ele

for optical

ransmitted

theoretical
e scope of

blerance is
D 10110-5.
st both be

avefront” or

For dated
referenced

ments and

SYS

temns — Part 1: General

3

Terms and definitions

For the purposes of this document, the following terms and definitions apply.

3.1

wavefront deformation
distance between a wavefront transmitted and/or reflected once through, or in the case of reflective optics,
reflected once from, the optical element or assembly under test and the nominal theoretical wavefront,
measured normal to the nominal theoretical wavefront

© ISO 2003 — Al rights reserved
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NOTE1  Seealso 3.13.
NOTE 2  The illuminating wavefront may be specified to be planar, convergent or divergent. See 7.5 and 7.6.

3.2

peak-to-valley difference between two wavefronts

PV difference between two wavefronts

maximum distance minus the minimum distance between the wavefronts

NOTE It is possible that the wavefronts cross, in which case the minimum distance between the wavefronts is a
negative number; the sign must be taken into account in computing the PV difference.

3.3
total wavefront deformation function
theoretical|surface defined by the difference between the wavefront transmitted and/or reflected oncé throligh
the optical system under test and the nominal theoretical wavefront, measured normal to“the nomi|nal
theoretical|wavefront

See Figurd 1a).

3.4
approximating spherical wavefront
theoretical|spherical wavefront tangent to the exit pupil of the system under’test for which the root-megan-
square difference to the wavefront transmitted and/or reflected once through the optical system under test is a
minimum

See Figurd 1b).

NOTE 1 For the purpose of this definition, “spherical wavefronts” include the “planar wavefront”. (The planar waveffont
is considered to be a particular case of the spherical wavefront.)

NOTE 2 See Clause 5 in the case of non-circular test areas.

3.5
wavefront|sagitta error
peak-to-valley difference between the approximating spherical wavefront and the reference sphere

NOTE 1 The wavefront sagitta error.represents the extent to which the radius of curvature of the approximating
wavefront dgparts from that of the nominal'theoretical wavefront.

NOTE 2  |If no restrictions aresspecified on the location of the image of the optical system under test, the referepce
sphere is idéntical to the approximating spherical wavefront, and the wavefront sagitta error is defined to be zero.

3.6
wavefront|irregulafity function
theoretical| surface~defined by the difference between the total wavefront deformation function and the
approximafingsspherical wavefront

See Figure Tc).

3.7

wavefront irregularity

peak-to-valley difference between the wavefront irregularity function and the plane which best approximates it

NOTE The wavefront irregularity represents the departure of the wavefront from sphericity.

2 © ISO 2003 — Al rights reserved
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3.8
approximating aspheric wavefront

ISO 10110-14:2003(E)

rotationally symmetric aspheric wavefront for which the root-mean-square difference to the wavefront

irregularity function is a minimum
See Figure 1d).

NOTE See Clause 5 in the case of non-circular test areas.
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b) Approximating spherical wavefront,
which determines the wavefront
sagitta error

irregularity

c) Wavefront irregularity function,
which determines the wavefront
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s A oz
el L[
) e) The wavefront remaining after rermoval
approximating aspheric wavefront,

which determines the rotationally

symmetric wavefront irregularity asymmetry

of b) and d), which determines the
root-mean-square (rms) wavefront

Figure 1 — Example of a measured wavefront and its decomposition into wavefront deformation types
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3.9

rotationally symmetric wavefront irregularity

peak-to-valley difference between the approximating aspheric wavefront and the plane which best
approximates it

NOTE The rotationally symmetric wavefront irregularity is the rotationally symmetric irregularity of the wavefront
irregularity function. Its value cannot exceed that of the wavefront irregularity function.

3.10
total rms wavefront deformation

RMSt

rOOt—mean-aqualc differencebetweenthe-wavefront-transmitted-once ﬂlluuyh, andforreftectedonce flunl, the
optical system under test and the nominal theoretical wavefront, which includes any specified-tanget
aberrationg

3.1
rms wavefront irregularity
RMSi
root-mean{square value of the wavefront irregularity function defined in 3.6

3.12
rms wavefront asymmetry
RMSa
root-mean{square value of the difference between the wavefront irregulafity function and the approximating
aspheric wavefront

See Figurd 1e).

3.13
single-pags
testing arrangement in which the light beam passes ohce through, or in the case of reflective optics| is
reflected opce by, the element under test

NOTE 1 For corner-cubes, roof prisms, “cat's eyes’ and other types of retroreflectors, a single retroreflection from|the
element conpstitutes a “single-pass” configuration,~even though the light actually passes through much of the element
twice.

NOTE 2  |Although the wavefront deformation as defined in 3.1 refers to a “single-pass” measurement, many types of
optical syst¢ms are commonly tested in_a _“double-pass” configuration, in which the light passes through or reflects from
the elementftwice. In many cases, when_ah element is tested in a double-pass configuration, the observed deformatioh of
the wavefropt is approximately twice(the ‘wavefront deformation as defined in 3.1. Regardless of how the system is actyally
to be tested or used, the tolerance“for wavefront deformation always refers to the “wavefront deformation” as definefl in
3.1, that is, gs if used in a singlé-pass configuration.

NOTE 3 When an elemént of poor optical quality is tested in a double-pass configuration, it is possible that the rayg of
the test beam are disturbed*sufficiently (for example, made divergent or convergent) so that they do not pass through|the
same positipns of the test'element on the second transmission. In this case, the wavefront deformation is not equal to gne-
half the obsgrved déformation, and a precise determination of the (single-pass) wavefront deformation is difficult.

NOTE 4 In-§0ome cases, the double-pass wavefront deformation is not even approximately equal to twice the single-
pass wavefont.deformation. For instance, an optical system containing a wedged prism will convert a test beam of circular
cross-section into one having an elliptical cross-section. When converting between single-pass and double-pass results, it
is necessary to take such effects into account.

3.14

target aberrations

aspheric deformations of the wavefront which have been specified for inclusion in the nominal theoretical
wavefront

3.15
nominal theoretical wavefront
theoretical wavefront equal to the reference sphere plus any target aberrations which may be specified

NOTE This is the “Desired shape” of the wavefront mentioned in Clause 1.

4 © ISO 2003 — Al rights reserved
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3.16

reference sphere

the theoretical spherical wavefront tangent to the exit pupil of the system under test, for which the root-mean-
square difference to the wavefront transmitted once through and/or reflected once from the optical system
under test is a minimum, and consistent with any restrictions which may be specified for the location of the

image of the system

NOTE 1

NOTE 2

See Clause 5 in the case of non-circular test areas.

spherical surface.

If no restrictions are specified on the image position, the reference sphere is identical to the approximating

4

Th
wa
(3.
Spé
val

Th

Tolerances for wavefront deformation

vefront sagitta error (3.5), wavefront irregularity (3.7), and/or rotationally symmetric wavefront
D). In addition, tolerances for three root-mean-square (rms) measures of wavefront deformati
cified (see 3.10, 3.11 and 3.12). These rms measures of the wavefront deformation repres¢
Lie of the function remaining after the subtraction of various types of wavefront deformation.

e wavefront sagitta error is meaningful only when the location of the-image is specified. If the loc

im

ge is left unspecified, the wavefront sagitta error, as defined in3.5,"is defined to be zero, and {

specified.

NOJTE 1

sy
by

NO
wa

A method for determining the amount of wavefrontsagitta error, wavefront irregularity, and
metric wavefront irregularity of a given wavefront using digital interferogram analysis is described in Annex
vhich these quantities can be estimated using visual interpretation of interferograms are described in Anne

TE2 A method for calculating the total rms wavefront deformation, the rms wavefront irregularity, 3
efront asymmetry is described in Annex A. These rms measures of wavefront deformation cannot b

visyally.

Th
val
cal

Th
wa
sph

Non-circular test areas

e peak-to-valley (PV) and root-mean-square (RMS) wavefront deformation types given in Claus
lies calculated within the(actual test area. In the case of non-circular test areas, these error typ
Culated only over the actual test area.

b

7

approximating (spherical wavefront (3.4) is the spherical wavefront which best approx
vefront. If the tést)area is non-circular, it is important that this approximation be made by a wave

approximating\spherical wavefront.

b

part of a non-symmetric approximating wavefront shall not be sub

approximating aspheric wavefront (see 3.8) is the rotationally symmetric wavefront

P

p tolerances for wavefront deformation are indicated by specifying the maximum permissible vglues of the

irregularity
bn may be
nt the rms

htion of the
hall not be

rotationally
A. Methods
B.

aind the rms
e estimated

b 3 refer to
es shall be

mates the
ront that is

erical. In particular, the spherical part of an aspheric approximating function shall not be substitlited for the

vhich best
t that this

roximates the wavefront irregularity function. If the test area is non-circular, it is importar

stituted for the approximatin

wavefront (see 3.8).

NOTE 1

symmetric
g aspheric

If the test area is non-circular, the various wavefront deformation types defined in Clause 3 are not

mathematically orthogonal. Nevertheless, these wavefront deformation types are well-defined (not ambiguous) provided

the

NOTE 2

above restrictions are upheld.

regardless of whether or not the test area is circular.

© ISO 2003 — Al rights reserved
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6 Spec

6.1 Gen

ification of tolerances for wavefront deformation

eral

For the specification of tolerances for wavefront deformation, the stipulations given in 6.2 to 6.5 apply.

NOTE

6.2 Unit

It is not necessary that tolerances be specified for all types of wavefront deformation.

S

The maxin
wavefront

hum permissible values for wavefront sagitta error, wavefront irregularity, rotationally symmsg
irregularity and, if applicable, any target aberrations (3.14) shall be specified in ~units

wavelengths.

These qu3
(single-pas

If a specifi
be in units

6.3 Way

Unless ofl
A =546,07

If other tha
on the dra

ntities are defined with reference to a wavefront passing once through the element under f{
s). See the appropriate definitions given in Clause 3.

nm, according to ISO 7944.

ving. See Example 2 in Figure 2. See Clause 7.

6.4 Target aberrations

Frequently

the nominal theoretical wavefront is spherical or planar. In some cases, to allow for the prese

of small arounts of residual aberration in thedesign of an optical system, non-zero target values may
r

specified f

the polynomial aberration types defined in Annex A.

6.5 Cenpented (or optically contacted) elements

tric
of

est

Iso

cation is to be given for one or more rms wavefront deformation types, the"specification shall 3

of wavelengths (single-pass).

elength

nerwise specified, the wavelength is that of the greeny\spectral line of mercury (e-lipe),

n 1 = 546,07 nm, the wavelength in which the wavefront deformation is specified shall be indicated

hce
be

If two or more optical elements are to be cemented (or optically contacted), the wavefront deformafion

tolerances
optically cd

7 Indic

given for the individual elements also apply for the elements after assembly, i.e. after cementing
ntacting), unless ‘etherwise specified. See ISO 10110-1:1996, 4.8.3.

ation inndrawings

(or

71 Geqeral

In all cases in which a tolerance for wavefront deformation is to be indicated, the optical axis of the element
shall be indicated on the drawing according to ISO 10110-1:1996, 4.2.

The location of the stop surface or pupil shall be indicated according to ISO 10110-1:1996, 5.3. See Figure 2.

The tolerance for wavefront deformation shall be indicated by a code number (see 7.2) and the indications of
the tolerances for wavefront sagitta error, wavefront irregularity, rotationally symmetric wavefront irregularity
and rms deformation types, as appropriate (see 7.3).

For any type of wavefront deformation indicated on the drawing, the specified wavelength shall be indicated in
accordance with 6.3.

© ISO 2003 — Al rights reserved
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No provision is given for the specification of a PV-tolerance for the total wavefront deformation (that is,
including both the wavefront sagitta error and the wavefront irregularity). If such a specification is necessary,
this information shall be given in a note on the drawing, for example: “Total wavefront deformation shall not
exceed 0,25 wavelength.”

See Clause 8 for examples of tolerance indications.

7.2 Code number

The code number for wavefront deformation is 13/.

13/3(1)
()

N I

a) Example 1

P1 ¢32

13/2(0,5); N = 632,8
(o)

b) Example 2

Figure 2 — Examples of an indication of a tolerance for wavefront deformation,
with planar illumination

© ISO 2003 — Al rights reserved 7
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7.3 Form of the indication

The indication shall have one of the following three forms:

13/A (BIC): A= E

or

13/A (B/C) RMSx < D; A1 = E (where x is one of the letters t, i or a)

or

13/ —

The indica
the specifi

NOTE
The quanti

— them
length

— adaslH
The quanti

— the ps
length

— adash
The quant
defined in

parenthesi

If no toleral
are replacs

The quanti
of the lette

rms deviafion is allowed. These specifications shall be separated by a semicolon, as shown in Claus

Example 7

The quanti

RMSx < D; 1 = E (where x is one of the letters t, i, or a).

d wavelength is 4 = 546,07 nm (see 7.1).
More than one RMSx value may be specified.

y A is either

Aximum permissible (single-pass) wavefront sagitta error, as defined in 3.5, expressed in wa
5, Or

(—) indicating that no explicit tolerance for wavefront sagitta‘error is given.
y B is either

rmissible PV value of (single-pass) wavefront ifregularity, as defined in 3.7, expressed in wa
5, or

(—) indicating that no explicit tolerance for wavefront irregularity is given.

ty C is the permissible value of the)(single-pass) rotationally symmetric wavefront irregularity,
3.9, expressed in wavelengths: .If no tolerance is given, the slash (/) is replaced by the f
5, i.e. 13/A(B).

hce is given for the all three deformation types, then A, B, C, the divisor line (/) and the parenthe
d by a single dash (—).4.e. 13/—.

by D is the maximum permissible value of the rms quantity of the type specified by x, where x is
Is t, i or a. Thesé quantities are defined in 3.10 to 3.12. The specification of more than one typ

y-E is the wavelength, in nanometres, in which the wavefront deformation is specified.

ion “; 1 = E” (last element of the three forms of indication specified above) may be omitted proviged

ve-

ve-

as

nal

sis

bne
of
8!

The wavefront deformation tolerance indicated applies to the optically effective area, except when the
indication is to apply to a smaller test field for all possible positions within the optically effective area. In this
case, the diameter of the test field shall be appended to the tolerance indication as follows:

13/A (BIC)RMSx < D (all @...); A= E

See Clause 8, Examples 4a) and 4b).

© ISO 2003 — Al rights reserved
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7.4 Location

The indication shall be entered near the optical element to which it refers. If necessary, the indication may be
connected to the optical axis by a leader, as shown in Figure 2.

In cases where the optical axis is not normal to the surfaces of the element, it may be necessary to indicate
the test area for wavefront deformation in a cross-section perpendicular to the optical axis. In this case, the
indication of wavefront deformation shall be associated with the test area (see Figure 3).

For elements requiring indications for wavefront deformation along multiple test paths, the various test paths

shal-be-indicatedwith-referenceletiers —as-shownin-Figure-4-The-indicationsforwavefront deformation shall

be [associated with the letters of the input and output test paths, as shown in Figure 4.

924

/

13/2(0,5) (o)

a);Example 1

Pl 932 #24

13/2(0,5); X = 632,8

[oa)
T

b) Example 2

Figure 3 — Examples of indication of the wavefront quality specification
referencing an indicated test area
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L | l CE: 13/3 (1) ()

A N i CF: 13/1(0,2) ()

| DE: 13/3 (1) (o)
DF: 13/1 (0,2) ()

F

Figure 4 — Indication of the wavefront quality specification for an element having multiple test paths

7.5 Indigation of type of illumination

For collimdted (planar wavefront) illumination, the infinity symbol («) shall ke appended between parentheges
to the indidation for wavefront deformation, as shown in Figure 2. For diverging or converging illumination, the
position of fthe object point (ob) shall be indicated on the drawing. See Figure 5.

P1 ¢32

13/2(0,5); X = 5846

35 0,2

Figure.5 — Example showing the indication of the object point (ob) on the drawing

7.6 Specification of the image-point location

Optionally, the location of the image point may be given with a dimensional tolerance. If the image location is
given, it shall be distinguished from the object location by the letters “im” associated with the indicated
position. See Figure 6.

NOTE The wavefront sagitta error, which is a measure of the extent to which this tolerance is upheld, is not
meaningful unless the object and image position are indicated. See 3.5.
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P1 932

1372(0,5); A = 632,8

135 £0,2 139,2 £0,2

a8 | P indicates the pupil.

Figure 6 — Example showing the indication of the object and image positions

7.7 Indication of target aberrations

Target values for one or more of the polynomial aberrations defined in Annex A may be specified fgllowing the

word “Target”. The form for the indication of a target aberration is as follows:
Cl =X
where

i is the identifying index of the desined polynomial term;
x is the numerical value of theltarget.

Seg¢ Clause 8, Example 8.

8 | Examples of tolerance indications

The following examples are designed to illustrate the indications in drawings in accordance with this part of
IS® 10110.

EXAMPLE ™ 13/— (1); 1 =632,8
Thg wavefront irregularity shall not exceed 1 wavelength (at 1= 632,8 nm) of single-pass wavefront deformation. No
tolgrance for wavefront sagitta error is given.

EXAMPLE 2 13/5 (—) RMSi < 0,05; 1 =632,8

The tolerance for the wavefront sagitta error (in addition to the amount corresponding to the dimensional tolerance given in
the indication of the image position) is 5 wavelengths of single-pass wavefront deformation. No specific tolerance is given
for wavefront irregularity or rotationally symmetric wavefront irregularity, but the rms-value of the wavefront irregularity
shall be less than 0,05 wavelength of single-pass wavefront deformation. The wavelength for all wavefront deformation
specifications is 1 =632,8 nm.

EXAMPLE 3 13/3 (1/0,5)

The tolerance for the wavefront sagitta error is 3 wavelengths of single-pass wavefront deformation. The total wavefront
irregularity shall not exceed 1 wavelength of single-pass wavefront deformation. The rotationally symmetric wavefront
irregularity shall not exceed 0,5 wavelength of single-pass wavefront deformation. The wavelength for all wavefront
deformation specifications is 4 = 546,07 nm.
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EXAMPLE 4a  13/3 (1/0,5); (All & 30)

The wavefront deformation tolerances apply to all possible locations of a 30 mm diameter test area within the optically
effective test area. The tolerance for the wavefront sagitta error is 3 wavelengths of single-pass wavefront deformation.
The total wavefront irregularity shall not exceed 1 wavelength of single-pass wavefront deformation. The rotationally
symmetric wavefront irregularity shall not exceed 0,5 wavelength of single-pass wavefront deformation. The wavelength
for all wavefront deformation specifications is 4 = 546,07 nm.

EXAMPLE 4b  13/0,5 — RMSi < 0,05 (all & 12)
For all possible positions of a 12 mm diameter test region within the optically effective test area of the element, the (single-
pass) wavefront sagitta error shall not exceed 0,5 wavelength, and the rms wavefront irregularity shall be less than 0,05
wavelength of single-pass wavefront deformation. The wavelength for all wavefront deformation specifications is
A =546,07 pr-

EXAMPLE § 13/3 (1); 1=632,8
The tolerange for the wavefront sagitta error is 3 wavelengths in single-pass; the total wavefront irregularity,shall |not
exceed 1 wavelength of single-pass wavefront deformation. The wavelength for all wavefront deformation specifications is
A=632,8 nin.

EXAMPLE ¢ 13/— RMSt < 0,07; 1 =632,8
No specific folerance for the wavefront sagitta error, wavefront irregularity or rotationally symmettic wavefront irregularify is
given; howgver, the total rms difference between the experimental wavefront and the theorétical wavefront shall be less
than 0,07 whvelength of single-pass wavefront deformation. The wavelength for all wavefront deformation specifications is
A=632,8 nin.

EXAMPLE fa  13/— RMSi < 0,07; RMSa < 0,03; 1 =632,8
No specific folerance for the wavefront sagitta error, wavefront irregularity or rotatienally symmetric wavefront irregularify is
given; howgver, the rms wavefront irregularity shall be less than 0,07 wavelength of single-pass wavefront deformatjon,
and the rms wavefront asymmetry shall be less than 0,03 wavelength)of single-pass wavefront deformation. [The
wavelength ffor all wavefront deformation specifications is 1 = 632,8 nm.

EXAMPLE Tb  13/— RMSt < 0,07; RMSi < 0,04
No specific folerance for the wavefront sagitta error, wavefront irregularity, or rotationally symmetric wavefront irreguldrity
is given; hgwever, the total rms wavefront deformation shall ‘be less than 0,07 wavelength of single-pass waveffont
deformation} and the rms wavefront irregularity shall be less than 0,04 wavelength of single-pass wavefront deformatjon.
The wavelength for all wavefront-deformation specifications is 4 = 546,07 nm.

EXAMPLE § 13/—(0,1); 1 =632,8
Target:

Cg =1,24;
Ci5=-044

No specific|tolerance is given for-the wavefront sagitta error or the rotationally symmetric wavefront irregularity. [The
nominal thepretical wavefront consists of the reference sphere plus the following polynomial:

polynomial = 1,24 Zg ~0744 Z45
The tolerance for the.wavefront irregularity (compared to this aspheric wavefront) is 0,1 wavelength of single-pass

wavefront deformation. The wavelength for all wavefront deformation specifications (including the target aberrationg) is
A =632,8 niny

EXAMPLE9  CE: 13/3(1)
CF: 13/1(0,2)
DE: 13/3 (1)
DF: 13/1(0,2)

The tolerance for the single-pass ray paths from C to E and from D to E is 3 wavelengths for wavefront sagitta error and 1
wavelength for wavefront irregularity. The tolerance for the single-pass ray paths from C to F and from D to F is 1
wavelength for wavefront sagitta error and 0,2 wavelength for wavefront irregularity. The wavelength for all wavefront
deformation specifications is A = 546,07 nm.
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Annex A
(informative)

Method for the analysis of wavefronts
using digital interferogram analysis

A.l General

A.1.1 Introduction

The contents of this annex are important for users of digital interferometers, as,well as for de
soffware for interferometry.

The¢ method described in this annex for the analysis of wavefronts is restricted, in its applicability to
which can be described in terms of polynomials.

Examples of wavefronts to which this method does not apply are those‘which are coneshaped and
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atially localized deformations.

b amounts of the various types of wavefront deformation :are determined through a process of
ng and removal of wavefront deformation types. At each stage, the removal of one type of
ormation exposes the next type of deformation.

i
f

b procedure by which a function of a certain type-which “best fits” a certain original function is de
well-known method of least squares, which minimizes the rms difference between the original fy
approximation to it. The rms value of a function is defined in A 4.

ious approximations to the wavefrant.are represented as linear combinations of the Zernike p
ned in A.3. These combinations are given by corresponding coefficients. The coordinates r ar
ned in A.1.3.

t

.2 Interferometric reference wavefront

b interferometric reference wavefront is a physically existing wavefront generated by the interfe
resent the nominal theoretical wavefront. Typically, the interferometric reference wavefront co
ar or sphericahwavefront corresponding to the reference sphere defined in 3.16. If the nominal

wayefront is weakly aspheric, it may be possible to use a planar or spherical reference wavefront a

for| the asphericity through software.
intq

If the nominal theoretical wavefront is strongly asf
rferonieter shall have a physical means, such as a “null lens” or a computer-generated hd

madifying the asphericity of a wavefront. In principle, it would be possible to create an aspheric inte
refrence wavefront to match the deS|red aspher|C|ty of the test wavefront It is more common, h

elopers of

wavefronts

those with

successive
wavefront

termined is
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d fare as
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nsists of a
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heric, the
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that it may be compared with a spherlcal reference beam.

.1.3 Coordinate system

owever, to
test beam,

The wavefront under test is described in polar coordinates by the variables » and & the origin of the
coordinate system is the centre of the test area, and r is normalised to 1 at the edge of the test area. For non-
circular test areas, the “centre” of the test area refers to its centroid, and the radius of the test area refers to
the distance from the centre to the most distant point. The parameter r ranges therefore between zero and 1.
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Various approximations to the wavefront are represented as linear combinations of the polynomials —
commonly called Zernike polynomials — Zy(r,6), Z4(r,0) ..., given in A.3.2. These linear combinations are given

by corresponding coefficients Cy, Cy, ...

A.1.4 Single-pass and double-pass measurements

Wavefront deformation is defined in 3.1 in reference to a wavefront which passes through or, in the case of
reflective optics, reflects from the optical element once (single-pass). If the element is tested in this manner,
the equations given in this annex may be used directly. (Figure B.1 gives an example of a single-pass

interferometer).

Very often| optical elements are tested in a double-pass arrangement, an example of which is shewn i

Figure B.2] If the element is tested in double-pass, the results of all the equations given in this annex(wijll h
to be adjugted appropriately to yield single-pass results. In many cases, this adjustment is simply,to divide
results by fwo; however, this is not always true. See Notes 1 and 2 of 3.1.

A.2 Pro¢cedure

A.2.1 Geperal

The procedlure for finding the amounts of the various wavefront deformation types is given in A.2.2 to A.1
Although this procedure is described in terms of the Zernike polynorials, any mathematically equiva
procedure pased on another set of functions may be used. However, since the order of operations is import
when using non-orthogonal polynomials, the equivalence betweenthe procedure used and that given h
shall be maintained at each step of the entire procedure. This is of ‘particular importance when the test reg
is not circular (see A.3.3).

A.2.2 Total wavefront deformation

ptical-path-difference function, OPD(r,§), refers to the difference between the test and refere
, as measured by the interferometer, including any tilt between the test wavefront and
interferométric reference wavefront. The totdl-wavefront-deformation function, TWD(r,6), refers to the opt
path differg¢nce after subtraction of the best-fitting plane, P(r, ).

Specifically, P(r,6) is given by the linearfunction
P(V,g) = COZO(r,ﬁ) + C»]Z»](F,H) + szz(r,g)
where the foefficients Cyp,"C) and C, are found by the least-squares procedure. From this, the total wavef

deformation function TWD(r,0) is found by subtracting the best-fitting plane and any target aberrati
specified according 4o\7.7 from the measured wavefront deformation W(r, 6):

hve
the

p.8.
ent
ant
ere
ion

nce
the
cal

ont
NS

TWD(r, 0§ =W (r,0)-P(r,0) - >_C:Z;(r.0)

where the coefficients C; are the indicated amounts of the target aberrations (see 7.7).

A.2.3 Total rms wavefront deformation RMSt

The total rms wavefront deviation, RMSt (3.10), is equal to the rms value of the total-wavefront-deformation

function, TWD (r,0).
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A.2.4 Approximating spherical wavefront and wavefront sagitta error

The best approximating spherical wavefront is found from the total wavefront deformation function. For
reasonable amounts of wavefront deformation, this can be approximated by the parabolic deformation defined
by the Zernike term number 3:

Approximating sphere = C3Z5(r,6),
where the coefficient C5 is determined by the least-squares method. (For non-circular test areas, the

restrictions of Clause 5 and of A.3.3 apply.) The wavefront sagitta error (3.5) is then determined from the

N ol Fyal
coerrrerent C3-

Wavefront sagitta error = 2C3

A.2.5 Wavefront irregularity function
The wavefront irregularity function IRR(r, ) is the difference between the total wavefront deformatipn function
TWD(r,6) and the approximating sphere. This corresponds to the function remaining after the approximating
sphere has been subtracted from the wavefront.

IRR(r,6) = TWD(r,6) — C3Z5(r,6)

A.2.6 Wavefront irregularity and rms wavefront irregularity, RMSi

The rms wavefront irregularity RMSi (3.11) is equal to the rins value of the wavefront irregularity fupction. The
wayefront irregularity (3.7) is equal to the peak-to-valley Yalue of the wavefront irregularity function.

Some form of smoothing (e.g. convolution or replacement of the function with a polynomial of suffigient order)
is Wisually required to remove the effects of isolated surface defects (scratches, local material dgfects, etc.)

scgttering of light from dust particles and measurement “noise”, which are not part of the sdirface-form
deyiation. The nature of the smoothing should be reported as part of the test report for the optical element.

A.2.7 Approximating aspheric wavefront and rotationally symmetric wavefront irregularity

The approximating aspheric wavefront AAW(r,6) is obtained by a least-squares fit of a series of fotationally
syrhmetric Zernike polynomials to the irregularity function IRR(r, 8):

AAW(V,&) = C8 ZB(I",Q) + C15 Z15(}",9) + C24 224(7‘,9) + C35 235(7‘,9) + ...

(Fgr non-circulartest areas, the restrictions of Clause 5 and of A.3.3 apply.)

In ost casés, the approximation is sufficiently accurate using the four terms given above. Higher-¢rder terms
may becused if necessary. In cases where spatially localized wavefront deformations are |present, a
polynemial representation of the wavefront deformation is inappropriate.

The rotationally symmetric wavefront irregularity (3.9) is equal to the peak-to-valley value of the approximating
aspheric wavefront AAW(r,6). This may be determined in practice by calculating the value of AAW(r,60) at
discrete points located on a sufficiently fine grid and taking the difference between the highest and lowest
values.

NOTE The topic of this subclause is part of a more general problem which will be addressed in an International
Standard which will be published in the future.

A.2.8 The rms wavefront asymmetry RMSa

The approximating aspheric wavefront AAW(r,6) is subtracted from the irregularity function IRR(#,6). The rms
wavefront asymmetry RMSa (3.12) is the rms value of the function which remains.
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A.3 Zernike polynomials

A.3.1 General

The set of polynomials identified by Zernike and Nijboer!) as being orthogonal in the sense of rms integration
over a circular area, are commonly used for interferogram analysis. For circular test areas, the analysis may
be simplified by the orthogonality properties of these polynomials. For non-circular pupils, these polynomials
are no longer orthogonal and no longer offer any advantage over other sets of functions; however, they may
still be used, provided that the analysis techniques given in Clause A.2 are used. See A.3.3.

A.3.2 List of Zernike polynomials

Zy(r,9 =1

Z4(r,9 = rcosd

Z(r,4 = rsin@

Zyrn@) = 22-1

Z,(rg = r2cos 20

Zs(r,) = r?sin20

Zg(r,4 = (3r2-2) - rcosé

Zn@) = (32-2) rsing

Zg(r,9 = 64-62+1

Zy(r,6) = r3cos 30

Ziorp) = Bsin30

Ziy(rp) = (4r2-3)-r2cos 20
Ziy(rp) = (42-3)-12sin20
Zianf) = (104 - 122 + 3)~rcbsO
Zislrp) = (10/4 — 12/2-+3) - rsind
Zis(nf) = 20,830+ 12:2 - 1
Zg(rp) = r*cos4o

Z7(r,p)  =<s4sin 40

Zig(rp)o = (512 -4) - r3cos 36
Zion®) = (5r2-4)- sin 30
Zyo(r,0) = (15/4 — 2012 + 6) - r2cos 20
Zo4(n6) = (154 -20/2 + 6) - r2sin 20
Zyo(r,0) = (35604 +30r2 - 4) - rcosé

1) A discussion of these polynomials and their properties is given in M. BorRN and E. WOLF, Principles of Optics,
Pergamon press, New York, 7th edition, 1999.
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Zys(r,0) = (35/5 — 60/4 + 3012 — 4) - rsing

Zoy(r,0) = 70,8 - 140/5 + 90/4 — 2012 + 1

Zy5(r,6) = r9cos 50

Zyg(r,0) = sin 50

Zy7(r,0) = (6r2-5)r*cos 40

Zyg(r,0) = (6r2-5)-r*sin40

Zyo(r,0) = (2174 -30r2 +10) - r3cos 36

Z3o(r,0) = (2174 -30r2 + 10) - r3sin 36

Z34(r,6) = (568 —105/4 + 6072 — 10) - r2cos 20

Zyy(r,0) = (5618 —105/4 + 6012 — 10) - r2sin 26

Zy3(r,0) = (126/8 - 280/ + 2104 — 6012 + 5) - rcosd

Zyy(r,0) = (126/8 — 280/% + 210/4 — 60/2 + 5) - rsing

Z35(r,0) = 252710 -630/8 + 56078 — 21074 + 3012 - 1
A.3.3 Non-circular test areas
A.3.3.1 General
The Zernike polynomials are only orthogonal if the-test area is circular and enough sample points a
that an integral is approximated well by summatigh over the points. If this condition is met, the polyr
orthogonal, and as a consequence, their cogfficients may be determined through the least-squar
and the results are the same regardless of the grouping of the terms. For example, the coefficient

de

If t
the
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In
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rmined by fitting the single term<C3Z; to the wavefront, or by fitting the more complex
3+ CgZg + Cy5Z15 + CyuZy4, and the'values of C5 will be the same in both cases.

ne test area is non-circularthe' Zernike polynomials are not orthogonal, and the values obtaing
two cases described abave-will not necessarily be the same.

spite of this, the Zernike polynomials may still be used for the analysis of the wavefront d
vided that the procedure described in A.2 is followed. A.2 reflects the stipulations of Cla
scribes a particular order for fitting the terms and subtracting them; this procedure ensures that
Lies for the wavefront deformation types are obtained.

hccordance with Clause 5, A.2 states that the polynomial terms shall be fit to and subtracte
vefront™in a particular order; it is not acceptable to fit several terms at once. In particula
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A.3.3.2 Commercially available programs

In some commercially available programs, the polynomials are fit in groups of terms. For example, a
polynomial consisting of the first nine terms might be fit to the wavefront. According to Clause 5, the coefficient
C3 obtained in this manner shall not be used in the determination of the approximating spherical wavefront.
Furthermore, the coefficient Cg obtained in this manner shall not be used in the determination of the
approximating aspheric wavefront. Instead, the coefficient C; is to be determined by fitting only the term C3Z3
to the wavefront, after the best-fitting plane P(r,6) has been removed. Similarly, in determining the coefficient
Cg for the approximating aspheric wavefront, only terms of the type shown in A.2.7 are allowed. Specifically,
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Clause 5 states that terms that are not rotationally symmetric shall not be included in the fit, and the parabolic
term C5Z5 shall not be included in the fit.

A.4 Root-mean-square value of a function

The root mean square of a function f over a given area 4 is given by either of the following integral
expressions:

a) Cartesian variables x and y:

1

J.J.[f(x,y)]z dxdy 2

Xy
J..[ dxdy
xy

Py

MS value =

where|(x, y) € 4
b) Polar yariables » and &

1

Ij[f(r,e)]z rdrdé@ 2

Or
jj rdrd@
or

Py

MS value =

where|(r, 6) € 4

This integrpl may be approximated by a correspending summation, provided that a sufficient number of data
points is uged.
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Annex B
(informative)

Visual interferogram analysis

B.1 General
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.1.3 Fringes, fringe spacings

.1 Information

s annex is intended as an aid to understanding this part of ISO 10110. It is useful for the interf
rferograms, but the guidelines given for the estimation of the amounts of the various’types o
ormations do not serve to define those wavefront-deformation types.

b purpose of this annex is to demonstrate the visual appearance of interferograms for the differg
vefront deformation. The appearance of the fringes depends on whether the optical element i
hle-pass or in double-pass. See B.1.6.

s annex deals exclusively with the following types of wavefront~deformation: wavefront sal
vefront irregularity and rotationally symmetric wavefront irtegularity. The rms residual
ormation types (defined in 3.10 to 3.12) cannot be determined by visual inspection.

and B.3 describe the analysis of circular test areas. Spegial considerations for non-circular tes
bn in B.2.5.

> analysis of fringe patterns is treated more fully in\many textbooks?).

.2 Test and reference wavefronts, test and reference arms of the interferometer

en the wavefront deformation of an.optical element is tested interferometrically, a high-quality
own as the “reference wavefront!) jis allowed to interact with a wavefront which has been

bretation of
wavefront

nt types of
s tested in

gitta error,
wavefront

[ areas are

wavefront
ransmitted

bugh or, in the case of reflective ‘optics, reflected from, the element under test. This latter wavefront will be

prred to as the “test wavefront”. The two optical sub-systems of the interferometer which p
prence and test wavefrents’ will be referred to as the “reference arm” and the “test a
rferometer, respectively.

b interaction-of the reference and test wavefronts produces areas of high and low light intensityj
inges”. The number of spacings between such fringes is a measure of the deformation of the w

test wavefront is tilted relative to the reference wavefront, then the curvature of the fringes,
tive: to the fringe spacing, is a measure of the deformation of the wavefront. The scale factor

roduce the
m” of the

known as
avefront. If
measured
elating the
er of times

B.1.4 Interferometric tilt

Two methods are used for estimating the amounts of wavefront sagitta error and wavefront irregularity,
depending on the amount of relative tilt between the test and reference wavefronts. The method without tilt is
applied chiefly when the wavefront deformation is large. The method employing tilt is generally more accurate.

The relative tilt between the two wavefronts is not a measure of the wavefront deformation.

2)

For example: MALACARA, D. ed., Optical shop testing, Wiley, New York, 2nd edition, 1992.
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B.1.5 Determination 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 lengthen the test arm of the interferometer, in order to note the behaviour of
the interferometric fringes when this is done. This may be accomplished by pushing very gently on one of the
mirrors in the test arm of the interferometer. See B.1.6.

B.1.6 Interferometric arrangements for testing optical elements

B.1.6.1 General

There are
testing ged
test results

many possible arrangements for testing optical elements interferometrically. Because the varipus
metries have different sensitivities to the quality of the element under test, the interpretation of fthe

depends on the arrangement used.

Interferométric arrangements in which the light beam passes through (or reflects from) the glement under {est

only once,

More com

element under test twice. Such arrangements are known as “double-pass” metheds and, in such cases,

measured

In many c

pass meadqurement by two. In the examples given in this annex, it is assumed that this is the case. Howe

there are

B.1.6.2

The defini
reflected o

known as “single-pass” methods, correspond to direct measurements of wavefront deformation.
monly, an arrangement is used in which the light beam passes through (or reflects from)

results must be adjusted to account for the second transmission of the light through the element.

the

the

ses, the single-pass wavefront deformation may be obtained™hy dividing the results of a double-

ses in which this is not true. See 3.13.

esting elements in single-pass

ion of wavefront deformation (3.1) makes reference to a wavefront transmitted once through

er,

or

nce from, the optical system. Optical testing-methods in which the light beam travels once throligh

pne

the optical lelement under test will be referred to as “single-pass” methods.
Figure B.1[shows one possible interferometric-miethod for testing optical elements in this way.
In the case of single-pass optical testingj one fringe spacing visible in the interferogram corresponds to
wavelength of wavefront deformation as\defined in 3.1.
) L
/7
/
/7
2 3
AN L~
Ve
1 i 5
7 3
6
a) Optical element without power
Figure B.1 — Testing an optical element in single-pass
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Figure B.1 (continued)
B.1.6.3 Testing elements in double-pass
Optical elements are often tested in a “doubléspass” configuration, in which the wavefront passes
in the case of reflective optics, reflects from.the element under test twice, as shown in Figure B.2.

In fthe case of double-pass testing, the’additional wavefront deformation caused by the second ftr
thrpugh the element will have to be accounted for when comparing the measurement results with th
tolgrances. If the wavefront is-nat severely deformed by passing once through the element unde
reflects from a high-quality” mirror, it returns through the identical portion of the test elem
intgerferometer. In this case,.the observed deformation of the wavefront is twice the (single-pass
deformation as defined’in-3.1, that is, the wavefront deformation (as defined by 3.1) is one-half th
wayefront deformation.

If the wavefronttis severely deformed by the element under test, the individual rays do not pass t
same positions(in the element under test on their return path, and the wavefront deformation is
twice that-of'the single path case. Also, if the cross-section of the test beam is distorted in pa
through ‘the optical system, the relationship between double-pass measurements and the §
wayefront deformation is more complex than simply a factor of 2. See Notes 3 and 4 to 3.13.
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Figure B.2 — Testing an optical element in double-pass
B.2 Estimation of wavefront sagitta error-and wavefront irregularity
B.2.1 Geperal
The waveffont sagitta error can only be~determined if the positions of both the object point and the image pgint
are specified. Often, when testing ©ptical elements and systems interferometrically, only one of these fwo
positions i specified, and the sagitta error cannot be determined; however, the irregularity can still|be
determined.
The determination of the wavefront sagitta error is simplest if the point source of the interferometer is plaged
at the indigated object.point, and the mirror which reflects the beam back toward the interferometer is plaged
concentric |with the indicated image point. In the following, it is assumed that this is the case. (If this is not [the
case, the distances-between the indicated and actual object points and the indicated and actual image po|nts
must be tgken¢into account.) If dimensional tolerances are associated with the indications of the positiong of
the object pnd, image points, the source and the reflecting surface may be moved within these tolerances to
minimize the eay;tta erfrof:

Usually, the wavefront deformation is dominated by wavefront sagitta error and/or by a kind of asymmetry in
the sagitta error. In the case of asymmetry, cross-sections of the wavefront in different directions show
different amounts of sagitta error. Other kinds of wavefront irregularity are possible; the estimation of their
amounts is more difficult. The estimation of the amounts of wavefront sagitta error and wavefront irregularity
for the commonly occurring cases is described in B.2.2 and B.2.3, and a more general procedure for unusual
types of irregularity is described in B.2.4. The reference given in Footnote 2 (see B.1.1) contains a more

thorough d
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iscussion of interferogram analysis.
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