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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
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nt of optical elements and optical systems:
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Measurement and evaluation techniques

Calibration and validation of interferometric test equipment and measurements
Interpretation and evaluation«ef tolerances specified in ISO 10110
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This part of 1ISO 14999 provides a theoretical frame upon which are based indications from 1ISO 10110-5
and/or ISO 10110-14.

ISO 10110-5 refers to deformations in the form of an optical surface, and provides a means for specifying
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[ANCes Tor certain types Of surrace derormations In terms ot "fringe spacings".

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

ause it is common practice to measure the surface form deviation interferometrically as th
rmation caused by a single reflection from the optical surface at normal (90510 surface) inc
Sible to describe a single definition of interferometric data reduction that cansbe used in both
ge spacing” (as defined in ISO 10110-5) is equal to a surface deformation that causes a def
reflected wavefront of one wavelength.

ain scaling factors apply depending on the type of interferometric-arrangement — for example,
object is being measured in single pass or double pass.

ause of the potential for confusion and mis-interpretation;\units of nanometres rather than un
cings” or “wavelengths” should be used for the value.-of‘surface form deviation or the value ¢
rmation, where possible. Where “fringe spacings’or “wavelengths” are used as units, the
Lld also be specified.

nd provides

e wavefront
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ERNATIONAL STANDARD ISO 14999-4:2007(E)

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

Part 4:

Int
in

_ ot | evaluation of tol fied

ISO 10110

1 |Scope

Thig part of ISO 14999 applies to the interpretation of interferometric data-relating to the meagurement of
optical elements.

Thig part of ISO 14999 gives definitions of the optical functions specified in the preparation of drawings for
optical elements and systems, made in accordance with 1ISO40110-5 and/or ISO 10110-14 [as well as
guidance for their interferometric evaluation with visual analysis:

2 [Normative references

The| following referenced documents are indispensable for the application of this document| For dated
references, only the edition cited applies. Foriundated references, the latest edition of the|referenced
docpment (including any amendments) applies.

ISO[10110-5:—1), Optics and photonics— Preparation of drawings for optical elements and|systems —
Part 5: Surface form tolerances

ISO[10110-14:—2), Optics and photonics — Preparation of drawings for optical elements and|systems —
Part 14: Wavefront deformation tolerance

3 |Terms and definitions

3.1| Mathematical definitions

341

fungtion

mat Icllldtibdi UIUDL;IiPt;UII Uf iiIU IIIUdDUIUd WdVUflUlli UIUfUIIIIdtiUII dlluI Itb UIUL,UIIIIJUDHJUII illiU bUIllpunentS
NOTE The functions used in this part of ISO 14999 are scalar functions.

1) To be published (Revision of ISO 10110-5:1996 + 10110-5:1996/Cor.1:1996).

2) To be published (Revision of ISO 10110-14:2003).

© 1SO 2007 — All rights reserved 1
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31.2
peak-to-valley value
PV ()

(of a function /) maximum value of the function within the region of interest minus the minimum value of the

function within the region of interest

313
root mean square value

rms (f)

(of a function fover a given area A) value given by either of the following integral expressions:

a) Cartesian variables x and y:

Jj[f(x,y)]z dxdy yz

” dxdy

Xy

rms (f

where (x,y)e 4

b) Polar viariables » and 6

H.[f(r,ﬁﬂz rdrd@ %
rms (f)=| £~ where (r,0)e 4
drdo@
I

NOTE This integral may be approximated by the standarddeviation provided that the measurement resoluti

specified and is sufficient.

3.2 Definition of optical functions

NOTE The following optical functions are depicted in Figure 1. For the relationship of interferometric measurem

to surface fofm deviation and transmitted wavefront deformation see Clause 4.

3.21
measured wavefront deformation

JMwb

function regresenting the distances between the measured wavefront and the nominal theoretical wavef

measured rjormal to the nominal theoretical wavefront
See Figure(1 a).

3.2.2
tilt

Narhs

nis

ents

ont,

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

wavefront deformation fywp

See Figure 1 b).
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3.23
wavefront deformation

Jwp
function resulting after subtraction of the tilt /7| 1 from the measured wavefront deformation fyywp

Jwp =/Mwp —fTLT
See Figure 1 c).

3.24
wayefront spherical approximation

fws
fungtion of spherical form that best (in the sense of the rms fit) approximates the wavefront deformation £

Seg Figure 1 d).

3.2p
wayefront irregularity

Jwi
fungtion resulting after subtraction of the wavefront spherical approximation f,g from thg wavefront
defgrmation £y

/w1 = wp —fws
Seg Figure 1 e).

3.2p
wayefront aspheric approximation

JwrR
rotationally invariant aspherical function thatibest (in the sense of the rms fit) approximates the wavefront
irregularity, fiy,

Seg Figure 1 f).

3.2
rotgtionally varying wavefront deviation

Jwr
fungtion resulting after subtraction of the wavefront aspheric approximation £ g, from the wavefront irregularity

Jwi
WRY =S ARl

Seg Figure 1 g).

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

3.3.1
sagitta deviation

PV (fws)
peak-to-valley value of the approximating spherical wavefront

NOTE PV (fys) corresponds to the quantity A in ISO 10110-5:— and ISO 10110-14.—. In the case of ISO 10110-5, if
the unit is not fringe spacing, the surface deviation is computed according to the test set-up used.

© 1SO 2007 — All rights reserved 3
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3.3.2

irregularity

PV (fw1)
peak-to-vall

ey value of the wavefront irregularity

NOTE PV (f) corresponds to the quantity B in ISO 10110-5:— and ISO 10110-14:—. In the case of ISO 10110-5, if
the unit is not fringe spacing, the surface deviation is computed according to the test set-up used.

3.3.3

rotationally invariant irregularity

PV (fwri)
peak-to-val

NOTE A
if the unit is 1

3.34
rotationally

PV (fwrv)
peak-to-val

3.35
rms total

rms (fyp)
root-mean-

NOTE M
ISO 10110-5

3.3.6
rms irregu

rms (fw)
root-mean-

NOTE M
ISO 10110-5

3.3.7

ey value of the wavefront aspheric approximation

¢ varying irregularity

ey value of the rotationally varying wavefront deviation

bquare value of the wavefront deformation

arity

square value of the wavefront irregularity

rms rotatignally invariant irregularity

rms (fwry)
root-mean-

3.3.8

square value ‘ef the wavefront aspheric approximation

rms rotatignally'\varying irregularity

rms (fyry)

PV (fyr)) corresponds to the quantity C in ISO 10110-5:— and ISO 10110-14:—. In the case of ISO10110-5,
ot fringe spacing, the surface deviation is computed according to the test set-up used.

s (fyp) corresponds to the quantity RMSt in ISO1QM0-5.— and 1SO 10110-14:—. In the casp of
if the unit is not fringe spacing, the surface deviation.is\computed according to the test set-up used.

s (fy) corresponds to the gquantity RMSi in I1SO 10110-5:— and 1SO 10110-14:—. In the casp of
if the unit is not fringe spacing,-the surface deviation is computed according to the test set-up used.

root-mean-square vatue of the Totatiomatty varyimg - wavefrontdeviation

NOTE rms (fyry) corresponds to the quantity RMSa in ISO 10110-5:— and ISO 10110-14:—. In the case of
ISO 10110-5, if the unit is not fringe spacing, the surface deviation is computed according to the test set-up used.

© 1SO 2007 — All rights reserved
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. c) Wavefront deformation (f,)
b) Tilt (fr,1) that determines the "RMSt"

d) Wavefront spherical approximation (fg) e) Wavefront irregularity (f,,,) that detefmines
that determines-the sagitta deviation "A" the irregularity "B" and "RMSi"

f) (Rotationally invariant) wavefront
aspheric approximation (f,,5,) that determines the
rotationally invariant irregularity "C"

d) Remaining rotationally varying wavefront deviation
(fwry) that determines the "RMSa"

Figure 1 — Measured wavefront deformation and its decomposition into wavefront deformation types

© 1SO 2007 — All rights reserved 5
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4 Relating interferometric measurements to surface form deviation or transmitted
wavefront deformation

41 Test

areas

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

NOTE
polynomials.

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

4.2 Qualfftities

The quantit

the specifigd fringe spacings or wavelength or nanometre as unit, see ISO 10110-5 or 18010110
respectively.

An optical path difference of one wavelength in the wavefront (one fringe spacing) corresponds to a surj

deviation of

4.3 Sing

Transmitted

arrangement, such as a Mach-Zehnder interferometer, provided that the Wavelength of the interferomet

the same a

4.4 Doul

Double-pas|
elements b
as sensitiv
transmitted

NOTE

imparted by
the transmitt
reported by t

H

4.5 Surface form deviation

Surface forfn deviation is.cemmonly measured using an interferometric measurement of a wavefront refle

once from t

le-pass transmitted wavefront

es defined in 3.3 are used for the indications according to ISO 10110-5 and ISO 10110-14 u

half a wavelength when reflected once at normal incidence.

wavefront deformation, as defined in ISO 10110-14, is direecthmeasurable using a single-f

5 the wavelength of the specification.

ble-pass transmitted wavefront

5 arrangements are often used to measurecthe transmitted wavefront deformation of op)

common path instruments. In this case, thelinterferometric measurement is approximately t
. The interferometric results shall bexdivided by two to obtain approximate results for
wavefront deformation.

ecause diffraction occurs at both passes through the test object, and because the wavefront deform
he test object on the second pass.depends slightly on the wavefront deformation imparted on the first
ed wavefront deformation measured in a double-pass arrangement is only approximately half the re
he interferometer.

ne optical surface under test.

An optical
deviation o

|

ath difference of one wavelength in the wavefront (one fringe spacing) corresponds to a surj
half agwavelength when reflected once at normal incidence.

5ing
-14,

face

ass
Br is

tical
vice
the

htion
ass,
sults

cted

face

4.6 Conversion to other wavelengths

If the test wavelength is not equal to the specification wavelength, the results of the interferometric test may
be converted using the equation:

Njo =

N ></11
A1 22

where N4 and N, are, for example, the numbers of fringe spacings at 1, and A,.
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Annex A
(normative)

Visual interferogram analysis

General
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1 General remarks

Annex is intended as an aid to understanding I1ISO 10110-5 and I1SO 10110-14xlt is us|
'pretation of interferograms (including fringe patterns seen when using test glasses). For s

duction. The guidelines given for the estimation of the amounts of the Warious types o
rmation should not be regarded as a definition of those wavefront deformation types.

purpose of this Annex is to demonstrate the visual appearance of interferograms for the diffen
efront deformation.

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

irregularity;

rotationally invariant irregularity.

rms residual wavefront deformation types (defined in 3.3) cannot be determined accurate
ection.

ses A.2 and A.3 describe thenanalysis of circular test areas. Special consideration for non-
s is given in A.4.

analysis of interferograms is treated more fully in many textbooks. See, for example, referen
ography.

|2 Interferometric tilt

methods_are used for estimating the amounts of sagitta deviation and irregularity, depen
unt of_relative tilt between the test and reference wavefronts. The method without tilt is m3
n tHe wavefront deformation is large. The method employing tilt is generally more accurate.

eful for the
urface form

surement the form deviation is determined by the resulting wavefront deviation as desciibed in the

f wavefront

ent types of

y by visual

circular test

ce [1] in the

Hing on the
inly applied

The

A1

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

.3 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 shorten slightly or lengthen slightly the test arm of the interferometer, in order to note the
behaviour of the interferometric fringes when this is done.

© 1SO 2007 — All rights reserved
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A.2 Estimation of sagitta deviation and irregularity

A.2.1 General

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

are
two
| be

The determination of the sagitta deviation is simplest if the point source of the interferometer is placed at the

indicated op - d bea watd & B
concentric ith the indicated image point. In the following, it is assumed that this is the case. If this is-nof
case, then fhe distances between the indicated and actual object points and the indicated and actualin
points must be taken into account. If dimensional tolerances are associated with the indications of
positions of the object and image points, the source and the reflecting surface may be moved/within th
tolerances fo minimize the sagitta deviation.

Usually, thg wavefront deformation is dominated by sagitta deviation and/or by a kind. 6f asymmetry in
sagitta devjation. In the case of asymmetry, cross-sections of the wavefront in (different directions s
different amounts of sagitta deviation. Other kinds of irregularity are possible; the‘estimation of their amo
is more difficult. The estimation of the amounts of sagitta deviation and irregularity for the commonly occu
cases is described in A.2.2 and A.2.3, and a more general procedure for unusual types of irregulari
described in A.2.4. The reference given in [1] contains a more thorough discussion of interferogram analys

A.2.2 Andlysis of interferograms without tilt

the
how
Lints
ring
y is
s.

In the absence of all other types of wavefront deformation, sagitta deviation causes an interference paftern

having congentric, circular fringes. The radii of the fringes increase with the square root of the fringe num
counting frgm the centre of the interferogram.

If a small anount of asymmetric deformation is present; the circles distort into ellipses, as shown in Figure
If the test wavefront is concave with respect to the'reference wavefront, then the fringes will move toward
centre of the fringe pattern when the test arm of\the interferometer is shortened. If the reverse is true, then
test wavefront is convex with respect to the reference wavefront.

ber,

A1,
the
the

To estimatg the amount of sagitta deviation and irregularity, let m and m’ be the numbers of fringe spacjngs
seen in thg fringe pattern, counted from the centre to the edge, in the directions that give the largest|and
smallest numbers of fringes3). In thé case of elliptical fringes, the sagitta deviation is given by the average pf m
and m’, thafis:

Sagittg deviation (glliptical fringes) = m;m .1
In the case|of ellipfical fringes, the wavefront irregularity is equal to the absolute value of the difference of the
fringe counts # and m':

Irregularity (elliptical fringes) = [m - m| (A.2)

3) Usually, these two directions are oriented at 90° to one another, but this need not be the case.

8 © 1SO 2007 — All rights reserved
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Key|

EXA
ther
13-

If a

hyp
inte
Sonj

Key|

= 3,0 fringe spacings
= 1,0 fringe spacing

Figure A.1 — Example of an interferogram showing 2 wavelengths.-of sagitta deviatior
2 wavelengths of irregularity (evaluation in Example 1)

MPLE 1 Figure A.1 shows the interferogram of an optical element. The values of m and m' 3
bfore the sagitta deviation [Equation (A.1)] is (3+1)/2=2 wavelengths, the irregularity [Equa
1| = 2 wavelengths.

arge amount of asymmetric deformation is present, the elliptical fringes may be broken into ap
brbolic fringes, as shown in Figure A.2. In this casefwhen the test wavefront is moved slightly
[ferometric reference wavefront, some of the fringes will move toward the centre of the fringe
e will move away from the centre.

and

re 3 and 1;
ion (A.2)] is

proximately
toward the
pattern and

m

m/

= 2,5 fringe spacings
= 1,5 fringe spacing

Figure A.2 — Example of an interferogram showing 0,5 wavelengths of sagitta deviatio
4 wavelengths of irregularity (evaluation in Example 2)

© 1SO 2007 — All rights reserved
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In the case of hyperbolic fringes, the sagitta deviation is equal to half the difference between the numbers of
fringe spacings:

Sagitta deviation (hyperbolic fringes) = ‘m —m ‘ (A.3)
The irregularity in the case of hyperbolic fringes is given by the sum of the numbers of the fringe counts:
Irregularity (hyperbolic fringes) = m + m’ (A.4)

EXAMPLE 2 Figure A.2 shows the Interferogram of an optical element. The values of m and m’ are 2,5 and 1,5
wavelengths| respectively, so the sagitta deviation [Equation (A.3)] is | 2,5 - 1,5 |/2 = 0,5 wavelengths, and the inregularity
[Equation (Al4)] is 2,5 + 1,5 = 4 wavelengths.

A.2.3 Andlysis of interferograms with tilt

This methodl requires the fringes to be observed twice, with the tilt between the test and reference wavefrpnts
adjusted so| that the fringes are oriented in two different directions.

When the rg¢ference surface is tilted with respect to the test surface, the fringes app€ar as in Figure A.3. If pnly
sagitta devigtion 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 apparent centre of the interferogram. If
other wavefront deformation types are also present, the fringes are not parts of concentric circles.

= h
Key
m  =hls
m' =hls'

a8  Motion: thé-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 sagitta deviation and
1,8 wavelengths of irregularity, with the interferometric tilt oriented in two directions
(evaluation in Example 3)

To estimate the sagitta 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 Figures A.3 a) and A.3 b). In each case, the number of fringe 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.

10 © IS0 2007 — All rights reserved
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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 sagitta deviation exceeds the
irregularity, and Equations (A.1) and (A.2) are used to estimate the sagitta deviation and the irregularity,
respectively.

If one set of fringes moves towards its apparent centre, and the other fringe pattern moves away from its
apparent centre when the test arm is shortened, then the irregularity exceeds the sagitta deviation, and
Equations (A.3) and (A.4) are used to estimate the amounts of sagitta deviation and irregularity.

EXAMPLE: Figure A.3 shows interferograms of an optical element tested with tilt. In Figure A.3 @))-the fringes move
towgrds the apparent centre when the test arm is shortened, and in Figure A.3 b), the fringes ' move away from the
appdrent centre, so Equations (A.3) and (A.4) apply. In Figure A.3 a), the curvature, A, is appreximately 1,2 x the fringe
spaging, s, so m = 1,2. In Figure A.3 b), the curvature, #’, is 60 % the fringe spacing, s', so m{%0,6. The immediate result
of Epuation (A.3) is 0,3 wavelengths for the sagitta deviation. Similarly, Equation (A.4) yields a value of 1,8|wavelengths
for the irregularity.

A.24 Unusual forms of irregularity

It is|possible that the wavefront deformation be a maximum at some’point inside the test area, rather than at
the pdge. When testing wavefronts with no tilt between the test and reference wavefronts, this leagls to closed
fringes which may not be concentric with the centre of the test.afea, as shown in Figure A.4. In sych cases, it
is necessary to note which fringes move away from the centréyand which toward the centre when the test arm
of the interferometer is shortened. Those that move toward the centre may be regarded as "positiye", and the
othgrs as “negative”.

a  Motion.

-

igure A:4— Example of an unusual interferogram, showing the direction of motion of the fringes
when the test arm of the interferometer is shortened (evaluation in Example 4)

EXAMPLE 4 The sagitta deviation is determined according to Equation (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 4 fringe
spacings in the negative direction, followed by 4 fringe spacings in the positive direction, giving a value of zero for m. In the
horizontal direction, there are 2 negative and 2 positive fringes, again giving m' = 0. According to Equation (A.1), the
sagitta 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
sagitta deviation is zero, so the theoretical expected fringe pattern has no fringes. The lowest departure from this is —4
fringe spacings (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.
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