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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 ISQ_also take part in the wark SO collaborates closely with the International Flectrotechnical
Commission|(IEC) on all matters of electrotechnical standardization.

International|Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part’3.
The main tagk of technical committees is to prepare International Standards. Draft Internatiohal Standards adopted
by the techmical committees are circulated to the member bodies for voting. Publication as an Infernational
Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is qrawn to the possibility that some of the elements of this International Standard may be the|subject of
patent rights| ISO shall not be held responsible for identifying any or all such patent rights.

ISO 15795 was prepared by Technical Committee ISO/TC 172, Optics)and optical instruments, Subcommittee
SC 1, Fundafmental standards.

Annex A of this International Standard is for information only.
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Introduction

Aberrations due to the variation of the refractive index with wavelength (dispersion) are usually termed “chromatic
aberrations”. Originally, this wording was based on the fact that, in the presence of these aberrations, the image of
objects such as points, lines and edges, exhibit coloured fringes in addition to the variation of luminance.
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INTERNATIONAL STANDARD

ISO 15795:2002(E)

Optics and optical instruments — Quality evaluation of optical
systems — Assessing the image quality degradation due to
chromatic aberrations

1 Scope
This Interphational Standard defines terms relating to chromatic aberrations and indicates the mathematical
relationships between those terms.
It also gijes general guidance for the measurement of chromatic aberrations.and is valid for opfical imaging
systems which are constructed to be of rotational symmetric imaging geometry.“}t is also valid for dptoelectronic
imaging systems.
2 Normative references
The followjng normative documents contain provisions which, thfough reference in this text, constitute [provisions of
this Interrjational Standard. For dated references, subsequent amendments to, or revisions of, @any of these
publications do not apply. However, parties to agreements based on this International Standard are epcouraged to
investigate the possibility of applying the most recent editions of the normative documents indicated below. For
undated rgferences, the latest edition of the normative document referred to applies. Members of |SO and IEC
maintain registers of currently valid International Standards.
ISO 9334:[1995, Optics and optical instrumiehts — Optical transfer function — Definitions and mathematical
relationshfps
ISO 9335:[1995, Optics and optical.\instruments — Optical transfer function — Principles and plocedures of
measurement
ISO 9039:[1994, Optics and.“optical instruments — Quality evaluation of optical systems — Det¢rmination of
distortion
ISO 11421:1997, Optics-and optical instruments — Accuracy of optical transfer function (OTF) measurement
3 Symrools and units

Symbol Meaning Unit Specified in
A Measurement wavelength nm, gym 4.21
A Reference wavelength nm, ym 4.3
W(A) Weighted spectral distribution dimensionless |4.2.2
Wg(4) Weighted spectral reference distribution dimensionless 4.3
u(A) Local image field coordinate for measurement wavelength um 45
u(4,) Local image field coordinate for reference wavelength um 4.5
u(w) Local image field coordinate for weighted spectral measurement pum 4.5

distribution

© ISO 2002 - All rights reserved 1
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Symbol Meaning Unit Specified in

u(Wg) Local image field coordinate for weighted spectral reference um 4.5

distribution
r'(A4,), K'(Wg) |Image height for reference wavelength or distribution mm 4.5
7(4) Lateral chromatic aberration pm 4.6
() Weighted lateral chromatic aberration um 4.7
L(4) Longitudinal chromatic aberration pm 4.9
L(w) Weighted longitudinal chromatic aberration pum 4.9
LE LCeft edge widih pm 413872
RE Right edge width gm 48.2
EW Edge width pum 482
2'(A), 2 (4,) Position of best focus for wavelengths 1 and A, mm 4.9
Z'(W), Z'(R) Position of best focus for spectral weightings #(4) and Wg(4) mm 4.9
a)'p Image pupil field angle degree 3.8 of ISO 91)39:1994
@, Object pupil field angle degree 3.7 of ISO 9039:1994
OTF(r) One-dimensional optical transfer function dimensionless |3.11 of ISO $334:1995
MTF(r) One-dimensional modulation transfer function dimensionless | 3.9 of ISO 9834:1995
PTF Phase transfer function degree, rad 3.10 of ISO $334:1995
PSF Point spread function mm-—2 3.5 of ISO 9834:1995
LSF Line spread function mm-1 3.13 of ISO 9334:1995
ESF Edge spread function dimensionless |3.14 of ISO $334:1995

Azimuth degree 4.21 of ISO $334:1995
] Reference angle degree 4.12 of ISO $334:1995
& Integration variable dimensionless 4.5
4 Terms|and definitions{principle and mathematical relationships
41 Genefal

For the purpgses of this/Anternational Standard, the terms and definitions given in ISO 9334 and ISO 933% apply.

4.2 Wave

engths and spectral distributions

For the determination of chromatic aberrations, several wavelengths or spectral distributions shall be given for
which the aberrations are to be determined.

4.21

Quasi-monochromatic measurement

In this case, the spectral bandwidth of the measurement radiation is small compared to the distance between
neighbouring measurement wavelengths.

The measurement wavelength under consideration is the mean wavelength of that quasi-monochromatic radiation

for which the

chromatic aberrations are to be determined.

© 1SO 2002 - All rights reserved
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4.2.2 Measurement with finite spectral bandwidth

The spectral bandwidth is specified by a spectral weighting function, W(1). For the purpose of analytical
calculations, this shall be approximated by spectral area weighting with different discrete wavelengths. The
measurements of chromatic aberrations shall always be carried out in the same manner, regardless of whether
they are determined for discrete wavelengths or for certain wavebands.

4.3 Reference wavelength and weighted spectral reference distribution

In the case of quasi-monochromatic radiation (see 4.2.1), the reference wavelength, 4,, is the wavelength to which
the determination of the chromatic aberrations is related. In the case of finite spectral bandwidth (see 4.2.2), the
reference ppectral distribution is the spectral weighting function, Wg(4), to which the determination of the chromatic
aberrationg is related.

4.4 Measurement plane
The measprement plane is a plane perpendicular to the optical axis in which the measurement is carrigd out. It may

be defined by geometric means, or with the help of a suitably defined focusing criterion, which can ke applied by
measuremnlent and shall be accessible for analytical calculations.

4.5 Image heights and local image field coordinates

The imagg heights are defined by means of the line spread function (LSF). Figure 1 shows an example of
(measureq) line spread functions.

For the degfinition of line spread function, see 3.13 of 1SO 9334:1995. This definition is also valid [for weighted
spectral distribution, W(1).

7] ARVAYA
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| =
| VAL
| /AVIRNEPS
K FYRIRNG
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B Ho= N A
L L ~/" ~NL

Figure 1 — Examples for quasi-monochromatic line spread functions

The image height, #’, is the position within the line spread function where the area fractions of the line spread
function are equal.

© ISO 2002 - All rights reserved 3
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Thus:

p
j LSF (

1+oo
£)ds =7 [ LSF(£)de

where ¢£is an integration variable.

(1)

Local image field coordinates, u, are introduced by choosing the origin u = 0 at the reference image height, #'(4,),

for the refere

nce wavelength, 4., or 4'( Wg) for the weighted spectral reference distribution, Wg(A).

4.6 Lateral chromatic aberration

The lateral ¢
relative to th
line spread

magnification
height.

For finite im4

hromatic aberration, 7(1), is defined as the radial variation in image height for the wavs
e image height for the reference wavelength, A.. This definition requires a numerical‘evalug
function, as it is also necessary for the determination of the optical transfer-function.

ge distance, the lateral chromatic aberration, 7(1), in the measurement\plane is given by:

blength, 4,
tion of the
For given

ratio and relative aperture, the lateral chromatic aberration is a function ,of_wavelength &nd image

7(2) = u(A) — u(4,) (2)
where

u(4,) =0
4.7 Weighted lateral chromatic aberration
The weightefl lateral chromatic aberration, 7T(#), is defined as the radial variation in image height, u(}¥), for the
weighted spgctral distribution, W(A), relative to. the image height, u(/#g), for the weighted spectral|reference
distribution, r(4). For given magnification ratio and relative aperture, the weighted lateral chromatic aQerration in
the measurement plane is a function of image height.
For finite imgge distance:

(W) = (W) — u(Wg) (3)
where

u(Wg) =0.
As in 4.6, this requires a numerical evaluation of the line spread function, here with weighted spectral distribution,
W(A).
4.8 Form and extent of the edge spread function (ESF)
4.8.1 General

In addition to the lateral chromatic aberration as a displacement between the median values of the edge spread
functions for the reference and measurement wavelength or spectral weighting, one shall judge the degradation in
image quality with the help of the form of the line or edge spread function for the different wavelengths or spectral
weightings. This will give information in the space domain alternatively to the optical transfer function in the spatial
frequency domain. The edge spread function will be used, because, in general, its structure is relatively, simple.

See Figure 2

© 1SO 2002 - All rights reserved
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For the definition of edge spread function, see 3.14 of 1ISO 9334:1995. This definition is also valid for weighted

spectral distribution, W(A).

The edge spread function may be derived from the line spread function by:

ESF (u) = jLSF(g)dg

—00

where ¢£is an integration variable.

ESE (1)

p A
[ NA L
Ar//7 ™A

~
T

Median value (0,5)

™A

[/

[V 1)

/)X

T

The image height, #’, is the median(value of the normalized edge spread function.

U= 0
|

Um(Ar) =0
Um(A1)

Um(Az)

Figure 2 — Examples for quasi-monochromatic edge spread functions

From the ¢dge spread functiofi;two overall quality criteria in space domain are deduced: left edge w|dth (LE) and
right edge|width (RE). (Seeeferences [2] and [3] in the Bibliography.)

4.8.2 Edge widths

The edge widths shall be defined with the help of the area between real edge spread function ESF(«) pnd the ideal
edge [Hegviside step function H(u)]. The step of the ideal edge lies in the median of the edge spfead function
(up,: ESF(#)&/2). With this definition, the two areas between both functions will be minimal. See Figure 3 and

reference [3tirtheBibtiography:

Definitions of the edge widths are as follows:

Um
LE=2j ESF (u - upy) du

—00

+00

RE=2 [ [1-ESF (u—up)]du
Um

EW =RE + LE

© ISO 2002 - All rights reserved
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The relation between the edge width (EW) and the line spread function (see references [2] and [3] in the
Bibliography) is as follows.

Key

1 Stepofth
2 Real edgs

Relative to
momentum d

+d

EW:J

The absolutg

T// %é 2
05 Z%é
Um u
LE |RE
Ew

b ideal edge [H(u)]
[ESF(u)]

Figure 3 — Definition of the edge widths

he local coordinate- system introduced in 4.8.1, the edge width (EW) is equal to th¢ absolute

f first order of the line“spread function [LSF(u)]:

|u - um| LSF (u) du

momentum of first order is a minimum for u,,, as median position of the edge spread functi0||1.

(8)

The relation between the edge width (EW) and the optical transfer function [OTF(»)] (see references [2] and [3] in
the Bibliography) is as follows.

Relative to the local coordinate system introduced in 4.8.1, the optical transfer function [OTF(r)] shall be given by:

OTF (r)
where
MTF(r)

o(r)

= MTF (r) ¢

is the modulation transfer function MTF; and

is the phase transfer function PTF

9)

© 1SO 2002 - All rights reserved
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The image shift V(r) is connected to the phase by V() = -0(r) / 2nr.

Then the edge width is given by:

1
EW:—2

where Re

_1
__2

},2

Tn —ReOTF(r)] T [1- MTF(r coso(r)] 4
0 0

T

OTF(r) is the real part of the OTF.

(10)

Thus the edge width will tend to be smaller with higher modulation transfer function (MTF) and lower phase transfer

function (H
and phas¢g

EW s

The finite

(11)

uencies:

TF) values for the spatial frequency range. This may be represented in terms of decrease ¢f modulation
contributions.
. 20

1% [1-MTF(r) + 2MTF(r) sin© —]
_ZJ. P 2 d}"
I 0 r
pdge width thus results as a contribution of two parts, each one as a sum/over all spatial freq
(TF(r) = Modulation decrease for spatial frequency, #
ITF(r) sin2(9/2) = Phase disturbance for spatial frequency,#

4.8.3 Chromatic edge widths

Edge widt
— forqu
— for we

The variat

4.9 Lon
General ru
Best focu
frequency

maximum

Longitudin

n, left and right edge width are functions of the wavelength 1 or spectral weighting W(A4):
asi-monochromatic radiation: LE(1), RE(4), EW(A)
ighted spectral bandwidth W(4): LEW), RE(W), EW(W)

on of the edge widths (EW, LE;, RE) shall be called chromatic edge widths.

gitudinal chromatic aberration

5 is the position/along the optical axis where the modulation transfer function at a spe
ro and for,radiation of a specified wavelength or specified weighted wavelength dist
The position of best focus will be a function of the chosen object conjugate.

les for focusing criteria are given in 5.1.5 of ISO 9335:1995. Here the definition of 5.1.5 a) shall be used.

cified spatial
ibution, is a

focus for

hereference wavelength, A,.

al chromatic aberration is the longitudinal variation in best focus with wavelength reIativT to the best

For a finite image distance, the longitudinal chromatic aberration is given by:

L=z'(2)-z'(4)

(12)

where z'(4) and z'(4,) are the positions of the best focus (i.e. the image distances) for the wavelengths A and A,

respective

ly.

Weighted longitudinal chromatic aberration is the longitudinal difference between the best focus for a weighted

spectral di

©1S0 2002 -

stribution, #(A), and the best focus for the weighted spectral reference distribution, Wg(4).
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For a finite image distance, the weighted longitudinal chromatic aberration is given by:

L(w)=z'(W)-z'(R)

(13)

where z'(W) and z'(R) are the positions of best focus (i.e. the image distances) for the spectral weightings, W(1) and

Wg(4), respectively.

5 Classes of applications

The differentapplication-depende o

— finite object distance, finite image distance;

— finite object distance, infinite image distance.

However, in this International Standard, only finite image distances are treated in-detail.

6 Measurement procedures
6.1 Brief gdescription of the procedures

6.1.1 Meagurement of lateral chromatic aberrations and,edge width in a fixed measurement plan

The measur¢ment principle relies on the evaluation *of-the image height of the line or edge spread f
different wayelengths or weighted spectral distributions relative to the corresponding position for the
wavelength qr reference spectral distribution, as'well as on the evaluation of the edge widths. The imag
given as the position of equal area fractions for the irradiance in the line spread function.

The position|of the reference point will inygeneral exhibit distortion. From this point of view, the lateral
aberration may be thought of as a(variation of distortion with wavelength (or weighted spectral di
Therefore, the measurement of lateral chromatic aberration is related to the measurement of distortion in
that similar npethods are used and-thus both measurements may be coupled. The difference to the meas
distortion lieg in the fact that the*latter is related to the position of the gaussian image point, whereas
chromatic aberration is measured with reference to the spread function at a certain reference wav
bandwidth. I the measurement of distortion is carried out with the reference wavelength (or bandwidth
lateral chromatic aberrations are connected with the object side positions. The meaning of object side
side is to be understood from the viewpoint of application. In the case of opposite direction of radiation, ¢
be taken ngt tor ¢onfuse image and object-side quantities, as otherwise the distortion and lateral
aberration would, be reversed in sign.

JOWS!

23
&

inction for
reference
e height is

chromatic
stribution).
the sense
irement of
the lateral
blength or
, then the
bnd image
bre should
chromatic

The scanning of the line or edge spread function shall be carried out in the same way as for the measurement of

the optical transfer function (ISO 9335).

A single illuminated slit or pinhole whose displacement is measurable serves the purpose of representing object
positions of finite distance or, in the case of opposite direction of radiation, image positions of finite distance.

Collimators are employed to represent objects at infinite distance.

For the measurement of finite image or object heights, detection devices whose displacement is measurable or

scales placed in the measuring plane are employed.

The chromatic aberrations are calculated from the measured values according to the formulas given in clause 4.

8 © 1SO 2002 — Al rights reserved
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6.1.2 Measurement of longitudinal chromatic aberrations

All measurements shall be performed on optical axis (image height 4, =0) and at a defined a

perture. The

measurement principle relies on the evaluation of the best focus for different wavelengths or weighted spectral

distributions relative to the corresponding position for the reference wavelength or reference spectral di

stribution.

A set of measurements along the optical axis in sufficiently small steps is carried out and the MTF values at the

specified spatial frequency for this set are evaluated. The maximum MTF value will give the position of

The measurement range shall be chosen such that the maximum MTF value lies within these limits.

best focus.

6.2 Degdcription of measurement equipment

6.2.1 General requirements
The gene

particular, [the following points shall be considered:

matching of the required spectral characteristic;

all au
not aff

Kiliary optics such as collimators shall be sufficiently well corrected for chromatic aberrations
fect the measured values;

positi (or
respe

bning of the measurement plane for reference and\:measurement wavelength
ctively) according to the practical application of the optical-system.

6.2.2 Infinite object distance, finite image distance

The meagurement set-up shall allow the measurement of the image height, 7'. If the distortion is n
simultanegusly, there is no need for the determination of the object side field angle. In that case, th
field angle|has to be matched according to the used image height, 7'.

The object is represented by an incoherently-illuminated narrow slit or pinhole in the focal plane of a
device whpse displacement can be measuréed is mounted in the image plane of the optical system tg
order to detect the image. It shall be possible to rotate the collimator on the one hand the optical

Prior to starting the measurement, the displacement direction of the image detector shall be aligned
reference plane of the optical system under test.

The collimator shall be aligned perpendicular to the reference plane. In this way, an object point is re

al requirements on measurement equipment specified in 1ISO 9335 and 1ISO-Q039 are applied here. In

that they do

bandwidths

ot measured
e object side

collimator. A
be tested in
Eystem to be
in a way that
htionary. The
he collimator

arallel to the

alized at the
dure.

object field angle, w, = 0; its image indicates the coordinate origin in the image plane for the test proce

As for this basic adjustment, an autocollimating telescope is necessary and it is expedient to design t

he collimator

for use as an autocollimator. The detection device may be a narrow slit with a photoelectric detector mounted

behind it. See Figure 4.

© ISO 2002 - All rights reserved
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Key

1 Test targg
2 Collimato
3 Test spec
4 Fixture for
5

t unit (TTU)

men
test specimen

Image anglyser

Figure 4 — Schematic test set-up: Object at infinity (ISO 9335)

hv

Image analyser slideway
Reference axis

Object field angle

Image height

6.2.3 Finite object distance, finite image distance

The measursg

If the distorti
used value o

When the ra
object plane
for detecting
The object p
to each othe

When the ra
plane, where

ment set-up shall allow the measurement of thezimage height, u.

pn is not measured simultaneously, thegbject side image height shall be adjusted accort
f u for the reference wavelength, 4,, or reference waveband, Wg(A).

ing to the

Hiation is directed from the object to the image space, an illuminated slit, whose displacement in the

can be measured, is mounted.in.the object plane. The optical system under test is stationary
the image, as described in 6.2.2, is arranged in the image plane of the optical system to
ane, the reference plane'ofithe optical system under test and the image plane shall be align

(Figure 5).

diation is directed_from the image to the object space, the measuring slit is arranged in
as the detegtion’ device is mounted in the object plane. The image geometry will indid

direction of r.

When the oljject distance required is too large to be realized in the test laboratory, the method describ
shall be follovedhin' principle. The collimator or the telescope used shall be focused to the object distanc
It may be negcessary to refocus the collimator or the telescope with increasing field angle. Care shall b

diation is preferable in each individual case.

. A device
be tested.
ed parallel

the image
ate which

bd in 6.2.2
P required.

e taken to

ensure that no axial displacement occurs during refocusing. For this reason, it is advisable to use an alignment

telescope.

6.3 Particular measurement conditions

6.3.1 Azim

uths,

The measurement should be carried out for tangential and radial azimuth of the test object. Other azimuths may
also be selected.

10
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5
:
=
z
< 1
Key
1 Test tafget unit (TTU) 5 Image analyser
2 Test tafget unit slideway 6 Image analyser slideway
3 Test sgecimen z Reference axis
4  Fixture|for test specimen h, n'  Object, image height
Figure 5 — Schematic test set-up: object and image at-finite conjugates (ISO 9335)
6.3.2 Orjentation, ¢, of the optical system to be tested
As test spgcimens are not normally rotationally symmetrical, the chromatic aberrations at a given image height can
vary with the reference angle. In this case, measurements should be made at a range of reference angles.
As long ag the difference of the extreme values (s'less than a factor specified for each type of imaging system, the
system may be tested for the reference angle, ¢, which has the same chromatic aberration values at + 0,7 4’ 5.
6.3.3 Sejection of image heights
It is recommended that the measurement be carried out for the following image heights:
h,max 0’85 h'max 0’7 h'max 0’5 h,max 0’3 h'max 0
The abovg set of image-heights should be used in intercomparisons. However, a different set of imagd heights may
be selected for special applications.

7 Presentation of the results

7.1 Presentation in the form of tables

The presentation of results in the form of tables may be applied in the case of quasi-monochromatic measurement,
as well as in the case of finite spectral bandwidth. The rows of the table contain the measurement wavelengths
(including the reference wavelength) or the weighted spectral measurement bandwidths (including the weighted
reference bandwidth) respectively. The colums of the table contain the values for left edge width, right edge width
and the local image height, u. The local image height for the reference wavelength (or weighted spectral reference
distribution) has to be taken as zero. The same holds for calculated values. See examples in annex A.
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7.2 Graphical presentation

The graphical representation of results is suitable for quasimonochromatic measurements or calculations only. The
values for the local image heights, left edge widths LE (starting from the value for the local image height under
consideration to the left), right edge width RE (starting from the value for the local image height to the right), are to
be plotted in a u- A diagram. The local image height for the reference wavelength is equal to zero. The
corresponding points in the diagram are to be connected by interpolation. Such a graphical representation is valid
for a single relative image height according to 6.3. See examples in annex A.

8 Testreport

For the preslntation of the measured results, where applicable and necessary, the following variable pafameters of
the measurgment or calculation, fixed parameters of the boundary conditions and specifications’of the optical
system to be|tested shall be indicated in the following order.

a) Laboratgry or company;

b) Statement whether measured or calculated values;

c) Designalion of the optical system tested (e.g. name, manufacturer, serial number);
d) Additionpl elements;

e) Test procedure according to clause 6;

f)  Environmental test conditions;

g) ¢ orientdtion of the system under test;

h) 4 measyirement wavelengths, 4, and reference wavelength, 4, or weighted spectral measurement distribution,
W, (), apd weighted spectral reference distribition, Wy (4);

i)  NA (numerical aperture) or f-number;
i) lateral magnification, m;

k) chosen | measurement plangs’ for measurement and reference wavelengths or weighted spectral
measurgement/reference distribution;

I) statemept on the accéracy of the measurement according to ISO 11421.
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(informative)

Examples of the presentation of results
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This annex gives an example of the presentation of results in the form of a table, as well as examples of graphical

presentation of results (see also clause 7).

Laboratory or company

NN

Measured or calculated values

calculated

Optical system

enlarging lens 1:2,8/50

Spectrum monochromatic

Reference wavelength A =540 nm

Calculated wavelengths 1 =380, 460, 620, 700,780 nm
fi/number /2,8

Magnification m=-0,1

Measurement plane

best image'plane on optical axis for
20 mmy;"and 4, = 540 nm
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