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Foreword

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

In 2004, increasing demands from industry for qualified angle resolved scattering (ARS) measurements
led to a discussion note to start activities for a completely new standard on ARS measurements of
optical components in SC 9/WG 6, which was later discussed again in 2008. This new attempt was in
particular driven by, but not limited to, the development of optical components for the deep ultraviolet
spectral region, where scatter losses by material and surface imperfections cause critical limitations. It
was then agreed to support the development of a new working draft.

Since then, there has been an increased interest in a standard procedure that is easy to apply for
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INTERNATIONAL STANDARD ISO 19986:2020(E)

Lasers and laser-related equipment — Test method for
angle resolved scattering

1 Scope

This document describes procedures for the determination of the angle resolved scattering by optical

comwrmmmqmmwmm;terials that
can e transparent, translucent, or opaque. It comprises scattering into the scattering,sphere around

the gpecimen usually separated into the backward and forward hemispheres. The,psocedures apply
to whvelengths of radiation ranging from 5 nm in the extreme ultraviolet to 15:ur in the infrared
spectral ranges.

2 Normative references

The following documents are referred to in the text in such a way‘that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited [applies. For
unddted references, the latest edition of the referenced documeént (including any amendments) applies.

ISO 11145, Optics and photonics — Lasers and laser-related equipment — Vocabulary and symbols
ISO 14644-1, Cleanrooms and associated controlled envirenments — Part 1: Classification of alr cleanliness
by pqrticle concentration
3 Terms and definitions
For the purposes of this document, the terms and definitions given in ISO 11145 and the follpwing apply.

ISO gnd [EC maintain terminological databases for use in standardization at the following gddresses:

— SO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at http://www.electropedia.org/

3.1
scattered radiation
fractjion of the incident radiation that is deflected from the specular optical path

[SOURCE: 1S0.¥3696:2002, 3.1.1]

3.2
detektor solid angle

AQ,
solid angle of the detector aperture with respect to the origin of coordinates

3.3

angle resolved scattering

ARS

radiant power AP, scattered into a direction (6, ¢ J) relative to the incident radiant power P; and the

detector solid angle (3.2) AQ:

- AP, 93,¢S
f( S s)zﬁ

© IS0 2020 - All rights reserved 1
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Note 1 to entry: ARS can be transformed into the bidirectional reflectance, transmittance, or scattering
distribution function, BRDF, BTDF, or BSDF (fr) respectively, by dividing ARS by cos6.:

o
fr(es '¢S):M

cos6,

Note 2 to entry: The total scatteringl) defined in ISO 13696 can be derived from ARS through numerical
integration within the corresponding scattering hemispheres. For normal incidence and reflective scattering,
the integral is:

2m>85°
[z, P P G TP N |
O-TS:J. J IKUS,(/)S}blﬂUSQUS(l(/)S
0 |=<2°

3.4
diffuse reflectance standard
diffuse refldctor with known, preferably Lambertian, ARS (3.3)

3.5
instrument signature
intrinsic coptribution to measured ARS (3.3) produced by the instrument itself, usually estimated by
measuring 4RS (3.3) without any specimen

4 Symbgls and abbreviated terms

f angle resolved scattering, ARS
AQ, detpctor solid angle

AP, scaftered radiant power

P, incldent radiant power

o, azimuthal scattering angle

anglle of incidence
angle of specular reflection

polar scattering angle

5 Scattering geometry

The scattering/geometry is defined in spherical coordinates with respect to the specimen normal as
shown in Figire 1. The origin of coordinates lies at the specimen as follows:

— for measuring reflective scattering, the origin lies at the entrance surface;
— for measuring transmissive scattering, the origin lies at the exit surface;

— for thin specimens (specimen thickness small compared to the field of view of the detector), the
origin can be either at the entrance or the exit surface;

— for certain applications, it may be useful to place the origin at other locations, for example in the
specimen.

The exact location of the origin shall be documented.

1) InISO13696:2002, total scattering is currently described by the symbol TS. This will be changed to the symbol,
O 1, in the upcoming revision.

2 © IS0 2020 - All rights reserved
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The angle of the specular reflection (6,) is equal to the angle ofdneidence (8,).
Figure 1 — Scattering geometry

cattering geometry is shown in Figure 1. The azimmthal scattering angle is zero for mq
n the incident plane containing both the incident and specularly reflected beams.
cimen orientation angle should be defined and documented. The direction of incide
ce normal define the incident plane.

[est method

Principle

'undamental operating principle of the instrument for ARS measurements (see Figurg
easuring the radiantpower scattered from the specimen as a function of the scatt
b a detector with a smyall but finite aperture that is scanned along a defined trajectory
ull scattering sphere about the specimen. The simplest type of measurement is a d
the plane of iricidence (in-plane scan).

hngle of incidence is kept constant during a single measurement. The ARS is either 1
ing the-detector with respect to the specimen and the illumination system, or, alter
rtoryisfixed and the illumination system and the specimen are rotated with respect to {

asurements
In addition,
nce and the

e 2) is based
bring angles
bn or within
btector scan

heasured by
hatively, the
he detector.

6.2

Measurement arrangement and test equipment

6.2.1 General

The instrument employed for the determination of ARS is divided into four functional sections which
are described in detail in Figure 2.
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14
9 12

Key
1 radiation source 8 specimen
2 chopper|(optional) 9 beam dump
3 variable pttenuator (optional) 10 detector entrance aperture
4  focussing element 1 11 field lens (optiondl)
5 pinhole 12 detector
6  focussing element 2 13 beam splittér(optional)
7  baffles (¢ptional) 14 referenge detector (optional)

Figure 2 — Instrument for ARS measurements

If radiant ppwer fluctuations or drifts of the radiation source of more than 5 % are expected|over
the time schle comprising calibration and measturements, an additional reference channel shgll be
implemented into the setup shown in Figure 2:"'The back reflection of a tilted superpolished subsftrate
of a materidl transparent in the relevant spectral region of the laser and positioned before the spatial
filter as well as an appropriate detectorypreferably similar to the actual scatter detector, should bejused
for this purpose.

6.2.2 Environmental conditiens

The instrument should be& lpcated in a clean room environment or under a laminar flow system to
prevent scafttering from¢dust particles. Some applications, in particular in the UV range, require
operation if] vacuumror{specific gas atmospheres to avoid absorption of radiation in air or to suppress
Rayleigh scgttering-from air molecules. The environmental conditions during measurements shgll be
documented.

6.2.3 Radiation source

Excellent beam quality and sufficiently high incident radiant power are essential for ARS measurements
of optical components. Therefore, lasers, laser diodes or narrow or broad band sources may be used as
radiation sources. The source used shall be documented.

The temporal radiant power variation of the radiation source shall be measured and documented. This
comprises long-term drifts as well as short-term fluctuations. Drifts and fluctuations smaller than 5 %
are below the overall uncertainty of measurement and can be accepted. Larger drifts and fluctuations
should be monitored and taken into account accordingly. For this purpose, a reference signal should be
measured using a beam splitter and a reference detector.

An attenuator based on a combination of neutral density filters or other means is used to adjust the
incident radiant power.

4 © IS0 2020 - All rights reserved
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6.2.4 Beam preparation system

The beam preparation system consists of a spatial filter to generate a clean beam and, if necessary,
additional baffles to suppress stray radiation from the illumination system. The beam profile should
be a rotationally symmetric Gaussian. Other profiles, for example a top-hat profile can also be used
provided that the instrument signature, particularly at scatter angles close to the specular directions,
is not affected.

The last focussing element images the pinhole onto the plane of the detector aperture. That is, the
specularly reflected or normally transmitted beam shall be focused on the detector aperture when the
detector is viewing that direction and when the specimen being measured is in place.

If the focal point of the illumination system is at the specimen, at infinity (collimated beam) or at any
other position other than the detector aperture, the user shall check, document, and quantify to which
extent this affects the near-specular instrument signature and the compatibility with resullts obtained
from| TS measurements according to ISO 13696.

The focal length of the beam preparation system shall be adjustable so thatithe refractive power of the
speclmen can be compensated.

Single surface mirrors are preferred as optical components, because they usually produce less
scattiering and thus enable better (lower and narrower) instrumentsignatures to be achigved. Ideally
the ARS of the mirrors should be lower than the ARS of the spegitien to be measured.

If spherical mirrors are used, the angles of incidence shouldbe as small as possible to reduce|aberrations
that fan critically affect the instrument signature in the fiear-specular regions.

The beam diameter on the specimen shall be documented. It shall be smaller than the field of view of
the detector at the specimen position. Typical diameters are between D = 0,4 mm and 10 nfm. The field
of vigw shall be adapted to the beam diameter.

NOTH Some applications require focussingionto the specimen. Thus, substantially smaller begm diameters
dowr] to the micrometre range can be achieyed; but the larger beam size at the position of the deteftor aperture
makgs scattering into small angles close-to.the specular directions inaccessible. The actual near-angle limit can
be aspessed by inspecting the instrumentsignature.

Beam traps surrounding the instrument shall be used and positioned to absorb all speculafly reflected
and hormally transmitted beams. Additional beam traps might be necessary to absorb [off-specular
diffraction peaks from diffractive specimens.

6.2.3 Goniometer
Typic¢ally, a gonigimeter is used to measure the ARS.

The inner geniometer contains the specimen mount and allows for adjusting the angle of infidence. The
angle ofdn¢idence shall be documented.

H lLall 11 £ pa H ] H H 14+l - H : :
The PELHIITIT 1uuuut S1TAIT dITUVV TU1 aujuotlus tllC SPTLITITTIT TIT d1T tlll CCT UTITICITSTUITS dS5 VW 11 as ltS tllt.

Motorized stages are preferred for performing automated specimen scans and scattering maps.
The outer goniometer arm carries the detector system.

Instruments with one degree of freedom allow for scanning in one plane - usually the plane of incidence.
These measurements are referred to as “in-plane ARS measurements”.

The range of scatter angles shall be documented. For constant step size, this can be done by stating the
minimum and maximum scatter angles as well as the step size.

More advanced instruments allow for scanning the detector within the entire sphere or along arbitrary
paths around the specimen. The measurements are referred to as “3D ARS measurements” or “out-of-
plane ARS measurements”, respectively.

© IS0 2020 - All rights reserved 5
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The step width of scattering angles should be sufficiently small such that the solid angles covered by
the detector aperture at two successive measurement positions overlap by at least 30 %.

The mechanical resolution of the goniometer arms and the reproducibility are documented if necessary
for both general measurements and near-specular measurements. The mechanical resolution shall be
adapted to the detector acceptance angle and shall be 0,1° or better.

The mechanical resolution or step size shall not be confused with the actual angular resolution, in
particular the capability to separate specimen scattering from the specular beams at small scatter angles.

Larger step sizes with no overlap between solid angles may be used for certain applications. The risk

of potential

y missing Qignifir‘:mf features in the ARS data and the influence on the ARS function as

wellas TS v
uncertainty

ARS measul
fixed during

hlues derived from the ARS by integration shall be considered and taken into accouriti
analysis.

F scans in order to reduce the impact of alignment errors and ensure that'the specy

reflected anld transmitted beams hit the beam traps at all times.

An alternati
(pixels) for
detector.

6.2.6 Det

The detecti
optical com
homogenize
the detector

The effectivi
preferred td
The detecto
used for diff

An integrat]
detector.

Photomultiy
scattered ra
it to an ex
characterist

detecting the radiation at different scattering angles rather thanusing a single scaf

pction system

bn system consists of an aperture, the photosensitivie’detector and amplifiers. Addit
ponents can be used to limit the field of view of theé detector (for example a field len
the incoming radiation in front of the detector, 0rto suppress stray radiation from rea
on unwanted paths.

e detector aperture defines the detectorysolid angle. Using different aperture diametg
increase the sensitivity (large aperture) and the near-specular resolution (small apert
" solid angle used during the measukrements shall be documented. If different aperture
erent scatter angles, the detector solid angle shall be documented for each scatter ang

ng sphere or a diffuser should be used to reduce the position-dependent sensitivity ¢

lier tubes, photodiedes, or any other photosensitive detectors are used to measur
diant power. An.optical fibre may be used to collect the scattered radiation and tran
fernal detector:The spectral sensitivity and the temporal behaviour shall match
ics of the radiation source.

Lock-in techniques-or’ other techniques to increase the signal-to-noise ratio are recommendg

increase thd

sensitivity.

n the

rements should always be performed with both the specimen and the illunhinating heam

larly

ve method to measure ARS is based on a detector matrix with separate detector elements

Ining

ional
S), to
thing

PI'S 1S
ure).
s are
e.

f the

b the
bport
| the

ed to

The dynamif range and the linearity shall be documented.

If a multi-element detector is employed without an imaging system (objective), the aperture diameter
defining the detector solid angle corresponds to the effective area of each element. If there is an optical
system at the entrance of the multi-element detector, the response of the ensemble (imaging system
and detector elements) will define the solid angle of detection. Normally this would be the spatial point
spread function.

6.2.7 Specimen preparation

The specimen shall have specified geometry and optical imaging properties. This test method is non-
destructive and shall be applied to the actual part.

Wavelength, angle of incidence, polarization, and range of scattering angles shall be in accordance with
the conditions for normal use. Modified conditions may be used for specific investigations.

6 © IS0 2020 - All rights reserved
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Storage, cleaning, and preparation of the specimen are carried out according to directions given by the
manufacturer for normal use.

In the absence of specimen handling specifications, the following procedures shall be applied:

a) The specimen shall be kept under cleanroom conditions in accordance with Table 1 and the
cleanroom classes as defined in ISO 14644-1 without interruption and handled by the non-optical
surfaces only.

b) The handling and measurement procedures shall be optimized for a minimum exposure time of the
specimen to the test environment.

c

Surf3
whet
or if

7 1

7.1

The
radid
smal
centl

7.2

[he relative humidity shall be higher than 40 % and should be lower than 60 %.

jce contaminations may have a substantial impact onto the measured ARS. It 'shall
her potential contaminations of the specimen have to be considered as beingpart of t
they should be removed before or avoided during measurement.

Table 1 — Cleanroom classes for the specimen preparation environment

be clarified
e specimen

Expected ARS . ) .
o Environment for specimen preparation
0
001 Cleanrepom’better than class 7
0,013 f 0,001 Cleanroom better than class 6

7 <0,001 €leanroom better than class 5
NOTE 1 The cleanroom classes are defined according to ISO 14644-1.
NOTE 2 These values have been derived-from the values as given in ISO 13696:2002, Table 3.
O'rs can be obtained using formula in:3.3!

Procedure
General
fundamental princjple)(see Figure 2) of the measurement apparatus is based on mg

nt power scattered from the specimen as a function of the scattering angles using a det
| but finite aperture that is scanned around the specimen, usually but not necessarily
ed at the origin‘of coordinates.

Alignmént procedure

asuring the
ector with a
hlong circles

7.2.%

General

The alignment of the experimental arrangement comprising the instrument itself as well as the
specimen is of crucial importance for the accuracy of the measurement.

7.2.2 Alignment of the instrument

The instrument shall be aligned first without a specimen present.

It shall be ensured that the rotation axes of the inner and outer goniometer arms are collinear and
that all rotation axes and the incoming beam meet in the origin of coordinates with an accuracy better

than

© ISO

0,5 mm.
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The incident beam shall be adjusted such that the focal point, typically the image of the pinhole, is
formed at the centre of the detector aperture. In case of collimated illumination, the incident beam shall
be adjusted such that the transmitted and/or reflected beams are centred in the detector aperture.

After alignment of the instrument and calibration, the instrument signature shall be measured and
documented.

7.2.3 Alignment of the specimen

The specimen is attached to the specimen mount and aligned such that the centre of the illuminated
spot at the specimen as well as the centre of the specimen’s region of interest are in the origin of
coordinates

The angle of incidence is adjusted according to the specifications.

If the speciinen exhibits a significant refractive power, the focal shift has to be compehsated by the
beam prepj?ation system such that the beam waist falls into the detector aperture;The user hps to
ensure thatfthe axis alignment (see 7.2.2) remains accurate. The specimen’s position-shall be adjysted
such that the incoming beam illuminates a spot at the specimen according to the(specifications.

7.3 Calibration

7.3.1 General

Calibration pf the instrument is essential in order to obtain repteducible and objective measurement
results.

Two methods are described:

— Method|1 isbased on measuring the detector solid angle and the signal corresponding to the incjdent
radiantpower directly.

— Method| 2 is based on comparing the measured scattering signal of a diffuse reference specimen
with its|known ARS.

The calibratfion method used shall be documented.

7.3.2 Method 1

According tp the definition, ZARS can be measured if the ratio of the scattered radiant power tp the
incident radjiant power andthe detector solid angle are known.

If the diameler of the detector aperture is much smaller than the distance between the detector and the
specimen, the detector solid angle can be calculated following Formula (1):

A
AQ =4 1)

where

A isthe area of the detector aperture;
r  isthe distance between the detector aperture and the specimen.

The incident radiant power can be measured by placing the detector directly in the incoming
beam without any specimen present. In this case, the aperture of the detector shall be such that it
accommodates the entire cross-section of the laser beam. Clipping shall be smaller than 1 % of the

8 © IS0 2020 - All rights reserved
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total beam radiant power or energy. (For more information see ISO 13694). Then ARS is given by the

following Formula (2):

1
VpAQ,

/;(85 'q)s ) = CVS (95 :¢5 ) with ¢= (2)

where

V, isthe signal at the detector, for example a voltage, when measuring the incident radiant power;

V.

. is the signal at the detector when detecting the scattered radiation at some scattering angle.

NOT]H
deted

The accuracy of this method crucially depends on the exact knowledge of the effectie area of the

tor aperture as well as on linearity over many orders of magnitude dynamic range.

7.3.3 Method 2

If the
COI'T¢
Forn

measured detector signal is a voltage, ARS can be measured by recording the detec
bsponding to the scattered radiation and calibrating using a constant calibration facto

jula (3).
E(95 0y ):CVS (95 s )

for signal V,
- ¢ following

3

The (
with

alibration factor can be determined by measuring the $¢attering signal V,..; of a referenice specimen
known ARS following Formula (4):

_ fref (95 ’¢s )
f=——"—>=> >7
Vref (05 '¢s )

ralibration measurement should be péetformed over a range of scatter angles folloy
re curve fitting to reduce the impact of speckle effects.

(4)

The
squa

ved by least

NOTH
hemi

The ARS of a Lambertian referehce specimen with the entire reflected and scattering lighft in reflective

sphere, p, at normal incidence is\given by Formula (5):
P

cos 95
T

(5)

S

Care
scatt]
stan

shall be taken.'if case a volume diffuser is used as the diffuse reflectance stand
ering materials/may cause a broadening of the diffuse emission profile of the diffuse
lard. In patticular the field of view of the detector shall be larger than the emitting

hrd. Volume
reflectance
area of the

calibfration spegimen.

7.4

Measurement procedure

Before the actual measurement, it has to be ensured that the instrument is well aligned and calibrated
and the current state of the instrument has not changed.

The method used for calibration as well as the corresponding measurement data of the calibration
procedure shall be documented.

The detector solid angle(s) shall be documented including a description of how it was determined and
its associated uncertainty of measurement.

The instrument signature shall be measured by measuring the ARS function without the specimen
in place.

The influence of stray radiation, aberrations, noise, and other factors can only be estimated based on

the measured instrument signature. The noise-equivalent ARS can be estimated from the instrument
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signature. It is usually estimated by the average of the instrument signature in the regions of lowest
ARS. The dynamic range is the ratio of the highest signal (usually the incident or specular peak) and the
noise equivalent ARS. Inserting the specimen may lead to additional effects influencing the measured
ARS function of the specimen. One example is stray radiation from the beam dump for the specularly
reflected beam.

The measured instrument signature shall be documented and taken into consideration when analysing
the ARS data of the specimen.

Angular regions in which the signal of the specimen is below the instrument signature or in the same
order of magnitude shall not be used. Depending on the nature of the specimen, however, the instrument
signature my affeet-the-seatters

EXAMPLE Instrument signature measured at 532 nm and s-polarized incident light using a detector] with
AQ =3,1x1("°®sr and as the radiation source a Nd:YAG-Laser. The peak at 180° corresponds to_théspectilarly

transmitted peam. The width of this peak limits the near angular resolution. The peak aroun@-0° results|from
backscatterin, from the beam dump and Rayleigh scatter in the air. The level of scatter between the peaks is
ultimately lijnited by Rayleigh scatter in the air. The noise level between the peaks ishan indication ¢f the
electronic nojse ultimately limiting the sensitivity of the measurement in this example. Sege Figure 3.

f, st

1JE+04 —
1JE+03 |~
1{E+02 —
1JE+01 |~
1JE+00 |~
1.E-01 —
1.E-02 —
1.E-03
1E-04
1.E-05 —
1E-06 —
1E-07 —
1|E-08
1

E-09 | | | | | | | |
-90 -45 0 45 90 135 180 225 270 6,°

Figure 3 — Example of instrument signature

7.4.1 Sel¢ction of specimen position

The lateral position of the specimen with respect to the illuminating beam or the origin of coordinates
shall be selected according to the specifications and characterization task.

If no specific specimen position is given, a number of measurements is performed on a defined grid
or line of equally spaced measurement positions on the specimen as follows: The number N of
measurement positions is defined.

For all ARS curves f the TS value O1g is calculated according to the formula given in 3.3.

Either all ARS curves or at least the following ARS curves shall be documented:

— The minimum ARS f ., which is the ARS curve with the smallest TS value;
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— The maximum ARS f .., which is the ARS curve with the largest TS value;

— The average ARS f avg Calculated following Formula (6):

favg (%@%Zﬁ (65.95) 6)

n=1

From a statistical point of view it is clear that the more specimen points are selected the more robust
the resulting average becomes. However this has to be balanced with the increasing total measurement
time and available specimen area.

EXANPLE For a test specimen with a diameter of 25 mm, a spot diameter of 2 mm, a 3&*\} grid with a
spacipg of 2 mm is selected. Nine ARS curves are measured, and the minimum, maximum and.average curves are
documented.

7.4.2 Selection of illumination conditions

The gngle of incidence and polarization conditions shall be adjusted according to the speciffications and
docujmented.

7.4.3 Selection of angular scan range

The range of scattering angles to be scanned and their incretnents shall be selected accofding to the
specifications and documented.

7.4.4 Determination of the ARS

The ARS as a function of the scattering angles is.determined following Formula (7):
£(65.0,)=cV, (6,.9;) (7)

with|the calibration factor ¢ determined according to one of the methods described in 7.3.

The ARS data shall be documented as a function of the scattering angles.

7.5 | Uncertainty considerations

Critigal sources of méasurement uncertainty are errors caused by misalignment, stray ragliation from
the Heam preparation system, fluctuations of the source radiant power, and non-linearitiesjand noise in
the detection system.

The flominating source of noise in photodiodes is dark current. In photomultipliers, the primary noise
sourge ig shiot noise of the dark current arising from the quantum nature of the photons, thefuncertainty
in photen arrival rates, and electron emission probability. These can be assessed by rgpeating the
measuTentent ¥ times and taking tie standard deviation of the mearr.

In addition, electromagnetic disturbances may couple into the detection system through cables and
connectors. Sources of error are deviations from linearity as well as statistical fluctuations of the
dynode gain (excess noise).

A detailed uncertainty analysis can be performed based on knowledge of the individual contributions
and error propagation. However, not all contributions to measurement uncertainty can be taken into
account without further approximations using this approach. A more detailed analysis of measurement
uncertainty is possible through Monte-Carlo simulations or a combination of both approaches.

An example of an uncertainty analysis as a function of the scattering angle is shown in Figure 4. One
main result is that the uncertainty substantially varies depending on the scattering geometry, the
specimen properties, and the scattering angle. At very large angles, the uncertainty is dominated by
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