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Foreword

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

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

Attention is drawn to the possibility that some of the elements of this document may be the subject of 
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of 
any patent rights identified during the development of the document will be in the Introduction and/or 
on the ISO list of patent declarations received (see www​.iso​.org/​patents).

Any trade name used in this document is information given for the convenience of users and does not 
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO  specific terms and 
expressions related to conformity assessment, as well as information about ISO's adherence to the 
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT), see www​.iso​.org/​
iso/​foreword​.html.

This document was prepared by Technical Committee ISO/TC  24, Particle characterization including 
sieving, Subcommittee SC 4, Particle characterization.

This second edition cancels and replaces the first edition (ISO 13320:2009), which has been technically 
revised. The main changes compared to the previous edition are as follows:

a)	 protocols for evaluation of accuracy and qualification of instrument were newly developed;

b)	 new Annex H (normative) for usage of reference material has been added;

c)	 new descriptions for wider applications, such as off-line, online, in-line and at-line have been added;

d)	 some informative parts have been moved to new annexes;

e)	 minor revisions and updates have been made throughout the document.

Any feedback or questions on this document should be directed to the user’s national standards body. A 
complete listing of these bodies can be found at www​.iso​.org/​members​.html.
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Introduction

The laser diffraction technique has evolved such that it is now a dominant method for determination 
of particle size distributions (PSDs). The success of the technique is based on the fact that it can be 
applied to a wide variety of particulate systems. The technique is fast and can be automated, and a 
variety of commercial instruments is available. Nevertheless, the proper use of the instrument and the 
interpretation of the results require the necessary caution.

Since ISO 13320-1:1999 was first published, the understanding of light scattering by different materials 
and the design of instruments have advanced considerably. This is especially marked in the ability 
to measure very fine particles. Therefore, it was replaced with the first edition of ISO 13320 in 2009, 
and since then the method has been developed for a wider application. Additionally, demands raised 
recently not only on establishment of accuracy of measurements but also on necessity of evaluation 
of the accuracy and of qualification of instrument by users. Therefore, this document incorporates the 
most recent advances in understanding.
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Particle size analysis — Laser diffraction methods

1	 Scope

This document provides guidance on instrument qualification and size distribution measurement of 
particles in many two-phase systems (e.g. powders, sprays, aerosols, suspensions, emulsions and gas 
bubbles in liquids) through the analysis of their light-scattering properties. It does not address the 
specific requirements of particle size measurement of specific materials.

This document is applicable to particle sizes ranging from approximately 0,1 µm to 3 mm. With special 
instrumentation and conditions, the applicable size range can be extended above 3 mm and below 0,1 µm.

For spherical and non-spherical particles, a size distribution is reported, where the predicted scattering 
pattern for the volumetric sum of spherical particles matches the measured scattering pattern. This 
is because the technique assumes a spherical particle shape in its optical model. For non-spherical 
particles the resulting particle size distribution is different from that obtained by methods based on 
other physical principles (e.g. sedimentation, sieving).

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 
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO 9276-1, Representation of results of particle size analysis — Part 1: Graphical representation

ISO  9276-2, Representation of results of particle size analysis — Part 2: Calculation of average particle 
sizes/diameters and moments from particle size distributions

3	 Terms, definitions and symbols

3.1	 Terms and definitions

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

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

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

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

3.1.1
absorption
reduction of intensity of a light beam not due to scattering

3.1.2
accuracy
closeness of agreement between a test result or measurement result and the true value

Note 1 to entry: In practice, the accepted reference value is substituted for the true value.

Note 2 to entry: The term “accuracy”, when applied to a set of test or measurement results, involves a combination 
of random components and a common systematic error or bias component.

Note 3 to entry: Accuracy refers to a combination of trueness and precision.

INTERNATIONAL STANDARD� ISO 13320:2020(E)
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[SOURCE: ISO 3534-2:2006, 3.3.1]

3.1.3
aspect ratio
ratio of the minimum to the maximum Feret diameter

Note 1 to entry: For not very elongated particles.

[SOURCE: ISO 26824:2013, 4.5]

3.1.4
certified reference material
CRM
reference material (3.1.16) characterised by a metrologically valid procedure for one or more specified 
properties, accompanied by an RM certificate that provides the value of the specified property, its 
associated uncertainty, and a statement of metrological traceability

Note 1 to entry: The concept of value includes a nominal property or a qualitative attribute such as identity or 
sequence. Uncertainties for such attributes may be expressed as probabilities or levels of confidence.

Note 2 to entry: Metrologically valid procedures for the production and certification of RMs are given in, among 
others, ISO 17034 and ISO Guide 35.

Note 3 to entry: ISO Guide 31 gives guidance on the contents of RM certificates.

Note 4 to entry: ISO/IEC Guide 99:2007, 5.14 has an analogous definition.

[SOURCE: ISO Guide 35:2017, 3.2]

3.1.5
complex refractive index
np
refractive index of a particle, consisting of a real and an imaginary (absorption) part

Note 1 to entry: The complex refractive index of a particle can be expressed mathematically as

      np = np − ikp

where

i is the square root of −1;
kp is the positive imaginary (absorption) part of the refractive index of a particle;
np is the positive real part of the refractive index of a particle.

Note 2 to entry: In contrast to ISO 80000-7, this document follows the convention of adding a minus sign to the 
imaginary part of the refractive index.

3.1.6
deconvolution
<laser diffraction> mathematical procedure whereby the size distribution of an ensemble of particles is 
inferred from measurements of their scattering pattern

3.1.7
diffraction
<particle size analysis> scattering of light around the contour of a particle, observed at a substantial 
distance (in the ‘far field’)

﻿
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3.1.8
equivalent spherical diameter
<laser diffraction> particle size reported from a distribution of spherical particles that creates a 
scattering pattern that matches the light scattering distribution observed from the measurement

Note 1 to entry: The scattering pattern of the spherical particles is calculated according to an optical model.

3.1.9
extinction
<particle size analysis> attenuation of a light beam traversing a medium through absorption and 
scattering

3.1.10
intermediate precision
<laser diffraction> accuracy and precision under intermediate precision conditions (3.1.11)

[SOURCE: ISO 3534-2:2006, 3.3.15, modified — field of application <laser diffraction> has been added.]

3.1.11
intermediate precision conditions
<laser diffraction> conditions where test results or measurement results are obtained on different 
laser diffraction instruments and with different operators using the same prescribed method

Note 1 to entry: There are four elements to the operating condition: time, calibration, operator and equipment.

3.1.12
multiple scattering
consecutive scattering of light by more than one particle, causing a scattering pattern that is no longer 
the sum of the patterns from all individual particles

3.1.13
obscuration
fraction of incident light that is attenuated due to extinction (scattering and/or absorption) by particles

Note 1 to entry: Obscuration can be expressed as a percentage.

Note 2 to entry: When expressed as fractions, obscuration plus transmission (3.1.29) equal unity.

[SOURCE: ISO  8130-13:2019, 3.1, modified  — words “percentage” and “during a laser diffraction 
measurement” have been omitted because of context.]

3.1.14
optical model
theoretical model used for computing the model matrix for optically homogeneous and isotropic 
spheres with, if necessary, a specified complex refractive index

EXAMPLE	 Fraunhofer diffraction model, Mie scattering model.

3.1.15
precision
closeness of agreement between independent test/measurement results obtained under stipulated 
conditions

Note 1 to entry: Precision depends only on the distribution of random errors and does not relate to the true value 
or the specified value.

Note  2  to entry:  The measure of precision is usually expressed in terms of imprecision and computed as a 
standard deviation of the test results or measurement results. Less precision is reflected by a larger standard 
deviation.

Note 3 to entry: Quantitative measures of precision depend critically on the stipulated conditions. Repeatability 
conditions and reproducibility conditions are particular sets of extreme stipulated conditions.

﻿
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[SOURCE: ISO 3534-2:2006, 3.3.4]

3.1.16
reference material
RM
material, sufficiently homogeneous and stable with respect to one or more specified properties, which 
has been established to be fit for its intended use in a measurement process

Note 1 to entry: RM is a generic term.

Note 2 to entry: Properties can be quantitative or qualitative, e.g. identity of substances or species.

Note  3  to entry:  Uses may include the calibration of a measurement system, assessment of a measurement 
procedure, assigning values to other materials, and quality control.

Note  4  to entry:  ISO/IEC Guide 99:2007 has an analogous definition but restricts the term “measurement” to 
apply to quantitative values. However, ISO/IEC Guide 99:2007, 5.13, Note 3 (VIM), specifically includes qualitative 
properties, called “nominal properties”.

[SOURCE: ISO Guide 35:2017, 3.1]

3.1.17
reflection
<particle size analysis> change of direction of a light wave at a surface without a change in wavelength 
or frequency

3.1.18
refraction
process by which the direction of a radiation is changed as a result of changes in its velocity of 
propagation in passing through an optically non-homogeneous medium, or in crossing a surface 
separating different media

Note 1 to entry: The process occurs in accordance with Snell's law:

      nm sinθm = np sinθp

See 3.2 for symbol definitions.

3.1.19
relative refractive index
mrel
ratio of the complex refractive index of a particle to the real part of the dispersion medium

[SOURCE: ISO 24235:2007, 3.3, modified — “absolute refractive index” has been replaced by “complex 
refractive index” and “the sample” has been replaced by “a particle”.]

Note 1 to entry: In many applications, the medium is transparent and, thus, its refractive index has a negligible 
imaginary part.

Note 2 to entry: The relative refractive index can be expressed mathematically as

       mrel = np/nm

where

nm is the real part of the refractive index of the medium; 
np is the complex refractive index of a particle.

See single scattering (3.1.26).

﻿
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3.1.20
repeatability
precision under repeatability conditions (3.1.21)

Note 1 to entry: Repeatability can be expressed quantitatively in terms of the dispersion characteristics of the 
results.

[SOURCE: ISO 3534-2:2006, 3.3.5]

3.1.21
repeatability conditions
observation conditions where independent test/measurement results are obtained with the same 
method on identical test/measurement items in the same test or measuring facility by the same 
operator using the same equipment within short intervals of time

Note 1 to entry: Repeatability conditions include:

— the same measurement procedure or test procedure;
— the same operator;
— the same measuring or test equipment used under

— the same conditions;
— the same location;

— repetition over a short period of time.

[SOURCE: ISO 3534-2:2006, 3.3.6]

3.1.22
method repeatability
closeness of agreement between multiple measurement results of a given property in different aliquots 
of a sample, executed by the same operator using the same instrument under identical conditions 
within a short period of time

Note  1  to  entry:  The variability includes the variabilities of sub sampling technique, of the sampled material 
together and of the instrument.

3.1.23
scattering
change in propagation of light at the interface of two media having different optical properties

3.1.24
scattering angle
angle between the principal axis of the incident light beam and the scattered light

3.1.25
scattering pattern
angular pattern of light intensity, I(θ), or spatial pattern of light intensity, I(r), originating from 
scattering, or the related energy values taking into account the sensitivity and the geometry of the 
detector elements

3.1.26
single scattering
scattering whereby the contribution of a single member of a particle population to the total scattering 
pattern remains independent of the other members of the population

3.1.27
single shot
<sample> for an analysis, for which the entire content of a test sample container is used

﻿
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3.1.28
test sample
sample that is entirely used for a property characterization

[SOURCE: ISO 14488:2007, 3.12]

3.1.29
transmission
<particle size analysis> fraction of incident light that remains un-attenuated by the particles

Note 1 to entry: Transmission can be expressed as a percentage.

Note 2 to entry: When expressed as fractions, obscuration (3.1.13) plus transmission equal unity.

3.1.30
true value
quantity or quantitative characteristic supposed to be “true” as the target value of the measurement 
according to the definition of the measurement

Note 1 to entry: The true value is a theoretical concept and, in general, cannot be known exactly.

Note 2 to entry: For an explanation of the term “quantity”, refer to ISO 3534-2:2006.

3.1.31
trueness
closeness of agreement between the expectation of a test result or a measurement result and a true value

Note 1 to entry: The measure of trueness is usually expressed in terms of bias

Note 2 to entry: Trueness is sometimes referred to as “accuracy of the mean”. This usage is not recommended.

Note 3 to entry: In practice, the accepted reference value is substituted for the true value.

[SOURCE: ISO 3534-2:2006, 3.3.3]

3.2	 Symbols

Ai extinction efficiency of size class i

C particulate concentration, volume fraction

CF coverage factor

D particle diameter (x may also be used)

D10,3 particle diameter corresponding to the 10th percentile of the cumulative undersize 
distribution (here by volume)

D50,3 median particle diameter corresponding to the 50th percentile of the cumulative 
undersize distribution (here by volume)

D90,3 particle diameter corresponding to the 90th percentile of the cumulative undersize 
distribution (here by volume)

I(θ) angular intensity distribution of light scattered by particles (scattering pattern)

Ih intensity of horizontally polarized light at a given angle

I(r) spatial intensity distribution of light scattered by particles on the detector 
elements (measured scattering pattern by detector)

﻿

6� © ISO 2020 – All rights reserved

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O 13

32
0:2

02
0

https://standardsiso.com/api/?name=74b4a3437cc748492491b706747752ce


﻿

ISO 13320:2020(E)

Iv intensity of vertically polarized light at a given angle

J1 first order Bessel Function of the first kind

k wave number in medium: 2πnm/λ

ikp imaginary (absorption) part of the refractive index of a particle

la distance from scattering object to detector

lb illuminated path length containing particles

Ln vector of photocurrents (i1, i2, ... in)

mrel relative, complex refractive index of particle to medium

M model matrix, containing calculated detector signals per unit volume of particles in all 
size classes

nm real part of refractive index of medium

np real part of refractive index of particle

np complex refractive index of particle

O obscuration (1 − transmission);

r radial distance from focal point in focal plane

up standard uncertainty for the parameter and value specified

ucrm standard uncertainty of the certified value

uhouse standard uncertainty of in-house reference material value

Ucrm expanded uncertainty of the certified value

Uhouse expanded uncertainty of in-house reference material value

Ulim expanded tolerance limit defined by calculation

Vi volume content of size class i

v velocity of particles in dry disperser

x particle diameter (D may also be used)

xi geometric mean particle size of size class i

x10,3 particle diameter corresponding to 10th percentile of the cumulative undersize distribu-
tion (here by volume)

x50,3 median particle diameter corresponding to the 50th percentile of the cumulative under-
size distribution (here by volume)

x90,3 particle diameter corresponding to 90th percentile of the cumulative undersize distribu-
tion (here by volume)

x
1 3,

volume-weighted mean diameter

α dimensionless size parameter: πxnm/λ

﻿

© ISO 2020 – All rights reserved� 7

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O 13

32
0:2

02
0

https://standardsiso.com/api/?name=74b4a3437cc748492491b706747752ce


﻿

ISO 13320:2020(E)

ΔQ3,i volume fraction within size class i

θ scattering angle with respect to forward direction

θm angle with respect to perpendicular at boundary for a light beam in medium 
(see definition 3.1.18)

θp angle with respect to perpendicular at boundary for a light beam in particle 
(see definition 3.1.18)

λ wavelength of illuminating light source in vacuum

σ standard deviation

ω angular velocity

4	 Principle

4.1	 General

The laser diffraction or scattering technique1) for the determination of particle size distributions, 
PSDs, is based upon the phenomenon that the angular distribution of the intensity of scattered light 
by a particle (scattering pattern) is dependent on the particle size. When the scattering is from a cloud 
or ensemble of particles the intensity of scattering for any given size class is related to the number of 
particles and their optical properties, present in that size class[5][20].

A test sample, dispersed at an adequate concentration in a suitable liquid or gas, is passed through the 
beam of a monochromatic light source, usually a laser. The light scattered by the particles, at various 
angles, is measured by an array of photo detectors. The numerical values from each detector are 
recorded for subsequent analysis. Within certain limits, such as of particle concentration in measuring 
zone, the scattering pattern of an ensemble of particles is identical to the sum of the individual 
scattering patterns of all particles. The theoretical scattering patterns of unit volumes of particles in 
selected size classes are used to build a matrix and together with a mathematical procedure are used to 
solve the inverse problem, providing a volumetric particle size distribution (PSD), iterated to provide a 
best fit to the measured scattering pattern[18].

4.2	 Theory

The theoretical scattering pattern of a single spherical homogeneous particle is given by Mie-theory 
in general[4]. If the particle size is relatively large (in terms of size parameter, α = π × nm/λ > 10) and 
is opaque, Fraunhofer diffraction theory is available only for small angle forward scattering[4][5]. The 
Fraunhofer approximation is an analytical method that does not require the optical properties of the 
material.

Some other theoretical approximations are available for numerical realization of the Mie-theory, and 
these are called optical models in general. Choosing a relevant optical model for the inverse problem to 
yield a proper PSD is important.

Laser diffraction records the scattering pattern from the particles presented. This composite pattern is 
converted to a size distribution of spherical particles that would provide the same composite scattering 
pattern using an appropriate optical model and data inversion routine. It therefore provides a size 
distribution of laser diffraction equivalent spheres. If the test sample is not spherical, the same basic 
procedure is used and the resulting size distribution is formed. Thus, PSD’s for non-spherical particles 

1)	    Early instruments had very limited computer capacity and were restricted to using a laser with Fraunhofer 
Diffraction. Often a model form of particle size distribution was iterated to fit the scattering data. The term Laser 
Diffraction rapidly became the dominant descriptor. This has continued despite the technique having advanced to 
use different light sources and more sophisticated optical theories and data analysis.
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are likely to be different from other particle sizing techniques measuring the same material. The details 
of the theory are given in Annex A.

4.3	 Typical instrument and optical arrangement

The system consists of a monochromatic light source, sample feeder, optical system, light detectors, 
and control-calculation device. To extend the applicable range of particle size and its analysis, multiple 
light sources, additional light detecting systems and related optical systems can be used.

The light source is typically a laser or other narrow-wavelength source to generate a monochromatic 
beam. This is followed by a beam-processing unit producing an extended and nearly ideal, Gaussian 
distributed beam to illuminate the dispersed particles. The illuminating light beam passes through the 
measuring zone of the optical system.

A computer is used to control the measurement, to store and to process the data, and to solve the 
inversion problem from the data of the detected signals to the particle size distribution. It may provide 
automated instrument operation.

Typical diagrams of the set-up of laser diffraction/scattering instruments are given in Figures 1 to 4.

Key
1 light source assembly [with one or more light 3 forward scattering multi-element detector
  source(s)] including beam expansion and   (with obscuration/transmission detector)
  collimation 4 wide angle scattering detector(s)
2 measurement zone (for details, see Figure 2) 5 back scattering detector

6 Fourier lens

Figure 1 — Fourier optical arrangement
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Key
1 forward scattering multi-element detector 5 focal distance
  (including obscuration/transmission detector) 6 incident light beam
2 Fourier lens 7 scattering light
3 ensemble of dispersed particles r radius of multi-element detector
4 working distance within measurement zone θ scattering angle

Figure 2 — Fourier optical arrangement — Scattering angle

Key
1 light source assembly [with one or more light 3 forward scattering multi-element detector
  source(s)] including beam expansion and   (with obscuration/transmission detector)
  collimation 4 wide angle scattering detector(s)
2 measurement zone (for details, see Figure 4) 5 back scattering detector

6 reverse Fourier lens

Figure 3 — Reverse Fourier optical arrangement
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Key
1 forward scattering multi-element detector 5 incident light
  (including obscuration/transmission detector) 6 scattering light
2 flow through cuvette for dispersed particles r radius of multi-element detector
3 particle(s) θ scattering angle
4 focal distance

Figure 4 — Reverse Fourier optical arrangement — Scattering angle

4.4	 Measurement zone

The locations of the two possible measurement zones, are illustrated in Figures 2 and 4. The Fourier 
optical arrangement allows, within certain limits, the particles to traverse the beam in a wide range 
of positions along the laser axis. By contrast, the presentation of particles within the reverse Fourier 
optical arrangement shall be confined to a short distance along the laser axis if errors in sizing are to 
be avoided. The measurement zone shall be located at a defined distance from the low angle detector.

A test sample of particles, dispersed as necessary, is introduced into the measuring zone at an adequate 
concentration. Scattering theories[20] show that the scattering from each particle can be combined if 
the concentration is low enough, thus providing single scattering. It also requires that the particles 
move freely relative to each other. It is also necessary that all particles traverse the laser beam at the 
same velocity if the effects of velocity bias are to be avoided. Ideally, the selected concentration should 
remain fairly constant during the measurement.

4.5	 Application and sample presentation

The laser diffraction/scattering method is applicable to both wet and dry systems, and also to off-line, 
online, at-line and in-line measurements. Sprays and gas bubbles in liquid can also be measured directly, 
provided that their concentration is at an adequate level (see 5.4.4).

a)	 Off-line; (Laboratory) a sample is removed from the process which may or may not require reducing 
to a test sample. The test sample is dispersed and manually introduced into the measurement zone, 
forming a discontinuous measurement sequence whose operational parameters are adapted to the 
product.
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b)	 At-line; (Laboratory) a test sample is automatically taken, at or close to the process, dispersed and 
introduced into the measurement zone forming a discontinuous measurement sequence whose 
operational parameters are most likely dedicated to the product.

c)	 Online; (Process) a test sample is automatically removed from the process and introduced into 
the measurement zone. A quasi-continuous real-time measurement, dedicated to close-to-process 
conditions is made.

d)	 In-line; (Process) a test sample remains in the process line during the measurement, a quasi-
continuous real-time measurement is made under process conditions.

During the introduction of any of the above methods, material inspection and preliminary investigation 
shall be performed to establish whether appropriate values for sample concentration, dispersion state, 
resistance to optical fouling and other parameters are being achieved to ensure the desired particle 
sizing result.

4.6	 Off-line measurements

In the case of off-line measurement of wet systems, a test sample is dispersed in an appropriate 
transparent liquid medium, and transported to an optical (sample) cell, in which the measuring zone 
is formed. (See Annex  B) In off-line measurement, dispersants (wetting agents; stabilizers) and/
or mechanical forces (agitation; sonication) are applied for de-agglomeration of the particles and for 
the stabilization of the dispersion. A recirculation system is often used, consisting of an optical cell, a 
sample bath (with agitation and/or sonication), a pump and tubing. A small volume cell with limited 
stirring is also available for particles with very slow sedimentation velocity. Small volume cells should 
be used with care as the very small test sample volume, required to provide single scattering, may fall 
below a minimum test sample requirement.

In the case of off-line measurement of dry powder systems, particles are converted into aerosols by a 
dry powder feeder and a disperser, before being introduced into the measuring zone. The aerosolised 
particle stream is either blown or sucked through the measurement zone. It is preferred that the 
concentration of aerosolised powder remains steady during the averaging of the scattered light.

Dispersed dry powders can also be measured online or in-line. Sprays are usually measured in-line. 
A representative PSD analysis requires that the powder stream is not segregated. Alternatively, the 
degree of segregation can be measured by analysis of different sections of the powder stream. At all 
times, the particulate concentration should remain within the concentration limits for single scattering, 
be fairly stable and all sizes of particles should pass through the measurement zone at the same speed 
to avoid velocity bias.

4.7	 In-line measurements

In the case of in-line measurement, the laser beam illuminates particles in a flowing stream within 
the process directly. In this case, the measured sample should be representative of the whole stream, 
the particle concentration should be in an adequate range, and any concentration fluctuation during 
a single measurement should be within acceptable limits. The particles are presented as produced 
and may or may not be aggregated. The measuring zone formed by either of the optical arrangements 
is finite. The influence of potential multiple scattering together with the scattering from particles 
illuminated by the laser beam but arising from outside of the measurement zone should be evaluated. It 
is important to remove any influences of outside lighting or laser reflection from the surfaces of optical 
parts, within the instruments. Such influences may be minimised by subtracting the background 
measured without particles from the measured scattering pattern when particles are present. In 
such subtracting procedures, it is always important to confirm the level of signal to noise ratio (S/N). 
(Routine background subtraction is not always possible in some in-line set ups).

4.8	 Online measurements

In the case of online measurement, a test sample is automatically taken from the process. This is often 
a dedicated arrangement matched to the process. The operational conditions are similar to in-line 
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methods but permit greater control of the measurement environment. Additional methods, to further 
disperse the particles may be applied. The measurement sequence may be interrupted to permit optical 
cleaning or other maintenance procedures.

4.9	 At-line measurements

In the case of at-line systems the optical measuring system is placed adjacent to a process. This permits 
the operational arrangements as in the off-line arrangement but carries some risk of contamination 
from the local environment. Steps should be taken to minimize this with more frequent checks to verify 
the apparatus remains fit for purpose. (see Annex D).

4.10	 Scattering and detectors

The interaction of the incident light beam with the ensemble of dispersed particles results in a 
scattering pattern with different light intensities scattered at various angles. The detection of the 
scattered pattern is carried out by a number of photodiodes and/or pixel array detectors. For the range 
of small angular forward scattering, a multi-element silicon detector is often used. These elements 
are located concentrically and often having a radius proportional to the distance from the centre. The 
number of detectors, their locations or optical (detecting) angles, should be set to satisfy the required 
particle size range and resolution of the measurements. The particles scattering angle is measured with 
respect to the incident monochromatic beam axis. For particles suspended in a liquid the effect of the 
measurement cell shall be included into the estimation of scattering angle. The scattering pattern is a 
continuous function of the light intensity with respect to angle. The intensity falling upon each detector 
is converted to an energy dependent upon the detector area and its quantum efficiency. The input to 
subsequent data processing comprises a discrete set of electrical signals whose angular and detection 
properties are known or have been calibrated[42].

Often a central detector is set to measure the intensity of the non-extinguished light. This provides a 
measure of optical concentration or obscuration, after a calculation. Some instruments provide special 
geometries of the central element in order to automatically re-centre or re-focus the detectors by 
moving the detectors or lens.

5	 Operational requirements and procedures

5.1	 Instrument location

The instrument should be located in a clean environment that is free from excessive electrical noise, 
mechanical vibration and temperature fluctuations, and out of direct sunlight and airflows. The 
operating area should conform to local health and safety requirements. The instrument should either 
contain a rigid internal optical bench or be installed on a rigid table or bench to avoid realignment of 
the optical system at frequent intervals.

WARNING — The radiation of instruments equipped with a laser can cause permanent eye 
damage. Never look into the direct path of the laser beam or its reflections. Avoid blocking the 
laser beam with reflecting surfaces. See IEC 60825-1 regarding laser radiation safety measures.

5.2	 Dispersion gases

For dry dispersion and spray applications, a compressed gas can be used. If used, it is essential that 
it is free from oil, water and particles and has been restored to room temperature. To achieve this, a 
dryer with a filter and warming system is required. In spray applications, evaporation of the liquid 
may cause artefacts in the particle size results. Any vacuum unit used to collect the particles should 
be located well away from the measurement zone, so that the output of the hot air does not disturb the 
measurement zone. Draughts should be avoided in order to prevent unstable particulate streams or 
thermal fluctuations within the measurement zone. (See C.1).
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5.3	 Dispersion liquids

Any suitable, optically transparent liquid of known refractive index may be used. Thus, a variety of 
liquids is available for the preparation of liquid dispersions of powders. Annex B provides information 
on the dispersion liquids.

Observe health and safety measures if an organic liquid is used for dispersion. Use a cover for the 
ultrasonic bath when using liquids with a high vapour pressure to prevent the formation of hazardous 
vapour concentrations. Evaporation of volatile organic liquids may cause sufficient cooling as to induce 
fluctuating refractive index values in the liquid medium, which in turn may induce artefacts in the 
particle size results.

5.4	 Sample inspection, preparation, dispersion and concentration

5.4.1	 Sample inspection

Inspect the material to be analysed, visually or with the aid of a microscope, in order to: a) estimate the 
size range and particle shape; and b) check whether the particles have been dispersed adequately or 
will require further treatment.

The size distribution measured in a test sample is only valid for a batch of material if the sample is 
representative for that batch and has been dispersed adequately. See Annex C.

The inspection of the fully dispersed state of a suspension of particles is difficult to achieve with the 
naked eye. Any inspection using a microscope should be conducted from a pool of suspension without 
using a cover slip. Such inspections are very subjective, not definitive but are helpful in many cases.

5.4.2	 Preparation

Prepare a representative test sample of suitable volume for the measurement by using an adequate 
sample splitting technique, e.g. a rotating riffler (see ISO 14488).

Very small test samples can be taken from a well-mixed paste of particles in liquid. The consistency 
of the paste then minimizes segregation errors. The pastes are formed by adding dispersant to the 
sample drop by drop while mixing it with a spatula. A good consistency for the paste is one like honey 
or toothpaste. If, by mistake, the paste becomes too fluid, it shall not be used, and a new preparation 
shall be initiated.

If the maximum size exceeds the measuring range, remove the material that is too coarse, e.g. by pre-
sieving. In this case, determine and report the amount/percentage removed.

Sprays, aerosols and gas bubbles in liquid are usually measured directly, provided that their 
concentration is at an adequate level (see D.1 to D.7), since sampling or dilution is generally very difficult 
without altering the PSD. If droplets are sprayed into still air, then the small droplets decelerate faster 
than the large ones, leading to a potential velocity bias. Therefore, it is preferable to spray into a suitable 
moving air stream matched to that of the spray. Consideration should also be given to the prospect of 
droplet evaporation, which may cause significant errors, especially for droplets in the sub-micrometer 
range. Rapid evaporation of such droplets reduces their size or even makes them disappear. Moreover, 
artefacts in the size distribution may appear due to a changing refractive index around the droplets, 
resulting from the evolving vapour and the temperature decrease during evaporation.

5.4.3	 Dispersion

Dry powders may be dispersed either in air or in a liquid. The dispersion procedure should be adjusted 
to the purpose of the measurement, e.g. it shall be decided whether agglomerates should be detected or 
dispersed to primary particles. See Annex C.

The transport conditions for the particles through the measurement zone should also be considered. 
Adequate flow should be applied to ensure that particles of all sizes pass the measurement zone at 

﻿

14� © ISO 2020 – All rights reserved

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O 13

32
0:2

02
0

https://standardsiso.com/api/?name=74b4a3437cc748492491b706747752ce


﻿

ISO 13320:2020(E)

similar velocity in order to avoid velocity bias in the result. Particles having a low aspect ratio have 
a tendency to show preferred orientations at the flow conditions existing in the measurement cell. 
Even at turbulent conditions their orientation may not be fully random. Annex A discusses the fact that 
different orientations of non-spherical particles lead to different scattering patterns and, thus, different 
reported sizing results.

5.4.4	 Concentration

The particle concentration in the measurement zone should be high enough to produce an adequate 
signal (or in other words to reach an acceptable signal-to-noise ratio with respect to precision), yet 
low enough to ensure multiple scattering to be insignificant to the particle size result. Reference [20] 
proposes that the onset of multiple scattering commences if particles are regularly separated from 
their neighbours by 3 times their diameter. As the number of particles increases proportional to D−3 
for the same volume concentration the smallest particles have the highest number per unit volume. It 
therefore follows that the smallest sizes in any distribution determine the onset of multiple scattering 
due to their possible close proximity.

The effect of multiple scattering is generally to increase the angle of scattering and, thus, to shift 
the size distribution results to lower sizes. An exact concentration range cannot be given, as it is a 
function of particle size, PSD width, laser beam width and path length of the dispersed particles in the 
measurement zone. As an indication, it can be said that the typical volumetric concentration for analysis 
of 1  µm particles is about 0,002  % — for measurement in a cell with 2  mm path length — whereas 
the concentration for 100 µm particles could be about 0,2 %. Check the instrument documentation for 
additional information. Some guidance can be taken from the measured obscuration or transmission 
value, which is for the above examples about 5 % and 25 % (transmission 95 % to 75 %), respectively. 
In general, the proportion of small particles in a size distribution dominates in the upper concentration 
limit. If all the particles are larger than 100 µm, then an obscuration of up to 30 % may not cause multiple 
scattering. To ensure appropriate obscuration limits, perform particle size measurements at different 
concentration levels for the material of interest, and monitor shifts in the distribution. Annex A (see 
A.8) provides some information on the relation between particulate concentration, particle size and 
obscuration.

5.5	 Measurement

A typical measurement of a PSD by laser diffraction comprises the following steps.

PRECAUTION	 Before starting and during any measurement, carefully follow the instructions given in the 
instrument manual. It is also recommended to observe the precautions set out in Annex D.

a)	 Setting up the instrument, confirming the optical alignment and conducting a blank measurement 
to establish the background scattering.

b)	 Determination of the parameters of the sample material to be measured. These include refractive 
index required for analysis, particle density to facilitate particle transport settings, solubility to 
help in the choice of liquid dispersant.

c)	 Sample preparation and introduction into the measurement zone.

d)	 Data collection to establish the scattering pattern signature.

e)	 Selection of an appropriate optical model.

f)	 Conversion of scattering pattern into PSD.

5.5.1	 Setting up instrument and blank measurement

After selection of the appropriate particle size range and proper optical alignment, and after allowing a 
proper warm-up period of the instrument, perform a blank measurement immediately prior to the test 
sample measurement in which a particle-free dispersion medium is used under the same instrument 
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conditions to be employed for the test sample measurement. These background signals are subtracted 
later from the detector signals coming from the measurement of the material of interest.

5.5.2	 Sample preparation

For wet application, prepare a test sample referring to D.5. Ensure that the sample is representative for 
the batch of product within a stated confidence interval. The amount of test sample should correspond 
to at least the minimum required for precision. The dispersion conditions should lead to complete de-
agglomeration without comminution and to a sufficiently low concentration to ensure single scattering.

5.5.3	 Data collection of the scattering pattern

Allow a measuring time for data collection sufficient for statistically adequate representation of the test 
sample. Check therefore the effect of the elapsed measurement duration on the sizing result. For each 
detector element, an average signal is calculated, sometimes together with its standard deviation. Net 
signals may be calculated by subtraction of the background signals. The magnitude of the signal from 
each detector element depends upon the detection area, the light intensity and the quantum efficiency. 
The coordinates (size and position) of the detector elements together with the focal distance of the 
lens determine the region of scattering angles for each element. Generally, all these factors are factory 
determined and stored in the computer. Most instruments also measure the power of the central laser 
beam. The fractional difference between this measurement when a dispersed test sample is present 
and that measured during the blank background experiment is given as a value of obscuration or 
transmission, which is indicative of the total amount of light scattered or absorbed by the dispersed 
particles and thus the particle concentration.

5.5.4	 Selection of an appropriate optical model

Most often either the Mie theory or the Fraunhofer approximation is used for calculation of a scattering 
matrix, which represents the signal at each detector element per unit volume of particles in given size 
classes. The choice depends upon the size range of the particles to be measured; their optical properties 
and the application (see Annex A). Other light-scattering theories may be applied for the calculation of 
this scattering matrix; however, such occurrences are uncommon.

When using the theory of Mie, the refractive indices of particulate and medium (see Annex F), or their 
ratio, should be established and entered into the instrument in order to allow calculation of the model 
matrix[18].

For practical reasons, values of the imaginary part of the refractive index (about −0,01i to −0,03i) are 
required to accommodate surface roughness of transparent particles, where some light is randomly 
scattered.

A good understanding of the influence of the complex refractive index of the light scattering from 
particles is strongly advised in order to apply the Mie theory or the Fraunhofer approximation 
appropriately. Inappropriate choice of the optical model or of the values of the refractive index may 
result in significant bias of the resulting PSD. This bias is often observed when inappropriate quantities 
of material are being ascribed to the size classes at the lower end of the size distribution.

To obtain traceable results it is essential that the refractive index values are used as reported.

5.5.5	 Conversion of scattering pattern into PSD

This de-convolution step is the inverse of the calculation of a scattering pattern for a given PSD. Several 
mathematical algorithms have been developed for this purpose (see References [4], [6], [18], [30], [32], 
[33], [37]). They contain some weighting of deviations between measured and calculated scattering 
patterns (e.g. least squares) and some constraints on the size distribution curve. These constraints 
restrict the final particle size result to values for the quantity in each size class that are either positive 
or zero and limit the differences between the quantities in subsequent size classes. A procedure 
(see Reference [6]) uses the observed fluctuations of the detector signals to introduce proper weighting 
of these data and to calculate confidence intervals for the PSD.
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5.5.6	 Robustness

It is advised, after a method of measurement has been devised for a specific material, that robustness 
tests should be performed to avoid the possibility of choosing a set of parameters which leaves the 
measurement vulnerable to minor errors or changes producing significant and unexpected changes on 
the final result. (See Annex G)[1].

5.6	 Resolution and sensitivity

5.6.1	 General

The resolution of the PSD describes the ability of a measuring device to distinguish meaningfully 
between closely adjacent particle sizes.

Therefore, higher resolution allows an easier discrimination between particles of different size and it 
allows an unbiased determination of the width of the PSD.

The sensitivity of the PSD describes the ability of a measuring device to distinguish meaningfully 
between small changes in the amounts of particles in a given size class.

Therefore, higher sensitivity allows a better comparability of mixing ratios and the discrimination of 
small amounts of large particles at the upper end and small particles at the lower end of the particle 
size distribution.

However, both resolution and sensitivity, respectively, are strongly dependent on the following items:

a)	 number, position, geometry and area of the detector elements;

b)	 number, width and way of generation of size classes of the PSD;

c)	 application of the appropriate optical model;

d)	 fine structure in the measured scattering pattern, especially of narrow-sized PSDs;

e)	 actual size range and distribution width of the particulate material;

f)	 possible smoothing and regularisation effects applied to intensity signals and/or to the 
deconvolution procedure in the evaluation;

g)	 signal-to-noise ratio, etc.

All these factors have significant influence on resolution and sensitivity. Therefore, there is no simple 
way to describe procedures and measures needed for resolution and sensitivity. If instruments are 
comparable in the sense of the items listed above, actual values for resolution and sensitivity may be 
determined by using mixtures of known composition, e.g. for quality control reasons.

5.6.2	 Resolution

Due to the light scattering signature arising from an ensemble of particle sizes and the need to carry 
out a matrix inversion, constrained to zero or positive values, the resolution of the technique is limited. 
The resolution achievable is also influenced by the particle size range and the optical properties of the 
material being measured. Under cooperative circumstances mono-sized particles separated in size by a 
factor of 2, can be partially separated over the mid-range of sizes. The resolution at the very highest size 
is limited by the solid angle of scattering due to the finitely small optical detectors. The resolution of the 
very smallest size is limited by the very weak scattering properties of particles having those sizes.

5.6.3	 Sensitivity and result variability

Sensitivity in this context refers to the ability of the laser diffraction measurement instrument 
to discriminate or detect small changes in both size and quantity. As a result of the scattering 
characteristics of various sizes of particles coupled with limitations in both the number and angular 
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extent of some detectors together with the limitations of the data inversion stage, the sensitivity is far 
from uniform over the range of particle sizes covered.

The largest particles in any distribution will only be present in small numbers. To avoid uncertainty in 
the higher percentiles of the distribution the minimum mass of test sample should be considered[29][40].

The measurement of a fine particle distribution can be compromised by the odd large bubble or large 
particle contaminant. This might be regarded as an unfortunate sensitivity to the strong scattering 
properties of large particles. Equally because very small particles scatter weakly the sensitivity to 
their presence can be significantly reduced when poly-disperse particle size distributions containing 
larger particles are present. It is not realistic to be very specific about these effects as they vary 
dependent upon size range, optical properties, the degree of poly-dispersity, particle shape and particle 
concentration.

6	 Accuracy repeatability and instrument qualification

6.1	 General

Before commencing any of the tests specified in this subclause, the operator should have considered 
the protocol of measurement and the recommendations of Clause 5 and Annexes D and H. In general, 
the tests may be applied to both liquid and dry dispersions. A test of instrument repeatability does not 
generally apply to dry dispersion as the particles are not re-circulated and different aliquots of single 
shot samples can be used.

However, repeated dry measurements, of the same sample, employing a gravity dispersion accessory 
fitted with a total sample capture provision and used together with fully free flowing, and non-
cohesive reference materials, may be employed in 6.3. The same gravity method may be used to meet 
the accuracy test set out in 6.2 using a certified reference material.

The verification of laser diffraction units designed for spray measurements require a different protocol 
as no reference spray is available. If a flow cell or a dry dispersion system can be added, then a test for 
accuracy as described in 6.2 may be applied. Alternatively, a reference reticule[19] that has been fully 
characterized using a laser diffraction unit that has met the accuracy test in 6.2, may be employed to 
determine the intermediate precision.

For the purposes of this document both terminologies “method of moments” and “moment-ratio” which 
are commonly used, are used for each parameter described.

The total value of the uncertainty associated with each parameter which are used as the final 
acceptance/rejection limits shall be calculated using Formula (1) (see H.1 to H.3):

U CF u u
lim crm p

=± ⋅ +2 2 	 (1)

where Ulim is the acceptance limits for test 6.2 and 6.5.

The requirements for acceptable instrument uncertainty values, up, for a laser diffraction system and 
the value for the coverage factor CF are given in Table 1. The term ucrm is given in the certified reference 
material documentation. The value of the coverage factor CF is usually a number between 2 and 3 and 
shall be chosen by users on the basis of the desired level of confidence, and which shall be documented.

Table 1 — Parameters for the calculation of the tolerance limits

Parameters 
required

Nomenclature Maximum acceptable instru-
ment uncertainty, up

Coverage factor, 
CF

10th percentile D10,3 or x10,3 2 % 2–3
50th percentile D50,3 or x50,3 1,5 % 2–3
90th percentile D90,3 or x90,3 2,5 % 2–3
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6.2	 Accuracy

6.2.1	 Introduction

Certified reference materials with assigned values by laser diffraction as defined in H.1 to H.3 and 
applying to the laser diffraction method shall be used for the system qualification (OQ: operation 
qualification, PQ: performance qualification)[41][42] and for the test of accuracy using the wet or dry 
dispersion method.

The dry dispersion method uses a large quantity of sample per test. In order to mitigate against 
the cost of the increased reference material consumption, in-house reference material, certified in 
accordance with the method set out in H.1 to H.3 inclusive may be used for the test of accuracy of the 
dry dispersion method.

The tolerance limits shall be calculated for the parameters D10,3 or x10,3; D50,3 or x50,3; D90,3 or x90,3 
using the formula; U CF u u

lim crm p
=± ⋅ +2 2 , where the values of ucrm are taken from the certified reference 

material documentation and the values of CF and up are obtained from Table 1.

6.2.2	 Accuracy test

At least 3 separate test samples shall be measured, 5 separate test samples are preferred. Each test shall 
be conducted at an adequate sample concentration and signal integration period to allow a sufficient 
number of particles to be analysed (see ISO 14488).

The average cumulative volume distribution value from the 3 or 5 tests, at the required percentile shall 
not exceed the pre-calculated tolerance limits Ulim for each of the parameters D10,3 or x10,3; D50,3 or 
x50,3; D90,3 or x90,3.

In the event of a failure of this test, then all aspects of the measurement method adopted by the operator 
and of that of the instrument should be examined extensively.

6.3	 Instrument repeatability

6.3.1	 Introduction

For the wet dispersion method, this test is carried out using one instrument, a single operator and the 
same dispersed sample. For the dry dispersion method only, the method repeatability described in 6.4 
can be used for this test. Well behaved dry samples which have been correctly split into subsamples 
with a very low sample to sample variability should also be able to fulfil the tolerances in this section.

Any material being either spherical or of “limited shape”, but in accordance with the requirements of 
Annex H may be employed for this test.

6.3.2	 Repeatability test

Perform at least 6 consecutive measurements, in a short time period, with the same dispersed test 
sample at an adequate sample concentration and signal integration period to allow a sufficient number 
of particles to be analysed (see ISO 14488)[8].

The average values of D10,3 or x10,3; D50,3 or x50,3 and D90,3 or x90,3 from the 6 measurements shall be 
calculated.

a)	 The reported cumulative volume distribution value from each test at the 10th percentile D10,3 or 
x10,3 shall not deviate from the average value of the 6 measured results values by more than ± 2 %.

b)	 The reported cumulative volume distribution value from each test at the 50th percentile D50,3 or 
x50,3 shall not deviate from the average value of the 6 measured results values by more than ± 1,5 %.
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c)	 The reported cumulative volume distribution value from each test at the 90th percentile D90,3 or 
x90,3 shall not deviate from the average value of the 6 measured results values by more than ± 3 %.

In the event of a failure of this test, then all aspects of the measurement method adopted by the operator 
and of that of the instrument should be examined extensively.

6.4	 Method repeatability

6.4.1	 Introduction

This test is carried out using one instrument and a single operator, using different aliquots of the same 
sample. It is applicable to both the wet and dry dispersion methods. This type of repeatability includes 
variability due to sampling and dispersion. However, in all cases the written measurement protocol 
should be followed which has been prepared incorporating the recommendations of Clause 5.

Any material being either spherical or of “limited shape”, but in accordance with the requirements of 
H.2 may be employed for this test.

6.4.2	 Method repeatability test

Perform at least six consecutive measurements with the dispersed single shot test samples. Each 
test shall be conducted at an adequate sample concentration and signal integration period to allow a 
sufficient number of particles to be analysed (see ISO 14488).

The average values of D10,3 or x10,3; D50,3 or x50,3 and D90,3 or x90,3 from the 6 measurements shall be 
calculated.

a)	 The reported cumulative volume distribution value from each test at the 10th percentile D10,3 or 
x10,3 shall not deviate from the average value of the 6 measured results values by more than ± 3 %.

b)	 The reported cumulative volume distribution value from each test at the 50th percentile D50,3 or 
x50,3 shall not deviate from the average value of the 6 measured results values by more than ± 2,5 %.

c)	 The reported cumulative volume distribution value from each test at the 90th percentile D90,3 or 
x90,3 shall not deviate from the average value of the 6 measured results values by more than ± 4 %.

In the event of a failure of this test then, all aspects of the measurement method adopted by the operator 
and of that of the instrument should be examined extensively.

6.5	 Accuracy under intermediate precision conditions

6.5.1	 General

The tests described below permit comparison of a wide range of instruments having similar properties 
as well as operators having variable levels of training with an in-house reference material, preferably 
that meets the requirements set out in H.2 and characterized in accordance with the protocol set 
out in H.3. However, in all cases the written measurement protocol should be followed which should 
be drafted in conjunction with the recommendations of Clause  5. This protocol should describe an 
adequate sample concentration and signal integration period to allow a sufficient number of particles 
to be analysed (see ISO 14488).

The in-house characterized material shall be accompanied by the values of the specified property and 
the associated standard uncertainties, uhouse, required for the acceptance test in this section as well 
as by a measurement method describing all experimental details for its application in laser diffraction 
measurement.
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6.5.2	 Intermediate precision conditions (general test)

For this test, an ‘in-house’ reference material which has been characterized on several similar laser 
diffraction instruments (‘different laboratories’) with different operators using the same prescribed 
method is used. This in-house material may then be used to qualify the performance of laser diffraction 
units of the same kind following the procedure described below. As the same kind of instruments are 
involved in the characterization of the in-house material, differences in instruments and methods are 
already included in the associated uncertainties of the characterized material. Therefore, up is not 
required as in 6.2 for the calculation of Ulim. The tolerance limits are given by the expanded uncertainty 
Uhouse of uhouse

U U CF u
lim house house

=± =± ⋅ 	 (2)

where a coverage factor of CF  =  3 should be chosen in order not to exclude 5  % of the instruments 
involved.

At least 3 separate test samples shall be measured, 5 separate test samples are preferred.

Each test shall be conducted at an adequate sample concentration and signal integration period to allow 
a sufficient number of particles to be analysed (see ISO 14488).

The average cumulative volume distribution value from the 3 or 5 tests, at the required percentile shall 
not exceed the pre-calculated tolerance limits Ulim for each of the parameters D10,3 or x10,3, D50,3 or x50,3 
and D90,3 or x90,3.

In the event of a failure of this test then, all aspects of the measurement method adopted by the operator 
and of that of the instrument should be examined extensively.

7	 Reporting of results

7.1	 General

Report results in accordance with ISO 9276-1 and ISO 9276-2. Moreover, the information listed in this 
clause should be available in the form of a written protocol or reported so that the measurements can 
be readily repeated by different operators in different laboratories.

Characteristic size values below D5,3 or x5,3 and above D95,3 or x95,3 are likely to be vulnerable to 
additional uncertainty and systematic error, as a result of sampling problems as well as by limitations 
of laser diffraction. Quotation of a D100,3 or x100,3 value or a number distribution by laser diffraction 
shall not be permitted.

The report of results should contain some or all the following information: Items marked * are 
mandatory.

7.2	 Sample

a)	 complete sample identification, such as chemical type, batch number and or location or both, date 
and time of sampling, etc., *

b)	 sampling procedure, i.e. sampling method and sample splitting procedure,

c)	 sample pre-treatment (optional), e.g. pre-sieving, type and conditions,

d)	 amount of sample,

e)	 date of analysis. *
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7.3	 Dispersion

for dry dispersion:

a)	 specific details of dispersing device, e.g. diameter of delivery tube, primary pressure,

b)	 type of dosing/feeding device, *

c)	 dosing rate,

d)	 dispersion pressure; *

for wet dispersion:

e)	 dispersion liquid: identification, volume and, if necessary, temperature, *

f)	 dispersant(s): type and concentration,

g)	 sonication: type of unit, frequency (energy), duration and pause before starting measurement,

h)	 pump and stirring speed, *

i)	 optical path length.

7.4	 Laser diffraction measurement

a)	 instrument type and number, *

b)	 software version,

c)	 volume of dispersion unit,

d)	 optical arrangement applied (e.g. focal length of lens),

e)	 date and time of last alignment,

f)	 date of last qualification test, *

g)	 date and time of measurement,

h)	 optical concentration/obscuration, *

i)	 trigger thresholds for start/stop conditions (if applied),

j)	 threshold for acquisition of valid data (if applied),

k)	 type of light-scattering model applied, *

l)	 real and imaginary part of complex refractive index, if the Mie theory is applied, *

m)	 real part of the refractive index of the fluid employed, if the Mie theory is applied, *

n)	 (optional) fit parameter resulting from de-convolution (e.g. log difference, chi-squared, percent 
residual);

o)	 sonication settings and duration, *

p)	 pump and stirring settings, *

q)	 obscuration/transmission levels employed. *

7.5	 Analyst identification:

a)	 name and address of laboratory,
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b)	 operator's name or initials. *
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Annex A 
(informative) 

 
Theoretical background of laser diffraction

A.1	 Introduction

Four types of interaction between the incident light and the particle influence laser diffraction 
measurements[5];

—	 diffraction at the contour of the particle;

—	 reflection at the boundary of a particle, both outside and inside the particle;

—	 refraction at the boundary of a particle coming from medium to particle and vice versa;

—	 absorption within the particle.

These interactions lead to interference phenomena, which cause a characteristic pattern of scattered 
light. Both scattering pattern and extinction are dependent on the size, shape and optical properties 
(refractive index) of the particle. Thus, they form the basis for particle size analysis by laser diffraction.

Key
x detector, x-axis
y detector, y-axis
z relative intensity

Refractive index of the medium, n
H O
2

 = 1,33; wavelength, λ = 633 nm.

The particle refractive index is given by np = 1,59 – 0,0i.

NOTE	 The centre of the detector area corresponds to zero degrees. The detector elements correlate with angle.

Figure A.1 — Light scattering pattern for a 5 µm sphere in water

As an example, Figure A.1 gives the scattering pattern of a 5 µm sphere in water. It clearly shows the 
characteristics of the scattering pattern of single particles:

—	 the highest intensity is at zero angle (forward direction) and the intensity gradually decreases 
towards larger scattering angles;
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—	 there are large differences in light intensities, with characteristic maxima and minima at different 
angles in relation to particle size;

—	 there is circular symmetry in the scattering pattern of spherical particles — such symmetry is not 
present in the patterns of irregular particles at a single orientation;

—	 the characteristic scattering patterns form the basis for application of the laser diffraction technique 
for measurement of particle size. In laser diffraction, a PSD is formed for an ensemble of particles 
passing through a measurement zone. Thus, the light scattered by a single spherical particle shall 
be extended to an ensemble of particles. This is possible provided that:

a)	 each particle scatters as an independent entity, i.e. there is no significant multiple scattering, 
which means that particle concentration should be low, and

b)	 there is no optical interference between the scattered radiations from different particles; 
this is satisfied if all particles move randomly with respect to each other and if the overall 
scattering pattern is sampled many times.

A.2	 Extinction

For particles that are very large compared with the illuminating wavelength, the quantity of light 
extinguished from the incident beam is equal to twice the quantity of light that is incident on the 
geometrical cross-section of the particle. This is the case when the extinction is measured at a 
significant distance from the particle, in the so-called “far field”.

Reference [20] gives an explanation for the apparent paradox of the factor two. Reference [20] reasons 
that one unit of light is removed from the incident beam by the geometric cross-section by absorption 
or reflection and that an equal quantity is removed from it by diffraction, provided that the observation 
is made at great distance (in the ‘far field’). This means that the extinction efficiency, expressed as the 
ratio of extinction cross-section and geometric cross-section, equals 2 for these large particles.

When the wavelength of illumination can no longer be considered as small in comparison to the size of 
the particle, the quantity of light extinguished is no longer equal to twice the geometrical cross-section 
of the particle, as illustrated in Figure A.2.

In general, the quantity of light extinguished by a particle in a beam of light depends upon:

a)	 particle size and shape (scattering cross-section);

b)	 refractive index relative to the medium in which the particle is embedded;

c)	 wavelength of the illuminating source;

The refractive index value of particles (np = np – ikp) is a complex number with a real term, np, and an 
imaginary term, ikp.

EXAMPLE	 Polystyrene ‘latex’ particles have np = 1,59 – 0,0i, λ = 633 nm. The zero, imaginary part indicates 
that they are non-absorbing. The white, milky appearance of concentrated suspensions is due to a degree of 
multiple scattering at all visible wavelengths.

The absorption coefficient, kp, is usually provided as a positive number, the negative sign is included in 
the definition of np. The refractive index of non-absorbing dispersion media contains only a real part.

Some information on refractive index values is given in Annex F. The real part can be established by 
direct measurement using one of several techniques. The determination of the imaginary part is more 
often empirically arrived at.

The imaginary part might be considered as apparent absorption where light energy is dissipated as heat. 
In addition, at irregular internal particle boundaries some light may well be lost due to total internal 
reflection. This too may be included in the imaginary part of the refractive index by an apparent value 
of kp of approximately 0,01 to 0,03.
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The simplification that kp relates exclusively to absorption may be misleading for some materials. Check 
the validity of assuming a small value of kp to explain an apparent absorption for the relevant material 
system; the use of an apparent kp shall be clearly stated in the measurement report.

A.3	 Scattering

The quantity of scattered light emanates at refractive index boundaries or gradients. Therefore, the 
relative refractive index, mrel, of particle and dispersion medium is decisive in determining the quantity 
of light scattering that occurs. If the particle and the medium have the same refractive index, they are 
said to be index-matched and no scattering occurs.

In laser diffraction, the understanding of how light is scattered by particles is decisive for the 
determination of particle size and quantity. Use is made of:

a)	 angular dependence;

b)	 amplitude dependence;

c)	 wavelength dependence;

d)	 polarization influence.

These properties are sometimes taken in isolation and sometimes in combination together with the 
influence the equipment has on them.

The quantity of light scattered by large spherical particles is proportional to their geometric cross-
section.

The use of precise scattering from ensembles of irregularly shaped particles has yet to be fully 
implemented and thus some simplification is called for.

The property of the sphere is utilized as being a shape that can be fully characterized by a single value, 
namely its diameter. Present laser diffraction instruments report their size distributions based upon 
scattering patterns deduced for spheres. The laser diffraction equivalent sphere values for irregular 
particles are not comparable to those of other techniques. Each irregular particle may present itself 
in different orientations and, hence, with different cross-sections having different scattering features. 
Consequently, the measurement result is a distribution of spherical particles that ‘fit’ with the light 
scattered from the “irregularly shaped objects”.

NOTE	 ISO 9276-2 adopts the convention that the diameter of the equivalent sphere is described as x or D.

For large particles, the scattered light increases in proportion to x2. For particles very much smaller 
than the wavelength (typically x < λ/10; the Rayleigh region), the light scattered is proportional to x6.

A.4	 Light-scattering theories

See References [4], [5], [18], [20], [30], [42].

The interpretation of laser diffraction “spectra” to PSDs depends on two major operations. The first 
requires that mathematical models be created on how homogeneous particles scatter light. The second 
involves the de-convolution of the measured scattering pattern into a PSD.

Light is an electromagnetic wave with the electric and magnetic vectors at 90 degrees to each other. 
The influence of these two vectors are expressed in the terms S1(θ) and S2(θ).
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The angular intensity distribution of polarized light scattered by a single, optically homogeneous 
spherical particle, I(θ) can be written as

I
I
k l

S S
a

θ θ θ( )= ( )[ ] + ( )[ ]{ }0

2 2 1

2

2

2

2
	 (A.1)

where

  k is the wave number in the medium;

  la is the distance from scattering object to detector;

  I0 is the intensity of the incident polarized light;

  S1(θ), 
S2(θ)

are dimensionless, complex functions defined in general scattering theory, describing the 
change of amplitude in the perpendicular and the parallel to the scattering plane respec-
tively, as a function of angle θ with respect to the forward direction.

The Fraunhofer approximation was the first optical model employed for particle size measurements. It 
was formulated by considering the fraction of a plane wave of known wavelength that passed through 
an aperture in a thin metal plate. Using Babinet’s principle[20], it can be shown that the same scattering 
signature is obtained from a totally opaque disk of the same diameter. In its present application, it is 
assumed that:

The advantage of the Fraunhofer approximation is that it is relatively simple. It does not require any 
knowledge of the optical properties of the material. Therefore, it is often applied to products for 
which the optical properties are unknown or variable or which are mixtures of different materials. 
In practice, the Fraunhofer approximation is valid for large particles (diameter much larger than the 
wavelength of the light, or α >> 1). For small particles, (i.e. beyond the Fraunhofer approximation) an 
understanding of the optical properties of the material is essential to avoid errors in predicting particle 
size. By assuming diffraction is the only scattering component then S1(θ), S2(θ) are assumed to be equal 
and Formula (A.2) can be formulated.

I
I
k l

J

a
θ α

α θ
α θ

( )=
( )





0

2 2

4 1

2
sin

sin
	 (A.2)

where

  α is a dimensionless size parameter, α = πxnm/λ;

  J1 is the Bessel function of the first kind of order unity.

NOTE	 An extra factor, (1 + cos2θ)/2, is often added to the right-hand side of Formula (A.2) in order to extend 
it to larger angles.

When a plane wave interacts with a spherical particle, some of the wave may pass through the particle, 
which having a different refractive index to the surrounding media, introduces refraction. Under these 
conditions the dimensionless, complex functions as set out by Mie theory and for the far field, are as 
follows;

In 1908, Gustav Mie described the light-scattering properties of homogeneous spheres of known optical 
properties, when illuminated by an infinite plane wave of known wavelength, by solving Maxwell’s 
equations for defined boundary conditions. In this way, he solved the complex functions S1(θ) and S2(θ). 
Mie theory provides a rigorous solution that is valid for all sizes of spheres (References [4], [5], [18], 
[20]). When using this theory, it is assumed that:

a)	 all particles are optically homogeneous, isotropic, and spherical (although some special or regular 
shapes can be considered as well, i.e. coated spheres);

b)	 the particle is illuminated by a plane wave of known wavelength;
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c)	 the refractive index of the particle, both real and imaginary, and that of the medium it is dispersed 
in are known;

d)	 the particles have no surface charges and no surface currents.

The scattering pattern of particles can be predicted over the full 360°, together with the amplitude, 
wavelength and polarization dependence of scattering. Computer algorithms have been developed 
(Reference [4]) in order to allow computation of these functions and, thus, of I(θ).

To exploit this theory to its full capacity, the optical properties of the system shall be known, i.e. the 
complex refractive index (including both the real and the imaginary part) of the particle and the (real) 
refractive index of the dispersion medium. It should be noted that this knowledge may not be readily 
available: especially the imaginary (absorptive) part. This imaginary part is often strongly dependent 
on the wavelength of the light and is often given a finite value in order to account for specific surface 
structure of the particles, e.g. surface roughness. (see Annex G).

S1(θ)and S2(θ) are given as,

S n
n n

a b
n

n n n n1

1

2 1

1
θ π θ τ θ( )= +

+( )
+[ ]

=

∞

∑ (cos ) (cos ) 	 (A.3)

S n
n n

a b
n

n n n n2

1

2 1

1
θ τ θ π θ( )= +

+( )
+[ ]

=

∞

∑ (cos ) (cos ) 	 (A.4)

Fortunately, the complex Formulae  (A.3) and (A.4) have been encoded into open source software 
available by a search of the ‘World Wide Web’ and yields Mie calculation facilities.

A.5	 Model selection

In modern instruments, either the Mie or Fraunhofer models can be used (instrument dependent) by 
the operator to calculate the size of spherical particles. As indicated above, the two theories differ 
principally for medium and small particles. Knowledge of the optical properties of the material to be 
measured is needed to allow for the selection of an appropriate optical model. For most particles larger 
than about 50 µm with relative refractive index greater than 1,2, such knowledge may not be necessary, 
as the Mie theory and Fraunhofer approximation give similar results.

Mie theory provides a rigorous solution for the complete scattering pattern that is valid for all sizes of 
spheres, provided that they are homogeneous and isotropic, and their optical properties are known. 
Also, amplitude, wavelength and polarization dependence of scattering can be calculated.

The Fraunhofer approximation requires that particles are large in comparison to the wavelength of 
light and/or opaque. It does not make use of any knowledge of the optical properties of the material. 
Its application is limited to the near-forward direction (small scattering angles). Moreover, it does not 
predict polarization nor account for light transmission through the particle.

Figures A.2 and A.3 compare the extinction efficiencies according to Mie and Fraunhofer models for 
both transparent and absorbing particles.
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Key
X particle size (µm)
Y extinction efficiency (–)
np real part of the refractive index
kp coefficient of the imaginary part of the refractive index

Refractive index of the medium, n
H O
2

  =  1,33; wavelength, λ  =  633  nm. The complex refractive index is given by 

np = np – ikp.

NOTE	 Fraunhofer assumes an extinction efficiency of 2 for all particle sizes.

Figure A.2 — Extinction efficiencies in relation to particle size and refractive index 
(Mie model, absorbing)
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Key
X particle size (µm)
Y extinction efficiency (–)
np real part of the refractive index
kp coefficient of the imaginary part of the refractive index

Refractive index of the medium, n
H O
2

  =  1,33; wavelength, λ  =  633  nm. The complex refractive index is given by 

np = np – ikp.

NOTE	 Fraunhofer assumes an extinction efficiency of 2 for all particle sizes.

Figure A.3 — Extinction efficiencies in relation to particle size and refractive index 
(Mie model, transparent)

Figures A.2 and A.3 show good agreement between the Mie and Fraunhofer theories for transparent 
particles larger than about 50  µm and for opaque particles (kp  >  0,2) larger than about 2  µm. Note 
that Fraunhofer assumes an extinction efficiency of 2 for all particle sizes. In the range 2 µm to 50 µm, 
agreement depends on the relative real part and imaginary part of the refractive index. Where both 
theories do not agree, Mie theory shows the strong fluctuations that exist in the extinction efficiency 
in the size range below about 50 µm (size depending on complex refractive index). Both figures also 
indicate a rapid fall of the extinction efficiency in the sub-micrometre region.

Figures A.2 and A.3 illustrate that for particles smaller than approx. 50 µm, the error in the quantity of 
particles predicted depends upon the optical properties of the material being measured.

The scattering patterns show similar regions of agreement and disagreement between the two 
theories with respect to particle size and refractive index. Figure A.4 compares the Mie and Fraunhofer 
predictions for the scattering patterns for 100 µm (opaque) and 3 µm (transparent) particles.
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a) x = 100 μm, np  = 1,59 − 2,0i

b) x = 3,0 μm, np  = 1,59 − 0,0i
Key
X angle (degree)
Y relative intensity (–)
F Fraunhofer model
M Mie model

Refractive index of the medium, n
H O
2

 = 1,33; wavelength, λ = 633 nm.

Figure A.4 — Comparison of scattering patterns of absorbing and non-absorbing 
particles according to the Fraunhofer and Mie models

The choice between the two models may be guided by considering particle size, real refractive index, 
and absorption (imaginary part of refractive index). If all particles in the size distribution are larger 
than about 50  µm, then the Fraunhofer approximation and Mie theory usually provide very similar 
results. For particles in the size range of 2  µm to 50  µm, the degree of agreement between the two 
theories strongly depends on the values for the complex refractive index. Good agreement is usually 
obtained for opaque particles, dissimilar results for transparent particles. For smaller particles, the Mie 
theory offers a good general solution. In all cases where Mie theory is used, good values for the optical 
properties of the material in question need to be provided. Some study or further measurements may 
be required.

Guidance as to which theoretical model is the more realistic together with confirmation of the optical 
properties employed can be given through comparison of the computed concentration from the size 
distribution data with the true concentration. Large deviation indicates that either the optical model or 
the applied refractive index is incorrect. Moreover, other techniques (e.g. microscopy or sedimentation) 
can be employed to check for the existence of a significant proportion of small particles. Note, however, 
that a very large number of small particles is required to yield a significant volume in comparison to a 
single large particle and vice versa.

The intensity of scattered light with respect to the angle of observation for various single particle sizes 
is shown in Figure A.5.
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Key
X angle (degree)
Y relative intensity (–)
Refractive index of the medium, nm = 1,33; wavelength, λ = 633 nm.
The particle refractive index, np = 1,59 – 0,0i.

Figure A.5 — Scattering intensity pattern for single particles in relation to size (Mie model)

The dynamic range of scattering amplitude between a single 0,1  µm particle and a single 100  µm 
particle is approximately 1013. This dynamic range is too great for the detectors currently employed. 
It can be reduced by weighting particles by their volume, which is related to x3. Thus, laser diffraction 
units are designed to respond to the volume of particles that have these sizes, as shown in Figure A.6.

Key
X angle (degree)
Y relative intensity (–)
Refractive index of the medium, nm = 1,33; wavelength, λ = 633 nm.
The particle refractive index, np = 1,59 – 0,0i.

Figure A.6 — Light intensity scattering patterns for equal particle volumes 
in relation to size (Mie model)
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By using equal volumes of each size of particle, the dynamic range of scattering amplitudes is reduced 
to approximately 104 over the size range from 0,1 µm to 100 µm. This dynamic range may be further 
reduced by rigorous and careful detector design.

In view of the characteristic features of the scattering patterns, it is advantageous to sample the 
light intensities over the widest range of angles and, for fairly narrow size distributions, to employ 
an adequate number of detectors with respect to angle. It should be understood that current laser 
diffraction designs use a limited number of detectors, typically less than 100. The limited detector 
number results in the fine detail shown in the scattering graph being lost due to spatial averaging. The 
signal of each detector element is the product of the intensity of scattered light, the geometric area of the 
element, and its sensitivity. Consequently, any decrease of the geometric area leads to smaller signals 
and, thus, a lower signal-to-noise ratio. This is especially important at higher scattering angles, where 
the intensity of the scattered light is usually very low. In practice, this leads to some optimum situation 
for the number of detector elements, their size, and the angular range that they cover. Different designs 
have been implemented by instrument manufacturers.

The current output of a silicon light-sensitive detector is proportional to the intensity integrated 
over the detector area. By arranging small detectors at low angles and higher relative area detectors 
at higher angles, a further reduction in dynamic range of detection can be achieved. For the larger 
scattering angles, the number of detectors per unit angle can be reduced substantially in comparison 
to the smaller angles, in relation to the information content for particle size. The current signal output 
of an optimum detector, which has a flat, horizontal response when plotted against angle for larger 
particles, is shown in Figure  A.7. A matrix of relative energy data that has the property of diagonal 
symmetry and a uniform relationship between particle size and angle of observation has significant 
advantage during the numerical inversion process.

Key
X particle size (μm)
Z angle (degree)
Y relative energy (arb.)
Refractive index of the medium, nm = 1,33; wavelength, λ = 633 nm.
The particle refractive index, np = 1,59 – 0,0i.

Figure A.7 — Scattering patterns for an optimum detector configuration 
against particle size for equal volumes of particles (Mie model)

For large particles, where the scattering cross-section remains in proportion to the geometric cross-
section, equal energy values for equal volumes of particles are achieved. However, for the small particles, 
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where the scattering cross-section becomes dependent upon the refractive index of the particles and 
their size, the constant values cannot be maintained. It can also be seen that the scattering power from 
sub-micrometre particles falls rapidly.

A graph of the light energy predicted by the Fraunhofer model for the same conditions, with the range 
of angles reduced to 30°, is shown in Figure A.8.

Key
X particle size (μm)
Z angle (degree)
Y relative energy (arb.)

Figure A.8 — Scattering patterns for an optimum detector configuration 
against particle size for equal volumes of particles (Fraunhofer model)

Figures A.7 and A.8 illustrate regions of agreement and differences between Mie and Fraunhofer theory 
for large and small particles, respectively.

A.6	 Wavelength dependence and polarization difference

Examination of the predicted light scattering from sub-micrometre particles shows that the angular 
dependence is weak below about 0,3 µm. In order to provide more data about these very small particles, 
additional information is desirable. This can be achieved by using additional light sources having 
another wavelength and/or by measuring differences of polarization and wavelength.

The light scattered from very small particles exhibits a strong dependence upon wavelength. Such 
scattering is inversely proportional to the fourth power of the wavelength, 1/λ4. Some implementations 
of laser diffraction make use of this phenomenon. An illustration of wavelength dependence (Mie 
derived) is illustrated in Figure A.9.
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Key
X particle size (μm)
Z wavelength (nm)
Y relative extinction (arb.)
Refractive index of the medium, nm = 1,33; the particle refractive index, np = 1,59 – 0,01i.

Figure A.9 — Wavelength dependence of extinction for equal volumes 
of different particle sizes in water

For sub-micrometre particles, the polarization of the scattered light in the parallel and perpendicular 
direction also varies strongly with size. The combined influence of polarization difference and 
wavelength is illustrated in Figure A.10 a) and b)[42].

This illustrates that observation angles of around 90° are the most significant and have strong 
wavelength dependence. However, the light scattered by such small particles remains very weak.
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a) b)

Key
X particle size (nm)
Z angle (degree)
Y relative polarization energy difference per unit volume, (Iv

2 − Ih
2)/x3, (arb.)

Refractive index of the medium, nm = 1,33; the particle refractive index, np = 1,59 – 0,01i

Figure A.10 — Polarization difference plotted against scattering angle. 
Particle size of equal volume, for light of wavelengths a) 450 nm and b) 633 nm

A.7	 Scattering patterns for PSDs

Figure A.6 illustrates the characteristic features of the scattering signatures of mono-sized particles. 
The intensity curves show minima and maxima, the angular positions of which are mainly governed by 
particle size, wavelength and complex refractive index. The scattered light intensity for a unit volume 
of large particles at small angles is larger than that of the same volume of small particles. This is due 
to the scattered light energy for large particles being confined to a limited range of angles. Conversely, 
small particles scatter light to a much wider range of angles. During a measurement, generally only 
the relative changes of scattering intensities with respect to angle are important, since the absolute 
intensities are related to particulate concentration. Figures  A.4 to A.6 show the general decrease of 
scattering intensity towards larger angles and the effects of the optical model or refractive index.

In practice, however, wide size distributions are encountered. Figure A.11 shows the influence of size 
distribution width on scattering pattern for log-normal PSDs. It indicates that only mono-sized and very 
narrow PSDs show fine structure with maxima and minima in the scattering pattern. For somewhat 
broader size distributions, this fine structure is lost. Then, smoothing of the maxima and minima 
occurs, due to the strong dependence of their positions on particle size. This loss of fine structure for 
broad PSDs results in even small errors in the detector signals leading to significant differences in such 
distributions. The effect of such errors is largely dependent on the mathematical procedure, including 
constraints and smoothing, used in the de-convolution (see 5.5.5). It also demonstrates the merit of 
having detectors positioned to capture the high angles of scattering.
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Key
X angle (degree) 1 80 %
Y relative intensity (–) 2 20 %

3 5 %
4 mono-size

Percentage width of size distribution = (100 %) × (x90,3 - x10,3)/x50,3.
Refractive index of the medium, nm = 1,33; wavelength, λ = 633 nm.
The particle refractive index, np = 1,59 – 0,0i.

Figure A.11 — Influence of size distribution width on scattering pattern 
(log-normal size distributions around an x50 of 10 µm)

A.8	 Concentration

The scattered light intensity from many particles rises in proportion with the number of particles 
that have that size. In the low concentration region this process is linear. However, at some point the 
concentration is such that a significant amount of the light scattered by individual particles is further 
scattered by neighbouring particles. The point at which this multiple scattering changes the size 
distribution in a significant way marks the maximum allowable particulate concentration for accurate 
size distribution determination[20].

In 5.4.4, it was noted that for the same volume of particles, the number of small particles is much larger 
than that of large particles. Therefore, the concentration of the smallest particles in any distribution 
dominates the point of onset of multiple scattering.

Laser diffraction instruments are often provided with a measure of the attenuation of the incident laser 
beam due to the presence of particles within the measurement zone. This is referred to as either an 
obscuration or a transmission detector. Such detectors almost subtend 0° of scattering and, thus, may 
be regarded as a measured value of extinction.

The output of obscuration or transmission can be used to judge the concentration required to avoid 
significant multiple scattering effects.
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Key
X particle size (µm)
Y volume concentration (%)
Lines are for each obscuration (%)
Refractive index of the medium, nm = 1,33; wavelength, λ = 633 nm; path length, lb = 2 mm.
The particle refractive index, np = 1,59 – 0,1i.

Figure A.12 — Relation of particle size and concentration and its influence on obscuration 
(Mie calculation)

The plots shown in Figure  A.12 illustrate the relation of particle size and concentration and its 
influence on obscuration. Its construction is based upon the Lambert-Beer law to give the particulate 
concentration, C:

C
O

l A Q xi i i
i

=
− −( )

( )∑
2 1

3
3

ln

/
,b

∆
	 (A.5)

where

  Ai is the extinction efficiency of size class, i;

  lb is the illuminated path length containing particles;

  O is the obscuration;

  xi is the geometric mean particle size of size class, i;

  ΔQ3,i is the volume fraction within size class, i.

Any judgement about the concentration to be used to avoid the influence of multiple scattering shall be 
made with regard to the smallest sizes of particle present in any distribution. Consider also the optical 
path length being filled with particles. Refer to the instrument manual in this regard[28].
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A.9	 Data analysis

The prediction of scattering patterns is carried out for unit volume of particles in each size class of 
given width and for detector elements of given geometry. This is conducted by integration of I(θ) over 
the number of particles present per volume in each size class and over the geometry of each element. 
This process is carried out for each series of size classes and detector elements, this leads to a model 
matrix, which is specific for each instrument. It describes how unit volumes of each of n particle size 
classes would appear as a signal Lj at each of m detector elements:
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	 (A.6)

For example, the first row in the matrix (M11 … M1n) describes the signals for unit volumes of all n size 
classes on the first detector element, whereas the first column (M11 … Mm1) gives the contributions of 
the first size class on each of the m detector elements. Similar matrices may be constructed for different 
wavelengths. In matrix notation this can be written as:

L = M V	 (A.7)

In this form, the set of detector signals is seen to be the result of a matrix multiplication of size 
distribution with the model matrix. In actual measurement practice, however, the inverse of this 
problem is required. The signals from all detector elements are measured, the computed model matrix 
is available in the instrument and the PSD is computed by means of a numerical inversion procedure[18]
[32][33][37][42]:

V = M−1 L	 (A.8)

Formulae such as Formula  (A.8) are described as ill-posed and ill-conditioned. Even the smallest 
errors due to measurement make direct inversion without constraint unviable. Therefore, a degree of 
constraint is necessary which varies from manufacturer to manufacturer dependent upon design and 
number of detectors, noise levels and experience. Failure to constrain the inversion adequately may 
lead to solutions of poly-disperse distributions showing ripples in the histogram data. Serious lack of 
constraint can lead to zero or negative values and false modality. On the other hand, over-constraint 
leads to decreased resolution and widening of the actual PSDs.

A.10	Particle shape

Spherical particles show a scattering pattern with circular symmetry. This relation between particle 
shape and scattering pattern holds in general: scattering patterns exhibit the same (lack of) symmetry 
as the particles themselves. Some clear examples are given in Figure A.13, where circular, rectangular 
and irregular particles and their scattering patterns are shown.
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Figure A.13 — Circular, rectangular and irregular particles and their scattering patterns 
(simulated images)

Collectives of non-spherical particles are represented by mixtures of spheres that produce a similar 
scattering pattern. Their sizing result depends on:

a)	 aspect ratio of the particles;

b)	 flow conditions in the measurement zone;

c)	 orientation and geometry of the detector elements.

Particles having an aspect ratio of about 1 can be assumed to take random positions during 
measurement. For particles with an aspect ratio smaller than about 0,2, the flow conditions in the 
measurement zone determine the possibilities to take all possible cross-sections. It has been shown 
that such particles in liquid dispersions usually have a preferred orientation in the measurement zone 
of laser diffraction instruments (Reference [3]). This holds especially for fibres and flakes. It results in a 
limited set of preferred cross-sections seen by the laser beam. Moreover, the corresponding scattering 
patterns do not have circular symmetry, as shown in Figure A.13. Thus, the geometry and orientation 
of the detector determine which part of these scattering patterns is measured and interpreted in terms 
of a PSD. Therefore, the sizing result for particles having large aspect ratios depends on the actual flow 
conditions in the measurement zone as well as on the type of detector (instrument) used.

This demonstrates the vital necessity of having a good quality microscope available in each facility 
engaged in particle sizing to facilitate the understanding and the interpretation of the PSD obtained.
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Annex B 
(informative) 

 
Advice on dispersion liquids

The liquid chosen for the dispersion of powders should:

a)	 be transparent at the wavelength of the light source(s) employed (e.g. for He:Ne laser, 633 nm);

b)	 be compatible with the materials used in the instrument (O-rings, tubing, etc.);

c)	 not dissolve or alter the size of the particulate material;

d)	 be essentially free from air bubbles or other particles;

e)	 favour easy and stable dispersion of the particulate material;

f)	 have a refractive index which differs significantly from that of the particulate material;

g)	 have suitable viscosity in order to enable dispersion and recirculation;

h)	 not be hazardous to health and meet safety requirements.

Water is often used. A low-foaming surfactant may be added to lower the surface tension of water (and, 
thus, facilitate wetting of the particles), whereas a dispersant (often a polyelectrolyte) may be used to 
stabilize the dispersion. Organic liquids can be chosen, such as ethanol, 2-propanol (isopropyl alcohol), 
n-hexane or isooctane. Guidance on dispersion is given in ISO 14887 and References [27] and [42], list 
refractive indices for a variety of liquids.
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Annex C 
(informative) 

 
Dispersion methods — Recommendations

C.1	 Dispersion in gas

For dispersion in gas, an adequate dry disperser should be applied. For coarse, free-flowing particles, 
free fall by gravity is usually sufficient for dispersion. For agglomerated particles, compressed gas 
or vacuum is generally required for dispersion by shear stress with the assistance of mechanical de-
agglomeration by particle-particle or particle-wall collisions (see Figure C.1). The complete test sample 
shall be used for the measurement. All particles should ideally have the same approximate velocity in 
the measurement zone. Often, large sample quantities are used for dry dispersion, which can assist the 
representation of coarse particles in a wide size distribution. Check that combination of the particles 
does not occur and conversely that a good dispersion has been achieved. This is often done by direct 
comparison of a dry with a liquid dispersion: ideally, the results should be the same. Another means 
for checking the degree of dispersion or comminution is by changing the dispersing energy (e.g. the 
primary air pressure) and monitoring the change of the size distribution. Usually, upon increasing 
the dispersing energy, the amount of fines is increased at first, due to improved dispersion. Then, 
sometimes, a point is reached, where the size distribution is nearly constant with increasing energy. 
At still higher energies, the amount of fines may rise again as a result of attrition. If such a plateau is 
reached, its centre defines the optimum dispersing energy.

NOTE	 A plateau is not usually found, e.g. in the case of highly aggregated or fragile particles.

a)   Velocity gradients 
caused by shear stress

b)   Particle-to-particle 
collisions

c)   Surface impacts

Key
V1, V2 velocity
ω angular rotation
a Flow gradient.
b Collision.

Figure C.1 — Processes involved in dry dispersion of powders

C.2	 Dispersion in liquid media

For the preparation of liquid dispersions, refer to ISO 14887. A variety of liquids is available. Annex B 
contains guidelines on the selection of an appropriate liquid for wet dispersion. Generally, pasting, 
stirring and sonification can be used to facilitate proper dispersion of particles in the liquid. A 
preliminary check on the dispersion quality can be made by visual/microscopic inspection of the 
suspension. Also, it is possible to perform some measurements of the suspension in the laser diffraction 
instrument, with intermediate sonification: the measured size distribution should not change 
significantly if the sample is well dispersed and the particles are neither fragile nor soluble.
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The minimum volume of sample required for repeatable measurements increases as the width of the 
size distribution becomes greater in order to allow a sufficient number of large particles to be present 
(see ISO 14488)[29][40]. The volume of the dispersion fluid required to suspend these samples increases 
accordingly if the limits of optical concentration are to be observed. For example, ISO 14488 demands 
for a powder containing particles in the broad size range of 2 µm to 200 µm, a true sample volume of 
at least 0,3 ml for a precision of 3 % for the x90. This requires at least 500 ml of suspension fluid to 
ensure single scattering. The measurement time (or the number of detector readings that are averaged 
for a measurement) should be sufficient to ensure that an adequate representation of all particle sizes 
is reached. Appropriate conditions should be established experimentally, in relation to the desired 
precision.
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Annex D 
(informative) 

 
Instrument preparation — Recommendations

WARNING — Before switching on the power to the instrument, make sure that all components 
of the system are properly earthed (grounded). All the particle dispersing and transporting 
devices, such as the ultrasonic bath, the dry disperser, the vacuum inlets and vacuum hoses, 
shall be earthed to prevent ignition of organic solvents or dust explosions caused by electrostatic 
discharges.

D.1	 Warm up

After switching the power on, allow sufficient time for the instrument to stabilize. Gas lasers such as 
the He-Ne laser require adequate warm-up time (usually more than 30 min).

D.2	 Status check

Check the instrument status and, if necessary, set up the required measuring range and lens. In 
manually aligned systems, ensure, by watching the signals of the detector elements, that the detector is 
properly centred and positioned in the focal plane of the lens. Without particles, the background signal 
should be below the specified thresholds for that instrument set-up and dispersing device. If this is not 
the case, inspect and, if necessary, clean the optical components to ensure proper performance.

D.3	 Working zone

Make sure that the particles are only introduced into the laser beam within the specified working 
distance of the lens, so that all relevant scattering radiation leaving the particles is captured within the 
clear aperture of the lens that focuses it on the detector.

D.4	 Qualify

Qualify the instrument performance with respect to both precision and accuracy at regular time 
intervals by measuring a reference material of known size distribution and record the date and results. 
(see Clauses 5 and 6).

D.5	 Wet dispersion

In the case of wet dispersion, check that air bubbles are absent from the dispersion liquid. Bubbles 
are usually readily visible at the surface of the liquid dispersion or can be detected as random signal 
fluctuations of the low-angle detectors (if a live display is available) or by strong fluctuations of the 
obscuration output. Avoid foaming agents where possible (e.g. as a surfactant).

D.6	 Dry dispersion

In the case of dry dispersion, check, visually or by inspection of subsequent obscuration values, that the 
dosing unit for the disperser generates a steady mass flow.
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D.7	 Sprays

For aerosols and sprays, ensure that no bright daylight is allowed to illuminate the detector, either 
directly or via scattering by particles. Ensure that the flow of particles/droplets is even. If possible, use 
some form of extraction for the particulate stream at the exit of the measurement zone to assist the 
particles in maintaining the same velocity and to ensure the safety of the operator.

D.8	 Optical model

Investigate, if possible, the influence of the optical model (relative refractive index) on the resulting PSD.
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Annex E 
(informative) 

 
Error sources and diagnosis

E.1	 Sampling and sample preparation

a)	 Improper sampling technique, leading to a non-representative sample in the measurement zone. 
This type of error is especially significant when using an inadequate sample splitting technique 
in the case of a large batch of free-flowing material having a wide size distribution. Errors can 
also be due to selective transport within the instrument. For example, application of too low a 
pumping speed may lead to sedimentation of the larger particles in the pumping circuit. In a dry 
measurement, inappropriate use of a flow system may lead to loss of large particles from the 
system prior to measurement. See ISO 14487.

b)	 Incomplete de-agglomeration of particles, due to an improper dispersion procedure (liquid, 
dispersant, sonication).

c)	 Clustering of particles by mechanical forces during dispersion (e.g. sonication in a wet measurement 
or excessive differential pressure and/or collisions with walls in a dry measurement). These effects 
are always more obvious for high-aspect-ratio and fragile/friable particles.

d)	 Swelling, re-agglomeration, dissolution or evaporation of particles/droplets before or during 
measurement.

e)	 Inclusion of air bubbles due to foaming dispersants and/or vigorous stirring.

f)	 Scattering from differences in refractive index in the dispersing liquid or gas due to temperature 
fluctuations, generated, for example, by evaporation of the dispersing liquid or presence of an 
external heat source.

E.2	 Errors and bias from sources related to particle properties

Another main source for bias arises from departure from the theoretical assumptions for the particulate 
material. Again, the errors can come from different sources.

a)	 Asphericity: Most particles in real life do not fulfil the assumption of sphericity. The scattering 
cross sections of non-spherical particles are influenced by the orientation of the particles with 
respect to the light source. It is assumed that the particles are presented to the incident light in all 
possible orientations, which is not always true, especially in the case of particles having a small 
aspect ratio. Often, such particles have a preferred orientation.

b)	 Surface roughness: The particle surface may be rough instead of smooth. This causes diffuse light 
scattering at the boundary and loss of light due to random scattering, which often has an influence 
similar to absorption of light within the particle.

c)	 Optical heterogeneity: The particles may be optically heterogeneous, as is the case for aggregated or 
porous particles, or mixtures of different compositions. Crystalline materials can exhibit different 
refractive indices depending upon the axis of observation. Mie theory may have been used for 
mixtures of materials with different refractive indices. Only one refractive index is used in the model.

d)	 Fluorescence: For some materials, absorbed light can be re-emitted as fluorescence. The angular 
spectrum of this fluorescent radiation is not related to particle size and, thus, disturbs the size 
distribution determination.
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