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Mastersizer 3000 Part 2:

Obtaining and Understanding the Size 
Distribution
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What does laser diffraction measure?
• Laser diffraction systems measure the scattering pattern 
produced by an ensemble of particles suspended in a laser 
beam
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What does an optical model do?
• An optical model predicts the scattering pattern produced by 
a particle
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What does an optical model do?
• And can therefore predict the scattering pattern produced by 
many particles
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How do we use the optical model?
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Understanding the data inversion process
Consider the following example:
• What is the answer to 6 x 7 ?

• The  answer to this is easy, it’s 42!
• Working this way through the problem gives one answer

• But what is 42?
• 21 x 2
• 40 + 2
• 126 ÷ 3
• 1764
• We see that working backwards yields many possible solutions
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How do we use the optical model?

Use optical
model
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Scattering models: Mie Theory
• Models the interaction of light with matter

• Assuming that the particles are spherical
• Assuming that it is a two phase system

• Valid for all wavelengths of light and all particle 
sizes
• Predicts the dependence of scattering intensity 
on particle size
• Predicts that secondary scattering is observed for 
small particles

‘For particles smaller than about 50μm Mie 
theory offers the best general solution’

ISO13320
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Mie Theory: Predicted scattering

Refracted light
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Mie Theory: Optical properties

Absorption

“….. the Mie theory offers the best 
general solution.”

ISO 13320: 2009
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Scattering models: 
Fraunhofer Approximation
• Same basic assumptions as Mie Theory

• Assuming that the particles are discs
• Assuming that it is a two phase system

• Plus the additional assumptions that
• The refractive index contrast is high (RRI > 1.73)
• The particles are opaque
• The wavelength of the light is much shorter than the particle size
• The angle of refracted light is small

• In the MS3000 software the Fraunhofer 
approximation is available as a particle type.

‘The advantage of this equation is that it is relatively simple and 
quick to calculate’. ‘The Fraunhofer approximation does not make 

use of any knowledge of the optical properties of the material’.
ISO13320
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Fraunhofer Approximation: 
Predicted scattering
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Comparing the results of the scattering 
models

‘If the Fraunhofer approximation is applied for samples containing an 
appreciable amount of small, transparent particles, a significantly larger 

amount of small particles may be calculated.’

ISO13320

Mie Theory
Fraunhofer Approximation
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Scattering models:
Fraunhofer Approximation

• Disadvantages
Will produce incorrect answers when…
• Particles are <50µm
• The angle of scatter becomes large and secondary scattering occurs.
• The relative refractive index is small (<1.3) - this equates to a particle 

refractive index of 1.73 in water.

• Claimed Advantage
• “No need to know the optical properties of your material.”
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Mie vs Fraunhofer: Data quality 
advice
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Mie vs Fraunhofer: Data 
Quality advice
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Which optical properties do we need?
• To use Mie theory correctly we need to know three optical 
properties:

• The refractive index of the dispersant
• The refractive index of the sample material
• The imaginary part of the refractive index of the sample material

• Often referred to as the absorption

‘Good understanding of the influence of the complex refractive index in the light 
scattering from particles is strongly advised in order to apply the Mie theory or 

the Fraunhofer approximation appropriately.’
ISO13320
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The imaginary refractive index 
(or absorption)
• The absorption can be determined by looking at the 
dispersed sample under a microscope and observing its

• Shape
• Transparency 
• Internal structure

• Absorption is generally required to a factor of 10
• E.g. 0.1 or 0.01 (not 0.023)

Images of some calcium carbonate 
particles, an absorption of 0.01 would 
be used for these particles.
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Estimating absorption from particle 
appearance
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Methods for determining the refractive 
index
• Four main routes to refractive index information

• Reference books and the internet
• Appendix of ISO 13320
• Malvern materials database
• CRC handbook
• Manufacturers label (for dispersants)
• Online info

• Refractometer measurements
• Microscope observations
• Empirical/semi-empirical models
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Online sources for refractive index 
information
• www.Luxpop.com

• RefractiveIndex.info

• www.Filmetrics.com/refractive-index-database

• Google Scholar

• Remember to look for a wavelength of 633nm for the red light and 470nm for 
the blue light.
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Choosing the refractive index

• You can estimate the optical properties based on typical 
values of similar materials. 

• A Refractive Index is generally only required to 2 decimal places   e.g. 1.42 not 
1.4234 

• Some families of similar materials are:
• Plastics and elastomers = 1.38 - 1.57
• Organic compounds = 1.4 - 1.7
• Inorganic salts = 1.52 - 1.8
• Metal Oxides = 1.6 - 2.5

• Use the estimated refractive index as a starting point and 
examine the fit to confirm the suitability of the value chosen.
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Assessing the data fit
• The fit report shows the measured and calculated scattering 
data
• How well these overlay is known as the data fit
• The residual quantifies how good the fit is

• Residual = area between the two curves

Residual = 0.83%
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Example - unweighted

Example - weighted

Weighted and un-weighted data fits
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Inspecting the data fit: refractive index
• A poor fit to the focal plane detectors (< 40) suggests an 
incorrect choice of refractive index

Poor fit indicates 
incorrect choice of 

refractive index
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Poor data fit here indicates 
poor choice of absorption

Poor data fit here indicates 
poor choice of absorption

Inspecting the data fit: absorption index
• Misfits to the extinction detectors indicate an incorrect 
absorption value

• 51 in the red light
• 63 in the blue light
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Residuals - good “rule of thumb”
• For most size distributions, the residual should typically be less 
than 1%
• For a good fit, the weighted and unweighted residuals should be 
of similar orders of magnitude
• A low residual is good, but the distribution should be believable

Poor agreement

Good agreement
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Residuals for very narrow distributions
• Residuals less than 1.0 are not always achievable.
• Narrow distributions can give higher residuals than expected

Residual greater than 1%

However the 
distribution is correct
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Assessing the data fit: Example
• The user is seeing an “unexpected” mode of small material. 
• The optical properties used were:

• RI:1.4, Absorption: 0.01
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Assessing the fit using 1.4/0.01
Weighted fit Weighted Residual = 3.26

Poor fit 
= incorrect RI

Un-Weighted fit Residual = 0.82
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Assessing the fit using 1.54/0.01
Weighted fit Weighted residual = 0.48

Un-Weighted fit Residual = 0.57 Improved fit
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Looking at the results

• Sample is calcium carbonate
• Reference RI is between 1.53 and 1.63
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The optical property optimiser (OPO)
• Offers a quick way to adjust optical properties and assess the fit and result
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Setting optical properties of mixtures

Consider the smallestOption 1
• Set the optical properties to suit the finest particles.

Consider the averageOption 2
• Calculate the volume-weighted average optical properties.
• Accept there may be errors in the fines.

Consider using FraunhoferOption 3
• Use the Fraunhofer Approximation.
• Accept there may be errors in the fines.

• Sensitivity to optical properties increases as particle size decreases.
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Plastisol – a real life example
• Plastisol uses include:

• Slush moulding
• Textile ink
• Binder in Electric Solid Propellant (rocket fuel)

• Plastisol is a suspension of PVC particles in a liquid 
plasticizer:

Refractive index Absorption

Blowing Agent 1.76 0.1

Filler 1.59 0.1

Pigment 2.51 0.01

Polyvinyl chloride 1.54 0.01



© Malvern Panalytical 2017

Plastisol – by optical properties

1.76/0.1
Blowing 
agent

2.51/0.01
Pigment

1.59/0.1
Filler

1.54/0.01
PVC
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Plastisol – by fit and residual
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Plastisol – which optical 
properties to chose?

• Similar residuals
• Unresolved peak in 1.76/0.1
• Sample knowledge:

• Blowing agent >10µm
• Pigment <1µm

• Laser diffraction knowledge:
• Sensitivity to optical properties 

increases as size decreases

• Select 2.51/0.01

1.76/0.1
Blowing 
agent

2.51/0.01
Pigment
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Plastisol 
Plastisol
Plastisol + residue
Plastisol + residue 
after ultrasound
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Plastisol 
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Pigment – a real life example of using the OPO
• Red ink
• Expected Dv50 120nm
• Red 1.47/0.01 & Blue 1.42/0.01 (reference)

120nm
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Looking at the fit report for the red ink
• Check fit report

Unweighted fit

Weighted fit



© Malvern Panalytical 2017

Red ink
• Check fit – red light only

• Optical properties close for red light

Weighted fit
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OPO – red ink
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OPO – red ink
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OPO – red ink
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Corrected red ink result

• Dv50 now 125nm
• Close to expected value of 120nm

Original data
Final result
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Analysis models
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Analysis Models
• Using a particular analysis model enables the software to 
better interpret the light scattering data. 
• General purpose

• Suitable for the majority of samples
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Analysis Models
• Using a particular analysis model enables the software to 
better interpret the light scattering data. 
• Narrow modes

• Suitable for samples with modes spanning much less than a decade in size
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Analysis Models
• Using a particular analysis model enables the software to 
better interpret the light scattering data. 
• Verification latex

• Suitable for use with very narrow latex size standards
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Particle shape, irregular or spherical?
• Irregularly shaped small particles (<1µm) depolarise light 
more strongly in one direction
• The Non-Spherical option enables this high angle scattering 
to be correctly interpreted.
• Non-Spherical is the default option as the majority of 
materials are irregular



© Malvern Panalytical 2017

Particle shape, irregular or spherical?
• Spherical samples are rarer but will include glass beads, 
latex spheres and emulsions.
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Fine powder mode
• This removes the noise on the inner detectors caused by 
temperature gradients in dry powder feeder measurements 

• Or from using ultrasound in organic solvents

• It is only used in measurements of samples which are finer 
than 600 microns
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Understanding 

the size 

distribution
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Understanding the size distribution

• The Mastersizer 3000 system is designed such that equal 
volumes of particles of different sizes produce a similar 
measured scattering intensity.

• The size distribution is reported as a volume distribution as 
this best reflects the sensitivity of the system. 

• What does this mean in practice?
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Particle size distributions

• If a sample contains particles that are all the same size 
it is described as monodisperse

• Most real world samples will contain a distribution of 
particle sizes and are described as polydisperse
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Understanding distribution weighting
• If we have a sample made up of 3 particles

• With diameters of 1, 2 and 3 units.
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Understanding distribution weighting
• If we measure the sample by a counting technique (such as 
microscopy) we get a number weighted distribution...

• And each particle contributes equally
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Understanding distribution weighting
• If we measure the sample by laser diffraction we get a 
distribution weighted by volume

• And the largest particle features most prominently
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Real example of number and volume 
distributions

0

5

10

15

20

25

0.1 1 10 100

F
re

q
u

en
cy

 /
 %

Particle size / um

Volume distribution Number distribution



© Malvern Panalytical 2017

Representing the size distribution
• The particle size distributions are plotted on a 
logarithmic axis
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Particle size distribution statistics:
Median and Mode
• Median = midpoint of the distribution
• Mode = most commonly occurring size class
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PSD Statistics: Median and Mode
• If the distribution shape is more complex then these 
parameters will diverge
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• Percentiles are the size below which there is a certain 
volume of the sample
• Taken from the cumulative distribution

• Default parameters in the trend table
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PSD Statistics: Percentiles
• Percentiles can be referred to in several ways

• The 50th percentile
• Dv50
• D[v,0.5]
• 𝟎.𝟓 (in the ISO standard)

• The ‘v’ signifies that the percentile is from a volume 
distribution

• Dx50 is used when the result may be volume or number

• The Dv10 and Dv90 are also reported by default
• Other percentiles can also be reported
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PSD Statistics: Mean particle sizes
• The most familiar mean is the arithmetic mean

• Laser diffraction does not use the arithmetic mean
• As it measures the volume of particles, not the number

• Laser diffraction reports the volume weighted mean
• D[4,3]

• And surface area weighted mean
• D[3,2]
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Different types of average
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Different types of average
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PSD Statistics: Volume weighted mean
• D[4,3] is sensitive to changes in the coarse particle fraction

• Useful for monitoring milling or dispersion

D[4,3] = 11.2

D[4,3] =7.95
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PSD Statistics: Surface area weighted mean
• D[3,2] is sensitive to changes in the fine particle fraction

• Useful when surface area is important

D[3,2] = 34.4μm
D[3,2] = 59.1
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PSD Statistics: Other parameters
• Span is a measure of distribution width

Span

Broad sample 8.619

Narrow sample 0.695

Span

Broad sample 8.619
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PSD Statistics: Other parameters
• The Uniformity describes distribution spread 
(has a lower value for narrower distributions)

𝐷𝑣50 = median
𝐷௜ = diameter of size class
𝑉௜ = volume in size class Span Uniformity

Broad sample 8.619 2.525

Narrow sample 0.695 0.213

Span Uniformity

Broad sample 8.619 2.525
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PSD Statistics: Other parameters
• Specific surface area

• Total surface area of particles in the sample divided by their total weight
• Requires the density of the material to be input on the Material page of the 

SOP/record (default value is 1g/cc)

• Concentration
• Volume concentration (%) is calculated using the Beer-Lambert law
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Chose a parameter that is sensitive to 
the changes you wish to monitor
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