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PARTICLE CHARACTERISATION

The invention relates to a particle characterisation instrument, and to a method of

particle characterisation, which may include adaptive photon correlation spectroscopy.

Photon correlation spectroscopy (also termed dynamic light scattering, or DLS) is a
technique for characterising particles by the temporal variation in the intensity of light
scattered from a region of the sample. A time series of measurements of scattered light

is used to determine a size or size distribution of particles dispersed in the sample.

As discussed in W02009/090562, it is well known that the intensity of light scattered
by particles smaller than the wavelength of the illuminating light is a strong function
of particle size. In the Rayleigh scattering limit, where particle radius is below 0.1 of
the wavelength of the illuminating light, the intensity of scattered light is proportional
to the sixth power of the particle radius. The light scattered from such small particles
is also substantially isotropic. Therefore in a dispersion of proteins, typically of size
0.3nm-20nm, an aggregate or filter spoil particle ,e.g. >100nm in size, may dominate
the signal until it has diffused away from the optical detection volume within the
sample. In the often used Cumulants reduction, the output of Z average and

polydispersity index (Pdi), may be badly skewed by the larger fraction.

This sensitivity to contaminants is known, with many literature sources stressing the
importance of careful sample preparation. However the presence of filter spoil or

aggregates is difficult to avoid completely.

A light scattering measurement on a sample containing primarily small particles and
also larger particles can be very sensitive to the larger particles, or even to individual
large particles. The larger particles can degrade the quality with which the smaller
particles can be characterised. Such larger particles may be unwanted contaminants:

they may be aggregates of the primary particles, or some other material.

It is also known to perform particle characterisation by analysing a pattern of
diffracted/scattered light from a sample. The light source is generally a laser, and this
type of analysis may sometimes be referred to as laser diffraction analysis or Static

Light Scattering (SLS). Large particles may also be a problem in static light scattering
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and laser diffraction measurements: scattering from larger particles may obscure

relatively small amounts of light scattered from smaller particles.

US2014/0226158 (Trainer) discloses performing light scattering measurements by
taking a plurality of data sets of light scattering, each data set corresponding with a
certain time (e.g. 1 second). Trainer discloses using an algorithm to sort out data sets
into groups with similar characteristics (e.g. those containing large particles). Each
group is to be inverted separately to produce multiple size distributions, which are
then weighted by total signal time and summed over each channel size to form the
total particle size distribution. The algorithm proposed for categorising data sets is
based on measurement of spectral power in certain bands, determined using a Fourier
transform or by using analog electronic bandpass filters. As an alternative, Trainer
proposes categorising data sets using their autocorrelation function, using different

bands of time delay in place of different frequency bands.

An improved method and apparatus for characterising particles by light scattering is

desirable.

According to an aspect of the invention, there is provided a method of characterising
particles in a sample, comprising:

obtaining a plurality of scattering measurements, each scattering measurement
comprising a time series of measurements of scattered light from a detector, the
scattered light produced by the interaction of an illuminating light beam with the
sample;

determining a segregation parameter from each scattering measurement;

determining a segregation criteria from the segregation parameters;

identifying contaminated scattering measurements, in which a contaminant was
contributing to the scattered light, by comparing the segregation parameter for each
scattering measurement with the segregation criteria; and

determining a particle characteristic from scattering measurements that have

not been identified as contaminated scattering measurements.

The use of a dynamic criteria for categorising scattering measurements as unusual or
contaminated means that the method can be robust enough to include scattering data

from large particles when this is appropriate, for example in the case of a highly
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polydisperse and variable sample, and to exclude or correct for scattering from large
particles when it is appropriate, for example to reject contaminants or aggregates in a

less polydisperse sample.

According to an aspect of the invention, there is provided a method of characterising
particles in a sample, comprising:
obtaining a plurality of scattering measurements, each scattering measurement
comprising a time series of measurements of scattered light from a detector, the
scattered light produced by the interaction of an illuminating light beam with the
sample;
identifying contaminated scattering measurements, in which a contaminant was
contributing to the scattered light; and
determining a particle characteristic from scattering measurements that have
not been identified as contaminated scattering measurements by:
determining an autocorrelation function for each scattering
measurement that has not been identified as a contaminated scattering
measurement;
combining the autocorrelation functions to produce an average

autocorrelation function from which the particle characteristic is derived.

According to an aspect of the invention, there is provided a method of characterising
particles in a sample, comprising:

obtaining a scattering measurement comprising a time series of measurements
of the scattered light from a detector, the scattered light produced by the interaction of
an illuminating light beam with the sample;

producing a corrected scattering measurement, comprising compensating for
scattering contributions from contaminants by reducing a scattering intensity in at
least some time periods of the scattering measurement;

determining a particle characteristic from the corrected scattering

measurement.

The scattering measurement may comprise a measurement of scattering intensity with
respect to time. The scattering measurement may comprise a sequence of photon
arrival times at the detector. The scattering intensity of such a sequence may be

defined by binning the photon arrival times, each bin corresponding with a time
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period. The count of photon arrival times in each bin indicates the intensity (photon

count rate) over the corresponding time period (bin).

Reducing the scattering intensity may comprise high-pass filtering the scattering
measurement. This may remove the relatively low frequency contribution to scattering
that is characteristic of contaminants. The cutoff frequency of the high-pass filter may
be at least 0.5Hz, 1Hz, 2Hz, 5Hz, 10Hz, 20Hz or 50Hz. The high-pass filter may be

any appropriate type, such as a Butterworth, Chebyshev, Hanning window etc.

Reducing the scattering intensity may comprise determining a model of scattering
contributions from contaminants, and then subtracting the model from the scattering

measurement.

Determining the model may comprise low-pass filtering or smoothing the scattering
measurement. This has the effect of removing the high frequency scattering signals
which are likely to represent light scattering from particles of interest, while retaining
scatting signals from contaminants (which tend to be lower in frequency). The model
may comprise a low-pass filtered or smoothed version of the scattering measurement.
Subtracting a low-pass filtered version of the scattering measurement therefore may

produce a “cleaner” scattering measurement.

The low-pass filter or smoothing operation may comprise a moving average, a
Savitsky Golay filter, or any of the filter types mentioned above with reference to a
high-pass filter. The cut-off frequency for the low-pass filter may be the same as the

values mentioned above with reference to a high-pass filter.

The model may comprise a fit to the scattering measurement. There may be instances
where a fit may be more suitable than application of smoothing, for example when the
count rate trace contains spikes. Spikes in the scattering measurement may be fitted
using peak functions (Gaussian, Lorentz, Voight etc.). Fits may be applied over
regions where peaks are identified with reference to an intensity exceeding a threshold
value, or other peak detection techniques such as finding when the derivative of the

smoothed scattering signal crosses zero.
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Reducing the scattering intensity may comprise determining a contaminant parameter
from the scattering measurement, wherein the step of reducing the scattering intensity
is responsive to the contaminant parameter (so that the contaminant parameter affects
at least one of an amount of reduction in scattering intensity and a time period of
reducing scattering intensity). The contaminant parameter could comprise, for
example, a cut-off frequency of the high-pass or low-pass filter described above. The
contaminant parameter could, alternatively or additionally, comprise a threshold

intensity (e.g. count rate) corresponding with contaminant scattering.

Determining the contaminant parameter from the scattering data means that the
reduction of contaminant scattering is a dynamic process that responds to the type of
data. The result of this is a more robust method that is appropriate for analysis of both

highly polydisperse samples and monodisperse samples.

Determining the contaminant parameter from the scattering measurement may

comprise finding statistical outliers in spectral content of the scattering measurement.

Determining the contaminant parameter may comprise determining a spectral content
of each of a plurality of time periods of the scattering measurement. For example, the
time series of measurements may comprise a series of shorter scattering
measurements, and the spectral content of ecach scattering measurement may be
determined. A Fourier transform may be used to determine the spectral content of each

time period.

Determining the contaminant parameters may comprise determining a statistical
property of the spectral power at cach of a range of frequencies. The statistical
property may comprise an average and/or a standard deviation. The range of
frequencies may comprise a range of frequencies within which it is expected that
transient contaminants may make a significant contribution. The range of frequencies
may comprise up to 10Hz, 20Hz, 30Hz, 40Hz, 50Hz or 100Hz. A cut-off frequency
may be determined by finding, within the range of frequencies, a lowest frequency at

which none of the time periods comprise spectral powers that are outliers.

A measurement (e.g. a spectral power) may be considered an outlier when it deviates

from an average value by more than a threshold deviation. The threshold deviation
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may be determined with reference to a standard deviation (e.g. two or three standard

deviations).

Reducing a scattering intensity in at least one time period of the scattering

measurement may produce an adjusted scattering measurement.

In order to generate a meaningful signal that varies in amplitude with time, it is
necessary to select a bin width that is wide enough to include more than one photon
arrival for at least some bin times. The time resolution of a binned time history of
scattering intensity is limited by the temporal width of the bin. This means that a
correlogram derived from a binned time history will not resolve very short decay
times: temporal resolution that is available in the raw photon arrival time data must be

discarded by binning the signal.

Producing a corrected scattering measurement may comprise producing a composite
autocorrelation function by combining part of a raw autocorrelation function, derived
from the uncorrected scattering measurement (e.g. a sequence of photon arrival times),
with part of an adjusted autocorrelation function, derived from the adjusted scattering
measurement. The part of the raw autocorrelation function may correspond with delay
times that are shorter than or equal to a selected delay time. The part of the adjusted
autocorrelation function may correspond with delay times that are longer than or equal
to the selected delay time. The raw autocorrelation function may be normalised (i.e.
multiplied by a factor) to be continuous with the adjusted autocorrelation function at a

selected delay time.

The selected delay time may be in the range of 50 to 200 micro-seconds. The selected
delay time may be derived from the bin width of the adjusted scattering measurement,
¢.g. 5 times or 10 times the bin width. The selected delay time may be determined by
performing a cumulants analysis, or by differentiation of the adjust autocorrelation
function to find a point of minimum curvature and using the corresponding delay time

as the selected delay time.

The raw autocorrelation function may be normalised by a factor selected to cause the

gradient of a linear region of the raw autocorrelation function (e.g. corresponding with
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the polydispersity in a Cumulants analysis) to match a gradient of the same linear

region of the adjusted autocorrelation function.

Where the scattering measurement comprises a sequence of photon pulses
(corresponding with photon arrival times), reducing the scattering intensity may
comprise deleting photon pulses (e.g. photon arrival times) from the sequence. This
has the advantage of allowing temporal resolution to be preserved in the corrected
scattering measurement, without the need for combining raw data with corrected data.
Deleting photon pulses from the sequence may be considered analogous to a software

optical attenuator.

Deleting events from the sequence may comprise selecting bins (comprising photon
pulses for deletion) based on scattering intensity (e.g. determined as described above,
by binning). A threshold scattering intensity for selecting bins may be determined
from the scattering measurement (e.g. based on a distribution of the scattering
measurement). For example, the threshold scattering intensity may be determined from
an average intensity of the scattering measurement. The threshold scattering intensity
may, for example, comprise the average intensity (of the scattering measurement) plus
the difference between the average and minimum count rate, or may comprise the
average intensity plus three standard deviations, or may comprise the minimum count

rate plus two times the square root of the minimum count rate.

Selected bins may each be corrected by deleting a number of photon pulses from the
selected bin. The appropriate number of photons may be the excess number of photon
pulses above the threshold. The photon pulses may be selected at random from those

within the selected bin.

Reducing the scattering intensity may comprise directly correcting a scattering
measurement comprising a sequence of photon pulses by subtracting a model of
scattering contributions from the sequence of photon pulses. The model of the
scattering contributions from contaminants may be determined as described above (for
example by binning the photon pulses and low-pass filtering or smoothing). The
model of the scattering contributions may comprise an estimate of the number of

photon pulses in each bin due to scattering from a contaminant. Correcting each bin
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therefore may comprise deleting the number of photon pulses from each bin (e.g. by

selecting them at random) that is indicated by the model.

This direct correction (¢.g. before binning) of a sequence of photon pulses avoids
compromising the temporal resolution of the scattering signal, and results in a

corrected autocorrelation function that can resolve very short decay times.

Reducing the scattering intensity may comprise modifying a recorded scattering
measurement. Reducing the scattering intensity may comprise attenuating a scattering

signal in the optical domain.

The method may comprise illuminating the sample in a sample cell with the light
beam, so as to produce the scattered light by the interaction of the light beam with the

sample.

Obtaining scattering measurements may comprise receiving the measurements from
the detector, retrieving the scattering measurements from a non-volatile machine
readable medium (e.g. a hard disk, SSD, optical medium, etc.), or receiving the
measurements via a communication channel (e.g. network, serial connection, USB,

SATA, IDE, PCIE).

Determining a particle characteristic may comprise determining at least one of: a
particle size, a particle size distribution, a zeta potential, a protein mobility, and a

rheological property.

The method may further comprise determining a further particle characteristic from
scattering measurements that have been identified as those in which a contaminant
was contributing to the scattered light. The method may further comprise determining

an average particle characteristic from all the scattering measurements.

The method may comprise determining an autocorrelation function for each scattering

measurement.

Where a plurality of scattering measurements have been obtained, determining the

particle size distribution may comprise combining autocorrelation functions for each
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scattering measurement that has not been identified as a contaminated scattering
measurement. Determining the further particle size distribution may comprise
combining autocorrelation functions for each contaminated scattering measurement. In
general, determining a particle size distribution may comprise combining

autocorrelation functions for the scattering measurements to be included.

Combining autocorrelation functions may comprise adding together the
autocorrelation functions. Combining autocorrelation functions may comprise

determining a mean autocorrelation function.

The segregation parameter for each scattering measurement may be determined from
the autocorrelation function for that scattering measurement. Determining the
segregation parameter may comprise inverting the autocorrelation function for each
scattering measurement to determine particle characteristics the each measurement

(e.g. using the cumulants method, or any other method, such as CONTIN).

The segregation parameter may comprise at least one of: a polydispersity index (Pdi),
average particle size (Zaverage), an autocorrelation value corresponding with at least
one delay time, a spectral power corresponding with at least one range of frequencies,
an average intensity, an intensity variation (i.e. a maximum minus a minimum

intensity), and/or a Doppler frequency width.

The term “average” in this disclosure includes mean, mode and median, and includes
parameters calculated from a best fit (e.g. using a normal distribution) to a
distribution or histogram of the segregation parameters. The segregation criteria may

be used as a threshold for identifying contaminated scattering measurements.

The segregation criteria may be derived from at least one statistical property of the
segregation parameters. Determining the segregation criteria may comprise
determining an average and/or a standard deviation of the segregation parameters. The
segregation criteria may be derived from the standard deviation and average value of
the segregation parameter. The segregation criteria may be determined by adding 2, 3,

4, 5, or 6 standard deviations to the average segregation parameter.
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There may be a single detector. Alternatively, each (or the) scattering measurement
may comprise a time series of measurements of the scattered light from a plurality of
detectors. At least some of the plurality of detectors may be arranged to receive light
scattered at different scattering angles to the illuminating light beam. At least some of
the plurality of detectors may be arranged to receive light scattered at the same
scattering angle to the illuminating light beam. A reference to a scattering angle may

refer to a centroid of the detector.

The segregation parameter may comprise a distribution of intensity at different
scattering angles (based on the average intensity over the time series). For example,
an average distribution of scattered light at different scattering angles may be used as
a segregation criteria, and contaminated scattering measurement periods identified
based on a lack of similarity with the average distribution of scattered light at

different scattering angles.

Where the segregation criteria comprises more than one value, a weighted average of
the difference between each value of the segregation parameter and the segregation

criteria may be used to identify contaminated scattering measurements.

Determining a particle size distribution may comprise performing a dynamic light

scattering measurement from the processed time series of measurements.

Determining a particle size distribution may comprise performing a light diffraction
particle characterisation analysis (for example using Fraunhofer or Mie scattering
theory) on the time series of measurements. The methods disclosed herein may be
applied to Static Light Scattering (SLS), Dynamic Light Scattering (DLS),
Electrophoretic Light Scattering (ELS), Magnetophoretic Light Scattering (MLS) and
related methodologies, for instance to measure protein mobility, surface zeta,
microrheology etc. Correlated light scattering data could be processed for
microrheology measurements, with transient effects removed in a manner to the other

embodiments described herein.

The term “contaminant” includes large particles or otherwise unusual particles. The
term “large particle” does not exclude a plurality of large particles. The term “large

particle” may mean a particle with a diameter larger than a predetermined threshold
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size. In some embodiments, it is simply unusual (or transient) scattering data that is
identified/corrected for, for instance based on an analysis (e.g. statistical analysis) of

a parameter determined with reference to the data.

Other embodiments may use a combination of the above methods to correct for light

scattered by contaminants.

By correcting for the signal due to scattering from contaminants in this way, more
accurate information about the small particles present in a sample can be extracted
from scattering measurements, which may reduce the need for multiple photon
counting detectors. Fitting a model of large particle behaviour to the data and
removing the estimated contribution of contaminants may be particularly
advantageous, as at least a substantial part of small particle data is not lost from those

times during which a large particle dominated the measured signal.

Where a plurality of scattering measurements have been obtained, the duration of each
scattering measurement may be: 5 seconds or less; 2 seconds or less; 1 second or less;
0.5 seconds or less; or 0.1 seconds or less. At least 10, 20, 50 or 100 scattering

measurements may be used to characterise a sample.

Determining a particle size distribution from scattering measurements that have not
been identified as contaminated scattering measurements may comprise analysing each
scattering measurement separately, and then using the average of each scattering
measurement analysis to determine the particle size distribution. For example, the
autocorrelation function for each scattering measurement could be combined to
produce an average corrclogram, and a particle size distribution determined from the

average correlogram.

The method may comprise performing an initial number of scattering measurements,
with scattering measurements being obtained until an average obtained from the
combined data has converged (e.g. until the average correlogram has converged). A
convergence criteria may be based on the amount that the average obtained from the

combined data changes over a number of succeeding measurements.
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In some embodiments the segregation criteria may be user selectable. Information
(e.g. statistical information, a distribution of a parameter and/or analysis results
obtained using the threshold) may be presented to the user to help the user make a

selection of the appropriate threshold.

According to an aspect of the invention, there is provided a method of identifying
contaminated portions of a scattering measurement comprising a series of photon
arrival times of scattered light at a detector, the scattered light produced by the
interaction of an illuminating light beam with the sample, comprising:

determining a gradient of photon arrival time as a function of photon number
for each of a plurality of windows; and

identifying contaminated windows, that comprise light scattering from
contaminants, by comparing the gradient for each window with a threshold gradient

range.

The method may comprise identifying an optimal period of the scattering
measurement, corresponding with the longest continuous period of the scattering

measurement that does include contaminated windows.

The method may comprise determining a particle characteristic from the optimal

period.

The threshold gradient range may be determined from the gradient of each of the
plurality of windows. Determining the threshold gradient range may comprise
determining an average of the gradients of the windows. For example the threshold
gradient range may be a percentage range on ecither side of an average window

gradient.

The threshold gradient range may be determined from the gradient of the whole
scattering measurement, for example from a percentage deviation of the gradient of
the whole scattering measurement. The gradient of the whole scattering measurement

may be determined from a linear fit to the whole scattering measurement.

Each window may correspond with a time period or a number of photon arrival times.

A larger window may correspond with a longer time period or a greater number of
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photon arrival times, and a smaller window may correspond with a shorter time period

or a smaller number of photon arrival times.

The method may comprise making the window smaller in response to an increased

required degree of sensitivity to contaminants.

The method may comprise an iterative process, in which a large window is used to
initially identify a candidate optimal period, and a smaller window (or sequence of
smaller windows) is used to increase a level of confidence in the optimal period being

free from contaminants.

According to an aspect of the invention, there is provided a non-volatile machine
readable medium comprising instructions that, when run on a suitable processor, cause
the processor to:

obtain a plurality of scattering measurements, each scattering measurement
comprising a time series of measurements of scattered light from a detector, the
scattered light produced by the interaction of an illuminating light beam with the
sample;

determine a segregation parameter from each scattering measurement;

determine a segregation criteria from the segregation parameters;

identify contaminated scattering measurements, in which a contaminant was
contributing to the scattered light, by comparing the segregation parameter for each
scattering measurement with the segregation criteria; and

determine a particle characteristic from scattering measurements that have not

been identified as contaminated scattering measurements.

According to an aspect of the invention, there is provided a non-volatile machine
readable medium comprising instructions that, when run on a suitable processor, cause
the processor to:

identify contaminated scattering measurements, in which a contaminant was
contributing to the scattered light; and

determine a particle characteristic from scattering measurements that have not

been identified as contaminated scattering measurements, comprising:
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determining an autocorrelation function for each scattering
measurement that has not been identified as a contaminated scattering
measurement;

combining the autocorrelation functions to produce an average

autocorrelation function from which the particle characteristic is derived

According to an aspect of the invention, there is provided a non-volatile machine
readable medium comprising instructions that, when run on a suitable processor, cause
the processor to:

obtain a scattering measurement comprising a time series of measurements of
the scattered light from a detector, the scattered light produced by the interaction of
an illuminating light beam with the sample;

produce a corrected scattering measurement, comprising compensating for
scattering contributions from contaminants by reducing a scattering intensity in at
least some time periods of the scattering measurement;

determine a particle characteristic from the corrected scattering measurement.

According to an aspect of the invention, there is provided a non-volatile machine
readable medium comprising instructions that, when run on a suitable processor, cause
the processor to:
identify contaminated portions of a scattering measurement comprising a series
of photon arrival times of scattered light at a detector, the scattered light produced by
the interaction of an illuminating light beam with the sample, by steps comprising:
determining the gradient of photon arrival time as a function of photon
number for each of a plurality of windows; and
determining contaminated windows that comprise light scattering from
contaminants, by comparing the gradient for each window with a threshold

gradient range.

According to an aspect of the invention, there is provided an apparatus for
characterising particles, comprising: a light source, a sample cell, a detector and a
processor; wherein

the light source is operable to illuminate a sample within the sample cell with a
light beam so as to produce scattered light by interactions of the light beam with the

sample;
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the detector is configured to detect the scattered light and produce a time series
of measurements; and

the processor is configured to :

obtain a plurality of scattering measurements, each scattering
measurement comprising a time series of measurements of scattered light from
the detector, the scattered light produced by the interaction of an illuminating
light beam with the sample;

determine a segregation parameter from each scattering measurement;

determine a segregation criteria from the segregation parameters;

identify contaminated scattering measurements, in which a contaminant
was contributing to the scattered light, by comparing the segregation parameter
for each scattering measurement with the segregation criteria; and

determine a particle characteristic from scattering measurements that

have not been identified as contaminated scattering measurements.

According to an aspect of the invention, there is provided an apparatus for
characterising particles, comprising: a light source, a sample cell, a detector and a
processor; wherein
the light source is operable to illuminate a sample within the sample cell with a
light beam so as to produce scattered light by interactions of the light beam with the
sample;
the detector is configured to detect the scattered light and produce a time series
of measurements; and
the processor is configured to:
identify contaminated scattering measurements, in which a contaminant
was contributing to the scattered light; and
determine a particle characteristic from scattering measurements that
have not been identified as contaminated scattering measurements, comprising:
determining an autocorrelation function for each scattering
measurement that has not been identified as a contaminated scattering
measurement;
combining the autocorrelation functions to produce an average
autocorrelation function from which the particle characteristic is

derived.
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According to an aspect of the invention, there is provided an apparatus for
characterising particles, comprising: a light source, a sample cell, a detector and a
processor; wherein
the light source is operable to illuminate a sample within the sample cell with a
light beam so as to produce scattered light by interactions of the light beam with the
sample;
the detector is configured to detect the scattered light and produce a time series
of measurements; and
the processor is configured to :
obtain a scattering measurement comprising a time series of
measurements of the scattered light from the detector;
produce a corrected scattering measurement, comprising compensating
for scattering contributions from contaminants by reducing a scattering
intensity in at least some time periods of the scattering measurement;
determine a particle characteristic from the corrected scattering

measurement.

According to an aspect of the invention, there is provided an apparatus for
characterising particles, comprising: a light source, a sample cell, a detector and a
controller; wherein
the light source is operable to illuminate a sample within the sample cell with a
light beam so as to produce scattered light by interactions of the light beam with the
sample;
the detector is configured to detect the scattered light and produce a time series
of measurements; and
the controller is configured to :
obtain a scattering measurement comprising a time series of
measurements of the scattered light from the detector;
compensate for scattering contributions from contaminants by reducing
a scattering intensity in at least some time periods of the scattering

measurement.

The apparatus may comprise a variable attenuator. The variable attenuator may be
configured to compensate for scattering contributions from contaminants by

attenuating scattered light. The variable attenuator may be configured to compensate
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for scattering contributions from contaminants by attenuating the illuminating light

beam.

The controller may be operable to provide a signal to the variable attenuator that is

proportional to a scattering contribution from contaminants.

In some embodiments the detector may comprise a photon counting detector, and/or
may be configured to detect back scattered, forward scattered and/or side scattered
light. The apparatus may comprise a plurality of detectors configured to detect
scattered light. At least some of the detectors may be configured to detect light
scattered at different scattering angles, and/or at least some of the detectors may be

configured to detect light scattered at the same scattering angle.

The apparatus may further comprise at least one optical fibre that provides an optical
path between the detector(s) and a scattering volume that is illuminated by the light

source.

According to an aspect of the invention, there is provided an apparatus for
characterising particles, comprising: a light source, a sample cell, a detector and a
processor; wherein
the light source is operable to illuminate a sample within the sample cell with a
light beam so as to produce scattered light by interactions of the light beam with the
sample;
the detector is configured to detect the scattered light and produce a scattering
measurement comprising a series of photon arrival times of scattered light at the
detector; and
the processor is configured to identify contaminated portions of the scattering
measurement by:
determining the gradient of photon arrival time as a function of photon
number for each of a plurality of windows; and
determining contaminated windows, that comprise light scattering from
contaminants, by comparing the gradient for each window with a threshold

gradient range.
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Features of each and every aspect may be combined with those of each and every
other aspect. Aspects relating to an apparatus may be configured to perform the
corresponding method, and may be configured to perform any of the optional method

steps.

Example embodiments will be described, purely by way of example, with reference to

the accompanying drawings, in which:

Figure 1 is a schematic of a particle characterisation apparatus according to an

embodiment;

Figure 2 is a schematic of a particle characterisation apparatus processing means

according to an embodiment;

Figure 3 is a flow diagram of a method according to an embodiment;

Figure 4 shows some example results, for processing according to an embodiment;

Figure 5 shows a graph of photon count intensity over time, obtained from a poor

quality sample in which spikes are present in the data, as a result of scattering from

highly scattering particles;

Figure 6 shows a graph of photon count intensity over time, obtained from a poor

quality sample in which a large particle causes a slow fluctuation in the data;

Figure 7 shows a graph of count rate as a function of Z-average size for a sample of

220nm latex spheres containing filter spoil (contaminants);

Figure 8 shows a graph of polydispersity index (Pdi) as a function of Z-average size

for the same sample used for Figure 7;

Figure 9 shows a histogram of the polydispersity index (Pdi) for three different

samples containing either dust simulant or aggregates;
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Figure 10 shows a graph illustrating rejection/segregation criteria for scattering

measurements based on polydispersity index;

Figure 11 shows a graph illustrating correlograms for: all scattering measurements,
the retained scattering measurements, and the rejected/segregated scattering

measurements;

Figure 12 shows an intensity distribution with respect to particle size for: all
scattering measurements, the retained scattering measurements, and the

rejected/segregated scattering measurements;

Figure 13 shows a graph illustrating the application of a polydispersity index based
rejection/segregation criteria for scattering measurements in which the sample is

highly polydisperse and variable.

Figure 14 is a graph or normalised intensity vs frequency shift of scattering light,

showing how spectral width can be used to identify and discard outlier data;

Figure 15 is a graph of simulated count rate data showing light intensity at a scattering
detector and a moving average calculated from the simulated count rate (with a 20

point window);

Figure 16 is a graph of the same simulated count rate data used in Figure 15, but with

the moving average subtracted;

Figure 17 is a graph illustrating the application of rejection criteria to a highly
variable and polydisperse sample, showing the retention of most scattering
measurements;

Figure 18 is a graph of count rate of scattered light from a contaminated sample;

Figure 19 is a set of Fourier transforms, showing the spectral power in periods of the

count rate shown in Figure 1§;
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Figure 20 is a graph of a raw autocorrelation function obtained from the raw data used
to produce Figure 18, and a corrected autocorrelation function obtained from a filtered

version of the (binned) photon count rate shown in Figure 18§;

Figure 21 is a graph of a composite autocorrelation function obtained by combining
part of the corrected autocorrelation function of Figure 20 with a re-normalised

version of the raw autocorrelation function;

Figure 22 is a graph showing using a threshold intensity criteria to select bins for

correction from the count rate signal previously shown in Figure 18;

Figure 23 is a graph showing the corrected count rate signal, after the correction

threshold shown in Figure 22 has been applied;

Figure 24 is a comparison of a raw autocorrelation function with a corrected
autocorrelation function obtained from adjusted measurement data in which a
correction for scattering from contaminants was applied by discarding photon arrival

times;

Figure 25 is a graph illustrating how the gradient of photon arrival time vs photon

number can be used to identify scattering from contaminants;

Figure 26 is a graph illustrating the identification of an optimal measurement period
by identifying windows of a scattering signal that comprise contaminant scattering;

and

Figures 27 to 29 are schematic diagrams of apparatus in which compensation for
scattering from contaminants is performed in the optical domain, with an optical

attenuator.

Figure 1 shows a particle characterisation apparatus comprising a light source 102,
sample cell 104, backward scatter detector 114, forward scatter detector 124, and light
trap 108.
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The light source 102 may be a coherent light source, such as a laser, and may output
mono-chromatic light. Alternatively, the light source 102 may be an LED. The light
source 102 is configured to illuminate a sample 106 within the sample cell 104 with a

light beam 103 along a light beam axis.

The interaction of the illuminating light beam 103 with the sample 106 produces
scattered light. Forward scattered light 121 may be defined as light that is scattered at
angles of less than 90 degrees to the direction of the illuminating light beam axis.
Backward scattered light 111 may be defined as light that is scattered at angles of
more than 90 degrees to the direction of the light beam axis (i.e. having a component

in the opposite direction to the illuminating light beam).

The forward scatter detector 124 is configured to detect forward scattered light 121.
The forward scattered light 121 is directed to the detector 124 via a collecting lens
120, which couples the scattered light 121 to an optical fibre 122. The optical fibre
122 provides an optical path to the forward scatter detector 124. The collecting lens
120 may be a graded refractive index lens, or any other suitable lens. Further, or fewer
optical components may be included in the optical path between the illuminated region
of the sample 106 and the forward scattering detector 124. For instance, in some

embodiments, the optical fibre 122 may be omitted, and free space optics used instead.

The backward scatter detector 114 is configured to detect backward scattered light
111. The backward scattered light 111 is directed to the sensor via a collecting lens
110, which couples the scattered light 111 to an optical fibre 112. The optical fibre
112 provides an optical path to the backward scatter detector 114. The collecting lens
110 may be a graded refractive index lens, or any other suitable lens. Further, or fewer
optical components may be included in the optical path between the illuminated region
of the sample 106 and the backward scattering detector 114. For instance, in some

embodiments, the optical fibre 112 may be omitted, and free space optics used instead.

In some embodiments, only a single detector may be provided, for instance only a side
scattering detector (detecting light scattered at 90 degrees), or only a forward

scattering detector, or only a backward scattering detector may be present.
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The apparatus of Figure 1 may be configured to perform a dynamic light scattering
analysis, for instance using the output from a single detector (such as the backward

scattering detector 114).

Figure 2 shows detector 114, processor 130 and output device 132. The processor 130
is configured to receive a time series of light intensity measurements from the detector
114, and to perform a correlation operation on the measurements to characterise
particles of a sample by dynamic light scattering. The processor 130 may store the
measurements in a machine readable storage medium, for example in memory, on a
solid state storage drive, a hard disk, in the cloud etc. The processor 130 may then
output the results of the analysis to the output device 132, which may comprise a

display screen.

The processor 130 is configured to determine, from a time series of measurements
from a detector 114, which measurements were taken at times when a contaminant

(e.g. a large particle) was contributing to the scattered light.

Apparatus according to an embodiment may combine the features shown in Figures 1
and 2 (and described with reference to these Figures), and may be configured to

perform the method which is shown in outline form in Figure 3.

Figure 3 shows a series of method steps 201-204. Step 201 comprises illuminating a
sample 106 in a sample cell 104 with a light beam 103, so as to produce scattered light
111 by the interaction of the light beam 103 with the sample 106.

Step 202 comprises obtaining a time series of measurements of the scattered light 111
from detector 114, which may be a single detector. The term “single detector” as used
herein may include a plurality of detectors (e.g. a 1D or 2D detector element array)
corresponding with a specific light scattering angle (or narrow range of light

scattering angles, such as 5 degrees or less).

Step 203 comprises determining, from the time series of measurements from the
detector 114, which measurements were taken at times when a contaminant (e.g. large
particle) was contributing to the scattered light. A number of different methods can be

used to do this, as will be explained more fully below.
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Step 204 comprises determining a particle characteristic (e.g. a particle size
distribution), either from the measurements which are not taken at times when a
contaminant was contributing to the scattered light, or from measurements which have
been corrected to mitigate the effect of scattering from contaminants. Step 204 may
comprise performing a dynamic light scattering measurement using the time series of
measurements. Correcting for scattered light from a contaminant may improve the
quality and/or accuracy of the characterisation of the particles, because the relatively
intense scattering from the contaminants (e.g. larger particles) will thereby be
prevented from corrupting the characterisation of smaller particles within the sample

(which may be the particles of most interest).

Figure 4 illustrates a time series of measurement results from a detector 320, along
with a plot of a correlation function 310 obtained from the measurement results 320. A
particle size distribution (PSD) plot 330 of scattered light intensity with respect to
particle size is also shown. Examination of the measurements 320 shows that the light
intensity markedly increases after t=8s, corresponding with scattering from a large

particle.

This is one way to identify measurements that are taken at times when a large particle
is scattering light. In the present case, for example, a threshold intensity value of 600
counts per second could be used to identify light scattering from a large particle. Data
within a predetermined time (e.g. 1s or 0.5s) of this threshold being exceeded may be
excluded from a subsequent DLS analysis. For example, if the threshold is exceeded at
t=9s, data from t=8s onwards may be excluded, or a fitted model of the scattering
contribution due to the large particle removed from the these data. The precise values
of intensity threshold and time window may depend on the instrument configuration
and the specific measurement setup. The threshold may be 2, 3, 4, or 5 standard
deviations of the intensity values (which may be determined after a complete

measurement has been taken, or dynamically, as the measurement is taken).

Alternatively, or additionally, the frequency of features within the time series of
measurements may be used to identify light scattering from a large particle: a low
frequency feature is likely to correspond with a large particle. In the example data 320

the measurement is relatively stable, until the low frequency, large amplitude
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excursion from t=8s. The combination of low frequency and large amplitude
fluctuations in light intensity may be particularly characteristic of large particles, and
may be used to identify times when a large particle is scattering. A frequency of less

than 10, 5, 4, 3, 2, 1, or 0.5 Hz or less may be associated with a large particle.

The PSD plot 330 is based on processing the full time series of data, including the
time series between t=8s and t=10s. It shows a light intensity peak corresponding with

a particle size of around 1000nm.

One way to identify that a large particle is present within a particular time window is
to partition the full time series of data (or run) into a plurality of scattering
measurements (or sub-runs) with shorter periods runs, and then to analyse each of the
sub-runs to determine whether it includes scattering from a contaminant. For example,
if the data 320 were partitioned into a plurality of sub-runs of duration 1 second, and a
DLS correlation analysis performed on the data of each sub-run, it would be
straightforward to identify in which sub-run a significant amount of light scattering is
contributed by a large particle or particles (e.g. more than 1%, 5% or 10% of the total
scattered light, or when the intensity PSD exceeds 1, 5 or 10% at a particle size over a
specific threshold). The sub-runs with a significant amount of scattering from
contaminants (e.g. larger particles) may then be excluded from the measurement
series. The remaining measurement data may then be combined, and a DLS
measurement performed based on the combined remaining data. Alternatively, a model
of scattering due to the contaminant may be fitted to the data within each sub-run with
a significant amount of scattering from contaminants. The estimate of the scattering
signal due to the contaminant, as calculated by the fitted model, may then be removed
from the data within the sub-run. The remaining corrected data may then be combined
with the data from the other sub-runs in the measurement series, and a DLS

measurement performed on the combined corrected data series.

Embodiments of the invention may provide significantly improved DLS

characterisation fidelity in cases where large particles are problematic.

Figure 5 shows a graph 350 of photon count rate over time obtained from a scattered
light detector. Spikes 351 are present in the data (not all of which are labelled in

Figure 5), corresponding with periods of time when a highly scattering particle (i.e. a
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contaminant) is within the measurement volume of the instrument. One way to deal
with this contribution from contaminants is to correct the data to remove the scattering
contributions from the contaminants — this may be advantageous when compared with
simply discarding the contaminated data, because potentially valuable measurement

data is retained.

Figure 6 shows a graph 360 of photon count rate over time obtained from a scattering
detector. In contrast to the short duration “spikes™ of Figure 5, the contaminant for the
data of Figure 6 is a large particle that slowly impinges on the measurement volume,
resulting in a low frequency variation in detected intensity. This type of contribution
to scattering from a larger particle may be dealt with by removing the low frequency

component of the data.

It is desirable to be able to identify contaminated scattering measurements (e.g. sub-
runs in which larger particles contributed to scattering). One way to do this is by
determining intensity of each sub-run, and using an average intensity value (e.g.
mean, median value etc) as a rejection criteria. Larger particles are associated with
stronger scattering, so higher intensity sub-runs may be associated with larger
particles. The threshold for rejection of sub-runs may be determined from the
ensemble characteristics of all the sub-runs. For instance the threshold average
intensity could be derived from an average intensity taken across all sub-runs (e.g.

two or three standard deviations from an average intensity for all sub-runs).

Figure 7 shows a graph 410 of the mean count rate (intensity) as a function of the Z
average particle size for a plurality of scattering measurements (or sub-runs) obtained
from a measurement performed on a sample comprising 220nm latex spheres and some
filter spoil (larger size particulate contaminants). The Z average may be determined
for each sub-run as defined in ISO 13321 and/or ISO 22412. One drawback of a
rejection criteria based on average intensity is that it may result in the rejection of

many sub-runs that the Z average indicates are associated with small particles.

An alternative is to reject sub-runs based on a polydispersity index (Pdi), which may
be determined as defined in ISO 13321 and/or ISO 22412 from a cumulants analysis.
Figure 8 shows a graph 420 of the polydispersity index Pdi against the Z average for

the same sub-run data as shown in Figure 7. There is a stronger correlation between Z
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average and polydispersity index, which means that a rejection criteria based

polydispersity is likely to be more selective to sub-runs dominated by larger particles.

A further alternative is to use the Z average particle size as a rejection criteria,
rejecting sub-runs with a Z average particle size that exceeds a threshold value. Again,
the threshold value may be determined with reference to a Z average value that is
calculated from the ensemble of all sub-runs (e.g. rejecting values more than three

standard deviations from a Z average for all sub-runs).

Figure 9 is a set of Pdi histograms 430 illustrating how threshold rejection criteria
may be calculated for a measurement, A first, second and third histogram of Pdi
values is shown, corresponding with lysozyme, 220nm latex spheres and 60nm latex
spheres respectively. A first, second and third normal distribution 431, 432, 433 is
respectively fitted to each histogram (for example, using a least squares penalty
function). An average value of Pdi for each measurement and a standard deviation o
may be determined from the normal distribution 431, 432, 433 that best fits the
histogram obtained from the sub-runs of each measurement, The use of a best fit
normal distribution helps to avoid skewing of the average by outlier sub-runs, which

can be seen in Figure 9 (e.g. with Pdi values greater than 0.15).

The threshold rejection criteria may comprise an average obtained from a best fit to a
histogram of sub-runs (e.g. Z average, Pdi or intensity), plus a multiple of standard

deviations, for example three (or 2, 4, 5 6, etc).

Figure 10 illustrates an example rejection approach in which the rejection criteria is
based on Pdi, and the threshold is three standard deviations from the average value
determined from best fit normal distribution. Figure 10 shows a graph 440 with the
best fit normal distribution 441, the average Pdi 442 (derived from the best fit 441),
the threshold rejection criteria 443 (the average + 3c5). The retained 445 and
rejected/segregated 444 sub-runs are also plotted on the same graph. Sub-runs with
Pdi greater than the threshold value are rejected/segregated, and sub-runs with Pdi less

than or equal to the threshold value are retained for separate analysis.

Figure 11 is a graph 450 showing the gl correlation function obtained for each of: the

retained sub-runs 455, the rejected/segregated sub-runs 454 and all sub-runs 453.
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Figure 12 is a graph showing the intensity particle size distribution for each of: the
retained sub-runs 465, the rejected/segregated sub-runs 464 and all sub-runs 463. It is
clear that the retained sub-runs do not include data from the contaminant particles.
The average particle size for the smaller particles (i.e. the particles of interest,
excluding the contaminants) that is reported when all the sub-runs are used is different
than that obtained from the retained sub-runs. The data from the retained sub-runs is
more accurate, because it is not distorted by the scattering from the larger
particles/contaminants. The rejected/segregated sub-runs can be used to identify
characteristics of the larger (e.g. contaminant) particles. The approach of separately
analysing and presenting information about the retained and rejected/segregated sub-
runs provides more information to users, and removes ambiguity that may be

associated with processing of light scattering data.

The use of a rejection/segregation criteria based on the distribution of a parameter
(e.g. based on a standard deviation of a parameter) means that only outlying data is
rejected, and that the rejection/segregation is dynamic and responsive to the sample
being measured. A highly mono-disperse sample with an occasional contaminant will
result in a fairly narrow distribution Pdi, with the result that scattering data from
contaminants will be rejected with a relatively high degree of sensitivity. At the other
end of the spectrum, a highly polydisperse and variable sample may have a high
standard deviation in Pdi between successive sub-runs, meaning that very little data
will be rejected/segregated — the result will be a multi-modal particle size distribution,
reflecting the diversity of particle sizes in the sample. This approach of determining a
rejection/segregation criteria that is dynamically responsive to the analysis (e.g. based
on a distribution of a parameter that is updated during the measurement) means that
the measurement is robust enough to be able to accommodate a broad range of
samples, and does not require the user to specify, a priori, an expected range of

particles.

Figure 13 illustrates the rejection/segregation approach shown in Figure 11, applied to
a highly polydisperse and variable sample of Copper Oxide nanoparticles. For this sort
of highly variable and disperse sample, a majority of sub runs are identified as non-
transient and the result reported reflects the disperse nature of the sample (i.e. multi-
modal/polydisperse). Figure 13 shows a graph 470 with the best fit normal distribution
441, the average Pdi 442 (derived from the best fit 441), the threshold rejection
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criteria 443 (the average + 36). The retained 445 and rejected/segregated 444 sub-runs
are also plotted on the same graph. Only a single sub-run (with an unusually high Pdi)

is rejected/segregated from the data set.

Although the forgoing has mainly focussed on applications in DLS, similar techniques

may also be employed for SLS and ELS measurements.

In static light scattering, for applications such as molecular weight measurement, it is
the magnitude of the measured scattering intensity rather than its temporal properties
that are of interest, meaning that SLS measurements are also susceptible to the effects

of dust within a sample.

In SLS instruments that incorporate a correlator, the same rejection process as
described in DLS could be applied, and the mean intensity of the retained data used in
subsequent analysis. When a correlator is not available however, rejection could still
be applied by quantifying and comparing the measured scattering of each sub run,
with a mean value, a drift or a spread (or some other value) being used as a rejection

parameter.

Figure 15 illustrates simulated count rate data showing light intensity at a scattering
detector 512, a moving average 511 calculated from the light intensity data 512 (e.g.
with a 20 point window). The moving average acts as a low-pass filter, tracking the
low frequency variation, while filtering out the higher frequency information of
interested. Subtracting the moving average 511 from the data 512 results in the data
shown in Figure 16, in which the slow variation in intensity has been removed.
Although a moving average is one type of low-pass filter that may be used to process
the data, other types of filtering or smoothing operation may be used in a similar way

(e.g. a digital IIR or FIR filter, or a Savitzky-Golay filter).

Electrophoretic light scattering uses an external electric field applied to a sample to
induce motion in dispersed particles dependent on their charge, with this motion

detected through Doppler analysis of scattered light.
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As well as properties of the count rate trace, other parameters upon which rejection
could be based include parameters describing the Doppler signal including spectral

width.

Figure 14 illustrates how spectral width can be used to identify and discard outlier
data. The graph 500 of Figure 14 shows a number of curves of normalised intensity vs
frequency shift of scattered light. Each curve corresponds with a different
measurement tun (or sub-runs) of an electrophoretic measurement on samples
comprising Lysozyme. The measurement runs with narrow spectral width 502
correspond with samples in which aggregates are present. The measurement runs with
a broader spectral width 501 correspond with samples that do not comprise
aggregates. A sample with some aggregates may be therefore analysed by taking a
plurality of sub-runs and discarding those with an unusually narrow spectral width
(compared with the other measurements), for example based on the distribution of

measured spectral widths (e.g. a mean plus or minus a number of standard deviations).

Figure 17 is a graph 550 illustrating how the results of an analysis may converge with
increasing numbers of scattering measurements. Successive scattering measurements
were performed, and the reported Z,verage Obtained (updated every five scattering
measurements) from the accumulated retained data is plotted 532 in Figure 16 on the
primary y-axis (against the number of scattering measurements on the x-axis). The
data retention percentage, defined as the percentage of rejected/segregated scattering
measurements compared with the total number of scattering measurements, is plotted
531 with respect to the first secondary y-axis (also determined every five scattering
measurements). The change in Z,v....e at each data point is plotted 533 with respect to

the second secondary y-axis.

In this example data-set, the initial scattering measurements include larger particles,
while a significant amount of data is excluded from the first 5 scattering
measurements, the reported Z,erage 18 still realtively large. Even more data is excluded
in scattering measurements 6 to 10, and the reported Z,yerage 1S lower. A more mono-
modal distribution of particle sizes is detected after scattering measurement 10, with
the result that less data is rejected, and the Z,yerpe begins to converge on the Z,verage
for the mono-modal particle (which is likely to be the particle of interest). The Z,yerage

is converged to less than 1% within 45 scattering measurements.
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The user may be able to set a convergence criteria for triggering the end of a
measurement. In the present example a less reliable measurement can be obtained by
setting a Z,verage convergence tolerance of 10%, which may result in the measurement
ending after around 30 scattering measurements (rather than 45 scattering

measurements).

The use of a series of separately analysed, relatively short, scattering measurements
mean that the analysis can be faster, because it can be stopped carly when a
convergence criteria is met, at the same time as being more reliable, since transient
large particles will not be allowed to impact the measurement, and the measurement
may continue until sufficient reliable scattering data is obtained. The improved ability
to reject inconsistent data may also allow less stringent sample preparation, or enable

the analysis of samples that were previously regarded as unsuitable for analysis.

In many applications, scattered light is detected with an avalanche photodiode or
similar photon counting device, from which a precise time of arrival of each photon
pulse can be recorded. The result is a series of time measurements, cach associated
with a photon arrival at the detector. In order to obtain a count rate signal, it is
necessary to process the raw time series of photon arrivals, by binning the arrival
times in bins corresponding with time intervals, with count rate determined from the
number of photons in the bin (divided by the bin width). The bin size determines the
temporal resolution of the count rate signal — there is a trade-off between the
resolution of quantisation within each bin and the temporal resolution. A smaller bin
size will provide a greater temporal resolution, but will include a relatively small
number of photons, limiting quantisation resolution. A larger bin will include more

photons, but will lead to fine temporal structure being discarded.

Figure 18 show a count rate trace 601, showing thousands of counts per second (kcps)
against time (s) for a 220nm latex suspension containing filter spoil. Peaks 602 are
visible in the trace, which correspond with scattering from contaminants (filter spoil
in this case). The peaks 602 have a relatively low frequency, and a high scattering

intensity.
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One way to correct the count rate trace to correct scattering measurement is to high-
pass filter the count rate. This will have the effect of removing low frequency
components, so will tend to remove a scattering contribution from contaminants. Any
suitable filter may be used, and the filter may be implemented electronically or
digitally. Examples of suitable filters include FTIR and IIR digital filters, and

Butterworth, Chebyshev and Hanning window filters.

Determining an arbitrary cut-off frequency for the filter that fits all measurement
circumstances may be difficult, because the size range of particles that can be
measured with typical light scattering techniques may be very broad. A fixed cut-off
frequency that is too low may adversely affect the ability of the method to analyse
large particles, and a fixed cut-off frequency that is too high may limit the accuracy of

the method in characterising monomodal small particles.

A solution to this problem is to dynamically determine a cut-off frequency for a
filtering operation on the scattering measurement. One way to do this is to divide the
scattering measurement into a series of shorter sub-runs (or to put it another way, to
take a plurality of scattering measurements), and analyse the power (or amplitude) at a
number of different frequencies for each sub-run (e.g. by performing a Fourier

transform on a count rate for each sub-run).

Frequencies that include a scattering contribution from contaminants may be defined
as those which include sub-runs with powers that are outliers from the distribution of
the powers of the rest of the sub-runs. For example for each frequency, an average
power level, and a standard deviation may be determined from the power levels in
cach sub-run. If a particular frequency includes a power level that is more than a
predetermined multiple of standard deviations from the average value (e.g. two or
three standard deviations), that frequency may be identified as including a scattering
contribution from a contaminant. The lowest frequency that does not include a
scattering contribution from a contaminant may be used as the cut-off frequency for a

filtering operation on the scattering measurement.

Figure 19 illustrates this, showing Fourier transforms 611 obtained by splitting the
scattering measurement shown in Figure 18 into 10 runs of 1 second each. Two of the

runs 623 are obvious statistical outliers at frequencies below 10 Hz (i.e. 2-3 seconds
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and 5-6 seconds). Accordingly, the dynamic cut-off frequency may be determined as

10 Hz, and the scattering measurement filtered appropriately.

An alternative method of correcting the scattering data is to subtract a low-pass or
smoothed version of the data (as already discussed with reference to Figures 15 and
16). The method described above for determining a dynamic cut-off frequency may be
applied to determine appropriate smoothing or low-pass filtering characteristics for

this purpose.

Referring to Figure 20, a plot 630 of autocorrelation functions obtained from raw
scattering measurements 631 and corrected scattering measurements 632 is shown.
The raw data in this case comprises a series of photon arrival times, and the corrected
scattering measurement from which the corrected autocorrelation function was
determined comprises a binned count rate which has been corrected (e.g. by filtering
or subtracting a filtered/smoothed version of the count rate). In this example the bin
size 633 was 10 micro-seconds, with the result that decay times less than (and near to)
10 microseconds cannot be resolved. Although the correction has successfully
removed the noise on the baseline of the autocorrelation function (at long delay
times), it results in an autocorrelation function that is not resolved at short delay

times.

At short delay times, the autocorrelation function obtained from the raw data is
largely unaffected by contaminants. In order to maintain the advantages of both the
corrected and raw autocorrelation functions, a composite autocorrelation function may
be determined by combining a portion of the raw autocorrelation function 632
(corresponding with short decay times) with a portion of the corrected autocorrelation

function 631a (corresponding with longer decay times), as shown in Figure 21

The cut-off decay time that marks the boundary between the raw and corrected
portions of the corrected autocorrelation function may be selected from the range of
50-250 micro-seconds. The raw autocorrelation function may be re-normalised so that
the value of the raw autocorrelation function matches that of the corrected

autocorrelation function at the cut-off decay time, as shown in Figure 21.
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As an alternative to selecting a fixed cut-off decay time, a cut-off decay time may be
selected that minimises a gradient change at the transition between the raw and
corrected portion of the composite autocorrelation function. An iterative method may
be used to determine an optimal cut-off delay time for the transition between the raw

and corrected autocorrelation function.

It is possible to directly correct a scattering measurement when it is in the form of a
series of photon arrivals times by deleting photon arrivals to reduce the effective
scattering intensity at relevant times. Figure 22 is a graph showing the same scattering
count rate 601 previously illustrated in Figure 18, but further including an average
count rate 604 (in this case a median, but a mean or mode could also be used). The
lowest count rate 605 is also indicated, and an upper limit 603 for non-contaminated
scattering is indicated. The upper limit 603 is calculated from the scattering count
rate, in this case being the average 604 plus the difference between the average 604
and the minimum count rate 605. In other embodiments a different criteria may be
used to define an upper limit 603 for the normal count rate (e.g. average plus n
standard deviations). Bins 602 that are outside the upper limit 603 are indicated.
These bins have been identified as contaminated bins (i.e. including a scattering

contribution from contaminants).

For each contaminated bin 602, an excess number of counts may be determined by
subtracting the count rate in the contaminated bin from the upper limit 603. A number
of photon arrival events equal to the excess number of counts can subsequently be
deleted from each contaminated bin, for example by selecting recorded photon pulses
for deletion from that bin at random. Figure 23 illustrates the resulting corrected count
rate trace 655, which has been limited not to exceed the upper limit of intensity 603 in

each bin.

In some embodiments, the amount of counts to be deleted from each bin may be
selected with a degree of randomness, to avoid the hard limit on the photon count per
bin that is visible in Figure 23. For example, a number of photons may be selected for
deletion based on a random number between the excess number of photons in each bin
and a maximum number of photons to be deleted. Alternatively or additionally, an

additional random photons above the excess number of photons may be deleted
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iteratively until the statistics of the spread of counts per bun meets some quality

metric (e.g. a Poisson distribution test).

Figure 24 shows the autocorrelation function of the raw scattering measurement 651
and the autocorrelation function of the corrected scattering measurement 652. The
corrected autocorrelation function has a much lower baseline, but retains information
at low decay times that would be adversely affected by correcting a scattering

measurement after binning.

Performing a cumulants analysis on the raw autocorrelation function 651 results in a
reported Z,ierage 0f 45Inm. Performing a cumulants analysis on the corrected
autocorrelation function 652 results in a reported Z,yerage 0f 247nm. The latter figure is
in excellent agreement with an cumulants analysis performed on a rigorously filtered

sample, which gave a Z,yerage 0f 242nm.

This technique of discarding photon arrival times can be adapted to correct the
scattering data based on more complex criteria than a simple upper limit to scattering
intensity. For example, a model of a scattering contribution may be subtracted from
the raw count rate timing data: e.g. the smoothed count rate 511 from Figure 15 could
be used to define a number of counts for removal from each bin of the raw photon
arrival time scattering measurement. This sort of correction enables a corrected
scattering measurement to be produced directly from the raw scattering measurement

without first binning the scattering measurement.

The raw sequence of photon arrival times may also be directly processed to identify
scattering contributions from contaminants. Instead of identifying high count rates
after binning, the gradient of photon count against photon arrival time can be used to
identify high intensity portions of the scattering measurement. Figure 25 shows a plot
of photon number against photon arrival time 660 for 500nm latex spheres dispersed
in water. The circled regions 661 indicate changes in gradient that correspond with a
scattering contribution from contaminants. Such regions may be identified by
comparing the local gradient of the count rate trace with an average gradient for the

whole measurement.
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Figure 26 illustrates this process, showing an average gradient 671 and the calculated
gradient 670 for each of a plurality of windows. The windows may be defined based
on a fixed number of photon arrivals, or based on a fixed time. A gradient threshold
672 is defined as a percentage of the average gradient (in this case 70%). This results

in 5 windows 673 being identified as contaminated.

This process may be used to identify portions of the raw count rate trace that do not
include a scattering contribution from contaminants. In the illustrated example, a
central portion of the scattering measurement (between the first and second circled
regions 661 in Figure 25) is the longest continuous portion of the scattering
measurement that is not contaminated. The longest uncontaminated portion may be
used as a basis for determining a characteristic of a particle (e.g. a particle size or

particle size distribution).

A smaller window size will result in more sensitive identification of scattering
contributions from contaminants, and a larger window size will tend to be less
sensitive. The window size may be adjusted to suit the properties of the sample (e.g.

based on statistical properties of the scattering measurement).

As mentioned above, modifying the count rate may be considered analogous to
attenuating the optical signal (e.g. with an attenuator, in the optical domain). Figures
27 to 29 illustrate example embodiments in which features of the methods described

herein are implemented in the optical domain.

Referring to Figures 27 to 29, an apparatus for particle characterisation is shown,
comprising a variable attenuator 105, focussing lens 107, sample cell 104, detector

110, correlator 117 and control electronics 127.

In each of Figure 27 to 29 a sample 106 comprising particles suspended in a diluent
fluid is within the sample cell 104. An illuminating light beam 103 from a light source
(not shown) illuminates the sample 106, so as to produced scattered light 111. The
light beam 103 is focussed within the sample cell 104 by a focussing lens 107 (which
may be moveable, so as to alter the detection region within the cell). The scattered
light 111 is received by the detector 111 via a detection optical path with passes

through the focussing lens 107. The detector 110 may be a photo counting detector,
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such as an avalanche photodiode or similar. The output from the detector 110 is
provided to a correlator, for example for performing a DLS analysis or similar. It is
not essential for both the illuminating light beam and the scattered light to pass
through the same focussing lens: any appropriate optical arrangement may be used to
direct the detection optical path to overlap with the light beam. For example, in some
circumstances the light beam and/or detector optical path may be collimated or

diverging.

In the example of Figure 27, the output from the detector 110 is provided to control
electronics 127, which is configured to detect a scattering contribution from
contaminants in the scattered light at the detector. The control electronics may
embody any of the methods described herein to detect scattering contributions from
contaminants. One example is that the control electronics may comprise a low pass
filter. The control electronics may provide a control signal that is proportional to a
scattering contribution from contaminants to the variable attenuator, which attenuates

the illumination beam to compensate for the scattering from contaminants.

Figure 28 illustrates an alternative apparatus for particle characterisation, further

comprising a beam splitter 128 and further detector 129.

In this apparatus the beam splitter is arranged to provide a portion of the scattered
light 111 to the further detector 129. The control electronics 127 is configured to
detect a scattering contribution from contaminants in the scattered light at the further
detector 129, Again, the control electronics may embody any of the methods described
herein to detect scattering contributions from contaminants. One example is that the
control electronics may comprise a low pass filter. The control electronics may
provide a control signal that is proportional to a scattering contribution from
contaminants to the variable attenuator, which attenuates the scattering light received

by the detector 110, to compensate for the scattering from contaminants.

Figure 29 illustrates a further alternative apparatus, which is similar to that of Figure
28 (in that a further detector 129 is used to provide the signal to the control
electronics), but which omits the beam splitter. The scattered light 111 detected by the
further detector 129 in this embodiment is scattered in a different direction to the

scattered light that is ultimately received at the detector 110. The scattering angle for
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the detector 110 and the further detector 129 may preferably be substantially the same,
but this is not essential. The further detector 129 may be at a different scattering angle

(e.g. detecting forward scatter, with a back scatter detector 110 ).

The variable attenuator 105 in any embodiment may comprise a variable neutral
density filter, mounted on a translation stage (e.g. comprising a stepper motor or
piczoelectric transducer. Alternatively, the attenuation may be varied using the
polarisation of the light within the system (the illumination light beam may be
polarised, and the scattered light may retain this polarisation, to at least some degree).
A variable attenuator on these principles may comprise tuneable crossed polarisers, a
single polariser and a Pockels cell, a Faraday rotor, a combination of a fixed and fibre

polariser, a variable wave plate and/or liquid crystal elements.

Each of these methods will have its own associated response time, but typical time
scales of slow variation in count rate would be within the realms of each of these
techniques, whereas optoelectronic methods would have a greater ability to respond to

spikes in count rate.

Whereas many commercial lab instruments may be treated as a “black box”, the user
of particle characterisation technologies (such as DLS) may benefit from clear and
relevant information on the quality of their sample and its suitability for a given
analysis method. The techniques described herein could therefore be used to present
information to the user about scattering contributions due to contaminants. For
example, a raw photon count rate and a modified version could be presented to the
user (e.g. as per Figure 16). Similarly, any other relevant data sets may be shown
before and after processing e.g. presentation of raw and corrected autocorrelation
functions for DLS (e.g. as in Figure 24) and phase or frequency plots for ELS and
MLS, and traces used in the processing of the data (e.g. the spectra of Figure 19 or

the windowed gradient in Figure 26).

Comparison of the outcome of these methods (or an ideal signal) and the initial raw
signal could also be used to give a quantitative measure of sample suitability rather
than a purely qualitative one. For example, the sum of residuals between a raw count
rate containing spikes or slow variation and a straight line at the mean count rate

would be much larger than that calculated for a stable count rate.
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These parameters could be used simply as a metric which is reported to a user, or as
an additional parameter within a neural network to characterise the quality of a

measurement.

The examples described in detail herein have tended to focus on the context of
dynamic light scattering measurements, but it will be understood that the same
concepts may be directly applied to other types of light scattering measurements,
mutatis mutandis. For example, although the measurement results described herein are
intensity based, in some embodiments a light scattering measurement may be based on
heterodyne detection, with a modulated reference (or scattering) beam. In that case the
amplitude of the envelope of the modulated detector signal may be the measurement
parameter (rather than the intensity of scattered light), and the methods described
herein may be modified accordingly. Similarly, the method described herein can
readily be adapted to process PALS (phase angle light scattering) to reduce the effect

of contaminants on zeta potential measurements.

Although specific examples have been described, these are not intended to be limiting,
and the skilled person will understand that further variations are possible, within the

scope of the invention, which is defined by the appended claims.
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CLAIMS

1. A method of characterising particles in a sample, comprising:

obtaining a scattering measurement comprising a time series of measurements
of scattered light from a detector, the scattered light produced by the interaction of an
illuminating light beam with the sample;

producing a corrected scattering measurement, comprising compensating for
scattering contributions from contaminants by reducing a scattering intensity in at
least some time periods of the scattering measurement;

determining a particle characteristic from the corrected scattering

measurement.

2. The method of any preceding claim, wherein reducing the scattering intensity

comprises modifying a recorded scattering measurement

3. The method of claim 1 or 2, wherein reducing the scattering intensity

comprises high-pass filtering the scattering measurement.

4. The method of any of claims 1 to 3, wherein reducing the scattering intensity
comprises determining a contaminant parameter from the scattering measurement,
wherein the step of reducing the scattering intensity is responsive to the contaminant

parameter.

5. The method of claim 4, wherein the contaminant parameter comprises a cut-off

frequency for a filtering operation.

6. The method of claim 4 or 5, wherein determining the contaminant parameter

comprises finding statistical outliers in spectral content of the scattering measurement.

7. The method of any preceding claim, wherein producing a corrected scattering
measurement comprises producing a composite autocorrelation function by combining
part of a raw autocorrelation function derived from the uncorrected scattering
measurement with part of an adjusted autocorrelation function derived from an

adjusted scattering measurement, in which scattering intensity in at least one time
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period has been reduced to compensate for scattering contributions from

contaminants.

8. The method of claim 7, wherein the part of the raw autocorrelation function
corresponds with delay times that are shorter than or equal to a selected delay time,
and the part of the adjusted autocorrelation function corresponds with delay times that

are longer than or equal to the selected delay time.

9. The method of claim 8, comprising normalising the raw autocorrelation
function so that the composite autocorrelation function is continuous at the selected

delay time.

10. The method of claim 8 or 9, wherein the selected delay time is in the range of

50 to 200 micro-seconds.

11. The method of any of claims 8 to 10, wherein the selected delay time is
determined to cause the gradient of a linear region of the raw autocorrelation function
to match a gradient of the same linear region of the adjusted autocorrelation function

at the selected delay time.

12. The method of any of claims 1 to 7, wherein the scattering measurement
comprises a sequence of photon pulses, and reducing the scattering intensity

comprises deleting photon pulses from the sequence.

13. The method of claim 12, wherein deleting photon pulses from the sequence
comprises binning the sequence of photon pulses, and correcting selected bins by

deleting a number of photon pulses from each selected bin.

14. The method of claim 13, wherein reducing the scattering intensity comprises
determining a model of scattering contributions from contaminants, the model
comprising an estimate of the number of photon pulses in each bin due to scattering
from a contaminant, and correcting the selected bins comprises deleting a number of

photon pulses based on the estimate for each selected bin.
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15. An apparatus for characterising particles, comprising: a light source, a sample
cell, a detector and a processor; wherein
the light source is operable to illuminate a sample within the sample cell with a
light beam so as to produce scattered light by interactions of the light beam with the
S sample;
the detector is configured to detect the scattered light and produce a time series
of measurements; and
the processor is configured to :
obtain a scattering measurement comprising a time series of
10 measurements of the scattered light from the detector;
produce a corrected scattering measurement, comprising compensating
for scattering contributions from contaminants by reducing a scattering
intensity in at least some time periods of the scattering measurement;
determine a particle characteristic from the corrected scattering

15 measurement.
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