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Description

[0001] The present invention relates to characterisation of particles.
[0002] The ability to achieve label-free characterisation of particles, which may be nanoparticles, in solution is important
for a wide range of industrial and scientific applications. Fields as diverse as healthcare, materials science, environmental
science, and security all involve the detection and identification of particles. Techniques capable of identifying nanopar-
ticles between 30 nm and 300 nm in size at very low concentrations are particularly useful in the life sciences and security
applications, since viruses and particles such as exosomes (which are key actors in the transport of genetic information)
are typically to be found in this size range. Methodologies that allow characterisation of multiple properties at the single
particle level are particularly valuable for real-time monitoring and identification of particles without prior knowledge of
the contents of the fluid sample.
[0003] The most common technique used for particle detection and characterisation in practice is dynamic light scat-
tering (DLS). In DLS, a solution is illuminated with laser light, and temporal fluctuations in the spatial distribution of the
scattered intensity are used to determine a size distribution of particles based on their coefficient of friction and the
viscosity of the surrounding fluid. This technique is generally employed to characterise large ensembles of particles, but
can also be adapted to individual nanoparticles (an example instrument being Malvern Instruments NanoSight) whereby
it is known as Nanoparticle Tracking Analysis (NTA). It can be combined with other techniques, for example electro-
phoresis to characterise particle zeta potentials.
[0004] Size information alone is often insufficient to identify a particle in a sample, and further information is needed
about the shape, constituent material, or chemical properties. One parameter that can help in identification is the dielectric
polarizability α, which depends on the size, shape, and refractive index. One method for measuring the polarizability is
via the scattering intensity which for small particles scales as α2, but this presents difficulties due to the wide dynamic
range of the signal in polydisperse samples and the need for careful calibration of optical intensities. For small particles,
interference between a reflected (or transmitted) and scattered beam provides a signal that is proportional to α, but this
is unsuitable for measuring moving particles, for which the relative phase of the scattered light is strongly time dependent.
Interferometric methods such as heterodyne detection have been developed to transfer the need for phase stability from
the sample to the instrument, but challenges remain in producing a robust instrument in which the interferometer is
stable to environmental perturbations.
[0005] The trapping and manipulation of particles in focused optical beams is also well established. Typically, Gaussian
beams from highly focused lasers are used, whereby the particle is trapped close to the focal region. The field intensity
defines a trapping potential which constrains but does not eliminate the Brownian motion of the particle. The motion of
the particle can be monitored in a similar way to DLS, by measuring the fluctuations in the scattered light signal (or
equivalently the transmitted signal) to indicate the position of the particle in the trap. However, quantitative analysis of
the diffusive motion of a particle in a trap to extract the particle size is hampered by the need for an accurate calibration
of the trap stiffness parameter, for which a priori knowledge of the polarizability of the particle is necessary. The problem
of calibration of scattering intensities to obtain the polarizability remains.
[0006] In recent years a few reports have emerged of resonant optical cavities such as photonic crystal cavities being
used to trap and characterise particles. In these systems, the presence of the particle causes a spectral shift in the cavity
mode resulting from the difference between its refractive index and that of the surrounding medium. These spectral
shifts can be monitored to study the motion of the particle. The maximum magnitude of the shift provides a direct measure
of the particle polarizability based on the known field intensity distribution in the trap, and therefore offers great potential
for combining fully calibrated particle characterisation based on the diffusive motion with measurement of other particle
properties.
[0007] Such methods using photonic crystal cavities offer the requisite high quality resonances and small mode volumes
to trap and characterise small particles, but are often limited by lack of reproducibility in the cavity mode, partly caused
by the fact that the trapping potential in these cavity designs is generally strongest either coincident with or very close
to the interface with the solid dielectric medium of the photonic crystal. The details of the contact force between the
particle and the solid cavity structure can therefore become important, as does the change in friction coefficient for the
particle diffusing in the liquid medium. Self-induced back action, whereby the trapping field intensity is dependent on the
particle position, can mitigate this problem, but is difficult to calibrate. Additional challenges are presented in the spectral
tuning of photonic crystal cavity modes relative to the laser excitation wavelength, with the requirement for expensive
tuneable laser sources limiting their commercial potential, and in the coupling of light into and out of the cavity mode,
which requires advanced optical wave-guiding techniques. Some work has also been carried out on nanoscale optical
cavities based on surface plasmons, but these are difficult to fabricate in a reproducible fashion and do not yet allow
quantitative analysis of trapped particles.
[0008] Kiesel etal. (PNAS, vol. 110, no. 35, 12 August 2013, pages 14180 - 14185, XP055391773) disclose cavity
cooling of an optically levitated submicron particle. An optical cavity having a length of 10.97 millimetres is utilized.
[0009] WO2013/164642 discloses a chemical sensing method which utilizes an optical cavity having a length of at
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most 50 micrometres.
[0010] There is a clear need for the development of techniques which allow quantitative characterisation of particles
and which can be implemented using simple, inexpensive devices.
[0011] According to the present invention there is provided a method for detecting characteristics of polarizable particles
in a fluid according to claim 1. Optional features are recited in dependent claims.
[0012] According to the present invention, there is provided a method for detecting characteristics of polarizable
particles in a fluid, the method using an open optical cavity comprising opposed optical reflectors containing the fluid
therebetween, the method comprising: introducing at least one particle through the fluid into the optical cavity; illuminating
the optical cavity containing the particle with light that excites resonance of an optical mode of the optical cavity that is
affected by an individual particle; measuring the light output from the optical cavity; deriving at least one measurement
of at least one parameter of the excited resonance; and deriving at least one characteristic of the at least one particle
from the at least one measurement, characterised in that the optical cavity has an optical mode volume of 10 mm3 or less.
[0013] Thus, the method provides detection of characteristics of polarizable particles by using an open optical cavity
comprising opposed optical reflectors. This allows particles to be introduced into the optical cavity by disposing the
particles in a fluid that may be contained in the optical cavity between the opposed optical reflectors. This construction
is straightforward to implement and facilitates introduction of particles for measurement. Resonance of an optical mode
of the optical cavity that is affected by an individual particle is excited and a measurement of at least one parameter of
the excited resonance is derived. The resonance is perturbed by the particle as a result of the difference in optical
properties (e.g. refractive index) between the particle and the surrounding fluid. This allows characterisation of the particle
with minimal perturbation to its intrinsic properties. Such a method can be used in a wide range of applications, from the
biomedical and environmental sciences to security and manufacturing.
[0014] The optical cavity and illuminating light may be arranged so that the resonance optically traps the particle in
the optical cavity. This provides numerous advantages. Firstly, it allows for capture and measurement of the particle
over time periods that are significantly longer than typical diffusion periods for which the particle would otherwise remain
in the optical cavity. Secondly, the measured parameter provides information about the motion of the particle within the
trapping potential, which significantly increases the useful quantitative information about the characteristics of the particle
that may be derived by analysis of repeated measurements. For example, measures of parameters that are dependent
on light scattering by the particle may be derived. Furthermore, measures of characteristics of the particle that are
dependent on the motion of the particle in the optical cavity may be derived from a distribution of repeated measurements.
Examples of characteristics which may be studied include the polarizability of the particle, the temperature of the particle,
the coefficient of friction of the particle and/or the size of the particle.
[0015] The method may be implemented using equipment with relatively low cost and with ease of manufacture.
[0016] Advantageously, the step of illuminating the optical cavity further comprises tuning through the resonance, so
that the at least one measurement of at least one parameter of the excited resonance may be derived by analysis of the
output in the time domain. In that case, tuning may be achieved using opposed reflectors that are relatively movable,
that is tuning through the resonance by relatively moving the opposed reflectors to tune the cavity length. This allows
the method to be implemented easily and with low cost equipment. The source of the illuminated light may have a fixed
frequency allowing the use of a simple source such as a diode laser, avoiding the need for a tuneable narrow line-width
light source. Similarly, the detector of the illumination may be a simple device such as a photodiode avoiding the need
for high resolution spectroscopic measurement. This brings the additional advantage that the method can be readily
scaled up to an array device for parallel sensing using an array of optical cavities or an extended planar cavity in
combination with commonly available time-resolved imaging detectors.
[0017] To allow better understanding, embodiments of the present invention will now be described by way of non-
limitative example with reference to the accompanying drawings, in which:

Fig. 1 is a cross-sectional view of an open optical cavity;
Fig. 2 is a schematic perspective view of an extended open optical cavity;
Fig. 3 is a schematic plan view of a device comprising plural optical cavities of the type shown in Fig. 1;
Fig. 4 is a scanning electron microscope image of a substrate of a device of the type shown in Fig. 3;
Fig. 5 is a cross-sectional image of a simulation of an optical cavity of the type shown in Fig. 1;
Fig 6. is a plot of the energy of the band edge in the case of an optical cavity of the type shown in Fig. 2 as a function
of position in presence of nanoparticles;
Fig. 7 is a flow chart of a method of characterising a particle;
Fig. 8 is a schematic diagram of a system for performing the method;
Fig. 9 is a plot of two traces of the output of a measurement detector of the system derived experimentally over two
different tuning scans;
Figs. 10 and 11 are plots of resonant frequencies measured repeatedly over time;
Fig. 12 is a scatter plot of resonant frequency of the resonance and the line width of the resonance for a set of
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multiple repeated measurements derived experimentally;
Fig. 13 is a plot of the Probability of Occupation against the normalised shift for a set of multiple repeated measure-
ments derived experimentally;
Fig. 14 is a plot of the normalised autocorrelation function derived from experimental measurements, for a sequence
of recorded mode shifts; and
Fig. 15 is plots of calculated mean stiffness parameters against corresponding decay constants of measured cor-
relation functions for three different powers of a measurement laser.

[0018] In the methods described herein, the light used may be: ultraviolet light (which may be defined herein as having
wavelengths in the range from 10nm to 380nm); visible light (which may be defined herein as having wavelengths in the
range from 380nm to 740nm); infrared light (which may be defined herein as having wavelengths in the range from
740nm to 300mm). The light may be a mixture of wavelengths. Herein, the terms ’optical’ and ’optics’ are used to refer
generally to the light to which the methods are applied.
[0019] In the methods described herein, the particle may be of the following types.
[0020] The methods described herein may be applied to any type of polarizable particle of interest. In principle, any
particle that is polarizable will affect the resonance and so provide a response, although the degree of polarizability may
affect the size of the response.
[0021] The particle may be of any size, with proviso that the optical cavity needs to be of sufficient size to accommodate
the particle. Such size constraints may prevent relatively large particles being characterised using relatively small optical
cavities.
[0022] The particle may be a nanoparticle having an average dimension of the order of nanometres, tens of nanometres
or hundreds of nanometres. In many useful applications, the particles may have an average dimension in the range from
30 nm to 300 nm, particularly in the life sciences and security applications. However, this is not limitative and the particles
may be larger, including particles having an average dimension of the order of micrometres or above.
[0023] The particle may be a molecule or collection of molecules. Such a molecule may be a non-biochemical molecule,
for example a chemical catalyst. Such a molecule may be a biochemical molecule, for example a protein, a virus or an
exosome.
[0024] The particle may have a binding site for another particle, which may be a chemical or biochemical binding site.
As such the methods may be performed during a chemical or biochemical reactions in order to monitor and characterise
the changing properties of the particles in the reaction.
[0025] Other characterisation methods may be performed in parallel with the present method. Such other character-
isation methods may be spectroscopic methods. Such other characterisation methods may be, for example, methods
using fluorescence, Raman scattering or resonant energy transfer.
[0026] The method may be applied to characterise particles in any application where the characteristics of the particles
is of interest, providing a wide range of applications. Some non-limitative examples are: detection and identification of
particles, such as viruses or aerosols; studying of chemical reactions, such as binding events and catalysis that can
occur on a particle surface; and studying changes of particles with time.
[0027] In the methods described herein, the fluid may be of any type that is capable of carrying the particle. The particle
may be in suspension.
[0028] Without limitation, the fluid may be water or an aqueous solution, or may be a nonaqueous solution.
[0029] The present methods use an open optical cavity comprising opposed optical reflectors containing the fluid
therebetween.
[0030] The optical cavity may be an "open access microcavity". Such microcavities have in recent years been the
subject of increasing study, and some basic sensing methods using open cavities have been demonstrated. Such cavities
bring a number of advantages for sensing including the ability to flow fluid through the region of maximum field intensity
and the facile coupling to external free-space or fibre optics. Moreover these cavities can be manufactured with a high
degree of reproducibility, a prerequisite for quantitative measurements.
[0031] The optical cavity may have a cavity length of at most 100 mm, preferably at most 50 mm.
[0032] To provide lateral confinement and separation of optical modes, at least one of the reflectors may be concave
in two orthogonal dimensions. The cavity length may be less than the radius of curvature of the concave reflector. Such
optical cavities provide stable optical modes confined in all three spatial dimensions when the cavity length is less than
the radius of curvature of the concave reflector. At least one of the reflectors that is concave may have a radius of
curvature of at most 50 mm in the two orthogonal dimensions.
[0033] The open optical cavity may be of the type disclosed in WO-2013/164642.
[0034] Advantageously, the optical cavity may have an optical mode volume of 10 mm3, for example of order 1 mm3,
or less and/or the optical cavity may have a finesse of 100 or more, or preferably 1000 or more. The realisation of optical
cavities with such mode volumes and finesses allows the perturbations from individual particles to be detected, allowing
the particles to be characterised.
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[0035] Alternatively, both of the reflectors may be planar. In this case, the cavity length may range from 100 mm down
to few hundreds of nanometers, i.e. the single anti-node limit. In this configuration, the optical modes are confined in the
dimension extending between the reflectors, but are not confined in the dimensions orthogonal to that and can propagate
transversely. An area up to few hundreds of mm2 can be studied allowing a significant increase in multiplexing.
[0036] Examples of an open optical cavity 1 that may be used in the present methods are shown in Figs. 1 and 2 and
arranged as follows.
[0037] In both the examples of Figs. 1 and 2, the optical cavity 1 comprises opposed optical reflectors 2, 3. The
reflectors 2, 3 are dielectric Bragg reflectors formed on respective substrates 4, 5, although other forms of reflector could
in principle be used. The substrates 4, 5 are sufficiently transparent to allow light to illuminate the optical cavity 1.
[0038] In the example of Fig. 1, one reflector 2 is planar and the other reflector 3 is curved, so that that the optical
cavity 1 confines an optical mode 6. In contrast in the example of Fig. 2, both reflectors 2 and 3 are planar.
[0039] In both the examples of Figs. 1 and 2, the reflectors 2, 3 may be relatively movable, by moving the substrates
4, 5 relative to each other. The optical cavity 1 is open between the opposed optical reflectors 2, 3 allowing access
thereto. In use, the optical cavity 1 contains a fluid 7 which may be flowed into the optical cavity 1 using a fluidics system.
The fluid 7 may contain particles 8 as shown schematically in Figs. 1 and 2. The fluid 7 may contain particles 8 at relatively
low concentration. Given the small size of the optical cavity 1, an individual particle 8 may be introduced into the optical
cavity 1 at a time.
[0040] The methods may be applied to a device 10 comprising an array of plural optical cavities 1 which each comprise
opposed optical reflectors, and for example may each be an optical cavity 1 as shown in Fig. 1. This allows individual
particles 8 to be introduced into different, respective optical cavities 1, while all the optical cavities 1 are illuminated
simultaneously, for example with light from the same light source. Thus, resonances of an optical mode of the optical
cavities that contain a particle are affected by the respective particles. That allows parallel measurements to be derived
that provide information about populations of particles 8. For simultaneous illumination, light from the same light source
may be split using conventional beam splitters and directed to different optical cavities 1. In principle, an alternative
would be to use a light source having a beam that is sufficiently wide to illuminate different optical cavities 1, but that
increases the power requirement of the light source needed to provide light of sufficient power to each optical cavity 1.
[0041] Where the device comprises an array of plural optical cavities 1, the opposed optical reflectors of the plural
optical cavities 1 may be formed on common opposed substrates 4, 5.
[0042] Alternatively, the methods may be applied to a device 10 comprising a single optical cavity 1 which may be for
example may an optical cavity 1 as shown in Fig. 2. This allows plural particles 8 to be introduced into the optical cavity
1, while an area of the optical cavity 1 is illuminated simultaneously, for example with a plane wave laser light from the
same light source. Thus, resonances of an optical mode of the optical cavities in localised regions around individual
particles that are affected by the individual particles may be excited, and measurements of the excited resonances in
respect of said localised regions may be derived. That allows parallel measurements to be derived that provide information
about populations of particles 8, similarly to the case of using plural optical cavities 8 as described above. For simultaneous
illumination, light from the same light source may be split or expanded using conventional optical components, for
example beam splitters, and directed to different regions of the optical cavity 8. In principle, an alternative would be to
use a light source having a beam that is sufficiently wide to illuminate an extended region of the optical cavity 1.
[0043] A detector may detect the output light from each optical cavity 1 together, in the case of a device 10 comprising
plural optical cavities 1, or from different localised regions together, in the case of a device 10 comprising a single optical
cavity 1 into which plural particles 8 are introduced. For example, the detector may be an imaging sensor that detects
light from an extended area of the optical cavity 1 having sufficient spatial resolution to separately detect the different
localized regions. That allows, the resonances in the different localized regions to be detected and tracked as the particles
8 move.
[0044] In a device 10 comprising an array of plural optical cavities 1, the optical cavities 1 may have different resonant
frequencies. Similarly, in a device 10 comprising a single optical cavity 1 into which plural particles 8 are introduced, the
optical cavity 1 may have different resonant frequencies in different regions.
[0045] Different resonant frequencies may be achieved by varying the design of the reflectors to vary the resonant
frequency, for example by varying the cavity length (for example by offsetting the reflectors) and/or by varying the radii
of curvature, in the case of plural optical cavities 1 being formed in the same device 10.
[0046] Different resonant frequencies may be also be achieved by relatively inclining the substrates 4, 5 on which the
reflectors are formed at a non-zero angle to vary the cavity length along the inclined substrates 4, 5. This may be applied
to a device 10 comprising an array of plural optical cavities 1 or to a device 10 comprising a single optical cavity 1 into
which plural particles 8 are introduced.
[0047] As a result of having different resonant frequencies, the output light from each optical cavity 1, or from different
localised regions of the optical cavity 1, may be detected together by the detector, but the excited resonances of optical
modes of the optical cavities 1 at different resonant frequencies are separated and may therefore be distinguished. Thus,
the use of optical cavities 1 with different resonant frequencies provides spatial resolution of the different optical cavities
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1, or of different localised regions of the optical cavity 1, in the frequency (or wavelength) domain.
[0048] However, as an alternative, the output light from each optical cavity 1 may be detected separately, for example
by directing the output light to plural separate detectors, or by using an imaging detector that can spatial resolve the
output light from each optical cavity 1. In that case, it is possible to use an array of plural optical cavities 1 having the
same resonant frequency, or an optical cavity 1 into which plural particles 8 are introduced.
[0049] Fig. 3 shows an example of a device 10 comprising plural optical cavities 1 of the type shown in Fig. 1, which
is arranged as follows. In this example, there are sixteen optical cavities 1, but in general any number of optical cavities
1 may be provided. The device 10 comprises respective substrates 4, 5, similar to the example of Fig. 1, but each
comprising a respective array of reflectors 2, 3 to form the plural optical cavities 1 between the common substrates 4,
5. The locations of the optical cavities 1 are illustrated in dotted outline in Fig. 3, but are formed between the substrates 4, 5.
[0050] Fig. 4 is a scanning electron microscope image of a substrate 5 of a device 10 of the type shown in Fig. 3. Fig.
4 shows the array of concave reflectors 3. In this example, the concave reflectors 3 have a Radius of Curvature (RoC)
of about 4mm (subject to the variation discussed below). Two optical cavities 1 referred to as a trapping cavity 1a and
a reference cavity 1b are circled and used as described below.
[0051] In the device 10 formed using the substrate 5 shown in Fig. 4, the optical cavities 1 of each row of optical
cavities 1 have different radii of curvature but the optical cavities 1 within each row have the same radius of curvature.
As described below, this device 1 may optionally be used with the substrates 4, 5 relatively inclined at a non-zero angle
along the rows to vary the cavity length and hence the resonant frequency along each row.
[0052] The substrate 5 shown in Fig. 4 and the corresponding substrate 4 of a device 10 of the type shown in Fig. 3
were formed as follows. Concavities were produced in the substrate 5 using a Focused Ion Beam (FIB) in order to control
its topography at the nanometer scale. The substrate 4 was planar. Reflectors 2, 3 were formed by coating the substrates
4, 5 with Dielectric Bragg Reflector (DBR) stacks made up of 16 layers of SiO2/TiO2 with high refractive index for the
last layer to minimise field penetration into the mirrors. The layer thicknesses in the reflectors 2, 3 were designed to
provide maximum reflectivity at a wavelength of 640 nm. The concave reflectors 2 were situated on a substrate which
was approximately square with side length 300mm, as shown in Fig. 4.
[0053] By aligning the substrate 4 opposite the substrate 5, the optical cavities 1 were formed with cavity lengths of
order 1 mm. At this cavity length, the planar parts of the reflectors 2, 3 on the substrates 4, 5 are separated by approximately
400nm providing sufficient space through which the particles 8 can diffuse into the optical cavities 1.
[0054] With this cavity length the confined optical mode has four antinodes (field intensity maxima) between the
reflectors. Fig. 5 shows an FDTD (finite-difference time-domain) simulation of the TEMoo optical mode of the optical
cavity 1 (wherein TEM stands for transverse electromagnetic and 00 refers to the order of the mode being the fundamental
mode of lowest order). Fig. 5 illustrates the electric field intensity distribution in a vertical cross-sectional plane, super-
imposed on a shaded map of the refractive index. The four antinodes 12 are numbered from 1 to 4. A particle 8 may be
optically trapped within any of the four antinodes 12. In Fig. 5, the particle 8 has a diameter of 200nm for illustrative
purposes.
[0055] The optical cavities 1 have a mode volume of about 0.3 mm3 with a mode waist of about 730 nm. The quality
factor Q of the optical cavities 1 was measured to be 18,000 (corresponding to a finesse of 3000).
[0056] In an alternative configuration, the device 10 may be formed by reflectors 2 and 3 which are planar as shown
in Fig. 2 with extended extent. This will be referred to herein as the device 10 having an "extended planar configuration".
In the extended planar configuration, the planar modes energies form a continuum for which each energy corresponds
to a different transverse momentum kt. The lowest energy E0 of this continuum does not propagate transversely and
therefore has no transverse momentum kt. Any disturbance, such as the presence of the particle 8, localizes the modes
and induces a resonance having a resonant mode shift in a localised region of the optical cavity 1 as shown in Fig. 6.
In different terms, the disturbance of the optical medium caused by the particle 8 creates local band bending.
[0057] As a consequence, one can measure the resonant shift of the mode at the energy E0 by measuring the output
light perpendicularly to the cavity 1 in the localised regions around the individual particles 8 and infer properties of the
particle 8 in the same way as the previous method described. The localised regions around an individual particle 8 in
this alternative configuration are therefore functionally equivalent to the plural optical cavities 1 in the device of Fig. 3
and can be used in the same way. This approach offers the interest to increase the number of particles 8 that can be
measured simultaneously. This alternative configuration can also be used to trap particles 8 longitudinally.
[0058] The resonances in the different localized regions to be detected and tracked as the particles 8 move, for example
by using a detector that is an imaging sensor that spatially resolves light from an extended area of the optical cavity 1.
[0059] A method of using the optical cavity 1 to characterise a particle is shown in Fig. 7 and performed as follows.
The method is described with reference to an individual particle 8 introduced into a single optical cavity 1, but can equally
be performed in respect of individual particles 8 introduced into plural optical cavities 1, for example using the device
10 shown in Fig. 3, or in respect of plural particles 8 introduced into a single optical cavity 8, for example using the device
10 having the extended planar configuration.
[0060] In step S1, an individual particle 8 is introduced into the optical cavity 1.
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[0061] In step S2, the optical cavity containing the particle 8 is illuminated with light that excites resonance of an optical
mode of the optical cavity 1. The light may be from a laser.
[0062] In step S3, measurements of at least one parameter of the excited resonance are derived. The presence of
the particle 8 in the optical cavity 1 perturbs the resonance as a result of the difference in refractive index between the
particle 8 and the surrounding fluid 7. Thus, the measurements are dependent on the polarizability of the particle 8 and
its location within the optical cavity 1, and so intrinsically characterise the particle 8 in the optical cavity 1.
[0063] In step S3, the particle 8 may be optically trapped within the optical cavity 1. In that case, the particle 8 is
retained within the potential well of the optical cavity 1 where it undergoes Brownian motion such that its position within
the optical mode varies with time. This is advantageous because the measurements are then dependent on the location
of the particle 8 within the optical cavity 1 and so provide information about the interaction between the particle 8 and
the optical mode as the particle 8 diffuses in the trapping potential.
[0064] As the particle 8 is trapped in the confined optical field within a fluid environment, it is free from contact with
surfaces and extended study of the particle 8 with minimal perturbation to its properties is possible. The optical trap
operates at low optical powers, minimising heating of the particle 8. These features are of particular use where the
trapped particle 8 may be highly sensitive to its local environment, as is often the case in the life sciences.
[0065] Optical trapping is advantageous but not essential. The method may alternatively be applied to an optical cavity
1 wherein the particle 8 is not trapped so that the measurements are derived as the particle 8 passes through the optical
cavity 1.
[0066] The at least one parameter may be any parameter of the resonance. The at least one parameter may include
without limitation and in any combination the resonant frequency, phase, amplitude or line width of the resonance. The
parameter may be a resonant frequency, phase, amplitude, width, or other parameter of a resonance in a mode for
which polarization degeneracy has been lifted.
[0067] Some specific examples and further processing of derived parameters in step S4 are described below.
[0068] Where the method is performed in respect of plural particles 8 introduced into a single optical cavity 8, step S1
is modified to introduce plural particles 8 into the optical cavity 1, step S2 is modified to illuminate the optical cavity 1
with light that excites resonance of an optical mode of the optical cavity 1 in localised regions around individual particles
8 that are affected by the individual particles 8, and step S3 is modified to take measurements of at least one parameter
of the excited resonances in respect of the localised regions. However, otherwise the method is the same.
[0069] Where plural optical cavities 1 having different resonant frequencies are used, or plural resonances in localised
regions having different resonant frequencies are detected, the resonances are separated in frequency (and therefore
also in wavelength). This separation provides spatial resolution of the optical cavities 1 by allowing at least one parameter
to be derived in respect of each resonance and hence in respect of each particle 8.
[0070] In step S4, the measurements derived in step S3 may optionally be processed to derive further information
that characterises the particle 8.
[0071] There will now be described an example of a system 20 for performing a method of this type. The system 20
may include any type of device 10 described herein, including the device 10 as described above having plural optical
cavities 1 as shown in Fig. 3, or the device 10 having the extended planar configuration.
[0072] The device 10 is located in a flow cell assembly 21 which allows the injection of the fluid 7 containing the
particles 8 between the reflectors whilst the optical measurements are performed. The flow cell assembly 21 comprises
a base 22 and a cap 23. The substrate 5 is mounted in the base 22 and the substrate 4 is mounted in the cap 23. The
base 22 and cap 23 are fixed together and sealed by a peripheral seal 19, so that the optical cavities 1 are formed
between the substrates 4, 5.
[0073] The base 22 also comprises a fluid inlet 24 and a fluid outlet 25 for passing fluid 7 between the substrates 4,
5 using a fluidics system (not shown).
[0074] In this embodiment, the base 22 and cap 23, and hence the substrates 4, 5 and relatively movable to change
the cavity length of the optical cavities 1. A measurement actuator 30 and a control actuator 31 are arranged to relatively
move the base 22 and cap 23, and hence the substrates 4, 5. The measurement actuator 30 is a piezoelectric actuator
driven at AC frequencies and the control actuator 31 is a piezoelectric actuator driven at DC.
[0075] The substrates 4, 5 are transparent and the base 22 and cap 23 have central apertures aligned with the
substrates 4, 5 to allow the passage of light through the device 10, and in particular the optical cavities 1, within the flow
cell assembly 21.
[0076] A measurement laser 26 and a control laser 27 are arranged to each illuminate the device 10. The output light
from the measurement laser 26 and the control laser 27 is shown schematically by different paths in Fig. 8, but in fact
the light from the measurement laser 26 and the control laser 27 both pass through the device 10.
[0077] The measurement laser 26 and a control laser 27 emit light of different frequencies. In this example, the
measurement laser 26 and a control laser 27 are narrow-band sources that each emit light of a single frequency. For
example, the measurement laser 26 and the control laser 27 may be have a 5 MHz line width. In one example the
measurement laser 26 and the control laser 27 have a maximum power output of 150 mW.
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[0078] The measurement laser 26 is arranged to simultaneously illuminate plural optical cavities 1 in the device 10,
or plural regions of the same optical cavity 1. In particular, the light from measurement laser 26 is split by a beam splitter
36 and directed to plural optical cavities 1 (not necessarily all the optical cavities 1 in the device 10), or plural regions
of the same optical cavity 1 (not necessarily across its full area). The beam splitter 36 could in principle be omitted by
outputting light from the measurement laser 26 in a single beam that is sufficiently broad to illuminate plural optical
cavities 1, but that significantly increases the power requirements of the measurement laser 26.
[0079] The measurement laser 26 has frequency selected to excite resonance of an optical mode of the optical cavities
1, or of localized regions of the optical cavity 1 around individual particles 8. For example, in the system 20, the meas-
urement laser 26 may emit light of 640nm in order to excite the TEMoo optical mode of the optical cavity 1. In the case
of a device 10 having an extended planar configuration, the ideal coupling will be done by a plane-wave incident onto
the cavity 1 in order to address only one type of mode of the continuum of planar modes.
[0080] Measurement and control loops are shown on the left and right hand side of Fig. 8 and are arranged as follows.
[0081] A measurement detector 28 and a control detector 29 are arranged to receive the light passing through the
device 10, although as an alternative they could be arranged to receive the light reflected from the device 10.
[0082] The measurement detector 28 detects light output from the optical cavities 1, or localized regions of the optical
cavity 1, at the wavelength of the measurement laser 26. The measurement detector 28 may detect the light output from
all the illuminated optical cavities 1 together, or all the localized regions of the optical cavity 1 together. In this case, the
measurement detector 28 may be, for example, an avalanche photodiode (APD).
[0083] As an alternative, the measurement detector 28 may detect the light output from different illuminated optical
cavities 1 separately, or different localized regions of the optical cavity 1 separately, for example by being formed by
different detector elements such as separate APDs or as an imaging sensor that can spatial resolve the output light from
each illuminated optical cavity 1 or an extended area of the optical cavity 1 including the different localized regions. Use
of such a detector that spatially resolves an extended area of the optical cavity 1 including different localized regions
permits the resonances in different localized regions around particles 8 to be detected and tracked as the particles 8 move.
[0084] The output of the measurement detector 28 may be recorded by an oscilloscope 35.
[0085] During the illumination in step S2, the optical cavity or cavities 1 is or are tuned through resonance as follows.
Tuning is performed in this example by relatively moving the substrates 4, 5 using the measurement actuator 30. The
cavity length may be changed linearly to allow the time axis of the output of the measurement detector 28 to be calibrated
to a relative average wavelength for the light from the measurement laser 26 in the optical cavity or cavities 1. The output
of the measurement detector 28 is detected during the tuning to derive the overall shape of the resonance.
[0086] A signal generator 32 provides an appropriate AC drive signal for the measurement actuator 30, for example
in the form of a saw-tooth. The relative movement of the substrates 4, 5 tunes the cavity length through the resonance
of the optical cavity or cavities 1 at the wavelength of the measurement laser 26. The tuning through resonance is
performed repeatedly in successive scans. The signal generator 32 also provides a trigger for the time sweeps of the
oscilloscope 35.
[0087] The scanning frequency of the repeated tuning scans may be at least 100 Hz, preferably at least 1 kHz.
Desirably, the scanning frequency is high enough that the free diffusion length of the particle 8 between two measurements
is much smaller than the characteristic lengths of the cavity mode and the diffusion length of the particle 8 so that the
intra-cavity power may be considered as continuous in time.
[0088] The response time of the measurement detector 28 is sufficiently short to resolve the measurements taken
during a tuning scan. For example, the response time may be less than 1 nanosecond, in order to provide a detailed
response function for each tuning scan.
[0089] During each scan, measurements of the intensity taken by the measurement detector 28 are recorded on the
oscilloscope 35. The oscilloscope 35 and/or the data processor may tag the measurements with timing information to
enable computational analysis of data in the data processor.
[0090] The measurements recorded on the oscilloscope 35 are processed by a data processor 40. The data processor
40 may be implemented in a computer apparatus. To achieve this, a computer program capable of execution by the
computer apparatus may be provided. The computer program is configured so that, on execution, it causes the computer
apparatus to process the data.
[0091] The computer apparatus may be any type of computer system but is typically of conventional construction. The
computer program may be written in any suitable programming language. The computer program may be stored on a
computer-readable storage medium, which may be of any type, for example: a recording medium which is insertable
into a drive of the computing system and which may store information magnetically, optically or opto-magnetically; a
fixed recording medium of the computer system such as a hard drive; or a computer memory.
[0092] In step S3, during each scan, the measurements of intensity are processed by the data processor 24 to derive
a measurement of at least one parameter of the resonance through which the optical cavity or cavities 1 is or are scanned.
Therefore repeated measurements of at least one parameter of the resonance are derived in repeated scans through
resonance.
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[0093] For example, in the case that the parameter is the resonant frequency, it may be derived by determining the
time in a scan at which the peak of the resonance occurs, which corresponds to the resonant frequency due to the
tuning. Other parameters such as the phase, amplitude or line width of the resonance may similarly be derived.
[0094] Where plural optical cavities 1 are used, one or more optical cavities 1 may act as trapping cavities 1a into
which a particle 8 is introduced. Where there are plural trapping cavities 1a, measurements may be derived from each
trapping cavity 1a in parallel, thereby increasing the amount of data collected.
[0095] Where plural optical cavities 1 are used, one or more optical cavities 1 may act as reference cavities 1b into
which no particle 8 is introduced. This may be achieved in several any of the following ways.
[0096] In embodiments where optical trapping is used, a reference cavity 1b may be provided by illuminating an optical
cavity 1 with light of an intensity that is below the threshold required for optical trapping, but sufficiently high to provide
a clear signal at the measurement detector 28.
[0097] In principle, a reference cavity 1a could be provided by preventing particles 8 reaching a particular optical cavity
1 but that is difficult to achieve in practice.
[0098] A reference cavity 1b may also be provided by treating an optical cavity 1 within the array where the resonance
is not perturbed as a reference cavity 1b.
[0099] Where a reference cavity 1b exists, the at least one measurement of a parameter of the resonance of each
trapping cavity is a differential measurement taken between the trapping cavity 1a and the reference cavity 1b. For
example, considering resonant frequency as a parameter, such a differential measurement of the resonant frequency
is the difference between the resonant frequencies of the trapping cavity 1a and the reference cavity 1b. This differential
measurement of the resonant frequency is referred to herein as a "mode shift", because it may be considered as a shift
of the resonant frequency of the optical mode caused by the presence of the particle 8 in a trapping cavity 1a compared
to a reference cavity 1b in which no particle 8 is introduced.
[0100] In this manner, the differential measurements may compensate for common mode noise that affects both the
trapping cavity 1a and the reference cavity 1b. Use of a reference cavity 1b provides an effective method to eliminate
any common mode noise that affects both cavity modes, such as mechanical vibrations modulating the mirror separation.
[0101] Noise rejection is most effective when the mode wavelength of the trapping cavity 1a and reference cavity 1b
are very similar, since the bandwidth of noise rejection is determined by the time difference between the two transmission
resonances. It is therefore desirable for the tuning of the resonance to be scanned at a relatively high frequency to
increase the noise rejection bandwidth. In practice, the speed at which the tuning of the resonance is scanned in system
20 may be limited by the resonant frequency of the measurement actuator 30, particularly when formed by a piezoelectric
actuator. Actuators other than a piezoelectric actuator, such as mechanical cantilevers, may offer higher resonant fre-
quencies and therefore achieve further improvements in noise rejection.
[0102] Similarly, when using a single cavity 1 into which plural particles 8 are introduced, the at least one measurement
of a parameter of the resonance of each localised region around a particle 8 may be a differential measurement taken
between a localised region around a particle and another region of the optical cavity 1 that does not contain a particle
8. For example, considering resonant frequency as a parameter, such a differential measurement of the resonant fre-
quency is the difference between the resonant frequencies of the region around a particle 8 and a region that does not
contain a particle 8. This differential measurement of the resonant frequency is referred to herein as a "mode shift",
because it may be considered as a shift of the resonant frequency of the optical mode caused by the presence of the
particle 8 compared to a region without a particle 8. This is analogous to a differential measurement between a trapping
cavity 1a and a reference cavity 1b, as described above, and may be performed in the same manner with equivalent
advantages.
[0103] Thus, the system 20 provides tuning of the resonance in the time domain, in particular by relative moment of
the reflectors 2, 3. The light output from the optical cavity 1 is detected during tuning through the resonance, so that the
shape of the resonance is detected, thereby allowing the parameter of the resonance to be measured.
[0104] This simple scanning capability is provided by the use of an open optical cavity or cavities 1 and brings substantial
advantages for sensing of particles 8. The system 20 is straightforward to implement and allows measurements to be
taken with straightforward optics including a fixed frequency measurement laser 26 and a simple form of measurement
detector 28, for example as a photodiode. Since the optical mode is only illuminated when it is in resonance, its intensity
is pulsed at the scanning frequency of the tuning. The intensity is nevertheless sufficient to achieve optical trapping.
Since the optical mode will always pass through resonance with the laser once per scan cycle, the average trapping
potential is not dependent on the position of the particle 8, or the ability of the system to control the relative wavelengths
of the laser and optical mode.
[0105] However, the method may be modified in various ways to provide a measurement of a parameter of the
resonance, for example as follows.
[0106] In one type of modification, tuning through resonance in the time domain may be achieved in another manner,
for example by varying the frequency of the light emitted by the measurement laser 26. The light output from the optical
cavity 1 is again detected during tuning through the resonance, so that the shape of the resonance is detected, thereby
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allowing the parameter of the resonance to be measured. The at least one parameter of the resonance may be derived
in the same way as described above but over the tuning scan of the measurement laser 26. However, this modification
requires a more expensive form of laser.
[0107] In another type of modification, the resonance of one cavity 1 in an array of optical cavities 1 is locked to a
fixed wavelength laser, such that other cavities 1 in the array have fixed resonances that are slightly detuned from the
laser. In this way the presence of a particle 8 entering the optical cavity 1 can shift the cavity mode into resonance with
the laser, thus illuminating the cavity 1 and producing a signal on the detector. The illumination of the cavity mode applies
a force to the particle 8 towards the centre of the mode. The particle 8 can become trapped by this ’self-induced back
action’ force in which the mode is illuminated only when the position of the particle 8 results in a resonance between the
laser and the cavity mode. The output from the detector 28 when this occurs thus represents a parameter of the resonance.
[0108] This method of operation has the advantage of exposing the particle 8 to a lower average optical power than
other trapping methods, and of not requiring any scanning of either the cavity mode or the laser wavelength. The timing
of the detector signals provides information on the diffusion dynamics of the particle 8 and therefore the size of the
particle 8. Locking of the cavity length to the fixed laser frequency can be achieved using well-known techniques.
[0109] In another type of modification, the light emitted by the measurement laser 26 is a broadband source having
a bandwidth extending across the resonance of the optical cavity or cavities 1, in which case the measurement detector
28 is implemented as a spectral detector. In this case, the at least one parameter of the resonance may be derived from
the spectral output of the measurement detector 28.
[0110] Although the measurement laser 26 is described above as exciting resonance of a single optical mode of the
optical cavity or cavities 1, alternatively resonance of two or more modes in the same optical cavity 1 may be monitored
to provide more detailed information about the particle 8. This may be achieved by using plural measurement lasers 26
or a broadband measurement laser 26.
[0111] The resonance of the optical mode may have a polarised electric field, provided by the illuminating light being
polarised. In that case, the shape of the particle 8 may be characterised via the changes in response as the particle 8
rotates relative to the direction of polarisation.
[0112] The control detector 29 detects light at the wavelength of the control laser 27 and may be a standard photodiode
(PD). The measurements of the intensity taken by the control detector 29 are fed to a feedback controller 33 which may
be a PID (proportional-integral-derivative) controller which produces a control signal that drives the control actuator 31.
[0113] In this manner, the control detector 28 uses the light from the control laser 27 to provide optical measurement
of the cavity length, and the feedback controller 33 controls the relative movement of the opposed reflectors in response
thereto to stabilise against drift which occurs over a longer time period than the individual scans. Such drift may be
caused, for example, by pressure changes in the intra-cavity medium and thermal effects.
[0114] As such, the wavelength of the control laser 27 is chosen to be in a region where the reflectors 2, 3 have a
relatively low reflectivity so that the transmitted intensity follows an approximately sinusoidal modulation with the cavity
length. For example, a wavelength of 532 nm may be chosen, this being a shorter wavelength than the high reflectivity
band of the reflectors 2, 3.
[0115] The response time of the control detector 28 and the feedback controller 33 is chosen to respond to the effects
of drift. Good performance is achieved if the response bandwidth is greater than 10Hz, for example of order 100 Hz.
[0116] The optical measurement of the cavity length may be obtained from the intensity of monochromatic light reflected
from two positions on the device 10 with different lengths to form a Lissajous graph, for example as follows.
[0117] The control detector 28 may detect the intensity of the control laser 27 at two positions on the planar part of
the reflectors 2, 3 to provide signals X and Y. The mirrors are aligned to produce a slight angle between them such that
the fringes are out of phase (for example by a quarter cycle). The plot of Y against X is then a Lissajous graph which
can be monitored in real time and provides a direct readout of changes in the cavity length. These measured changes
can be used to establish a desired cavity length relative to a reference point such as a closed optical cavity 1, or can be
used to stabilise against unwanted fluctuations by feedback of a correcting signal to a control actuator 31 in the form of
a DC positioning piezoelectric stack. By making the time constant of the feedback loop slower than the scan rate of the
cavity length used to record the mode perturbations, these modulations do not affect the feedback signal. The system
20 shown in Fig. 8 may use a feedback loop bandwidth of 50 Hz and the control actuator has a 2mm range of motion to
allow it to compensate for significant temperature fluctuations.
[0118] By way of illustrative example, Figs. 9 and 10 show some measurements derived by the system 20 including
a device 10 of the type shown in Fig. 3. In this example, the particles 8 were polystyrene spheres of nominal diameter
200 nm and refractive index 1.58, and the fluid 7 containing the particles 8 was water. The measurement actuator 26
was driven by a saw tooth drive signal at a frequency of 5 kHz. The parameter measured was the mode shift, i.e. a
differential measurement of the resonant frequency. When the cavity mode of interest was within the scanning range
over which tuning occurred, measurements of the mode shift δλ(t) were therefore derived at a sampling rate of 5 kHz.
The scanning rate of 5 kHz corresponds to a diffusion length of -20 nm which is comfortably smaller than the characteristic
lengths of the cavity mode and the diffusion length of a particle 8.
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[0119] The measurement laser 26 was arranged to simultaneously illuminate two optical cavities 1, in particular the
trapping cavity 1a and the reference cavity 1b. The device 10 was used with the substrates 4, 5 relatively inclined at a
non-zero angle along the rows so as that the cavity length and hence the resonant frequency differed as between the
trapping cavity1a and the reference cavity 1b.
[0120] The measurement detector 28 and the oscilloscope 35 were duplicated. However, both the measurement
detectors 28 detected output light from all both the trapping cavity1a and the reference cavity 1b, with the different
resonance frequencies thereof being used to provide spatial resolution, as described below.
[0121] One oscilloscope 35 was used to monitor the events in real-time so that the user could identify when a particle
8 was trapped in the optical cavity 1 (in an automated system, the monitoring of the state of the optical cavity 1 could
be computerised). The other oscilloscope 35 was used to record data for processing by the data processor 40. Occasional
events indicating the presence of a particle 8 diffusing through the reference cavity were discarded.
[0122] Fig. 9 shows a pair of traces 41, 42 of the output of the measurement detector 28 for a device 10 in which the
trapping cavity 1a and the reference cavity 1b have different cavity lengths and hence different resonant frequencies.
Each trace 41, 42 is the output for a single scan tuning through resonance, the two traces 41, 42 being recorded at two
different times t (specifically at t = 0 s and t = 1.45 s). These are two of the 5000 traces recorded per second which have
been selected to illustrate the shape of the response, modes for two different tuning sweeps. The output signals are
recorded in the time domain and the horizontal axis has been converted to a relative average wavelength of the 640 nm
light in the optical cavity 1. The scatter plots the measured outputs, while the dotted lines represent fits thereof.
[0123] The form of the output signals shown in Fig. 9 is as follows.
[0124] Each trace 41, 42 has two resonances corresponding to the resonances of the trapping cavity 1a and the
reference cavity 1b, the two resonances being separated due the difference in cavity lengths between the trapping cavity
1a and the reference cavity 1b, which thereby allows spatial resolution of the trapping cavity 1a and the reference cavity
1b due to the separation in the frequency (wavelength) domain. The resonances have Lorentzian line-shapes for each
of the resonances which demonstrates that no distortion occurred due to vibrations of the device 10 during the tuning
scan through resonance.
[0125] Both traces 41, 42 include a resonance at a relative wavelength λ = 0.75 nm (approximately) are the resonances
of the reference cavity 1b.
[0126] At time t = 0 s, there was no particle 8 in the trapping cavity 1a and so the trace 41 includes a resonance of
the trapping cavity 1b is at a relative wavelength λ = 0.05 nm (approximately).
[0127] At time t = 1.45 s, the there was no particle 8 in the trapping cavity 1a and so the trace 42 includes a resonance
of the trapping cavity 1b is at a relative wavelength λ = 0.2 nm (approximately). The shift of the resonance of about 0.15
nm compared to the trace at time t = 0 s is caused by the presence of the particle 8 in the optical cavity 1 which perturbs
the resonance as described above.
[0128] The shift of the resonance is dependent on the optical properties of the particle 8 (principally its refractive index
which is related to its polarizability) and on the position of the particle 8 within the field distribution of the optical cavity
1, which affects its interaction with the optical mode. As a result of the dependence on the position of the particle 8, the
shift when a particle 8 is optically trapped in the trapping cavity 1a varies over time as the particle 8 moves.
[0129] By way of illustration, Fig. 10 shows an example of the resonant frequency of the trapping cavity 1b containing
a particle 8 measured repeatedly over time, that is by deriving the resonant frequency from the resonances measured
during each tuning scan (as shown in Fig. 9).
[0130] In Fig. 10, the upper trace 43 plots the relative wavelength (on the same scale as the horizontal axis of Fig. 9
but shifted to move the relative wavelength λ = 0 nm compared to Fig. 9) corresponding to the resonant frequency of
the resonance of the reference cavity 1b. As can be seen, the resonant frequency of the resonance of the reference
cavity 1b is fairly constant at a relative wavelength λ = 0.75 nm (approximately) but subject to some noise.
[0131] In Fig. 10, the lower trace 44 plots the relative wavelength corresponding to the resonant frequency of the
resonance of the trapping cavity 1a. Before time t = 0.3 s, there is no particle 8 in the trapping cavity 1a so the resonant
frequency is at a relative wavelength λ = 0 nm. The similarity in shape between the traces 43, 44 before time t = 0.3 s
demonstrates the value of using differential positions to achieve common mode noise rejection.
[0132] At a time t = 0.3 s, a particle 8 becomes trapped in the optical cavity 1 and so the resonant frequency shifts to
a negative relative wavelength. Thereafter, the particle 8 diffuses in the trapping potential causing continued rapid shifts
in the resonance for a period exceeding 1.5s. This duration greatly exceeds the free diffusion time τdiff of about 80 ms,
as indicated by the white bar in Fig. 10, thereby demonstrating the optical trapping. The significant fluctuations during
this time also show that the particle 8 continues to diffuse freely within the trapping potential.
[0133] There will now be described the processing performed in step S4 on the measurements of at least one parameter
derived in step S3. This processing derives further information that characterises the particle 8. In general terms, this
processing derives one or more measures of a characteristic of the particle that is dependent on the motion of the particle
8 in the optical cavity 1, from a distribution of the repeated measurements, thereby leveraging the repeated measurements
to provide additional information. For example, the measures may comprise measures of, without limitation, one or more
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of the coefficient of friction for the motion of the particle 8, the polarizability of the particle 8, the refractive index of the
particle 8, the optical absorption of the particle 8 or the optical scattering cross-section of the particle 8.
[0134] The measure may be a measure of a characteristic that is dependent on the shape of the particle 8, for example
a full or partial polarizability tensor, or a measure of the ellipticity of the nanoparticle. The fundamental mode of the
microcavity is twice degenerated in polarization. An elongated particle would induce a birefringence effect and lift this
degeneracy. The fundamental mode would therefore split into two modes under the effect of the anisotropic particle.
Ideally, the microcavity needs to be illuminated by a circularly polarized light in order to excite equally the two modes.
This splitting would be maximal if the nanoparticle lies transversely and would be minimal if the particle lies longitudinally.
During a trapping event, the particle would explore all the possible spatial configurations because of its Brownian motion.
The maximum splitting would correspond to the particle lying transversely. The splitting can be directly connected to the
degree of anisotropy of the particle by a model (such as the couple dipole model or the depolarization factor for example).
One can also study the polarization state of the light (i.e. its Stokes parameters) at the output of the microcavity in order
to measure the mode splitting and therefore the particle anisotropy.
[0135] The following description makes reference to results obtained using the system 20 described to measure the
same particles 8 and fluid 7 as discussed above with reference to Figs. 9 and 10. For ease of reference, some of the
following description relates to examples where the optical cavity 1 is of the type shown in Fig. 1, but this is not limitative
and the examples could be applied in a similar manner to other types of optical cavity 1, including the optical cavity 1 of
the type shown in Fig. 2.
[0136] A first type of processing in step S4 is as follows.
[0137] This processing uses the parameter of resonant frequency of the resonance derived in step S3, combined with
the prolonged trapping of the particle 8 to derive a measure of the polarizability of the particle 8.
[0138] Fig. 11 shows a typical plot of resonant frequency over time caused by a particle 8 trapped in an optical cavity
1 over a period of 4 seconds.
[0139] A measure of the polarizability of the particle 8 may be determined from the maximum shift in resonant frequency
observed (the maximum being determined within a time window of 80ms), as this is known to correspond to the particle
8 being located at the maximum field intensity of the confined cavity mode 6. For example, in the data shown in Fig. 11,
a shift of 370 pm corresponds to a polarizability of 8.4 3 105 nm3, this being in good agreement with the prediction of
Mie theory which gives a polarizability of 10.5 3 105 nm3 for the nominal particle diameter.
[0140] The data in Fig. 11 reveals that the maximum shift in resonant frequency exhibits steps as a function of time
(as shown by the thick line drawn on top of the plotted data) between four levels. This behaviour is attributed to the
hopping of the trapped particle 8 between the four antinodes 12 of the optical mode as shown in Fig. 5. The greatest
shift occurs in the antinode where the field intensity is the strongest, located at the beam waist next to the planar reflector 2.
[0141] Changes to the measured mode line width are also observed, and are attributed to scattering or absorption of
cavity photons by the particle 8. An interesting property of the cavities 1 is revealed by recording the change in mode
line width as the particle 8 diffuses. Fig. 12 displays a scatter graph of the line-width as a function of the shift, with a
colour scale relating to the density of points.
[0142] A second type of processing in step S4 is as follows.
[0143] This processing uses the parameters of resonant frequency of the resonance and line width of the resonance
derived in step S3. The line width of the resonance is of interest because it is dependent on the degree of scattering by
the particle 8. Other parameters that are dependent on scattering could be used in a similar manner.
[0144] Fig. 12 is a set of scatter plots of these two parameters against each other for repeated measurements. The
main plot in Fig. 12 is for all the measurements. This indicates that the degree of scattering by the particle 8 is substantially
lower than predicted by the dipole approximation or Mie theory which are shown by dotted lines 46, 47. This is caused
by the reduced optical density of states in the optical cavity 1, which lessens the scattering cross section by providing
fewer states for photons to scatter into from the optical mode.
[0145] The insets in Fig. 12 are separate scatter plots for four subsets of the data corresponding to the particle 8 being
in the four antinodes 12, which is determined as described above. This shows that the degree of scattering differs as
between the particle 8 being present in the four antinodes 12, thereby illustrating the different degrees of scattering in
each one.
[0146] A third type of processing in step S4 is as follows.
[0147] This processing uses the parameter of resonant frequency of the resonance (mode shift) derived in step S3.
The distribution of that parameter is used to derive a measure of the trap strength (the ratio of the depth of the trapping
potential to the thermal energy) and in turn to derive a measure of the polarizability of the particle 8 and a measure of
the temperature of the particle 8, as follows.
[0148] A particular mode shift (resonant frequency) can in general be caused by a number of different positions of the
particle 8 in the trapping potential, and so one can define a density of states ρ that represents the relative number of
positions that the particle 8 can take to give a particular mode shift. The variable for the density of states is chosen to
be v = 1 - Δλ where Δλ is the normalised mode shift (i.e. Δλ = 1 corresponds to the maximum mode shift in a dataset),
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since it is convenient for this variable to be zero at the minimum of the trapping potential. For a trap depth U the potential
energy of the particle 8 above the trap centre is then equal to vU, and the probability of a particular mode shift occurring
is given by a Boltzmann distribution of population of the available states in accordance with 

where N0 is a normalisation constant and U is the potential depth of the trap. The population of available states N(v) is
referred to herein as the Probability of Occupation (PO). The parameter 

is known as the trap strength, while the trap depth U is related to the polarizability α of the particle 8 and the maximum
electric field intensity in the trap I0 by 

where n is the refractive index of the fluid 7, c is the speed of light in vacuum, and ε0 is the permittivity of free space.
The temperature T is also dependent on the intra-trap field intensity via the expression 

where T0 is the ambient temperature, P0 is the intra-cavity power and β is a constant.
[0149] Since P0 is proportional to the power of the 640 nm laser used to illuminate the cavity mode and ρ(v) is
independent of P0, plotting the measured distribution of mode shifts N(v) at a selection of laser powers allows determi-
nation of the two parameters U and β, which are the measures of the trap depth and the temperature of the particle 8,
respectively. The trap depth U is therefore established as a function of incident laser power.
[0150] To illustrate this processing, Fig. 13 shows the Probability of Occupation N(v) measured experimentally at three
different powers of the measurement laser 26, being 80%, 88% and 100% of the maximum laser power. In Fig. 13, the
Probability of Occupation N(v) is plotted against the normalised mode shift Δλ. The scatter plots show experimental data
for three different laser powers P, while the solid lines represent fits to equation (1), the product of the trap density of
states with the Boltzmann thermal distribution function. The inset shows the trap strength derived from the measurements
at the three different powers of the measurement laser 26 as a function of the intra-cavity optical power. The line in the
inset is the fit of equations 2 and 4 to these data points which also passes through the origin, providing an upper limit
on the temperature parameter β.
[0151] The three powers of the measurement laser 26 shown in Fig. 13 are only sufficient to place an upper limit on
the parameter β, such that we can be sure that the temperature is raised by no more than 50 K. Measuring at a larger
number of powers of the measurement laser 26 would increase the accuracy in determining this fitting parameter and
provide a more accurate value for the parameter β.
[0152] The extracted density of states function ρ(v) provides detailed information about the trapping potential. Here
the modelled trapping potential is used to achieve a fit to the measured Probability of Occupation N(v). The high degree
of reproducibility in the cavity mode distribution of these optical cavities 1 means that the use of FDTD simulations of
field intensity is reliable, but ρ(v) can also in principle be extracted from the measured distributions such that a priori
knowledge of the trapping potential is not required.
[0153] A fourth type of processing in step S4 is as follows.
[0154] The method described above establishes a measure of the polarizability of the particle 8 and calibrates the
trap depth to the incident intensity of the light that is used to illuminate the optical cavity 1. The fourth type of processing
uses the parameter of resonant frequency of the resonance (mode shift) derived in step S3 to derive a measure of the
coefficient of friction (or diffusivity) which in turn is used to derive a measure of the size of the particle 8.
[0155] The measure of the coefficient of friction is derived as follows using an autocorrelation function of the mode shift.
[0156] The autocorrelation function for the time-dependent mode shifts is given by 

~
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[0157] In the optical cavity 1, the autocorrelation function of the mode shift as a function of time is found to take the
form of a bi-exponential decay. The two decay components correspond to the two different trap stiffness values in the
axial and transverse directions given by 

The two decay time constants τz and τx,y are related to the average values of the trap stiffness in the axial and transverse
directions given by 

 where γ is the friction coefficient (hydrodynamic drag) of the particle in the fluid 7, and (kz) and (kx,y) are the average
trap stiffnesses which can be calculated using equipartition theory giving 

with the mean-squared positions calculated from the Boltzmann distribution of energies and the relationship between
normalised wavelength shift and displacement calculated from FDTD modelling data in accordance with 

[0158] To illustrate this processing, Fig. 14 shows the normalised autocorrelation function derived from experimental
measurements, for a sequence of recorded mode shifts. The scatter plot is experimental data, while the solid lines
represent the fits to equation (6), the time constants of which correspond to the different trap strengths in the transverse
(x,y) and longitudinal (z) directions. The parameter k = 1/3 (or 2/3) in equation (6) indicates the contribution to the
normalised correlation function of each spatial dimension in the trap.
[0159] As can be seen, a good bi-exponential fit is achieved with decay time constants τz = 0.32 ms 6 0.02 ms and
τx,y = 7.1 ms 6 0.1 ms.
[0160] Fig. 15 shows plots 48, 49 of the calculated mean stiffness parameters k against the corresponding decay
constants τ of the three measured correlation functions, for the three powers of the measurement laser 26, the plot 48
being for the transverse (x,y) directions and the plot 49 being for the longitudinal (z) directions. Each of the plots 48, 49
displays an inverse relationship that may be used to calculate the coefficient of friction using equations (7a) and (7b),
giving values of the coefficient of friction of γz = 4.8 3 10-9 kg s-1 and γx,y = 3.1 3 10-9 kg s-1.
[0161] The measure of size of the particle 8 may be derived from measure of the coefficient of friction taking into
account the dependence of the coefficient of friction on its size and on the properties of the surrounding fluid 7, as follows.
[0162] The coefficient of friction for a particle 8 of radius r in a bulk fluid environment with isotropic viscosity η is given
by γ = 6πηr. Given a radius r = 100 nm, if the particle 8 were diffusing freely in water at room temperature (η ≈ 10-3 Pa.s)
one would expect γz = γx,y = 1.7 3 10-9 kg s-1. In the results presented here, the presence of the reflectors 2, 3 increases
the drag experienced by the particle 8, increasing the coefficient of friction, and the geometry of the optical cavity 1 leads
to different increases along z and x,y.
[0163] The magnitude can be derived using the analytic expression for a particle 8 at a distance h from a fixed surface,
whereby γ is increased according to 
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where χh has been defined as a correction parameter to the bulk expression. In the device 10, the appropriate value of
h depends on the field antinode in which the particle 8 is trapped: for 200 nm diameter particles 8 trapped in the field
antinodes directly adjacent to the mirrors (1 and 4) where the average separation of the centre of a particle 8 from the

mirror is  the correction parameter is calculated to be χh = 0.51 whilst for those trapped in field antinodes 12 numbered

2 and 3, where the average separation of the centre of a particle 8 from the mirror is  we find that χh = 0.18.

Claims

1. A method for detecting characteristics of polarizable particles (8) in a fluid (7), the method using an open optical
cavity (1) comprising opposed optical reflectors (2, 3) containing the fluid (7) therebetween, the method comprising:

introducing at least one particle (8) through the fluid (7) into the optical cavity (1);
illuminating the optical cavity (1) containing the particle (8) with light that excites a resonance of an optical mode
(6) of the optical cavity (1) that is affected by an individual particle;
measuring the light output from the optical cavity (1);
deriving at least one measurement of at least one parameter of the excited resonance from the measured light;
and
deriving at least one characteristic of the at least one particle (8) from the at least one measurement,
characterized in that the optical cavity (1) has an optical mode volume of 10 mm3 or less.

2. A method according to claim 1, wherein the step of illuminating the optical cavity (1) further comprises tuning through
the resonance, optionally wherein opposed reflectors (2, 3) are relatively movable and the step of tuning through
the resonance comprises relatively moving the opposed reflectors (2, 3) to tune the cavity length, and optionally
wherein the step of tuning through the resonance is performed repeatedly and the step of deriving at least one
measurement comprises deriving repeated measurements of at least one parameter of repeatedly tuned resonances.

3. A method according to claim 2, further comprising monitoring the cavity length during said step of tuning by performing
optical measurement, and controlling the relative movement of the opposed reflectors (2, 3) in response to the
monitored cavity length to stabilise against drift.

4. A method according to any one of the preceding claims, wherein the step of illuminating the optical cavity (1) further
comprises tuning through the resonance and the step of measuring the light output from the optical cavity (1) is
performed during the step of tuning through the resonance.

5. A method according to any one of the preceding claims, wherein the step of illuminating comprises one or both of:
illuminating the optical cavity (1) containing the particle (8) with light from a laser; the illuminating light is polarised
and the resonance of the optical mode (6) has a polarised electric field.

6. A method according to any one of the preceding claims, wherein the optical cavity (1) has a finesse of 100 or more.

7. A method according to any one of the preceding claims, wherein either at least one of the opposed optical reflectors
(2, 3) is concave in two orthogonal dimensions, or both of the opposed optical reflectors (2, 3) are planar.

8. A method according to any one of the preceding claims, wherein
an array of plural optical cavities (1), including the first defined optical cavity are provided, each optical cavity (1)
comprising opposed optical reflectors (2, 3), at least one of which is concave in two dimensions, containing the fluid
(7), and
the method comprises
introducing individual particles (8) through the fluid (7) into respective optical cavities (1);
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illuminating the optical cavities (1) with light that excites resonances of an optical mode (6) of the optical cavities
(1) that are affected by the particles (8) in respect of optical cavities (1) that contain a particle (8), and
deriving at least one measurement of at least one parameter of the excited resonances in respect of each optical
cavity (1) that contains a particle (8),
optionally wherein all the optical cavities (1) are illuminated with the light from the same light source that excites
resonances of optical modes (6) of the optical cavities (1) at different resonant frequencies,
optionally wherein the optical cavities (1) have optical modes (6) at different resonant frequencies, and
optionally wherein an individual particle (8) is introduced through the fluid (7) into more than one of the optical cavities
(1).

9. A method according to claim 8, wherein the plural optical cavities (1) include a reference optical cavity into which a
particle is not introduced, and said at least one measurement of at least one parameter of all the excited resonances
is derived in respect of each optical cavity (1) that contains a particle (8) is a differential measurement between the
optical cavity (1) containing a particle (8) and the reference cavity.

10. A method according to any one of claims 1 to 7, wherein
introducing plural particles (8) through the fluid (7) into the optical cavity (1),
illuminating the optical cavity (1) with light that excites resonances of an optical mode (6) of the optical cavity (1) in
localised regions around individual particles (8) that are affected by the individual particles (8), and
deriving at least one measurement of at least one parameter of the excited resonances in respect of said localised
regions of the optical cavity (1),
optionally wherein the optical cavity (1) is illuminated with light from the same light source that excites resonances
of optical modes (6) in respect of the localised regions at different resonant frequencies, and
optionally wherein said at least one measurement of at least one parameter of the excited resonances is derived in
respect of said localised regions is a differential measurement between the localised regions of the optical cavity
(1) that contains respective particles (8) and a region of the optical cavity (1) that does not contain a particle.

11. A method according to any one of the preceding claims, wherein the resonance optically traps the particle (8) in the
optical cavity (1).

12. A method according to any one of the preceding claims, wherein the at least one parameter comprises at least one
of the resonant frequency, phase, amplitude, width of the excited resonance, width of a resonance of a mode for
which polarization degeneracy has been lifted, or at least one parameter that is dependent on light scattering by
the particle.

13. A method according to any one of the preceding claims, wherein the step of deriving at least one measurement
comprises deriving repeated measurements of at least one parameter of the excited resonance.

14. A method according to any one of the preceding claims, further comprising deriving a measure of a characteristic
of the particle (8) that is dependent on the motion of the individual particle in the optical cavity (1), from a distribution
of the repeated measurements, optionally said measure of a characteristic of the particle (8) being one of: i) a
measure of the polarizability of the particle; ii) a measure of the full or partial polarizability tensor, optionally being
a measure of the ellipticity of the particle; iii) a measure of the temperature of the particle; iv) a measure of the
coefficient of friction of the particle in the fluid that is derived using an autocorrelation function of the distribution of
the repeated measurements, optionally further comprising deriving a measure of the size of the particle from the
measure of the coefficient of friction.

Patentansprüche

1. Verfahren zum Erfassen von Merkmalen polarisierbarer Teilchen (8) in einem Fluid (7), wobei das Verfahren einen
offenen optischen Hohlraum (1) verwendet, der gegenüberliegende optische Reflektoren (2, 3) umfasst, die das
Fluid (7) dazwischen enthalten, wobei das Verfahren umfasst:

Einbringen mindestens eines Teilchens (8) durch das Fluid (7) in den optischen Hohlraum (1);
Beleuchten des optischen Hohlraums (1), der das Teilchen (8) enthält, mit Licht, das eine Resonanz eines
optischen Modus (6) des optischen Hohlraums (1) anregt, der von einem einzelnen Teilchen beeinflusst wird;
Messen der Lichtleistung aus dem optischen Hohlraum (1);
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Ableiten mindestens einer Messung von mindestens einem Parameter der angeregten Resonanz aus dem
gemessenen Licht; und
Ableiten mindestens eines Merkmals des mindestens einen Teilchens (8) aus der mindestens einen Messung,
dadurch gekennzeichnet, dass der optische Hohlraum (1) ein optisches Modenvolumen von 10 mm3 oder
weniger aufweist.

2. Verfahren nach Anspruch 1, wobei der Schritt des Beleuchtens des optischen Hohlraums (1) ferner das Abstimmen
durch die Resonanz umfasst, optional wobei gegenüberliegende Reflektoren (2, 3) relativ zueinander beweglich
sind und der Schritt des Abstimmens durch die Resonanz das relativ zueinander Bewegen der gegenüberliegenden
Reflektoren (2, 3) zum Abstimmen der Hohlraumlänge umfasst und optional wobei der Schritt des Abstimmens
durch die Resonanz wiederholt durchgeführt wird und der Schritt des Ableitens mindestens einer Messung das
Ableiten wiederholter Messungen von mindestens einem Parameter wiederholt abgestimmter Resonanzen umfasst.

3. Verfahren nach Anspruch 2, ferner umfassend das Überwachen der Hohlraumlänge während des Abstimmungs-
schritts durch Durchführen einer optischen Messung, und das Steuern der Relativbewegung der gegenüberliegenden
Reflektoren (2, 3) als Reaktion auf die überwachte Hohlraumlänge, um gegen Drift zu stabilisieren.

4. Verfahren nach einem der vorhergehenden Ansprüche, wobei der Schritt des Beleuchtens des optischen Hohlraums
(1) ferner das Abstimmen durch die Resonanz umfasst und der Schritt des Messens der Lichtleistung aus dem
optischen Hohlraum (1) während des Abstimmungsschritts durch die Resonanz durchgeführt wird.

5. Verfahren nach einem der vorhergehenden Ansprüche, wobei der Beleuchtungsschritt eines oder beide von folgen-
den umfasst:

Beleuchten des optischen Hohlraums (1), der das Teilchen (8) enthält, mit Licht von einem Laser;
das Beleuchtungslicht ist polarisiert und die Resonanz des optischen Modus (6) weist ein polarisiertes elektri-
sches Feld auf.

6. Verfahren nach einem der vorhergehenden Ansprüche, wobei der optische Hohlraum (1) eine Finesse von 100 oder
mehr aufweist.

7. Verfahren nach einem der vorhergehenden Ansprüche, wobei entweder mindestens einer der gegenüberliegenden
optischen Reflektoren (2, 3) in zwei orthogonalen Dimensionen konkav ist oder beide der gegenüberliegenden
optischen Reflektoren (2, 3) planar sind.

8. Verfahren nach einem der vorhergehenden Ansprüche, wobei eine Anordnung von mehreren optischen Hohlräumen
(1) einschließlich des ersten definierten optischen Hohlraums, vorgesehen ist, wobei jeder optische Hohlraum (1)
gegenüberliegende optische Reflektoren (2, 3), von denen mindestens einer in zwei Dimensionen konkav ist, um-
fasst, die das Fluid (7) enthalten, und das Verfahren umfasst das Einbringen einzelner Teilchen (8) durch das Fluid
(7) in jeweilige optische Hohlräume (1);
Beleuchten der optischen Hohlräume (1) mit Licht, das Resonanzen eines optischen Modus (6) der optischen
Hohlräume (1) anregt, die von den Teilchen (8) in Bezug auf optische Hohlräume (1), die ein Teilchen (8) enthalten,
beeinflusst werden, und Ableiten mindestens einer Messung von mindestens einem Parameter der angeregten
Resonanzen in Bezug auf jeden optischen Hohlraum (1), der ein Teilchen (8) enthält, optional wobei alle optischen
Hohlräume (1) mit dem Licht von derselben Lichtquelle beleuchtet werden, das Resonanzen von optischen Moden
(6) der optischen Hohlräume (1) bei verschiedenen Resonanzfrequenzen anregt, optional wobei die optischen
Hohlräume (1) optische Moden (6) bei verschiedenen Resonanzfrequenzen aufweisen und optional wobei ein ein-
zelnes Teilchen (8) durch das Fluid (7) in mehr als einen der optischen Hohlräume (1) eingebracht wird.

9. Verfahren nach Anspruch 8, wobei die mehreren optischen Hohlräume (1) einen optischen Referenzhohlraum
umfassen, in den kein Teilchen eingebracht wird, und die mindestens eine Messung von mindestens einem Para-
meter aller angeregten Resonanzen in Bezug auf jeden optischen Hohlraum (1) abgeleitet wird, der ein Teilchen
(8) enthält, eine Differenzmessung zwischen dem optischen Hohlraum (1), der ein Teilchen (8) enthält, und dem
Referenzhohlraum ist.

10. Verfahren nach einem der Ansprüche 1 bis 7, wobei das Einbringen mehrerer Teilchen (8) durch das Fluid (7) in
den optischen Hohlraum (1), das Beleuchten des optischen Hohlraums (1) mit Licht, das Resonanzen eines optischen
Modus (6) des optischen Hohlraums (1) in lokalisierten Bereichen um einzelne Teilchen (8), die von den einzelnen
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Teilchen (8) betroffen sind, anregt und das Ableiten mindestens einer Messung von mindestens einem Parameter
der angeregten Resonanzen in Bezug auf die lokalisierten Bereiche des optischen Hohlraums (1), optional wobei
der optische Hohlraum (1) mit Licht von derselben Lichtquelle beleuchtet wird, das Resonanzen der optischen
Moden (6) in Bezug auf die lokalisierten Bereiche bei verschiedenen Resonanzfrequenzen anregt, und optional
wobei die mindestens eine Messung von mindestens einem Parameter der angeregten Resonanzen in Bezug auf
die lokalisierten Bereiche abgeleitet wird eine Differenzmessung zwischen den lokalisierten Bereichen des optischen
Hohlraums (1), der jeweilige Teilchen (8) enthält, und einen Bereich des optischen Hohlraums (1), der kein Teilchen
enthält, ist.

11. Verfahren nach einem der vorhergehenden Ansprüche, wobei die Resonanz das Teilchen (8) in dem optischen
Hohlraum (1) optisch einfängt.

12. Verfahren nach einem der vorhergehenden Ansprüche, wobei der mindestens eine Parameter mindestens einen
von der Resonanzfrequenz, Phase, Amplitude, Breite der angeregten Resonanz, Breite einer Resonanz eines
Modus, für den die Polarisationsentartung aufgehoben wurde, oder mindestens einem Parameter, der von einer
Lichtstreuung durch das Teilchen abhängt, umfasst.

13. Verfahren nach einem der vorhergehenden Ansprüche, wobei der Schritt des Ableitens mindestens einer Messung
das Ableiten wiederholter Messungen von mindestens einem Parameter der angeregten Resonanz umfasst.

14. Verfahren nach einem der vorhergehenden Ansprüche, ferner umfassend das Ableiten einer Messung eines Merk-
mals des Teilchens (8), das von der Bewegung des einzelnen Teilchens in dem optischen Hohlraum (1) abhängig
ist, aus einer Verteilung der wiederholten Messungen, wobei optional die Messung eines Merkmals des Teilchens
(8) eine der folgenden ist:

i) eine Messung für die Polarisierbarkeit des Teilchens;
ii) eine Messung des vollständigen oder partiellen Polarisierbarkeitstensors, wobei sie optional eine Messung
der Elliptizität des Teilchens ist;
iii) eine Messung der Temperatur des Teilchens;
iv) eine Messung des Reibungskoeffizienten des Teilchens in dem Fluid, die unter Verwendung einer Autokor-
relationsfunktion der Verteilung der wiederholten Messungen abgeleitet wird, wobei sie optional ferner das
Ableiten einer Messung der Größe des Teilchens aus der Messung des Reibungskoeffizienten umfasst.

Revendications

1. Procédé permettant la détection des caractéristiques de particules polarisables (8) dans un fluide (7), le procédé
utilisant une cavité optique ouverte (1) comprenant des réflecteurs optiques opposés (2, 3) contenant le fluide (7)
entre eux, le procédé comprenant :

l’introduction d’au moins une particule (8) à travers le fluide (7) dans la cavité optique (1) ;
l’éclairage de la cavité optique (1) contenant la particule (8) avec de la lumière qui excite une résonance d’un
mode optique (6) de la cavité optique (1) qui est affecté par une particule individuelle ;
la mesure de la lumière délivrée en sortie de la cavité optique (1) ;
la dérivation d’au moins une mesure d’au moins un paramètre de la résonance excitée à partir de la lumière
mesurée ;
et la dérivation d’au moins une caractéristique de la au moins une particule (8) de la au moins une mesure,
caractérisé en ce que la cavité optique (1) possède un volume de mode optique inférieur ou égal à 10 mm3.

2. Procédé selon la revendication 1, ladite étape d’éclairage de la cavité optique (1) comprenant en outre le réglage
par la résonance, éventuellement lesdits réflecteurs opposés (2, 3) étant relativement mobiles et l’étape de réglage
par la résonance comprenant le déplacement relatif des réflecteurs opposés (2, 3) pour régler la longueur de la
cavité, et éventuellement ladite étape de réglage par la résonance étant effectuée de manière répétée et ladite
étape de dérivation d’au moins une mesure comprenant la dérivation de mesures répétées d’au moins un paramètre
de résonances réglées de manière répétée.

3. Procédé selon la revendication 2, comprenant en outre la surveillance de la longueur de cavité durant ladite étape
de réglage en effectuant une mesure optique et la commande du déplacement relatif des réflecteurs opposés (2,
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3) en réponse à la longueur de cavité surveillée pour se stabiliser contre la dérive.

4. Procédé selon l’une quelconque des revendications précédentes, ladite étape d’éclairage de la cavité optique (1)
comprenant en outre le réglage par la résonance et ladite étape de mesure de la lumière émise en sortie de la cavité
optique (1) étant effectuée durant l’étape de réglage par la résonance.

5. Procédé selon l’une quelconque des revendications précédentes, ladite étape d’éclairage comprenant l’un ou les
deux de :

l’éclairage de la cavité optique (1) contenant la particule (8) avec la lumière provenant d’un laser ;
la lumière d’éclairage est polarisée et la résonance du mode optique (6) possède un champ électrique polarisé.

6. Procédé selon l’une quelconque des revendications précédentes, ladite cavité optique (1) possédant une finesse
supérieure ou égale à 100.

7. Procédé selon l’une quelconque des revendications précédentes, au moins l’un desdits réflecteurs optiques opposés
(2, 3) étant concave selon deux dimensions orthogonales, ou lesdits deux réflecteurs optiques opposés (2, 3) étant
plans.

8. Procédé selon l’une quelconque des revendications précédentes, un réseau de plusieurs cavités optiques (1),
comprenant la première cavité optique définie, étant prévu, chaque cavité optique (1) comprenant des réflecteurs
optiques opposés (2, 3), au moins l’un d’eux étant concave en deux dimensions, contenant le fluide (7), et
ledit procédé comprenant l’introduction de particules individuelles (8) à travers le fluide (7) dans des cavités optiques
respectives (1) ;
l’éclairage des cavités optiques (1) avec de la lumière qui excite les résonances d’un mode optique (6) des cavités
optiques (1) qui sont affectées par les particules (8) par rapport aux cavités optiques (1) qui contiennent une particule
(8) et la dérivation d’au moins une mesure d’au moins un paramètre des résonances excitées par rapport à chaque
cavité optique (1) qui contient une particule (8),
éventuellement toutes lesdites cavités optiques (1) étant éclairées avec la lumière provenant de la même source
de lumière qui excite les résonances des modes optiques (6) des cavités optiques (1) à différentes fréquences de
résonance, éventuellement lesdites cavités optiques (1) possédant des modes optiques (6) à différentes fréquences
de résonance, et éventuellement une particule individuelle (8) étant introduite à travers le fluide (7) dans plus d’une
des cavités optiques (1).

9. Procédé selon la revendication 8, ladite pluralité de cavités optiques (1) comprenant une cavité optique de référence
dans laquelle aucune particule n’est introduite, et ladite au moins une mesure d’au moins un paramètre de toutes
les résonances excitées étant dérivée par rapport à chaque cavité optique (1) qui contient une particule (8) est une
mesure différentielle entre la cavité optique (1) contenant une particule (8) et la cavité de référence.

10. Procédé selon l’une quelconque des revendications 1 à 7, ladite introduction de plusieurs particules (8) à travers
le fluide (7) dans la cavité optique (1), ledit éclairage de la cavité optique (1) avec une lumière qui excite les
résonances d’un mode optique (6) de la cavité optique (1) dans des zones localisées autour de particules individuelles
(8) qui sont affectées par les particules individuelles (8), et la dérivation d’au moins une mesure d’au moins un
paramètre des résonances excitées par rapport auxdites zones localisées de la cavité optique (1), éventuellement
ladite cavité optique (1) étant éclairée avec de la lumière provenant de la même source de lumière qui excite les
résonances des modes optiques (6) par rapport aux zones localisées à différentes fréquences de résonance, et
éventuellement ladite au moins une mesure d’au moins un paramètre des résonances excitées étant dérivée par
rapport auxdites zones localisées étant une mesure différentielle entre les zones localisées de la cavité optique (1)
qui contiennent des particules respectives (8) et une zone de la cavité optique (1) qui ne contient pas de particule.

11. Procédé selon l’une quelconque des revendications précédentes, ladite résonance emprisonnant optiquement la
particule (8) dans la cavité optique (1).

12. Procédé selon l’une quelconque des revendications précédentes, ledit au moins un paramètre comprenant au moins
l’une de la fréquence de résonance, de la phase, de l’amplitude, de la largeur de la résonance excitée, de la largeur
d’une résonance d’un mode pour lequel la dégénérescence de polarisation a été levée, ou d’au moins un paramètre
qui dépend de la diffusion de la lumière par la particule.
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13. Procédé selon l’une quelconque des revendications précédentes, ladite étape de dérivation d’au moins une mesure
comprenant la dérivation de mesures répétées d’au moins un paramètre de la résonance excitée.

14. Procédé selon l’une quelconque des revendications précédentes, comprenant en outre la dérivation d’une mesure
d’une caractéristique de la particule (8) qui dépend du déplacement de la particule individuelle dans la cavité optique
(1), à partir d’une distribution des mesures répétées, éventuellement ladite mesure d’une caractéristique de la
particule (8) étant l’une de :

i) une mesure de la polarisabilité de la particule ;
ii) une mesure du tenseur de polarisation totale ou partielle, éventuellement une mesure de l’ellipticité de la
particule ;
iii) une mesure de la température de la particule ;
iv) une mesure du coefficient de frottement de la particule dans le fluide qui est dérivée à l’aide d’une fonction
d’auto-corrélation de la distribution des mesures répétées, comprenant éventuellement en outre la dérivation
d’une mesure de la taille de la particule à partir de la mesure du coefficient de frottement.
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