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Abstract:  We present the first non-resonant and non-enhanced Raman
correlation spectroscopy experiments. They are conducted on a confocal
microscope combined with a Raman spectrometer. The thermal fluctuations
of the Raman intensities scattered by dispersions of polystyrene particles
of sub-micrometric diameters are measured and analysed by deriving
the autocorrelation functions (ACFs) of the intensities. We show that for
particles of diameter down to 200 nm, RCS measurements are successfully
obtained in spite of the absence of any source of amplification of the
Raman signal. For particles of diameter ranging from 200 to 750 nm, the
ACFs present a time-decay behaviour in accordance with the model of free
Brownian particles. For particles of 1000 nm in diameter, the AFCs present
a different behaviour with a much smaller characteristic time. This results
from the dynamics of a single-Brownian particle trapped in the confocal
volume by the optical forces of the focus spot.

© 2013 Optical Society of America

OCIS codes: (120.0120) Instrumentation, measurement, and metrology; (120.6200) Spectrom-
eters and spectroscopic instrumentation; (270.5290) Photon statistics.
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1. Introduction

Dynamic light scattering (DLS) and Fluorescence Correlation Spectroscopy (FCS) belong to
the same widespread class of optical fluctuation spectroscopy experiments by which the ther-
mal fluctuations in colloidal solutions or in reacting systems may be investigated. The origins
of these techniques have their roots in the early 20th century with, on the one hand, the work
of Gouy [1] and that of Einstein [2] who understood the thermal origin of the Brownian mo-
tion and thereby the relationship between the diffusion coefficient D of a particle and its size,
and the temperature and the viscosity of the solvent. On the other hand we find the studies on
the statistics of random walks and stochastic processes [3,4] which permitted to demonstrate
that the thermal noise could be analysed to gain insights in the dynamics of the system. In the
field of optical fluctuations, the first experimental achievements resulting from these ideas and
knowledge took place in the mid-sixties when the development of the quick electronics and the
discovery of the laser enabled to measure the rapid temporal fluctuations of coherent light scat-
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tered by particles in motion [5—7]. Such experiments, known as dynamic light scattering (DLS)
or quasi-elastic light scattering, demonstrated the ability of measuring the diffusion coefficient
of particles in a dispersion by deriving time-autocorrelation functions of a dynamic variable
of the system, here the intensity of the photons elastically scattered by the particles [6]. This
intensity being essentially governed by the dielectric constant of the scatterers, it rapidly ap-
peared that this method would not be suited to the study of chemical or biophysical reactions
involving different chemical species. Consequently, short after the demonstration of DLS and
of its great potential, Madge et al. [8] proposed the FCS technique based on the measure and
analysis of the fluctuations of the fluorescence of targeted scatterers and demonstrated the pos-
sibility of studying the kinetics of a reaction in a multicomponent system. In 1993, the FCS
technique was greatly improved by the introduction of the use of confocal microscopy in the
measurements [9]. Thanks to the realization of small observation volumes, the background sig-
nal was strongly reduced, the autocorrelation functions of the intensities had a much better
signal-to-noise ratio and the sensitivity of the method was enhanced up to the single-molecule
detection [10], giving rise to a great number of works and publications [11].

In the original paper of Madge et al. [8], it was already stated that the underlying principle
of FCS could be extended to other dynamical variables such as Raman scattering intensities.
The great advantage of Raman correlation spectroscopy (RCS) as compared to FCS is that
each molecule has its own Raman signature which confers an intrinsic chemical selectivity to
the technique. In that sense, RCS is less restrictive than FCS as it is free of labeling and it is
not subjected to blinking nor bleaching of the fluorophores. In spite of that only a very few ex-
periments have demonstrated the proof-of-principle of the method. The difficulty in performing
RCS measurements is due to the extremely small cross-section of the Raman scattering process.
It was only with the development of highly sensitive FCS measurements, and its transposition to
RCS, that the first realization of RCS could be achieved by Schrof et al. [12]. Their demonstra-
tion was done by illuminating beta-carotene particles with an He-Ne laser, i.e in pre-resonance
conditions. Beta-carotene is indeed known to have electronic transitions in the visible range
that enhance the Raman cross section of the material [13, 14]. Following this work, a few RCS
experiments using different ways of Raman enhancement, namely surface enhanced Raman
scattering (SERS) from molecules adsorbed on silver colloid [15] and coherent anti-Stokes Ra-
man scattering (CARS) [16, 17], were performed and also demonstrated the possibility of the
method for the investigation of diffusion processes. Nevertheless, in spite of these demonstra-
tions of feasibility done more than ten years ago, RCS was not developed and stagnated in the
proof-of-principle state restricted to these cases where amplifications of the Raman signal could
be obtained. Recently, however, a group proposed an alternative experimental implementation
for RCS measurements [18] aiming at exploiting the coherence of the Raman process. In their
case, the experimental set-up is different than the ones used in the previous studies and in FCS.
In fact, the apparatus and the underlying principle of their method are based on those of stan-
dard DLS measurements, which means that the temporal fluctuations of the Raman intensities
are due to the phase shifts of the scattered fields as the scatterers move. The authors derived the
optical autocorrelation function of Raman intensities in this configuration [18] and carried out
some experiments [19] also on beta-carotene particles illuminated in the visible spectral range.

In the present work we investigated the possibility of performing RCS measurements under
a confocal microscope without any amplification of the Raman signal, i.e with much lower Ra-
man cross-sections than in all the previous studies cited here above. For that purpose, we have
chosen a model system of aqueous suspension of spherical polystyrene beads of various diam-
eters ranging from 100 to 1000 nm. By comparison with the previous studies [12], the sizes
of the particles are equivalent but the Raman cross-section of polystyrene was estimated to be
four orders of magnitude smaller than that of beta-carotene under an illumination wavelength
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of 514.5 nm [19]. Our experimental set-up has a configuration close to that proposed in the pa-
per of Schrof et al. [12], and the different optical elements were optimize to gain in sensitivity
and in signal-to-noise ratio. Obtaining RCS data in full agreement with the one expected from
theory demonstrates the possibility of performing quantitative RCS on much weaker Raman
scatterers than those of the reported studies.

The paper is organized as follows. In the first section, we describe the optical set-up that was
used to perform the RCS measurements. We then give the theoretical expressions of the ACFs
used to analyze the experimental results. Next we show the measurements obtained on five
solutions containing particles of 100, 200 500 750 and 1000 nm in diameter respectively. The
analysis of the data indicates that for particles from 200 to 750 nm in diameter, the ACFs of the
Raman intensities enable to determine the diffusion coefficient of the particles accordingly to
the theory of free Brownian particles. The case of the largest particles of 1000 nm in diameter
is special. We show that in this situation the RCS measurements actually correspond to that of
a Brownian particles optically trapped in the confocal volume.

2. [Experimental set-up

The experimental set-up is sketched in Fig. 1. The solution is illuminated by an inverted Zeiss
microscope equipped with an infinity corrected 100x oil-immersion objective of numerical
aperture 1.45. The illumination is provided by a laser source of wavelength Ay=532 nm and of
power Pp=50 mW at the entrance of the microscope. The backscattered light (Rayleigh and Ra-
man) is collected by the same objective and is focused by a lens tube onto a 300 um-diameter
pinhole placed in the confocal plane. As it is known from confocal microscopy [20, 21] the
pinhole is a spatial filter which only allows the photons coming from the focus point to pass
through the aperture. Consequently its diameter determines the confocal detection volume. The
value of the diameter of the pinhole used here, which is larger than that usually used in confocal
microscopy, is very important as its size is such that the observation volume is sufficiently large
to measure a Raman signal but not too large to maintain the sensitivity to the fluctuations of
the signal. A Notch filter of optical density of 6.0 is placed behind the pinhole to suppress the
Rayleigh scattering while the Raman photons are transmitted and focused at the entrance slits
of the Raman spectrometer (Spectro Solar TII). In the spectrometer, a 75 grooves/mm grating
diffracts the incident beam to disperse spatially the Raman photons of different wavelengths
and two types of experiments are possible: (i) the diffracted beam is sent onto a cooled CCD
(charge-coupled device) camera (Andor DU 440) to measure the Raman spectra of the sample
(Fig. 1(b)), or (ii) the photons of a chosen wavelength are sent onto the exit slits of the spectrom-
eter whose opening is fixed to 0.5 mm. The outgoing beam is collimated onto a 20 x objective
which focuses the beam to a spot size of the order of 100 um in diameter, which is slightly
smaller than the diameter of the active area of the avalanche photodiode detector (APD Perkin
Elmer, SPCM-AQR-15). Each photon counted exits the APD as a TTL (transistor-transistor
logic) pulse which is processed by a photon correlator (Ciprian). The latter measures the time
delay between two pulses to reconstruct the intensity 7 (t) of the Raman photons of the selected
wavelength A as a function of time ¢. Finally, a software derives the ACF of I (t) (Fig. 1(c)).
Let us note that by removing the Notch filter and setting the outgoing wavelength to A=4¢=532
nm, DLS measurements can also be performed with our experimental set-up.

3. Autocorrelation functions

The spherical polystyrene beads in suspension in water have a Brownian motion characterized
by a diffusion coefficient D from which the diameter of the particles can be derived, accordingly
to the Stokes-Einstein formula: D = kgT /(37ndy ), where kg is the Boltzmann’s constant, T
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Fig. 1. Scheme of the experimental set-up. (a) The sample is illuminated by a laser of
wavelength Ap=532 nm through a high numerical aperture objective. The back-scattered
light is collected by the same objective and is spatially filtered by a pinhole placed in the
confocal plane, before being sent to the entrance of the Raman spectrometer. For Raman
spectra acquisition and RCS measurements, a Notch filter is placed after the pinhole to
ensure the rejection of the elastic light scattering. The light entering the spectrometer is
diffracted and the diffracted beam is either (b) sent to a CCD camera for the Raman spectra
acquisition or (c) sent through the exit slits whose aperture selects the wavelength A and
the spectral width of the outgoing beam. The latter beam is focused on an APD coupled
with a photon correlator which measures the intensity 7, (t) of the photons of wavelength A
as a function of time. A software calculates the ACF of this intensity.

and 1 are the temperature and the viscosity of the solvent respectively. dy is the hydrodynamic
diameter of the particle. The measure of D is obtained from the characteristic time of the ACF of
the Raman scattering intensities whose fluctuations arise from the variation of the instantaneous
number of particles in the confocal volume. The latter volume, in the experimental geometry
we use, is generally assumed to have a profile describable by an anisotropic Gaussian function
1(x,9,2) = Toe 2 °)/15-22/35  where Iy is the incident intensity, ro and zo are the radius of
the profile in the (x,y) plane and in the z direction respectively, the z direction being parallel to
the direction of propagation of the beam (Fig. 1(a)). Accordingly to the theory developed for
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DLS [22] and FCS [23] experiments in such small volumes, the ACF writes as:

_{@i+n) ¢ 1
0= 1@y Ry (1+1/1p) (1 +1/(W2tp))*> ey

where Tp = ré /4D is the characteristic time of the translational diffusion and w = zo/ry is the
shape parameter of the confocal volume. (N) is the average number of scatterers in the confocal
volume and ¢ = 1 —I/Ip is the background correction factor, I being the total intensity and I
that of the background [24]. The expression Eq. (1) will be used in the next paragraph to analyze
the experimental results obtained for the Brownian particles.

It is also well known that when the scattered light is coherent there is another source of
thermal fluctuations. In that case, the measured intensity indeed results from the interferences of
all the electric fields scattered by the different particles in the observation volume. The phases of
these fields depend on the relative position of the scattering centers, and consequently, the value
of the resulting intensity changes with the motion of the particles. These intensity fluctuations
give birth to an ACF of the form:

Go(t) = 1+ Be 24D, )

where g is the scattering vector defined as § = |7é — %,| where k, and k; are the wave vectors
of the scattered and incident waves respectively and 0< 8 <1 is the intercept value G.(0) — 1,
related to the number of coherence areas seen by the detector [7].

When the experiments are conducted with a high numerical aperture objective, many differ-
ent values of the scattering vector co-exist and the angle of collection is larger than the angle
of coherence [25], both effects leading to a large decrease of 3. As a result, this additional
contribution is not (for RCS), or only very weakly (for DLS), measured in our experimental
configuration and the ACFs essentially behave as described by Eq. (1) [26]. In contrast, in the
experimental set-up proposed in [18], the ACFs are of the form of Eq.(2).

4. Experimental results for free Brownian particles

Before performing the RCS measurements, the temperature of the solvent and the size of the
confocal volume were calibrated by measuring the DLS and FCS ACFs on commercial solu-
tions containing red fluorescent carboxylate-modified polystyrene (PS) beads (Sigma-Aldrich)
of known diameters. We found a temperature of 7 = 24°C and a confocal volume of radius
ro = 4504 50 nm and of shape factor w?=10.

The RCS measurements were performed on commercial (Polysciences) Polybead PS micro
spheres in a 2.5 wt.% aqueous suspension with 100, 200, 500, 750 and 1000 nm in nominal
diameter. In the following we will consider that the particles are large enough to assimilate
the hydrodynamic diameter (dy) to the nominal one (dy) and both of these diameters will be
denoted as d. Raman spectra of the solutions were recorded during 30 s and present the ex-
pected Raman bands of PS [27] and the large water band around 3400 cm~ !, as can be seen
on Fig. 1(b). RCS measurements were done by deriving the ACF of the intensity of the most
intense Raman band namely the one at 3005 cm™~! corresponding to the aromatic CH stretch of
the PS [27]. Measurements typically last 10 s and and reproduced 10 times to lower the noise
signal in the ACFs.

4.1. Particles of nominal diameter d=100 nm

Raman spectra recorded on this solution show very weak PS Raman bands of only a few tens of
counts per second. Unsurprisingly, the measured ACFs were very flat and noisy indicating that
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Fig. 2. (a-c) ACFs of the Raman intensities located at 3005 cm™! scattered by PS particles
of different sizes: d=200 nm (a), d=500 nm (b) and d=750 nm (c). (d) ACF of the Raman
intensity scattered by the water molecules and located at 3400 cm™!. Dots are the experi-
mental data and full lines the calculated ones using Eq. (1). The characteristic times of the
ACFs are 1p=20 ms for d=200 nm (a), Tp=45 ms for d=500 nm and 7p=80 ms for d=750
nm. (e) Plot of the characteristic times as a function of the diameter of the particle. The
error bars come from the different values obtained from measurements on the same bead
sizes. The slope of the line expresses as a = 3703 /(4kpT) = 1.036 x 10~* s.nm~! and
gives access to the radius of the confocal volume rg = 445+ 50 nm at 7 = 24°C.

no correlation curves could be derived from the fluctuations of the Raman intensity. In order
to check the quality of the solution, DLS experiments were performed in the experimental
configuration described above (output wavelength of the spectrometer A=532 nm and removal
of the Notch filter). We measured an ACF with a temporal decay and a characteristic time
corresponding to the one expected for 100 nm-diameter diffusive particles. Consequently, the
absence of RCS ACFs cannot be attributed to the quality of the sample but is due to the fact that
the Raman signal of an individual particle is too small as compared to the background signal.

4.2.  Particles of nominal diameter d=200, 500 and 750 nm

The ACFs derived from the Raman band at 3005 cm ™! are shown in Figs. 2(a)-2(c), together
with the ACF derived from the Raman intensity of water (Fig. 2(d)). One clearly sees the
presence of a temporal decay on the ACFs measured on the PS Raman band whereas a flat
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and noisy ACF is obtained from the Raman of water even though its mean intensity is larger
than that of the PS particles. This is due to the fact that the water molecules are small and thus
numerous in the observation volume so that the intensity which scales as < N > is large but the
fluctuations which scale as 1/ < N > tend to 0 (Eq. (1)). Moreover, the ACFs of the PS beads,
represented by dots in Fig. 2, are properly reproduced by the ACFs calculated (full line) with Eq.
(1), which indicates that the observed temporal behavior is correct and behaves as G(r) ~ 173/2
as is expected for Brownian particles. In the experimental ACFs, the noise at short times comes
from the photon correlator. For the short sampling times the random noise is indeed higher that
for larger sampling times and, moreover, there is a sharp effect of the statistical fluctuations
since only a very few Raman photons are counted due to the weak Raman intensities. Let us note
that this later contribution to the short time delay noise diminishes when increasing the signal as
can be seen in Fig. 3. The calculated ACFs are fitted to the experimental ones by adjusting the
characteristic time 7p and the intercept value G(0) — 1. For the 200 nm-diameter beads, a shape
factor w>=10 was found to reproduce the ACF correctly whereas a value of w?=1 suits better
the ACFs obtained from the solutions with larger particles. This is due to the fact that the ACFs
have a steeper time-decay when the size of the particles becomes comparable with the waist of
the confocal beam. This effect has been reported several times in the literature [12, 16]. A good
agreement between the calculated ACFs and the experimental ones are found for 7p = 22.5+
2.5 ms, 45+ 5 ms and 80+ 5 ms for the solutions containing particles of diameter d=200, 500
and 750 nm respectively. The error bars come from the different characteristic time measured
on the same bead sizes. Fig. 2(e) shows the plot 7p = f(d) of the values of the characteristic
times Tp as a function of the diameters of the particles for which a linear behavior is expected
as Tp = r(z) x 3nndy /(4kpT). A line is indeed observed in Fig. 2(e) and this is an additional
confirmation of the validity of our RCS measurements. Moreover, the radius of the confocal
volume can be accessed since it derives from the slope of the line. The value found for the latter
slope is a = 1.036 x 10° s.m™ . Its value yields ry = 445+ 50 nm considering the temperature
of the solvent T = 24°C and the tabulated value of its viscosity at this temperature 1p4oc =
0.911 x 1073 kg.m~'s~!. This value of ry is in full accordance with the one already estimated
from FCS measurements.

In principle, the ACFs also permit to access the mean number of particles in the confocal
volume (Eq. (1)) from the intercept value G(t = 0) — 1. However this requires either to have
a high signal to background ratio (c tends to 1) or to be able to determine the value of the
background signal precisely. In the study presented here, the Raman band of the PS from which
the ACFs are derived is partially convoluted with the Raman band of water which is a source of
background. Moreover, the nominal concentration of the solutions, with particles of size d >200
nm, are such that < N >,,,,.ina 18 smaller than 1. Therefore, during a part of the measuring time,
only the background signal coming from the Raman scattered by the molecules of water is
measured. The value of ¢ is thus small and difficult to estimate and no determination of < N >
was possible here. Further studies will be made to be able to access this parameter. A way to
do it is to estimate the Raman background signal by measuring time integrated intensities at
different wavelengths scanned through the Raman band of interest.

5. Experimental results for an optically trapped particle

In the case of the larger particles of nominal diameter d=1000 nm, RCS measurements are eas-
ier to realize. This increased sensitivity of the experiment obviously comes from the size of
the particle which, on the one hand, contains many molecules responsible for a high Raman
signal, and, on the other hand, induces strong fluctuations when passing the confocal volume.
Consequently, ACFs were successfully obtained on the five observed Raman bands of the PS
whereas only the most intense band located at 3005 cm™' led to measurable ACFs for the
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Fig. 3. (a-e) ACFs of the Raman intensity scattered by PS particles of size d=1000 nm and
located at 990 cm™! (), 1175 em~! (b), 1570 ecm~! (c), 2865 cm™! (d) and 3005 cm ™!
(e) 3005 cm™!. Dots are the experimental data and full lines the calculated ones using Eq.
(1). The characteristic time is the same for all the measurements and equals 7p = 10 ms.
(f) Raman spectra of the solution integrated over 30 s.

smaller particles. Fig. 3 shows the five ACFs derived from the different Raman bands of the PS
particles, together with the Raman spectra of the solution. The dots are the experimental points
and the lines are the calculated ones using Eq. (1). A good agreement can be found between
the experimental curves and the calculated ones when considering w?=1 and for 7p=10 ms.
This characteristic time is however one order of magnitude smaller than the one expected for a
diffusive motion of the particles. Yet, all the ACFs present the same time-decay behavior and
this reproducibility is a strong indication of the validity of the measures.

An explanation to this result is that we measured the ACFs of a single particle trapped in
the confocal volume. We know for a fact from the work of Ashkin et al. [28] that forces of
radiation pressure of a continuous laser permit to suspend micro-sized dielectric particles and
that a highly focused single-beam laser (as we have in our experiment) is very efficient to pro-
duce such an optical trap [29, 30]. To check the validity of this hypothesis we answered two
questions: (i) are the derived ACFs measured in RCS experiments compatible with the ACF
expected for a trapped particle? and (ii) does reducing the incident power of the laser release
the bead?

The temporal fluctuations of the scattered intensity related to the Brownian motion of a
trapped particle was first studied by Bar-Ziv et al. [31] and later by Viana et al. [32]. In their
work, a micro-sized dielectric particle is trapped by a laser focused by a high numerical aperture
objective and DLS experiments are performed with a second probe laser. The latter, of different
wavelength, is focused by the same objective and has a power sufficiently small to consider that
it does not play any role in the trapping of the particle. Our experimental set-up is very analo-
gous to this arrangement, the trapping being performed by the incident laser and the probe of
the temporal fluctuations being the Raman photons. FCS in such a configuration have also been
reported [33]. In DLS, FCS or RCS from an optically trapped particle, the time-fluctuation of
the intensity is due to the motion of the particle within the non-uniform intensity profile of the
focus spot. In the weak trapping regime, the optical forces only slightly affect the Brownian
motion of the particle which will be slowed down in the focus spot but keeps the ability of
escaping it. As a consequence, ACFs still present a time-decay of the form G(¢) ~ 173/2 with
a characteristic time larger than the one measured for a non-trapped Brownian particle, repre-
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sentative of the increase of the transit time of the particle through the focal spot. This is not
what we observed. In the strong trapping limit, the motion of the particle is that of a Brownian
particle in a potential well. The latter is approximatively harmonic with a restoring force —k;r;,
with i = x,y,z, acting on the particle. It has been shown that in this case, and assuming that
ky = ky, the ACF takes the form [31,32]:

G(t)=1+Ae /%t A" 3)

where 1, = 3nnd /k, and T, = 3nd /k, are the characteristic times of the motion of the particle
in the transverse plane and in the longitudinal direction respectively. They are related to the
stiffness of the trap k, and k; in the direction x and z respectively. A, and A, are the amplitudes
related to the waist of the laser beam and the stiffness of the trap. In this regime the time-decay
becomes exponential-like and the characteristic times are smaller than those observed in the
free particle case.

To verify if this case can explain the observed ACFs, our RCS experiments were fitted with
the Eq. (3). The resulting ACF is shown in Fig. 4(a) (light blue line) together with the ACF
measured from the Raman band located at 3005 cm~! (light blue dots). The two exponentials
of Eq. (3) are represented in dotted light blue lines. To highlight the change of behaviour of
the measured ACF as compared to the case of a freely diffusive particle of the same size,
we also calculated the ACF expected in the free Brownian situation, using the Eq. (1) and
plotted it in a dark blue line. From Fig. 4(a), one can see that a good agreement between the
measure and the calculation can be found, indicating that the exponential-like decay suits the
experiments. In order to see better the difference between the exponential-like and the power
law time decay of the trapped and the free particle respectively, the same data as that of Fig.
4(a) are plotted in a y-axis logarithmic scale in Fig. 4(c). The fitting parameters obtained from
adjusting the experiments to Eq. (3) are 7, ~7 ms and 7, ~ 67, for the characteristic times and
Ay ~0.01 and A; ~0.003 for the amplitudes. They are in full agreement with the ones found
in the literature [31, 32] that give typical values for 7, ~5-20 ms depending on the intensity of
the beam and the diameter of the particles, and an optical trap anisotropy 7, ~ 6 — 107, and
G(0) — 1 ~0.02. Our RCS measurements are thus compatible with the theoretical model of a
Brownian particle in a harmonic potential.

We also verified the effect of the power of the incident laser on the motion of the particle. This
cannot be done while performing RCS measurements as the Raman signal becomes too small
if the incident (excitation) intensity is reduced. Therefore, we realized DLS experiments (i) in
the same experimental conditions than the RCS ones i.e with a high power illumination and (ii)
with an incident power reduced by four orders of magnitude by a density filter. We expected to
trap the particle in the former case and not in the second one. The ACFs measured in both of
these configurations are presented in Fig. 4(b) with a linear y-axis scale and in Fig. 4(d) with
a logarithmic y-axis scale. A clear change of behaviour is observed between the two cases: for
a strong illumination, the ACF presents an exponential-like decay with a characteristic time
T, ~6.5 ms. The DLS ACF is thus very similar to the RCS one despite the fact that the second
exponential expected from Eq. (3) is not measured in DLS. This could be due to the fact that we
used the same laser to trap the particle and to probe its motion. When the illumination power
is reduced, the ACF presents a much larger characteristic time 7, ~100 ms and its time decay
obeys the power law G(t) ~ 1=3/2. Both of these features are the ones expected for a freely
diffusive particle. The influence of the incident laser intensity on the motion of the particle is
thus clearly established and confirms the hypothesis of localized RCS measurements from a
single particle trapped in the confocal volume.
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Fig. 4. (a) Experimental ACF (light blue dots) derived from the Raman intensity scat-
tered by a PS particle of size d=1000 nm and located at 3005 cm—!. The theoretical ACF
(light blue line) is calculated within the model of a trapped single-particle, using Eq. (3)
composed of the sum of two exponentials represented by the two dotted light blue lines.
Their characteristic times are 7,=7 ms and 7, = 67, and their amplitudes are A, =0.01 and
A; =0.003. The ACF expected for the same particle but animated by a free Brownian mo-
tion is shown in dark blue line for comparison. (b) Experimental ACF derived from the
elastic scattering from PS particles of size d=1000 nm, at strong (light blue dots) and low
(dark blue dots) incident power of the laser. The experiments are in agreement with the
model of a trapped single-particle (light blue line) in the case of the strong power illu-
mination and with that of a free Brownian particle (dark blue line) in the case of the low
power illumination with respective characteristic times of 7,=7 ms and Tp=100 ms. (c) and
(d) Same plot as (a) and (b) respectively with a logarithmic y-axis scale to highlight the
different time-decay laws of the ACFs in the trapped and free particle configurations.

6. Conclusion

We have presented RCS measurements performed on polystyrene spheres in suspension in
an aqueous solution. Different diameters of particles were studied and successful ACFs were
obtained for particles of diameter greater than or equal to 200 nm. These results, in terms of
sizes of the object studied, are comparable to those claimed in the papers of proof-of-principle
of the method. However, in the present study, no amplification of the Raman signal is present,
and, in spite of a Raman cross-section several orders of magnitude smaller than that of the
beta-carotene particles previously studied [12], correct values of the characteristic times could
be obtained. It was also shown that in the case of the 1000 nm-diameter particle, the measured
ACFs correspond to that of a single-particle trapped in the confocal volume. To our knowledge,
this is the first report of localized RCS experiments.
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The study that we have undertaken still needs further investigations and methodology
developments. For instance, it needs a more correct quantification of the local concentration or
of the stiffness of the trap in the case of localized RCS. The study of localized RCS on smaller
particles was also not done in the present paper. It is however possible to trap dielectric beads of
diameters of a few hundreds of nanometer [31] on which RCS could also be realized. Localized
RCS could find applications in studying the mechanical properties of biological objects [34] or
in growth/aggregation processes of trapped particles [33]. Other chemical bonds are also to be
studied in order to have a wider view of the possibilities offered by RCS. We however think
that the results presented here are already of interest as they show the possibility of performing
RCS measurements on sub-micrometric objects without any amplification of the Raman signal.
This makes the technique applicable without any invasive manipulation of the sample and
could be very useful in the dynamic characterization of specific component in complex systems.
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