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Tracers are one of the critical factors for improving the performance of velocimetry. Silver and gold 
nanoparticles as tracers with localized surface-plasmon resonance are analyzed for their scattering 
properties. The scattering cross sections, angular distribution of the scattering, and equivalent scatter-
ing cross sections from 53° and 1.5° half-angle cones at 532 nm are calculated, with particle sizes in the 
nanoscale range. The 53° and 1.5° half-angle cones used as examples correspond respectively to the col-
lection cones for microscope objectives in microscopic measurements and camera lenses in macroscopic 
measurements. We find that there is a transitional size near 35 nm when comparing the equivalent scat-
tering cross sections between silver and gold nanoparticles in water at 532 nm. The equivalent scattering 
cross section of silver nanoparticles is greater or smaller than that of gold nanoparticles when the parti-
cle radius is greater or smaller than 35 nm respectively. When the radius of the plasmonic nanoparticles 
is smaller than about 44 nm, their equivalent scattering cross sections are at least ten times that of TiO2 
nanoparticles. Plasmonic nanoparticles are promising for velocimetry applications.
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I. INTRODUCTION

Particle-image velocimetry (PIV) [1–3], micro-particle-
image velocimetry (μPIV) [4–12] and particle-tracking 
velocimetry (PTV) [11, 13] are powerful tools to determine 
the macroscopic or microscopic flow velocity in fluid appli-
cations. The tracers, optical and recording systems, and al-
gorithms are the critical factors in applying those tools un-
der practical working conditions [8]. The primary concerns 
about the tracers are focused on two aspects: the tracking 
capability, and the scattered or emitted light intensity. The 
tracking capability of the tracers dominates the accuracy of 

the velocimetry [1]. The relaxation time of the particle can 
be used to estimate this capability, and can be expressed as 
[1]
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Here μ f is the fluid-dynamical viscosity, and dp and ρp are 
the diameter and density of the particles respectively. As 
shown in Eq. 1, when the size of the tracer is smaller, the 
relaxation time is shorter, and the tracking capability is bet-
ter. Meanwhile, for the scattered or emitted light intensity 
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the size dependence conflicts with that of the relaxation 
time; that is, the scattering capability sharply decreases with 
decreasing size. The detected light intensity is determined 
by the scattering capability (scattering cross sections) and 
the laser intensity, so the size of the tracers should be cho-
sen as a compromise [1]. Depending on the current techni-
cal levels of lasers and detectors, costs, and laser safety, the 
size of the tracers has a lower limit.

The tracers widely used in PIV, μPIV, and PTV include 
DEHS [2], water droplets [4], fluorescent polystyrene 
particles [7], polystyrene-latex particles [13, 14], γ-Al2O3 
nanoparticles [9], SiO2 particles [6, 10, 14], TiO2 particles 
[10, 15], quantum dots [3], silver nanoparticles [12], and 
gold nanoparticles [13, 14]. For nanoparticles in a flow, 
the Brownian motion will cause large uncertainty in the 
velocimetry. Post-processing methods have been investi-
gated to minimize the influence of Brownian motion, and 
satisfactory results have been obtained [13]. For those 
tracers other than the noble-metal nanoparticles, there is a 
general disadvantage that their scattering cross sections are 
smaller than their physical ones [16]. For quantum dots, 
the fluorescence is detected after the scattered light has 
been filtered by a dichroic mirror or short-pass filters. The 
absorbed light equals I0Cabs, where I0 is the intensity of the 
incident light, and Cabs is the absorption cross section of 
the quantum dots. The dependence of the absorption cross 
sections on size have been investigated, and some empiri-
cal formulas have been reported [17, 18]. The absorption 
cross sections are smaller than the physical cross sections, 
following the empirical formula Cabs = (5.501 × 10−5)a3 
cm−1 (here a is the particle radius in cm [17]), for the sizes 
of the quantum dots are always several nanometers. Con-
sidering that the quantum efficiency, which can be defined 
as the ratio of the number of emitted photons to absorbed 
ones, is always smaller than unity, so the equivalent cross 
sections (luminescence) are smaller than the physical cross 
sections. However, noble-metal nanoparticles with a local-
ized surface-plasmon resonance (LSPR), called plasmonic 
nanoparticles, can be beyond this limit [16]. The collective 
motion of free electrons in materials driven by an external 
field can result in many fantastic optical effects [12–14, 16, 
19–33]. If this collective motion is confined in a nanoparti-
cle, it can be termed a localized surface-plasmon resonance 
(LSPR) [19]. LSPR exhibits intensive scattering when the 
irradiated wavelengths are in the resonance band [19–24]. 
Silver nanoparticles with a diameter of 35 nm [12] and gold 
nanoparticles [13, 14] have been used in μPIV and PTV. 
Furthermore, silver and gold nanoparticles have been found 
to exhibit nonlinear scattering behavior under intense laser 
irradiation [31–33]. The scattering capability of silver and 
gold nanoparticle is improved by increasing the incident 
laser intensity. Though silver and gold nanoparticles have 
been used as tracers in velocimetry, their optical scattering 
properties for PIV have not been investigated in detail.

In this paper, we investigate the scattering properties of 
plasmonic nanoparticles in water by simulation. The an-

gular distribution and equivalent scattering cross sections 
depending on size are analyzed at 532 nm. The advantages 
of plasmonic nanoparticles in velocimetry are discussed.

II. MATERIALS AND METHODS

The simulations based on Mie scattering are performed 
using the jlmie program from Github, written by Tatsuki 
Hinamoto. The results from Mie theory approximate the 
measured extinction and scattering coefficients of a single 
spherical noble-metal nanoparticle [24, 25], so the simula-
tions in this study have practical significance. The scatter-
ing spectra of the nanoparticles, the angular distributions of 
the scattering in the far field, and the equivalent scattering 
cross sections from certain cones are calculated. The refrac-
tive-index values for silver and TiO2 are from the handbook 
edited by Palik [34], and that for gold is from Johnson 
and Christy’s data [35]. Here we choose the TiO2 particle 
as a reference, because it is widely used in PIV [10, 15] 
and there is no obvious difference in scattering properties 
among those tracers where the scattering cross sections are 
nearly equal to or smaller than the physical ones. TiO2 is a 
birefringent crystal; however, in simulations the refractive 
index can be simplified under the average-refractive-index 
approximation by assuming that the particles are isotropic 
[26]. Water is employed as the fluid in these simulations; its 
refractive index is set as 1.33. 

The illumination setup for μPIV and PTV can be epi-
fluorescence illumination [5, 36] or dark-field illumina-
tion [4, 12]. Dark-field illumination includes not only the 
transmitted dark field from a condenser and the reflected 
darkfield from a special objective in the microscope, but 
also the configuration where the irradiated light does not 
enter the objectives or the collection lens. The common 
configuration for macro-PIV, in which the collection lens is 
out of the plane of the laser sheet, can also be used for dark-
field illumination. In this study we focus on the dark-field 
illumination because the intense scattering of the plasmonic 
nanoparticles can be easily detected against the dark back-
ground. 

The setup schematic for μPIV combined with a darkfield 
microscope can be found in ref. [12]. The illumination con-
figuration is shown in Fig. 1(a). The light from a condenser 
irradiates the nanoparticles, and an objective collects the 
scattered light instead of the transmitted light. The col-
lected power of the light depends on the numerical aperture 
(NA) of the objectives. Considering the symmetry along 
the optical axis of the condenser and the objective, we can 
just analyze the geometrical configuration in Fig. 1(b). The 
scattering cross section can be defined as
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Here Csca is the scattering cross section (in cm2), I0 is the 
incident laser intensity (in W/cm2), and Psca is the scattered 
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light power (in W). The scattering cross section can be re-
garded as the equivalent area upon which I0 generates the 
scattered light Psca. 

In the simulations, we use the usual conditions for mi-
croscopic velocimetry. The NA of an objective with 50× 
magnification and a dark-field condenser are 0.8 and 0.9, 
which correspond to half angles of 53° and 64° respective-
ly. The collected light in the far field from the objectives 
can be obtained from the collection cone with a half angle 
of 53°. The collection schematic for macro-PIV is shown in 
Fig. 1(c). The half angle of the collection cone is set as 1.5° 
for instance, which corresponds to the collection cone from 
a camera lens 50 mm in diameter, about 1 m away.

Here we define the equivalent scattering cross section 
Csca,e. The power of the scattered light Psca,e in that cone is
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If the linearly polarized light passes through the dark-
field condenser and irradiates the nanoparticles, due to the 
rotational symmetry of the mirrors in the condenser the po-

larization of the light irradiated on the nanoparticles should 
rotate 360° about the propagation direction, so the average 
equivalent scattering cross-section should be 0.5(Csca,p + 
Csca,s), in which p means the polarization parallel to the 
incident plane formed by the propagation direction (k) and 
optical axis (c), and s is normal to the incident plane. We 
first calculate the two polarization conditions shown in Fig. 
1(b), and then average them.

III. RESULTS

The far-field scattering cross sections of silver, gold, and 
TiO2 nanoparticles of different sizes are shown in Fig. 2. 
For the silver and gold nanoparticles, enhanced scattering 
is seen in the resonance band. Scattering strongly depends 
on the size of the particle, and the scattering cross sections 
of the nanoparticles sharply decrease with decreasing size. 
The contribution of scattering to the total extinction also 
decreases, and that of absorption increases, with decreasing 
size.

We focus on the scattering properties at a wavelength of 

           (a)            (b)             (c)

FIG. 2. Scattering cross sections of (a) silver nanoparticles, (b) gold nanoparticles, and (c) TiO2 nanoparticles. The log scale is used 
to plot the scattering cross sections. The sizes of the nanoparticles are labeled near the curves (in units of nm).

FIG. 1. The schematic for dark-field illumination: (a) μPIV configuration, (b) the polarization of the light, and the related 
collection cone of the scattered light, and (c) the collection cone for macro-PIV. k and E indicate the propagation of the light and the 
polarization direction respectively. The red and blue arrows in (b) represent s and p polarizations respectively. The C axis represents 
the optical axis of the objective and condenser, and the optical axis of the collection lens in (b). The angle between the C axis and the 
direction of light propagation is 64°. The angles 53° and 1.5° represent the half angles of the respective collection cones.

(a) (b) (c)
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532 nm because 532-nm lasers are popular for PIV, due to 
the low cost and sophisticated techniques. The angular dis-
tributions of the scattering from the silver, gold, and TiO2 
nanoparticles at 532 nm are shown in polar coordinates in 
Fig. 3. The propagation direction of the light is along the 
z axis, and the polarization is along the x axis. The angu-
lar distributions in the xy plane, yz plane, and xz plane are 
obtained. The angular dependence of the scattered light is 

not obvious in the yz plane for the silver and gold nanopar-
ticles, except for the 50-nm gold particles. The scattered 
light at different angles is similar, including forward scat-
tering and backward scattering, while for the TiO2 nanopar-
ticles the forward scattering is a little stronger than the 
backward. This asymmetry of forward and backward scat-
tering vanishes as the size of the nanoparticles decreases. 
The scattered light in the xz and xy planes exhibits strong 

FIG. 3. The angular distribution of the scattering for silver, gold, and TiO2 nanoparticles, from 0°–180°, at 532 nm. The definitions 
of the angles in the three-dimensional scattering graph are shown in the first row. The color represents the normalized scattering 
cross section per unit area. The propagation direction (k) is along the z axis, and the direction of the polarization (E) is along 
the x axis. Scattering in the x-y plane, y-z plane, and x-z plane is drawn in red, black, and green lines respectively. The sizes and 
compositions of the nanoparticles are labeled at the top right corner of each subfigure. Here the value of the polar radius represents 
the scattering cross section per unit area (cm2/cm2, dimensionless), 1 meter away from the nanoparticles.
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angular dependence. The scattering decreases when the 
angle approaches 90°, which means that the scattered light 
is minimal along the polarization direction. Thus the polar-
ization of the incident laser should be adjusted according to 
the position of the collection optics. Because the collection 
solid angle of the macroscopic measurement is small, the 
collection optics should be around the direction normal to 
the polarization direction and the propagation direction. 
In the yz plane the scattered light from the silver and gold 
nanoparticles is greater than that from TiO2 nanoparticles of 
the same size.

The collected light is within the particular solid angle de-
termined by the aperture of the collection lens. The equiva-
lent scattering cross section is the scattering capability of 
the nanoparticle combined with the collection optics. For 
μPIV applications, the equivalent scattering cross sections 
of the silver and gold nanoparticles for a half angle of 53° 
are shown in Figs. 4(a) and 4(b). The equivalent cross sec-
tions increase with increasing size. Similar behavior is also 
found for the 1.5° half-angle cone, as shown in Fig. 4(c). 
The ratio for silver and gold with varying size is shown in 
Fig. 4(d). In this figure, we can see that the scattering cross 
section of the gold nanoparticles is greater than that of the 
silver nanoparticles below about 35 nm in radius, for the 

53° and 1.5° half-angle cones. Beyond 35 nm, the scat-
tering cross section of the silver nanoparticles is greater. 
Furthermore, we found the ratio of the total scattering cross 
sections shows similar results. The ratios for the silver and 
the gold nanoparticles to the TiO2 nanoparticles are shown 
in Fig. 4(e). A peak is found at about 40 nm and 19 nm for 
Ag/TiO2 and Au/TiO2 respectively. In general, the scattering 
capability of both silver and gold nanoparticles is greater 
than that of TiO2 nanoparticles. The equivalent scattering 
cross section of the silver nanoparticles is at least ten times 
that of the TiO2 nanoparticles, when the size is smaller 
than about 54 nm; for the gold nanoparticles, this size is 
about 44 nm. As shown in Figs. 4(a)–4(c), the scattering 
cross section sharply decreases with decreasing size, so the 
scattering capability of the tracers and the threshold of the 
detector should be considered together. If the detector is 
sensitive enough, smaller gold nanoparticles are desirable; 
otherwise, the bigger silver nanoparticles are appropriate.

Plasmonic nanoparticles have been found to exhibit 
nonlinear scattering effects [31–33]. Their scattering cross 
sections vary with incident intensity: At high intensity, the 
scattering cross section is greater than that at low intensity 
[31–33]. This nonlinear scattering will benefit the detec-
tion of the scattered light. However, the nonlinear scatter-

              (a)       (b)              (c)

      (d)        (e)

FIG. 4. The equivalent scattering cross sections of (a) silver and (b) gold nanoparticles, for a half angle of 53°. (c) The equivalent 
scattering cross sections of silver and gold nanoparticles for a half angle of 1.5°. (d) The ratio of the average equivalent scattering 
cross sections of silver and gold nanoparticles at half angles of 53° and 1.5°, and the ratio of total scattering cross sections. (e) The 
ratio of the equivalent scattering cross sections of silver and TiO2 nanoparticles, and of the gold nanoparticles and the TiO2, at half 
angles of 53° and 1.5°. The radius ranges from 5 to 100 nm. The incident wavelength is 532 nm.
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ing is complex, for the scattering cross section is found to 
decrease and then increase with incident intensity, under 
irradiation by a continuous laser [31]. Therefore, for appli-
cation in PIV the nonlinear responses and their mechanisms 
for plasmonic nanoparticles under both pulsed and continu-
ous lasers should be investigated in detail. These nonlinear 
effects are very promising for PIV applications.

Temperature is an important factor in the optical proper-
ties of silver and gold nanoparticles. In principle, the ex-
tinction (including absorption and scattering) coefficients 
of nanoparticles will decrease with increasing temperature 
[21–23], and experimental results show that the extinction 
or scattering coefficients of silver and gold nanoparticles at 
532 nm slightly decrease, from room temperature to about 
70 ℃ [22,23]. The temperature influence is small for metal 
nanoparticles in liquid, in the usual temperature range.

The advantage of plasmonic nanoparticles is the en-
hanced scattering arising from the localized surface-plas-
mon resonance. In the nanoscale range, intense scattering 
can be obtained by employing silver or gold nanoparticles 
of the desired sizes. The intense scattering cross sections of 
the tracers will decrease the required power of the laser and 
sensitivity of the detectors. The optical results of this study 
can be used as a reference for the choice of tracers and laser 
parameters in the linear optical regime, such as the power 
(energy) and the polarization.

The silver and gold nanoparticles have plasmonic reso-
nance bands, so as tracers they will exhibit more intense 
scattering when the laser works at the resonance wave-
length. It is worth noting that the metal nanoparticles have 
enhanced photothermal properties, and so can be used 
to perform flash-activated ignition [19]. Thus plasmonic 
nanoparticles should not be used as tracers in flammable 
fluid. In summary, the intense scattering by plasmonic 
nanoparticles is of great advantage in PIV applications. 

IV. CONCLUSION

Toward applications in velocimetry, the scattering spec-
tra, angular distributions of scattering, and equivalent scat-
tering cross-sections have been calculated for silver, gold, 
and TiO2 nanoparticles in water. The equivalent scattering 
cross sections of the silver and gold nanoparticles are cal-
culated for 53° and 1.5° half-angle cones at 532 nm, with 
the sizes of the nanoparticles in the nanoscale range. The 
equivalent scattering cross sections of the silver nanopar-
ticles are greater than those of the gold nanoparticles, when 
particle size is larger than 35 nm. When the particles are 
smaller than 35 nm, the equivalent scattering cross section 
of the gold particles is greater than that of the silver. When 
the radius of the plasmonic nanoparticles is smaller than 
about 44 nm, the equivalent scattering cross sections of the 
plasmonic nanoparticles are at least 10 times that of TiO2 
nanoparticles. Therefore the intense scattering from plas-
monic nanoparticles will benefit PIV applications.
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