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Abstract
In this contribution, we propose a new laboratory

experimental set-up to observe laser light scattering by an
ensemble of randomly-oriented particles in ambient air, for
the first time in the exact backscattering direction. This
direction is one of the most sensitive directions to the
particles microphysical properties. We then show how to
retrieve the particles depolarization dp from our laboratory
observations and discuss the size and shape dependence of
dp, in agreement with scattering matrix theory and T-
matrix numerical code. Several outlooks are proposed.

1 Introduction
Among all laser light scattering directions, the

backscattering direction has gained interest in the last
decades due to its handiness, and above all, as it is one of
the most sensitive directions to the size and the shape of
the sample. Hence, light backscattering has been used in
various research fields, such as biomedicine, fundamental
research or for environmental purposes. In the literature,
light backscattering by randomly-oriented particles has
been addressed in numerical simulations [1, 2], laboratory
experiments [3], as well as field measurements, using
passive [4] or active [5] remote sensing. In this
contribution, a new laboratory experimental set-up is
proposed to address light scattering by an ensemble of
randomly-oriented particles, in the exact backscattering
direction, within a small field of view [6]. As detailed
below, this set-up allows evaluating the depolarization of
light by a particles ensemble. Experimental results are
proposed for non depolarizing particles, in agreement
with Mie theory, then for nonspherical particles, by
applying T-matrix numerical code.

2 Backscattering of light by randomly-oriented
particles

Polarization-resolved backscattering is generally
studied in the framework of the Mueller matrix or
scattering phase matrix Fp, relating the incident and
scattered Stokes vectors [7]. For randomly-oriented
particles, placed in an unbounded host surrounding
medium, in the single scattering approximation, only F11,p,
F22,p and F14,p = F41,p are not null and the particles
depolarization, i.e. the particles deviation from isotropy, is

dp = 1 − F22,p/F11,p. To ease the comparison with numerical
simulations and field experiments, our laboratory exact
backscattering measurement fulfils the far-field
approximation where the scattering volume can be treated
as a point source of scattered radiation [8]. Figure 1
presents the principle of our exact backscattering
measurement. The geometry is achieved by inserting a
well-specified polarizing beam-splitter cube (PBC) on the
optical pathway from a laser source to the particles
scattering medium. After retroflection on the PBC, the s-
polarization component of the backscattered light is
detected and, as in lidar applications [5], this signal is
discriminated from the background stray light by
measuring the time-of-flight for a laser pulse to reach the
photo-detector. In addition, a collection optics system (not
represented in Figure 1) efficiently collects the particles
backscattering, while minimizing any stray light, in a 3
mrad field of view. Hence, after accurate alignment
procedure (1 mm.10 m-1), this set-up fulfils the
requirements for a high angular resolution (θ = 180.0 ±
0.2°, to avoid blocking light with the detector) and a high
dynamical range (to discriminate low particles
backscattering from background stray light), which is new
in the exact backscattering direction.

Figure 1 Principle of our laboratory measurement at exact
backscattering angle (θ = 180.0 ± 0.2°) for particles in air.

The experiment is operated in the UV spectral range at
λ = 355 nm, to increase our sensitivity to particles in the
range of a few cents of nanometres, for which particles size
parameters are close to unity. It consists in a two-stage
procedure. Backscattering of light by ambient particles is
first measured (i.e. signal S0), then the nanoparticles are
generated with a commercial atomizer (TSI 3079) and
injected in the particles scattering volume (detected signal
S = S0 + Sp). The particles backscattering signal Sp can hence
be measured as a function of the photon time-of-flight by
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subtracting S(t) from S0(t), the laser trigger cavity being
used to fix the time origin, as in range/time-resolved lidar
applications. The distance from the PBC to the particles
scattering medium corresponds to 40 ns pulsed laser time-
of-flight, well above the 5 ns-laser pulse duration. Figure 2
shows an example of backscattering signal Sp for water
droplets in ambient air.

Figure 2 Observation of exact backscattering of light by water
droplets in ambient air (the angle ψ is related to the QWP).

By modulating the laser linear polarization (using the
ψ-angle of the quarter-wave plate (QWP)), Sp is modified
as displayed in Figure 2. The variation of Sp with ψ can be
calculated theoretically by taking into account the
successive Mueller matrices encountered by the laser pulse
on its optical path from the PBC to the particles medium
then back to the detector. After a few calculations, we get
for the detected light intensity:

  11, 22, 11, 22,( 3 ) cos(4 )p p p p pS F F F F        (1)

Hence, the particles depolarization dp = 1 − F22,p/F11,p can be
measured by adjusting the ψ-dependence of Sp. To
minimize statistical errors, several ψ-values are chosen and
Sp is averaged over 150 laser shots. Systematic errors are
negligible, due to low laser intensity fluctuations and low
particles number fluctuations.

3 Particles depolarization retrieval
By using the above methodology, we evaluate the

particles depolarization in two case studies: for spherical
water droplets, then for nonspherical sea-salt particles.

3.1 Non depolarizing particles
Figure 3 presents the variation of Sp as a function of ψ

for spherical water droplets, used for calibrating our
experimental set-up. To account for the amount of light
backscattered during the whole pulse laser duration τ, the
plotted quantity is Sp,τ (i.e. the integral of Sp over τ). Using
Equation (1), we retrieved a particles depolarization dp =
(0.04 ± 0.08) %, compatible with Mie scattering theory. In
turn, the single-scattering approximation appears to be
realistic, and moreover, the state-of-the-art literature [9]
provides quantitative evidence that at our particles
number densities, this approximation is quite safe.

Figure 3 Calibration with water droplets (Mie theory).

3.2 Non spherical particles in ambient air
The depolarization of salt NaCℓ-particles in ambient air

has been evaluated for different relative humidities (RH),
as plotted in Figure 4. We hence retrieved dp = (1.1 ± 0.4) %
for RH = 90 %, then dp = (9.6 ± 1.4) % for RH = 30 %.

Figure 4 Depolarization of salt particles at two different RH.

Above the NaCℓ-deliquescence point (RH = 75 %), salt
particles behave like spherical particles and dp is close to
zero. Below the 40 %-crystallization point, NaCℓ-particles
exhibit a cubic shape so that dp is higher. This result agrees
with scattering matrix theory: as for F11,p and F22,p, the
retrieved dp-value is shape-dependent.

4 Size dependence of the particles depolarization
Comparison with other laboratory experiments is not

straightforward: none operates in the exact backscattering
direction, and extrapolations up to 180.0° may lead to quite
considerable errors [10]. Polarization-resolved lidar field
measurements may provide dp-values for sea-salt particles,
but such particles may differ from our generated salt
particles. Moreover, comparison with lidar devices should
be done with care [5]. Nonetheless, as for F11,p and F22,p, dp

is size-dependent, which can be characterized by
addressing the particles size distribution of our generated
salt particles with a scanning mobility particle sizer (TSI,
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SMPS 3910). Figure 5 shows the variation of dp with the
mean NaCℓ-particles radius r (determined with a 10 %-
uncertainty), for four different particle size distributions.

Figure 5 Laboratory and T-matrix evaluation of salt particles
depolarization at different mean particle radius r (or equivalently
particles size parameter x = 2πr/λ).

As the mean particles radius r increases from 37 to 90
nanometres, the particles depolarization increases by a
factor of 5. By assuming our salt particles to behave like an
ensemble of randomly-oriented spheroids (T-matrix code,
[1]), we numerically evaluate F11,p and F22,p , then dp at the
four mean particles radii (or equivalently four mean
particles size parameters x = 2πr/λ). The results plotted in
Figure 5 correspond to an aspect ratio ε = 1.05 and a salt
particles complex refractive index m = 1.51 – 0.0004 ×i at λ
= 355 nm. Within error bars, the T-matrix numerical
simulation agrees with our laboratory dp-measurement, at
least for particles radii in the range of 100 nanometres.

5 Conclusion and outlook
As a conclusion, we observed laser light backscattering

by an ensemble of randomly oriented particles in ambient
air, for the first time in the exact backscattering direction (θ
= 180.0 ± 0.2°) and in the far-field single-scattering
approximation. As this direction is one of the most
sensitive to the particles microphysical properties, we used
our new laboratory experimental set-up to evaluate the
particles depolarization dp of spherical water droplets,
then nonspherical salt particles. Moreover, we studied the
dependence of dp with size and shape, originating from
the size and the shape dependence of the scattering matrix
elements themselves. Our laboratory experiment has been
compared with T-matrix numerical simulation and further
experiments are planned with nonspherical particles under
different relative humidities. Otherwise, other numerical
codes may then be applied [2,11], the latter being well-
suited for particles with discrete symmetries such as cubic
crystals like NaCℓ-crystals. Though dp is a clear indicator
of the particles deviation from isotropy, it cannot however
be considered as a shape indicator. As an outlook, in
addition to size and shape effects, surface roughness

effects may be considered, as they are also included in the
scattering matrix [12]. Observation of laser light scattering
apart from the exact backscattering angle still remains a
very efficient complementary tool for particles
microphysical analysis. The potential oral presentation will
present our most recent advances.

6 Acknowledments
The authors thank Région Rhône-Alpes and CNRS for

partly funding this work.

7 References

[1] Mishchenko, M.I.  and  Travis  L.D.:  Capabilities  and  limitations
of  a  current  Fortran  implementation  of  the  T-matrix  method  for
randomly  oriented  rotationally  symmetric scatterers, J. Quant.
Spectrosc. Radiat. Transf., 60:309-324 (1998).

[2] Draine, B.T. and Flatau, P.J., Discrete-dipole approximation for
scattering calculations, J Opt  Soc Am.,11:1491–9 (1994).

[3] Muñoz, O., Volten, H., Hovenier, J. W., et al., Scattering matrices of
volcanic ash particles of Mount St Helens, Redoubt, and Mount Spurr
volcanoes, J. Geophys. Res., 109:D16201 (2004).

[4] Dubovik, O., Sinyuk, A., Lapyonok, T., et al., Application of
spheroid models to account for aerosol particle nonsphericity in remote
sensing of desert dust, J. Geophys. Res., 111:D11208 (2006).

[5] David D., Thomas B., Nousiainen T., Miffre A., and Rairoux P.,
Retrieving volcanic, desert dust, and sea-salt particle properties from
two/three-component particle mixtures using UV-VIS polarization
Lidar and T-Matrix, Atmos. Chem. Phys., 13: 6757-6776, (2013).

[6] David G., Thomas B., Coillet E., Miffre A. and Rairoux P.,
Polarization-resolved exact light backscattering by an ensemble of
particles in air, Optics Express, 21(16):18624-28639 (2013).

[7] Mishchenko M.I., Travis L.D., and Lacis A.A., Scattering, Absorption
and Emission of Light by Small Particles (Cambridge University Press,
NASA, 2002).

[8] Mishchenko M.I., Hovenier J.W., and Mackowski D.W., Single
scattering by a small volume element, J. Opt. Soc. Am. A, 21:71-87
(2004).

[9] Mishchenko M.I., Liu L., and Videen G., Conditions of applicability
of the single-scattering approximation, Opt. Express, 15:7522-7527
(2007).

[10] Schnaiter M., Büttner S., Möhler O., Skrotzki J., Vragel M., and
Wagner R., Influence of particle size and shape on the backscattering
linear depolarization ratio of small ice crystals, Atmos. Chem. Phys.,
12:10465-10484 (2012).

[11] Kahnert, M., The T-matrix code Tsym for homogeneous dielectric
particles with finite symmetries, J. Quant. Spec. Rad. Transf., 123:62-72
(2013).

[12] Li C., Kattawar G.W., Yang P., Effects of surface roughness on light
scattering by small particles, J. Quant. Spectrosc. Radiat. Transfer
89:123–31 (2004).

FF-8.3


