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Abstract
We have proposed so far a polarized-type phase

Doppler method for particle sizing by using polarization
properties of scattered light. In order to verify the
usefulness of the present method for sizing light-absorbing
particles, we numerically investigate the phase-diameter
properties in relation to an extinction coefficient of a
particle by using the generalized Lorenz-Mie theory.

1 Introduction
Various optical techniques have been studied so far for

non-intrusive measurements of particle dynamics and
characteristics. Among them, historically speaking, the
phase Doppler method (PDM) was proposed by Durst and
Zaré [1] in 1975 as an extension of laser Doppler
velocimetry (LDV) [2] for measuring size and velocity of a
moving particle simultaneously. The PDM, however,
annoys users with error due to the particle trajectory effect
[3] and difficulty in optical alignment. To overcome these
problems, we developed the polarized-type phase Doppler
method (PPDM) in 2001 [4].

To extend this method, in the present study, we
investigate the phase-diameter properties in PPDM in
relation to the extinction coefficient of a light-absorbing
particle by numerical simulation using the generalized
Lorenz-Mie theory (GLMT) [5,6].

2 Principle
Figure. 1 shows a schematic diagram of the PPDM.

Two incident laser beams in the x-z plane pass through the
/2 plate and change their polarization angles to be p with
respect to the scattering plane (y-z plane). These two
beams intersect with angle 2 to form a probe volume.
Light scattered by a spherical particle passing through the
probe volume along x axis from its negative to positive
side is received in a direction with an off-axis angle  from
z axis and an elevation angle  from y-z plane. The light
passes through a detecting aperture and then is divided
into two equivalent light fields in power by a dual prism.
Each of the two fields enters an analyzer P0 or P1, which is
respectively set to be an appropriate angle a0 or a1 with

respect to the scattering plane, and, then, the reflected ray
is obtained from the analyzer P0 and the refracted ray from
P1. Each of p, a0 and a1 is defined to be positive for
counterclockwise rotation toward the light-propagating
direction as shown in the upper inset of Fig.1.

The phases 0 and 1 of reflected and refracted rays,
respectively, can be determined individually on the basis
of geometrical optics approximation as [7]
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where k is the wave number, dp is the particle diameter,
and n is the particle refractive index relative to the
surrounding medium. Thus, under the known particle
refractive index n, the particle diameter is determined
from the difference between 0 and 1, i.e. phase
difference  between two Doppler beat signals detected
by PD0 and PD1 as shown in the lower inset of Fig.1.

3 Numerical simulation and discussion
To estimate the usefulness of the PPDM for sizing

light-absorbing particles, we carried out GLMT
simulations of the signal phase of the reflected and
refracted rays for several water-black-ink droplets with
different extinction coefficients. Here the extinction
coefficient is an imaginary part of the complex refractive

Figure 1 Optical geometry of the PPDM system. BS,
beam splitter. PD, photodetector.
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index of the particle, m. Figures. 2(a) and (b) show the
phase-diameter relations as a function of the extinction
coefficient for the analyzer angles of a0=-50 deg and a1=-
10 deg, respectively, which are almost equal to the
predicted optimum angles for transmitting the reflected
and refracted rays from the preceding geometrical optics
considerations [4]. For these simulations, we employed six
published values [8] of extinction coefficients as shown in
Figs. 2(a) and (b) for the mass percentage of ink in water of
0%, 0.05%, 0.5%, 12%, 44% and 100%, respectively, for the
wavelength of illuminating laser light of 632.8nm. For a
comparison purpose, the theoretical phase-diameter
relations of the reflected and refracted rays computed from
Eqs. (1) and (2) are also plotted by dotted and solid lines in
Figs. 2(a) and (b), respectively. The results in Fig. 2(a)
demonstrate that any phase-diameter relation has almost
no dependence on extinction coefficient and shows good
agreement with the theoretical line of the reflected ray.
Thus the reflected ray is always effective for sizing
absorbing particles. On the other hand, the results in Fig.
2(b) demonstrate that if the extinction coefficient is larger
than the order of 1.0×10-2, the simulated phase-diameter
relation deviates from the theoretical line of the refracted
ray. Particularly for extinction coefficient of 1.0×10-1, apart

from an irregular phase jump at around 5m in the
particle diameter, the slope of the phase versus diameter
curve is rather similar to that of the theoretical line of the
reflected ray as seen in Fig. 2(a). This property suggests
that the absorption in the refracted ray becomes
substantial and only the reflected ray remains. Therefore,
it is clear that the refracted ray cannot be used for sizing
absorbing particles having the extinction coefficient larger
than the order of 1.0×10-2 in the condition treated in the
present study.

4 Conclusion
In this study, we numerically estimated the usefulness

of the PPDM for sizing light-absorbing particles. Although
the PPDM has some problems such as the limitation on
particles applicable (refractive particle) and on the
scattering region (near forward directions), we consider
that it can be certainly an alternative to the PDM.
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Figure 2 Simulated results of phase-diameter relations as
a function of the extinction coefficient for the analyzer
angles of a0=-50 deg and a1=-10 deg, respectively.
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