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ABSTRACT 

Light scatting characteristic of smoke particles plays an important role for the developing of photoelectric 
smoke detection technology. An experimental setup is built to measure the Stokes scattering matrix for 
typical smoke particles. The results show that the non-spherical properties of smoke particles play an 
important role on their light scattering characteristic. It is also shown that the measured Stokes scattering 
matrixes are nearly block-diagonal with symmetric relationships between some elements, which suggest 
that the smoke particles may be randomly oriented. Through comparing the experimental results and the 
previous theoretical analysis, it is suggested that spheroid models are more suitable than spherical models 
to analyze the light scattering by smoke particles. The distinctive features of the light scattering by different 
kinds of smoke particles can be presented based on spheroid models. 
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INTRODUCTION 

The objective of the development of the fire detection technology is to accurately detect the fires as early as 
possible in order to protect the people and reduce the loss of properties. Smoke particles are one of the most 
popular and typical fire parameters at the early stages of fires. The technologies of smoke detection, 
including those methods based on the ionization and photoelectric etc., play important parts in the field of 
fire detection [1-3]. Currently, since ionization smoke detectors use a radioactive source as a part of their 
working principle, they are being replaced by photoelectric detectors in the market, which are based on 
light scattering principles [4]. The studies of light scattering by smoke particles, as well as some nuisance 
particles play a key role on the development of photoelectric smoke detectors. In the previous works, the 
spherical model, namely the Lorenz-Mie theory, was generally used to analyze the light scattering by 
smoke particles [5-7]. And most of these works only focus on the angular distribution of the intensity of 
scattered light. However, the SEM micrographs of smoke particles indicate that they are not spherical but 
branched chain-like and composed of small primary particles [8-12]. Based on the Maxwell electromagnetic 
scattering theory, the morphologies of smoke particles have considerable impacts on the light scattering. In 
addition, the 4×4 Stokes scattering matrixes detailedly describe the properties of light scattering by smoke 
particles. Besides the intensity of scattered light, more information of the light scattering by smoke particles 
can be found out by analyzing the Stokes scattering matrix. In this case, photoelectric smoke detectors 
based on new working principles can be designed. Qiyuan Xie et al theoretically analyzed the Stokes 
Scattering Matrix of smoke particles with spherical and spheroid models based on the SEM micrograph of 
smoke particles [13]. The results show that after averaging of the orientation and size, the nonsphericity of 
smoke particles has a considerable effect on their light scattering. Additionally, the nonsphericity of gray 
smoke particles generated from smoldering fires is more important than soot from flaming fires for 
analyzing the light scattering. Therefore, in this paper, an experimental setup is designed. Based on this 
setup, the whole Stokes scattering matrixes are measured for three kinds of typical smoke particles, namely 
smoldering cottons, flaming n-heptane fires and smoldering sandalwoods. The light scattering properties of 
smoke particles are analyzed and compared with the theoretical results. 

THEORY 

The properties of light scattering by small particles, such as smoke aggregates, can be analyzed 
theoretically through solving the Maxwell equations in the time or frequency domain [14]. Using the Stokes 
vector {I, Q, U, V}T to represent the incident and scattered light, the 4×4 Stokes scattering matrix F(θ ) 
describes the transformation of the incident light into the scattered light. In practical applications, the most 
popular case is that randomly oriented particles form a macroscopically isotropic and mirror-symmetric 
medium. Accordingly, the ensemble-averaged characteristics of light scattering by these particles are 

 1069
FIRE SAFETY SCIENCE–PROCEEDINGS OF THE NINTH INTERNATIONAL SYMPOSIUM, pp. 1069-1076

COPYRIGHT © 2008 INTERNATIONAL ASSOCIATION FOR FIRE SAFETY SCIENCE / DOI:10.3801/IAFSS.FSS.9-1069



described by a block-diagonal Stokes scattering matrix, as shown in Equation(1) [14]. 
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where 1800 ≤≤θ  is the scattering angle. The angle dependence of various elements of the Stokes 
scattering matrix either provide a direct measure of or are indicative of the physical properties of the 
scattering medium. For instance, the (1, 1) element of the Stokes scattering matrix, )(11 θF , represents the 
transformation of total intensity of incident light. The )(12 θF  represents the depolarization of linearly 
polarized light parallel and perpendicular to the scattering plane. The )(22 θF  represents the transformation 
of linearly polarized scattered light (±90°) to linearly polarized scattered light (±90°). Finally, considering a 
special case, namely, for a homogeneous spherical particle, there are always )()( 1122 θθ FF ≡  and 

)()( 4433 θθ FF ≡ , which is the results of the Lorenz-Mie theory. Therefore, the deviation of )(22 θF  
from )(11 θF  is an important indication of the presence of non-spherical particles in theoretical analyses and 
experimental measurements. Similarly, the deviation of )(44 θF  from )(33 θF  is another illustration of the 
non-spherical particles for light scattering. 

EXPERIMENTAL APPARATUS 

An experimental setup was built in the State Key Laboratory of Fire Science (SKLFS) of the University of 
Science and Technology of China (USTC) to measure the Stokes scattering matrix of smoke particles. The 
schematic overview and the measuring principle of this experimental setup are shown in Fig. 1. A beam 
with wavelength of 635nm produced by a semiconductor laser passes through a linear polarizer and an 
electro-optic modulator before it illuminates the smoke particles contained in a jet stream. In this way, the 
measuring of light scattering by smoke particles can be carried out on-line. The EOM is used to modulate 
the phase of the incident laser. The modulation frequency used here is 20MHz.Light scattered by the smoke 
particles at a scattering angle θ may optionally pass through a quarter-wave plate and a polarization 
analyzer before its flux is measured by a photomultiplier (PMT1). A rotating plate, which is controlled by a 
motor through a computer, is used to drive an arm to rotate around the light scattering center of smoke 
particles.  In this way, the angular distribution of scattered light by smoke particles is measured through the 
PMT1. This is the most distinctive feature between the experimental setup developed in the SKLFS and the 
one in the Free University of the Netherlands [15-18]. By adjusting the three-dimensional position of the 
nozzle of the smoke particles and the orientation of the collimating pinhole in front of the PMT1, the 
pinhole can collimate the scattering center of smoke particles at every scattering angle θ. The diameter of 
the two pin-holes is 1mm. The distance between the two pin-holes is 50mm. The distance from the first or 
nearer pin-hole to the center-line is 500mm. Another photomultiplier (PMT2) is used to monitor the flux of 
the scattered light at a fixed scattering angle on the other side of the rotating plate. The DC signals 
measured by the PMT2 are used to correct for the fluctuation of smoke particles in the jet stream. The 
signals measured by PMT1 and PMT2 are recorded and stored in the computer through the Lock-in 
amplifier. The modulation and lock-in detection is done so that the weak signal due to the light scattering 
from the smoke particles can be measured.  

Using Stokes parameters, the Stokes vector of the scattered light reaching the PMT1 can be written as  
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where incI  is the Stokes vector of the beam leaving the light source; 1c  is a real constant; and A, Q, M and 
P are 4×4 Muller matrices of the analyzer, quarter-wave plate, modulator and polarizer, respectively. The 
orientation angles Aγ , Qγ , Mγ  and Pγ  of the corresponding optical components are the angles between 
their optical axes and the reference plane. Here it is assumed that the scattering plane acts as the reference 
plane for these orientation angles and the Stokes parameters. This plane coincides with the horizontal plane 
in the experimental setup. The )(θF  is the to-be-measured 4×4 Stokes scattering matrix of the smoke 
particles. 

 

 
Fig. 1. Schematic overview of the experimental setup built in the SKLFS 

By adjusting the amplitude of the modulation voltage of the EOM and analyzing the four Muller matrices 
in Equation (2), the flux reaching the PMT1 can be written as 

]2cos)()(2sin)()(2)([)( 02012 tCJtSJDCcI sca ωθφωθφθθ ++= ,         (3) 

where c2 is a constant for a specific optical arrangement, 03830.1)(2 01 =φJ , 86350.0)(2 02 =φJ and higher 
order terms have been omitted. The coefficients )(θDC , )(θS and )(θC  respectively correspond to the dc, 

tωsin  and tω2cos  components of the measured signal of PMT1.  

Table 1 shows eight combinations of the orientation angles of the four optical elements in this setup. The 
corresponding relationship between the elements of the scattering matrix and the measured signal 
components is also indicated. Through using lock-in amplifier the tωsin  and the tω2cos  components 
can be separated from the total detected signal of PMT1. These two components plus the constant (dc) part 
of the detected signal of PMT1 are sufficient to determine the angular distributions of all elements of the 
scattering matrix for smoke particles. Here not only the six independent elements shown in Equation(1), but 
also the other ten elements are measured experimentally. In this case, the measured 16 curves are analyzed 
to consider whether the real smoke particles are randomly oriented or not. For more detailed information on 
the measuring principle of this experimental setup, please refer to the descriptions of setups in SKLFS and 
in Amsterdam [15-18]. 
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Table 1. Relationship between elements of scattering matrix and the measured signal components for eight 
combinations of the orientation angles of the four optical elements. 

Comb. Pγ  Mγ  Qγ  Aγ  )(θDC  )(θS  )(θC  

1 0° -45° -- -- 11F  14F−  12F  

2 0° -45° -- 0° 2111 FF +  )( 2414 FF +−  2212 FF +  

3 0° -45° -- 45° 3111 FF +  )( 3414 FF +−  3212 FF +  

4 0° -45° 0° 45° 4111 FF +  )( 4414 FF +−  4212 FF +  

5 45° 0° -- -- 11F  14F−  13F  

6 45° 0° -- 0° 2111 FF +  )( 2414 FF +−  2313 FF +  

7 45° 0° -- 45° 3111 FF +  )( 3414 FF +−  3313 FF +  

8 45° 0° 0° 45° 4111 FF +  )( 4414 FF +−  4313 FF +  

 

Smoke Particle Generation 

Water for 
Cooling Box

Axial Fan

Axial Fan

Light Scattering Plane 

 
Fig. 2. Smoke particles generation box and transportation tubes 

 
Fig. 3. Smoke generation of smoldering cottons, flaming heptanes, smoldering sandalwoods 

 
For each experiment, a proper smoke generation box also play an important role in the measurements of 
Stokes scattering matrix for smoke particles. It takes quite a few minutes to measure the angular 
distribution of the scattered light for each combination. A smoke jet, which is as stable as possible, is 
necessary for the measurement although the PMT2 is used to monitor the scattered light at a certain angle 
for the compensation of the fluctuation of smoke particles. Therefore, as shown in Fig. 2, a smoke 
generation box and the supplemental transportation tubes are designed. A small water tank is used to cool 
and protect the box. The generated smoke particles are transported through several axial fans. Figure 2 
illustrates that a short cut of smoke jet is exposed for light scattering. The angular distribution of Stokes 
scattering matrix is measured at the corresponding light scattering plane. The smoke particles are exhausted 
out immediately after light scattering. The generation for three kinds of typical smoke particles is shown in 
Fig. 3, respectively. 
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As addressed in the EN54 codes [19], smoke particles generated from smoldering cotton fire (TF3) and 
flaming n-heptane fire (TF5) are representative for two kinds of combustion styles (flaming and 
smoldering). Additionally, smoke particles from smoldering sandalwoods are typical nonstandard smoke 
particles in the field of fire detection. The black smoke particles generated from flaming n-heptane fire 
have relatively larger image part of a refractive index than the gray smoke particles from smoldering 
cottons and sandalwoods. Figure 4 give the measured angular distributions of 8 elements of Stokes 
scattering matrix for these three kinds of smoke particles through the above experimental setup. The 
scattered light is measured for scattering angles between 5°and 160° with the step of 0.9° to get angular 
distributions of Stokes scattering matrix. Similar to previous theoretical analyses, the ratios )(/)( 11 θθ FFij

 are 
considered, except for the )(11 θF .  

Figure 4(a) gives the normalized angular distributions of )(11 θF  for smoke particles generated from 
smoldering cottons, flaming n-heptane and smoldering sandalwoods. As can be seen in Figure 4(a), the 
measured )(11 θF  curve for the flaming n-heptane is different from those for the smoldering cottons and 
smoldering sandalwoods. At the angles smaller than 60°, the normalized intensity of scattered light for the 
two smoldering fires is larger than those for flaming n-heptane. However, at the scattering angles larger 
than 80°, there is only a little difference among the three curves. It is suggested that the photoelectric 
smoke detectors based on forward-scattering principles respond more sensitively to gray smoke particles 
than to black smoke particles. The detectors based on backward-scattering principles show similar 
sensitivity to gray and black smoke particles. 

As can be seen in Fig. 4(b), all the measured )(/)( 1122 θθ FF  curves for the three kinds of smoke particles 
obviously deviate from “1”. This is a key indication for the obvious effects of the non-spherical property of 
the smoke particles on their light scattering. Through comparing the measured )(/)( 1122 θθ FF  curves for 
the three kinds of smoke particles and the theoretically calculated curves based on spherical and spheroid 
models, it suggests that the spheroid models are more suitable to analyze the light scattering by smoke 
particles than spherical models. Furthermore, the )(/)( 1122 θθ FF  curves for the two kinds of gray smokes 
particles show more deviation from “1” than that for black smoke particles, especially at the backward 
scattering angles. The minimum values of the )(/)( 1122 θθ FF  curves for the two kinds of gray smoke 
particles are about 0.25, while the minimum value for the black smoke particles is about 0.5. These 
experimental results suggest that the non-spherical property of the gray smoke particles generated from 
smoldering fires plays more considerable roles on the light scattering than the black smoke particles 
generated from flaming fires. In addition, it is also indicated from the previous theoretically calculated 
results based on spheroid models that the non-spherical property of the smoke particles with smaller image 
part of refractive index show more effect on their light scattering [13]. In this case, it is suggested that the 
experimental results agree well with the theoretically calculated results based on the spheroid models. 

Figure 4 (c) and (d) respectively give the measured )(/)( 1112 θθ FF−  and )(/)( 1121 θθ FF−  curves for the 
three kinds of smoke particles. As can be seen in these figures, the measured )(/)( 1112 θθ FF−  and 

)(/)( 1121 θθ FF−  curves are quite similar to each other for every kind of smoke particles. There is an 
obvious peak values in each curve. Furthermore, the peak value in the curve for the black smoke particles, 
namely about 0.6 is larger than the corresponding peak values for two kinds of gray smoke particles, 
namely about 0.25. These characteristics of the measured )(/)( 1112 θθ FF−  and )(/)( 1121 θθ FF−  curves also 
fit well with the previous calculated results based on spheroid models for smoke particles with different 
refractive indexes [13]. It is suggested again that spheroid models may be more suitable to calculate the light 
scattering by smoke particles. 

Figure 4 (e) and (f) show the measured )(/)( 1133 θθ FF  and )(/)( 1144 θθ FF  curves. At the scattering angles 
near to 5°, both the )(/)( 1133 θθ FF  and )(/)( 1144 θθ FF  values are about 0.9. As the increasing of scattering 
angles, both )(/)( 1133 θθ FF  and )(/)( 1144 θθ FF  values decrease and reach minimum values at scattering 
angles larger than 90°. In addition, at those large scattering angles, the )(/)( 1144 θθ FF  values are greater 
than the )(/)( 1133 θθ FF  values. Here the influence of non-spherical property of the smoke particles on their 
light scattering is illustrated again. 
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Fig. 4. Measured stokes scattering matrix element )(11 θF , and element ratios )(/)( 1122 θθ FF  et al. for smoke 

particles generated from smoldering cottons, flaming n-haptane and smoldering sandalwoods. 

Figure 4 (g) and (h) respectively give the measured )(/)( 1134 θθ FF  and )(/)( 1143 θθ FF  curves for the three 
kinds of smoke particles. As can be seen from these figures, the )(/)( 1134 θθ FF  curve is symmetrical to the 

)(/)( 1143 θθ FF  curve for each kind of smoke particles. Figure 2(g) indicates that there are peak values at the 
backward scattering angles in the )(/)( 1134 θθ FF  curves for the two kinds of smoke particles generated from 
smoldering fires. However, a corresponding peak value is at the forward scattering angles in the 

)(/)( 1134 θθ FF  curves for the flaming n-heptane fire.  
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The measured angular distributions of the other eight element ratios of Stokes scattering matrix for these 
three kinds of smoke particles are rather small and almost equal to zero. The highest absolute value of the 
measured element ratio is less than 0.02.  In addition, as indicated above, the measured )(/)( 1112 θθ FF−  
and )(/)( 1121 θθ FF−  curves are similar to each other, as well as )(/)( 1134 θθ FF  and )(/)( 1143 θθ FF  curves are 
symmetrical to each other for every kind of smoke particles. These suggest that the measured Stokes 
scattering matrixes of the three kinds of smoke particles are block-diagonal with some symmetric 
relationships, as described in Equation (1). In this case, the real smoke particles may be regarded as 
randomly oriented. 

As mentioned above, Qiyuan Xie et al. analyzed the Stokes Scattering Matrix of smoke particles with 
different refractive index and size based on spherical and spheroid models. Comparing the above 
experimental results with those theoretical analyses based on spheroid models [13], it illustrates that the non-
spherical property of real smoke particles plays a considerable role on their light scattering, especially for 
the gray smoke particles generated from smoldering fires. In addition, the experimental measurements fit 
relatively well with the theoretical results based on spheroid shape models. The distinctive features between 
light scattering by gray and black smoke particles can be analyzed based on spheroid models. Finally, the 
real smoke particles may be considered to be randomly oriented. 

CONCLUSIONS 

In this paper, an experimental setup is built to measure the angular distributions of the 4×4 Stokes 
scattering matrix for real smoke particles. The Stokes scattering matrixes of the smoke particles generated 
from smoldering cottons, flaming n-heptane and smoldering sandalwoods are measured. The experimental 
measurements show that the )(/)( 1122 θθ FF  curves for three kinds of smoke particles obviously deviate 
from “1”, especially for those generated from smoldering fires. It is illustrated that the non-spherical 
properties of smoke particles play an important role on their light scattering. In addition, the measured 4×4 
Stokes scattering matrixes are approximately block-diagonal with symmetric relationships between some 
elements, which suggest that the smoke particles are randomly oriented. Through comparing the 
experimental and the previous theoretical results, it is suggested that spheroid models are more suitable 
than spherical models to analyze the light scattering by smoke particles. The distinctive features of the light 
scattering by different kinds of smoke particles can also be analyzed based on spheroid models.  

Future work should focus on the experimental measurements of the Stokes scattering matrixes for more 
kinds of smoke particles and the nuisance particles for smoke detections, such as the dusts, cooking fumes, 
steam etc. The design of new photoelectric smoke detectors based on the experimental measured Stokes 
scattering matrixes is also very important for the fire protection engineering. 
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