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Abstract. The angular dependence oflight scattered by dust ag
gregates has been investigated by means of the discrete dipole 
method. Two types of aggregates have been treated; BPCA and 
BCCA whose fractal dimensions are rv 3 and rv 2 in the limit of 
large size respectively, and whose number of constituent parti
cles range from N = 256 to 4096. The radii of constituent parti
cles are 0.01/l,ill and are partly 0.03/-tm. Two kinds of minerals 
are considered as the constituents; silicate and magnetite. The 
calculations have been carried out at the wavelength A = 0.6/l,ill. 

The angular dependence of the degree of linear polarization 
and the scattered intensity is sensitive to the structure as well 
as the chemical composition with increasing size of the aggre
gates. The degree of linear polarization of BCCA shows the 
behavior similar to that of the individual constituent particles 
independent of N and of the chemical composition. In BPCA, 
the maximum value is depressed and the scattering angle at the 
maximum shifts towards larger scattering angles with increasing 
N, which is more remarkable in the magnetite aggregates than 
in the silicate ones. The difference in the behavior of polariza
tion between BPCA and BCCA can be interpreted as the result 
of multiple scattering in the aggregates reflecting the difference 
in the structure. 

The forward scattering lobe is well-developed with increas
ing N in BPCA in spite of the smaller size than BCCA with the 
same number of constituent particles. For a given aggregate, the 
scattered intensity shows almost the same behavior of angular 
dependence regardless of, but the strength is sensitive to the 
chemical composition of the constituent particles. The intensity 
at the scattering angle e = 00 is independent of the structure 
of the aggregates and is proportional to N 2 in the range of our 
calculations. The angular dependence of the scattered intensity 
exhibits a similarity relation when the size parameter of the ag
gregates X = kR 2: 3, where k is the wavenumber and R is 

Send offprint requests to: Jiirgen Blum 
* Present address: MPG research group "dust in star forming 
regions" SchillergiiBchen 2, D-07745 Jena, Germany 

the characteristic radius of aggregate. The angular dependence 
can be divided into at least 4 regimes according to the value 
of q = 2kR sinCe /2). The scattered intensity in the region of 
q ~ 2 is dominated by the coherently scattered light from the 
constituent particles and well reflects the size and the mass of 
aggregates, independent of the structure. The distinction be
tween BCCA and BPCA occurs in the region of 2.4 ~ q ~ 5.0 
through the effect of multiple scattering in the aggregates. 

Key words: optical properties - dust aggregates - fractals -
interstellar/interplanetary dust 

1. Introduction 

Dust aggregates are the natural by-products when we consider 
the evolution of dust particles in space. Observations have sug
gested presence of dust aggregates in dense molecular clouds 
as well as pre-solar nebulae (Cardelli et al. 1989; Mathis 1990; 
Draine 1990), in the interplanetary space (Brownlee et al. 1976; 
Giese et al. 1978), in cometary atmospheres (Greenberg & Hage 
1990), and in planetary and satellite atmospheres (West 1991a). 
The optical properties of dust aggregates playa key role in con
sidering the chemical and physical processes prevailing at these 
astrophysical sites, and investigations are also crucial to reveal 
the nature of dust aggregates in space by comparison with the 
observations. The measurements of scattering properties, i.e. 
the angular dependence of the scattered intensity and the degree 
of linear polarization, in particular have been considered to be 
a useful method to characterize bodies with fluffy structures, 
rough surfaces and/or irregularly shapes (Bohren & Huffman 
1983). This method is used in many fields of science, industry 
and technology. 

Observationally, the angular dependence of the degree of 
linear polarization and the scattered intensity of the zodiacal 
light have revealed the duality of the scattering properties of in
terplanetary dust particles (!DP) when Mie theory being applied 
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to interpret the data: The degree oflinear polarization has a max
imum around the scattering angle e = 90°, which implies that 
the size of IDP is small in comparison with the observed wave
length. On the other hand, the wavelength dependence of the 
scattering cross section is neutral and the angular dependence 
ofthe scattered intensity shows strong forward scattering, which 
suggests that IDP are large particles. Compact spherical bodies 
have failed to reproduce the duality. In fact the dust particles in 
the stratosphere, part of which are considered to be of interplan
etary origin, are assemblages of tiny particles (Brownlee et a1. 
1976). From this viewpoint, so far many laboratory experiments 
using natural as well as artificial assemblages of dust particles 
have been performed in order to characterize the nature of dust 
in space by comparison with the observations of the zodiacal 
light and of the scattered light in cometary atmospheres (Giese 
et a1. 1978; Weiss-Wrana 1983; Zerull et a1. 1992). Also theoret
ical calculations have been carried out to reveal the dependence 
of the scattering properties of dust aggregates on their porosity, 
surface roughness and structure (Perrin & Sivan 1991; Rage et 
a1. 1991; West 1991b). 

The investigation of scattering properties of dust aggregates 
is very important to deduce the structure, the size and the chemi
cal composition of dust aggregates in space by comparison with 
observations. Computer simulations using the discrete dipole 
method (see Draine 1988 for the details) is one of the power
ful methods to investigate the optical properties of dust aggre
gates, because we can examine the optical properties of dust 
aggregates systematically by changing their structure, size and 
chemical composition. 

Recently we investigated the wavelength dependence of 
the optical properties of the dust aggregates produced by 3-
dimensional Monte-Carlo simulations (Kozasa et a1. 1992, 
hereafter referred to as Paper I). Following Paper I, in this paper 
we investigate the angular dependence of the scattering proper
ties systematically in order to reveal how the scattering proper
ties of dust aggregates depend on their structure, size and chemi
cal composition. We treat two types of dust aggregates with very 
different structures, which are composed of 256 to 4096 spher
ical particles whose radii are O.OIMm. We partly treat the dust 
aggregates consisting of constituent particles whose radii are 
0.03Mm. We consider two kinds of minerals as the constituent 
particles: silicate as an example of dielectric materials and mag
netite as an absorbing material. Also we investigate the effect 
of the mixing of silicate and magnetite constituent particles for 
both types of aggregates with N = 2048. 

We describe the method of the calculations and the dust 
aggregates used in the calculations in Sect. 2. The angular de
pendence of the degree of linear polarization is presented and 
discussed in Sect. 3. The results of calculations of the angular 
dependence of the scattered intensity are summarized first in 
Sect. 4. Then we investigate the dependence of the behavior 
on the size and the structure of dust aggregates, comparing the 
results by the discrete dipole method with the results of cal
culations based on two simple models neglecting the effect of 
multiple scattering; (A) a homogeneous sphere model and (B) 

a fractal model with an assumed two point correlation function. 
The concluding remarks are presented in Sect. 5. 

2. The dust aggregates and the method of calculation 

The dust aggregates used in this paper were produced by the 
same method described in Paper I. We had to extend the number 
of constituent particles up to 4096 in order to investigate clearly 
the dependence of the scattering properties on their size and 
structure. The Ballistic Cluster-Cluster Aggregates (BCCA), 
whose fractal dimension is rv 2 in the limit of large size, were 
continuously grown up to N = 4096 by adding clusters to BCCA 
with N = 1024 used in Paper I, while the Ballistic Particle
Cluster Aggregates (BPCA), for which D rv 3 in the limit of 
large size, were newly produced. 

Table 1. The quantities that characterize the dust aggregates used in the 
calculations. Note that the radius of constituent particle ao = O.OIMm. 

The characteristic radius ac = VSf3Rg where Rg is the radius of 
gyration of the aggregate, as the geometric cross section equivalent 
radius, am the mass equivalent radius, and P the porosity. The fractal 
dimensions D ~ 3 for BPCA and ~ 2 for BCCA in the limit of large 
size, which are determined by the method of radius of gyration. The 
values Dr and ~ are the fractal dimension and the cut-off parameter 
derived by fitting the scattered intensity by the fractal model (see the 
text) 

Ballistic Particle-Cluster Aggregates (BPCA) 

N ac (Mm) as (Mm) am (Mm) P Dr ~ 

256 0.1280 0.1096 0.0635 0.8779 2.98 0.37 
512 0.1609 0.1423 0.0800 0.8771 3.00 0.38 
1024 0.2037 0.1880 0.1008 0.8788 3.00 0.38 
2048 0.2537 0.2455 0.1270 0.8745 3.00 0.38 
4096 0.3194 0.3160 0.1600 0.8743 3.00 0.37 

Ballistic Cluster-Cluster Aggregates (BCCA) 

N ac (Mm) as (Mm) am (Mm) P Dr ~ 

256 0.2049 0.1241 0.0635 0.9703 2.99 0.42 
512 0.4244 0.1741 0.0800 0.9933 2.24 0.46 
1024 0.5320 0.2340 0.1008 0.9932 2.17 0.55 
2048 0.6729 0.3311 0.1270 0.9933 2.25 0.52 
4096 0.9929 0.4499 0.1600 0.9958 2.25 0.48 

Table 1 summarizes the quantities that characterize the dust 
aggregates used in the present calculations, where the radii of 
constituent particles are O.01Mm. The characteristic radius ac of 
an aggregate is defined by ac = J573Rg where Rg is the radius 
of gyration. Both aggregates consisting of N = 4096 spherical 
particles projected on a plane are presented in Figs. la and Ib; 
both figures are in the same scale. BPCA have more compact 
and homogeneous structure in comparison with BCCA which 
show the very porous and fluffy structure. 

The angular dependence of the scattered light is calculated 
by means of discrete dipole approximation (DDA) by modifying 
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Fig.la. The 3-D Ballistic Cluster-Cluster Aggregates (BCCA) consisting of N = 4096 spherical 
particles projected on a plane. The fractal dimension of BCCA is '" 2 in the limit of large size 

the original program coded by Draine and Flatau (see Goodman 
et a1. 1991) so that we can treat a dust aggregate whose con
stituent particles are not located on a cubic lattice. Usually the 
discrete dipole method have been applied by dividing a compact 
body into subvolumes (dipoles). For dust aggregates, however, 
we regard a constituent particle as a subvolume (a dipole) to 
avoid the artificial enhancement of the cross sections of light 
interaction caused by dividing the constituent particle into in
sufficient number of subvolumes. In this method, the size ai of 
the i-th constituent particle with the complex refractive index 
mi is limited so as to be Imi Ikai ;S 0.6, in order to keep the rel
ative deviation within 10%, where the wavenumber k = 2n j A 
and the wavelength is A (see Paper I for the details). In our 
calculations, the effective polarizability O:i of i-th constituent 
particle is defined by 

~ = ~ - 23 [(1 - ikai)exp(ikai) - 1] (1) 
O:i O:i ai 

for kai « 1 (2) 

where o:~ = [em; - l)j(m; + 2)]a;. 
This expression of the effective polarizability automati

cally includes the radiative reaction term introduced by Draine 
(1988) and the additional non-radiative term, the first term in 
the bracket ofEq. (2). Both terms arises from the interaction of 
a constituent particle with itself under the assumption that the 
electric field inside the constituent particle is uniform (Hage & 
Greenberg 1990). Recently Draine & Goodman (1992) inves
tigated the effect of the inclusion of additional non-radiative 
term extensively, and they concluded that the inclusion of this 
term improves the accuracy of the discrete dipole method when 
1m2 - 11 > 5 for a sphere with the complex refractive index m. 

Fig. lb. The same as Fig. la, but for BPCA whose fractal dimension 
is '" 3 in the limit of large size. Figures 1a and 1b are in the same 
scale. BPCA is much smaller in size and more compact in structure 
than BCCA 

For a dust aggregate consisting of N constituent particles 
whose positions and induced dipole moments are specified by 
T' and pJ' (j = 1 to N), the scattered intensities i l (0) and i2(O), 

J . I perpendicular and parallel to the scattering plane respectIve y, 
are calculated by 

k6 1271" N 
il,2(O) = I 12 d<p1 ~)Pj - n(n· P j )h,2 

2n Eo 0 j=1 

X exp(-ikn· Tj)12, (3) 

where IEol is the amplitude of incident light, n is the unit 
vector parallel to the direction of scattering, 0 is the scattering 
angle, and <p is the azimuthal angle. Then the scattered intensity 
i(O) and the degree of linear polarization P(O) are given by 

i(O) = il (0) + i2(O) , 
2 

and 

i l (0) - i2(O) 
P(O) = il (0) + i2(O) . 

(4) 

(5) 
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Fig.2a and b. a (left); the degree of linear polarization of BCCA consisting of N = 256 to 4096 silicate particles at wavelength>. = 0.6p,m; 
The radii of the constituent particles are O.OIp,m. b (right); the same as a, but for silicate BPCA 

The scattered intensity as well as the degree of linear polariza
tion in the backward directions are strongly dependent on the 
direction of incident light and on the configuration of dust ag
gregates with increasing size of aggregates, as pointed out by 
Hage (1990). Thus we calculated these values by averaging over 
the 21 different configurations by rotating the aggregates around 
three orthogonal directions of the propagation of incident light 
and by averaging over the azimuthal directions. The interval of 
the scattering angle is 5° in the present calculations. 

The calculations have been carried out at the wavelength 
A = 0.6j.lm for the aggregates in which the radius of the con
stituent particles ao = O.OIj.lm. Also, partly we have treated 
BPCA consisting of silicate constituent particles whose radii 
are 0.03j.lm in order to reveal the dependence of the scattered 
intensity on their structure and size of dust aggregates by mak
ing the sizes of BPCA large and comparable to those of BCCA. 
The optical constants of silicate and magnetite are taken from 
the table of Mukai (1990). As it can be seen from Table 1, the 
size parameter x = kao of the constituent particles is 0.105, and 
the size parameters X = kac of the aggregates range from 1.34 
to 3.34 for BPCA, and 2.15 to 10.4 for BCCA when the radii 
of the constituent particles are O.OIj.lm. 

3. The degree of linear polarization 

The angular dependence of the degree of linear polarization of 
a compact spherical particle is a diagnostic of the size and the 
chemical composition; the angular dependence has the charac
teristic features according to the size and to the complex refrac
tive index. However this is not always true for dust aggregates. 
Figures 2a and 2b show the angular dependence of the degree of 
linear polarization for BCCA and BPCA consisting of N = 256 

to 4096 silicate constituent particles whose radii are O.OIj.lm, 
respectively. 

The aggregates with N = 256 show the same angular depen
dence of linear polarization as that of the constituent particle, 
independent of the structure. In spite of increasing size of the 
aggregates, BCCA keep the maximum at e = 90°, and the an
gular dependence is the same as that of the constituent particle 
independent of N, except for the backward directions in the 
large sized aggregates. The deviation from the constituent par
ticle in the backward directions becomes more significant as the 
number of constituent particles increases. This is also true for 
magnetite BCCA although the maximum of the degree of linear 
polarization deviates very slightly from that of the constituent 
particle. It should be noted that this result does not imply the 
scattering properties of this type of aggregates are simply in
terpreted as the sum of the independent scatterers (see Sect. 4). 
With increasing size parameter in BPCA, the scattering angle at 
the maximum polarization shifts towards larger scattering an
gles. The shift of scattering angle at the maximum accompanies 
the increase and the decrease of the degree of linear polarization 
in the backward and the forward directions, respectively, in com
parison with that of the constituent particle. Also the maximum 
value becomes depressed with increasing size. These behaviors 
are more remarkable in magnetite BPCA than in silicate BPCA, 
as shown in Fig. 2c. Here it should be noted that the variation of 
the maximum polarization for the mean values of the direction 
of incident light is less than 1 % for the silicate aggregates and 
is less than 3% at the worst for the magnetite aggregates. 

These results of calculations show that the behavior of the 
linear polarization of dust aggregates cannot be a diagnostic of 
the size and chemical composition when aggregates have very 
porous and fluffy structure such as BCCA and also when the 
size parameter of dust aggregates X = kac ;:S 1 regardless of 
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Fig.2c. The same as Fig. 2-a, but for magnetite BPCA 

the structure. On the other hand, in BPCA with denser and more 
homogeneous structure, the behavior reflects the difference in 
the size and the chemical composition of dust aggregates as the 
number of constituent particles increases, but the dependence 
is not so clear, different from the case of a compact spherical 
body. 

The dependence of the behavior of the linear polarization of 
BPCA on the chemical composition of constituent particles can 
be clearly demonstrated by mixing silicate and magnetite con
stituent particles randomly and by changing the ratio in number 
(hereafter this type of aggregates is referred to as mixed aggre
gates). Figure 3 shows the result of the calculations for mixed 
BPCA with N = 2048. As the number ratio of magnetite to 
silicate constituent particles increases, the maximum of linear 
polarization systematically decreases, the maximum position 
being kept around e = 90° . Thus the depression of the maximum 
of linear polarization for a given aggregate structure is closely 
related with the chemical composition of the constituent parti
cles. Here it should be noted that the shape of scattered intensity 
perpendicular to the scattering plane is almost independent of 
the chemical composition of aggregates with a given size and 
structure (see Fig. 5b). However, the shape around the dip and 
the dip position in the parallel component vary according to the 
size and chemical composition. This behavior of the scattered 
intensities causes the difference in the behavior of the degree of 
linear polarization of BPCA reflecting their size and chemical 
composition, in the range of the present calculations. 

BPCA have denser and more homogeneous structure than 
BCCA, and magnetite is more absorbing than silicate. Thus, the 
result of calculations seems to suggest a relation of the behavior 
of the linear polarization with the optical thickness of the dust 
aggregates reflecting their structure and chemical composition. 
However this is not true: The optical thickness defined in Paper I 
is very small ("-' 2 x 10-5 ) for the silicate BPCA with N = 4096, 

1.0 

p 0.8 
0 .,..... 
+-' 
cd 

0.6 N .,..... 
$.., 

cd 
.-; 

0 0.4 P-, 

$.., 

cd 
Q) 

0.2 >=l ........ 
.....:I 

0.0 

o 

S: M 

--·--··1 : 0 
------ 7 : 3 
-.----------. 5 : 5 
----- 3 : 7 
--0: 1 

Mixed BPCA 

N = 2048 

30 60 90 120 150 180 
Scattering Angle e (deg) 

Fig. 3. The degree of linear polarization of BPCA with N = 2048 for 
which silicate and magnetite constituent particles are randomly mixed 
with the given ratios. The radii of constituent particles are O.01p,m. 
The labels "S" and "M" denote silicate and magnetite, respectively 

and the aggregate exhibits a noticeable deviation of the behavior 
of linear polarization from that of the constituent particle. The 
maximum of the linear polarization is depressed remarkably 
from 1. 

Generally, the behavior of the degree of linear polarization 
can be explained in terms of the internal and surface scattering 
processes including diffraction, reflection and refraction, and 
of the resulting interference of the scattered light. Therefore, 
the maximum of the degree of linear polarization is expected to 
be more depressed with increasing size of bodies composed of 
transparent materials such as silicate because the incident light 
can penetrate into and the scattered light can escape from the 
scattering bodies without significant absorption. For absorbing 
bodies such as magnetite the depression of the maximum tends 
to be saturated with increasing size of the bodies where the inci
dent and scattered light are absorbed efficiently. The laboratory 
experiments (Giese et al. 1978; Weiss-Wrana 1983) have con
firmed this general trend for bodies with fluffy structure, which 
seems to be contradictory to the result of present calculations. 
However we cannot compare the result of the calculations di
rectly with the experimental results because the size of dust 
aggregates treated here is still smaller than those used in the 
experiments. Also, partly being consistent with the result of the 
present calculations, a recent laboratory experiment for a dust 
aggregate by Zerull et al. (1992) has shown thatthe maximum of 
the degree of linear polarization decreases first and then turns to 
increase as the dust aggregate is coated by an opaque material. 

The important result of our calculation is that the behavior of 
the linear polarization not only depends on the chemical compo
sition but also strongly depends on the size and the structure of 
the dust aggregates. The behavior of the degree of linear polar
ization of dust aggregates could be interpreted as the resulting 
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interference of internally scattered light. The effect of multiple 
scattering in aggregates could be more dominant in BPCA with 
dense structure than in BCCA with porous and fluffy structure. 
As discussed by Berry & Percival (1986) under the assumption 
of a mean field approximation, the effect of multiple scattering 
is negligibly small for aggregates whose size parameter X « 1. 
For aggregates with X ~ 1, the difference in the size, structure 
and chemical composition being taken into account, the effect 
of multiple scattering is roughly estimated by the value 

ao m- 12D m-
( ) 2 I 2 11 I 2 11 TJ "" ac N 4kao m 2 + 2 ex: N - / 4kao m 2 + 2 '6) 

The right hand side ofEq. (6) is valid for dust aggregates whose 
fractal dimension D > 2. The value TJ increases with increas
ing N for dust aggregates with fractal dimension D > 2, and 
is independent of N for aggregates of D :::; 2 because the in
cident light on the aggregates in principle illuminates all the 
constituent particles. Although the size parameters X = kac of 
the dust aggregates used in the present calculation do not always 
satisfy the condition X ~ 1, the value TJ < 0.05 for silicate and 
magnetite BCCA, while TJ > 0.05 and increases with increasing 
N in BPCA. Thus the difference in the behavior of linear po
larization between BPCA and BCCA seems to be related with 
the effect of multiple scattering in the aggregates. However the 
value TJ cannot be quantitatively related with the difference in 
the degree of depression of the maximum polarization between 
silicate and magnetite BPCA; the value TJ increases from"" 0.05 
to 0.12 for silicate BPCA and 0.11 to 0.29 for magnetite BPCA 
as the number of constituent particles increases from N = 256 
to 4096. 

The interpretation of the behavior of linear polarization is 
not so simple. It should be kept in mind that the size of the con
stituent particles is also an important parameter to control the 
behavior of the degree of linear polarization as demonstrated 
by West (1991b). A laboratory experiment has shown that for 
aggregates consisting of constituent particles up to 4 the de
gree of linear polarization decreases with increasing number of 
constituent particles, but the characteristic features of the con
stituent particle are kept remaining (see Bohren & Huffman 
1983). More extensive laboratory experiments as well as theo
retical investigations are needed in order to relate the behavior 
of linear polarization quantitatively with the size, structure and 
chemical composition of dust aggregates. 

4. The scattered intensity 

4.1. The dependence on the structure, size and chemical 
composition 

Figures 4a and 4b (the solid curves) show the angular depen
dence of the scattered intensity of silicate BCCA and BPCA, 
respectively. First it should be noted that, different from the 
angular dependence of the degree of linear polarization, the an
gular dependence of scattered intensity is not symmetric for 
BCCA and small sized BPCA. Even for very porous and fluffy 

aggregates such as BCCA, the scattering properties of the aggre
gates cannot be interpreted as the sum of the coherent scattering 
from the individual constituent particles when the size param
eter of dust aggregates X ~ 1 as shown in Paper I. It should 
be kept in mind here that the angular dependence of both linear 
polarization and scattered intensity of dust aggregates all over 
the scattering angle region () = 0° to 180° cannot be reproduced 
at the same time by any homogeneous spheres with radii equiv
alent to characteristic radii of dust aggregates, except for dust 
aggregates whose size parameters are X « 1. 

The angular dependence of the scattered intensity of BPCA 
with denser and almost homogeneous structure is characterized 
by the well-developed forward scattering lobe. Then with in
creasing scattering angle, the intensity decreases gradually and 
becomes constant in the backward directions as the number of 
constituent particles increases. On the other hand, in BCCA, the 
scattered intensity gradually decreases with somehow oscilla
tions as the scattering angle increases, and then the scattering 
tends to be isotropic. The region of the isotropic scattering is 
more remarkable in BCCA than BPCA, corresponding to the 
larger size of BCCA. The intensity in the isotropic scattering 
region is roughly proportional to N for BCCA, but not for 
BPCA. The scattered intensity in the backward directions is 
more depressed in BPCA than in BCCA with the same number 
of constituent particles. The enhancement of backward scatter
ing of BCCA is more significant with increasing size of the 
aggregates than BPCA. However the degree of enhancement of 
the backward scattering is not always an indicator of the size of 
dust aggregates. 

Generally the scattered intensity in the backward directions 
somehow fluctuates depending on the direction of incident light 
as well as on the configuration of dust aggregates; the variation 
of the scattered intensity for a given direction of incident light 
from the mean values increases as the size of aggregates and 
the scattering angle increase. In the region of X sin«() /2) :::; 1, 
i.e. in the diffraction lobe defined in Sect. 4.2, the variation 
is less than 1 % of the mean values. For the largest aggregate 
BCCA with N = 4096, the variations reach 8% at () = 90° 
and up to 40% at () > 160°. Although the overall structure 
of the angular dependence of the scattered intensity is almost 
independent of the direction of incident light, the behavior and 
degree of the enhancement of backward scattering is different 
from an aggregate to another even if the sizes of aggregates are 
comparable. 

The relative intensity i«())/i(O) of the scattered light is not 
sensitive to the change of the chemical composition of the con
stituent particles. This is also demonstrated by mixing silicate 
and magnetite constituent particles in the same manner as the 
case of the polarization. Figures Sa and 5b show the scattered 
intensities perpendicular i 1 «()) and parallel i2 «()) to the scattering 
plane for mixed BCCA and BPCA with N = 2048. The intensi
ties of the scattered light increases as the number of magnetite 
constituent particles increases. The perpendicular component 
has the similar angular dependence independent of the num
ber ratio of silicate to magnetite constituent particles (Le. the 
chemical composition) for a given type of aggregate, except for 
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Fig. 4a and b. a (left); the angular dependence of the scattered intensity for silicate BCCA in which the radii of constituent particles are O.OIf.lm. 
The result of DDA calculations are represented by the solid curves. The dotted and dashed curves represent the scattered intensities calculated 
by the homogeneous sphere model (model A) and the fractal model (model B), respectively (see the text). In both models, we assume that the 
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Fig. Sa and b. a (left); the angular dependence of the scattered intensities perpendicular i1 (0) and parallel i2(0) to the scattering plane for mixed 
BCCA with N = 2048 for which silicate and magnetite constituent particles are randomly mixed with the given ratios. The radii of constituent 
particles are O.OIf.lm. The labels "S" and "M" denote silicate and magnetite respectively. b (right); The same as a, but for mixed BPCA with 
N = 2048 

the backward directions in BPCA. The parallel component of 
BCCA has the angular dependence similar to that of the con
stituent particle with the dip at e = 90°, irrespective of the 
chemical composition. The intensity at the dip increases with 
increasing number of magnetite constituent particles. On the 
other hand, in BPCA the shape around and the position as well 
as the intensity at the dip of the parallel component vary accord
ing to the chemical composition. The total scattered intensity 

around the dip is dominated by the perpendicular component, 
which is true for all dust aggregates treated in the present cal
culations. As the result the behavior of the relative intensity is 
almost independent of the chemical composition for an aggre
gate with a given structure and size. 

As it can be seen from Figs. 4a and 4b (the solid curves), the 
intensity at the scattering angle e = 0° is almost proportional to 
N 2 regardless of the structure. Figure 6 shows the dependence of 
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the intensity at 0 = 0° on the number of the constituent particles 
for both types of aggregates consisting of silicate and magnetite 
constituent particles. For smaller sized aggregates, the intensity 
is slightly larger in BPCA than BCCA. The intensity of BCCA 
increases in proportion to N 2 with increasing N. However, the 
intensity of BPCA deviates a little from the N 2 - dependence 
with increasing N; the intensity is enhanced in silicate BPCA 
and is depressed in magnetite BPCA, reflecting the difference 
of the chemical composition. The scattered intensity at 0 = 0° 
well reflects the mass of the dust aggregates with a given chem
ical composition through the N 2 - dependence in the range of 
present calculations. 

The results of the calculations demonstrate that the angular 
dependence of the scattered intensity more definitively reflects 
the difference in the structure of the aggregates than the behavior 
of the linear polarization as the number of constituent particles 
increases, almost independent of the chemical composition. Fur
thermore, the relative intensity i(O)/i(O) shows a similarity as a 
function of both the size of aggregate and the scattering angle, 
reflecting the structure of the aggregates, when the size param
eter X ~ 1. This similarity relation can be shown clearly by 
plotting the value i(O)q3/i(0) against q = 2kR sin(O /2), where 
R = ac and in what follows we represent the characteristic ra
dius of aggregate ac by R for convenience. Figure 7 shows the 
relation for silicate BPCA and BCCA respectively. Note that in 
the figure the radii of the constituent particles in BPCA are 0.03 
Jim in order to make the characteristic sizes of BPCA large and 
comparable to the sizes of BCCA. The behavior of i(O)q3 /i(O) is 
almost similar for a given type of aggregates independent of the 
size of aggregates, except for the smallest BCCA with N = 256. 
Also the behavior clearly distinguish BCCA and BPCA, well 
reflecting the difference in the structure of the aggregates. Thus 
this type of plot is useful to characterize the nature of dust ag
gregates by measuring the angular dependence of scattered in
tensity. 

From Fig. 7 we can divide the angular dependence of the 
scattered intensity into several regimes according to the value 
of the nondimensional quantity q = 2kRsin(O /2) when the size 
parameter of aggregates X = kR ~ 3: In the region of q ;S 1, 
the relative intensity of the scattered light is independent of the 
structure as well as the size of the aggregates as a function of 
q. Following the transition region of 1 ;S q ;S 2, the scattered 
intensity generally decreases in proportion to q-'Y. In the region 
of2.4 ;S q ;S 5.0, the relative intensity shows the distinctive be
havior reflecting the difference in the structure between BCCA 
and BPCA, except for BCCA with N = 256; 'Y - 3 < 0 for 
BCCA and 'Y - 3 > 0 for BPCA. Although the value 'Y fluctu
ates from an aggregates to another, the value 'Y is in the range of 
'" 1.5 to 2 for BCCA and of'" 5 to 6 for BPCA. Afterwards the 
scattered intensity decreases in proportion to q-3 with oscillat
ing in the region of 5 ;S q ;S qc, irrespective of the structure of 
dust aggregates. The dividing value qc increases with increas
ing size of dust aggregates, but the oscillation of the scattered 
intensity prevents us from determining the value exactly. In the 
region of qc ;S q :S 2kR, the scattering tends to be isotropic 
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0 !Ol 
II I1)l 

CD 10 0 Magnetite 
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+-' 

~ I1)l to 

~ 
+-' !Ol ...... 
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Number of Constituents 

Fig. 6. The scattered intensity i(O) at 0 = 0° versus the number of the 
constituent particles for BPCA and BCCA. The radii of constituent 
particles are O.Olj.lm 

with oscillations and a significant enhancement of the backward 
scattering. 

4.2. Comparison with simple models 

The angular dependence of the scattered light is a more defini
tive indicator of the structure and the size of dust aggregates 
irrespective of the chemical composition as shown in the pre
vious sections. In order to clarify how the angular dependence 
of the scattered light reflects the difference in the size and the 
structure of dust aggregates, in this section, we investigate the 
behavior of angular dependence of the scattered intensity, com
paring the results by the discrete dipole method with those by 
simple models. 

We consider two models: (A) The constituent particles are 
homogeneously distributed throughout a sphere of radius R = 
ac . (B) The constituent particles are isotropic ally distributed in 
a sphere of radius R with a given two point correlation function 
in order to take into account the structure of aggregates. For 
simplicity, we assume in both models that the effect of multiple 
scattering is negligible. 

In model A, the phase difference being taken into account by 
analogy to the Rayleigh-Gans scattering, the scattered intensity 
under the assumption of a mean field approximation is given by 

where a is the effective polarizability of the constituent parti
cles defined by Eq. (1), and q = 2kRsin(O/2). For model B, 
according to Berry & Percival (1986) and Teixeria (1986), we 
assume the two point correlation function, i.e. the probability 
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that other constituent particles can be found within the radius 
of r from a given constituent particle, is given by 

N 1 (r )Df-3 

f(r/R) = 4nR3 r(Dr)~Df R exp(-r/~R), (8) 

where D f is the fractal dimension, ~ is a cutoff parameter, and 
r is the gamma-function. Then the scattered intensity is given 
by 

i((}) = Nk6lalz(1 +~sZ(}) [N+ 
N _ 1 sin[(Df - l)tan-l(~q)] ] 

( ) (~q)Df(Df - 1)[1 + (1/~q)2](Df-l)/Z . 
(9) 

According to the difference in the structure of aggregates, in 
this model the radial distribution of constituent particles in the 
aggregates is represented by the two parameters; the fractal di
mension Df and the cutoff parameter~, which are determined 
by fitting the angular dependence of the scattered intensity with 
that by DDA calculations. 

Both models give the same intensity at (} = 0° and the in
tensity is proportional to N Z as shown in Sect. 4.1. However 
the intensity at (} = 0° given by the models is smaller than the 
result of the DDA calculations, which might be due to the less 
screening effect of the aggregates. In the following, we adjust 
the intensity at (} = 0° to that of DDA calculations. The scat
tered intensity calculated by both models are shown in Figs. 4a 
and 4b together with the results ofDDA calculations; the dotted 
curves by the homogeneous model A and the dashed curves by 
the fractal model B. 

The homogeneous model A specified by Eq. (7) well repro
duces the calculated scattered intensity in the region of q ;S 2 
irrespective of the structure of aggregates; more strictly up to 
the point of inflection in the forward scattering lobe. The ho
mogeneous model A is a good approximation for the angular 

dependence of the scattered intensity of the small sized aggre
gates whose size parameter X ;S 1, regardless of the struc
ture. In the region of q > 2, the model A develops the patterns 
due to the interference of scattered light with increasing size of 
scattering bodies, and cannot reproduce the results of the DDA 
calculations. In BCCA the well-fitted region is confined to the 
region of very small scattering angle owing to the larger size in 
comparison with BPCA. The comparison of the results ofDDA 
calculations with those of the model A implies that the scattered 
intensity in the region of q ;S 2 is dominated by the coherent 
scattering light from the individual constituent particles in the 
aggregates. Thus the shape and intensity of the scattered light 
in this region well reflect the size as well as the mass of the 
dust aggregates irrespective of the structure. Therefore we can 
regard the well-fitted region in the large sized aggregates as "the 
diffraction lobe" in analogy with the geometric optics. As the 
value of q increases, the incoherent scattering dominates the 
scattering process in the dust aggregates. In comparison with a 
compact sphere, the scattered light less destructively interferes 
each other reflecting the non-homogeneous structure of the ag
gregates, and then the homogeneous model A fails to reproduce 
the result of DDA calculations. 

The angular dependence of the scattered intensity calculated 
by the model A is almost the same as that calculated by using the 
Maxwell-Garnett mixing rule and Mie theory. Thus the applica
tion of the Maxwell-Garnett mixing rule with Mie theory is an 
efficient method to calculate the scattering cross sections of and 
the radiation pressure forces acting on the dust aggregates such 
as BPCA which have the well-developed "diffraction lobe", as 
shown in Paper I and Mukai et al. (1992). 

The radial distribution of constituent particles in the aggre
gates being taken into account, the model B well reproduces the 
calculated scattered intensity of BCCA allover the scattering 
angles of (} = 0° to 180°, with the fitting parameters Df and 
~ tabulated in Table 1. The derived fractal dimensions Df vary 
from an aggregate to another, and are also significantly differ
ent from the fractal dimension D derived from the method of 
radius of gyration in the limit of large size. Particularly for the 
smallest BCCA, the derived fractal dimension Df is very dif
ferent from other aggregates. However, this may be inevitable, 
partly because the determination of fractal dimension D us
ing the method of radius of gyration is impossible for a single 
Cluster-Cluster Aggregates composed of small number of the 
constituent particles, and partly because we assume the two 
point correlation function given by Eq. (8). Thus the derived 
fractal dimensions D f may not necessarily represent the real 
fractal dimension of the dust aggregates, but are reasonable val
ues with an exception for the smallest BCCA aggregate with 
N = 256. The value of the cutoff parameter ~ simply reflects 
the size of the scattering body. It might be noted that the derived 
values of ~R are roughly consistent with the geometric cross 
section equivalent radii tabulated in Table l. 

The scattered intensity of BPCA by DDA calculations can
not be reproduced by the model B with a set of the fitting param
eters Df and~. With the fitting parameters tabulated in Table 1 
we can reproduce the scattered intensity in the region well fit-
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ted by the model A, but the calculated scattered intensity is too 
large in the backward directions for the large sized BPCA (see 
Fig. 4b). The derived fractal dimensions Df are 3 in agreement 
with the fractal dimension D calculated by the method of radius 
of gyration in the limit of large size, irrespective of the number 
of constituent particles. The values of the cutoff parameter are 
'" 0.38 , but the deduced size of the scattering body does not 
correspond to the sizes that characterize the aggregates. When 
sacrificing the fitting in the region of q ;S 2 (the diffraction 
lobe of the large sized aggregates), the model B reproduces the 
scattered intensity of BPCA in the backward directions (in the 
region of q .<; 5) with the fitting parameters D f '" 2.5 and ~ '" 1 
corresponding to the characteristic radius of aggregates. If the 
scattered intensity in the backward directions would be dom
inated by the single scattered light from the surface region of 
the large sized aggregates, this might suggest the heterogeneous 
structure of BPCA derived from the analysis of the inner struc
ture of the aggregates (Blum and Kozasa, unpublished data); 
the uniform inner core and the surface region with outwardly 
decreasing density. 

The model B neglecting the effect of multiple scattering 
can reproduce angular dependence of the scattered intensity of 
BCCA with a set of reasonable fitting parameters Df and ~, 
but cannot for BPCA. BPCA are characterized by denser and 
more homogeneous structure in comparison with BCCA. As 
discussed in Sect. 3, the multiple scattering is more dominant 
in BPCA than in BCCA as the size of the aggregates increases. 
Therefore the effect of multiple scattering is considered to be 
the reason why we cannot reproduce the behavior of the scat
tered intensity of BPCA by the model B with a set of the fitting 
parameters. So the randomly scattered light due to the multi
ple scattering in BPCA more destructively interferes each other 
in comparison with BCCA. Resultingly, following the region of 
coherent scattering the scattered intensity is diminished sharply, 
and this causes the remarkable forward scattering lobe to de
velop in spite of the smaller size than BCCA with the same 
number of constituent particles. The effect of multiple scatter
ing can be confirmed by the fact that the scattered intensity in 
the region of 2.4 ;S q ;S 5 is significantly depressed in mag
netite BPCA than in silicate ones as the number of constituent 
particles N increases. 

The result ofDDA calculation and comparison with the sim
ple models being referred, we can divide the angular dependence 
of the scattered intensity into at least 4 regimes according to the 
nondimensional value q when the size parameter of aggregate 
X .<; 3. The behavior of the angular dependence of the scat
tered intensity can be summarized qualitatively as follows: (1) 
In the region of q = 2kR sin«() /2) ;S 2, the scattered light is 
dominated by the coherently scattered light from the individ
ual constituent particles, and form the "diffraction lobe". The 
shape and intensity of the "diffraction lobe" well reflect the size 
as well as the mass of the dust aggregates. (2) With increasing 
q, the incoherently scattered light becomes dominant and the 
scattered intensity decreases in proportion to q-'Y. In the region 
of 2.4 ;S q ;S 5.0 the behavior of scattered intensity reflects 
the structure of dust aggregates through the effect of multiple 

scattering in aggregates. In a dense media such as BPCA, the in
coherently scattered light efficiently interferes each other, which 
causes the forward scattering lobe to develop. The value 'Y ranges 
from'" 5 to '" 6 for BPCA reflecting the dense structure, and 
from'" 1.5 to '" 2 for BCCA reflecting the very porous struc
ture. (3) In the region of 5.0 ;S q ;S qc, the scattered intensity 
is proportional to q-3, irrespective of the structure of the ag
gregates. The intensity oscillates as the size of the aggregates 
increases. The dividing value qc increases with increasing size 
of dust aggregates. (4) In the backward directions of q .<; qc, the 
scattering is almost isotropic with oscillations and a significant 
enhancement of backward scattering as the size of aggregates 
increases. 

In the region of q .<; 5, the angular dependence of the scat
tered intensity exhibits the similar behavior regardless of the 
structure of aggregates. This seems to suggest that the scatter
ing process in this region is dominated by the single scattering. 
However the scattered intensity in this region is more depressed 
in BPCA than in BCCA with the same number of constituent 
particles. We cannot clarify from the results of present calcula
tions what reflects to the behavior of the scattered intensity in 
this region. 

The classification of the behavior of scattered intensity ac
cording to the value q described above is true for dust aggre
gates consisting of the constituent particles whose radii satisfy 
the condition for the application of the discrete dipole method. 
It should be investigated theoretically as well as experimentally 
how the angular dependence of the scattered intensity reflects 
the size and structure of dust aggregates composed of constituent 
particles whose size parameters x = kao .<; 1. Anyway the re
sult of our calculations suggests that the angular dependence 
of the scattered intensity is a useful indicator of the size and 
the structure of the aggregates almost irrespective of the chem
ical composition when the scattered intensity is measured by 
covering a wide range of scattering angles. 

5. Concluding remarks 

The angular dependence of the scattered light has been inves
tigated systematically by using the discrete dipole method in 
order to reveal the dependence of the behavior of the scattered 
light on the structure, size and chemical composition of dust ag
gregates. The angular dependence of the scattered light shows 
the same duality as that observed from the zodiacal light and as 
that measured in the laboratories when Mie theory is applied to 
interpret the result. The the details of the angular dependence is 
sensitive to the difference in the structure as well as in the chem
ical composition of dust aggregates as the number of constituent 
particle increases. 

The behavior of linear polarization depends not only on the 
chemical composition but also on the structure and size of ag
gregates. The behavior seems to be related with the effect of 
multiple scattering in aggregates reflecting their structure and 
size. However it is not so simple to interpret the behavior quan
titatively in relation to the characteristics of the aggregates. 
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The angular dependence of the scattered intensity well re
flects the size and structure of the dust aggregates almost ir
respective of the chemical composition. The behavior of the 
angular dependence of the scattered light can be divided into 
at least 4 regimes according to the value of the dimensionless 
quantity q = 2kR sin(O /2) when the size parameter of aggre
gate X ~ 3: In the region of q ;S 2, the angular dependence is 
not sensitive to the structure of the aggregates. The shape and 
intensity ofthe "diffraction lobe" arising from the coherent scat
tering from scatterers well reflect the size as well as the mass 
of dust aggregates irrespective of the structure and the chemical 
composition. As the value of q increases, the scattered intensity 
decreases in proportion to q-'Y. In the region followed by the 
"diffraction lobe" the value of"Y depends on the structure of 
dust aggregates through the effect of multiple scattering. After 
then, irrespective of the structure of the aggregates the scattered 
intensity decreases in proportion to q-3 with oscillations as the 
size of aggregates increases. In backward directions the scatter
ing tends to be isotropic accompanied with oscillations and a 
significant enhancement of backward scattering with increasing 
size of aggregates. The dividing value of q between the region 
of power law dependence and the region of isotropic scattering 
increases as the size of aggregates increases. 

The dust aggregates treated in this paper cannot reproduce 
the behavior of observed linear polarization; the maximum value 
of the linear polarization rv 0.3 at around 0 = 90° for the zo
diacallight (see Giese et al. 1978 for the references) and the 
negative polarization in the backward directions for the scat
tered light from cometary atmospheres (see Dollfus 1989 for 
the references). It is still unclear what kinds of dust aggregates 
produce such characteristic features. The results of our calcula
tions show that the scattering properties, in particular the degree 
of linear polarization, not only depends on the chemical com
position but also strongly depends on the structure as well as 
the size of the dust aggregates. More extended experimental 
and theoretical investigations are needed with control on the 
parameters that characterize the dust aggregates in order to re
late the scattering properties to the structure, size and chemical 
composition quantitatively. 
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