Range of validity of the Rayleigh-Debye-Gans
theory for optics of fractal aggregates

T. L. Farias, U. O. Koyli, and M. G. Carvalho

The range of validity of the Rayleigh-Debye-Gans approximation for the optical cross sections of fractal
aggregates (RDG-FA) that are formed by uniform small particles was evaluated in comparison with the
integral equation formulation for scattering (IEFS), which accounts for the effects of multiple scattering
and self-interaction. Numerical simulations were performed to create aggregates that exhibit mass
fractallike characteristics with a wide range of particle and aggregate sizes and morphologies, including
x, = 0.01-1.0, |m — 1] = 0.1-2.0, N = 16-256, and D, = 1.0-3.0. The percent differences between both
scattering theories were presented as error contour charts in the |m — 1|x, domains for various size
aggregates, emphasizing fractal properties representative of diffusion-limited cluster—cluster aggrega-
tion. These charts conveniently identified the regions in which the differences were less than 10%,
between 10% and 30%, and more than 30% for easy to use general guidelines for suitability of the
RDG-FA theory in any scattering applications of interest, such as laser-based particulate diagnostics.
Various types of aggregate geometry ranging from straight chains (D, =~ 1.0) to compact clusters (Df =~
3.0) were also considered for generalization of the findings. For the present computational conditions,
the RDG-FA theory yielded accurate predictions to within 10% for |m — 1| to approximately 1 or more as
long as the primary particles in aggregates were within the Rayleigh scattering limit (x, = 0.3).
Additionally, the effect of fractal dimension on the performance of the RDG-FA was generally found to be

insignificant. The results suggested that the RDG-FA theory is a reasonable approximation for optics
of a wide range of fractal aggregates, considerably extending its domain of applicability. © 1996 Optical

Society of America
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1. Introduction

Aggregates composed of spherical particles are found
in many engineering and natural environments be-
cause of unavoidable Brownian motion. Individual
particles that form aggregates are generally small
compared to the wavelength of light so that they
satisfy the Rayleigh limit of the Mie scattering the-
ory. On the other hand, optical cross sections of ag-
gregates cannot be treated adequately by relatively
simple electromagnetic theories for spheres or cylin-
ders because of complex morphology and large di-
mensions involved.! In spite of these difficulties,
however, recent developments in fractal concepts re-
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vealed that aggregates can be characterized as mass
fractals,23 which implies that two parameters,
namely, fractal dimension D, and prefactor k, are
sufficient to represent different shape and size clus-
ters.45 Fractal ideas along with certain assump-
tions regarding multiple scattering and primary
particle properties within aggregates has led to the
generalization of the classical Rayleigh-Debye—Gans
scattering theory for fractal aggregates (RDG-
FA).36- The RDG-FA formulation yields analytical
expressions, directly relating optical cross sections to
aggregate/particle size and morphology. Therefore,
this approximate scattering theory is of great practi-
cal importance, especially with respect to the inter-
pretation of in situ laser diagnostic techniques in
particulate-containing environments.!%-*

Several investigators have explored the capability
of the RDG-FA theory to estimate optical properties
of aggregates, finding encouraging performance
within uncertainties involved in scattering/extinc-
tion experiments8-1° and more exact scattering
computations.’2-14 However, these earlier studies
have considered limited ranges of particle and aggre-




rate properties, especially those corresponding to car-
Johaceous soot in flames. Thus, the objective of the
sresent study is to establish the range of validity of
‘he RDG approximate theory in comparison with the
,xact scattering solution for a wide range of fractal-
ike aggregate geometries. Specific parameters for
oarticle and aggregate properties considered in this
paper are x, = nd,/\ = 0.01-1.0, |m — 1] = 0.1-2.0,
N = 16 — 256, and D, = 1.0-3.0, where d,, is the
primary particle diameter, A is the wavelength of
light, m is the complex refractive index, N is the
number of primary particles in an aggregate, and Dy
is the fractal dimension. RDG-FA predictions are
compared to the integral equation formulation for
scattering (IEFS), which accounts for multiple scat-
tering and self-interaction contributions without any
assumptions. We computed absorption, total scat-
tering, and angular scattering cross sections using
both RDG-FA and IEFS formulations. The results
are presented conveniently by error (percent devia-
tion) contour charts as general guidelines for the suit-
ability of the RDG-FA theory in a particular
scattering application, such as the analysis of light
scattering/extinction measurements in particle-
laden environments.

2. Theoretical Methods

A. Integral Equation Formulation for Scattering

One of the first versions of a scattering theory for
aggregates formed by small particles was developed
by Jones's based on the original integral equation
formulation of Saxon.16 Although several investiga-
tors have adopted different schemes for the aggregate
scattering problem, Ku and Shim!’ recently unified
most of these earlier approaches in the literature that
involve the following set of 3N X 3N linear equations
for obtaining the internal electric field of each particle
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where m = m + ik represents the complex refractive
index (i = V—1), E,,. = E, exp(ikz) represents the
incident electric field that propagates along the z axis
with a wave number of & = 27/X,j;(x,) s a first-order
spherical Bessel function of the first kind, and T is
the scattering matrix. The self-interaction coeffi-
cient s; is insensitive to the locations of primary par-
ticles within an aggregate, and its value generally
increases with x, and m. Equation (1) divides an
aggregate into sufficiently small particles so that the
internal field within each particle is assumed to be
uniform and considers not only the phase differences
but also the multiple scattering and self-interaction
contributions. Once the internal field of each spher-
ical particle is known from Eq. (1), the following ab-

sorption, total scattering, and differential scattering

cross sections can be obtained for an aggregate with
N uniform size particles, respectively,
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where the complex conjugate is represented by an
asterisk, the real and imaginary parts of a complex
quantity by Re and Im, respectively, the direction of
the scattered field by spherical coordinates 6 and ¢
(unit vectors by 6 and &), the position of each indi-
vidual unit by {r;, §;, $;), the direction of polarization
by subscript ,,, 2and cos B; = cos b; cos 8 + sin 6; sin
6 cos(d; — ¢). Additional details about the IEFS
theory can be found in Ku and Shim?’ and Lou and
Charalampopoulos.8

It should be emphasized that the above formula-
tion is not restricted to aggregate geometries, i.e., one
can apply it to any arbitrary shape scatterer by di-
viding it into small computational cells. Addition-
ally, it is conceivable to treat the optics of aggregates
with relatively large particle diameters and nonuni-
form particles.?® Also note that one can reduce Egs.
(1)-(4) to other solutions in the literature by making
appropriate assumptions.2® However, the aggregate
scattering formulation presented here is the most
general approach without any approximation. Asa
result, the IEFS satisfies the optical theorem,?! i.e.,
the sum of the total scattering and absorption cross
sections is exactly equal to the following extinction
cross section of an aggregate:

_4'rr

N
= 2 () Im| (m* = 1) 2 B * By (5)

Jj=1

Coxt

The IEFS is the most theoretically sound and elegant
method, however, it is computationally intensive for
treating relatively large and/or polydisperse aggre-
gates that can be encountered in several applications
‘such as the organic particulates produced during
combustion of various hydrocarbon fuels. Moreover,
it requires a priori knowledge of the primary particle
positions within each aggregate in order to compute
the optical cross sections.
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B. Rayleigh-Debye-Gans Fractal Aggregate Theory

The fundamental requirement of the RDG scattering
theory is to subdivide an arbitrary shape scatterer
into small enough units (the Rayleigh limit) so that
phase shift corresponding to any point in the scat-
terer is negligible (2x,/m — 1| << 1).22  Additionally,
each subunit is assumed to be unperturbed by the
presence of other particles in the aggregate, i.e., both
the multiple scattering and self-interaction contribu-
tions are negligible. This means that the internal
field within each particle is expressed simply as fol-
lows:

3
EJ = (m)EinC.j' (6)

Ifji(x,) = (sin x,) /x — (cos x,)/x, is approximated
by =, /1)3 then it is trlwal to show that Egs. (2), (3) and
4) wﬂl yield the following optical cross sections
within the RDG approximation:
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where the superscript p denotes particle properties
given by the Rayleigh scattering theory.2:22  The to-
tal scattering factor g(x,) and form factor f(w,) are
generally dependent on the scatterer morphology.
For randomly oriented fractallike aggregates, the av-
erage form factor is expressed as3.6-10

w

2
. exp(— ?> ,  Guinier regl'rne’ (10)

w, Y, power-law regime

where x, = 21R ¢/ with R, belng the radius of gy-
ration of an aggregate and w, = 2x, sin(6/2) with 6
being the scattering angle. In Eq. (10) the bound-
ary between the Guinier and power-law regimes is
taken to be w,” = 1.5Dj, following Dobbins and Me-
garidis.” On the other hand g(x,) can be approxi-
mated by different forms dependmg on whether the
power-law regime is reached for 6 = 180°; see Koylii
and Faeth8 for these expressions.

Although the RDG-FA approximation does not sat-
1sfy the optical theorem, the above simple expressions
make practical applications involving realistic mor-
phology and size aggregates tractable. Moreover,
this approximate formulation demonstrates that the
optical properties of aggregates are substantially dif-
ferent from those of particles comprising them. For
example, Eq. (7) suggests that the absorption is not
affected by the aggregation process. On the other
hand, Egs. (8) and (9) imply that the aggregation
enhances total scattering by Ng(x,) and angular scat-
tering by Nf(w,) over the sum of the individual con-
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tributions of particles in the aggregate. Equatlon
(10) also indicates that the radius of gyration, B

the only determining aggregate parameter in the
Guinier (small-angle) regime, whereas fractal dimen-
sion Dy, appears solely in the power-law regime, i.e.,
angular scattering patterns are sensitive to the mor-
phology of the scatterer entirely at large angles.
This implies that two different scatterers with differ-
ent morphologies (D) but with the same size (R;) can
be distinguished only if one analyzes the large- angle
scattenng pattern because their scattering behavior
is identical in the Guinier regime.

C. Simulation of Fractallike Aggregates

Aggregates were generated in order to obtain pri-
mary particle positions that are needed for computa-
tions of optical cross sections. Therefore, numerical
simulations were performed to create aggregates that
exhibit mass fractallike characteristics, i.e., the fol-
lowing statistical relationship between N, the num-
ber of particles in an aggregate, and R,, the radius of

gyration, applies:
R\
N=Fk{—"] .
f(@' )

P

(11)

A wide range of aggregate and particle characteris-
tics together with various morphologies was covered
during the present simulations in order to assess the
range of applicability of RDG-FA theory within the
computational limitations. Specifically, x x, = 0.01-
10 |m—1[—01—20(n—l+x) N = 16-256, and
= 1.0-3.0, all of which correspond to several types
ot[ mass fractal objects subject to incident light with
wavelength ranges from the ultraviolet to the far
infrared. 32 different realizations of the same ag-
gregate size, each sampled at 16 different orienta-
lions, were averaged to obtain statistically significant
predictions with less than 10% numerical uncertain-
ties (95% confidence interval). Additional details re-
garding the specific methods of aggregate
simulations can be found elsewhere.5.14.19

3. Results and Discussion

We computed optical cross sections using the IEFS
and RDG-FA theories on the same simulated aggre-
gates by employing the particle positions directly for
both scattering methods. This seemed to be neces-
sary in order to minimize any potential artificial dif-
ferences between aggregate simulations and Eq. (11)
as well as between finite and random orientations,
which considerably affect computations of the differ-
ential scattering cross section, especially in the
power-law regime. However, these minor compati-
bility issues should be considered only when a com-
parison of methods is involved, i.e., the RDG-FA
expressions given by Egs. (7)~10) can be employed
together with the statistical fractal relationship of
Eq. (11). The following discussion will include per-
cent deviations of the RDG-FA from the IEFS for the
absorption, total scattering, and differential scatter-
ing cross sections of fractallike aggregates that are
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Fig.1. Percent deviation contours for the accuracy domains of the
RDG-FA approximation for predicting the absorption cross sec-
tions of various size DLCC aggregates (D, ~ 1.8). Inregionl, the
RDG-FA and IEFS theories agree to within 10%; the differences
are between 10% and 30% in region II whereas they are greater
than 30% in region III. ~

representative of diffusion-limited cluster—cluster
aggregation (DLCCA). The results are conveniently
presented by error contour charts for easy to use
general guidelines in any aggregate scattering appli-
cations of interest. One can then evaluate the effect
of fractal dimension on the validity of the RDG-FA
scattering approximation by considering various
other geometries with D, in the range of 1.0-3.0.

A. Absorption Cross Section

The percent differences in absorption cross sections
between the RDG-FA and IEFS solutions are illus-
trated in Fig. 1 for various refractive indices, particle
size parameters, and number of particles in an ag-
gregate. The results shown include DLCC aggre-
gates that are typically given by D, ~ 1.8 and k, ~
8.0.523 The percent deviation contours are repre-
sented in the |m — 1|x, domain that involves three
distinct regions. Region I is limited to the range of
values of [m — 1| and x,, for which the RDG-FA and
IEFS theories agree to within 10%. The differences
are between 10% and 30% in region II, whereas they
exceeded 30% in region III.  The RDG-FA theory can

be used with good accuracy in region I and with cau-
tion in region II. However, it is clearly not a reliable
approximation in region III in which a better optical
treatment such as the IEFS formulation is necessary.
Note also that the IEFS solution has been verified
against the Mie theory for spherical aggregate geom-
etries, 1420 finding differences in the absorption and
total scattering cross sections that never exceeded 1%
for x, to 0.5 and 2% for x, = 1.0. Therefore, this
exact scattering formulation is suitable for x, ranges
considered in this study without using multidipoles
for the total optical properties.

As can be seen in Fig. 1, the RDG-FA approxima-
tion is best for small values of |m — 1| and x,, as a
consequence of the fundamental assumptions in-
volved in its derivation. Similar observations were
reported for spheres and cylinders by several inves-
tigators, as summarized by Kerker.?2 However, the
requirements for the applicability of the RDG-FA the-
ory are not as strict as expected because region 1
extends into domains in which |m — 1| and x, can be
as large as 2 and 1, respectively, for N = 16. This is
evidently a result of the canceling effects of large
refractive indices and optical size parameters on the
absorption cross section. In fact, for large refractive
indices, the RDG-FA approximation tended to under-
predict the IEFS results whereas for large primary
particle sizes the opposite effect was observed. From
a physical point of view, region I in Fig. 1 represents
the domain in which the absorpticn cross sections of
an aggregate and the individual particles composing
them are identical, ie., Caps = NCaups As N in-
creases from 16 to 256, it is obvious from Fig. 1 that
region I shrinks. In other words, the RDG-FA ap-
proximation deviates more from the IEFS in estimat-
ing absorption cross section as the aggregation
continues to increase the cluster size. Nevertheless,
the RDG-FA theory seems to be reliable for x,, to 0.4
when |m — 1| is approximately 1, which corresponds
tom = 1.7 + 10.7.

B. Total Scattering Cross Section

Figure 2 shows the percent deviations of the RDG-FA
from the IEFS predictions for total scattering cross
sections of DLCC aggregates, similar to those in Fig.
1. For N = 16, region I, which represents the 10%
deviation regime, covers almost half of the chart
whereas the agreement becomes poorer as N in-
creases, with trends identical to the absorption cross
section. A comparison of Figs. 1 and 2 indicates that
the RDG-FA performs better in predicting C,p, than
C... of DLCC aggregates. However, the results
shown in Fig. 2 still confirm the applicability of this
approximate scattering theory as long as the diame-
ter of particles that form the aggregates is small com-
pared to the wavelength of light, e.g.,x, = 0.3. On
the other hand, it is evident that the reéactive index
of particles does not have to be close to 1, which is one
of the classical requirements for the validity of the
RDG theory.22 In fact, the results in Fig. 2 suggest
that the RDG-FA is in good agreement with the IEFS
to |m — 1] = 2 for x, = 0.3. This 1s apparently a
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Fig. 2. Contour charts for the accuracy domains of the RDG-FA
theory for predicting the total scattering cross sections of various
size DLCC aggregates. Definitions of the regions are similar to
Fig. 1. ‘

result of the RDG formulation presented in this study
[see Egs. (7)—<(9)], which involves the refractive-index
function in full form, i.e., G(m) = (m? — 1)/(m? + 2).
Therefore, by not making the approximation that
G(m) =~ 2(m — 1)/3, the restriction of near-unity
refractive index for applicability of the RDG-FA the-
ory can be relaxed, extending its range of validity
considerably for absorption and total scattering cross
sections of aggregates.

C. Angular Scattering Cross Sections

The contour charts for the differential scattering
cross sections (vertically polarized incident and scat-
tered light) at three different angles of 0, 45, and 90
deg are illustrated in Figs. 3, 4, and 5, respectively.
Region I in all three figures represents the |m — 1|
and x, values for which the multiple scattering and
self-interaction effects are negligible. Specifically,
region I in Fig. 3 is the domain in which C, (0°) =
N*C,P to within 10% accuracy. It is interesting to
note that the limits of the percent deviation contours
for forward scattering in Fig. 3 are similar to the ones
for total scattering in Fig. 2. However, as the scat-
tering angle increases from 0° to 90°, the agreement
between the RDG-FA and IEFS theories becomes
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poorer. For example, for |m — 1| = 1.0 and N = 64,
the difference between the approximate and exact
scattering theories is less than 10% for x,, = 0.4 at 0°,
whereas the same domain of region I is recovered for
x, to approximately 0.3 and 0.25 at 45° and 90°, re-
spectively. At this point, it should be emphasized
that the IEFS predictions for 90° scattering angle are
questionable for x,, = 0.5 after which it is necessary to
subdivide each primary particle further into smaller
computational cells. Nevertheless, Fig. 5 still re-
flects the trends of the applicability domains of the
RDG-FA theory, i.e., it should not be used as a good
theoretical scattering tool at large angles after x,
reaches approximately 0.25 for moderate size aggre-
gates.

The results presented so far for DLCCA that are
characterized by D, ~ 1.8 suggest that the RDG-FA
theory is an excellent approximation for small values
of particle diameter, which implies that the multiple
scattering and self-interaction terms in the aggregate
scattering formulation are generally negligible as
long as x, is less than approximately 0.3. This fact
extends the criteria given by Berry and Percival?4 for
this kind of fractal aggregates. Apparently, the op-
tical predictions of the RDG-FA formulation become
more satisfactory as the refractive index, number of
primary particles within an aggregate and scattering
angle decrease. Moreover, the differences between
the RDG-FA and IEFS predictions of optical cross
sections increase from absorption to total scattering,
reaching their maximum values for differential scat-
tering cross sections at large angles. Cn the other
hand, the present findings suggest that the following
classical requirements can be relaxed somewhat for
the validity of the RDG-FA theory: |m — 1] << 1 and
2x |m — 1] << 1. Generally, the error contour charts
indicate that the RDG-FA agrees with the IEFS to
within 10% for [m — 1|to 1 and 2x_|m — 1| t0 0.6. In
fact, the error contour charts presented for DLCCA
indicate that the deviation between scattering theo-
ries is relatively less sensitive to the complex refrac-
tive index than the optical particle size. In
Subsection 3.D we discuss the effect of the fractal
dimension on the applicability of the approximate
theory in order to generalize further this study for
any aggrégate geometry.

D. Effect of Fractal Dimension

Figure 6 illustrates the percent deviations of the
RDG-FA from the IEFS formulations for the predic-
tions of various optical cross sections as a function of
the fractal dimension for typical values of |m — 1| =
0.75,x, = 0.3 and N = 64. The simulated aggregate
was approximately a straight chain in the case of D,
=~ 1.0 whereas a compact cube was adopted to repre-
sent D~ 3.0. The first thing to realize in Fig. 6 is
that the differences between the RDG-FA and IEFS
generally increase with increasing fractal dimension,
i.e., with the compactness of aggregates. However,
for the parameters considered in Fig. 6, this behavior
is less significant for the absorption and forward-
scattering cross sections, which seem to be relatively
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Fig. 3. Contour charts for the accuracy
domains of the RDG-FA theory for pre- 45°.
dicting the vertically polarized angular
scattering cross sections at 8 = 0° of
various size DLCC aggregates. Defini-
tions of the regions are similar to Fig. 1.

insensitive to the changes in fractal dimension.
This immediately suggests that the effect of aggrega-
tion on absorption cross section is negligible even for
compact aggregate geometries. Additionally, the
forward-scattering cross section of an aggregate with
any fractal dimension can be accurately predicted by
N*C,?, extending the applicability range of RDG-FA
theory for other fractallike shapes with D, to 3.0.
Similar behavior was also observed for C,, at 45°.
On the other hand, the total scattering together with
the angular scattering cross sections at 90° are the
most affected optical properties by variations in D;.
As can be seen from Fig. 6, the maximum differences
between scattering theories of interest for D,= 3.0
are approximately 15% for C,, and 30% for C,,(90°).

To evaluate the influence of fractal dimension on
the performance of the RDG-FA approximation for a
broader range of parameters, we reproduced error
contour charts in the |m — 1| and D, domains for
absorption and total scattering cross sections in Figs.
7 and 8, respectively. These two figures, with the
definitions of regions being similar to Figs. 1-5, illus-
trate additional combinations of |m — 1], x,, and N.
Figure 7 generally supports the conclusions drawn
from Fig. 6, i.e., the 10% reliability domain of the
RDG-FA scattering approximation is almost indepen-
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Fig. 5. Same as Fig. 3 except for § =
90°.

dent of fractal dimension, except possibly for the
cases ofx, = 0.3 and N = 256. This verifies that the
absorption cross section of an aggregate with D, as
large as 3.0 can be represented as NC,, ”. The total
scattering results shown in Fig. 8 also indicate that
D, insignificantly affects the performance of the
R{)G-FA approximation as long as the primary par-
ticle size is small (x, = 0.1). On the other hand, for
x, = 0.3 [Fig. 8(b)], the RDG-FA predictions of C,_,
become poorer as D, increases. Apparently, a bal-
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Fig. 6. Effect of fractal dimension D, on the accuracy of the
RDG-FA theory for predicting the various optical cross sections of
fractallike aggregates with |m — 1| = 0.75, x, = 0.3, and N = 64.
The simulated aggregate is a straight chain for D, = 1.0 and a
compact cube for D, = 3.0.
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Fig. 7. Error contour charts for the accuracy domains of the
RDG-FA theory for predicting the absorption cross sections of var-
ious aggregate morphologies with 1 = D, = 3. Definitions of the
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ancing effect between m and D, appears to éxist for
the total scattering cross sections, similar to the can-
celing behavior between m and x, as shown in Figs.
1-5. Subsequently, region I in Fig. 8 extends to
larger refractive indices and fractal dimensions.
The overall results discussed with respect to Figs.
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Fig. 8. Error contour charts for the accuracy domains of the
RDG-FA theory for predicting the total scattering cross sections of
various aggregate morphologies with 1 = D, < 3. Definitions of
the regions are similar to Fig. 1.
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6-8 generally suggest that the RDG-FA theory is a
reasonable approximation for optics of aggregates
with D, = 2. Moreover, for more compact geome-
tries with D, as large as 3.0, the RDG-FA approxima-
tion continues to be appropriate as long as the size of
the primary particles is small. However, the value
af x, = 0.3, suggested in this study as an upper limit
for the applicability of the RDG-FA theory for aero-
sols with D, ~ 1.8, decreases with the compactness of
aggregates. Indeed, Singham and Bohren'? also
concluded that the interactions among particles are
negligible even for a fractal dimension as high as 2.5,
which is consistent with the findings of this study.

4, Conclusions

The range of validity of the Rayleigh-Debye-Gans
approximation for the optical cross sections of fractal
aggregates that are formed by uniform small parti-
cles has been evaluated in comparison with the inte-
gral equation formulation for scattering, which
accounts for the effects of multiple scattering and
self-interaction. We performed numerical simula-
tions to create aggregates that exhibit mass fractal-
like characteristics with a wide range of particle and
aggregate sizes and morphologies, including x, =
0.01-1.0, [m — 1| = 0.1-2.0, N = 16-256, and D, =
1.0-3.0. The percent differences between both scat-
tering theories were presented as error contour
charts in the |m — 1| and x, domains emphasizing
various size diﬁusion-limitecf cluster—cluster aggre-
gates. These charts conveniently identified the re-
gions in which the differences were less than 10%,
between 10% and 30%, and more than 30% for easy to
use general guidelines for suitability of the RDG-FA
theory in any scattering applications of interest.
The effect of the fractal dimension on the performance
of the RDG-FA scattering theory was also assessed to
generalize further the findings for any type of aggre-
gate geometries ranging from approximate straight
chains (D~ 1.0) to compact clusters (D;~ 3.0). The
major conclusions of this study can be summarized as
follows:

(1) For the current computational conditions, the
RDG-FA theory yields accurate predictions to within
10% for |m — 1| to approximately 1 or more as long as
the primary particles in aggregates are within the’
Rayleigh scattering limit. This wide range of |m —
1| observed for the applicability of the RDG-FA is
apparently a consequence of not approximating the
refractive-index function (m? — 1)/(m? + 2) by 2(m -
1)/3.

(2) The RDG-FA approximation is in good agree-
ment with the IEFS solution generally for x,, = 0.3 for
various DLCC aggregates, although it may still be
accurate for larger primary particles within moderate
size aggregates. This extends the criteria of negli-
gible multiple scattering and self-interaction contri-
butions to the scattering field for a broader range of
x,’s.

(3) The effect of fractal dimension on the range of
validity of the RDG-FA approximation for predictions



of absorption and small-angle differential scattering
cross sections is found to be relatively insignificant.
Although its performance for C, and C,,(90°) be-
comes poorer as Dincreases, the RDG-FA theory still
appears to be a reasonable approximation for optics of
fractal aggregates even for some compact geometries
with D, = 2.
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