The average of the structure factors for the spherical volumes of radii 8, 10, and 12 um is
shown in Fig. 2. The average structure factor is used to minimize the diffraction ripple structure.
In Fig. 2 it can be seen that the calculated structure factor and USAXS data agree very well at
small q, which corresponds to the length scales of the aggregates, until inverse q (which is a length)
becomes comparable with the monomer size. The disagreement at larger q comes about due to the
use of a single monomer size. The use of a single sized monomer yields a form factor for the
monomer with a ripple structure. Nevertheless, the envelope of the form factor at large q shows a
slope of -4 consistent with the USAXS data. Given the fairly uniform morphology of the
aggregates seen in Fig. 1, the USAXS data and our successful modeling of the data, we conclude
that the hematite aggregates are not fractal and have mass and surface scaling dimension of Dy, =
3 and Ds= 2, respectively.

Figure 2. Ultra Small-Angle X-ray Scattering (USAXS) data, solid red line, for the structure factor
S(q) of the hematite. Power laws of q* at large and small q values indicate that the primary
(monomers) and aggregated particles, respectively, have mass scaling dimension Dy = 3 and
surface scaling dimension Ds= 2. This implies a non-fractal nature of both the aggregates and, not
surprisingly, the monomers.

To conclude our sample characterization it is known that hematite is a birefringent
material. The real and imaginary values of the refractive index for the extraordinary ray is n = 2.8



and « = 0.5 and for the ordinary ray is n = 3.2 and « = 0.5, respectively, for A = 532 nm [4] which
is based on the previous work by [24]. In our calculations, we used the refractive index m = n+ ik
=3 +10.5, the average values of extraordinary and ordinary rays, weighted equally [9,25].

3. Results

The experimental scattered intensity plotted versus q on a double logarithmic scale, Q-
space analysis, is shown in Fig. 3a. This is normalized to 1 at the smallest measuring angle of 0.3°
(“forward normalized”). Three notable features are observed: 1) an extended Guinier regime in the
range 10° cm™! < q < 10* cm™! with two Guinier crossovers 2) a short power law regime with
exponent -3, and 3) enhanced backscattering at large q corresponding to angles of 6 =129°, 139°,
149° and 157°. It is this backscattering feature that is the major subject of this paper. Figure 3b
shows the same data plotted versus linear scattering angle 0, the conventional manner. A non-
descript curve results unable to resolve the two Guinier regimes and the power law.
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Figure 3. (a) Forward normalized scattered intensity data versus q plotted double logarithmically
(Q-space analysis) of the light scattered intensity of the hematite aggregate particles observed
experimentally, (b) same data plotted versus linear scattering angle 6, and (¢) Forward normalized
Mie scattered intensity for a sphere with a radius R = 1.2 pm similar to the hematite aggregate
particles, solid line, and spherical hematite grains of radius a = 100 nm, dashed line. Sphere size
parameters, kR and ka, are given. Dashed lines indicate power laws with slope designated.



An explanation of the first feature lies with the bimodal size distribution seen in Figs.1b
and d. Q-space analysis facilitates the determination of the size of any shape of particles via
Guinier analysis [26,27]. For our purposes here, a complete Guinier analysis is not necessary.
Instead we will use the fact that Guinier regime is an inflection of the slope of I(q) versus q when
plotted double logarithmically, typically at small q to imply a length scale equal to the inverse of
the q value at the crossover. The data in Fig. 3(a) suggest two inflections due to two length scales
[28]. The first inflection is at q = 10° cm™! to imply length scale of q! = 10 um and the second
inflection is at q = 10* cm™ to imply a length scale of ¢! = 1 um. These semi-quantitative length
scales are consistent with the bimodality depicted in Figs.1b and d. Note that this bimodality is
essentially impossible to see in the data when been plotted versus linear scattering angle, Fig. 3b.

An explanation of the second features, the brief power law, lies with the large refractive
index of hematite. We have shown that for spheres with large real and imaginary parts to the
refractive index the scattering limits to a Fraunhofer diffraction pattern for a circular aperture or,
by Babinet’s principle, circular obstacle [29]. This is particularly true when the product of the
imaginary refractive index and the size parameter, kkR, is large. The parameter kkR [30] is the
ratio of the particle radius to the optical penetration depth, such that when «kR > 3, the incident
light barely penetrates the object so that a particle acts like an opaque object. Ignoring the ripples,
all diffraction patterns have a constant scattered intensity at small q followed by a crossover
Guinier regime, and then at largest q, a power law Porod regime, which is an envelope for the
ripples with PP functionality. A Porod exponent of D, = 3 results for any shape with mass and
surface scaling dimensions or D, = 2 and Ds = 1, respectively (recall from above Dp = 2Dy, - Ds).
The fact that the hematite aggregates have mass and surface scaling dimensions of Dy, = 3 and Ds
=2, respectively, means that their projections will have D=2 and Ds = 1, so that their diffraction
patterns will have Porod exponents of D, = 3. This explains the observed power law.

Given all this, we calculated circular aperture diffraction patterns for radii of 1 and 10 pm
and averaged them over a minor size distribution to eliminate the ripple structure. We added these
together and adjusted the relative intensities to yield a power law of slope -0.5 between the two
Guinier regimes, as seen in the data, Fig. 3a. The results are shown in Fig. 4 and are seen to
replicate the data in Fig. 3a, except for the enhanced backscattering. Given that the scattering in
this regime of size and refractive index is proportional to the diameter to the fourth power, the
implication is that there are 10* more small particles than big ones. This is consistent with Fig. 1d.
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Figure 4. Forward normalized circular aperture diffraction pattern envelopes for radii of 1 um and
10 um. Top: versus q plotted double logarithmically (Q-space analysis); Bottom: versus the
scattering angle 0. Both plots indicate scattering angles of 0.25° and 2.5° with vertical dash-double-
dot lines. The two individual Q-space analysis plots for R = 1 pm and 10 pm show a single
inflexion at the Guinier regime, a power law envelope of q® with no enhanced backscattering. The
sum of intensities for these two plots shows an extended Guinier regime with slope -0.5 followed
by a power law envelope of q. Note that these features are not apparent in the normal plotting of
scattered intensity versus linear scattering angle.

It is interesting to compare this conclusion to the USAXS analysis. In the USAXS analysis
the large size mode of the bimodal size distribution with radii on the order of R = 10 pm dominated
the X-ray scattering. In the analysis of the light scattering in Fig. 4 the small size mode of the
bimodal size distribution with radii on the order of 1 um dominated the light scattering. The
difference lies in the fact that the refractive index for X-rays is nearly unity with no imaginary part.
Then the scattering lies in the Rayleigh-Debye-Gans limit where the forward scattering is
proportional to R®. On the other hand, large refractive particles, like our hematite, are in a regime
of scattering for which the forward scattering is proportional to R* This difference in size
functionality applied to our particular bimodal size distribution shifts the dominance of one mode
over the other between the two sets of data.

The rest of this paper considers the third feature, the enhanced backscattering at large q.
Our light scattering results are compared to the results of Mie calculation for a sphere with the
same perimeter radius of the hematite particles in Fig.3c. For the Mie calculations, we took R =



1.2 um, the approximate size for aggregate hematite particles inferred from microscopy
measurements. This radius corresponds to a size parameter of kR = 2aR/A = 14.2. The size
parameter of the grain is ka = 1.2, where a = 100 nm. Figure 3¢ shows that the hematite size
equivalent sphere has no enhanced backscattering, while the single grain does. This can be
explained with the parameter kkR [15,30], which for the sphere is kkR = 7.1, a very large value,
such that enhanced backscattering is not observed. On the other hand, for the grain xka = 0.6 which
is small enough to allow for enhanced backscattering, and indeed, the Mie calculation in Fig. 3¢
indicates that this is true. However, the data in Fig. 3a indicate that hematite aggregates with the
same size as the sphere show enhanced backscattering. Accordingly, we can speculate that the
backscattering of the aggregate is either due to the grains in the aggregate particles or the aggregate
structure.

4. Theoretical Calculations

Investigations of backscattering phenomena by aggregates are “neither few nor small”, e.g.
[31-37]. These studies are mostly theoretical, and essentially all see enhanced backscattering
beyond scattering angles of ca. 140°, as do we with hematite. However, these previous studies are
oriented towards astrophysical situations such as lunar and planetary regoliths, cometary dusts,
etc. Hence the refractive indices are significantly smaller than that of hematite. Given this, we have
performed our own theoretical calculations directly relevant to our experimental work.

To study the effects of the hematite aggregate structure on the light scattering we simulated
the hematite aggregates with the variant Eden growth model aggregates described above to fit the
USAXS data. An example is shown in Fig. 5. Then the light scattering was calculated using the T-
matrix method [38]. Given the size information in Fig. 1, our Guinier analysis in Fig. 4 and
consideration of computational time constraints, we studied a spherical volume of radius R = 1.2
um. The monomers were spherical with radii of a = 100 nm, which is equivalent to the size of the
hematite grains. The number of monomers inside the diameter 2.4 um spherical volume was varied
from N = 30 to N = 692, thereby yielding particle volume fractions from f,= 0.017 to f, = 0.40.
The light wavelength used was A = 532nm. The incident light was linearly polarized perpendicular
to the scattering plane. Figure 6 shows the results of these calculations for a monomer refractive
index of m = 3 +10.0, Fig. 7 shows results for a monomer refractive index of m = 3 +10.5, which
is the refractive index of hematite at A = 532nm, and Fig. 8 shows results for m =3 +11.0.

N=346

Figure 5. An example of the variant Eden growth model aggregates used for the T-matrix
calculations.
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Figure 6. Calculated forward normalized scattered intensity for an aggregate formed as a spherical
volume with a diameter of 2.4 um with N randomly distributed spherical monomers of diameter
2a = 200 nm within. Top: versus q plotted double logarithmically (Q-space analysis); Bottom:
versus the scattering angle 0. The corresponding monomer particle volume fractions are denoted
by fv. The monomers have a refractive index of m = 3 +10.0. The light wavelength is A = 532nm
linearly polarized perpendicular to the scattering plane. The average number of scattering events
with in the aggregate volume is <s>, see Eq. (4), below. Also shown is the scattering for a single
monomer and for a solid sphere with diameter D = 2.4 um. Dashed line indicates a slope of -3.
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Figure 7. Same as Fig. 6 except m = 3 +10.5, the refractive index of hematite.
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Figure 8. Same as Figs. 6 and 7 except m =3 +11.0.

The systematic study displayed in Figs. 6 to 8 used two variables: 1) a wide range of
monomer volume fractions inside the spherical volume to explore the effect of the aggregate
structure and 2) the grain refractive index imaginary part varied as « = 0.0, 0.5 to 1.0. This change
led the parameter kka of the grain to range from 0.0 to 0.6 and to 1.2 and yielded significant,
moderate and no enhanced backscattering by the monomer grain respectively, see Figs. 5 to 7.

Figure 6 uses m = 3 + 10.0. The monomer, the same size solid sphere and the aggregates
all show enhanced backscattering. Figure 7 for m =3 +10.5 shows modest enhanced backscattering
for the monomer, no enhanced backscattering for the solid sphere and enhanced backscattering for
the aggregate. Figure 8 uses m =3 + 11.0 to find no enhanced backscattering for the monomer, no
enhanced backscattering for the solid sphere and enhanced backscattering for the aggregate. Thus
while the imaginary part of the refractive index quenched the enhanced backscattering in the
monomer and the same sized sphere, the enhanced backscattering remained in the aggregates. We



conclude that the enhanced backscattering from the aggregate is due to the aggregate structure.
This is a direct result of Maxwell’s equations which are the foundation of the computational
method used.

Close inspection of Figs. 6 to 8 shows that larger imaginary part k does cause smaller
enhanced backscattering for the aggregates. This could be augmentation of the aggregate based
backscattering with the monomer backscattering of lack of it. One also observes that the enhanced
backscattering initially increases with the number of monomers N. The enhancement levels off
around the particle volume fractions f;, = 0.20 to fy = 0.30, and then declines when the particle
volume fraction reaches fy = 0.40. This decline suggests that the spherical volume starts to behave
as homogenous [38]. Our overall conclusion is that the aggregate’s enhanced backscattering occurs
even when the individual grains have none. This implies that the enhanced backscattering is a
colligative effect related to the aggregate structure.

We now hypothesize a physical interpretation for the enhanced backscattering in the
aggregate as due to multiple scattering between the monomer grains. Our approach will use a
dimensional analysis to estimate the extent of multiple scattering within the hematite aggregates.

Inter-grain multiple scattering within the aggregate will depend upon the grain scattering
cross section, with dimension length squared, and the number density of the grains, with dimension
of inverse length cubed. Thus a length scale can be formed from these two quantities as the inverse
of their product. It is reasonable to claim that this length scale is related to the mean free path (mfp)
of the light wave between scattering events [39]. Thus we write

1 4ma’

mfp = = 3)

n Csca,mon 3Csca,mon~fv

where, Cscamon 18 the total scattering cross-section of a monomer grain, n is the number density of
the monomers, fy is the monomer volume fraction, and a is the monomer radius.

This scattering length scale can be compare to the length scale of the entire aggregate to
get a dimensionless number that is related to extent of the multiple scattering which would be the
average number of scattering events <s>

<s>=——. 4)

To continue we expect the intra-aggregate scattering to be stochastic and governed by the
Poisson distribution. Then the probability of s scattering events within the aggregate is

P(s) = <Z—!>Se‘<5> (%)

Multiple scattering plays a significant role for non-absorptive particles when the average number
of scattering events <s> becomes large.

We now test the descriptive ability of our hypothesis that enhanced backscattering from
the aggregate is due to multiple scattering between the monomer grains by seeing if our definition
of the average number of scattering events <s> is correlated to the enhanced backscattering.

We have calculated the average number of scattering events <s> for the spherical
scattering volume of diameter 2.4 um. The enhancement in the backscattering for different volume
fractions was quantified by calculating the ratio of scattered intensity at 157°, our largest



experimental angle, to the minimum intensity near 129° i.e. (I (157°)/1 (Min)). This ratio is plotted
versus the average number of scattering events <s> and volume fractions fy in Fig. 9.
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Figure 9. Plot showing the enhancement in the backscattering, the ratio I(157°)/I(Min), versus
(top) the average number of scattering events <s> in the aggregate, and (bottom) the volume
fraction fy of monomers in the aggregate.

Figure 9 (top) shows that when the average number of scattering events in the aggregate is
very small, there is very little enhanced backscattering. With increasing scattering events, there is
an increase in the backscattering enhancement and this enhancement peaks around <s> = 9. When
Kk > 0.5, further increase in the scattering events led the backscattering enhancement to decrease,
see Fig. 9 (bottom). The behavior for m =3 +10.0 shows no peak, but the computation was limited
by computational time constraints such that volume fractions where the other two refractive indices
showed a peak where not obtained when k = 0. The decrease might occur because with increasing
number of monomers, the spherical volume starts to act like a homogenous particle, which we
have seen has no enhanced backscattering for the values of kkR that we are considering.
Nevertheless, our tentative multiple scattering hypothesis correlates the increase and the ultimate
decrease in the enhanced backscattering with increasing monomer volume fraction.



5. Conclusion

We have studied the light scattering due to densely aggregated hematite particles composed
of monomer grains. Hematite is a naturally occurring mineral with a large refractive index of m =
3.0 +10.5 at A = 532 nm, the wavelength used in our study. USAXS measurement showed that the
aggregates were not fractal. Light scattering Q-space analysis uncovered a bimodal size
distribution consistent with microscopy. Enhanced backscattering was observed for angles greater
than 130°. It was shown with model calculations, that this enhanced backscattering was due to the
aggregate structure despite the large imaginary part of the refractive index which quenched
enhanced backscattering for the aggregate monomers and aggregate size equivalent sphere. It was
proposed that aggregate internal multiple scattering between monomers within the aggregate was
the cause of the enhanced backscattering. A dimensional analysis for the average number of
internal scattering events supported that proposition.
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