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Near-field scattering from red pigment particles: Absorption
and spectral dependence
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When film coatings are made of pigment particles embedded in a transparent resin, the optical
characteristics of the resulting film are determined not only by the bulk optical properties of the
constituent materials, but also by the spatial distribution of the light scattered from small particles.
If the particles are separated by distances comparable to their diameter, as is the case for high
particle concentrations or agglomerated systems, the near-field interactions between the radiation
fields of the particles can strongly influence the resulting far-field intensity distribution. In this work
we have used full-field finite-element solutions of Maxwell’s equations to calculate the near- and
far-field scattering patterns for single 500 nm quinacridone spheres and for pairs of particles. We
find that the scattered intensity forms a forward-directed plume that extends far beyond the particle
surface, especially at short wavelengths and where the absorption is large. This results in near-field
interactions between pairs of particles that can either increase or decrease the sdatbéhinige

total scattering and the fraction of the scattered light that is directed into the backward hemisphere
depending on the orientation of the particle pair relative to the direction of the incident light. In
some cases, particularly if the particles are aligned along the incident direction, the two spheres can
produce a far-field scattering distribution that is approximately that of a single, lezgeretimes

much larger sphere. If the particles are aligned perpendicular to the incident direction, the strength
of the scattering per particle volume is roughly the same as for a single particle, but the scattering
is more forward directed. These interaction effects occur even though the surface-to-surface
separation of the particles is larger than the distance for which a single particle shows significant
scattered intensity. These near-field and far-field phenomena are beyond the limitations of
single-scattering and independent multiple-scattering approaches, and the near-field interactions can
have a significant effect on the scattering of light from films containing such particles, especially if
they tend to form oriented clusters. @001 American Institute of Physics.

[DOI: 10.1063/1.1336564

I. INTRODUCTION glomerated systems, the near-field interactions between the
radiation fields of the particles can strongly influence the
The subject of the scattering of electromagnetic radiationresulting far-field intensity distribution.
by particles is an old and wide-ranging one. Its applications  For single particles of simple shapes, it is possible to
include such phenomena as the blue sky and other atmealculate analytically the intensity of the scattered light, us-
spheric phenomenathe obscuration of galaxies by interstel- ing approaches such as Mie thed?\f the particles are suf-
lar dust? the curing of photopolymers for stereolithography, ficiently far apart that the scattered radiation from the differ-
the transparency of fishtand the human cornéahe effi-  ent particles can be added incoherently, then the scattering
ciency of phosphor$,and the appearance of reflective dis- can be completely described by this analysis. In many appli-
play materiald, paint® and pape?. cations of light scattering, in particular in paints, pigments,
When film coatings are made of pigment particles em-and coatings, the particles are sufficiently close together that
bedded in a transparent resin, the optical characteristics @feir radiation fields interact. In this case the scattering from
the resulting film are determined not only by the bulk opticalone particle is affected by the adjacent particles, and the
properties of the constituent materials, but also by the microassumption of independent scatterers no longer holds. Thus,
structural arrangement of the particles and the spatial distrithe near-field intensity pattern becomes crucial, because it
bution of the light scattered from these small particles. If thedetermines the interaction of the radiation fields of the par-
particles are separated by distances comparable to their dicles with one another. Models that deal exclusively with the
ameter, as is the case for high particle concentrations or adar field then become inadequate to fully characterize the
scattered radiation.

dAuthor to whom correspondence should be addressed; electronic mail: Mie theqry, though ?XaCt for the pért'CUIar .Case_Of a
meneil@physics.unc.edu single spherical particle in a nonabsorbing medium, is not
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easily extended to the realistic situation of multiple,the Kramers—Kronig relations and cannot be changed inde-
irregularly shaped, interacting particles in an absorbing mependently. However, these nonphysical situations do allow
dium. Mie theory is also typically used only to compute theus to examine explicitly the effects of absorption, i.e., the
extinction cross section rather than the details of the electritoss of light from the radiation field, independent of effects
field at all locations in space, and thus it is difficult to extractdue to the magnitude of the wavelength relative to the par-
information about the near-field intensity distributions thatticle diameter.

are crucial in understanding the interactions of closely To probe the interactions between particles that result
spaced particles. To calculate the scattering in such cases,fibm the spatial distribution of the scattered intensity, we
is necessary to abandon the analytic approach and instedéve also calculated the near- and far-field distributions for
use numerical methods. This can be done with a finitepairs of particles in two different configurations: side-by-
element method, in which the volume containing the scatterside, with the centers of the two particles along a line per-
ers and the medium is divided up into discrete regions thapendicular to the direction of the incident light; and in-line,
are small compared to the wavelength and the particle sizavith the centers of the two particles along a line parallel to
Maxwell's equations are then solved in each region for ahe incident direction. The surface-to-surface spacing of the
given incident wave, using the appropriate optical constantgarticles in each configuration is 125 nm. Measured in units
for the material of which the region is composed. This nearof the wavelength of the light in the medium, this spacing
field solution thus obtained can then be extrapolated to théanges from 0.78/Nyegiumat A =270 nm to 0.28/Npegiymat

far field by simply allowing it to propagate through a uni- A =750 nm. If this spacing is taken as the average spacing in
form medium. This technique can in principle be used toa large ensemble of particles, it would correspond to a par-
calculate the scattering from any number of arbitrarilyticle volume concentratiofPVC) of 51.2%, which is much
shaped, inhomogeneous, optically anisotropic particles, iffigher than that typically used in pigment applications. How-
any configuration, if the necessary computing power€Ver, even at much lower concentratidfer which the av-

is available. erage interparticle spacing is much larngen a random ar-

In previous publications~*3we have applied this tech- rangement of particles it can be expected that such close
nique to individual particles and small clusters of Jid  approaches will occur. In a system in which agglomeration
resin and latex in water, at a single wavelength. Here wéends to occur, as is commonly the case for pigments, such
consider quinacridone pigment particles in a transparerfl0se approaches are quite likely and can profoundly affect
resin, at a range of wavelengths in the visible light rangethe optical properties of the resulting film.

The pigment and resin are typical of those used for automo-

tive paints. Quinacridone (fH1,N,O,), a nonazo organic

pigment, has two strong absorption bands centered at 279 ~a| cULATIONAL TECHNIQUES

and 550 nm, which color it red in reflection and transmis-

sion. The extinction coefficierk,aqice is in the range 10? The optical constants used in these calculations were
<Kparicie<1 for all but the longest wavelengths in the range.those of bulk quinacridone and of an acrylic resin. The pig-
This is in contrast to our earlier work, in which we examinedment and resin are typical of those used in the manufacture
particles whose absorption was negligible at the wavelengtbf automotive coatings. The optical constants of the quinac-
considered. However, as in our previous work, the particle isidone as a function of wavelength were kindly provided by
in the resonant regime, in which the particle diameter is combr. P. Bujard of Ciba Specialty Chemicals. The optical con-
parable to the wavelength of light in the medium. Specifi-stants of the acrylic resin were obtained from spectroscopic
cally, for this system the Mie size parametex ellipsometry measurements performed by M. F. Lemon of
=2manmedium/ N, Wherea is the diameter of the particla,is ~ DuPont. The relative refractive inde€index contrastof the

the wavelength of light in vacuum, amg,cqiumis the index  particle in the resim=n,icie/ Nmediumranges from approxi-

of refraction of the resin ak, is in the range 5x<<20. In  mately 1.3 to 1.8 over the visible wavelength range. For
this regime the scattering is strong, especially when weightedomparison, a typical value fan for TiO, in resin in the

by the volume of the particle. However, it is also strongly middle of the visible range is 1.8, amd=1.15 for latex in
forward directed rather than being isotropic, as would be thevater at 488 nm. The Mie size parametaranges from 19.9
case for a very small particle. to 5.4. The particles are therefore not small compared to the

In this work we present calculations of the near- andwavelength(in which case Rayleigh theory would apply
far-field distributions of scattered light from single quinacri- nor are they large enough to be in the regime of geometrical
done spheres of 500 nm diameter, embedded in an acrylioptics. They are larger than those considered in our previous
resin in the wavelength range 25@<850nm. We per- calculations, for whichk~3.4.
formed the calculations for four types of cases: with realistic ~ The finite element method adopted in this work to com-
values for the index of refraction and extinction coefficientpute the electromagnetic radiation scattering of single- and
of both the particle and the medium, with the absorption ofmultiple-particle films makes use of the programFLEX
the particle artificially set to zero, with the absorption of the (Weidlinger Assog. It is based upon piecewise solutions of
medium artificially set to zero, and with absorption consid-the time-domain form of Maxwell's equations in source-free
ered in neither the particle nor the medium. These last threspace given in Eq(l), where the computational domain is
cases are of course not physically realizable, since the indediscretized into a finite number of volume elements. In Eq.
of refraction and the extinction coefficient are linked through(1), E is the electric field amplitudes is the electric permit-
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tivity of the medium, andu is the magnetic permeability of the range 13.2x<19.9. An example of the scattering pat-

the medium tern can be seen in Fig(d. As in thin-film structures, in-
72 terference between waves scattered from different surfaces
V2E—eu 7 =0 ) produces regions of enhanced or diminished intensity at vari-

ous locations in the scattering pattern. For wavelengths near

The parameters required to construct the finite elemer?50 nm, the most striking aspect of the scattered intensity
models used throughout this study consist of the edge dimerlistribution is the plume of scattered radiation that extends
sions in a Cartesian coordinate system, the finite elemer@way from the particle in the forward-scatteriidown-
mesh density, the particle positions, the particle shapes, argiream direction. This plume is detached from the particle,
the wavelength-dependent optical properties of the materialgith a local minimum in the scattered intensity occurring at
contained in the model. The number of elements in a particuthe surface of the particle. The maximum in the scattered
lar model varies according to the edge dimensions and thimtensity, which is located approximately 300 nm from the
mesh density. Typical models contain between 5 and 10 milsurface, can be as high as 2.4 times the incident intensity.
lion elements. A plane wave of circularly polarized electro-Clearly an adjacent particle that fell within this plume would
magnetic radiation is propagated through the model in thdave its radiation field strongly influenced by the scattered
time domain while the nodal electric and magnetic fields andight from the first particle. This will be illustrated when we
amplitudes are computed at each time step. The resultingonsider the two-particle scattering patterns. The plume ex-
total and scattered intensities are available at each node feends to a distance of approximatelyuin from the surface
every time step, however, only steady-state results are aif the particle and is about 300 nm wide.
interest in this work. To obtain the far-field scattered inten- At slightly longer wavelengths the local minimum im-
sities, the near-field scattered intensities are extrapolatehediately downstream of the particle becomes more pro-
onto the surface of a far-field sphere with a radius that is veryiounced, and a torus of scattered intensity appears, with the
large compared to the wavelength of the electromagnetic rdecal maximum in the intensity centered at about 15° from
diation. the forward-scattering direction. This torus becomes more

Once the far-field scattered electric field and intensitiepronounced at larger wavelengths, eventually becoming
have been extrapolated, macroscopically observable physicabmpletely detached from the central plume. As the wave-
quantities such as the scattering cross-sedlignof the an-  length is further increased, the central local minimum
gular distribution of the scattered light can be computed. Thebruptly disappears and the plume becomes connected to the
scattering cross-sectioBs., defined in Eq.(2) is expressed particle. The maximum intensity also abruptly increases so
in units of area, wheré is the scattering angld, is the  that scattered intensities of more than twice the incident in-
incident radiation intensity, and.{ 6) is the scattered inten- tensity extend as far as 600 nm from the particle surface.
sity on the surface of the far-field sphere over which the  The two particles in the side-by-side configuration\at

surface integral is performed =270 nm[Fig. 1(b)] demonstrate striking effects of the in-
1 teraction of their radiation fields. These dramatic variations
Csca=|—f f lscd 6)dQ). (2)  in the local electric field are characteristic of photonic crys-
0 477 tals, in which dielectric particles are arranged in ordered ar-

_ o _ _ ~rays to produce optical stop bands in particular directions.

The scattering coefficier® is defined as the scattering Not only is there significant scattered intensity between the
cross section normalized by the volume of the scattering mawo plumes approximately 310 nm downstream of the par-
terial in the model. In Eq(3), the scattering coefficier8is ticle surfaces, interference effects produce a wider region of

expressed in units of inverse length extinction in the center of the pattern, causing the axis of
Ceca symmetry of each plume to deviate from the 0 direction.
S= v (3)  Approximately 540 nm downstream of the particle surfaces,

the plumes begin to spread toward one another, and at longer
In addition to the finite-element calculations that form wavelengths the scattered light forms a single plume cen-
the bulk of this work, we have also performed some analytitered between the two particles.
cal calculations of far-field scattering from single spheres In the in-line configuratioFig. 1(c)], the maximum in-
using Mie theory. In these calculations we have made use aknsity occurs at essentially the same location as for the

the progranmiETAB .4 single-particle case. The region between the two particles
shows interference fringes due to reflection by the second
Ill. RESULTS particle of light scattered from the first. The most striking

effect of the addition of the second particle, however, is the
extension of the scattering plume to a distance several mi-
crons downstream of the particles. Although the intensity in
1. Short-wavelength, high-absorption region this extended plume is not so largapproximately 80% of
(250<A<370nm) the incident intensity it is much larger than the scattered

In this region the extinction coefficieft,,ce Of quina-  intensity outside the plumevhich is negligiblg. Thus, two
cridone ranges from 0.02 to 0.87, with the maximum absorpparticles in this in-line configuration can thereby extend their
tion occurring at\ =270 nm. The Mie size parameter is in optical influence over a large region downstream.

A. Absorbing quinacridone particle in absorbing
resin
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2. Low-absorption, high-scattering region (370<A maximum scattered intensitivhich occurs inside the par-
<510 nm) ticles at this wavelengihis very similar to that for a single

In this wavelength range, the basic shape of the scatteparticle.
ing pattern remains constant but the maximum scattered in- In the in-line configuratioriFig. 2f)], the maximum of
tensity changes. An example can be seen in Fd). The the scattered intensity increases, and it occurs in the down-
maximum intensity, now located at the particle surface, risestream particle, at roughly the same position as in the single-
to 22.9 times the incident intensity at=390nm. At this particle case. The region between the two particles has very
wavelength the absorption has a minimunmkat0.006 and |Jittle scattered light.
x=12.4. At longer wavelengths the maximum intensity de-
clines as the absorption increases.

The two particles in the side-by-side configurationat The effects of absorption of light by the particle on the
=390 nm[Fig. 1(e)] show a pattern very similar to that at gjstribution of scattered light in the near fielas opposed to
270 nm. In the in-line configuratidiFig. 1(f)], essentially all it maximum intensity are significant only in wavelength
of the scattering is confined to the region between the paragions where the extinction coefficient of the quinacridone
ticles. is larger than approximately 0.02.

For the short-wavelength, high absorption region (250
3. High-absorption, moderate-wavelength region (510 <A<370nm) the case in which the absorption has been
<A<610nm) “turned off” (but, unrealistically, the index of refraction re-

In this wavelength range the absorption continues to in_mains the samethe scattered light is concentrated in a “hot

crease, reaching a maximum lgf, qe=0.68 ath =560 nm §pot” 'at the surfgce of thg particlg, rea.ching a .maximum
before declining steeply. The location of the maximum in-intensity of 43.7 times the incident intensity. This is a much
tensity region again begins to shift away from the particlelarger concentration of scattering than was Sééar a 200
surface, as it did in the high-absorbance region at shortenm TiO, particle at 560 nm, despite the fact that the index
wavelengths. An example can be seen in Fig).ZEven at a  contrast in the quinacridone cagk47) is smaller than for
distance of 250 nm downstream from the surface, the intenthe TiO, case(1.81). However, the smaller size parameter
sity remains above five times the incident value. (x=18.3 for quinacridone versus 3.4 for TjOleads to a
The two particles in the side-by-side configuratiol\at much higher scattering cross secti@q., for the quinacri-

=560 nm([Fig. 2(b)] show a pattern that is similar to that for gone particle(0.40 vs 0.06um?, although the volume-
smaller wavelengths, but with some notable differences. Thgrmalized scattering coefficie= C.../(wa%6) is larger

axes of symmetry of the individual plumes now deviate in- .

d from the §=0 direction. The single centered plume * 02
ward from the = rection. 1he singie centered piume A qualitative comparison of the absorbing and nonab-
now appears much closer to the surface of the particles, at a_, . L .

. sorbing cases in this wavelength region shows that the effect
distance of 420 nm downstream. fab o d | f di .

In the in-line configuration, the scattering pattern is es0' @ sorpnon Is to produce "?‘ P qme Ot scattere mterysny ‘T"t
sentially two single-particle plumes stacked on one anotheS°Me distance from the particle in the forward-scattering di-
The highest scattered intensity occurs between the particleEction. This means that the maximum in the intensity of the
as for 390 nm light, but for the longer wavelength the differ-light scattered from the particle occurs at 250 nm or more
ence in intensity between the absolute maximum there an@way from the particle.
the local maximum in the plume is small. The effect of ab-  In the absorption band that occurs at longer wavelengths
sorption is therefore to distribute the scattered intensity mor¢510<\ <610 nm), the “removal” of absorption from the
evenly throughout the volume surrounding the particles.  particle does not change the shape of the scattering pattern

significantly. However, the intensity maximum, located at

) . ) the particle surface &=0, is as much as ten times larger for

4. Long-wavelength, high-scattering region h bsorbi icle than for the absorbi Th
(610<A<850 nm) the nonabsor ing pgrtlce t an for t e absorbing one. The
o o effect of absorption in the particle in this region is therefore
For \>610nm the extinction coefficiertpaqicie<0.02 primarily to suppress the scattered intensity, rather than to

and absorption plays a negligible role in determining thechange its spatial distribution. This is in contrast to the

scattering pattern. In this region the basic shape of the Scaghorter-wavelength region, in which the presence of absorp-
tered radiation remains the same, but the maximum intensit%( o ’ .
declines. An example can be seen in Figd)2 At A lon strongly modifies the scattering pattern.

The extinction coefficient of the acrylic resin used in

=750 nm the maximum intensity occurs inside the particle, - )
at the#=0 position near the surface. The scattered intensity€S€ calculations is small for most of the wavelength range

extends approximately 250 nm away from the particle surconsidered. It rises above 19 only for wavelengths
face. <320nm, and even ah=250nm, Kyegium iS Only 8

The two particles in the side-by-side configuratiomat * 10 3. The effects of absorption in the medium are there-
=750 nm[Fig. 2(e)] show a pattern similar to that seen in fore only noticeable at the shortest wavelengths, where they
Fig. 1(e). Here, however, the centered plume begins onlyreduce the intensity of the scattered light in the high-intensity
about 170 nm downstream of the particle surfaces. Theegion by about 10%.

B. Effects of particle and resin absorption
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(@) (d)

FIG. 1. (Color) Scattered intensity for absorbing particles in absorbing resin. All intensity scales in units of incident intes8jngle particle,\
=270 nm. Spatial scale Amx2 um, intensity scale 2.1#ed—2.32x 10 2 (blue). (b) Two particles in the side-by-side configurations 270 nm. Spatial
scale 2umx 2 um, intensity scale 2.2@¢ed—1.83x 10 2 (blue). (c) Two particles in the in-line configuration,=270 nm. Spatial scale Amx5 um,
intensity scale 1.8(red—2.20x 10" (blue) (d) Single particle\ =390 nm. Spatial scale AmxXx 2 um, intensity scale 23.4ed—4.59x 10 2 (blue). ()
Two particles in the side-by-side configuratior=390 nm. Spatial scale 2Zmx 2 um, intensity scale 22.86ed—5.97x 10 2 (blue). (f) Two particles in
the in-line configuration\ =390 nm. Spatial scale Zmx5 wm, intensity scale 23.¢ed—2.49x 102 (blue).
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(a) ()

FIG. 2. (Color) Scattered intensity for absorbing particles in absorbing resin. All intensity scales in units of incident intens8jngle particle,\
=560 nm. Spatial scale Amx 2 um, intensity scale 2.0#ed—3.90x 10~ 2 (blue). (b) Two particles in the side-by-side configuratian:= 560 nm. Spatial
scale 2umx 2 um, intensity scale 1.98ed—3.04x 1072 (blug). (c) Two particles in the in-line configuration,=560 nm. Spatial scale AZmx5 um,
intensity scale 2.0fred—4.05x 102 (blue) (d) Single particle A =750 nm. Spatial scale Amx 2 um, intensity scale 10.4ed—4.76x 10 2 (blue). ()
Two particles in the side-by-side configuration:= 750 nm. Spatial scale 2mx 2 um, intensity scale 10.@ed—2.75< 102 (blue). (f) Two particles in
the in-line configuration\ =750 nm. Spatial scale AmX5 um, intensity scale 16.6ed—4.37x 10" 2 (blue).
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TABLE |. Far-field scattering parameters for single quinacridone particle,pected since the second particle lies in the shadow of the
two particles in the in-line configuration, and two particles in the side-by-ﬁrst and the first particle’s absorption prevents some of the

side configurationB is the backscattering fractiorCs, is the scattering . . . .
cross sectionSis the scattering cross section divided by the volume of theIIght from reaching the second particle and being scattered

particle; andR is the calculated pseudoreflectance. by it. In the Side'by'Side Configuration the interaction of the
_ particles enhances their scattering &1d increased over the
_ Single _ _ _ single-particle value. In both cases the interaction of the par-
Wavelength  Absorption particle In-line  Side-by-side . e . . .
ticles modifies the scattering from that expected in a single-
270 nm 0873 B 3.67% 1.95% 2.70% scattering picture_
gsca(f{Tz) gf—,gg 2-4;2 0-322 At wavelengths where the absorption is negligit880
R(Mm ) 2 23% oég% ‘11'9604/0 and 750 nmy the side-by-side configuration produces a
390 nm 0006 B 6.87% 1251%  665%  roughly constan The interaction of the radiation fields of
Cea(um?)  0.691  0.684 1.324 the two particles therefore does not enhance the scattering
S(um ') 10558  5.225 10.115 when absorption is not present. For the in-line configuration,
c0 0677 : Zi-ggt‘)’/ﬂ’ 22-;‘?;’//0 2:-2720;/0 at 390 nmC,, is almost unaffected by the addition of the
nm ' Co(ur® 02 45° 0'332° o 498" second particle, whereas at 750 1@y, actually decreases
Ss&jmfl) 3743 2536 3.804 when.the seconq particle is addeq. This beh{:\vior cannot be
R 2.70%  1.54% 2.52% explained in an independent multiple-scattering picture for
750 nm 0.000 B 7.37%  8.37% 6.76% nonabsorbing particles, in which light scattered from one
gs(ca(fﬁq;z) 18-222 2-‘32 1%)-2‘(‘)% particle either continues to the far field or is scattered a sec-
um : : : i ;
R 9k 6496 3.28% 23290 ond time by the other particle.
IV. DISCUSSION
C. Far-field scattering A. Near-field interactions

The far-field scattering patterns are, as expected, much The most striking characteristic of these scattering pat-
simpler than the near field. For an isotropic sphere, the farterns is the long scattering plume, which extends the parti-
field pattern for a single particle can be calculated analyticle’s influence far away from its surface, especially when the
cally, using Mie theory. The angular distribution of the scat-absorption is strong and the wavelength is short. This plume
tered radiation obtained here from tB®FLEX calculations means that the addition of a second particle may either in-
agrees with the analytical calculation to within the accuracycrease the fraction of the light that is backscattered or de-
of the finite element modelwhich for the number of ele- crease it, depending on the location of the second particle
ments used in these calculations is approximately.5%he  relative to the direction of the incident light. Statistically
far-field radiation is strongly forward directed because theaveraged calculations over random microstructures will ob-
size of the particle is comparable to the wavelength of theviously fail to capture the true nature of the near-field inter-
light. The half angle of the forward cone containing 50% ofaction. Since the purpose of a pigmented coating is to pro-
the scattered radiation ranges from 8.5Aat250 nm 31.5° duce backscattering of incident light, the details of this near-
at 850 nm. The backscattered portion of the radiaBpftthe  field interaction and its effect on the fraction of the incident
fraction of the scattered light with scattering anghes90°), light scattered into the backward hemisphere are quite im-
which is most relevant for applications in pigments and coatportant in applications. In a random array of particles, in-line
ings, never exceeds the 14% reached for 610 nm light. Thand side-by-side configurations are equally likely. However,
values ofB as well asC.,andS obtained from theeMFLEX  if the processing of a film tends to produce clusters of pig-
calculations are shown in Table | for a single particle and forment particles with a preferred orientation, one configuration
two particles in the in-line and side-by-side configurations. may predominate. In a photonic crystal, in which the par-

For the single particle the parameters have the samtcles are deliberately placed in an ordered array, these near-
trend with wavelength, being larger at wavelengths wherdield effects form the basis of the phenomenon of optical stop
the absorption is low and smaller where the absorption idands.
high. Comparison oB for wavelengths at which the absorp- If more than one particle is present, then each particle
tion is similar shows that for a single particle the scatteringwill be excited by a field that is the sum of the incident field
tends to become less anisotropic as the wavelength becomasd the scattered fields of the other particles. The particles
larger relative to the particle size. can be considered independent if they are far enough apart

When two particles are present, the far-field parameterthat the scattered field from the two particles is simply the
depend on the configuration, and in a rather complex way. I[sum of the scattered fields that would be present due to the
the particles were far enough apart to be considered singliedividual particles. This is clearly not the case for the spac-
scatterers, the tot&l.,would simply be proportional to the ings considered here. Even for the side-by-side configura-
number of particles, an andB would be the same as for a tion, where for the single particle the scattered intensity 125
single particle. At wavelengths where the absorption is highnm away from the surface in a direction perpendicular to the
this is approximately the case. However, if the two particlesncident direction is negligible, the presence of the second
are in the in-line configuratiors decreases, an effect more particle modifies the scattering pattern in regions far from the
pronounced at 560 nm than at 270 nm. This might be exparticle surfaces. This can be seen most clearly in the appear-
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ance of scattered intensity along the line joining the particleTABLE Il. Diameter of sphere witt§ value equal to that of two 500 nm

; — e spheres in the in-line configuration, and fraction of light scattered into the
centers, especially ai=>560nm. Similar results have been backward hemisphere for a sphere of that diameter. Note that a sphere of

i ; ; P it 1,13
seen for two TiQ particles in close proximity: volume equal to that of the two 500 nm spheres would have a diameter of
630 nm.
B. The far field EquivalentB
Wavelength dequ (NM) (%)

In the far field,Cs.,measures the strength of the scatter- 270 566 204
ing, and for a single particle it depends in a complicated way 390 633 1155
on the particle size and optical constatitalex of refraction 560 724 4.20
and extinction coefficient the optical constants of the me- 750 3000 7.53

dium in which the particle is embedded, and the wavelength
of the light. The volume-normalized parametis of even
more direct relevance to applications in pigments and coatthat is considerably larger than the actual volume of the par-
ings, since a system with a larg8rcan produce the same ticles.
degree of opacity or “hiding” with a smaller quantity of The behavior of the anisotropy of the scattering, i.e., the
pigment. In previous studies of clusters of seven particles imackscattering fraction, is less straightforward. In a multiple-
the high-contrast system of 200 nm Ti®pheres in resii  scattering picture, in which the tot@l,is enhanced by light
we observed that the effects of particle interaction on thescattered from one particle being scattered a second time by
volume-normalized scattering paramet@mbecame signifi- a second particle, the strongly forward-directed character of
cant when the particles had a surface-to-surface sepatationthe single-particle pattern would be modified by the presence
of less than 200 nm for illumination at=560nm. This of the second particle, so that the portion of the light scat-
corresponded to a separation measured in wavelengths tdred at angles away from the illumination direction would
Ly =Nnmediun-/A=0.5. Essentially no change i was ob- be expected to be larger for two particles than for one. This
served for separatiornis, =0.8. Similar results were obtained effect is well known in the case of pigments, in which mul-
for pairs of particles of more realistic shapes. These calculatiple scattering produces significant diffuse reflectance even
tions were performed for random illumination direction, andif the single-particle scattering is strongly forward directed.
thus included both in-line and side-by-side configurationsHowever, two particles in the side-by-side configuration ac-
For the quinacridone-resin system at the surface-to-surfadeally scatter asmallerfraction of the incident light into the
spacingL =125 nm considered here, we have valued pf backward hemisphere than does a single particle, especially
from 0.7 at short wavelengths to 0.2 at long wavelengthsat the shortest wavelength. Here the interaction of the radia-
Based on our findings in Ti§) we would expect that inter- tion fields of the two particles produces a scattering pattern
action between the radiation fields of the particles wouldthat is more strongly forward directed than that of a single
have a significant effect on the scattering parameter, and thafarticle. Such a scattering pattern would be characteristic of
this effect would be more pronounced for shorter wave-a larger particle.
lengths. As we shall see, the presence of absorption compli- For the in-line configuration the picture is different. Ex-
cates the situation considerably. cept at 270 nm, the presence of the second particle increases
However, some insight can be gained by comparing thehe fraction of the scattered light that is directed into the
scattering of the two particles to that of a single, larger parbackward hemisphere, as would be expected in a multiple-
ticle. The diameter of the equivalent single parti@le., the  scattering picture. The values obtained are quite similar to
single particle that gives the sargcan then be calculated those for the equivaler-sphere(sphere of diameted,),
using Mie theory. The diameter at whiGhas its maximum as shown in Table Il. However, for the short-wavelength
for a given wavelength is less than or equal to 500 nm for thease, where the surface of the second particle is located
wavelengths considered here, so increasing the particle sizehere the maximum of the scattered intensity for the first
decreases the volume-normalized single-particle scatteringarticle would otherwise occur, the effect of the second par-
This is similar to the case of the Tj(particles considered ticle is toreducethe backscattering. Thus, in effect, the two
previously!! for which the 200 nm diameter produced the particles together produce a scattering pattern that is more
maximumsS for a single particle at the wavelength for which strongly forward directed than would either one alone, and
the calculation was done. The diametdgg, of the spheres than they would if combined into a single sphere.
that give the same value &for the various wavelengths are In order to relate these findings to measurable optical
shown in Table II, together with the fraction of the incident properties of real films, we have calculated a pseudoreflec-
light that would be scattered into the backward hemispher¢éanceR for each casdwith the results shown in Table.l
by a single sphere of that diameter. This quantity should behave similarly to the measured dif-
A sphere with volume equivalent to that of two 500 nm fuse reflectance. It is formed from the backscattering fraction
spheres would have a diameter of 630 nm. This is almosB, multiplied by the scattering efficiencf./pm(a/2)?
exactly the diameter of the single sphere that gives the sam@here a is the particle diameter and is the number of
S as the two in-line spheres under 390 nm illumination, butparticles, either 1 or )2to account for the variation of the
at longer wavelengths the two particles giveSeorrespond-  total scattering with wavelength. This is in turn multiplied by
ing to a single particle that is considerably larger. The interthe albeddC.,/Cey to account for absorption. The resulting
action of the two particles therefore encompasses a volumgseudoreflectanc® is thus
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Cea Ceca larger (sometimes much largesphere. If the particles are
a2 ~ - aligned perpendicular to the incident direction, the strength
pm(a/2)® Cex i . .

of the scattering per particle volume is roughly the same as
Not surprisingly, the greatest reflectance occurs at wavefor g single particle, but the scattering is actually more for-
lengths for which the absorption is smallest, so that the lightyard directed, rather than less so as would be expected from
has the greatest probability of being scattered back rathef multiple-scattering approach. These interaction effects oc-
than absorbed. The orientation of the particles plays a sigcur even though the surface-to-surface separation of the par-
nificant role in such cases, as is demonstrated by the widggles is larger than the distance for which a single particle
variation inR at 750 nm for different orientations. While shows significant scattered intensity. Such near-field interac-
such a calculation would not be expected to reproduce quafions can have a significant effect on the scattering of light

titatively the measured reflectance of a real film, the variafrom films containing such particles, especially if they tend
tion in R with wavelength shown here is qualitatively similar tg form oriented clusters.

to what we have measur®dn real quinacridone films for
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