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In the optical analysis of collections of particles embedded in a matrix, the ultimate goal is to predict
the optical properties of the final film, given the optical characteristics of the materials of which it
is made, the particle size, and the fraction of the volume occupied by the particles. The first task in
the pursuit of this goal is to make connections between the optical properties of the bulk materials
of which the particles and medium are made and the spatial distribution of the scattered intensity
from the individual particles. The second is to relate the calculated far-field scattering and
absorption cross sections for a single particle to the measured optical characteristics of real films.
Here we accomplish these tasks for a regime that is rarely considered in the literature but is quite
important in applications. This regime is characterized by three conditi@nsthe extinction
coefficient of the particle is significanih) the particle size is comparable to the wavelength in the
medium; and(c) the optical density of the films is large enough that multiple scattering is
significant, and yet direct transmission of collimated radiation through the film is not negligible. We
have measured the visible diffuse reflectance and transmission of films of quinacridone patrticles in
a transparent resin at various particle volume concentrations, and used the Kubelka—Munk
formalism as a parametrization method to extract scattering and absorption parameters for this
strongly absorbing, multiple-scattering system in the resonant regime. We have modeled the
scattering paramet&* as a convolution of the angular distribution of the scattering from a single
particle (derived from Mie theoryand a multiple-scattering function that characterizes the effects

of the concentration and arrangement of the particles in the film. We find that the multiple-scattering
function has an angular distribution that is strongly peaked in the backscattering direction. This
accounts for the transformation of the collimated and strongly forward-scattered light in the top
layers of the film into diffusely reflected light as the film is traversed. The multiple-scattering
function also accounts for the differences in diffuse reflection observed for films of identical volume
fraction occupied by particle§particle volume concentratigrbut different grinding time. This
method of analysis begins to allow one to make an explicit connection between the fundamental
optical properties of the particles and the experimentally accessible parameters. We have thus
developed a way to begin to bridge the gap between the fundamental physics of the scattering of
light from individual particles and the practical characterization of a film using the simple Kubelka—
Munk analysis. ©2001 American Institute of Physic§DOI: 10.1063/1.1331344

I. INTRODUCTION scattered radiation from the different particles is simply ad-
. . ] __ ditive, then the scattering can be completely described by
The subject of the scattering of electromagnetic radiationys analysis. If the particle density is sufficiently high, or the

,by particles is an old and wide-ranging one. Its appl'cat'onsoptical depth is sufficiently large, then it is necessary to ac-
include such phenomena as the blue sky and other atmo-

: : . . count for multiple scattering as the light scattered by one
spheric phenomenzthe obscuration of galaxies by interstel- article impinges upon another. Various models have been
lar dust? the curing of photopolymers for stereolithography, P Ping P . L , i
the transparency of fishtand the human comnéaand the developed to treat multiple scattering, typically in the case
appearance of reflective display materfigaint’ and where the particles are not strongly absorbing and are small
paper® compared to the wavelength of the light. Other models, such

For single particles of simple shapes, it is possible toas that of Kubelka and Murﬁ<',treat the scattering as if it
calculate analytically the intensity of the scattered light in thearose from a continuous medium rather than a collection of
far field. If the particles are sufficiently far apart that the particles. The mathematical simplicity of such a treatment is

offset by the loss of an explicit connection with the optical
dAuthor to whom all correspondence should be addressed; electronic maiprOp'ert'es of the individual particles that make up the
mcneil@physics.unc.edu medium.
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In this paper we address a regime that is rarely considstanding the influence of the optical constants of the materi-
ered in the literature but is quite important in applications.als on the scattering. We seek to make connections between
This regime is characterized by three conditiof@:the ex-  the optical properties of the bulk materials of which the par-
tinction coefficient of the particle is significar(ty) the par- ticles and resin are made and the spatial distribution of the
ticle size is comparable to the wavelength in the mediumgscattered intensity from the individual particles. This goal is
and (c) the optical density of the films is large enough thatachieved with the use of Mie theory. We have applied this
multiple scattering is significant, and yet direct transmissiorwell-known analytic method to obtain insights about a par-
of collimated radiation through the film is not negligible. In ticular system of considerable technological importance.
the single-scattering regime, the first two conditions do not  Our second near-term goal is to relate the calculated far-
present significant difficulties, particularly if the particles arefield scattering and absorption cross sections for a single par-
approximately spherical. Some methods have been develicle to the measured optical characteristics of real films. This
oped for dealing with conditioric), such as the many-flux is achieved by modeling the angular distributions of the scat-
picture of Meheu? and the photon diffusion model of Gate tered light that result from single and multiple scattering, and
as well as numerical studies based on Monte Carlo simulacomparing the results to the measured diffuse reflectance and
tions. However, each of these models, as worked out in thtFansmittance. We then identify how the models transform as
literature, involves assumptions that are often not appropriatearameters such as particle volume concentration and par-
for realistic situations. Although systems satisfying each ofticle size distribution are changed. We have chosen to use as
these conditions have been treated in the literature, there apur measured quantities the Kubelka—Munk scattering and
pears to have been no discussion of the complicébed  absorption parameters derived from the diffuse reflectance
realistig situation when all of the conditions apply. and transmittance spectra. In this way we can make contact

The specific example of this regime that we considewith the large, but predominantly empirical, knowledge base
here is the case of films made up of quinacridone pigmeni the coatings industry, where the Kubelka—Munk analysis
particles in a transparent resin, analyzed in the visible lights frequently used. However, these quantities are used simply
range. The pigment and resin are typical of those used i@s @ means of parametrizing the data, and we do not assume
coatings to protect and color the exterior of an automobil¢hat this simple model accurately describes the physical situ-
body (i.e., paint$. Quinacridone has two strong absorption ation.
bands in the near-UV and green portions of the spectrum,
which color the films red in reflection and transmission. Thell. REVIEW OF SCATTERING THEORY
fraction of the total volume occupied by the pigment par-5 e theory
ticles in the films considered here is also typical of those _ ) )
used in the manufacture of automotive coatings. The three ~The exact analytical solution of Maxwell's equations for
conditions listed previously are fulfilled as followg) The  the scattering of an electromagnetic wave from a single
particle extinction coefficienk,arice is in the range 102 spherlg(M|e theory was first presented by Gustav Mie in
<Kparieie< 1 for all but the longest wavelengths in the range.1908_- _ It has.smce been de§cr|bed in great mathematlcal
(b) The size parametex=2man, g\, Wherea is the detail in the Iltgraturg and WI|! not be. further prllcateq
diameter of the particlen is the wavelength of light in here. G|.ven an |sotrop|g, spherlcal particle of arbltrary radlys
vacuum, andheqiumis the index of refraction of the resin at a_md opt|ca_l constants, |Ilum|nat_ed by electromagnetic radia-
\, is in the range 5x<20. (c) The optical densityr= (7 tion of arbltrary Wavel_eng_th, Mie theory_ allows one to cal-
+x)d, where# and y are the single-particle scattering and culate the far-field extinction cross secti@y,;, where ex-

absorption cross sections multiplied by the number densitynction is the removal of light from the incident beam by
of the particles, andl is the film thickness, is in the range absorption and scattering. Absorption is the transformation

4< 7<27. However, a non-negligible portion of the colli- of the incident electromagnetic radiation into excitation

mated incident light is directly transmitted, so that the ratioWithin the particle, and scattering is the redirection of the

of the diffuse to the total transmittan@&y e/ Tiore IS in the incident radiation into a different propagation direction.

range 0.4 T gituso/ Trota< L. These two con.trlbutlons to extlnctlon can bg separately qal-
Our ultimate goal in this project is to be able to predictculated to obtain the absorption and scattering cross sections

the optical properties of the final film, given the optical char-Cabs @1d Csca, With Cex= Capst Csca: For @ nonabsorbing
acteristics of the materials of which it is made, the particleP@'ticle (one with a purely real index of refractipnC s

size, and the fraction of the volume occupied by the par-- 0 @NdCsca=Cext. OF particular interest in this work are
ticles. This prediction could take the form of calculated dif- the volume-normalized scattering and absorption coefficients

fuse reflectance and transmittance spectra, or of calculations@"dK, which characterize the scattering per unit volume of

of easily measured quantities such as the Kubelka—Munk'e Particle:

parameters. The first form is of more fundamental interest, Coca Cabs

while the second is often of more immediate use to practi- S= Tmad) PR 1)

tioners of the art of paint formulation. - &
In our pursuit of this ultimate goal, we have identified

several near-term goals to be achieved along the way. Theherea is the diameter of the patrticle.

first is to explicitly examine the far-field scattering from a In addition to these angle-independent quantities, Mie

single particle in resin, in order to provide a basis for undertheory also allows one to calculate the angular distribution of
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the scattered light. The amount of light scattered into a unition). The scattering within the slice is assumed to be angu-
solid angle about a given direction is the differential scatterdarly isotropic, so that these two fluxes represent an average
ing cross sectio C,.,/dQ), and the angular distribution is over the propagation angles(with the —x direction 0< 6
usually expressed in terms of the angular distribution func<<90° and 96< 6<180°. Solution of the appropriate coupled
tion G(cos#) [most commonly called the phase function differential equations for the two fluxes produces the diffuse
p(cosé) in the light scattering literatuile where @ is the  reflectance and transmittance coefficients, i.e., the fraction of

angle between the incident and scattered light: incident light diffusely reflected or transmitted:
dCqca (1— B?)sinhkd
G(cost)=1zc — 4q @ R= 17 g2 sinhxd + 25 coshrd’ ©
wherek is the wave numbek=2=/\, with A the wave- 28

length of light in the medium. This quantity is normalized so T (4)
that its integral over all space is unity. Also of interest is the

mean free patl# for scattering and absorption by indepen- where

dent particles. This can be calculated from the scattering and K
absorption cross-sections and the number density of particles  g= /*— k=+(K*+2S*).
p using g_l:p(csca+ Capd =7+ x- K*+25°
The Mie calculations assume a spherical particle. The  The Kubelka—Munk model is valued more for its sim-
fact that pigment particles are not perfect spheres has begjlicity and ease of use than for its faithful representation of
shown by finite-element calculations of scattering from parthe actual experimental conditions. The derivation of Egs.
ticles of realistic shapésto cause variations in the scattering (3) and (4) assumes that the light incident upon the slab, as
parameter and angular distribution of the scattered light ofye|l as the light in every slice within the slab, is totally
the order of 6% or less i diffuse (i.e., has no angular dependencehe more realistic
case of a collimated light source is addressed by the so-called
extended Kubelka—Munk model8.
The Kubelka—Munk model also assumes diffuse radia-
A very wide variety of multiple-scattering models and tion within each slice, which for collimated illumination will
techniques have been developed over the long history of theot be the case, at least in the upper slices of the slab. Some
field, particularly in astrophysical and atmospheric contextsmodels therefore incorporate more than two radiation fluxes,
These methods have been reviewed and tabulated in thend allow the scattering and absorption parame®rand
comprehensive work by van de HulStThat author in 1980 K* to vary with depth. Early three-flux models, such as that
began with a single-particle scattering functi@ften in sim-  of Rydé’ included a collimated component in the forward
plified form) and developed a multiple-scattering result toflux. More elaborate four-stredfh'® and many-streatfi®
compare with observations. Throughout that work, and thamodels have been developed, as well as models that take into
of virtually every author in the field, the particles are as-account variations in scattering with depgthFor large opti-
sumed to be in one another’s far field, i.e., their radiationcal depths and low absorption, the photon diffusion
fields are assumed to be independent, thereby permitting thteeory**?*?2has proved useful.
addition of field intensities rather than amplitudes. While this  All of these models can be useful within their ranges of
assumption is usually valid in atmospheric research, it is notalidity. However, these ranges often do not encompass the
fulfilled in concentrated particulate dispersions such as paintactual experimental conditions, such as high absorption and
and coatings. One multiple scattering model, the Kubelka-high volume fraction occupied by particlégarticle volume
Munk or “two-stream” model, is a simple approach to ra- concentration Also, the parameters of the models may be
diation transfer in the presence of multiple scattering that iglifficult to relate to the actual optical characteristics and con-
widely used in the pigment and paper industries. The modetentration of the particles and medium that make up the
has been described extensively in the literafiaad only the  films.
salient features will be mentioned here. A homogeneous slab  Our approach in this work is to work within the simplest
of thicknessd (with lateral dimensions that are effectively of the modelgthe Kubelka—Munk modgland to use it as a
infinite) is divided into slices of infinitesimal thicknesk, means of parametrizing our experimental data. That is, we
cut parallel to the slab surface, which are characterized bwill extract values oK* andS* from the diffuse reflectance
identical absorption and scattering parametetfs and S*. and transmittance data, and see how these parameters vary
(The reader should note that this is not the usual notation foamong different films. In so doing, we provide a way to
these quantities, but is here adopted to distinguish them fromelate the measured scattering properties of these realistic
similar quantities produced by the theoretical calculations.films to the detailed physical characteristics of the compo-
These empirical coefficients are not necessarily related iment materials and microstructures. In contrast to the stan-
any direct way to the optical properties of the materials thatlard development of radiation transfer analysis, in which the
make up the slab. Diffuse, monochromatic light is incidentoptical properties resulting from a particular set of assump-
on the slab in the-x direction (normal to the slap The tions about the single scattering characteristics and the ap-
radiation flux within each slice is divided into a forward flux propriate multiple scattering model are calculated and com-
i (in the —x direction and a backward fluk (in thex direc-  pared with experimeri we will begin from the single-

~ (1+ g% sinhkd+ 2 coshkd’

B. Kubelka—Munk
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scattering properties of the particles and the measured optice¢ference, 4.7%, 8.4%, and 13.8%. The total transmission
properties and extract a multiple scattering function, using direct+diffuse) at 650 nm was in the range 56%—79%, de-
the Kubelka—Munk formalism as a parametrization methodpending on the PVC.
To be useful, this approach requires only that the parameters Measurements of total and diffuse reflectance and trans-
we extract vary in a systematic way with variations in themittance were made of the films using a Labsphere model
fundamental physical characteristics of the films. The estabRSA-PE-19 reflectance spectroscopy accessmitggrating
lished knowledge base of Kubelka—Munk analyses of reaspherg attached to a Perkin-Elmer Lambda 19 UV/VIS/NIR
films gives confidence that this is the case. This approach hapectrophotometer. The instrument is a dual-beam one, and
the advantage that it does not require the very limiting asuses a halogen lamp for illumination at wavelengths longer
sumption of independent scattering. This makes it particuthan 319 nm and a deuterium lamp at shorter wavelengths.
larly useful for real films. Data were acquired over the wavelength range 250—850 nm,
and were referenced to a normalized background. The scan
rate was 60 nm/min, and data were taken at 1 nm intervals.
The nominal bandpass was 2 nm, corresponding to an actual
The scattering and absorption cross sections for a singlspectral bandwidth ranging from 2.02 nm at short wave-
500-nm-diam quinacridone sphere embedded in acrylic resitengths to 1.69 nm at long wavelengths. For transmittance
were calculated in the Mie theory using tBemIE computer measurements the light was normally incident on the back
code by Bohren and Huffmafi.Calculations were carried side of the quartz substrate, so that it passed through the
out for wavelengths in the range 250-850 nm at 10 nm insubstrate before encountering the film, and a quartz blank
tervals using the appropriate values for the optical constantwithout film was placed in the reference beam. For reflec-
of the particle and the medium. Because Mie theory involvesance measurements the light was incident directly on the
an extrapolation to the infinite far field, the medium is as-film at an angle of 8° to the film normal. Light which exited
sumed to be nonabsorbing. In the present case this is &he substrate on the back side entered a light trap and was not
excellent approximation for wavelengths longer than 300eflected back into the film. All measurements were made
nm. The optical constants of the quinacridone as a functiomnder ambient conditions.
of wavelength were kindly provided by Dr. P. Bujard of Ciba For measurements of diffuse reflectance and transmit-
Specialty Chemicals. The optical constants of the acrylidance, the specularly reflected or directly transmitted light
resin were obtained from spectroscopic ellipsometry meawas removed from the signal by placing a light trap at the
surements performed by M. F. Lemon of DuPont. The rela-appropriate position on the integrating sphere. In the trans-
tive refractive index(index contrast m=nagicie/Nmegium ~ Mittance measurements the trap removed the light from a
ranges from approximately 1.3 to 1.8 over this wavelengticone of half-angle~4.2° around the directly transmitted
range. The Mie size parameter 2manqqiu/ A, Whereais  beam, and in the reflectance measurements the cone removed
the diameter of the sphere, ranges from 19.9 to 5.4. Théad half-angle~7.0° around the specularly reflected beam.
particles are therefore not small compared to the wavelength
(in which case Rayleigh theory would applor are they
large enough to be in the regime of geometrical optics. IrB. Data analysis
order to examine the angular distribution of the scattering,
calculations of the angular distribution functi@h[Eq. (2)]
were also made using theETAB program?>

IIl. CALCULATION TECHNIQUES

In order to extract scattering and absorption parameters
from the measured diffuse reflectance and transmittance, a
parametrization based on the Kubelka—Munk or two-stream
model was used. The measured spectra were fitted at each
IV. EXPERIMENT wavelength to Eqs3) and(4) with the Kubelka—Munk pa-
rameterK* andS* as the fitting parameters. The fitting was
performed using therRAMS/32 software from Galactic Indus-
The samples were prepared by D. E. Spahr of DuPontries Corp., together with the programRsviunk, GFIT, and
Automotive ProductgPhiladelphia, PA The base resin was GFiT-s provided by Deconvolution and Entropy Consultitig.
an acrylic resin, including dispersant, crosslinker, and solThe KMUNK program uses simplex optimization to search for
vent. The particles were quinacridone,§8,,N,0,), Cin-  the scattering and extinction coefficier® andK*, fitting
quasia Magenta RT-143-D from Ciba Specialty Chemicalsthe Kubelka—Munk equatiof&qgs.(3) and(4)] to measured
The as-received pigment particles were mixed in the liquiddiffuse reflectance and diffuse transmittance spectra. The
resin, and the resulting dispersion was ground for 30—60 mimlownhill simplex method of Nelder and Me&dvas modi-
in a media mill. The slurry was then drawn by hand into afied to computeS* and K* as wavelength-dependent vec-
continuous film, using a 3@m (1.5 mil) blade. The film was tors, and to restart with new vertices after the first conver-
baked at 121 °@250 °H for 30 min to evaporate the solvent. gence to mitigate the effects of collinearity.
The substrates used were 0.090-in.-thick Viosil fused quartz The parameterK* andS* obtained from the data were
plates from DuPont PhotomagRound Rock, TX, manufac- then related to the absorption and scattering coefficiknts
tured by Shin-Etsu Chemical Co. The films were dried undeand S obtained from the theoretical calculations through an
ambient conditions and the final thicknesses ranged fronnterpretation suggested by Brinkwofthand Mudgett and
10.3 to 15.3um. The particle volume concentratio(RVC9 Richardst® This interpretation results from a comparison of
of the final films were 0%for the pure resin film used as a the two-stream Kubelka—Munk model and a more accurate

A. Samples and measurements
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many-stream model. Mudgett and Richards found that théorward-peaked and coefficients up lte=22 are needed to
Kubelka—Munk absorption parameté&™* correlated well represent the angular distribution accurately, especially at
with the cross section for absorption per unit voluK@c-  shorter wavelengths. We then used the progeam_s to fit
cording to the Kubelka-Munk scattering coefficieBt as expressed in

K* — 2K ) Eq. (9) to the Mie single-particle scattering coefficiehaind

' the Legendre coefficient$ag(\),...,a (N\)} output from

From the same analysis, the Kubelka—Munk scatteringsFiT. The calculatedby,...,b,} coefficients are assumed to
parameteS* is related to the cross section for scattering perbe independent of wavelength.
unit volume of the particlés by means of the angular distri- The normalization of the angular distribution given in
bution of the scattering. There are two contributions to thisEq. (2) requires thata,=1/4w. Mudgett and Richard®
angular distribution. The first is the anisotropy of the scatternoted that for a variety of phase functions in which forward
ing from a single particle, which is obtained from the Mie and backward scattering were of equal intensity, a good fit to
theory. The normalized scattering angular distribution functhe two-stream calculation could be obtained using only one
tion G(cos#) can be expanded in Legendre polynomials:  additional terma,, with by=—b,=3/8. This leads to

3

- a
G(cosf) = ZO a, P,(cos6), (6) S*=7 !

ap— ?

whereP,(cosé) is the Legendre polynomial of order ~ However, in the case considered here, the phase function is

The coefficientsa,, depend upon the size parametetand  dominated by forward scattering and we should not expect
thus on the wavelength the same result. The correspondence between the two-stream
The second contribution to the angular distribution arisegKubelka—MunK and many-stream models, from which Eq.
from multiple scattering, i.e., from the varying angles of in- 10 is obtained, was excellent in the cases considered by
cidence of the light on each particle in the film, resultingMudgett and Richards for which the ratio of the absorption
from scattering in previous layers of the film. The direction Cross section to the scattering cross sectiof§, was 10°°
of incidence, which is perpendicular to the film surface in theor less. This same relationship between the scattering coef-
upper |ayers of the fi|n‘(since the Scattering is Strong|y ficients S* and S can be derived from the phOtOﬂ diffusion
forward-peakel will become more random as light is mul- model;?° which also assumes thit'S is small. However,
tiply scattered in passing through many layers. The result ofh the case considered hete/S is not small, being between
this depth dependence is difficult to model in detail, but carP-05 and 1.25 for wavelengths shorter than 650 nm. In cases
be approached by the use of a functiBicosd) which is ~ WhereK/S equaled or exceeded 18 Mudgett and Richards
also expanded in Legendre polynomials: found that the two-stream model underestimated the trans-
mittance by several percent or more compared to the many-
stream model. We have taken the approach of fitting(BQg.
to our data to obtain the values Iof which best describe the

This function is intended t the effects of Ireal measurements and the film microstructure, and then ex-
IS Tunction 1S Intended o encompass the efiects ot mu amining the behavior oF (cosé) and the coefficients as a
tiple scattering that arise from the film microstructure, i.e.

. S s . ~’function of particle concentration and grinding time.
the location of the individual scatterers within the film, their P 9 9

interaction with one another, the volume concentration of the

scatterers, and the thickness of the film. The Kubelka—Munk/- RESULTS
scattering coefficien§* can then be expressed as the con-a. Mie theory
volution of these two angular functions:

S. (10

F(cos6) =mE=O bP (COSH). 7

The Mie theory calculations fo andK (the scattering
and absorption cross sections per unit volume of pajtaie
shown in Fig. 1. These are calculated for a single, isolated

article, and are determined by the optical characteristics of
he quinacridone and the acrylic resin. The quinacridone ex-

S* =Sfl F(cosf)G(cosh)d(cosh). (8)
-1

From the properties of Legendre polynomials it can then b

shown that tinction coefficient has two pronounced peak&pafice
“. 2ab, ~0.8) at~300 nm and at-550 nm, the latter being a double
s =S|ZO I+ 1 (9)  peak. The extinction coefficient has a minimum at 400 nm,

and is negligible forA>600nm. The index contrash for

The coefficientsa, can be obtained using the Mie theory for quinacridone in resin rises sharplyXamcreases from 250 to
the phase function, by fitting the angular distribution derived300 nm, and then declines to its original level\amcreases
from a program such asiETAB? to a sum of Legendre to 500 nm. There is another peakrmat 575 nm, and then
polynomials. To do this we have used the programr, another gradual decline at higher wavelengths.

which expand$s(cosé) in Legendre polynomials of order O The first feature to be noticed in the Mie calculations
to L. The output is a set df +1 wavelength-dependent ex- that result from these optical constants is a pronounced peak
pansion coefficientéag(\),...,a (\)}, whereL, the highest in S and corresponding dip iK, at approximately 400 nm.
order of the expansion, is chosen by the user. For the rangghis is precisely the region in which the absorption in bulk
of size parameters considered here, the scattering is sharpiyinacridone is at a minimum, and the extinction is domi-

Downloaded 21 Dec 2000 to 134.105.248.68. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.



288 J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 L. E. McNeil and R. H. French

N
F-N
-
o

-
N
)
N
N
1

-
o
"
-
(=]
L

@
1

Sand K (um™)
[e 9]

Diffuse reflectance (%)

H
1

T T T T T T T T T T T

250 3é0 4&0 530 630 750 850 250 300 350 400 450 500 550 600 650 700 750 800 850

Wavelength (nm) Wavelength (nm)

60

FIG. 1. Scattering coefficien® (solid line) and absorption coefficiert
(dotted ling for a 500-nm-diam quinacridone sphere calculated using Mie (b)
theory. The inset shows a polar plot of the angular distribution of the scat-
tering for A =500 nm.
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nated by scattering. There is a second peaRéah about 700

nm, a region in which the absorption of bulk quinacridone is

again very small. At longer wavelengtt remains negli-

gible andS falls off steadily. The index contrash declines

steadily in this region. In the region of the second peak in the

quinacridone absorption, 475 rmA <600 nm, S andK are

approximately equal and both contribute to the extinction. 10 -

This is also true in the region below 350 nm, but here the .

assumption that the matrix is nonabsorbing is less valid. 0 L ’.'\." N
The angular distributions of the scattering at various 250 300 350 400 450 500 550 600 650 700 750 800 850

wavelengths are all strongly peaked in the forward direction,

as is expected for size parameters in this raisge the inset

to Fig. 1). Even for the most angularly isotropic scattering, atri. 2. Measured diffuse reflectance and transmittance for films of PVC

the longest wavelength, only 7.4% of the scattered light is=4.7% (solid line), 8.5%(dotted ling, and 13.8%dashed ling (a) Diffuse

directed into the backwards hemisphere, and for shortefflectance(b) Diffuse transmittance.

wavelengths the fraction is even lower. The average cosine

of the scattering angle is in the range 0<6@0s6)<0.91 for

all wavelengths. The presence of absorption has a significant

effect on the angular distribution of the scattering, causing ithere are significant differences. This is to be expected since

to be Iess_ strongly peaked in the f_orward direction than 'tthey are not defined in the same way.

would be in the absence of absorption.

Diffuse transmittance (%)
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In the short-wavelength region where the extinction co-
efficients of the quinacridone and the medium rise sharply
(the quinacridone extinction coefficient being two orders of
magnitude larger than that of the resithe transmittance

Figure 2 shows the measured diffuse reflectance andata for the different sampld$-ig. 2(b)] show essentially
transmittance as a function of wavelendth vacuum for  zero diffuse transmittance. The calculationskof and S*,
the three films of different PVC. The regions of very low which require nonzer®, are unreliable in this region and the
reflectance and transmittance between 500 and 600 nm awmadlues are not shown. Similarly, for the highest PVC, there is
below 350 nm correspond to the wavelength regions oh zero-transmittance region in the range 486GHhm
strong absorption in the quinacridone particle. The pure resirc590 nm. From Eq(4) it can be seen that botR and T
without quinacridone particles, which was also measured, ismall corresponds t* large andK*/S*>1. In this casel
essentially transparerjexcept at the shortest wavelengths approaches zero ab~exp(—K*d), and R as R~S*/2K*,
and shows negligible diffuse reflectance and transmittance.independent of the film thickness In this wavelength re-

The values oK* andS* displayed in Fig. 3 bear some gion S* increases with PVC, as does the reflectance. Thus
resemblance to the coefficients derived from Mie theory, buthe diffuse reflectance and transmittance in this region are

B. Experiment
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dominated by absorption, though the scattering has a minoi _
effect onR. e

Throughout the measurement range, the diffuse reflec- ?6000 ]
tance and transmittance are dominated by absorption rathe ¢
than scattering.K* follows the quinacridone absorption
closely, but even at wavelengths where the absorption coef:
ficient is at its minimum, the rati&* /S* is larger than 2 and
at some wavelengths is as high as 150. The scattering paran
eterS* tends to decline where the index contrastioes, due
to the reduction in the efficiency of the scattering.

In the wavelength region >600 nm, in which scatter-
ing is relatively important K*/S*=2),S* has a maximum
immediately above 600 nm and declines thereafter. It is of
particular interest to note that the valuesS3f derived from
R and T for the PVC=8.4% and the 13.8% samples are 0 ——
essentially identical in this wavelength range. The saturation 250 300 350 400 450 500 550 600 650 700 750 800 850
of S* with PVC is a particularly interesting effect. In a film
of sufficiently low concentration, in which single scattering
predominates, the absorption and scattering parameter g0
would be expected to be proportional to the concentration of
the particles. In that cas€*/S* would be independent of
concentration. In these films, this is true only in the wave-
length regions around 400 and 625 nm wh&r&/S* has
local minima. For 500 nm particles, the average distadnce
between particle surfaces is 885 nm for a PVC of 4.7%, 642
nm for 8.4%, and 468 nm for 13.8%. The wavelength of light
in the medium ranges from 157 to 584 nm in the measured
range, so the average surface-to-surface spacing is at most
few wavelengths even for the lowest concentration and
smallest wavelength. In the range-600 nm, the surface-to-
surface spacing is two wavelengths or less. At this distance
the interactions between the radiation fields of adjacent par-
ticles become important. Gargtal??> and Thiele and
French* have observed correlation effects when the interpar-
ticle spacing becomes comparable Xp leading to an in-
crease in transmission as PVC is increased in concentrate Wavelength (nm)
dispersions. Similar effects were observed by Killey and , _

Meeten?’ in which the imaginary part of the refractive index ELG' 8. Kubelka—Munk absorption parametét and scattering parameter
. . ~ ) for films of PVC=4.7% (solid line), 8.5% (dotted ling, and 13.8%

of the dispersion reached a maximum as a function of Vol(dashed ling The gaps in the data result from saturatiés. Absorption

ume concentration of particles and then decreased as tiparameteK*. (b) Scattering parametes*.

PVC was increased further. This was explained as resulting

from the effect of neighboring particles on the scattering of a

particular particle. Ishimaret al?! observed a similar effect, shown in Fig. 2K* has been divided by two for comparison
in which the measured total scattering cross section degiiy the Mie calculation, as described previously. Also
creased as the particle density increased. The diffuse reflegpqwn in the figure is the Mie calculation from Fig. 1, scaled
tance curves for the PV€8.4% and 13.8% samples are al- by the PVC of the film. The agreement between the two is
most identical at long wavelengths, and all three diffus€aiher remarkable considering the deficiencies of the
transmittance curves cross at approximately 700 nm. HOWg,helka—Munk model in describing the actual experimental
ever, even at short wavelengths, where the surface-to-surfagg jitions. In particular, it is worth noting that in the
spacing ranges from. three tp more than five waveleng.ths iRubeIka—Munk modelK* = 2K is to be expected if the flux
the medium,K*/S* is not independent of concentration. i, the scattering medium is perfectly diffuse. Given the
Thus even at these larger spacings, the particles cannot hgqongly forward-peaked scattering from isolated particles in

considered single scatterers and multiple scattering effecigyis regime, and the fact that the transmission is not entirely

must be considered. diffuse, it is perhaps rather surprising that the relationship
holds as well as it does. This gives confidence that the pa-
rameterization of our data that we have chosen is correlated
with the physical realities of the films. It is clear that the

Figure 4 shows the Kubelka—Munk paramefér calcu- dominant influence on both curves is the absorption spec-
lated from the diffuse reflectance and transmittance spectrisum of the bulk quinacridone.

4000 -

2000 -

Kubelka-Munk absorption paramete

Wavelength (nm)

400 - \I

300

200

100 A

Kubelka-Munk scattering parameter S* (cm')

0 T T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800 850

VI. DISCUSSION
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FIG. 4. Kubelka—Munk absorption paramet€t/2 (solid line) and Mie
absorption coefficienK (dashed ling scaled by the PVC. The gaps in the
data result from saturatioa) PVC=4.7%. (b) PVC=8.5%. (c) PVC
=13.8%.

In an effort to gain further insight into the role of single-

L. E. McNeil and R. H. French

1.0

Ry (Mie)

0.8 -

0.6

0.4

Normalized reflectance
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Wavelength (nm)

FIG. 5. “Mie reflectance”Ry, calculated from Eq(11) (solid line) com-
pared to measured diffuse reflectance of films of PAAC7% (dotted line,
8.5% (dashed ling and 13.8%dot-dash ling All curves are normalized to
their maximum value.

each wavelength and integrating it over the backward hemi-
sphere (- 1<cos#<0). This quantity was then divided by
the integral ofG(cos#) over all space, multiplied by the
scattering efficiencyCe/ m(a/2)? (Wherea is the particle
diametey to account for the variation of the total scattering
with wavelength. This was in turn multiplied by the albedo
Cqca/ Cext to account for absorption. The resulting “Mie re-
flectance” Ry, is thus

Jo'G(cosh)d(cosf) Cea Coca
/1 G(cosh)d(cosh) m(a/2)? Cey’

The variations with wavelength of the three factors are
roughly similar in shape. Figure 5 show, and the mea-
sured diffuse reflectances, all normalized to their maximum
values for purposes of comparison. The resemblance is strik-
ing, and emphasizes that for the films considered, the domi-
nant factor in the variation of the reflectance with wave-
length is the single-scattering characteristics of the pigment
particle. The influence of multiple scattering can be seen in
the variation with PVC. The diffuse reflectance for the low-
est PVC is the most similar t&,,, both in the relative
heights of the two peaki@t 400 and 650 ninand in the rate

of decrease of the reflectance with wavelength above 650
nm. As PVC is increased, the scattering at large wavelengths
is disproportionately enhanced: the 650 peak becomes com-
paratively more prominent, and the decline in reflectance at
large wavelengths becomes more gradual. With increasing
PVC, multiple scattering becomes more important in deter-
mining the diffuse reflectance and transmittance.

Also of interest is the mean free pathand the optical
thickness of the filmr for independent scatterers. For the
lowest PVC(4.7%, ¢ is in the range 1.am<§<3.2um,
with the largest values of occurring at wavelengths for

RM:

(11)

and multiple-particle scattering phenomena, a “reflectance’which the absorption is small. This value is larger than the
was calculated in the Mie model. This was accomplished byaverage surface-to-surface spacln@f the particles at this

first calculating the angular distribution functi@cosé) at

concentration,L=0.9um. The transport mean free path,
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—e— 47% A { FIG. 7. Multiple-scattering backscattering fractii, (see the tejtvs
800 (b) o 8.4A% / \ PVC for two different grinding times. The grinding time for the B grind
—v— 13.8% \ (dotted ling was longer than for the A grin¢solid line).
600 . . e .
we have only one value d8*/S. Since there is an infinite
— number of sets ob, which satisfy Eq.(9) at any one wave-
2

length, it was necessary to constrain theo be the same at
all wavelengths. This mathematical restriction is not an un-
reasonable approximation from the physical point of view, as
the arrangement of the particles in the film is of course the
same for all wavelengths. As is to be expected of a function
built from a finite number of Legendre polynomials( 0) is
oscillatory in character. Note that a physically reasonable
F(6) need not be positive at every poifinlike G(6),
which represents an irradianicewWhile S* is necessarily
Coefficient number positive definite, the definition in Eq8) does not require
FIG. 6. Multiple scattering functiofr(6) and absolute value of Legendre th.at.F(G) be so as long as |ts.(_:onvolut|or.1 WI@(B) IS.
coefficients|b,| (see the textfor films of PVC=4.7% (solid ling), 8.5%  Similarly, theb, need not be positive. What is striking about
(dotted ling, and 13.8%dashed ling (a) F(6). (b) |by|. F(6), as seen in Fig. @), is the fact that it is strongly
peaked a®=180°, i.e., backward scattering. This is exactly
what would be expected from a function embodying the ef-
conventionally defined aséy..=&/(1—{cos#)) (where fects of multiple scattering, since it is that contribution which
(cos#) is the average value of the scattering aphgdesmaller  takes the strongly forward-peaked scattering from the indi-
than the film thickness for all but the shortest wavelengthsvidual particles and directs it into the backward hemisphere,
For the 4.7% film &,.nsiS less than the film thickness for all to emerge as diffusely reflected light. Further, the predomi-
wavelengths larger than 300 nm. As the PVC is increasedance of the peak at 180° increases as the PVC increases.
and multiple scattering increases, the mean free path d&he more numerous the particles are, the more effective the
creases. For the 8.4% film, QBn<¢(<1.8um and L film is at diffusing the incident collimated light.
=0.6um, and for 13.8% 0.nm<é<l.lum and L These characteristics &f(6) can be seen in a different
=0.5um. At this PVC¢,,sis less than the film thickness at way by examining Fig. ). Here the absolute values of the
all wavelengths. Thus for the larger concentration of parlegendre coefficienty, are shown for the three PVCs. In
ticles, the average interparticle spacing becomes comparabteder to produce a functioR () that has sharp variation in
to the mean free path, and it is reasonable to expect that trengle, i.e., one that is strongly peaked at a particular angle
assumption of independent scatters will become invalid. A{180° in this casg significant contributions from Legendre
the same time, the transport mean free path remains smallpolynomials of high ordeflargel) are required. Thus the
than the thickness of the film. magnitude of the higher-order coefficients is larger than that
The result of the deconvolution & /S is shown in Fig.  of the lower-order ones, especially for larger PVC. Figure
6. Figure &a) shows the multiple-scattering functiéi{#) vs  6(b) also demonstrates that Mudgett and Richar@sap-
6. Although in principleF () will be different for different  proximation incorporating only the first two Legendre coef-
wavelengthglike G(6)], experimentally we are limited to a ficients is not adequate for cases in whil{6) is highly
single “average”F(#) by the fact that at each wavelength anisotropic.

400 -

200 4
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14 F(6), especially at angles above 90%., in the backscatter-
~—— A-grind / ing range. These changes result in a decreasd-jg at
124 ... .. B-grind each PVC with increased grinding time, as shown in Fig. 7.

The trend with PVC remains the same, however.

In order to understand this change with grinding time,
we first recall that the comparison of the measured reflec-
tance with the “Mie reflectance Ry, showed that the effects
due to multiple scattering were most pronounced in the
wavelength regions near 400 nm and above 650 nm where
the spectra are not dominated by absorption. If the primary
effect of the increased grinding time were to decrease the
most common patrticle size, we would expect to see a shift of
the sharp edge near 600 nm toward lower wavelengths,
which is not observed. As seen in Fig. 5, this feature is

=y
[=]
L

Diffuse reflectance (%)
[+ ]

0 -— attributable to single-particle effects, in particular to the
250 300 350 400 450 500 550 600 650 700 750 800 850 sharp decrease in the extinction coefficient of the quinacri-
Wavelength (nm) done. A decrease in the particle size from 500 to 400 nm

would shift this feature down in wavelength by 25 nm, which
E,:IG-dsﬁ Me":‘SUTeg_ diﬁtlﬂse regﬁ‘:ta”f’%,for tt}"’o ff“mfhWig‘ P?‘/?E’% al‘”d is not observed. The primary effect of extended grinding
than for the Agg?in'g_g imes. The grinding ime for fhe = grind was 1onger time must therefore be on the particle size distribution, i.e.,
the “tail,” and not on the dominant particle size. Typical
pigment particle distributions contain an extended ‘“coarse
The predominance of backward scatteringFify), and  tail” of particles of much larger size than the average, and
its dependence on PVC, can also be seen by examining tlextended grinding breaks up the large particles and increases
total contribution to the backward scattering. In a spirit simi-the number of the averader near averagesize particles as
lar to Eq.(11), this can be done by integrating the deviationwell as the number of smaller particlg¢sfines”). If, for
of F(#) from zero, i.e., its absolute value, over the angularexample, the grinding were to break up af-diam particle
range 90% #<180°: into eight 500 nm particle&conserving particle volumethe
0 fractional decrease in the numbBl,,,. Of large particles
baCk:f;1|F(COS(9)|d(COS(9). (120  Wwould be larger th.an the f.ractional i?\crease in the number
J-1|F(cos6)|d(cosb) Nae Of average-size particles as long &&ye>8Njage,

Since the multiple scattering function is responsible for redi-\Which is typical for such a distribution. The increaseNg

recting the strongly forward-scattered light into the backwardVould be expected to increase the multiple scattering, much
hemisphereE ., would be expected to be larger than 0.5 for as would an increase in the film th|pkness. However, the
a film with significant diffuse reflectance, and to increaseMeasured reflectance shows that this effect is counterbal-

with PVC. This is indeed the case, as can be seen in Fig. 2nced by the effect of the reduction in the number of larger
It is clear from the preceding that this form of analysis,partides' Mie calculations show that the maximum in the

in which the single-particle and multiple-particle contribu- SCattering per unit volumes) of quinacridone for 550 nm
tions to the Kubelka—Munk scattering parame3&rare con- light oc.curs fqr a particle diameter of 230 nm,_ ddeclines
sidered separately, is successful at giving results which arEom this maximum more steeply at smaller diameters than at
amenable to physical interpretation. To see if these interprd@9€r ones. Thus under these conditions, breaking up a large
tations can be extended beyond the particular samples witR2'ticle into smaller ones, and thereby moving the particle
which they were developed, we now consider a set of relateff®M Superoptimal to suboptimal size, reduces the total scat-
films. These films were prepared in the same fashion anffing even though the number of particles is increased. For
with the same PVCs as the set analyzed previously, but wit§<@mPple, breaking a &m particle into particles of diameter

an extended griding time. The grinding of the partietesin 84 nm or smaller while malntalnlng the same particle volume
slurry serves primarily to de-agglomerate clusters of particled/ould decrease the total scattering, due to the much smaller
that occur due to van der Waals interactions, rather than tg Of the smaller particles. Particles closer to the average size
reduce the size of the individual particles that make up thdveuld not need to be reduced to such small diameters in
agglomerates. The diffuse reflectance and transmission spegtder to reduce the scattering: The scattering of 550 nm light
tra of these films were similar to those of the first set, withT0M @ 750 nm particle would be reduced if it were broken
the most noticeable differences being a slight increase in UP into particles of diameter smaller than 95 nm. Thus the
with extended grinding time in the 350—450 nm range, and 48duction in the multiple scattering produced by extended
more significant decrease Rin the \>620 nm range. The g_rlndlng can be explained as the result of a_reduc_non in the
diffuse reflectance spectra for the 8.4% PVC films are comdiameter of the larger particles to below optimal size.
pared in Fig. 8. When these films are subjected to the same
analysis as the first set, using the same functi@fg), the VII. CONCLUSIONS

results are quite similar, as would be expected. However, In this work we have developed a method that begins to
there are small changes in the amplitude of the oscillations ibridge the gap between the fundamental physics of the scat-
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