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The existing theories dealing with the evaluation of the absolute coagulation rate constant by turbidity measurement
were experimentally tested for different particle-sized (raéius) suspensions at incident wavelengthyranging
from near-infrared to ultraviolet light. When the size paramater 2ra/l > 3, the rate constant data from previous
theories for fixed-sized particles show significant inconsistencies at different light wavelengths. We attribute this
problem to the imperfection of these theories in describing the light scattering from doublets through their evaluation
of the extinction cross section. The evaluations of the rate constants by all previous theories become untenable as the
size parameter increases and therefore hampers the applicable range of the turbidity measurement. By using the
T-matrix method, we present a robust solution for evaluating the extinction cross section of doublets formed in the
aggregation. Our experiments show that this new approach is effective in extending the applicability range of the
turbidity methodology and increasing measurement accuracy.

I. Introduction To improve the applicability of the turbidity measurement, in
this study the T-matrix methd®™3 is proposed to accurately
calculate extinction cross sections of real doublets in the turbidity
measurement. In addition, we describe a special experimental
approach using different particle-sized (raditig) suspensions

at incident wavelengthsi) ranging from near-infrared to
ultraviolet light to expose the physical nature reflected in the
turbidity measurement and to examine the performances of
different theoretical approaches. Our experiments show that the
rate constants derived from all previous theories become untenable
s the size parametar & 27a/l) increases. In contrast to these
existing theories, the T-matrix method provides a robust solution
thatis effective in extending the applicability range of the turbidity
methodology and increasing measurement accuracy.

Knowledge of the stability and coagulation kinetics of colloidal
systems is crucial for various applications in chemical, food,
pharmaceutical, and material industries, environmental engineer-
ing, biotechnology, and nanotechnology. The absolute co-
agulation rate constant is an important parameter used to
characterize the coagulation kinetics of colloidal systems, and
accurate experimental data are particularly important for the
development of relevant theories or for deriving information
about colloidal interactions. To determine the absolute coagulation
rate constant of suspensions, the turbidity measurement has bee
extensively adopted® because of its simplicity and easy
implementation.

However, to determine the absolute coagulation rate by the
turbidity measurement, the difference between extinction (or
attenuation) cross sections of one doublet or dimer (two adhered ] )
particles) and of two single particles has to be evaluated from !N the earliest stage of the coagulation process for a
theory. For spheres, the extinction cross section can be calculatednonodisperse colloidal system, only collisions of single particles
exactly from Mie theory. However, for hard sphere particles t0 form doubles need to be considered. Therefore, the change
(e.g., polystyrene latex) considered in our study, the doublets arein particle number concentration can be approximately expressed
not spherical, so it cannot be calculated exactly by Mie theory. as
Also, the existing theories used to calculate the extinction cross

II. Theory

sections of doublets for treating the turbidity measurement are (le) = —K.N.2 1)
valid only for small particles. Thus, until now the application of dt /=0 i
this methodology has been limited to suspensions of small )
particles? (dNZ) ki N, @
- dt =0 2
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in turbidity due to the aggregation of single particles can be ofits great capabilities in accurately computing electromagnetic

written as scattering by single and compounded particles without a size
limit.
dr dN, dN, 3 In the T-matrix method, both incident and scattered electric
ot~ Yt 2t @) fields are expanded in a series of vector spherical wave functions,

and the scattered field coefficients are related to the incident

Combining egs 1, 2, and 3, the coagulation rate constant canfield coefficients by means of the so-called transition matrix (or
be connected to the rate of turbidity change in the turbidity T matrix). Fromthe transition matrix, the extinction cross sections

measurement by the following equation of single particles and doublets, and thus the optical fafor

can be calculated without additional assumptions that Mie theory
[d(z/7,)/dH] and RGD theory use. An outline of using the T matrix to evaluate
0 0 . . . . . . .
kn=——<rc— (4) the extinction cross section is described in the Appendix. A more
[(C5/2C)) — 1IN, comprehensive discussion of the technical details and calculated

data of the optical factor for a range of particle radii and incident

whererg is the turbidity at the coagulation starting tirhe= 0. light wavelengths will be presented in a separate publication.

Assuming the denominator in eq 4 can be taken to be a constant,

the coagulation rate will be proportional to the quantky= IIl. Experimental Section

[d(z/To)/dt]o, the relative rate of turbidity change. ThuR)| is

usually used to represent the relative coagulation rate. The Three types of polystyrene latex particles with a density1.05
dimensionless parametEr: [(CZ/ZCI) — 1] |S referred to the g/Cn’?_wel’e used in this Study. The pal’ticle radii 'Used in the
optical factorRcan be obtained from the turbidity measurement, €xPeriments ar@=170, 250, and 500 nm (306@000 series product

but the optical factor has to be calculated by means of light from Duke Scientific Corporation). The initial particle number
scattering theory. concentration of the stock solution was determined according to the

. . . . . particle size and dry weight of the dispersions of a certain amount
The calculation of the optical factor isinvolved inthe evaluation ¢ the sampling soiution. The estimated error associated with the

of extinction cross sectio.ns for single particles and doublets. hnumber concentration is about 10%.
Becayse the light scattering from a sphere can Iqe well splved A UV —vis dual-beam spectrophotometer (Purkinje TU-1901,
by Mie theory, the key problem is how to describe the light pggjjing) was employed to measure the coagulation rates of all of the
scattering correctly from doublets of two hard sphere particles |atexes. A computer was connected to the instrument to collect data.
through their evaluation of the extinction cross section. All results presented below are the values averaged over five
Lichtenbelt et aP.compared different theoretical approaches independent experiments.
to acquire the optical factor and made some modification to the  Before the measurements were started, the containers for the
theories to improve their performance. These theories include electrolyte and latex solutions as well as the sample cells were cleaned
RGD theory, Mie theory with the coalescing assumption of with achromium sulfuric acid solution in order to eliminate organic
supposing two coagulated particles form a spherical doublet with Materials. The use of any detergent-based cell-cleaning solution
the same volume, RGD with the coalescing assumption, andWas avoided because the coagulation rate constant is sens_ltlve tothe
corrected RGD theor§In short, we will refer to them below as presence of trace amounts of surfactants. Water was obtained from

RGD(real), Mie(coalescence), RGD(coalescence), and RGD_ag/ion-exchange apparatus, and the conductivity is lower than 0.5
y ! ' uSlcm.

(corrected), respectively. RGD theories are based on the theory . o
of Rayleigh scattering and are therefore applicable only to small The experiments were performed at a temperatuie=s25°C,
particles. Mie scattering has no size limitations but is basically imd for each sample, the fast coagulation was initiated by mixing
) mL of electrolyte solution (having a concentration sufficiently
restrlpted to _the c_ase ofa pe_rfect sphere. Therefore, all of thehigher than the required critical coagulation concentration) with 1
theories dealing with the turbidity measurement mentioned above  of |atex solution in the sample cell (path length10 mm) for
either cannot treat large particles correctly or have to resort to 5| of the experiments. The final number concentrations of particles
the coalescing assumpti@nThus, the measurement of the in the cell are 1x 101 and 5x 10 m-3 for particles ofa = 500
coagulation rate constant by using the turbidity measurement isand 250 nm, respectively, and105 m—3for particles ofa= 170
suitable only for small particles. nm.

To evade the difficulty in directly evaluating the light scattering For all of the experiments, the data of transmission percentage
intensity from a doublet, a technique of simultaneous static and (T%) versus time was recordeduring the coagulation process for
dynamic light scattering -6 has been developed to measure the different particle-sized polystyrene (PS) dispersions with an initial
absolute rate constants. This technique allows the factors related?umber concentratior\f) at incident wavelengths ranging from
to the scattering intensity from a doublet appearing in the near-infrared to uItra\(lolet light. ('!'he wavelength in vacuum was
analogous expressions for static and dynamic light scattering toffoM 250 to 870 nm in our experiments.) Then, the transmission
be eliminated. Apparently, this technique is much more com- percentages were transformed to turbidity by the equation
plicated than the turbidity measurement. This study will explore
only the possibility of improvement in the determination of the T= —(%)(In T%) (5)
coagulation rate constant by using the turbidity measurement.

As discussed above, the key prqblem inimproving the turb|d|t.y whereL is the path length through the dispersion. The slope of the
measurement of the rate constant is how to evaluate the extinction

. f | doubl V. C ing this i 7lto versus time plot (the relative coagulation rate) was calculated
cross section of a real doublet accurately. Concerning this ISSUe e procedure of linear regression in the early stages of coagulation

the T-matrix technique presents a very promising solution becauseyg get the absolute coagulation rate constéw) from eq 4.

: : : — To ensure that the experiments were really done in the early
H (Llaﬂgljr?lﬂtirr]ggég'igggéﬁaﬁ S.U.; Borkovec, M.; Schurtenberger, P.; Sticher, - stages, the experimental window should be much smaller than the

(15) Lin, W.; Galletto, P.; Borkovec, M.angmuir2004 20, 7465. coagulation time or half-lifé,,, which is the time required for the
(16) Berka, M.; Rice, J. ALangmuir2004 20, 6152. reduction of the number of particles by one-half. The theoretical
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Figure 1. Plot of relative turbidityr/zo vs timet for suspensions ~ Figure 2. Plot of relative turbidityz/zo vs timet for suspensions
of particles with radius = 250 nm atincident wavelengths (particle ~ Of particles with radiua = 170 nm at incident wavelengths (particle

number concentratioN; = 5 x 1014 m-9). number concentratioN; = 5 x 10> m3).
. . L Size parameter o
coagulation time is given By 41210 8 6 .
_ 377 T T T T T
b2 = TN, ©) 4 P
wheren andk are the viscosity and Boltzmann constant, respectively. 1 /./. i
More specifically, for the case of water as the mediunt at 25 24 1
°C, we simply havé — i
‘n
7 o 0
typ ~ 2 leol (seconds) @) ht
1 x .
Using eq 7, the coagulation times for partices= 500, 250, and 24 _/
170 nm are 2000, 400, and 40 s, respectively. Therefore, the . |
measurement durations in our experiments are 300, 603 afor \_ /'
the three kinds of particles, respectively, which are much shorter -4 -
than the coagulation time. Taking into account the fact that the

actual coagulation time was always longer than the theoretical value,
we assume that the experiments were done in the early stages of
coagulation.

N ) N ) M 1 N ) N )
100 200 300 400 500 600
Wavelength A in medium (nm)

. ) Figure 3. Relative rate of turbidity changR = (1/rp)(dz/dt), at
IV. Results and Discussion t — 0 vs wavelengtil and size parameter.

Figure 1 gives two typicat/zo versust lines at two different From Figure 3, we can see thRtvaries dramatically withi:
wavelengths for suspensions consisting of PS particles avith notonly is its magnitude very different at differehbut its signs
= 250 nm (particle number concentratibla = 5 x 10 m~3). also may change from negative through zero to positive. When
According to this type of plotR can be evaluated by linear two primary particles are combined to form a doublet during
fitting techniques for its linear portion near: 0. We can see  coagulation, there will be a corresponding change in their
that even for the same dispersions the slope of the lineefsus extinction sections. If the extinction section of two singleS,)2
t may be positive or negative depending on the waveleagth is less than that of one doubleZ), then we will have (d/dt)
used. > 0, namely R > 0; otherwiseR < 0. And the case o0R=0
Figure 2 shows a plot of the relative turbiditit, versus time corresponding to the extinction section of two singlets is equal
t (t/1o ~ t) for suspensions of particles with radias= 170 nm to that of one doublet. If the measurement is performedndth
at an incident wavelength of 700 nriy(= 5 x 10 m~3). R~ 0, then there will be n&response to the actual coagulation
Compared with particles @& = 250 nm shown in Figure 1, the = process. This means that in the zond efith R~ 0 the change
line of (z/To ~ t) becomes obviously curved, as indicated by its in the turbidity during coagulation is completely insensitive to
shorter coagulation time, because the number concentration haghe change in the particle numbérof the suspensions. That is
to be increased for smaller particles as a result of detectionthe reason that there are no data points marked in the plot of
problems (as will be discussed below). Apparently, the short Figure 3 around. = 320 nm (the zero-sensitivity zone or the
linear portion of thef/zo~t) curve will cause larger experimental ~ blind zone), wherdz, the magnitude of the slope of the— t

errors. curve att = 0, is too small to distinguish (the signal is covered
The plot in Figure 3 shows the dependenc&aoh 4 (as well by noise). Thus, to enhance the signal-to-noise ratio and reduce
asa) for suspensions consisting of PS particlas{250 nm). the uncertainties in the measurement, one should perform the
turbidity measurement at a proper incident light wavelergth
(17) Smoluchowski, M. vPhys. 21916 17, 557. Smoluchowski, M. Wwhys. where the magnitude @R is sufficiently large.

Z. 1916 17, 585. Smoluchowski, M. vZ. Phys. Chem1917, 92, 129. . .
(18) Myers, D Surfaces, Interfaces, and Colloids: Principles and Applications However, for the same sample of suspensions, the coagulation

2nd ed.; John Wiley & Sons: New York, 1999. rate constants calculated by eq 4 in turbidity measurement
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Figure 4. Absolute coagulation rate constants derived from different rigire 6. Absolute coagulation rate constants derived from different
theoretical treatments for suspensions of particles a#thl 70 nm. theoretical treatments for suspensions of particles aith500 nm.
Size parameter o . . .
1412 10 8 6 4 These plots show that none of the existing theories can give
] T i T i an unaltered quantity for the whole range of wavelerigihsize
m‘\é’ 4 1 parameteo. used in the experiments. In many cases, the existing
< 107 ) theories even yield negative values for the rate constants, which
= 8- are apparently meaningless. Figures 4 and 5 also show thatamong
2 - o 1 all of these existing theories RGD(real) theory performs better
% iy SXEEERS e R Sy Bmmmmmeee %] whenacis small. o
S 44 N o ° However, the validity of the RGD approximation has been
f‘é )] 850 ¢ ° ) % 3 1 tested by several authotd? and the reported error in the
£ F o ® i determination of the optical factor is about 20% for x5 <
g 3.0. Because the upper limit for the wavelength obtainable from
§o . - o ; X T-matrix 1 acommercially availabIeIUVvis spectrophotometer isnolarger
38 %o A MIE(coalescence) | than 900 nm (the value in vacuum), the particles that are used
2 - o O S Roparscence) have to be small to makesmall. For instance, according to the
E 5 % O RGD(corrected) ] above estimation, if the error im = 3.0 is 20%, then to ensure
< . ; . r . r - ; . ; that the errors in the optical factor are20%, when using. =
100 200 W 13°°h, ;,00 \ 500 600 900 nm the maximum allowable particle radius has to be less
_ avelength in medium (nm) _ _ than 320 nm for the aqueous suspension. Note that this is only
Figure 5. Absolute coagulation rate constants derived from different the error caused by the inaccuracy in the evaluation of the optical
theoretical treatments for suspensions of particles &t250 nm. factor. When taking into account all of the uncertainties associated

with the experiment itself, the total experimental errors may
become even unacceptably larger. Thus, to avoid possible errors,
the absolute rate constants derived from the turbidity measurement
have been limited only to very small particle®Although some
researchefeven applied the existing theories for the calculation
of absolute coagulation rate constants of the suspensions of
particles ofa = 1000 nm by the turbidity measurement and
compared the so-obtained data with the Smoluchowski theory,
obviously it is difficult to judge the reliability of the conclusion
from such a comparison.
From all of the cases shown in Figures@, we can see that
e data for the rate constants derived from the T-matrix method
basically remain a constant quantity for dispersions of different
sizes as well as over the whole range of wavelerggd size
parameter. used in the experiments.

Figure 4 (suspensions for particlessof 170 nm) shows that
the RGD(real) and T-matrix data are actually overlapping when
o < 2, meaning that for small particles and smathe T-matrix

performed at different wavelengths have to be unaltered and
unique. That means that no matter how dramaticBllyaries
with A the theoretically obtained optical facteshould have the
capability of ensuring that eq 4 yields a unique, identical quantity.
This point actually suggests a useful criterion for probing the
quality of the optical facto derived from a theoretical treatment.

Instead of evaluating or analyzing them theoretically, we will
now use this point as a criterion to experimentally assess the
quality of optical factoiF derived from the T-matrix method in
our study and other theories used before. The results will show
that the superiority of the T-matrix method over other existing th
theories of turbidity measurement is obvious.

All data for the absolute coagulation rate constants determined
by eq 4 with the optical factor derived from different theoretical
calculations are presented in Figuress4 As mentioned above,
all points in the same Figure are based on the same original
experimental data, namely, the slopes of the linear portion of the
(/7o & t) curves at different incident light wavelengths, but are
d.enved from d.lfferem theoretical approaches. In a." of these (19) Kerker, M.The Scattering of Light and Other Electromagnetic Radigtion
Figures, two different scales are used for the abscissa and arecademic Press: New York, 1969.
marked by both the Wave|engt)n and the size paramet@f_ (20) Puertas, A. M.; de las Nieves, F.JJPhys.: Condens. Mattéi997, 9,
Particle sizes o& = 170, 250, and 500 nm are used in Figures 33%%) Folkersma, R.; van Diemen, A. J. G.; Stein, H.INColloid Interface
4—6, respectively. Sci 1998 206, 482. o
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treatment converges to the RGD(real) one. This fact indirectly more thoroughly explores the shortcomings associated with the
proves that the use of the T-matrix solution is correct because previous theoretical treatments, including the following aspects:
itis known that RGD(real) is a good approximation in treating (1) The turbidity measurement of the absolute coagulation
doublets for smaltr and small particles. In addition, for these rate constant is limited to small particles and snoall
particle sizes, all of the data of the rate constants from the four (2) There are some inherent problems in the turbidity
previous theories are basically within the same order of magnitude o o ,rement for small-particle suspension. For small particles,
wheno < 3, although they showing significant deviations from 5 high number concentration of particles is usually required in
a constant value. , order to enhance the signal-to-noise ratio in the measurement.
Figure 5 (suspensions for particlesot: 250 nm) shows that s s pecause scattering intensity decreases toward smaller
among four previous theories RGD(corrected) has the best;icles as the sixth power of the radius and change in turbidity
performance and RGD(real) is second wherr 4. There are  ,o00mes difficult to detect accurately for an almost transparent
no data available in the 4 o < 6 zone because of the zero-  egiym. However, a high number concentration of particles
sensitivity zone, as mentioned before. When> 6, RGD- will make the coagulation happen too quickly (Figure 2). Because
(coalescence) and RGD(real) yield negative values for the rate o the short coagulation time, the linear portion of the curve of

con§tants, which are mean|nglgss. t/Tto — t becomes very short before it curves. In this case, the
Figure 6 (suspensions for particleseot: 500 nm) shows that  neasyrement usually needs to be done in several se8hds.

all previous theories failed to give reasonable data for the rate ;g causes large errors associated with the data fluctuations due
constant for such sized suspensions wien6. Therefore, the 4 neven mixing of the dispersions with salt and the insufficient
T-matrix solution is the only survivor with excellent performance  y5ta collection time. As a step toward improving this situation,
for the wholeo range. . , , Puertas et &° used the RGD approximation to calculate the
The absolute coagulation rate constantls_ part|cularly|mpo_rtant total light scattering cross section of the aggregate, taking into
for the development of relevant theories or for deriving 4ccount the contributions from pairs of particles with zero, one,
information on colloidal interactions. However, because of the and two particles between them, and developed a technique for
difficulties with the previous theories in deriving the absolute obtaining the coagulation rate, constant from the turbidity

rates fromtheturt_)idity measurement, one usually uses the relat_ivemeasurement by fitting the curve of turbidity change at longer
rates of coagulation instead. Indeed, when considering stability tines  However. when large particles with a low number
ratioW, in many cases relative rates of coagulation seem sufficient. .y centration aré used, the linear portion of the curvemf—

Stability ratio W is commonly estimated by the ratio of the -4, pe quite long, as shown for particlesaf= 250 nm in
diffusion-controlled rapid coagulation rate.fid) to the coagula- Figure 1, so that the measuremenfoiay be more accurate.

tion rate ) of the system under consideratibf. (3) Becaus®varies withi, to reduce experimental errors one
should choose Aat whichRis large. If the methodology is only

W= w (8) for small particles and smadl, then one will greatly restrict the
K choice ofA.
) Here we can see that the previous theoretical treatments are
However, to obtaiV, we need a measurementlofor the not only valid for the turbidity measurement of the rate constant

sample itself, and we also must prepare an additional sample tofor 5 dispersion containing small particles but also have restricted
acquirekaapie. For an unknown suspension, this is not always accuracy due to less flexibility in selecting experimental
easyto (_jo. For instance_, the methp_ds using eq 8 cannot, in ge”erabarameters such dsand the coagulation time. Apparently, for
be applied to the sterically stabilized systefiidowever, the  ore accurate measurements of the rate constant, larger particles
absolute rates do not need two measurements; therefore, they argre preferable. The shortcomings of the existing theories have
more desirable if they can be derived accurately from the turbidity greatly limited the applications of the turbidity measurement.
measurement. o _ Therefore, in many cases, this method is used only to give the
Thus, the improved turbidity measurement by using the rates relative to the rapid coagulation to obtain stability ratios.
T-matrix method makes it possible to study the coagulation rate |n contrastto previous theories, the T-matrix approach can provide
and stability with more ease, a broader range of particle size, andan exact solution to the calculations of the optical factor required
Improve accuracy. for the turbidity measurement for the absolute rate constant.
Therefore, this makes the turbidity measurement applicable to
amuch broader range of particle size with substantially improved
We describe a series of experiments to explore the physicalaccuracy.
features involved in turbidity measurement during the coagulation
process. To evaluate the quality of various theoretical treatments  Appendix: T-Matrix Method of Calculating the
dealing with the turbidity measurement to determining the rate Extinction Cross Section
constants, we have adopted the criterion based on the fact that
optical factoiF should ensure that eq 4 yields anidentical quantity, I the T-matrix method, both incident and scattered electric
which is mentioned above. We believe that this criterion or fields are expanded in a series of vector spherical wave functions
condition is a necessary requirement for a good theory, evenas follows?®
though it may not be sufficient. However, because we know that
using the T-matrix approach can treat the light scattering of a _, © 2h
real double exactly without a particle size limitation or any E (') = Z Z [an RO i (kr) + b RN (k)] (A1)
approximation, its success in our experimental verification is n=1lm=-n
naturally expected.
However, our experiment also confirms the conclusion reached De(kiZG)r_Er'i\lre,V*i- Bi)sﬁ(erigggi Characterization, Testing, and Measureptdatcel
by other .resea'jChers that the turbldlt}{ measuremem of the rate (23) .Sonntag, H.‘; Strenée, Koagulation Kinetics and Structure Formation
constantis applicable only for small particles. This study, however, VEB Deutscher Verlag der Wissenshaften: Berlin, 1987.

V. Conclusions
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© N where vector; = r; — rj. Explicit expressions for translation
ESqr) = Z Z [PrM (k) + 0 Nkl (A2) coefficientsAmnudKrjj) and Bmaufkrjj) can be found in ref 10.
n=1m=-n Then we can finally derive in matrix notation

wherek = 27/A and is the wavelength. Harmoni&gM ,and

RgN\mnhave a Bessel function radial dependence and are regula n Akry) Bkry) |[p!
Z B(kry) Alkry) q

)
TE+ Y AP (A11)

Z]

pi

=T
ql

al°
(finite) at the origin, whereas functiond n, and Nm, have a pi® -
Hankel function radial dependence and vanish at infinity. Because
ofthe linearity of Maxwell’'s equations, scattered field coefficients
P = [Pmn Omr @re related to incident field coefficiends= [amn,

bmr by means of the so-called transition matrix (or T matrix): A _ ) _
whereT! represents the T matrix for particiewhen isolated.

@ " » Theinversion of eq Al1 gives sphere-centered transition matrices
P = Z z [Trnmn@rn T TranminPrmind (A3) that transform the expansion coefficients of the incident field
=1 m==n into expansion coefficients of the individual scattered fiéfts:

) n'
qmn = Z z [Trznlnmn'aﬂfn' + T§12nrnn'bm'n'] (A4) [pjl = S le alo
nN=1m=-n' qj B Z

o| I=L2.N (A1)

In compact matrix notation, eqs A3 and A4 can be rewritten

as Finally, the scattered field expansions from the individual

11 12 spheres will be transformed into a single expansion based on a
Pl=tl2l=|T T |la (A5) single origin of the particle system. The incident and scattered
q b T2 122|(b coefficients for the system will be derived as

which means that the column vector of the expansion coefficients

of the scattered field is obtained by multiplying the T matrix by [p| _ i Pl - a’| i _lal _
the column vector of the expansion coefficients of the incident - ZB i| ZB o] = ZB B b| ™~ T b
field a Folal & ] f

Consider now the computation of the T matrix for a cluster T T2|(a (A13)
consisting ofN spheres. The total scattered electric field can be T2 122|[b

written as the sum of the fields scattered by all spheres:
N where theB matrices are similar to th& matrices of eq A11.
sc sc Now, matrix T so defined is the one needed for the calculations
EXr) = ZEi (0] (AB) of light-scattering properties of the aggregated particle system.
= Asinour article, what we need is to calculate the extinction cross
Because of the electromagnetic interactions between theSection of two aggregated particl@gso thaiN = 2. The explicit
components, the total electric field exciting each particle can be €xpressions and calculations for the T matrix can be found in
written as the sum of the external incident fi(EIQC(r) and the ref 10.

partial fields scattered by all other particles: After getting the T matrix of two aggregated particles, we can
get the extinction cross secti@} by the equation given in ref
. . N 10:
E}"C(r) =Ey(r) + S E"(r) j=1,2,...,N (A7)

=]
=1 27[ © n

. . [CextD= - _Rezl Z [Tﬁwlnmn"_ Trznznmr] (Al14)

The field scattered by thih particle can also be expanded " ===t

in outgoing vector spherical wave functions entering at the origin

of thelth local coordinate system: In the calculation, two parameters are required: size parameter

w v o.= 2za/A and relative refractive index = ny/n;, wheren; and
scary [ | ny are the refractive indices of the particle and the medium,
50 VZ‘ Z [PuM, (k) + G, Nkl (A8) respectively. For different wavelengths, the refractive indices,
in general, are different. In this article, we use the fitted
As shown in ref 10, the vector spherical wave functions experimental equatiofs26to get the refractive indices of water
appearing here can be expanded in regular vector spherical wavend polystyrene for different wavelengths.
functions centered at the origin of thign reference frame

u=-v
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