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Abstract. Application of cavity ring down (CRD) spec- Ramanathan etal., 2005, 2001). The direct effect of aerosols
trometry for measuring the optical properties of pure andon climate is by absorbing and/or scattering the incoming
mixed laboratory-generated aerosols is presented. The exsolar radiation and outgoing terrestrial radiation. This inter-
tinction coefficient §exy), €xtinction cross sectiomwy) and  action strongly modifies Earth’s radiation budget and hence
extinction efficiency (Qx) were measured for polystyrene the climate on regional and global scales. Much attention
spheres (PSS), ammonium sulphate (§MSOy)), sodium  has been devoted to purely scattering aerosols, such as sul-
chloride (NacCl), glutaric acid (GA), and Rhodamine-590 phate aerosols, mostly due to their “cooling effect”. More re-
aerosols. The refractive indices of the different aerosols wereently, considerable attention has been directed to absorbing
retrieved by comparing the measured extinction efficiency ofaerosols such as soot (Jacobson, 2001; Koren et al., 2004;
each aerosol type to the extinction predicted by Mie the-Menon et al., 2002), dust (Kaufman et al., 2005; Yu et al.,
ory. Aerosols composed of sodium chloride and glutaric2006), organics (Kanakidou et al., 2005) and mixed aerosols
acid in different mixing ratios were used as model for mixed that contain absorbing species and inclusions. Absorbing
aerosols of two non-absorbing materials, and their extinctioraerosols can heat the atmosphere and affect atmospheric cir-
and complex refractive index were derived. Aerosols com-culation (Hansen et al., 2005; Jacobson, 2001; Menon et al.,
posed of Rhodamine-590 and ammonium sulphate in differ2002) and cloud formation (i.e., the semi-direct effect) (Ko-
ent mixing ratios were used as model for mixing of absorbingren et al., 2004). There is a growing need to understand and
and non-absorbing species, and their optical properties wermeasure atmospheric aerosol optical properties in order to
derived. The refractive indices of the mixed aerosols werebetter constrain their direct and semi-direct climatic effects.
also calculated by various optical mixing rules. We found  The ability of aerosols to interact with radiation is dic-
that for non-absorbing mixtures, the linear rule, Maxwell- {gted by their optical properties, which depend on their phys-
Garnett rule, and extended effective medium approximationca| and chemical characteristics, and on the wavelength of
(EEMA), give comparable results, with the linear mixing rule the incident light. The main parameters in this respect are
giving a slightly better fit than the others. Overall, calcula- the scattering and absorption coefficients (or efficiencies).
tions for the mixed aerosols are not as good as for singlerhe interaction of radiation with particles by either scatter-
component aerosols. For absorbing mixtures, the differencegg, absorption, or both, leads to attenuation (or extinction)
between the refractive indices calculated using the mixingof the incident light. This attenuation can be expressed as
rules and those retrieved by CRD are generally higher. Cex=0scat-Cabs Whereaey: is the extinction coefficient in
units of [L1], ascais the scattering coefficient, anadpsis the
absorption coefficient. By measurilgy: andascs the sin-

gle scattering albedo, which is the ratio between the scattered
light to the total attenuated lightofp=csca/ (ctscateabs),

Atmospheric aerosols affect Earth's climate both directly andc@n Pe calculated. The single scattering albedo of particles
indirectly (Bates et al., 2006; Bellouin et al., 2005; Kaufman Present in the atmosphere is a key parameter needed in cli-

etal., 2002; Koren et al., 2004; Lohmann and Feichter, 2005Mate models and remote sensing applications. Therefore,
accurately measuring the scattering and absorption proper-

Correspondence to: Y. Rudich ties of aerosols is crucial for estimating Earth’s energy bal-
(yinon.rudich@weizmann.ac.il) ance. Methods for calculating the refractive index based on

1 Introduction
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1524 A. Abo Riziq et al.: Optical properties of absorbing aerosols by CRD spectroscopy

chemical composition are also of importance as they enabldéinear average of the indices of the components weighted by
the calculation of aerosol radiative properties in climate mod-their volume fractions:
els. —

A number of methods for calculating the radiative proper- Zttgtt _ }11211:};2; 22 ()
ties of aerosols of mixed composition (internal mixtures of
different aerosol substances and/or mixtures of aerosol sup¥heref; is the volume fraction of the components.
stances with water), are used in climate models. For ex- |n the Maxwell-Garnett mixing rule, one or more of the
ample, a growth function estimated from measurements ofomponents (usually the undissolved and/or absorbing com-
from Mie calculations may be applied to describe the changd®onents) are deemed “inclusions”, while the rest of the com-
in scattering coefficient as aerosol water content increaseBonents comprise a “homogeneous matrix”. The inclusions
(e.g., Bates et al., 2006). Alternatively, Mie scattering cal-are assumed to be small (dipoles), spherical, randomly dis-
culations may be employed explicitly during the simulation tributed throughout the drop, and dilute, such that the effec-
or in a look-up table fashion, using mixing rules (Erlick, tive dielectric constant of the mixture is given by:
2006) to calculate the effective refractive indices of the mix- ,  _ ,

. . . tot = Ematrix +
ture or assuming a core plus shell configuration (Jacobson,
2002). Mixing rules currently in use include: (1) molar "t~ (€00
refraction and absorption (Born and Wolf, 1999; Jacobsonwhere giot,cincl, and ematrix are the complex dielectric con-
2002; Stelson, 1990; Tang, 1997); (2) a volume-weightedstants of the mixture, the inclusions, and the matrix, respec-
linear average of the refractive indices, i.e., the “linear” mix- tively, finci is the volume fraction of the inclusions, ang
ing rule (see, e.g., d’Almeida et al., 1991, their Eq. 6.3); (3) is the complex refractive index of the mixture.
the Maxwell-Garnett rule (see Bohren and Huffman, 1983, The dynamic effective medium approximation is an exam-
Sect. 8.5; Bohren, 1983; @lek et al., 1984); and (4) the ple of a higher order or extended effective medium approx-
dynamic effective medium approximation (f3&k, 2000; Ja- imation as compared to the Maxwell-Garnett mixing rule,
cobson, 2006). While some of these mixing rules have beemvhere the inclusions are allowed higher order effects than the
tested against experimental data for certain substances witblectric dipole. The size or size distribution of the inclusions
certain volume fractions (see Gosse et al., 1997; Erlick, 2006themselves must be specified.
and references therein), which rules/models are most appro- Cavity Ring Down (CRD) spectroscopy has been recently
priate, if at all, remains uncertain. introduced for measuring extinction coefficients of labora-

The molar refraction (absorption) mixing rule assumestory and field aerosols. Sappy et al. (1998) pioneered the
that the total molar refraction (absorption) of a mixture is use of CRD for detecting ambient particles non-resonantly
given by the linear average of the molar refraction (absorp-at 532 nm and 355 nm. Vander Wal and Ticich (1999) used
tion) of the components in the mixture weighted by their mo- pulsed CRD to study the absorption of soot produced from

3 finclematrix(€incl —Ematrix)
€incl+2ematrix— fincl (€incl —&matrix) (4)

lar volumes, i.e., methane-air flame and to calibrate laser induced incandes-
2 4 cence measurements, which are widely used to measure soot

Riot = VtotntZOt — ~ — y1R1 + x2R> and volume fraction. Smith and Atkinson (2001) performed si-
niot + 2 multaneous measurements of extinction by ambient aerosols
Atot = Viotktot = X141 + x242 1) at 532nm and 1064 nm. Using simultaneous measurements

, at 510.6nm and 578.2nm, Thompson et al. (2002) mon-
where Riot, Viot, 7ttot »Atot, @ndkior are the molar refraction, e the change in atmospheric optical extinction coeffi-
molar volume, real part of the refractive index, molar absorp-giant quring a wildfire and during a local fireworks event.
tion, and imaginary part of the refractive index of the mix- guaa et al. (2003) were the first to use continuous wave
ture, respectively, ang;, R;, andA; are the molar fraction, cavity ring down (CW-CRD) for aerosol studies. Using

molar refraction, and molar absorption of the components jiode lasers at wavelengths of 690 nm and 1550 nm, they
respectively. The molar refraction of the components, Mo~ aaqred a minimum extinction coefficient for both wave-

lar absorption of the components, and total molar volume arefengths of about 1.510~8cm~ (a better sensitivity could

given by: be achieved with higher reflectivity mirrors). By placing a
M; n?—1 scattering detector at 9ao the cavity, they measured the

Ri = pi n242 scattering coefficient in addition to the extinction coefficient

A = ’p”— ; (2)  and directly extracted the single scattering albedo.(Bu-

Viot = % latov et al. (2002) used a pulsed dye laser at 620 nm to study

laboratory-generated non-absorbing NaCl and GéGIO
where M symbolizes molecular weight and symbolizes  aerosols. The measured extinction coefficients were com-
density. pared to Mie scattering calculations. Bulatov et al. (2006)
The “linear mixing rule” assumes that the total real and also measured the extinction coefficient of size selected Rho-
imaginary refractive indices of the mixture are given by the damine 640 aerosols (a strongly absorbing dye at 615 nm).
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This was the first use of CRD to measure optical propertiedaw extinction cross section to the geometric area of the par-
of absorbing organic aerosols (other than soot). Petterssoticle and is dimensionles$/ is the particle number density,
et al. (2004) demonstrated the use of pulsed laser (532 nmand D is the particle diameter. By selecting a monodisperse
CRD to study polystyrene spheres (PSS) and dioctyl sebacat@erosol population and measuring the particle number den-
(DOS) aerosols. Their measurements show good quantitasity (N), the extinction efficiency@exy) can be determined.
tive agreement with Mie calculations in the scattering crossFor a fixed wavelengthQey: can be measured as a function
section and refractive index. Recently, Lack et al. (2006)of the size parameter by performing measurements on a se-
applied CRD to derive aerosol extinction coefficient of ab- ries of monodisperse particles of different sizes. The size
sorbing PSS aerosols and to calibrate a photoacustic spegarametery, is the ratio of the particle sizé) to the laser’s
troscopy measurements of the absorption coefficient for thesavavelength {) and is given by {=m D/}). Having Qe as a
aerosols. Moosmuller et al. (2005) used CRD to measurdunction of size parameter enables a retrieval of the particle
very low extinction in the atmosphere and laboratory envi-refractive index.
ronments. In this study we present the use of cavity ring down (CRD)
Cavity ring down spectroscopy was developed by O’Keefefor determining the extinction efficiency and complex refrac-
and Deacon (1988). Typically, it consists of two highly re- tive index of pure and mixed aerosols. Specifically, we focus
flective plano-concave mirrors set opposite to one anotheron mixtures of organic and inorganic components, as 30% to
The placement of the mirrors is dependent on the cavity staever 80% of the aerosol mass in the free troposphere contains
bility conditions. A pulsed or continuous laser beam is cou-carbonaceous material, most of it probably organics (Mur-
pled into the cavity from one side and performs multiple re- phy, 2006). For validation of the new setup, we meagigg
flections inside the cavity. A photomultiplier (PMT) is placed as a function of size parameter of polystyrene spheres (PSS)
at the other side of the cavity and measures the exponentialnd ammonium sulphate (AS, (N)3SQ4) aerosols, both
decay of the emerging light intensity. The intensikydecay  with well-known refractive indices. Then we use the same
is a result of losses inside the cavity and due to the mirrors: setup to retrieve the refractive indices of sodium chloride
(NaCl), glutaric acid (GA), and Rhodamine-590 aerosols, as

I = 106[%5] (5)  pure component aerosols and in mixtures with one another,
) o the mixtures allowing us to test the appropriateness of the

The time constant for an empty cavity, is: theoretical mixing rules.

10=L/C(1—R) (6)

whereL is the length of the cavity (distance between the two2 Experimental
mirrors), C is the speed of light, an® is the reflectivity ) o
of the mirrors. This equation depicts the dependence of thé-1 Aerosol generation and classification

ring down time on the cavity length and the mirror reflectiv- Aqueous solutions (20-500 mgE) of the compounds of

ity. When the cavity is filled with an absorbing or scattering . . . .
: . : interest are nebulized using a TSI constant output atomizer
medium, the molecules or particles further reduce the inten, . . .
. ; ) . TSI-3076, 25 psi~2.36 standard liters per minute (SLM)
sity on each pass. This process results in a ring down trac

. . " . ow), with d article-free pure nitrogen, generating a poly-
with a shorter time constant due to additional terms in the ) 'y P P gen. g gapoly

. . . ) . disperse distribution of droplets. The mean diameter of the
ring down expression, and the time constant is described by(':iroplets depends on the concentration of the solution. The

7=L/C(1— R + aexd) (7) aerosol flow enters a 3L conditioning bulb before entering

) o o two silica gel column dryers, resulting in a flow with rel-
whereaey; is the extinction coefficient of the molecules or giive humidity (RH) <3%. The dry polydisperse aerosol
particles inside the cavity, and is the actual distance in  passed through a neutralizer (TSI 3012A) to obtain an equi-
the cavity filled with the absorbing molecule. The extinc- |iprium charge distribution on the particles. A size selected
tion coefficient can be extracted from the difference betweenygnodisperse aerosol is generated with an electrostatic clas-

the time constant of the empty and the filled cavity: sifier (TSI Differential Mobility Analyzer (DMA)) operating
L1 1 with 5SLM dry (RH<3%) clean nitrogen sheath flow and
Oext = Cd [; - T_o} (8) fixed at an applied voltage. The size-selected monodisperse
aerosol flow is directed through a dilution apparatus for pre-
The extinction coefficientalx,) of homogeneous spheres cise control of particle number concentration. The sample
(aerosols) is described by: flow (1.2 SLM) is then directed to the CRD cell.
Oext = NOext = %nN D?Qext (9) 2.2 Cavity ring down system (CRD)

whereoey; is the extinction cross sectio@ey: is the extinc-  The CRD setup is shown in Fig. 1. Briefly, it consists of two
tion efficiency of the particles which is the ratio of Beer’s highly reflective concave mirrors (curvature radii of 1 m and

www.atmos-chem-phys.net/7/1523/2007/ Atmos. Chem. Phys., 7, 1523-1536, 2007
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Fig. 1. Schematic representation of the cavity ring down setup for

aerosols measurements. Fig. 2. Experimental decay curves obtained for different concentra-
tions of 400 nm ammonium sulfate inside the cavity. The slowest
decay is obtained for the empty cavity. Each curve is an average of

a reflectivity of 99.995% at 532 nm, Los Gatos, USA). The 400 laser shots. The insert pattern shows the natural logarithm of

mirrors are mounted at the two sides of a 90%h stain- the decay signal as a function of time demonstrating a linear behav-

less steel tube. A small purge flow of dry particle-free ni- ior, as expected.

trogen (0.05SLM) is introduced in front of each mirror to

prevent mirror contamination by deposition of aerosols. The . . . . .
aerosol flow enters the CRD cell through four tubes &t 45 modes which form different optical paths inside the cavity.

This is designed to ensure good mixing and even Concemra'[o_overcome this iss_ue we use a_\spatial filter mode matching

tion of the particles inside the cavity. The flow in each line using a t_elescope with a 1p0n pinhole t_)etween the Ienseg

is 0.3 SLM, and the total flow inside the cavity is 1.2 SLM. as described above. The second effect is caused by variations
The particles exit the cavity in a similar setup, and their con-n the quantum efficiency at the detector surface as the laser

centration is determined by a condensation particle counteP€aM impinges on it. This was overcome by tight focusing
(CPC, TSI 3022A). The length of the cavity occupied by of the laser beam on a small surface of the detector, as shown
particles during the flow is about 68 cm. To ensure that par-'n Fig. 1 o ] )
ticle losses are negligible, we measured the particle number 1N€ insetin Fig. 2 shows typical exponential decay curves
density after the DMA and at the exit of the CRD cell. In (0N @ 10g scale) in this case of 400nm AS particles at dif-
both cases, the particle number density was almost identicdfT€nt concentrations. The slowest decay is measured when
(>98%) for all particles sizes, suggesting minimal loses in the cavity is filled with a continuous flow of particle-free dry
the CRD cell and tubing. nitrogen resulting with a decay time of 8. The decay
The second harmonic (532 nm) of a pulsed Nd:YAG lasertime becomes shorter with introduction of the AS aerosol.
(Quanta-Ray GCR-100, 10Hz, 7ns) is introduc.:ed to theShorter decay times are measured when higher particle con-
CRD through a spatial filter consisting of two lenses with fo- centrations are presentin the cavity. The insetin Fig. 2 shows
cal length of 5cm and 10 cm and a 10M-pinhole between the exponential decays on a log §cale. The decay times are
the lenses. The beam diameter in front of the cavity is aboufX(racted from the slope of such lines. , ,
1 mm, with energy of about 50J. The intensity of the beam The ablllty to measure precisely m|n|mal differences in
emerging from the CRD cell is measured with a photomuilti- ""9. down times between an empty cavity X and a cav-
plier (Hamamatsu H6780-02). The photomultiplier signal is 'Y filled with aerosols {) provides a good estimate of the
fed into a digital storage oscilloscope (LeCroy, model 9361,ma.x|m.um sens.|t|.v|ty. To determine thelmmlm_um_detectable
300 MHz), which is triggered simultaneously with the laser extinction coefficient we use the following definition for the
pulse. The digitized data is transferred and stored in a perdetection limit (Brown et al., 2002):
sonal computer using a LabVIEW program. L Atmin
Determining an accurate decay time is critical for precise®min = Cxd 2 (10)
measurements of the extinction coefficient of the aerosols. ‘
Transverse modes inside the cavity lead to non-exponentialvhere A tmin.is the standard deviation of the decay time for
decay which leads to inaccurate determination of the decayt00 shots which was obtained for a cavity filled with only dry
time. Two effects of transverse modes are commonly ob-nitrogen. In the experiments presented hegel6us (z,, is
served in cavity ring down spectroscopy (Scherer et al., 1996the decay time for cavity filled only with dry nitrogen) and
1997). The first modulates the decay as a result of multipleAtmin is about 0.02:s for an average of a 400 laser shots

““anan

0 20 40 60 80
Time (usec)
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Fig. 3. The extinction coefficiento(ext) measured as a function of Fig. 4. The extinction efficiency@ext) as a function of size param-

particle number density of ammonium sulphate at different sizeseter () of polystyrene spheres (PSS). The solid curves represent

(250, 400, 600 and 750nm). The number density was controlledhe Mie fit: n=1.606+i0.038 was obtained by fit all the experimental

using a dilution apparatus. The extinction cross sectaiif was data points, while n=1.597+i0.005 was obtained by fit only a subset

extracted from a linear fit for each size and is indicated on top ofof sizes starting from 350 nm (the excluded sizes are enclosed by the

each line. dotted circle). The green curve (n=1.598+i0.00) is from Petterson
et al. (2004).

operating at 10 Hz. This results in a minimum detectable ex-

tinction coefficient of 3.7%10~2cm~1. It should be noted

that this sensitivity is calculated for a cavity filled with a repeated measurements of the same particle size but for dif-
homogenous distribution of nitrogen; however, in the caseferent concentrations) (Press et al., 1992, 1992, Eq. 15.5.5).
of measuring particles such as aerosols, the fluctuation of he algorithm does not require an initial guess for the real
aerosol concentration inside the cavity would lead to largerand imaginary parts of the refractive index. Rather it scans
fluctuations in decay time and in turn to lower sensitivity. through all possible physical values of the indices and pro-
A statistical treatment needs to be performed in the case ofressively increases the resolution of the search until it finds
aerosols. Since such a treatment is not in the scope of thithe absolute minimum in the merit function within the de-
article, we refer the reader to the detailed treatment by Petsired precision.

tersson et al. (2004), who found that the contribution of fluc- For mixtures of two components, the measured extinc-
tuations in aerosol concentration inside the cavity to the totakjon efficiency of the mixture is compared with the extinc-
sensitivity is very small leading to sensitivity of the same or- tjon efficiency calculated using the mixing rules outlined in
der as the instrument limit. Sect. 1, namely, (1) molar refraction and absorption; (2)
the volume-weighted linear mixing rule; (3) the Maxwell-
Garnett rule; and (4) an extended effective medium approxi-
mation (EEMA) similar to the dynamic effective medium ap-

2.3 Retrieval and mixing rule methods

The retrieval algorithm for single component particles com- o .
pares the measured extinction efficiency as a function inrommatlon (Eq. 15 Sihvola and Sharma, 1999), where the

size parameter with the extinction efficiency calculated us_ef“fect|ve refractive indices estimated using the mixing rules

. . : . re input to the Mie scattering subroutine for homogeneous
ing the Mie scattering subroutine for homogeneous sphereg :
by Bohren and Huffman (1983, Appendix A), while simulta- spheres by Bohren and Huffman (1983, Appendix A). The

neously varying the real and imaginary refractive indices Ofmeazure'ﬁ] ?ﬁtmd?n FfflClef?C}/ for thelmllx ttu réa IS .also5cc3[rr:1—
the particles. It finds the set of refractive indices by minimiz- pared Wi e extinction efficiency calculated using (5) the

ing the “merit function” (similar to a variance)?/ N2, where core plus shell model, where the refractive indices of the in-

Zig dividual components comprising the mixture are input to a
X layered sphere Mie scattering subroutine (Bohren and Huff-
» L (Qextmeasured- Qextcalculated? man, 1983, Appendix_ B; code.d in Mgtlab py C. Maetzler,
X = Z o2 11) 2004). The merit function for mixtures is defined in the same

i=1 i

fashion as for single component particles, and the mixing rule
N is the number of particle sizes, ands the estimated er- or model with the smallest merit function is deemed the best
ror in the measurement (taken as the standard deviation ahatch.

www.atmos-chem-phys.net/7/1523/2007/ Atmos. Chem. Phys., 7, 1523-1536, 2007



1528 A. Abo Riziq et al.: Optical properties of absorbing aerosols by CRD spectroscopy

5 . scattering subroutine described above for two different size
T 13180002 ranges, one using all the sizes we measured, and the other
—+—n=1.520+10.0 . . . .
N 153041 0.0 using a subset of sizes starting from 350 nm. Three different
] © (NH,),50, fitting curves are shown in Fig. 4 in addition to the exper-

imental data obtained for the ten different PSS sizes. The
black curve is obtained by a Mie fit for all measured parti-
[ cles sizes, yielding an index of refraction of n=1.606+i0.038
with merit function 2/N?) value of 0.91. The red curve is
N obtained for a subset of sizes starting from 350 nm (exclud-
/XN ing the first four points within by the dotted circle), yielding
an index of refraction of n=1.597+i0.005 wis?/N2=0.06,
substantially lower than thg?/N? obtained using all sizes.
The green curve is obtained by using n=1.598+i0, a value re-
_ ported by Pettersson et al. (2004) for the refractive index of
o 1 2 3 4 5 & 7 8 9 10 PSS. Our results are in close agreement with the refractive
Size parameter (x ) index given by Pettersson et al. (2004) for PSS. However,
by using a subset in which the small sizes are excluded we
Fig. 5. The extinction efficiency@ext) as a function of size param- ~ clearly improve our fitting by minimizing the merit function.
eter (r) of ammonium sulphate. The solid curves represent Mie fit:. Note that n=1.600+i0.000 (not shown) also provided a low
n=1.518+i0.002 was derived from using all the experimental datamerit value (0.10), so that we cannot rule out an imaginary
points, while n=1.520+i0.00 was obtained by fit a subset startingrefractive index of zero as a possibility for the PSS spheres
from 350 nm. (The excluded sizes are enclosed by the dotted circle.Jye measured within the precision of our retrieval scheme.
The green curve (n=1.530+i0.00) is from Petterson etal. (2004). | js gifficult to determine low imaginary refractive indices
with better precision from retrieval schemes in general (see
Bohren and Clothiaux, 2006, pp. 163-165).

The extinction efficiency of ammonium sulphate as a func-
tion of size parameter for particles sizes between 250 nm and
850 nmis shown in Fig. 5. Similar to PSS, we first fit the data
In addition to the extinction coefficient, the particle extinc- fOr all sizes and then for only a subset of sizes starting from
tion cross sectionf(ex) can be determined by measuring; 320 "M. For all the sizes, we obtain n=1.518+i0.002 and
for different particle concentrationsVg, and using the rela- X /N=2.49 (black curve). For the subset of sizes, we ob-
tionshipaexi=oextx N. The extinction coefficient as a func- tain n=1.52+0i ang?/N?=0.14 (green curve). The red curve
tion of the particle concentration of ammonium sulphate for i obtained with a refractive index of n=1.53+i0.0, which is
four different sizes (250 nm, 400 nm, 600 nm, and 750 nm),"épPorted to be the index of refraction of the AS (Pettersson
and the correspondingex determined for each size are €t al, 2004). The refractive index of salt aerosols (such as

shown in Fig. 3. It is seen that the extinction increases lin-AS) strongly depends on the relative humidity and the crys-
early with particle concentration, as expected. tal structure. In our experiments, the relative humidity is be-

low 3% (dry aerosols). Therefore, the index of refraction ob-

3.2 Polystyrene spheres and ammonium sulphatdained from our measurement should be compared to other
(NH4)2SOy studies in which the index of refraction was determined in

dry conditions. The index of refraction of dry AS crystals re-
To test the performance of the new CRD system, we meaported for three coordinate axes (orthorhombic crystal struc-
sured the optical properties of polystyrene spheres (PSSure) are p=1.520, =1.523, and p=1.533, respectively
and ammonium sulphate (AS), both with well-known indices (Lide, 1997). Our retrieved index of n=1.52+i0.0 is consis-
of refraction (Lack et al., 2006; Pettersson et al., 2004).tent with that for the third axis, but slightly lower than the
We measured the extinction efficiency of 10 different sizesother two axes.
of commercially available PSS (Duke scientific corporation, For both ammonium sulphate and PSS, excluding the
USA). The extinction efficiency@eyx) of these particles as smallest particles slightly improves the fit. A possible reason
a function of the size parameter (blue squares) is depicted ifior this behavior could be the presence of larger multiply-
Fig. 4. The standard deviation of the extinction efficiency charged particles that would have the same mobility as singly
(A Qex) is calculated by measuring the extinction efficiency charged particles. In the CRD spectrometer, these multiply-
of the same size at different concentrations. The concentracharged particles contribute strongly to the decay time and
tion of the particles ranges from 150 to 2500 particlesm  result in higher extinction efficiency. The multiple charge
To retrieve the index of refraction and to get best fit of Mie effect could be reduced by using very dilute solution in the
theory with the experimental data f@ex;, We used the Mie  atomizer that shifts the mean diameter in the distribution to

Extinction efficiency (Qgy)

3 Resultsand discussion

3.1 Extinction cross section measurements
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smaller sizes which reduces the number of multiply charged 45

large particles.
4.04
. . . . . . J‘
3.3 Sodium chloride (NaCl), glutaric acid and their mix- 1s
tures ~>
=1
Aerosols in atmosphere are more complex than laboratory- £ 1 A
. ‘D 254
generated pure aerosols. Typically they are composed of g ™| 1
. . . . o
mixtures of organic and inorganic molecules that can be ar- g 5.
ranged in different ways, such as homogeneous mixtures & - % Glutaric acid
or as coated particles. Urban and pollution aerosols con- jz 1 [ Mien=1410+i0000
. . . . *  Sodium Chloride (NaCl)
tain both organic and inorganic components (Murphy etal., ] A L — Mie: n 1546 0,003
2006), while dust or sea salt particles are often coated by con- ] % NaCl: gutaric acid 11
densed organic and inorganic (Falkovich et al., 2004; Maria 05 | Nt g i o
et al., 2004; Posfai et al., 1998; Russell et al., 2002; Terva- T b —Mie:n= 1507 +i0.017
. . 0.0 T T T T T T T T T
hattu et al., 2002). Therefore, exploring the optical proper- 05 1o 15 20 25 30 a5 a0 45 s0
ties of mixed particles is important for exploring the optical Size parameter (x)

properties of atmospheric aerosols. To do so, we studied the

optical properties of mixed NaCl and GA particles, which Fig. 6. Extinction efficiency Qext) as a function of size parameter
are common components of sea salt particles. First we megx) obtained for sodium chloride, glutaric acid, and the mixtures of
sured the optical properties of pure NaCl solution and GANaCI and glutaric acid with molar ratios 1:1 and 2:1 respectively.
aerosols. Then we measured the optical properties of mixThe solid curves are the result of the Mie fit to the experimental
tures of these two components prepared with a known molapoints.

ratio (1:1, 2:1). We assume that the aerosols generated from

these solutions are homogenous and that the molar ratio of . ) i o

the solution is maintained in the aerosol, because both com-OWeVer, often itis impossible to verify the validity of these

pounds dissolve very well in water. This assumption is laterc@/culations. Using our system, it is possible to generate par-
verified by calculations of the refractive index. ticles of known compositions and structures and to retrieve

their refractive index, which can be compared to calculations

for particles of NaCl, GA, and particles generated from mix- by different mixing rules. We gmploy a vaner of mixing
tures with molar ratios of NaCl and GA of 1:1 and 2:1. re- "ules to calculate the complex index of refraction for mixed

spectively, are shown in Fig. 6. The standard deviation Ofa_erosol and compare the calculated index with the index re-

the measurements is also shown. The solid lines represe rtleved from O_uhr measurembentst.)l cl and

Mie fitting curves obtained using the same refractive index We start wit two non-absorbing components, NaCl an

retrieval algorithm described in Sect. 2.3. GA. The refractive indices retrieved for pure NaCl and GA
A summary of the retrieval results for the mixed particles aerosols are used as input for calculating the refractive in-

e gven i Tabe 1. In these experments, we used venf 5 11 TXTES by e ifrent i ies g ot
dilute solutions (20-50 mg 1) for the small particle sizes ' ’

(100-300 nm). This clearly improves the fit for all sizes asinclusion. .TWO delicat.e.points are noted regarding the im-
is evident from the small differences in the merit functions plem_entatlon of the mixing rules.. F"Stf mixing rules (2-4)
(x2/N?) between the retrievals for all the sizes and for the require the volume fraction of the inclusion. When we calcu-

subset sizes starting from 350 nm. For example, the retrievzatlfate this volume fraction in a manner similar to that done in

for pure GA aerosols using all sizes yields n=1.41+i0.0, with climate models (using the mass fraction and den;ity of e"’?‘:h
£ N°-0.10, e th vl or ure GA sing e s A1) 1 Voltme et comes aut oo i 8o
of sizes yields n=1.41+i0.0, witp2/N2=0.13. ' B )

y % the solutions of NaCl and GA used to create each mixture.
Second, rule (1) (molar refraction/absorption) requires the
total molar volume of the mixture, defined as the total molec-

As stated in Sect. 1, optical properties of aerosols in the atylar weig.ht. divided by the total de.ngity, the Iatf[er of WhiCh
mosphere are often calculated using various mixing rules andf Poth difficult to measure and difficult to estimate if not

models. The underlying assumption for these mixing rules isdealing with tabulated solutions of electrolytes in water (e.g.,

that it is possible to calculate the complex refractive index}angb1997%.Oggn_sequehntly, we make a5|mdllar Iasslump:]lon tol
of complex particles through the knowledge of the proper- acobson ( ) in such circumstances and calculate the tota

ties (density, molecular weight, refractive index) of the in- molar volume as¥iot=xnac ( phﬁ':‘g') + xGA (KG:) where

dividual constituents, and the way in which they are mixed. x; is the molar ratio (not to be confused with the similar

The extinction efficiency as a function of size parameter

3.4 Calculations using mixing rules
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Table 1. Refractive index retrievals using Mie theory for sodium chloride, glutaric acid, and mixtures of the two with molar ratios 1:1 and
2:1, respectively. The retrieval was performed in one case using all the experimental sizes and in the other case using a subset of sizes startin
from 350 nm. The best fit was determined by obtaining the smallest merit fungtfév ¢).

Retrieval using all sizes Retrieval using subset of sizes (from 350 nm)

Sample Refractive index x2/N2 Refractive index x2/N2

NaCl 1.546+i0.003 0.04 1.544+i0.000 0.09

Glutaric acid 1.410+i0.000 0.10 1.410+i0.000 0.13

1:1 NaCl : Glutaric acid  1.483+i0.010 0.06 1.480+i0.004 0.08

2:1 NaCl : Glutaricacid 1.507+i0.017 0.01 1.507+i0.019 0.02

5 molar volume is not accurate enough for these mixtures. The

core plus shell model also produces a higher merit function

than mixing rules (2—-4), as might be expected from the fact
that the NaCl and GA are homogeneously mixed in solution,
not layered.

The refractive indices obtained by using mixing rules (2—
4) are very close to those retrieved from the experimen-
21 tal data for both mixtures. For example, the linear mixing
rule for all the sizes of the 1:1 mixture produce a refrac-
1. tive index of n=1.477+i0.0, while retrieved refractive index
is n=1.483+i0.01. A comparison between the extinction effi-
ciency as a function of the size parameter of these two refrac-

Extinction efficiency (Qg)

o 1 2 3 4 5 & 71 & 9 1 tive indices and the residual between the curves are shown in
Size parameter (x) Fig. 7. The curves are very close; differences in the curves
o appear at larger size parameters than were measured. We
B 0_1] /\/\/\/\ could probably improve the fit by measuring larger sizes, but
2 o JAN the sizes we chose are more relevant to actual particles in the
-4

.0211 W/\\/\/\/\’ atmosphere.

3.5 Rhodamine 590, ammonium sulphate, and their mix-

Fig. 7. Comparison between the refractive index obtained using tures

linear mixing rule for the 1:1 mixture of NaCl and glutaric acid

(n=1.477+i0.0) and the refractive index retrieved from measure- . .
ments of the same mixture using Mie theory (n=1.483+i0.01). TheWWe used Rhodamine 590 (Rh-590) which has peak absorp-

curves are very similar for small size parameters, while differencegtion in the visible around 530 nm as a model for strongly ab-
are observed for higher size parameters. Note the different scale fo3orbing aerosols. In addition, we measure the optical proper-
the residuals. ties of aerosols composed of mixtures of Rhodamine 590 and
ammonium sulphate in four different molar ratios 1:10, 1:50,
1:100, and 1:500. Generating these aerosol mixtures is not
variable in the merit function)); is the molecular weight, as easy as the mixtures of NaCl and GA, since Rh-590 has
andp; is the density (as tabulated for the substance’s naturah very low solubility in water (0.1-1%), which could poten-
state). tially affect the homogeneity of the aerosols during the atom-
Results of these calculations for 1:1 and 2:1 mixtures ofizing process. To minimize this effect, we dissolve the Rh-
NaCl and GA are given in Tables 2 and 3. The calculations590 in a 10% methanol/water solution. Because methanol is
are done for all the sizes and for the subset starting frorr fairly optically neutral substance (with real index close to
350 nm as indicated in the tables. Mixing rules (2—4) result inthat of water — between that of ammonium sulphate and Rh-
good agreement with the measurements. The smallest merft90 — and zero imaginary index), the possibility of a slight
function value (0.14) is obtained with the linear mixing rule, amount of methanol remaining in the aerosol is not likely
although the Maxwell-Garnett and EEMA also provide small to have altered the total extinction coefficient of the mixed
merit function values and may also be appropriate for use irf€rosols by a measurable amount.
models. The molar refraction/absorption rule does not do as To retrieve the complex refractive index, we used the sub-
well, perhaps because our method for calculating the totaloutine described in Sect. 2.3 for all the measured sizes and
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Table 2. The index of refraction of the mixture of NaCl and glutaric acid with molar ratio 1:1 obtained by using different mixing rules.

NaCl: Glutaric acid 1:1 (retrieved refractive index 1.483+i0.010 aAtN2=0.06)

All experimental sizes Subset from 350 nm
Mixing rule Effective Refractive index — x2/N2 Effective Refractive index  x2/N2
Molar refraction/absorption  1.439+i0.000 2.65 1.439+i0.000 4.88
Linear 1.477+i0.000 0.14 1.477+i0.000 0.14
Maxwell-Garnett 1.477+i0.000 0.15 1.477+i0.000 0.15
EEMA, ding  3=0.01um 1.475+i0.000 0.18 1.475+i0.000 0.21
EEMA, djnci=0.02um 1.477+i0.000 0.18 1.475+i0.000 0.21
EEMA ding=0.1um 1.476+i0.001 0.15 1.476+i0.001 0.16

§ EEMA = extended effective medium approximatidpy is the diameter of the inclusions assumed in the EEMA.
* There are no effective refractive indices in the core plus shell model. Separate refractive indices of the core and shell material are used.

Table 3. The index of refraction of the mixture of NaCl and glutaric acid with molar ratio 2:1 obtained by using different mixing rules.

NaCl : Glutaric acid 2:1 (retrieved refractive index 1.507+i0.017;@ﬁﬂ\72:0.01)

All experimental sizes Subset from 350 nm

Mixing rule Effective Refractive index — x2/N2 Effective Refractive index  x2/N?
Molar refraction/absorption  1.457+i0.000 2.80 1.457+i0.000 6.94
Linear 1.499+i0.000 0.14 1.499+i0.000 0.23
Maxwell-Garnett 1.499+i0.000 0.15 1.499+i0.000 0.25
EEMA, djnc=0.01um 1.498+i0.000 0.17 1.498+i0.000 0.29
EEMA, ding=0.02um 1.498+i0.000 0.17 1.498+i0.000 0.29
EEMA, djng=0.1um 1.499+i0.000 0.14 1.499+i0.000 0.24

for a subset of sizes staring from 350nm. The extinctionset of sizes from 350 nm (solid curves) is shown in Fig. 8b.
efficiency as a function of the size parameter for Rh-590,The fit in the small sizes region (100—-350 nm) is as good as
(NH4)2SOy, and the different mixtures of the two are pre- the fit in Fig. 8a, but in the region of larger sizes it is bet-
sented in Fig. 8a. The solid lines represent the refractiveter. The retrieval shown in Fig. 8b leads to a drastic change
index retrieval using Mie theory with all of the measured in the complex refractive index for the 1:10 mixture ratio, in
sizes. The inset details the different aerosol compositions an@hich we obtained n=1.203+i0.728 in the retrieval using all
the resulting complex refractive indices retrieved for eachthe sizes and n=1.405+i0.486 in the retrieval using the subset
aerosol sample. As expected, as the fraction of absorbingf sizes. Likewise, the merit function for 1:10 mixture using
material in the mixture decreases, the imaginary part of thehe subset of sizes is much lower(N2=0.07) than that us-
refractive index decreases, and the real part of the compleing all sizes §2/N2=0.3) (Table 4). For the other mixtures,
refractive index increases. the differences between the two retrievals are not as drastic,
Note that the retrieved refractive index for pure Rh-590 as can be seen in the inset patterns in Figs. 8a and b and in
(n=1.00+i1.026) has a very low real part (close to that of air) Table 4, although the merit function using the subset of sizes
and a high imaginary part. This can be expected from theis again generally lower than using all sizes. This could be
fact that the wavelength of measurement is extremely clos@xplained by the presence of large, multiply charged parti-
to the wavelength of peak absorption of Rh-590 (530 nm), sccles.
that we are essentially measuring at a frequency just below
the resonance frequency. From the model of a dispersin®.6 Calculations using mixing rules
medium attributed to H. A. Lorentz (Born and Wolf, 1999),
we expect a corresponding peak in the imaginary part of theAs in Sect. 3.4, we next employ a variety of mixing rules
index and a value a little higher than 1.0 in the real part of theto calculate the complex index of refraction for the mixed
index. (Compare with the solid curve in Fig. 3 of Bulatov et aerosols and compare it with the index retrieved from our
al., 2006). measurements in Sect. 3.3. The refractive indices retrieved
The extinction efficiency of the same aerosols, but with thefor pure ammonium sulphate (n=1.52+i0.00) and pure Rh-
refractive index retrieval algorithm applied only to the sub- 590 (n=1.00+i1.026) are used as input for calculating the
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Table 4. The refractive indices of Rhodamine-590 (Rh-590) and mixtures of Rh-590 and ammonium sulphate with molar ratios 1:10, 1:50,
1:100, and 1:500, respectively obtained using the retrieval algorithm described in Sect. 2.3 to fit Mie theory with the experimental data. The
fits were performed for two different size ranges. The first is for all the experimental sizes and the second using a subset sizes starting from
350 nm. The best fit was determined by obtaining the smallest merit fungtfgiv g).

Retrieval using all sizes Retrieval using subset of sizes (from 350 nm)
Sample Refractive index x2/N? Refractive index x2/N?
Rh-590 1.1+i1.16 0.53 1.0+i1.03 0.06
1:10 Rh-590 : (NH)»SO;  1.203+i0.728 0.30 1.405+i0.486 0.07
1:50 Rh-590 : (NH)»SO;  1.491+i0.462 0.02 1.503+i0.420 0.02
1:100 Rh-590: (NH)2SO; 1.514+i0.291 0.10 1.517+i0.236 0.02
1:500 Rh-590 : (NH)»S0; 1.537+i0.132 0.18 1.526+i0.103 0.14

« (NH)SO,

+ (NH),SO,

——n=152+i0.0 = n=152+i0.0
* Rh-590 * Rh-590
—-—n=L1+il.16

F-—n=10+il.03

»  10:1 (NH4)2S04 : Rh-590
f-— n=1405 +i0.486

*  50:1 (NH4)2S04 : Rh-390
- — n=1503+i0.42

o 100:1 (NH4)2504 : Rh-590
= n=1517+i0.236

o 500:1 (NH4)2S04 : Rh-590
- — n=1526+0.103

* 10:1 (NH4)2S04 : Rh-590
- — n= 1.203+i0.728

®  50:1 (NH4)2S0O4 : Rh-590
= n= 1.491+i0.462

© 100:1 (NH4)2S04 : Rh-590
——n= 1.514+i0.291

@ 500:1 (NH4)2S04 : Rh-590
——n= 1.537+i0.132

0 T T T T T T T T T T T 0 g T T T T T T
0 1 2 3 4 5 6 0 1 3 4 5 6

Size parameter (x ) Size parameter (x )

Extinction efficiency (Q,)
Extinction efficiency (Q,)

[

Fig. 8a. Extinction efficiency Qext) as a function of size parame- Fig. 8b. Extinction efficiency Qext) as a function of the size pa-
ter (x) obtained for ammonium sulphate, Rhodamine 590 (Rh-590),rameter ) obtained for ammonium sulphate, Rhodamine 590 (Rh-
and mixtures of the two with molar ratios 10:1, 50:1, 100:1, and 590), and mixtures of the two with molar ratios 10:1, 50:1, 100:1,
500:1, respectively. The standard deviation of the extinction effi-and 500:1, respectively. The standard deviation of the extinction ef-
ciency for all of the experimental data is also presented. The solidiciency for all of the experimental data is also presented. The solid
lines represent the Mie theory fit for the corresponding aerosol samlines represent the Mie theory fit for the corresponding aerosol sam-
ples using all experimental sizes. ple. The solid lines represent the Mie theory fit for the correspond-
ing aerosol samples using a subset of experimental sizes starting
from 350 nm.

refractive indices of the mixtures by the different mixing

rules and models. In all cases, AS is treated as the matrix and

Rh-590 as the inclusion. As in the case of the NaCI/GA mix- the table. Calculations performed on the subset of sizes give

tures, the volume fraction of the inclusion is calculated usinga considerably small merit function comparing to the calcu-

the volumes of the solutions of AS and Rh-590 used to creatéations performed on all sizes, up to an order of magnitude

the mixture. Unlike the case of the NaCl/GA mixtures, we smaller. In addition, although the AS and Rh590 are homo-

have less information regarding the proper molecular weighigeneously mixed in solution in a fashion similar to the mix-

and density of Rh-590 (in solid or liquid phase), so we do nottures of NaCl and GA, the mixing rule providing the small-

include the molar refraction/absorption mixing rule here. est merit function is the extended effective medium approx-
Results of the calculations using different mixing rules for imation assuming inclusions of radidg,=0.01um. This

the 1:10, 1:50, and 1:100 mixture sample are given in Ta-indicates that accounting for absorption in a mixture is bet-

bles 5, 6, and 7. The calculations are performed for all sizeger achieved with a higher order mixing rule (higher order

and for a subset of sizes starting from 350 nm as indicated inn inclusion size) than with a lower or zeroith order mixing
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Table 5. The index of refraction obtained for the mixture of Rh-590 and ammonium sulphate with molar ratio 1:10 obtained using different
mixing rules.

Rh-590 : (NH;)»S0y 1:10 (retrieved refractive index 1.203+i0.728 gy N2=0.30)

All experimental sizes Subset from 350 nm
Mixing rule Effective refractive index ~ x2/N?2 Effective refractive index ~ x2/N2
Linear 1.416+i0.203 33.77 1.416+i0.205 7.13
Maxwell-Garnett 1.397+i0.251 27.82 1.397+i0.251 5.85
EEMA, dingi=0.01um  1.422+0.276 20.89 1.422+i0.276 2.95
EEMA, di,=0.02um  1.421+i0.274 21.23 1.421+i0.274 3.01
EEMA, dinc=0.1um 1.392+i0.210 36.93 1.392+i0.210 9.57

Table 6. The index of refraction obtained for the mixture of Rh-590 and ammonium sulphate with molar ratio 1:50 obtained using different
mixing rules.

Rh-590 : (NH;)2S0Oy4 1:50 (retrieved refractive index 1.491+i0.462 grf N2=0.02)

All experimental sizes Subset from 350 nm
Mixing rule Effective refractive index ~ x2/N2  Effective refractive index  x2/N2
Linear 1.481+i0.076 10.47 1.481+i0.076 3.63
Maxwell-Granett 1.475+i0.095 9.38 1.475+i0.095 2.83
EEMA, dingi=0.01xm  1.478+i0.098 9.03 1.478+i0.098 271
EEMA, djnc=0.02um  1.478+i0.098 9.08 1.478+i0.098 2.73
EEMA, dinc=0.1um 1.470+i0.074 11.10 1.470+i0.074 3.67

rule, although the size of the inclusions assumed may needtd Summary and outlook

remain small to better simulate the homogeneity of the mix-

ture. As with the non-absorbing mixtures, the core plus shellwe applied cavity ring down measurements of the optical
model tends to produce a higher merit function for the 1:10,properties of absorbing and non-absorbing aerosols and their
1:50, and 1:100 Rh590-AS mixtures and is less appropriatedifferent mixtures. We performed a few modifications in the
Results of the calculations using different mixing rules for way the aerosols enter and exit the cavity enabling a uniform
the 1:500 Rh590-AS mixture samples are given in Table 8 distribution of the aerosols inside the cavity, which leads to
For this dilute mixture, even though Rh590 is highly absorb-more accurate measurements of the extinction coefficient.
ing, most mixing rules and models give similar merit func- The system was validated by measuring the extinction coef-
tion values, although the linear model provides the highesficient, extinction efficiency, and the extinction cross section
(worst) merit function, and interestingly the core plus shell and refractive indices of size selected polystyrene spheres
model provides the lowest (best). The mixing rules give sim-and ammonium sulphate aerosols. The refractive indices for
ilar merit functions because they are of similar applicability these aerosols were retrieved from the measurements using
for dilute inclusions. (One of the assumptions implicit in Mie theory and are in good agreement with data in the liter-
mixing rules is that of “dilute suspensions”.) ature.

Having said all that, it should be noted that no mixing rule  The thrust of this study was the use of the CRD technique
or model provides a very low merit function in the case of to determine the optical properties of aerosols composed of
the absorbing mixtures; all merit function values are of an or-mixtures of different absorbing and non-absorbing species
der of magnitude higher than the merit functions provided byand to determine their complex refractive indices. In addi-
the refractive index retrievals. Furthermore, there is a bettetion, we were interested in applying different mixing rules
agreement in the real part of the refractive index, while thereused for calculations of refractive indices and comparing
is less agreement in the imaginary part. So we can choosthem with the measurements. For non-absorbing mixtures
the best mixing rule or model, but none will give an excel- of sodium chloride and glutaric acid, we found very good
lent match to the measurements at the volume fractions ohgreement between the measurements and calculated val-
Rh590 tested here, as opposed to the application of the mixdes. Among the different mixing rules and models, the linear
ing rules on the non-absorbing mixtures in Sect. 3.4 whichmixing rule provided the smallest merit function, suggesting
give a better match. that for these non-absorbing species, the linear mixing rule
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Table 7. The index of refraction obtained for the mixture of Rh-590 and ammonium sulphate with molar ratio 1:100 obtained using different
mixing rules.

Rh-590 : (NH;)»S0Oy 1:100 (retrieved refractive index 1.514+i0.291 g N2=0.10)

All experimental sizes Subset from 350 nm
Mixing rule Effective refractive index ~ x2/N?2 Effective refractive index ~ x2/N2
Linear 1.500+i0.040 31.26 1.500+i0.040 6.99
Maxwell-Garnett 1.497+i0.050 28.87 1.497+i0.050 6.00
EEMA, ding=0.01um  1.498+i0.050 28.55 1.498+i0.050 5.92
EEMA, di,=0.02um  1.497+i0.050 28.65 1.497+i0.050 5.95
EEMA, dinc=0.1um 1.494+i0.038 32.47 1.494+i0.038 7.11

Table 8. The index of refraction obtained for the mixture of Rh-590 and ammonium sulphate with molar ratio 1:500 obtained using different
mixing rules.

Rh-590 : (NH;)2S0O4 1:500 (retrieved refractive index 1.537+i0.132 a(?dN2=O.18)

All experimental sizes Subset start from 350 nm
Mixing rule Effective Refractive index  x2/N2 Effective Refractive index  x2/N2
Linear 1.516+i0.008 3.23 1.516+i0.008 4.26
Maxwell-Granett 1.515+i0.013 3.08 1.515+i0.013 3.90
EEMA, djn=0.01xum  1.515+i0.010 3.08 1.515+i0.010 3.90
EEMA, djn=0.02um  1.515+i0.010 3.08 1.515+i0.010 3.90
EEMA, djnc=0.1um 1.515+i0.008 3.22 1.515+i0.008 4.09
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ever, other mixing rules also provide very good agreement. Schechter and V. Bultov with the new CRD setup. The help of
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mance of mixing rules in determining the index of refraction 2nd by Intel Inc. C. Erlick acknowledges support from the Israel
of aerosols with known composition and mixture ratio. Science Foundation grant 1315/04.
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