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Abstract

Based on Mie's theory of light scattering by small
particles, the optical properties of natural aervsol parti-
cles are anslyzed. The scattering properties of water drop-
lets (refractive index 1.33), aerosol particles (average
-refractive index 1.55) and the scattering and absorption
properties of carbon particles (refractive index 1.6 - 0.661)
are discussed in detail.

Complex scattering functions for power serles size dis-
tributions have been computed, and results of some light-
scattering-function measurements at Island Beach, New Jersey,
are compared with the computed scattering functions.
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LIGHT-SCATTERING MEASUREMENTS
AND THE ANALYSIS OF IIATURAL AFROSOL SIZE DISTRIBUTIONS

INTRODUCTION

The atmosphere of the earth is a mixture of gases in which microscopic
and submicroscopic particles of solid and liquid phase are suspended. These
particles are called aerosols.

The origin and formation of aerosol particles are not yet ccmpletely
known and understood. Over the continents, dust particles from the soil play
an important role; not so much in number (only about one percent of the total
aerosol concentration), but in mass, since they are normally relatively large
particles--one micron radius or larger. Over populated portions of the earth
a large percentage of the aerosol coriginates from combustion processes of
various kinds. Volcanic eruptions and forest fires are producers of large
aerosol quantities, and oceans are another very productive source.

Woodcock! found that small alr bubbles from waves form several small
droplets when they break. These bubbles break up into five to ten droplets
which, after evaporation, leave tiny salt crystals in the air. These crystals
are so light that they can be easily carried away by the wind.

Besides the aserosol originating from the ground and the oceans, there
must be other natural processes which contribute to the formation of aerosol
particles.2 Or_anic and inorganic gaseous components of the atmosphere can
be transformed into liquid or solid particles by photochemical or catalytic
processes. An example is the oxidation of HpoS to S0y or the formation of
smog in the Los Angeles area from carbon-hydrates under the influence of
intense sun radiation.

The fact that there are so many different formation processes for the
aerosol suggests large local and tire variations in the corcentration of the
aerosol within the boundary layer of the earth's surface. DMeasured concen-
trations for eserosol particles range from several million particles per cc in
large cities to one particle per cc over the Greenland icecap. Normally, the
aerosol concentratiorn decreases with altitude; however, recent measurements
of Junge and others3,4 show that concentrations of a few particles per cc are
also found in the stratosphere.

The nmeteorological simmificance of the aerosol is threefold. As con-
densation and freezings nuclei, the aerosol varticlies initiate the formation
of cloud drorlets and ice crystals. The effectiveness of an aerosol particle
as a condensation or freezinz nucleus depends mainly on its material, size,
and structure. Cenerally, it is the larger perticles which are most effect-
ive as condensation and freezin: nuclei.> The smallest varticles, which are
mostly ions, determine the elecirical rroperties of the atmosphere. Because
of their sreatar mobility, they determine the electrical conductivity of the
air., And sincz the small ions have a2 very strongz tendency to zuttach them-
selves to the lar;e particles, tha2 atmosvheric conductivity decreases with an



increesing number of large particles. Besides its significance for cloud
physics and atmostheric electricity, the aerosol also has a very great influ-
ence on the optical properties of the atmosphere. Light which is propagating
through a turbid medium is scattered and absorbed to some degree by the parti-
cles. It will be shown later that the size, concentration, and material are
the parameters which determine the type and intensity of the optical phenomena.

On the other hand, measurements of the optical properties of the aerosol
cen be used to analyze the composition of the natural aerosol. This method
has a great advantage in that the measurement does not influence nor disturb
the conditions which are to be measured. In the following, the possibilities
and limitations of this method for the analysis of natural serosol are
investigated.

DISCUSSION

Theoretical and liumericel Analysis of the Optical Properties of the Aerosol

1. The Scattering Theory. The general solution to the scattering prob-
lem was given by Gustav Mie,© whose theory gives the exact solution for the
scattering function and the sczttering and absorption coefficients for homo-
geneous spherical particles of arbitrary size and material. A detailed treat-
ment of the mathematical problem is given by Stratten.’ The most general
description of scettering problems is found in H. C. Van DeHulst's "Light
Scattering by Small Particles."8

Mie found a solution for the field distribution around a. spherical parti-
cle with radius r on which a plane wvave is incident. The incident wave
induces oscillations in the charges of the particle with the frequency of the
external field. These oscillations in turn produce electromagnetic fields
which interfere with each other and with the induced external field.

The three-dimensional distribution of the scattered light is a function
of four variasbles:

I= Io f(l‘, A, 1, O) (l)
I, = irtensity of incident light

r = pcrticle redius

A = vwavelength of the incident light

n = index of refraction of the perticle ageainst the surrounding

rzediunm

© = scattering angle (angle between incident and scattered beam).

lde sterts with HMexwell's eguation for & periodically veriable process
of the followin. form:

A= {x+ 148)elwt,

Mexwell's ecuation then becomes:

s 3 “ e =
I0C o= 1 X n L
-
- N (2)
rot £ = -1k H

N



w/e = 27/ x, the wave number
ne = € - 4w io /w is the complex refractive index of the
particle at frequency w
¢ = the dielectric constant
o = the electric conductivity of the particle.

n

1
£

Both quantities are freguency dependent.

The following 1s the principle of Mie's solution. Mie chooses the center
of the particle as origin of a polar coordinate system and writes Maxwell's
equations (equetion 2) in component form in this polar coordinate system. Mie
then shows that the solutions of the field equations in this coordinate system
can be broken up into three groups. The first group has no radial magnetic
field components and can be considered a series of transversal magnetic waves
(My = O, Epr # 0). The second group can be considered a transverse electric
wave (Er = O, M. # O). The third group contains all the integrals of the
Maxwell equations which show periodic varietions. They follow from summation
over the integrals of groups one and two. By proper substitutions and elimi-
nations, differential equations ere derived in which the angular dependence of
the field is given by Legendre polynomials, and the dependence on the distance
from the center by spherical Bessel functions. The summation over the parti-
cular integrals of the field equations multiplied with a proper amplitude
coefficient gives the field of scattered light.

The next step is to write the field of the incident plane wave in the
form of a spherical wave, with the origin of the coordinate system in the cen-
ter of the particle. The sum of the fields of the incident and the scattered
light then gives the field distribution for any point inside and outside the
particle. Using the boundary conditiors (constance of the tangential com-
ponents at the boundary layer particle-medium and finite value for the field
at each point), the coefficients can be determined. This gives the formal
solution of the problem.

The solution for the distribution of scattered light for incident non-
polarized light has the form

I=1I, ( \2/87 <) [i (ox, n, 8) +is (%, n O)_] (3)
o= 27r/A is celled "sice peremeter.”
The inten

si
components verti
iy and i, are in

ty functions ij and i, are proportional to the electric field
cal and rarallel to the plane of observation. The intensities
finite serizs of the form

oo
iy = |S1) € = jz (e41) /me4m) Fam M, COS © + by ty cos G}\g
m=1 - h (&)
EREE z . 2
i, =.,80%=] ;_1(¢m+l)/m +1) [am t, cos @ + by T cos é] .
lm:

The emrlitude functions .. 2nd b. are complex numbers. They are functions of
= o pod 3! J
& end n, btut ere inderendent of the terin- ar-ie 9. Physically, they can
B n

scat
be interrreted as the mvl electwicel (2.) end the n®B pma netic (by) partiel




vave originating from a dipole (first partial wave), a quadrupole (second
partial wave), and so on. The eanguler functions T, end t, depend only on

the scattering angle 6, and contain the first and second derivative of the
Lezendre polynomials of grade m end argument cos Q.

Integration over all angles gives the total scattered light

L
Is tot = Io- h2787T2 . § (1, +ip) aa . (5)
0
The angle & n cen be expressed as

d n=sin 6 a0 ag. ' (6)

Since (only for incident nonpolarized light) the scattered light is sym-
metrical with respect to @,

T 2f
Is,tot = 1,008/812 . ¢ § (i; +1,) sin 0 a0 af
o} 0]
kié
= Iosﬂg/hTf'g (il + ip) sin @ de. (7)
O

Usually the total scattering intensity is given as scattering efficiency
factor Gg, a dimensionless number. Qg is defined as the ratio of scattering
cross section Cg over the geometrical particle cross section réf. Cg is
that cross section which would intercept as much incident radiation as is
being scattered by the particle; i.e.,

Ig = I * Cge (8)
Then, for Gg,
il .
G = C/r21 = 1/ a2« § [1 (8) + 1z (8)] sin 0 ao. (9)
o

As mentioned before, the liie theory holds for nonabsorbing eas well as
absorbing particles. From the electromegnetic theory, the refractive index
in the most genersl form is obtained.

ﬂtji—}-l- (10)

n=r' (l-d{i):/g}l-

The wermeablility u may be set 1 for nonferromagnetic raterisls, which simpli-
Ties equation {10). Since the electric and the mametic fields are propor-
3o e = i _._-- "-r~ ) . > -~ . : .
tionel to el“(c“ nz) = et@roinas (z is the coordinate in the direction of
prozacetion), the Poyntings vector of the enersy flux is proportional to

et z - z - . N s
e LMD _ om {2 Yo n'¢ = 4Tn' # /) is called the absorption
coeflicient.




In the case of absorbing perticles, the total "“extinction efficiency
factor'" consists of two components--the efficiency factors for scattering

and absorption.

Qe = Qg + Qa- (11)

It is mentioned here, but not proved, that the efficlency factors for scat-
tering and absorption follow from Mie's theory as

Qe = 4/&:2 * Re LS(O)] (see equation 4)
- 2/ 2 > (em 41) Re(ag + by) (12)
m=1
Qs = 2/ 2 > (eni) (Jagl 2 + |l ). (13)
M=)

If a medium which contains N particles per cc 1s exposed to‘radiation
of intensity Ip, then over the path length dz the energy dlg = I, ¥t dz 1is
being extinguished. (Lambert's Law)

According to the definition of Cg, one can also write
dle = Io Ce N = I, Qe r2T N,
from which follows
Se = Q T TN, (14)

If the particles have different sizes and if there are N(r) dr particles of
size between r and r + dr per unit volume,

fe = Ge N(r) re [rdr. (15)
Similar relations hold for #, and ¢ ar

With these theoretical solutions, the distribution of scattered light
can be computed around a single particle or a group of particles with
arbitrary size distribution.

The nwmnericel eveluation of liie's theory is very time-consuming. Compu-
tations which use approximation methods are very unreliable and, except for
speciel cases (for instance n = 1 or n == ), they are of little value.

The convergence of the infinite series S; and S; becomes very slow for
increasin;y X - values. This means thet more and more partial waves ajy and
bp become of the same order of magnitude. Penndorf? showed that for & > 10
the number of terms in the series which has to be computed is about m = 7 +
1.2 o . The amplitude functions ap and by in S; and Sy are functions of the
srherical Bessel functions of positive and negative half order and thelr
derivatives.



For machine computstions these Bessel functions must be computed with
recursion formulas, which then give the Bessel functions as series of trigo-
nometric functions. (In Mie's publication they are still given as power
series.)

Such extensive computations cen be conducted only with modern electronic
computers with large storage capacity and high-speed operation. Reliable
computations have been carried out by Lowan,io Gumorecht end Sliepcevich,ll
end Penndorf.? All these authors have computed the scattering properties for
water droplets in the visible range (n = 1.33). A comprehensive summary of
existing computations is given in Ven DeHulst's book.

Z. Application of the Scattering Theory to Aerosol Particles. Mie's
theory covers a range for the refractive index from one to e and also for
the size parameter from zero to o . Where are the natural aeroscl particles
placed in this n - X plane?

Pirst, consider the refractive index. Junge2 found that the aerosol,
especially over the continents, contains a very strong sulfate-particle com-
ponent. Furthermore, as mentioned before, the sea salt particles are a sig-
nificent aerosol component. The refractive index for all these particles is
between 1.5 and 1.6. Volz12 found an effective refractive index for aerosols
of 1.55 by refractometer measurements of precipitetion residues. The absorp-
tion effect of such crystalline particles is negligible even in the near
infrered; the imaginary part of the -complex refractive index for such perti-
cles would be of the order of magnitude of 10-5 or smaller.

Hovever, in industrial areas there are amorphous particles (soot and
ashes) vhose absorption is of the same order of magnitude as their scattering
effect. This nieans that the imaginary pert of their refractive index can no
longer be nejzlected. The refractive index for carbon particles in the visi-
ble wavelength region is 1.6 - 0.661.13 It must be mentioned, however, that
the introduction of such a refractive index requires s completely homogeneous
structure of the particle, e condition assumed sufficiently satisfied for
small particles. Carbon particles are an extremely strong absorbinz natural
eerosol. Higher complex refractive index values would bvelong to metallic
verticles which may be found in special industrial areas. However, since
their occurrerice will be very limited, they are not considered here.

The three values of refractive index--l.33 for water, 1.55 es effective
refrective index for natural azerosol, and 1.6-0.65i for carbon particles--
are a Irome into which most of the naturel aerosol particles will fit. Salt
varticles becciie droplets if the relative humidity approaches 100 percent.
Their refractive index will be between 1.33 and 1.55. The refractive index
of oll solid rarticles, transperent to opacgue, will be between 1.55 and
1.0-0.(oi. It nust be mentioned, however, that interpolaiions in the refrac-
tive index rmet be done very carefully. The liie theory chows that the
intersities i; end i; and also i ere complicated reriodicel functions of the
refractive incex. Penndorf~ showed this very nicely in a three-dimencicnal
rodel. The scottering function, measured at a certain wevelengtn, is a
function of n cnd r and there are an infinite number of combinations of ¥ and
n wkich would solve the eqguation. It is therefore necessary to have at least
two neasurenents with different perameter values in order to be able o cor-
reil~te & scatierinz function with & certein aerosol.

&




Aerosol particles cover a size range from about 107 to 10-3 cm radius.
Particles over this wide size-range influence the opticsl properties of the
etmosphere. The & -range for scatiering meeasurements therefore should reach
from 0.1 to about 100 for visible light.

Before concluding this discussion on the applicability of scattering
measurements for aerosol analysis, there are two more questions to be
ensvered: a) to what extent can the naturel aerosol particlés be considered
spherical? and b) how much do the scattering properties for nonspherical
perticles deviate from those for spherical particles? Jacobi, Junge, and
Lippert—" conducted electron microscopical analyses of natural eserosol parti-
cles. Their measurements showed that for continental serosol (Taunus Observa-
tory) only about ten percent of all solid particles were nonspherical. A
considerable portion of natural aerosol particles exists in liquid form and
therefore_cen be assumed spherical. ZElectronmicroscope pictures of carbon
particlesl5 indicate that carbon particles also, if they are single particles,
are of spherical shape. However, they do have a great tendency to form
chains.

The gquestion about deviations in scattering properties for nonspherical
particles is very difficult to enswer. Atlas, Kerker, and Hitschfeldl0 in-
vestizated small-size-parameter values (radar waves and snow crystals) and
found that particles of homogeneous orientation have a2 strong depolarizing
effect on an incident polarized wave. There are scattering theories for some
special nonspherical particles--for instance, small disks or cylinders. Van
DefAulst® compares some scattering functions for spherical and cylindrical
particles with n = 1.5. The scattering functions are very similar and agree
in their characteristical properties: dincreasing forwverd scattering for
increasing o - values; increase in secondary oscillations for increasing o .
Also, the absolute intensities of the scattered light are of the same order
of magnitude. Summarizing, Mie's theory6 should give a very true picture of
the scattering properties of the natural aserosol.

Together with the Applied lMathematics Division of the U. S. National
Bureau of Standards, Vashington, D. C., this Laboratory set up a program for
the computation of scattering functions for particles with complex refractive
index. The computations were carried out with the IBM 704 computer of the
National Bureau of Stendards.¥* The computed quantities were the intensity
functions iy and ip, and the efficlency factors for extinction end scatter-
ing, ¢ and Qg. The computations were carried out to eight decimal places.
The intensity functions were computed for angles from 0° to 20° in steps of
1°, end from £0° to 180° in steps of 10°. Computations were made for the
refractive indices 1.55 and 1.6-0.66i and « - values from 0.1 to L4O.**

The matheratical part of the project was conducted by Dr. H. J. Oser of
the ilational B ureau of Standards. Publication in tebulated form of the
results of the comrutaticns (including computations for carbon particles
with concentric water shell) will be made by the Ilational Bureau of
tandards.
#Tomputations up to K -250 are presently under vay.



3. Scattering Punctions of Aerosol Particles. In Figs. 1 through 3
the computed scattering functions i} and ip, as well as (i3 + ip)/2 = i, are
plotted for &-values from 0.l to 40. The curves for the refractive index
1.33, taken from computations by LowanlO and Gumprecht,ll are plotted in
Fig. 1; those for n = 1.55 in Fig. 2, and those for n = 1.6 - 0.664i in Fig. 3.
An investigation was made to determine how the material and size of the parti-
cle influence its scattering properties, especially how the absorption changes
the scattering function. In Fig. 4 the efficiency factors for extinction for
the three refractive indices are plotted as functions of K . The Q-curves
have been smoothed out and do nct show the secondary maxima and minima which,
according to Penndorf's9 computations, have a period of about cc/2 end an
amplitude of about 0.2.

The efficiency coefficients, starting at 0, increase for increasing o ;
and for large oC they approach & final velue of two. This so-called extine-
tion paradox--i.e., that fact that a particle extinguishes twice as much
light as is incident on the particle-~is explained by the conditions that all
light, including the light which is scattered into the very forward angles,
is being considered as extinguished, and that the distance particle-observer
is large compared to the particle diameter. :

The dependence of Qe on the refractive index was investigated by Penn-
dorf.9 His computations show that the K-velue for the first maximum in Qe
is the smaller the larger the refrective index n. The maxima and minimas in
the Q-curves can be made identical if Q is plotted as a function of ZCK(n-l).
The mexima in Qe correspond to K-values for which the diffracted light
(Fraunhofer diffraction) is in phase with the light which penetrated the
particle. The minima are in places where the two components are out of phase.
This also explains why the secondary mexima and minima do not occur for the
complex refractive index. For absorbing as well as reflecting particles
(n = =), the diffracted portion of the light dominates. This smoothing of
the Qe curve with increasing imaginary part of the refractive index was
proved by computations of Johnson, Eldridge, and Terrell,17 who computed Qe
for n = 1.29(1 + ik), k variable from O to o®. From Fig. 4 it can also be
seen that for small K £ 1 values, Qe is almost identical to Qg because the
scattering effect for small particles is very small. For larger o« , the con-
tribution of scattering and absorption to Qe is almost equal.

The curves for i1, i,, and (i; + 15)/2 in Figs. 1 through 3 show how the
intensity of scattered 1light is distributed over the angular range. The
forward scattering (@ —» 0°) increases from about 10-7 for « = 0.1 to about
10> for o = 40. This is an increase by a factor 1032, whereas o or, since
N changes cnly by a factor 2 over the visible range, r increases only by a
factor 100. For the range 1 < «€ £ 5, the forward scattering increases
steadily for all particles. Table 1 and Fig. 5 give the ratio 1(10°)/i(20°).
The ratio is almost independent from the refractive index and almost constant
for X < 1.

The back scattering increases only from 10-T to 103 for real refractive
index and to 10 fur complex refractive index. The ratio of forward to back
scattering increases with o< up to about X = 2. For larger K-values, the
number of interference maxima and minima in iy and i, increases, and these
mexima and minima start to move through the 180° position as oK increases;

8
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Table 1. Ratio 1(10°)/1(20°) for Various Refractive Indices and X Values

1.55 1.6 - 0.661

2 n = 1l.33

0.6 1.052 1.053 1.052
1 1.063 1.062 1.064"
2 1.121 1.118 1.163
3 1.254 1.268 1.364
L 1.606 1.611 1.715
6 2.656 6.9 3.452
8 8.327 3.326 11.98

and therefore i;(180°) and i,(180°) are no longer monotone functions of &C.
For large absorbing particles there are diffraction rings only in the forward
directions. This means that for large o ( &K >10) the oscillations in the
intensity functions disappesar.

Van DeHulst8 has shown that the distance between two maxima or minima in

i1 and ip is approximately 180°/0<. This means that for 10° interval compu-
tations for X > 4 the frequency of points is no longer sufficient tc inter-
polate between them., This has also been shown in recent computations by
Giesel® for size varameter values up to 100, The amplitude of these oscilla-
tions is much smaller for ip than for ij. The curves in Figs. 1 through 3
foro. > U4 are therefore not accurate with respect to these oscillations.
This is, however, not too critical, since for mixtures of particles of vari-
ous sizes these maxima and minima will cancel out. Furthermore, the computa-
tions for size distribution have been carried out for computed angular values
so that the resulting complex scattering values are absolutely correct.

Volzl9 concluded from observations of black clouds of soot particles
that the 90° and especially the back scattering of absorbing aerosol particles
is much smaller than for nonabsorbing particles of the same size. This is
true especially for larze varticles. The back scattering for nonabsorbing
varticles is about 30 to S50 times larger than it is for absorbing particles.
The intensity of scattered light under 90° is about one-third of that for
nonabsorbing particles.

For very small particles (o< < 1), the light scattered under 90° is com-
pletely volarized; i.e., 1i-(90)<<i;(50). This is the range of Rayleigh
scatterin:. If the particle is smell compared to the incident wavelength,
the field across the zarticle cen be ccnsidered homoszeneous and the dipole
roment which is being induced in the particle tecomes

—

T=E, - (16)

.oC is in this case the polarizability of the particle.) The intensity of
the scattered lizht according to Rayleizh's theory then becomes

f\)I?
g.
=

no

jo )
o

n® -1y cosLQ) (17)

+

ig =

1o

-~




It can be seen from this equation that the shape of the scattering function
does not depend on the refractive index.

According to Mie's theory the components i and iy are always linear
polerized, and the definition given as a measure for the degree of polariza-
tion is

iy - 1
P=.__l___..._2.. (18)

And since ij and ip are functions of 9, P(@) is called "polarization function."

Bullrich®® has measured the polarization function for haze and fog. He
showed that the polarization function is a very good criterion for the deter-
mination of aerosol distributions. The properties of the polarizastion function
for aerosol particles are shown in Figs. 6 through 8. The polarization is
the same for all particles withoK < 1. Between &« = 1 and X = 2, the mini-
mum in is starts to shift from 90° to 120° and becomes flatter. The polariza-
tion becomes negative for certain angles.

Summarizing the scattering properties of monodisperse aerosol particles:

Properties typical for the particle size:

a. There is a very distinct limit between the Rayleigh and the Mie
region. If there is a sharp minimum in i, at 90° (P(90°)>0.95), then « is
smaller than 1 (Rayleigh scattering).

b. The scattering function for K < 1 has the same shape for all o and
n. For a determination of &K, one needs an absolute measurement of 1.

¢. Tor the range 1< & <2, the position of the minimum of i, allows an
estimate of the XK-value.

d. Between K = 1 and X = 5, the steepness of the scattering function
for forward angles (see Table 1) allows a determination of .

e. If the scattering function shows sharp maxima and minima between
Q@ =0° and @ = 20°, then X > 15.

Proverties typical for the refrective index:

a. A determination of the refractive index for particles with X <1
requires an absolute measurement of 1i.

b. For 1L X £ 5, o€ has to be known to determine n.

¢. For« > 5, absorbing particles can be identified by the fact that for
large © the maxima and minima in i) and ip disappear.

L. Aerosol Size Distributions and Their Scattering Functions. Normally
the naturel eerosol does not occur in monodisperse form, but has a rather wide
size distribution which follows a power law of the following form:
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ATV .+ Ar. (19)

- c
€ + 1
N

All is the number of particles with radii between r and r + Ar. Sometimes
cguation (19) is also written in logarithmic form:

- di - _c . (20)

dlogr ¢

JungeEl Tound from measurements in Frankfurt at the Taunus observatory and at
the Zugspitze that j2 = 3 gives a best fit to the natural size distridution.
wWith hizh relative humidity the larger particles grow faster than the smaller
ones so that the cize distribution becomes flatter and for 100=percent humidity

follows an r=2-5 law.
Volzl2 derived a complex extinction curve:
[~ ]

( r2 7 g (=) an(r), (21)

o}

e

e

il

Tecl ) Qe(27 r/n) dr.
(o]

J‘Xe T .c(?\/gﬂ)'é}‘f‘ggm—fa—*l.g‘e(cc) Y (22)
@]

Dquation (22) shows that A no loncer eprears under the integral. The product

It - #*1 (&) remsins fin&te es lonz as #* < 5, since (<) for the Rayleigh
region is proportional <. 7. TFor absorbing particles, the slope of the Q-curve
is even steeper, so that in this case & may assume even larger values.

In Fig. 9, O(K) for n = 1.55 is rmltiplied by r2 7T - ar/r3 (correspond-
ing to A = £) end also with r&<T. Ar/ru (corvesvonding to # = 3). The func-
tions T - Ar/r end ™ - ar/re are multiplied with a factor so that their value
“ecomes 1 for o = O0.1. Thereby A has to be considered constent, and o =
K (r). The result of equation (&Z) now becomes ohvious; a variation of A means
only e raltivlication or division of the abscissa with a constant. Figure 9
also shows that only a relatively narrow size range contributes to the complex
extinction. This effective sice rangze is the smeller the steeper the size dis-
trination. The most effective particles (i.e., peax in the K-curve) are the

lar-er the flatier the size distribution. In 3£e£ = f Kz (for ¢t = 3), &5 per-

att : is between l« o L 5; i.e., for visible light
0.50 micron. For the size distribution AL = £, ebout 70
5 d by articles between oK = 1 and 10, and
< 2. This meens for visible li-ht a size
<1 5.2, recyectively. Tor a different wave-
e vill be aifferent, as yointed out bty

cent ol the
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Tle following is an explanation of how the scattering function is
influenced by the power distribution. In tables 2 through 7 the scattering
functions for the two size distributions An = cAr/rL* and Al = CAI’/I‘3 have
been computed for three velues of refractive index n = 1.33, n = 1.55, and
n=1.6 - 0.661, with Ar = 1 and AN(® = 40) = 1. Computed are £ ij(&,0Q)
ai(r) = £ i¥(0c, ©) and £ i3(x,0) for angular intervals of 30°, and four
size intervals from 1<« < 6 to 0.1 <L << L0,

Mlso computed are ¥ (if + i5)/2 = (ii_:’f +% i5)/2 end the polarization
functions P(8) = (£1iy - € 13)/(£1i] + £1}). The numerical values in the

tables are only relative, since they depend on the arbitrary selection of AN.
The functions £ i* and also the components & if and £ i; for the size range

froi 0.1< « €40 are plotted in Figs. 10 and 11.

Table 2. Computed Complex Scattering Functions

n = 1.33; &N = ;CE Ar
0° 30° 60° %0° 120° 150° 180°
I
0.54 K <40
iy L4, 57 3.017 0.927 0.270 0.146 0.163 0.215
£i% Y 2.98 0.463 0.099 0.081 0.096 0.215
z(i{+i§)/2 L. 57 2.999 0.695 0.135 0.104 0.129 0.215
B(9) 0 40.006  +40.334h  +40.L46 4+0.41 0.259 0
11
0.5£ 0L 10
£if  13.99  2.65 0.862  0.z62  0.130  0.126  0.116
zig 13.99 2.53 0.379 0.071 0.0kL 0.108 0.116
S (iY+15)/2  13.99  £.59 0.621  0.167  0.087  0.117  0.116
P(Q) 0 40.202  +0.39 4+0.57%  +0.495  40.077 0
111
0.54K <L 6
£i7 5.37 .20 0.0z 0.241 0.114 0.091 0.097
£iy 5.37  2.05 0.300 0.0  0.032  0.069  0.097
7 (i747)/¢ 5.37 z.138 0.551  0.1kh  0.073  0.080  0.097
P{Q) 0 +0.053 0.455  +40.0% 40.56 40.128 0
Iv
1L ALy
£if 5.36 .ol 0.78¢8 0.222 0.10z 0.072 0.085
£i7 5.30 2.05 0.227 0.02% 0.029 0.0&0 0.035
S (i7+7)/z 5.35 z.05 0.2047 0.046 0.027 0.0£0 0.085
F(9) 0 +2.055 +0.45 .05 40.556 40.137 0




Teble 3. Computed Complex Scattering Functions
n=1.33; Al = _c_3 Ar
Ir
0° 30° 60° 90° 120° 130° 180°
0.5 Li < ho
£i]  20.09  0.367  0.059  0.017k  0.0127  0.0263 0,029
r3 iz 20.09 0.398 0.0618 0.0193 0.0095 0.0095 0.0204
z (i’{ﬂ’e‘)/z 20.09 0.383 0.0604  0.0184 0.0112 0.0179 0.029%4
P(0) 0 -0.041 -0.023 -0.052 40.134 +0.147 0
I
0.5 <10
> i{ 1.9  0.234 0.0391  0.01kk4 0.0072 0.0092 0.0069
gi; 1.941  0.237 0.0302  0.0075 0.0037 0.0053 0.0069
< (i{+i§)/2 1.94  0.2355 0.0347 0.0109 0.0055 0.0078 0.0069
p(e) 0 -0.0064 +0.128  +0.315 40.321 +0.269 0
111
0.5 0046
£if 0.463 0.169 0.0285 0.0108 0.0047 0.0034 0.0039
£33 0.463  0.157 0.0168 0.0033 0.0016 0.0026 0.0039
£(i7+#i%)/2  0.463 0.163  0.0227 ©.007L  0.0032  0.0030  0.0039
P(0) 0 +0.037 +40.252 +40.530 40.490 +0.133 0
IV -
leX £ B
£ i'{ 0.463  0.16¢ 0.0283  0.0106 0.00L6 0.0033 0.0038
iig 0.463 0457 0.0167 0.0033 0.0015 0.0025 0.0038
£ (i7+f)/z2  0.k63 0.163  0.0225 0.006  0.00305 0.002%  0.0033
P(Q) 0 40.037 +40.26 +0.525 +0.51 +0.138 0




Table L. Computed Complex Scattering Functions

= 5 T:C
n=1.55; Al .;.EAr

0° 50° 50° 90° 120° 150° 160°
T
0.1 Lo Lk
£ i bk 5.31 1.5k 0.586 0.276 0.291 1.146
£i%  Lh. L,.59 1.73 0. hsY 0.eohk 0.473 1.146
i(i;_*m;g)/z Lia b.5¢ 1.6L 0.52 0.285 0.382 1.146
P(0) 0 40.073 -0.058  +0.127 -0.032 -0.2 0
11
0.14 0 <410
£i] 1z.8 h.cz 1.4z 0.558 0.271 0.288 0.799
£i, 12.8 Y. z2z 1.30 0.433 0.286 0.468 0.799
< (ii{'+i:2)/2 12.§ 4h.zz 1.36 0.495 0.272 0.378 0.7%2
P(e) 0 0 +0.0kL  40.125 -0.027 -0.24 0
111
0.14x L ¢t
€i; 3.6 518 1.40 0.551 0.263 0.251 0.bzc
£i; 9.6 3.60 1.18 0.383 0.231 0.376 0.439
£iy+g)/z 3.6¢ 1.20 0.467 0.2k47 0.313 0.h3y
P(8) 0 -0.032  40.085  +40.18 40,0653 -0.¢ 0
A
14 oKLH
€1} 2.58  4.10 1.38 0.53 0.2hs 0.23 0.416
zi’,: z.58 3.5% 1.1% 0.:82 0.22€ 0.36 0.416
sl o 55 5.2 1.z20 0.45¢ 0.235 e 0.11&
ve) 0 +0.07%  +40.10 +0.16 -0.038 -0.z22 0



Teble 5. Computed Complex Scattering Functions
n=1.55 Al =L ar
r3
0° 30° 60° 00° 120° 150° 180°
I
0.14 K< ho
£ i’l‘ 19.11 0.416 0.125 0.040 0.020 0.023 0.227
zizl 19.11 0.439 0.102 0.046 0.026 0.043 0.227
£ (i7+5)/2 19.11  0.428  0.11k  0.043 0.023 0.033 0.227
p(e) 0 -0.027 +40.101 -0.07 -0.13 -0.30 0
II
0.1< or«10
£i] 1.3z 0.288  0.083  0.023 0.012  0.015 0.093
£i3 1.32 0.294 0.0€5 0.035 0.022 0.036 0.093
s (i_f[+i§)/2 1.32 0.291 0.07h 0.029 0.017 0.026 0.093
P(e) 0 -0.010 +0.12 -0.21 -0.29 -0.41 0
III
0.1<4x < b
£ i] 0.73% 0.264 0.080 0.023 0.010 0.009 0.026
£is  0.73% 0.263  0.045  0.025 0.011 0.023 0.026
£ (ij+i,)/2  0.73% 0.264  0.063  0.024 0.011 0.016 0.026
P(Q) 0 -0.002 +40.28 -0.0k42 -0.048 -0. 44 0
v
1 <6
zi{ 0.734 0.264 0.080 0.023 0.010 0.003 0.026
£iZ  0.73%  0.263 0.045  0.025 0.011 0.023 0.026
£(1f+ii:)/c 0.73%  0.264 0.063 0.024 0.011 0.016 0.026
P(e) 0 -0.002 +40.28 -0.0k42 -0.048 -0k 0



Table 6.

Computed Complex Scattering Functions

n=l.6-0.66i;AN=EKAr
r

- 0° 30° 60° 90° 120° 150° 180°
0.1<ax <40
£if 37.80 3.06 1.201  0.61k4 0.428 0.372 0.354
£15 37.81  2.256  0.115  0.129 0.152 0.278 0.354
2(13}1;)/2 37.81 2.631 0.853 0.372 0.290 0.325 0.35h
p(e) 0 40.153 40.513 +40.653 +0.476 0.1k0 0
II
0.1 0F £ 10
£1] 9.6 2941  1.265 0.599  0.418  0.364  0.346
£1%  9.206 2.180 0.413 0.126  0.147  0.212  0.346
£ (1743)/2  9.206 2.561  0.839  0.363  0.263 0.318  0.346
P(o) 0 40.149  40.508 +0.652  +40.480 40.145 0
IIT
0.1<cx < 6
£1i7 5.2t 2.867  l.24k2  0.587  0.410  0.357 0.3
£15  S.27% 2.153  0.410  0.122  0.1k2 0.267 0.34%
£ (1fuR)/2 5.2k 2.500  0.826  0.355 0.276 0.312 0.340
P(®) O 40.142  40.504  +40.656 +0.486 +0.144 0
v
1< x <6
£if  5.226 2.805 1.181  0.530 0.353 0.303 0.286
£i} 5.216 2.107 0.395 0.12 0.128 0.225 0.286
£ (11+%)/2  s.206 2.456  0.78  0.326 0.241 0.264 0.286
P(0) 0 +0.1k2  40.499 +0.628 +0.468 +0.148 0




Table 7. Computed Complex Scattering Functions
n =16 ~0.66i; all = S ar
3
0° 30° 60° 90° 120° 150° 180°
I
0.14« £ 10
- _.¥
£i; 18.39 0.203 0.062 0.025 0.017 0.018 0.013
£i5 18.39  0.130  0.018  0.008 0.008 0.011 0.013
v (i]*_'+i§)/2 18.39 0.167 0.0ko 0.016 0.013 0.015 0.013
P(o) 0 .22 +0.55 +0.51 +0.36 +0.24 0
II
0.1< & <10
£ i*{ 1.043 0.162 0.052 0.019 0.012 0.011 0.010
iig 1.043 0.11k 0.017 0.007 0.006 0.008 0.010
£(if+i%)/2  1.043 0.1338  0.035  0.013 0.009 0.0095  0.010
P(9) 0 +0.174  40.51 +0.46 40.33 40.16 0
TII
0.1<ox <6
£ if 0.355 0.149 0.048 0.017 0.01L 0.010 0.009
gig 0.355 0.109 0.017 0.006 0.005 0.007 0.009
z(i{“n‘g)/z 0.355 0.120 0.0323  0.0115 0.008 0.009 0.009
r(e) 0 +0.155 +0.k49 +0.48 4+0.33 +0.13 0
v
Lex<b
£i]  0.13; 0.1  0.0-7  0.017 0.010 0.009 0.007
ii.z 0.133 0.103 0.01% 0.006 0.005 0.007 0.009
5 (if+i§)/2 0.135 0.129 0.032 0.0115 0.0075 0.003 0.009
P(9Q) 0 +0.15 +0.bky +0.43 .33 +0.125 0




As one would expect, the wide sire distribution smoothes out the scat-
tering function. It can also be seen that with a flat size distribution the
relative higher number of large particles causes a stronger forward scatter-
ing, and for nonabsorbing particles a stronger back scattering. In table 8

the ratio £1(10°)/ £ $(120°) has been computed:

Teble 8. Ratios:(10°)/s ¥(120°) for Various Refractive Indices end Size Distributions

m AN = ¢ Ar(:r1+ AN = ¢ Ar(r3

1.33 160 320
1.55 65 100
1.6 - 0.66i 33 75

The scattering function for absorbing particles is characterized by the con-
stant value for © >100°.

In Figs. 10 to 13 the functions £ f for four different X -ranges are
plotted. It cen be seen that a reduction of the X-range has more influence
on the scattering function the flatter the size distribution. Table 9 again
demonstrates the influence of the steepness of the size distribution on the
scattering function. The intensities here are given in percent, whereby the
renge 0.1< K< 40 is assumed to be 100 percent.

Jeble 9. Influence of Size Distribution on the Shape of the Complex Scattering Function
(= i; + £ i;)/e in percent
0° 60° 120° 180°
Y3 f=2 F=3 HF=2 =3 YP=2 we 3 k= 2
m= 1. 3
0.1< &< 100 100 100 100 100 100 100 100
0.1< o 410 31 2.3 9 57 84 L9 54 23
0.1<& & 6 12 2.2 79 37.5 70 29 ks 13.5
1 <x 4 6 12 2.2 k3 37 28 27 40 13
m= 105
0.1 £ < b 100 100 100 100 100 100 100 100
0.1 <0¢ <10 29 6.9 83 65 o8 T4 70 b
0.14 & ¢ 6 22 3.8 79 55 87 48 38 1
1 LR 4L 6 22 3.8 1 55 82 48 37 11
m:l.é-0.66i
0.1« kL BO 100 100 100 100 100 100 100 100
0.1€K 410 zh 5.7 98 &8 o8 69 98 1
0.1¢X £ 6 1k 1.9 g7 81 95 62 96 69
1 <L £« 6 14 0.7 92 81 83 58 81 69

As nentioned before, the shape of the complex scettering function for a
pover distribution is independent of the wave leng‘th.21
a similer consideretion as the one of equations (21) and (22).

(3) follows:

S

This can be shown by
From eguation
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2 i 2
.oAS 114+ 1p A
1=15 2 >— = Lo G 2 - i(x,0). (38)
With a size distribution aN(r) = ¢ r-( * ) Ar, follows

(o o]
I= -—T-}/Q—IC’ l+ cic. g i(x,9) SO

2 A-v‘"- 1 @ - V=1

I . .
_ o " A c . LA i(or,9) * <X
a—- oo e - g ’ ass
®
= const * A -(F) 5 i(ot,9) c LM g
o

If the integral is taken from zero to infinity, it includes all K values
and becomes independent of A . If the integral has an upper limit, then the
scattered light is constant from & = O to a small angle Og end equals I(Oo)
as Moeller has shown.2 @, is larger for long-wave radiation than for short-
vave radiation., If the size distribution deviates from a power distribution,

A can no longer be eliminated from the integral, and the angular distribu-
tion therefore becomes a function of the wavelength.

Volzl@ has shown bow the complex extinction and scattering function
respond to deviations from a power law distribution. A convex size
distribution results in an excess of red light for large scattering angles
(aureolae and Bishop rings). A concave size distribution (for instance, a
power distribution with a hole) has the opposite effect; i.e., an excess of
red light for small angles.

The polarization functions in Figs. 14 through 16 show some interesting
results. The maxima and minima in the scattering functions of the larger
particles mostly cancel out so that only the polarization of the smaller
perticles remains. The polarization increases if the size range is limited
to smaller particles. The uniformity of the scattering functions for absorb-
ing particles is also indicated in the complex polarization functions. A
chanze of the limits of the size spectrum has very little effect on the com-
plex polarization function for absorbing particles.

Surmerizinz, the following conclusions are drawn from the measurement of
e polarization function:

a. If i) and i, are s;mooth curves (without maxima and minima), and if
they heve e definite forward scatterinz, then the serosol has a size

o
distribution.

an wlar 4
¢. Trom tae steerness of the forward scatterin:, an estirated valus c2n
re derivei for zhe e'rorent of the rover-law distribution.
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lreasurerents of the Li-ht-Scattering Properties of HNatural Aerosol Distributions

1. Instrurentation. The lig attering reasurements were carried out
with a volar-nerheloueter-tyowe inst nt. This lizht-scettering meter was
built under a Sima2l Corps contract (DA 36-03% SC-70142) by the Perkin and
Elmer Ccrroration, ilox %, Conn., and has been described previously in Perkin
and Blrer's report and also in USASRDL Technical Report 2038. Therefore only
a brief description is siven here.

Y
ral
al

7 ure 17 is schemptic diagram of the instrument. A collimated light
beast, ori_inetinz from the source L, is chorped by a rotating chopper C at a
rate of ecporoximately 12 cycles per second. The efflective scattering volume--

s, the volume vhich is both illuminated by the incident beam and viewed
by the detector system--is abtout 1.2 cc if the detector arm is in the 90°
position. The detector arm is capable of scanning over the angular range from
2° forward scattering to 140°. The apnsular resolution of the instrument is,
depending on the openins of the exit iris, either 1/2° or 1°. The original
1PZ1 photomultiplier for visible light was replaced by a newver and more sensi-
tive RCA 7264 photommltiplier. With this improved receiver, scattering
measurements at concentrations as low as a few hundred particles per cc are
possible.

[0

< ot b
Y
B

+ ok
b

Polarization filters in the scurce and detector arm permit studies of the
polarizing effects of zerosol particles and also, of course, separate measure-
ments of the components iy and ip,. The spectral sensitivity of the system's
light source (circonium lamp) photormaltiplier receiver (726L4) is shovn in
Fig. 18 in relative units. For measurements at very low concentrations, the
use of the total spectral range is necessary. However, for higher concentra-
tions (several thousand effective scattering particles), the insertion of
interference filters into the path of the intident light allows measurements
with monochromatic light.

A rough estimate of the available intensities and energies gives the fol-
lowing figures: The intensity of incident light I, is about 0.5 pw/cme. This
means that the intensity of light scattered into a steradian of 1° by one parti-
cle for a size parameter OC = 1 is of the order of 107° microwatts. The ampli-
ficetion b the photormultipiier is of the order of 107, and the amplifiers
increase the si.mal by a factor of about 10°.

The liht-scattering meter has been tested in the laboratory throuzh
measurements with latex particles of mown size, refractive inde:x, and concen-
tration. It proved to -dive rerroducible values (see USASRDL TR-2038).

z. Scatterin; Furctions of lzturzl Aerosol. A series of measurements of
the scatterin: function ernd <the rolarizetion function was conducted with the
licht-scetterin: meter. The site for the meesurements was the peninsular of

¥

Fad
i
Island RBeech in ilew Jersey, at a point 2bout 150 feet inlend from the Atlentic

coast. The measuremente vwere conducted during the period between ZO April and

17 r2- liol. Bxcept for the two measurenents on 20 and 24 April, all measure-

ments vere made durin,. dar.mess so that the instrument test-chamber could be
ssure frea zcceess of the air sammle., This was parti-

lef< coxzrletely oren to assu
cuzarly important because

ihe very lov ebsolute concentrations and the higch
reletive hunddity valuec encountere

1 in rost of the cases.
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The total concentrations in all cases except for 17 May were between 1
and 10 x 103 particles per cec. These total concentrations were measured with
& General Electric nucleus counter®3 which works on the Aitken-counter prin-
ciple and responds to particles over a size range from 107! to 1073 cm radius.
From the theoretical considerations given above in the paragraphs under
"Aerosol Size Distribution and Scattering Functions,” it follows that only a
small portion of this size range--nanely, for visible light and a power-law
distribution--a range of 0.1 < r <5 microns will be effective for light
scattering.

The measured scattering functions ere plotted in Figs. 19 through 27.
The measurements were conducted with the total spectral bandwidth of the sys-~
tem (0.4 to 0.6 micron). This means that any size determination is accurate
only to within a factor of 2 which, however, is good considering the wide size
distribution of aerosol particles.

The measured scattering functions show ver, clearly the difference
between land and sea zerosol. The very strong forward scattering on 8 and
10 lMay and 20 April indicates the presence of large sea-aerosol particles,
probably hycroscopic salt particles. The extreme minimum around 90°
is a phenomenon which cannot yet be erplained. However, the same effect has
been found in measurements by other investigators with different methods,* so
an instrumental error is very unlikely the cause. An extreme case is the
neasurement of 3 liay (Fiz. 23). Such a scattering function would result from
an zerosol which contains only very small particles (& < 1). This would cor-
respond to sizes r< 0.1l micron. Also, the measurements on 24 April and 5 and
17 Moy show very little forvard scattering.

The polarizetion functions for the two measurements on 10 and 17 May are
plotted in Fig. 23. The strong polarization around 100° on 17 May indicates
very clearly the presence of meny small particles. This is in good agreement
with the wide minimum in the scattering function.

It follows very clearly from this series of measurements that in cases
with trajectories of the air-flow from the ocean the increased concentration
of lerze sees-aerosol particles is responsible for a strong forward-scattering
component, whereas the land aerosol is charscterized by an ebundance of small
particles.

COIICLUSIONS

The reported measured scettering functions and polarization functions
indicate that lizht-scetterin: measurements and their comparison with theo-
reticel data allow a good correlation with the composition end size distribu-
tion of natural aerosol rerticles.

TUTURE PLALS
Theoreticel computations of size distributions which do not follow e

pover lew, such as Goussian distributions, are now bein; conducted. It may
elso be necessary to consider the effects of mixed eerosols; for instance,

*Private commmnication with Dr. ¥ Bullrich, University of lMainz, Germany.
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- Fig. 19. Light-scattering functions measured
. 2t Islend Beach State Parx, N. J.,
- 20 April 1961.
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Fig. 20. Light-scattering functions measured
at Island Beach State Park, N. J.,
24 April 1961.
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Fig. 2. Light-scattering functions measured
at Island Beach State Park, N. J.,
26 April 1961.
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Fig. 22. Light-scattering functions measured
et Isiand Beacn State Park, li. J.,
1 sy 1961,

=N

P =]

4
I3}




100

- Fig. 23. Light-scattering functions measureq
at Island Beach State Park, H. J.,
r 3 Moy 1961.
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Fig. ch. Light-scattering functions measured
at Islsnd 3each Stete Park, 1. J.,
5 Mey 1961,

ry

D

2




100

Fig. 25. Light-scattering functions measured
at Island Beach State Park, N. J.,
8 lay 1961.
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I~ Fig. 26. Light-scattering functions measured
B 2% . Islend Beach State Park, N. J.,
10 Moy 1961.
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Fig. 27. Light-scattering functions measured
at Island Beach State ParX, H. J.,
17 May 1961,
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mixtures of water droplets and ebsorbing particles for certain industriel
areas.

The future plans for the experimental part of this research include
systematic measurements of the scattering properties of natural aerosol parti-
cles in various locations wvhich have typical aerosols; for instance, the Smoky
Mountain haze and aerosol in industrial areas. In connection with the scat-
“ering function measurements, it is desirable to conduct independent measure-
ments of the total concentrations and their time variation, and also parallel
measurements of the size distribution. These measurements will be for com-
parison purposes; for instance, with the Goetz aerosol spectrometer.?

Theoretical studies must be made to compute the contribution of Rayleigh
scattering to the total scattering. Is is also necessary to compute other
size distributions and their complex scattering functions.

It is hoped that these measurements and their evaluation will yleld a
rather comprehensive picture of the optical properties of various natural
aerosol -distributions and in addition supply more information about the com-
position and the physics of natural aerosol particles.
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