Reports

Light Scattering by Irregular Randomly Oriented Particles

Abstract. A method for calculating light scattering by irregular randomly oriented
particles yields results that are in good agreement with experimental data. The meth-
od is based on the gssumption that surface waves are present in scattering by spheri-
cal particles, but they are absent in scattering by irregular particles.

The scattering of light by small parti-
cles is a phenomenon of considerable im-
portance in several fields of science,
such as astronomy, atmospheric science,
and chemistry, to name just a few. In
many practical problems it is assumed
that the small particles (cosmic dust
particles, atmospheric aerosols, and
macromolecules) are spherical.

Sphericity is assumed because the
scattering problem can be solved theo-
retically only for a very few highly sym-
metric shapes, such as spheres, sphe-
roids, or infinitely long cylinders. For all
other shapes one must solve the Maxwell
equations numerically for boundary con-
ditions determined by the shape of the
scattering particle. For a wide range of
possible size distributions, shapes, and
orientations of an ensemble of non-
spherical particles, such calculations can-
not be performed without an excessive
demand on computer time. Even if the
numerical solution for each individual
nonspherical particle could be obtained,
many details of the scattering angular
pattern (the so-called phase function)
would be lost during the processes of av-
eraging over all possible particle orienta-
tions, summing over all possible shapes,
and integrating over the distribution of
particle sizes. The resulting phase func-
tion for an ensemble of irregular ran-
domly oriented particles would be a very
smooth curve characterizing only some
basic differences between the scattering
by spherical and that by nonspherical
particles (/). As an alternative, we are
proposing an approximation which gives
only a .basic modification for non-
sphericity without going into details of
the solution of the Maxwell equations for
each individual nonspherical particle.

The first problem is to establish the
existence of a unique feature character-
istic of scattering by spherical particles
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but not present when the scattering oc-
curs on randomly oriented particles of
other shapes. A well-known feature satis-
fying this requirement is the glory (2), a
strong enhancement of scattering in the
backward direction.

The glory is caused by surface waves
3); the same surface waves are respon-
sible for the ripple structure in the nor-
malized extinction cross section (). It
has been shown (¢) that in the range of
refractive indices m = 2 and of size pa-
rameters x = 30 there is a one-to-one
correspondence between the surface
waves and resonances in the Mie ampli-
tudes a, and b, occurring around the size
parameter x ~ n. The size parameter
x = 27r/\ relates the sphere radius r to
the wavelength A\ of the scattered radia-
tion. Definitions of a, and b, can be
found in (3). The integer n is the summa-
tion index used in the Mie partial wave
series.

To illustrate what we mean by reso-
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Fig. 1. Resonances in Mie scattering functions
a, and b,. These curves refer to Mie calcula-
tions for refractive index m = 1.5 and for
summation index n = 10; the sharp peaks in
the curves forx < 10 are resonances.
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nances, Fig. | shows real (Re) and imagi-
nary (Im) parts of a,, and by, as a func-
tion of x for m = 1.50. The sharp peaks
observed at x ~ 9, for which Re(a,) and
Re(b,) reach a maximum value of one, are
called resonances. It is these resonances
that cause the glory and the ripple struc-
ture in the Mie calculations for spherical
particles (4).

We conjecture that such resonances
cannot exist if the scattering particles
have shapes drastically different from
highly symmetrical shapes such as
spheres. Consequently, we propose that
the first-order correction for non-
sphericity of scattering particles should
be the removal of partial wave reso-
nances from the Mie calculation (¢4).

Our conjecture leads to a simple
scheme for computing the scattering on
nonspherical particles. We use the Mie
theory, with the exception that the scat-
tering functions a, and b, in resonance
regions—for example, near the first peak
in Re(ay) and Re(b ) in Fig. 1—must be
modified.

Each amplitude a, and b, can be writ-
ten in the form (5)

a,,(x,m) = 1/2[1 - S,,"(x,m)]

and
b,(x,m) = Y2[1 = §,"(x,m)]

The first term on the right-hand side of
these equations represents diffraction.
The second term on the right, denoted by
S, or S,", is a function of the refractive
index, size, and shape of the scattering
particle; this term is responsible for the
partial wave resonances in a, and b,.
Consequently, for scattering by non-
spherical particles we set S,"(x,m) or
S,"(x,m) equal to zero in the resonance
region.

Practically, this means that we set
a, = 2 or b, = ¥ whenever Re(a,) or
Re(b,) is in aresonance region. There is a
single restriction on the above proce-
dure: the surface wave on a spherical par-
ticle can exist only if the size of the
sphere is larger than the wavelength of
the incident radiation. Our study of the
Mie amplitude functions shows that the
concept of a resonance in a, or b, breaks
down at small values of x. For this rea-
son, the modifications should not be ap-
plied to all a, and b, functions starting
with the summation index n = 1; in-
stead, they should be applied only to ax
and b, values between some index
n = n, and the largest value of n used in
the ordinary Mie calculations.

We carried out a series of experimen-
tal studies to help us establish the best

SCIENCE, VOL. 193



Flowmaster Ink Residue
m=1.65-0069/
o =0M2pum Ty =227

SCATTERING INTENSITY
(RELATIVE UNITS)

0 30

€0 90 20 IS0 18O O

30 60 90

Potassium Chiorate
m= 151-0/

rg=0I37um, o =212

T

LEEAL AL SRRl )

TITTITI T T[T I T [ TII I I TTr(TTITY

r°=0.043y.m - 253

sogpabooonsbonnabansaaduaniadoiagy

20 150 180 0O 30 60
SCATTERING ANGLE (deg)

90

Polassium Chioride 3 Potassium Chiorate
m=149-0/ m=1.51-0/
il r°=01042,u.m'oq=2_4?
E
E
E
120 150 1BOO 30 €60 90 120 150 I80

Fig. 2. Comparison of measured angular scattering patterns at A = 0.6328 um (circles with error bars) with those calculated by Mie theory (solid
lines) and the modified Mie theory with n, = 3 (dashed lines). Particle composition and complex refractive index are identified on each scattering
diagram; each diagram also contains the geometric mean radius ry and geometric standard deviation o, for log-normal size distributions (7)
obtained by determining the radii of spheres of equal cross sections for several thousand particles from scanning electron microscope
photographs. Examples of such photographs are presented above the scattering diagrams to illustrate their respective particle shapes.

value of n, to be used in our modified
Mie calculations. We generated, under

controlled laboratory conditions, aerosol -

particles with known refractive index,
and with sizes comparable to those nor-
mally observed in the earth’s atmo-
sphere. We measured scattering phase
functions for various types of particles
with a polar nephelometer (6). We docu-
mented particle shapes and size distribu-
tions by means of scanning electron mi-
croscope photographs of particles col-
lected onto Nuclepore filters. Using the
known data on refractive index and par-
ticle size distribution, we then compared
these experimental results with results
obtained by Mie calculations and with re-
sults obtained from our approximation.
Figure 2 illustrates the major results of
our intercomparisons between measured
and calculated phase functions. We ob-
tained almost exact agreement between
experimental data and the Mie calcula-
tions for the case of spherical particles,
as shown in Fig. 2a. For nonspherical
particles, we obtained best agreement be-
tween measurements and calculations us-
ing the modified Mie theory with n, = 3;
this is equivalent to the assumption that
the surface wave on a sphere can exist
only for size parameters x = 3. For com-
parison, the size of irregular particles
used in our experimental measurements
is in the range between x = 0.4 and
x = 18. The results of this correction are
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shown in Fig. 2, b to d. It was often not
possible to get close fits between the
measured and calculated angular scatter-
ing patterns when the distribution of par-
ticle shapes included an appreciable frac-
tion of particles with one dimension long-
er than the others, as illustrated by the
ellipsoids in Fig. 2b and the irregular par-
ticles in Fig. 2d. We suspect that such
an aerosol may result in preferentially

Fig. 3. Comparison of
measured angular
scattering  patterns
with those calculated
by Mie theory (solid
lines) and our limiting
approximation  with
n, = 1 (dashed line)
for the cases shown in
Fig. 2.
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oriented particles. thereby violating the
assumption of random particle orienta-
tions.

If we modified the Mie functions a,
and b, for all summation indices n = 1
(rather than n = 3), we would subtract
more from the scattering amplitudes than
the typical effect of nonsphericity; that
is. we would overestimate the influence
of the particles’ nonspherical shape on
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scattering. In this case we would not nec-
essarily expect to get very good agree-
ment between calculations and experi-
mental results, but those calculations
could be used as an upper limit for the ef-
fect of nonsphericity on scattering char-
acteristics of interest. The result of such
calculations, as shown in Fig. 3, can be
useful in many applications. For ex-
ample, in deducing the physical proper-
ties of atmospheric aerosols or cosmic
dust particles from scattering data, one
can use first the Mie calculation assum-
ing spherical particles and then the modi-
fied Mie calculations with n, = 1. Re-
gardless of the shape of aerosol particles,
the correct values of physical properties
should be somewhere between the two
sets of results, as in Fig. 3.

We again emphasize that our approxi-
mation should be used only for en-
sembles of randomly oriented and arbi-
trarily shaped nonspherical particles.
Whenever all particles are oriented in a
definite direction or whenever the scat-
tering occurs on a single particle, specif-
ic effects depend on a particle’s exact
shape; since these effects are not includ-
ed in our approximation, it should not be
used. In addition, our intercomparisons
were made for particles in the Mie size
range x < 30. This adequately covers the
size range, for example, of the normal
background aerosol particles in the
earth’s atmosphere; further studies will
be required before the procedure can be
applied to larger sizes.
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Hooked Trichomes: A Physical Plant Barrier

to a Major Agricultural Pest

Abstract. Hooked epidermal appendages (trichomes) on leaves of field bean culti-
vars effectively capture nymph and adult leafhoppers. Frequency of capture and cap-
ture mortality are highly correlated with trichome density. Hooked trichomes in-
serted at angles less than 30° are ineffective in capture.

Breeding crop plants for genetic resist-
ance to insect pests is an ecologically
compatible alternative to the use of
chemical pesticides. Selection of resist-
ant cultivars can be accelerated if specif-
ic resistance mechanisms are identified.
Although the role of secondary chem-
icals in plant resistance to herbivore at-
tack has received much emphasis (1),
considerably less is known about physi-
cal defensive barriers in plants. Recent
review articles (2) have brought attention
to the involvement of glandular and non-
glandular plant hairs (trichomes) in in-
sect resistance.

Numerous attempts have been made
to establish a statistical correlation be-
tween the degree of crop pubescence and
resistance to leafhoppers of the genus
Empoasca (Walsh) (3), major worldwide
pests of cotton, soybeans, alfalfa, clo-
ver, field beans, and potatoes. In North
America Empoasca fabae (Harris), the
potato leafhopper, is a serious pest of
field beans, Phaseolus vulgaris L. In
South America and Central America a
closely related species, Empoasca
kraemeri Ross and Moore, is a primary
limiting factor in the production of this vi-
tal protein crop ). Although there have
been anecdotal reports of arthropod cap-
ture by hooked trichomes of P. vulgaris
(5-7), the specific impact of pubescence
in different cultivars of field beans on the
population biology of leafhopper pests
does not appear to have been determined
8). In this report, we describe a direct
relationship between the hooked tri-

chomes of P. vulgaris and mortality of E.
fabae and report the basis for intra-
specific and interspecific variation in the
effectiveness of this defense mechanism.

During studies of feeding damage of E.
fabae on field beans, we observed leaf-
hopper nymphs and adults clinging to
leaves of certain cultivars. Using a dis-
secting microscope at 60%, we observed
leafhoppers physically impaled on leaf
hairs. Closer examination revealed large
numbers of hooked trichomes on the un-
dersurface of the leaves. These special-
ized hairs ranged from 0.06 to 0.11 mm in
length; hairs over the leaf veins were
slightly longer. As leafhoppers are very
active, we concluded that the insects had
become entangled in the hairs as they
moved rapidly over the leaf surface.

To document the various methods of
capture, we examined captured leafhop-
pers on bean leaves by scanning electron
microscopy (9). Both nymphs and adults
were found to be impaled through the in-
tersegmental membranes of the abdomen
by hooked trichomes (Fig. 1, a and b), to
our knowledge a previously unreported
phenomenon. Insects were also captured
by trichomes impaled in the tarsal seg-
ment of the leg or entangled in the tarsal
claws, as reported for other insect spe-
cies (6, 7). Figure Ic illustrates yet anoth-
er form of capture, by a trichome embed-
ded in the membrane between the tibia
and the tarsus.

Leafhoppers captured by the tarsus or
tibia terminate feeding and struggle to
free themselves from the trichomes, fre-

Table 1. Relationship between density of hooked trichomes and capture mortality of leathopper
nymphs caged on leaves of field beans and lima beans. Means followed by the same letter within
a column are not significantly different at P = .05 by Duncan’s multiple range test.

Hooked
trichome Capture
. Leaf f Capture ;
Cultivar Node density mortality
surface (No. per (%) (%)
cm?)

Phaseolus vulgaris Terminal = Lower 14,241 a 59.8 a 36.8 a
‘California Light 4 Lower 1,955 b 50.0 b 31.5 ab
Red Kidney’ 2 Lower 1,593 b 36.4 ¢ 26.8 b

2 Upper 244 ¢ 5.7 ef 2.6d

Phaseolus vulgaris 4 Lower 435d 16.9d 124 ¢

‘Brasil 343’ 2 Lower 362 de 13.2 de 7.6 cd
2 Upper 11f 0.5f 0.0d
Phaseolus lunatus 2 Lower 841 ¢ 4.5 ef 2.0d

‘Henderson Bush Lima’
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