Volume scattering function of suspended particulate matter at
near-forward angles: a comparison of experimental and

theoretical values

Richard W. Spinrad, J. Ronald V. Zaneveld, and Hasong Pak

Narrow angle light scattering measurements were made for various sizes of spherical particles suspended in
water. These were compared to calculated theoretical scattering values as derived from the theory of Mie
(1908). Through measurements with different particle concentrations at angles between 0.2° and 0.7° the
effect of the unscattered main beam light was removed. Results agreed well with Mie theory for these an-

gles.

Introduction

The measurement of the volume scattering function
B(0) of suspended particulate matter in water at very
small angles is a problem which has received consider-

able attention in the past.l-1® The importance of this-

measurement lies in the fact that more than half of all
scattered radiant intensity is scattered at angles less
than 3° from the incident main beam.2® The mea-
surement of volume scattering functions at near-for-
ward angles may also be used in conjunction with par-
ticle size analysis and scattering measurements at
midrange angles for the determination of the index of
refraction of nonabsorbing particles.?122 In addition,
visibility in the sea will be affected by forward scattering
as shown by Wells et al.3

A theoretical representation of scattering of electro-
magnetic waves by spherical, nonabsorbing particles
was presented by Mie.23 This theory, which is em-
ployed for this experiment, indicates that the volume
scattering function 8(6), for a system of spherical par-
ticles, all having the same diameter and index of re-
fraction, is relatively constant over a range of small
angles (Fig. 1 from the values in Salganik and Shifrin24).
The angle 6 at which 8(0) begins to decrease noticeably
varies with particle size, being larger for the smaller
particles. Also, at angles less than approximately 1°,
a larger particle will scatter a greater amount of radiant
intensity than a smaller one. The theoretical values
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used in this experiment were obtained from the tables
of Salganik and Shifrin.?*¢ These tables were used be-
cause they provided the most values for theoretical
scattering at angles less than 1° for a variety of particle
sizes. Other references'®!° do not contain as extensive
a listing of narrow angle scattering functions.
Previous workers have obtained scattering curves
which differed significantly from the theoretical values
for small angles (0° < # < 1°). Morrison! used a small
angle scattering meter which took readings at ap-
proximately 0.2°,0.6°, and 1.2°. The curves obtained
of B(#) vs 0 show a decrease of more than 2 orders of
magnitude in 8(8) from 8 = 0.1° to § = 1°. [B(9) for 6 <
0.2° was interpolated in his curves.]| Wells et al.3
measured a point spread function and got results very
similar to those of Morrison. Hodara?2 described mea-
surements of $(6) via modulation transfer function
(MTTF) measurements. The results he obtained with
an MTF meter agreed well with theoretical results only
at angles greater than 2°. At small angles the values
obtained were much larger than theory predicts. In
these experiments possible lack of collimation, inclusion
of main beam radiant intensity, and insufficient data
points at angles less than 1° could be the causes for the
discrepancies between theory and experiment. Honey
and Sorenson!3 concluded that turbulent fluctuations
in the refractive index of water would contribute sig-
nificantly to scattering only at angles less than 200 urad.
The experiment described herein was performed in a
much larger angular region, so turbulence induced
scattering may be ignored. In this experiment, results
have been obtained that agree very well with the Mie
theory values obtained by Salganik and Shifrin24 over
the small angle region. Values of 8(f) and slopes of 5(8)
vs 0 obtained experimentally correspond very closely to
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0 theoretical calculations. The reason this experiment
can substantiate theory effectively is that the effects of
the main beam (i.e., unscattered radiant intensity) can
be removed through multiple measurements, as ex-
plained in the theoretical portion of this paper. Also,
the experimental setup was such that the collimation
angle of the receiver was reduced to approximately 1 usr
by using a small receiver area.

Theory

The appearance of unscattered light from the finite
main beam must be considered in any small angle op-
tical measurement. In addition, it must be realistically
assumed that the direct light is not perfectly collimated
and that there may be some scattering from the lenses
in the optical setup. Therefore, as shown in Fig. 2, the
power received P, will be equal to the power received
due to scattering Pg plus the noise P, due to main beam
inclusion, lack of collimation, and scattering from the
lenses;

P.=Pg+ P, (1)

Fig. 1. Theoretical scattering values 8(d) for 1 particle/m3 and for The volume scattering function is defined as
diameters indicated. Values were obtained from Salganik and Shi-

frin.24 0 is the angle from the main beam. Particles have an index B(0) = [dI(0)]/(Edv) (Jerlov?0), 2)

f refracti f 1.15 relative t ter. . . .
o refraction o relative to pure water where dI(f) = scattered radiant intensity at angle 6

(w/sr),
E = incident irradiance (w/m2), and
dv = volume element from which dI(8) is
scattered (m3).
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Fig. 2. Schematic drawing of the laboratory setup of the small angle scattering meter.
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Fig. 3. An elementary scattering volume Adx scattering light with
the solid angle wy at an angle 8 from the main beam.

Consider Fig. 3, which shows an elementary scattering
volume spaced on the center line of the apparatus,

dI(8) = {dPg explc(L — x)}/wy, 3

where dPg = power received due to scattering from the
volume element dv, ¢ = total attenuation coefficient,
and wy = the solid angle subtended by the receiver:

E = [Py exp(—cx)]/A. (4)
Therefore,
80) = —d’;f exple(l — x)] 5)
wg—o exp(~cx) Adx
A
and
dPg = B(0)wePo exp(—cL). (6

Integration of dPg over the length of the cell yields
total scattered power received due to particulate matter
and water:

L
Ps= j; dPydx = B(O)wePoL exp(—cL). )
Total received power can therefore be expressed as

Py = Py + $(6)wePoL exp(—cL). ®

Furthermore, the scattering function 8(6) can be di-
vided into scattering due to water 3,,(6):

B(0) = Bp(8) + Bw(6), &)
Pr = Pp + [Bp(0) + Buw(0)lwePoL exp(—cL). (10)

By increasing particle concentration by a factor F,
the particle scattering function will also increase by a
factor F. That is, scattering is additive provided mul-
tiple scattering does not occur.2> (The cell volume and
the particle concentrations were such that multiple
scattering was insignificant in this experiment.) For
the first concentration of particles

Pr1=Pp1 + [B5(8) + Bu/(8)]JwePoL exp(—ciL), (1
and for the second concentration of particles

Pry = Py, exp[—(c2 — c1)L] + [FB,(0) + B (6)JwePoL exp(—csL).

(12)

The noise P, received during the first measurement
will be reduced with the addition of particles. This
reduction is equal to the ratios of the transmissivities
of the two concentrations. The transmissivities are

defined as
Ty = exp(—c1L),
To = exp(—coL),
exp(—cql)
Puo=Ppy exp(zesl) n1 exp[—(c2 — ¢1)L]. (13)
exp(—ciL)

Multiplying Eq. (11) by exp[—(c2 — ¢1)L] and sub-
tracting Eq. (12) yield

Pry exp[—(c2 — c1)L] = Pra = [Bp(8) + B (6)]wsPoL exp(—caL)
= [FBp(6) + Bu (8)]wePoL exp(—coL) (14)

= (1 - F)Bp(0)wePoL exp(—coL), (15)
Pr1(0) exp(eiL) — Pro(6) exp(ch).

Bp(0) = (1 — FywoPoL (16)
Using the transmissivities as defined by
Ty = exp(—ciL) = [Pr1(°)]/Po, 17)
T2 = exp(—czoL) = [P;2(0)]/Po. (18)
Equation (16) can be simplified as

Pry(6) _ Pry(6)

Py(0) Py(0) )
(1 = F)w,L

Thus, with two measurements at different particle
concentrations, the particle scattering function can be
calculated.

Experimental Setup

A schematic representation of the narrow angle
scattering meter is shown in Fig. 2. The water in the
cell was kept nearly particle-free by filtration through
an in-line 0.3-um millipore filter. In front of the He-Ne
laser was a planoconvex lens which focused the laser
light onto a pinhole 80 mm away. This lens—pinhole
combination provided a point source of light to facilitate
collimation of the beam within the scattering cell. The
planoconvex lens on the right side of the cell was placed
exactly one focal length from the pinhole. On the left
side of the cell another planoconvex lens focused the
beam down onto another pinhole through a neutral
density filter. A light stop was placed behind the pin-
hole to align the beam onto the photomultiplier tube,
and an opal glass diffuser was placed behind the stop
in order to utilize a larger area of the photomultiplier
tube. The signal received by the PM tube was used to
drive the Y axis of the X -Y recorder. The X axis in-
dicated displacement of the platform on which the
photomultiplier tube was mounted. The tube was first
placed in the path of the main beam to obtain the value
of P,.(0). With a motor driving the platform, the tube
then scanned the region from 0.2° to 0.7° relative to the
center of the main beam to obtain the values of P, () for
0.2° <0 <0.7°. A reference angle was obtained on the
X -Y recorder by scanning the main beam with the
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Fig. 4. Experimental results obtained with the narrow angle scat-

tering meter showing the maximum and minimum values of

[Pr(9)]/[P-(0)] for eleven values of 0 and the mean value over the

complete angular range. P,(0) is the power received at an angle 0 from

the main beam. P,(0) is the power received at 0° from the main
beam.

photomultiplier tube. The resultant peak on the re-
corder had a plane angular width equal to that of the
pinhole in front of the photomultiplier tube. The
pinhole with a 1-mm diam was placed 1 m from the lens.
The plane angle it subtended was therefore 0.033°. The
X-Y recorder was thus calibrated for angular determi-
nations. The solid angle subtended by the pinhole [w,
in Eq. (19)] was 0.79 X 10~6 sr.

Particles were introduced into the cell with a syringe,

and the water was stirred to produce a homogeneous

scattering medium, After each scattering measurement
the water was filtered until the standard clean water
scattering level was attained to assure cleanliness of the
water in the cell. This scattering level amounted to less
than 5% of the level obtained for the samples containing
particles.

A 300-ml stock solution of suspended particles was
prepared for each of the three particle sizes (mean di-
ameters of 5.2 um, 8 um, and 9.8 um). The spherical
particles were a copolymer of styrene and divinyl ben-
zene. The particles have an index of refraction of 1.15
relative to water and the standard deviations from the
mean diameters are as follows: 7% for the 5.2-um par-
ticles; 15% for the 8-um particles; and 12.5% for the
9.8-um particles. Forty drops of the particle supplies
were added to 300 ml of filtered (through a 0.3-um filter)
distilled water to make the stock solution. A size dis-
tribution analysis was performed using a resistance
pulse counter (composed of Coulter glassware and a
Nuclear Data pulse height analyzer) five times for each
of the three stock solutions. Ten milliliters of stock
solution were added to the clean, filtered water in the
cell in the narrow angle meter, and five continuous
scattering profiles from 0.2° to 0.7° were taken succes-
sively. The water was again filtered until clean (as
defined by the clean water standard), and then 20 ml of
stock solution were added to the cell, and five more
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successive profiles were taken. This whole process was

performed for each of the three particle sizes. The size

distributions obtained were used to calculate the the-
oretical volume scattering functions for each sample.
The size distribution was broken up into channels in the
pulse height analyzer or diameter ranges, the means of
which corresponded to the diameters for which Salganik
and Shifrin?4 calculated the theoretical scattering values
needed to complete the total theoretical volume scat-
tering function. The scattering value for a single par-
ticle of a given size was multiplied by the number of
particles in the diameter range having a mean diameter
of that same size. This was done for every diameter
range to obtain the total theoretical volume scattering
function. By limiting the size of the channels the error
caused by using the mean diameter of a channel was
only 2-3%.

Results

Each set of five experimental runs on the narrow
angle scattering meter gave a maximum, a minimum,
and three intermediate values of P,(6)/P.(0) (Fig. 4) for
any given value of . (The maximum and minimum are
shown for each of eleven values of 8 along with a con-
tinuous mean value for 8 from 0.2° to 0.7°.) These
values defined the experimental maxima and minima
of the volume scattering functions. In addition, the
particle counter indicated a maximum and a minimum
number of particles for any given size range. This de-
fined the theoretical maxima and minima of the volume
scattering functions. The graphs of the experimental
and theoretical volume scattering functions obtained
(maxima and minima) vs 6 for the three different size
distributions used are shown in Figs. 5, 6, and 7. Noise
levels are less than 5% in all three cases. The curves
demonstrate a significant overlap between theoretical
and experimental values of 8(0) for all values of § mea-
sured. The slopes of theoretical and experimental
values are very nearly parallel in all cases.

Discussion and Conclusion

The narrow angle scattering meter can effectively
measure the scattered radiant intensity at angles less
than 0.7°. The results obtained indicate that the be-
havior of scattered light as predicted by Mie23 is in fact
a verifiable phenomenon. The flatness of the curve of
B(8) vs 0 is seen experimentally and theoretically. The
averaged results of this experiment are qualitatively
compared to those of other experimentalists and to
theory (normalized at 0.5°) in Fig. 8. The experimental
and theoretical values do coincide to a great extent.
These values were taken from five test runs for each
particle size distribution. Statistically, it would be best
to take a much greater number of test runs for each
particle size distribution. This would probably bring
the experimental and theoretical curves into closer
agreement. This was made evident after the initial
experiment when only one test run was made for each
concentration of a given particle size. Results were
scattered above and below what theory predicted. By
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Fig.7. Theoretical and experimental scattering maxima and minima
at small angles for suspended particles of 9.8-um diam.

using five test runs the average became much closer to
the theoretical values. This suggests that by further
increasing the number of test runs, the experimental
results should come even closer to theoretical predic-
tions. Discrepancies and anomalies in the curves may
be explained by a variety of reasons: inhomogeneous

_particle concentrations in the particle counter sample

or in the narrow angle scattering meter cell; additional
particles in the cell which were not in the water used for
particle counter work (e.g., dust or microbubbles);
human error in the measurement of particle stock so-
lution added to the cell.

A scattering profile [3(8) vs 6 for 0° < 6 < 180°] for a
sample of water containing suspended particulate
matter will vary depending on the particle size distri-
bution, the particles’ shapes, and the index of refraction
of the particles. By use of scattering meters at near
forward angles, midrange angles, and angles greater
than 90°, together with a particle size analyzer such as
a Coulter counter, it may be possible to determine the
relative composite index of refraction of a given sample
of suspended particles.21:22,26
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