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DEVICE FOR MEASURING THE SIZE SPECTRUM
OF SPHERICAL PARTICLES AND FOG DROPLETS

by
V. L. Golikov

We describe a laboratory device for measuring the
size spectrum of spherical particles of powder (plane
models of sol) and water droplets (droplets in a thin
oil filmn, and a steam fog in the cloud chambe: of the
MGO)’," and investigate possible sources of error and
means of reducing them,

Introduction

Between 1950 and 1955 K, S. Shifrin developed a simple
and convenient method for measuring the size spectrum of
spherical particles. This method is based on the measurement
of the angular distribution cf light scattered within a cone of
small angle around the direction of propagation of light of the
principal light ray. The theory of the method is expounded in
(1, 2, 3].

The intensity in direction f is

o
! (3) = CfJ; (n3) 8°f (2) do, (1)
0

where f(p) is the function of the particle size distribution,
Jl(pp) is a first-order Bessel function, p = -z{l is a dimension-
less radius, associated with wave function \ and particle radius

a.

In [ 2], Shifrin solved the inverse problem by convolu-
tion and derived a formula for the spectrum of particle cizes
from the intensity distribution of the scattered light

Qo
f(.o)-—-%f s B F e ds, (2)
) o

TThe A.1 Voeikov Main Geophysical Observatory [ Tr. note].
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where ¢ {f)~ a% (;331; is dorived from 1(B), which can be
determined experimentally

F (pB) = pB/1 (pB) Y1 (B) {3)

which is a tabular function, The tables of function F(pf) are
given in [2]. This paper presents more detailed tables for
vaiues of the argument x = pP from 0 to 10 in steps of (. Ol (sec
Appendix). |

\

Formula (2) is the basic working formula of the small
*

angle method., If constant C is calculated, formula (2) yields

both the absolute particle content in the object [ investigated]

volume and the curve of the size spectrum,

9 ~ / /
N o/ /

Figure 1

Polar nephelometer (a) and optical system
with receiving lens and adjustable diaphragm (b)

The polar nephelometer is not suitable for photometry
of the scattering function in a region of small angles, Since
scattering angle P is defined here by the formula

W LY

R (4)

to get small p one must either reduce the beam diameter d or
increase the distance between the receiver R and the object
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volume (fig. la). However, this increases the effect of
diffraction, reduces the general sensitivity of the device,

and even reduces measurement accuracy. Consequently,

at the input of the photometer we installed an optical system
consisting of a collimator and a receiving lens; a diaphragm-
probe with a small aperture was placed in the focal plane of
the lens and could be moved together with the sensing element
(photomultiplier) (fi,. 1b). The properties of this optical
system were described in [ 4], but the error analysis was
based on the investigation of an ideal optical system with a
receiving lens and did not consider potential distortion factors
in a real system due to spherical aberration, maladjustment
of the diaphragm-probe in the focal plane of the receiving lens,
misalignment of the optical axes of the illuminator and the

receiver, etc,

In this paper we will analyze the possible errors
involved in photometry of the scattering function in 4 region
of small angles using a laboratory device constructed in thc
MGO laboratory. The analysis will be based on the properties

of a real optical system.

l. Errors of a real optical system,
associated with its geometric parameters

The effect of inaccuracies in determining the geometric
parameters of a real system may be evaluated by using the
expression for the total luminous flux scattered by particles of

a radius p in a cone of angle B,
» - + ‘e 13
¢ (55, = a® [l =) - Sl oo (S)

where pn is the exact value of scattering inglc f, determined
by the geometry of the system [ 4],

1,
z (6)

e ———

n v
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where Do- is'the diameter of the receivin;g diaphragm, and f,

the focal length of the receiving lens,

The errors involved in bringing the receiving diaphragm
into the focus of the lens and the spherical aberration lea.\d to a
different value of the angle ﬁl and, consequently, of the flux
® (pﬁl ). Therefore, we will evaluate the relative errors of

determining the scattering angle and the luminous flux

2| %.

Ql-
o |% and |4

n

a. Misalignment of the receiver diaphragm. When the

diaphragm is out of the focus of the lens, the cone of the angle
of reception for a certain scattering particle L can be deter-

mined from fig. 2:

b imem (7)

where Ds is the diameter of the diaphragm image, 1 is the

distance from point L to the lens, and S' is the distance from

the diaphragm image to the lens,
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Figure 2

Geometry of the optical system
with the diaphragm out of the focus of the lens,

Using the formula for thin lenses, we get

<y _ . ,-‘.‘",' (8)
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Loee J oy ==



-5«

B,-B
Table 1 lists the relative errors ,——lﬁ-—nl % for lenses
n

with f = 5, 10 and 100 em, when Af= 0,01, 0,1, 0.5 and 1,0 cm.
Angle Bn = 1°, and distance £=1, 10, 50 cm,

The calculations show that for average values of p, a
0.5% change in ®(pp) corresponds roughly to a 1% change in .
Therefore, table 1 can be used to determine the errors which
the misalignment of the diaphragm introduces into the photo-

metrically determined distribution curves of scattered light.

Table |
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As in [4], our models of a plane sol have £ - 0 and
the length of the illuminated voluine of fog £<15 cm. Since
angle B did not exceed 3 to 5° and f = 30, 50, and 93 cm, the
corresponding calculations indicate that the permissible mis-

alignment of the diaphragm Af=+0,5to 1 cm,

b. Spherical aberration. Spherical aberration causes

paraxial and nonparaxial light beams to focus at different
points. Third-order aberration theory provides the following

expression for the focusing error of Af [5]

PR

(9).

i

AN, —;; Qn, p.q),
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where S' is the image distance for paraxial rays; S; the image
distance for a ray passing through the lens at distancc r from
the optical axis; f is the paraxial focus; n, the refractive index
(n=15) and p= -g-;—;-—g = -1 (S is the distance to the lens and,

in our case, is indeterminate).
Generaliy, Af is small; therefore, S' = f, S'r = f, and

Ay A T e (10)

Having assumed a focus f + Af and using (7), (8), we
get

(11)
where d is the diameter of the light beam.

Since fz - rZQ = t‘z, for the relative error due to spheri-

cal aberration we get

o 1
M lr’(‘; (12)

]

For a biconvex lens [5], Q= 1.5 whenn=1.5andq= 0,
Finally

3,

e
o

R

(13)

Table 2 presents the results of calculations by formula
(13) for lenses with f = 5, 10 and 100 cm, when the diameter of
the primary light beam d = 0.5, 1,0, 2.0, 2.5 cm and ‘max = 1,
10 and 50 cm.

The table shows that for polydisperse systems with
215 cm, as described in [ 4], spherical aberration may be
neglected even for lenses with {~ 10 cm.

c. Divergence of the principai light beam. The calcu-

lations show that the residual divergence of the parallel beam
may be made negligibly amall, e.g., to 1to 3.
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d. Misalignment of the optical axes of the receiver

ancd the illuminator. This type of error affects the absolute

value of the intensity of the scattered light, but not the shape
of the curve (provided the investigated polydisperse medium

is statistically homogeneous). Therefore, this misalignment
may also be neglected in relative measurements of f(p) and

relative accuracies of photometry of I{(B), such as those in
[4].

The last two types of geometric errors of an optical
system with a lens and a point diaphragm reinforce one
another and they must be determined more exactly in an

absoiute analysis of the microstructure of the sol.

Thus, our evaluations of the geometric errors indicate

that the optical system with a lens is a good approximation of
the ideal system for the sol models examined in [ 4].

2. Laboratory Apparatus

We constructed the principal optical system (fig. 1) at

the MGO as a stationary laboratory version for working with
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plane models of calibrated sol (drops of water in a thin oil
film, and powders on a glass slide) and a portable version

for working in fog. Figure 3 shows the stationary version.
Light source 1 (mercury-vapor lamp SVDSh-250-3), condens-
ing lens 2 with f = 9 cm, point diaphragm 3 witha 0.1to 0.5
mm diameter, collimator lens 4 with £{ = 20 cm and a iight
filter at A\ = 546 mp comprise the source of the monochromatic
paralicl light beam. Behind the output diaphragm 5, which
adjusts the diameter of the beam, is a plane sol sample &
mounted on a device which rotates it in a plane perpendicular
to the direction of propagation of the light, in order to reduce
the possible statistical inhomogeneity of the sample {4].

Lens 7 with £ = 35, 50 or 93 cm, and photomultiplier 9 with
point diaphragm 8 receive the scattered light. The light
receiver is moved by a micrometer screw and an SD-2 motor
10 in the focal plane of lens 7. The illustration shows the
cortrol panel 1l of the photometer and the K4-51 photorecorder
12 (a PSR-0l potentiometer may be used in place of the K4-51).

For the parameters of the optical components indicated
here, the device has a resolution of 2.5 to 5' at angle p which
assures a critical angle of approach to the zero direction of
Berit = 13', The maximum angle of capture of the scattered
light is about 3 to 5°, It takes 10 to 15 min (with PSR-01) to
record the full curve of I(f). The sensitivity of the photometer
with the dc amplifier enables it to measure luminous fluxes up

to 10-9111 with an accuracy of at least 10 to 15%.

The device is located in a special photometric room

and all measurements are made in total darkness.

The portable version for work ir the cloud chamber
consists of an illuminator and a "Kiev 3'" camera. The illumi-
nator (a headlight with a condenser, a point diaphragm, an

interference filter at A = 546 mp and a collimator lens) is
mounted on a theolodite tripod. Standard 35-mm film is used
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as the light receiver. The negatives are measured on an MF-4

microphotometer at an increased magnification [ 4].

”

Figure 3

General view of the stationary apparatus
for analyzing the microstructure of the sol.

3. Possible sources of systematic errors
and methods of reducing them

In addition to the errors in determining the geometric
parameters indicated in sec, 1, the following sources of error
may appear in the experimental curves of the distribution of
scattered light: fluctuations of the output illuminator, non-
monochromatic light, foreign matter in the optics, parasitic
reflections in the optics, fluctuations of the power supply,
noises of the photomultiplier and the amplifier (when the photo-

electric method of photometry is employed), and errors 'u the

photographic method of measuring I(B).

These sources of systematic errors can be reduced
by adjusting the optical system and calibrating the photometer

and the film during actual measurement,
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The luminous flux from the SVDSh-250-3 can be
stabilized as desired with a ferro-rescnance stabilizer, and

the current regulator tubes, by current stabilizers.

The use of a narrow-band interference filter on the
mercury line at A = 546 mp virtually insures a monochromatic

principal light beam.

The reflections were most noticeable when working
with cuvettes and plane models in the area between the receiv-
ing lens and the sol sample; their effect was eliminated by
slightly inclining the plane of the sample toward the plane of
the lens or by increasing the distance between the lens and

the sample,

The influence of foreign matter on the optics is gener-
ally a combination of parasitic light scattering in air (by the
dust suspended in it) and dirt on the lens. This produces a
so-called ''zero distribution, " IO(B), i.e., the light scattering
of the system itself. To exclude IO(B), photometry is carried
out twice, with and without the sol, and the ordinates of the
light scattering curves are subtracted (of course, with allow-
ance for attenuation). The difference curve gives an I(B)

corresponding to the investigated particles,

The photometer supply is stabilized in two ways: by
a ferro-resonance stabilizer for the supply voltage and by an
electronic stabilizer for the high voltage of the photomultiplier
and the anodes of the amplifier tubes, The tubes are heated
by high-capacitance storage batteries. If the dc amplifier is
allowed to heat up for an hour, these stabilizers limit its

variation to 0.5 of the smallest scale division of the output

device (microammeter) over a ten-minute period.

The real difficulty in using the photometer is the large
decrease of intensity valucs (Io/lmin = 10° - 106) in the investi-

gated region of angles § = 3 to 5° [4]. Consequently, the
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accuracy of photometry along f is inconsistent. The effect of
the photomultiplier's electrical noises and the dark current

increases at .
increase pmax

The photometer parameters were selected so that lumi-
nous fluxes of 10"9 lu could be measured to an accuracy of at
least 10 to 15%, and this accuracy may be increased by refining

the electrical circuit of the photometer,

The photographic method introduces familiar difficulties:
errors due to the nonlinearity of the characteristic curve of the
blackening of the film, the dispersion halo in the emulsion,
microdensitometer errors, the dependence of the quality of the
negatives upon the method of chemical development, etc, For
our conditions, we attained a 20% accuracy of photographic

photometry.

The photometry of the scattering functions at small
angles using our laboratory device yields a high accuracy of
measuring I(B), which is at least 10 to 15% for the photoelectric
and 20 to 25% for the photographic method of measuring illumi-

nation.

The experimental curves may be integrated on graphs
according to formula (2) to an accuracy of 5 to 10%, depending
on the extent to which the tabular and graphic data are used,

and the training of the computer engineer [4].

We took the sum of errors in the photometry and the
graph integration as the final accuracy of calculating the ordi-
nates of the size-spectrum curve f(p) and obtained 20 to 25%

for the photoelectric and 25 to 30% for the photographic method.

4. Comparison of the experimental results
with a photomicrographic count of the particles

Figure 4 gives a general view of the photic fields and
the corresponding distributions of illumination for plane models

of sol and fog droplets.
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Figure 4

View of photic fields in the focal plane of the
receiving lens and the curves of the distribution
of illumination corresponding to them.,

a. zero distribution; b, fog droplets
¢. lycopodium spores

In [ 4] we presented the data of the graphic processing
of the curves of I(f), and, therefore, we will present only the
final size spectrum of f(a), in fig. 5, which compares curves
of particle-size spectra, obtained by the small-angle method,
with histograms of a direct particle count using photomicrog-

raphy.

The errors in comparing the results of these two
methods of analyzing the microstructure of the sol are chiefly
statistical, The largest number of counted particles (up to
3000 per model) ard photometrically measured curves I(f)
were obtained for the plane models, thus the agreement of the
sise-spectrum curves in fig. 5a-e (plane models) may be con-
sidered good. The agreement is not as good for fog droplets

because of the large error in the photographic photometry of

Pp——
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the scattering functions (for the size spectrum near the lower
limit of the small-angle method) and because of possible dis-
tortions in the structure of the fog samples taken for photomi-

crography.

Conclusion

1. The results of anaiysis in sec. 1 showed that the
properties of the laboratory device for working with the plane

models and fog described by us {4] and in this paper, clcsely
approximate those of an ideal optical system.,

2. For absolute photometry and design calculations
of a field apparatus based on the small-angle method, one
must also analyze the errors involved in determining the geo-~
metric parameters of a real optical system with a raceiving

lens and a point diaphragm (sec. 1). This problem will be
treated in a special paper.
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Figure 5

Comparison of the size spectra obtained by the
small-angle method and by photomicrography.

a to e. plane models of sol; f. fog droplels,
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3. The main cxperimental errors are errors of
photometry. and. thus, to improve these results the photom-

eter must be improved.

4. Errors in graph processing of the experimental
curves [(B) are unavoidable. To facilitate calculations, more
x
complete tables for function F (pp) are presented (see Appendix),

whose values were grouped by fixed values of p.

5. A comparison of the small-angle method with the
direct-count method shows them to be in good agreement for
statistically homogeneous systems. In photometry of a spati-
ally inhomogeneous sol, measures must be taken to obtain a

scattering function averaged over the entire illuminated volume.
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APPENDIX

Table of function F(x)
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Table of function F(x)
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