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In this paper the effect of particle index of refraction on the results obtained for
the distribution function of particles over size using a photoelectric instrument to re-
cord the light scattering to the side is studied. The instrument operates in tandem
with an eight-channel pulse-height analyzer; the minimum detectable signal corre-
sponds to an equivalent latex radius of r = 0.1 pm.

The photoelectric method of determining the size
and concentration of particles involves illuminating
them by a beam of light, counting the light pulses
from each particle over a certain scattering angle range
in pulse-counting mode, and then analyzing the ampli-
tude values for the particles. If the relationship be-
tween pulse height and particle size is known, the lat-
ter can be determined for the particles passing through
the operating volume of the instrument. However,
there are several difficulties which arise in interpreting
the results of measurements obtained by this method.
The effect of various factors on the accuracy with
which the microstructural characteristics of a disperse
medium can be determined have been discussed by
several researchers (see the papers by Belyaev, et al.!
and Quenzel®).

One of the reasons for the difficulty in interpret-
ing the results of the measurements is the fact that the
instrument calibration (i.e., the relationship between
amplitude and particle radius) is generally carried out
using calibrated latex spheres with Index of refraction
m =149 or 1.58*% or droplets of transformer oil
(m =1.50)," while we are frequently studying parti-
cles with unknown m. Moreover, the medium may
contain a mixture of particles with different chemical
compositions (for example, the atmosphere).

Belyaev, et al.,'! Kozlov, et al.,> and Quenzel®
have shown that it is impossible to obtain high in-
strumental resolution in this case, and the errors in
determining the diameters of the individual particles
may run as high as 350%, especially when laser spec-
trometers are used. However, when photoelectric in-
struments are used to study the atmospheric aerosol,
the microstructural characteristics are determined in
terms of a so-called latex equivalent.

In this paper, we use a numerical simulation to
study the distortion of the particle size distribution
functions f(r) for various substances determined by a
photoelectric instrument calibrated using latex spheres
with m = 1.49. The calculations were carried out for
the most commonly used instrument design, in which
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the light scattered by the particles is recorded from
the side (® = 90°+10°). We assume (1) that the me-
dium consists of homogeneous spherical particles, and
(2) that the particles are illuminated by a beam of
laser light with wavelength A = 0.63 um or by a beam
of "white light” (angle of divergence 2y = 10°).

The problem was solved in the following fashion:
First of all, the directed light scattering coefficients
F(®, r, m) were calculated for particles of various
chemical composition with radii »=0.01 (0.01)
5.0 um under illumination by light with A = 0.63 um
and by ”white light” using Mie theory. The geometry
of the measurement process was taken into account
using the formulas presented by Hodkinson and
Greenfield.’

The ”white-light” results were obtained by inte-
grating over A from 0.38 um to 0.83 um (with
AL = 0.05 pm) without taking into account the spec-
tral characteristics of the source and detector into ac-
count, since this provides the best smoothing of the
oscillations in the scattered light (relative to the case
for monochromatic illumination).

The calculations were carried out for (a) latex
spheres, m = 1.49; (b) the soluble fraction of the at-
mospheric  aerosol.* m = 1.53 — 0.006i; (c) water,
m = 1.33; (d) dust’ m = 1.53 — 0.008i; and, (e) soot’
m=1.75 — 0.43i.

The results of the calculations of F(®, r, m) for
laser light with A = 0.63 um are shown in Fig. 1 (the
curve for dust is virtually identical to curve 2. and is
not shown). Despite the fact that the intensity of the
scattered light is averaged over the solid angle of the
detector, oscillations are observed in the values of
F(®, r, m) for particles with weak absorption or no
absorption and 7> 0,7 pm, as previously noted by
Quenzel.5 There are no oscillations in the case of soot
because of the substantial light absorption. The oscil-
lations are essentially smoothed out in the ”white-
light” case, although there is still some difference be-
tween the curves for various m (these curves have been
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presented many times in the literature — see Belyaev,
et al.,! for example). We shall discuss the operation of
this instrument in combination with an 8-channel
pulse-height analyzer.
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FIG. 1. Directional scattering coefficient at ® = 90°+5°
as a function of particle radius at various indices of re-
fraction: 1) m = 1.49, 2) m = 1.53—0.006i;
3)m=1.33, 4) m =1.75—0.43i. The roman numerals
I-VII indicate the ranges of values for F(r, m) corre-
sponding to channels 1—7 of the pulse-height analyzer;
ri—rg indicate the threshold values for latex-sphere par-
ticle radii for each channel.

The range of values occupied by logF(®, r, m)
for m = 1.49 [(which corresponds to three orders of
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magnitude of variation in F(®, r, m)l was divided
into seven equal intervals as shown in Fig. 1, and
the threshold values of F(r) for the 8-channel pulse-
height analyzer (IT; — ITg) were determined. The
threshold value for analyzer channel 1 was chosen to
be equal to F(r) for latex particles with » = 0.1 um.
Figure 1 clearly indicates that each interval of val-
ues AF(r) corresponding to analyzer channel k cor-
responds to different intervals in radius A7, for par-
ticles with various m.

The operation of the 8-channel pulse-height ana-
lyzer was modelled in the following may. It was
assumed that the particles in the medium have a log-
normal distribution over size:

fCro=

vér ln o'r (1)

where Nj is the total number of particles per unit
volume, 7,, is the median (or geometric mean) radius,
and o is a parameter characterizing the width of the
distribution.

The values 7, =0.03, 0.15, 0.25, 0.5, and
1.0 um, and ¢ = 2 and 3. For each fixed radius value
from r=0.01 um to 7 =20r, we determined
F(r, m) and the number of particles An = f(7) - A(»)
in the medium with radii from 7 to » + Ar with
Ar = 0.01 um. The sum of the values of An for those
particles with F(r, m) < TI; determines the number
of pulses not recorded by the instrument. Pulses for
which II, < F(r, m) < Tl are recorded in the kth
channel of the pulse-height analyzer. For
F(r, m) > Iy all pulses are recorded in channel 8.

The results of the calculation for the case
where the particles are illuminated using laser
light with A = 0.63 um for ¢ = 2 and 3 are given
in Tables I and II, respectively. The fraction of the
total number of pulses n, = N/N, falling within
each channel was then determined for channels 1—
8. The last row of Table I contains the values for

> n,.

1

TABLE 1.

Fraction of impulses Any,/Ny (% ) recorded in each channel of the pulse-height analyzer for various r,, at § = 2.

Channel| r_ = 0.03 un r= 0.15 un , r, =0.25un r =05 un

nusber |.|: Latex ?ﬁ::r::n Water |Soot |Latex ﬁ::r::nihhter} S(J;?I,.Alex ??‘::T::n Water | Soot |Latex ﬁ::‘:}:n Haler_'! Soot
1 0.10 |28 | 22 1.5 [ 3.1] 11| 96 |130] 97| 7.7[ so0 8.5 4.6/ 1.4 09| 20| 07
2 0.13 1.1 1.7 1. 2.0 12.3 16.8 i 34 2| 13.86 B B 11.4 35.9 8.2 2.3 2.8 | 17 1! 1.7
3 0.16 | 0.78| 0.61 | 0.03| 1.5 25.9| 15.5 | 54| 50.6| 26.6| 14.2 8.9| 61.9| 12.0 s.4 | 73| 418
4 0.26 | 0.08) 0.25 |0.02 0.0/ 10.7| 20.3 | s 1I a7 16.8| 27.6 | 17.4| 146/ 13.0] 182 | 21.2| 30.2
: 0.35 (0.02| 002 |00 |0 8.1 88 | 33[073 185 19.4 |1C7| 4.0 24.3| 24.6 | 23.0| 17.5
1 0. .55 0 | 4] (8] IU J.1 3.4 [ 0.9/ 0.07| 11.8 13.2 50C 0.7| 33.3 |7 i?l.a 6.1
7 1.09 | 0 0 0 0 0.2| o.1 00| 0 1.6/ 1.0 | 0.5 0.1| 10.7 7| 55| 13
8 221 |0 0 o |o 0 0 ‘ 0o o 0.1 o o | o 2.1 07| 03| o2
L% - 4.791: a.78 I 2.65) 6.6| 74.4| 74.5 ‘ 64.9] 79.3 91.7| 91.8 |86.9| 9.1 99.1 99.oT|9t3.aYi 99.3
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FIG. 2. Initial particle size distribution (1) and particle size distribution determined by the in-
strument (2 — soluble fraction, 3 — water) when particles are illuminated by light with
A =0.63um, r,, = 0.15um, 6 =3 (a); r,, = 1.0 um, o = 3 (b).

TABLE II.

Fraction of impulses Any,/Ny (% ) recorded in each channel of the pulse-height analyzer for various r,, at 8 = 3.

|Channel | oz r_=0 .15un r_ =0.25 un r,=0.5 un
number “:, i F:‘ Latex ﬁ;z?izngﬂater SootELa_l_efE;z:):zn Water |Soot |Latex ?;:‘::fm Water| Soot
R 0.10 | 0.115 | 9.5| 6.6 | 8.3 .o‘ 7.8  s.1 7.0| 5.2| 3.8/ 25 3.9| 2.4
| 2 0.13 | 0.145 | 7.8| 10.7 | 23.3| 8.9 6.8 9.2 |235 7.3 40| 53 [17.4| 3.9
|3 0.16 | 0.21 | 17.4| 10.0 a.7| 38.2| 17.5| 9.7 5.7(42.0| 12.7| 6.5 5.3| 34.9
[ a 0.26 | 0.305 | 9.0| 15.6 g.a:\ 9.2/ 10.8| 17.7 | 12.8|14.7| 9.8 14.9 | 13.9] 19.8
‘ s |o035 045 |100 105 | 6.8/ 4.1/140 145 | 11.0}8.3 157 16.0 | 150/ 15.3
6 0.55 | 0.82 ‘ 8.9 10.2 5.3 1.6/ 15.6( 18.4 | 10.7| 4.0 24.4| 29.4 | 20.0| 9.7
i 1.09 | 1.85 2.7 2.0 a 0.4; 6.1 5.2 .3| 1.6[ 13.8| 12.9 | 11.7| s.1
8 2.21 ‘ 2.21 ‘ 0.5‘ 0.1 0.0 o.o': 2.3 1.1 0.4| 0.4| 9.0 5.6 3.3| 3.2
% — | — |es.8| es.7 |se.2|69.4 806 809 | 754|835 83.2| 93.1 | 90.5| 943

The table indicates that when the distribution
functions for the particles over size are identical, the
pulse-height-channel distributions of the pulses are
different for different materials. In order to go from
these data to the size distribution, we must determine
the particle-radius boundaries of each channel 7.

Assume that these values were determined for la-
tex spheres with m = 1.49, (see Table I), and meas-
urements for all other particles are expressed in terms
of the so-called latex equivalent. Figure 2 clearly
shows how the particle size distribution An(r) is’ af-
fected as the chemical composition of the particles
varies if no correction for the variation in m is intro-
duced (or if the values of m are unknown). The values
of An(r)/Nj in Fig. 2 have been transformed to inter-
vals Az = 0.01 pm. Even for the soluble fraction of the

aerosol, we see distortion of the particle size spectrum
and false maxima [in spite of the fact that the F(r, m)
curve for them is similar to that for latex].Figure 3
shows the particle size histograms obtained for water
and the soluble fraction expressed in terms of the
latex equivalent when the particles are illuminated
by "white light” and the curves F(7, m) are smooth.
Some distortion of the size spectrum is observed for
water droplets. Various moments of the particle size
distribution were determined from the resulting his-
tograms. The moments calculated using the follow-
ing expressions:

7 7
mean radius: 7 =) (n, -Ze)/sz,
1 1

7 7
root-mean-square radius: 7;; = » (N, ~7kz)/z N,,
1 1
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mean cube of the radius:

7 7
@:zw?ﬁvzm,

1 1
volumetric density of particles:

8
V, = %mﬁﬁ Y N, um®/cm?
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8
number density of particles: N, =) N,, where 7, is

the mean radius value for the latex spheres corre-
sponding to the kth channel.

The data from channel 8 were not used in calcu-
lating 7, 751, and 73;. since the 7g is not known for
aerosols with known f(r).

FIG. 3. Same as Fig. 2, but for ”white light”.

Table III gives the ratios of the calculated mo-
ments of the particle-size distribution (which we
shall hereinafter call the “measured moments”) to
the true values for various 7, and ¢ = 3. These data
Indicate that the limited operation range of the
pulse-height analyzer leads to an observed difference
between the measured moments of the distribution
and true moments of the distribution, even for parti-
cles with m = 1.49. At small 7, = 0.03, this differ-
ence is due to the fact that most of the small parti-
cles with » < 0.1 pum are no recorded by the instru-
ment (N;/Ny=14%) and this means that the mean
particle radii are severely overestimated. However,
the volumetric density of particles for this case is
approximately equal to the true density:
V1/V = 1.2. Despite the that the modal radius 70qe

is within the range of radii covered by the instru-
ment, if even a small frac tion of the particles have
r > rg (and are thus not taken into account in the
mean-radius calculation) leads to underestimation of
7, "a1, and r3y, and thus to underestimation of V.

The difference between the measured moments of the
distribution and the corresponding moments for latex
spheres is due to the difference in index of refraction
in the case of the soluble aerosol fraction (and even
more significantly in the case of the water droplets).
The pulse-height analyzer discussed here provides the
most precise determination of the mean radii for the
soluble aerosol fraction and for water when
7 = 0.15-0.25 pm (o = 3). For larger 7,, and wider
particle size distributions, we must extend the oper-
ating range of the pulse-height analyzer.

Table 111

Ratio of the measured moments f(r) to true values ”white” light being used

Particles with m=1.49

Soluble fraction Water

Tm 0.03 0.15 0.25 0.5 1.0

0.03 00]5 0.25 005 ‘-0

0.03 0,15 0,25 0.5 1.0

Tmod 0.009 0.045 0,075 0.15 0.3 0.009 0.045 0.075 0.15 0.3 0.009 0.045 0.075 0.15 0.

Ny/No,% 4.4 65.8 80.8 93.1 98.1
ry/r 3.5 1.4 1.1 0,96 0.47 3.6
r21/12 2.6 1.2 0495 0.64 0.40 2.7
Vi/V 1.2 0.93 0.43 0,13 0.03

Thus, a numerical simulation indicates that the
particle size distribution determined by the instru-

4.4 65.8 80.8 93.1 98.1 9.4 56.3 73.3 89.3 96.8

1.1 0.78 0.52 3,0 1.1 0.87 0.62 0.43

1.2 0,92 0.62 0,40 2.1 0.98 0.77 0.52 0.34
1.3 0.77 0.40 0,12 0,03 0,39 0.40 0.23 0,08 0,02

ment when using a laser with A = 0.63 um in photo-
electric aerosol analyzers in which the scattered light
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is detector from the side and the sizes are calibrated
in terms of latex spheres. When m is known, we can
convert from the latex 7, values to the values of 7y
for any given substance using theoretical curves simi-
lar to those in Fig. 1. When studying aerosols whose
index of refraction is unknown and whose index of
refraction depends on the relative humidity of the
air,” false maxima may appear in the ”latex-
equivalent” measured f(r). Because of this, it is bet-
ter to use "white light” to illuminate the particles.
However, it should be kept in mind that the mo-
ments of the distribution f{r) may be quite different
from the true moments even in this case (see Ta-
ble I11).

Even though these calculations were carried out
for a specific type of instrument, the patterns noted
above also exist to some extent in other instruments
as well.
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