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Response of Laser Light Active Scattering Aerosol Spectrometer
to Light-Absorbing Aerosol Particulates
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Introduction

Optical single particle counting is a tech-
nique of aerosol analysis in its ability to show
particle size distribution data. Optical single
particle counting is based on the measurement
of light scattering from individual particles,
then particle size or size distribution data
is determined from sizing the intensity of light

scattering corresponding to each particle
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sampled into optical counting instrument
But for chemically and physicélly different
aerosols, light scattering intensity is depen-
dent not only on particle size but also on the
other properties of the aerosol, i.e., particle
shape and complex index of refraction, also
on lens geometry of counter optics and
photodetector spectral characteristics.

Pinnick and his collaborators (Pinnick
and Auvermann, 1979; Pinnick and Rosen,
'1979; Pinnick et al., 1981; Garvey and Pin-
nick, '1982) prese.nted wide observation of
response characteristics of optical light
scattering particle counter, typically on the
“Knollenberg” light scattering particle coun-
ters (followed after the developer, R.G.
Knollenberg, now they are manufactured
by Particle Measuring Systerns, Inc. (Boulder,
Colorado)) to have better and more adequate
understanding of their response characteris-
tics and limitations, These understandings
are nccessary. to obtain proper results ex-
cluding possible errors in measurements
made with them.

It is also true that usually optical light

scattering particle counter are calibrated with
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ideal nonabsorbing spherical aerosols, except
some examples of india ink aerosol by Whitby
and Vomela {(1967) or nigrosin dye aerosol
by Pinnick and Auvermann (1979). But, in
many practical cases, non-ideal light absorb-
ing irregular particles are to be measured,
for example, in-cylinder -particle measure-
ment from a diesel engine (Du and Kittelson,
1983) and explosion dust particles measure-
ment (Pinnick et al., 1983).

In this paper, we attempt to obtain the
Knollenberg
ASAS-300X active scattering aerosol spec-

response  characteristics  of

trometer particle counter to several light-

absorbing aerosols. It is highly desirable to
generate known monodisperse light-absorb-
ing aerosols with different light-absorbing
coefficients, to investigate th® counter re-
sponse behavior to light-absorbing aerosols.
Next section will be given to explain the
general description for aerosols generation
technique of used three different monodis-
perse light-absorbing aerosols. In the third
section, general description of optical system
and related opto-electronic system in Knol-
lenberg ASAS-300X  particle counter is
given. And the brief explanation for the
theoretical response calculation using Mie
theory for a spherical particle scattering
in standing wave radiation will be followed..
Finally, comparison of theoretical response
and experimental results for the ASAS-
300X wparticle counter to light-absorbing

aerosols are discussed.

Generation of monodisperse
light-absorbing aerosols

The aerosol generation system known as
the vibrating orifice monodisperse aerosol

generator (commercially available from TSI,

Inc. ($t. Paul, Minnesota)) is quite similar
to that described by Berglund and Liu (1973).
The system, shown in figure 1, is composed
of a droplet generation and dispersion unit
and an aerosol dilution and transport unit.
The electrical charge occurred during the
droplet generation process is neutralized
by means of a 10 mCi Krypton-85 radio-
active neutralizer source, which is plaéed
along the inside wall of the vertical drying
column as an integral part of the generator.
More details of the structure, performance,
and basic operation of this generator can be
found from Berglund and Liu (1973).

In these experiments, a 10 ym diameter
orifice was used in the case of aerosol genera-
tion whose diameter is lower than 3 ym. The
liquid flow rate was set at 0.0557 ml/min.
A 15 um diameter orifice was also used to
generate aerosols large than 3 um diameter.
The liquid flow rate was set at 0,1395 ml/min
in this case. The vibrating frequency was
varied from 30 KHz to 250 KHz maximum.

The diameter of the aerosol produced
by the generator can be calculated by the

equation,
D = (6QC/mf)1/3 (1)

where, Q is the liquid flow rate, C is the
volumetric concentration of flomaster ink,
methylene blue, and india ink in the solution,
and f is the vibrating frequency.

Here, we used three kinds of light-
ahsorbing acrosols, i.e., flomaster ink as
the weak light-absorbing aerosol, methylene
blue as the moderate light-absorbing aerosol,
and india ink as the strong light-absorbing
aerosol. Methylene blue and india ink were
dissolved and diluted in a 50:50 liquid mix-
ture of isopropyl alcohol and distilled water,
and flomaster ink was dissolved and diluted
in pure acetone. The physical characteristics
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Fig. 1. Schematic diagram of vibrating orifice aerosol generator (VOAG).
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Fig. 2. Schematic diagram of ASAS-

aerosol spectrometer particle

of used inks and methylene blue aerosols
are shown in table 1. Density of ink aerosol
.or methylene blue aerosol is assumed to
be same as that of solid residual of ink or
methylene blue powder measured by an air

pycnometer.

The aerosol particles generated by the

method described above were collected with

300X Knollenberg active scattering
counter optical system.

Table 1. Physical characteristics of used

aerosols
rerosol floinnister met]ﬁzlene india ink
a b od
complex index | 1.65-0.0691 | 1.57 - 0.17i | 1.95 - 0.661
of refraction
shape dented spherical spherical
weight fraction 31.6% = - 15.8%
of solid residual
reference Pinnick et al,| Magan(1982)| Fenn (1976)
(1973)

an impactor onto a glass microscope slide
coated with silicone oil, The diameter of the
aerosols on the microscope slide was measured
by an optical microscope using a Cooke image
splitting eyepiece.

a) measurad at 1= 632.8nm(He- Ne laser light)
b) measured at 3= 655nm

c) complex index of mfraction of india ink is assumed
to be that of carbon, as most of solid residual of
india ink iz carbon black pigment

d) measured ut visible wavelength range
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Active scattering aerosol spectrometer
particle counter

A schematic of the optical system of

the ASAS-300X particle counter from a’

drawing in the standard manual supplied by
manufacturer is shown in figure 2. Its airflow
system .s aligned to isolate the particle sample
stream from critical optical components
as well as confine the particle stream to the
defined boundaries of the laser beam (to
the central 15% of the beam width) in order
to provide for uniform illumination of par-
ticles. The Gaussian TEMg mode 2 mW
He-Ne open-cavity laser (623.8 nm) is used
as the particle illumination source. A merit
of utilizing the open-cavity laser as the par-
ticle illumination source is that the high
energy denmsity is available (According to
Knollenberg and Luehr (1976), brightness in
excess 1000 W/cm? is attainable.) and permits
measurement of small particles down to 0.05
pm diameter when the photomultiplier tube
is used as the photodetector sensor (Knol-
lenberg, 1979). The particle stream is aero-
dynamically focussed to a 200 um diameter
particle sample stream surrounded by a
filtered sheath airflow. _

' The scattered light from particles in this
defined sample volume is relayed from the
object plane by collecting lenses at the angles
between 4° and 22° from the direction of
forward scattering, then collected to the
In the
scattering photodetector module, the signals

scattering photodetector module,

which are derived from the particles that
do not pass through the defined boundaries
of the laser beam, or defined sample volume,
. are out-of-focus and electronically rejected
by comparing two divided signals from. a
masked beamsplitter that can derive two
signals from the collected scattered light,

those are one through signal aperture and
the other through masked aperture.

The scattering photodetector module
consists of a photodiode detector (EG &
G SGD-100A), an amplifier operating in a
current-to-voltage converter mode, two pro-
grammable operational amplifiers with four
internally multiplexed operational amplifier
operating at gains ‘compatiblc with the size
ranges selected, The gains for Range 1 and
Range 3 relative to Range 0 are 10.046 and
667.7,

The light transmitted out the back
curved laser mirror is collected by the re-
ference photodiode detector (EG & G SGD-
100A), which provides a signal proportional
to the illumination on the particles, so that
changes in laser output are thus cancelled
when the signal is applied as the reference
input of the pulse height analyzer.

Theoretical response calculations

As described earlier, ASAS-300X uses
the intra-cavity standing wave radiation of
a hybrid He-Ne laser as a light source, or in
other words, particles detected in this counter
pass through the standing wave radiation
within laser cavity. The intensity of the
scattered radiation (or theoretical response)
from an individual particle in the standing
wave radiation, I, can be calculated by adding
the Mie scattering amplitude for each plane
wave traveling opposite direction with each

other,
=221, 0) 450 012+ 15,00)

+8, (m-6)]%] sin0d6 (2)

where, Sy (%, m, #) and S, (x, m, 0) are the
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Mie scattering amplitude functions cor-
responding to light polarized with electric
vector perpendicular and parallel to the plane
of 'scattering. The Mie scattering amplitude
functions are dependent upon the particle
size parameter, x=kr (k; wavenumber, r;
particle radius), the complex index of refrac-
tion, m=n+ ix (n; real part, x; imaginary part
or absorption coefficient), and scattering
angle, 8. For the case of ASAS-300X, integra-
tion is done from a=4° to §=22°,

This solution is derived under the some
assumptions, First, the intensity of the
standing wave radiation remains constant even
by the presence of the scatterparticles passing
through the laser beam. Second, plane
waves arc¢ in phase as the particle to be
measured is always centered at the standing
Practically, the
defined sample volume is much larger than

wave anti-nodal point.

half the laser wavelength, so that a particle
probably traverses other .reg'ions as well as
antinodal point. The practical probelems of
in-phase and out-of-phase will be discussed
briefly later.

Results and discussion

Voltage threshold limits from manufac-
turer and theoretical response for polystyrene
latex particles (m = 1.592 - Qi) are presented

in figure 3. Manufacturer’s voltage threshold
limits are expressed in voltage per particle
and normalized to the theoretical results
for best least-square-fit to the theoretical
response of polystyrene latex particles, The
normalization constant employed in least-
square-fitting the voltage threshold limits
or experimental data to the theoretical

response is,

lvolt=4.7x10cm® or
C=2.1x 10 mV/cm® (8)

and this single normalization constant was
used for all experimental results,

It is noted that voltage threshold limits
from manufacturer is smoothing the first,
second resonances and higher order reson-
ances, which cause misreading of measure-
ment if the manufacturer calibration is used
in the region of particle siz¢ larger than about
1 pm diameter, as the instrument response
on nonabsorbing aerosols shows many mul-
tivalued behavior above the first resonance
diameter (where aerosol diameter is com-
parable to the light wavelength). But, it can
be readily seen that all the insttument re-
sponse is fairly in good agreement with the
theoretical predictions, when the smaller
particle size than about 1 ym diameter is con-
cerned, Polystyrene latex particle measure-
ments by Pinnick and Auvermann (1979)
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Fig 3. Comparison of Knollenberg ASAS-300X
response; manufacturer’s voltage threshold
limits for each range and theoretical cal-
culation using Mie scattering for a particle
in a standing wave radiation for single polys-
tyrene latex (PSL) nonabsorbing spherical
particle.  Scale of theoretical response is
abimu'yiandiis chosen as a|relative scale
with dimension of |cm2/particle. Voltage
threshold limits have been fit to Mie scat-
tering response using a single normalization
constant (C = 2.1 x 10 mV/cm?).
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also showed almost exactly same results.

The instrument response of flomaster

ink aerosol having weak absorption coefficient

is shown in figure 4. The experimental re-
sponse voltages were determined from the
count mean diameter corresponding to peak
signal channel reading, the relative gain
ratios for each given ranges, and manufac-
turer’s voltage threshold limits provided
with the instrument manual shown in figure
3. The error bars for each measurement re-
present the signal broadening but at least
68% of the signals for these particles have
pulse heights falling between the error bars.

First resomance behavior predicted by
Mie theoretical calculation was resolved
by the experimental results, even though
second weak resonance was not appropriately
reproduced. Relatively wide broadening of
signals of flomaster ink aerosols may be due
to the fast drying, resulting flomaster ink
aerosol shape to be dented not to be spherical
(Whitby and Vomela, 1967), as the solvent
used to dissolve flomaster ink was pure
acetone.

As seen in figure 4, in the size ranges
within the trough of the first resonance
region, it can be easily understood that the
instrument response should be multivalued,
resulting no size classification. It is noticeable,
that most of all experimental results are
fairly in good agreement with the theoretical
predictions cxbept multivalued  behavior
around lum diameter region and signal de-
creasing above the instrument upper measur-
ing range limit of 3 um diameter as observed
by Pinnick and Auvermann (1979). This
behavior is same tenency with other light-
absorbing aerosols which will be discussed
later. It is also noticeable that the response
voltages of flomaster ink aerosols larger than

2.5 um approximately are lower signal levels
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Fig. 4. Comparison of Knollenberg ASAS-300X
_ response for flomaster ink; measured for

weak absorbing dented particles and theore-

tical calculation using Mie scattering for
spherical particles of equal cross-sectional

area. Other legends are same as in Figure 3.

than manufacturer’s voltage threshold limits.
Response of methylene blue aerosol
having moderate absorption coefficient is
shown in figure 5. First resonance or higher
order resomances can not be easily disting-
uished, rather hehavior of methylene blue
aerosol is almost of monotonical behavior
differently from the weak absorbing aerosols
like flomaster ink aerosols or polystyrene
latex aerosols. Notice that signal decreasing
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Fig. 5. Comparison of Knollenberg ASAS-300X
response for methylene blue; measured
respons¢ and theoretical calculation using
Mie scattering for moderate absorbing
spherical particles. Other legends are same
@sin Figure 3.



above the instrument upper limit is easily
recognized as same as the response on flomas-
ter ink aerosols. It is recognized that the
signal broadening of smaller particle is rather
wider than that of larger particle. . This
phenomena -.ould be probably due to the
impurities in used solvents, as the impurity
concentration becomes a considerable order,
as highly diluted solutions were used to
generate submicron particles.

The instrument response of india ink
aerosol having strong absorption coefficient
is presented in figure 6. In this case, the
complex index of refraction to calculate Mie
scattering for india ink was used that of
carbon, as we could not find an appropriate
value for india ink. This, using the complex
index of refraction of carbon instead of that
of india ink itself, would be one of reasons
that the small deviation between theoretical
predictions and DMA (Differential Mobility
Analyzer) experimental results for submicron
india ink aerosols (below 0.4 um approxima-
tely) prepared by Liu et al. (1984)

It can be readily understood that the re-
sponse on this case is almost same result as
that of methylene blue aerosol having
moderate absorption coefficient and of
monotonically varying behavior. It suggests
that it has moderate ]ight-absorbing charac-
teristics like methylene blue aerosol (m =
1.57 - 0.17i), the instrument response charac-
teristics would fully show the behavior due
to the strong light-absorbing aerosols, or in
other words, the response characteristics
of ASAS-300X to the light-absorbing aerosols
is such that it behaviors like explained above
if the absorption coefficient is the order of
that of methylene blue aerosol (approxima-
tely x=0.15- 0.20).

As indicated ecarlier, experimental results

in this case also show the signal decreasing
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Fig. 6. Comparison of Knollenberg ASAS-300X
response for india ink; measured for strong
absorbing spherical india ink particles and
theoretical calculation using Mie scatter-
ing for carbon particle (m = 1.95-0.66i).
Other legends are same as in Figure 3.

above the instrument upper limit as other
cases. This effect seems to be result of par-
ticles being large enough to reduce operating
laser power. This effect is reported by Schus-
ter and Knollenberg (1972) and Knollenberg
(1976).

fraction of TEMpo mode laser is given by

According to their results, the loss

Yoo = 8a% /w? (4)

where, Ygp is the induced loss fraction,
a; particle radius, w; spot size of the intensity
pattern. If we select the particle radius 1.5
um, which is the corresponding size to the
instrument upper limit, and spot size 100 tm,
which is corresponding to the sample volume
size, then the relative output laser power
is approximately 80% of the original unper-
turbed power according to their experimental
result for TEMyp mode laser. Another one
reason that signal level is decreasing above
the instrument upper limit would be due to
the phase problem between standing wave
and particle position, as particle size is large
enough comparing to the wavelength that
out-of-phase may be occurred. This effect

means that the theoretical Mie calculations
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do not hold no longer in the case of out-
of-phase between wavefront and particle,

All the theoretical response for polys-
tyrene latex, flomaster ink, methylene blue,
carbon particles are summarized with the
voltage threshold limits of ASAS-300X
particle counter in figure 7. Here, we can
see that all the responses of light-absorbing
aerosols have lower signal level than manufac-
turer voltage threshold limits, which can
cause lower sizing than the actual size if
the manufacturer calibration is directly
used. However, the response of light-absorb-
ing aerosols has simple response characteris-
tics that it can be simply corrected from
the indicated instrument readings by using
simple multiplication factor comparing to
the complicated response of nonabsorbing

aerosols.
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Fig. 7. Comparison of Knollenberg ASAS300X -

response; manufacturer’s voltage threshold
Yimits and theoretical calculations using Mie
sacttering for polystyrene latex (PSL) par-
ticles, flomaster ink particles,methylene blue
particles, and carbon particles, Other legends
are same as in Figure 3.

Concluding remarks

By this experiments and theoretical Mie
scattering calculations, it is found that the
response of Knollenberg ASAS-300X par-
ticle counter to light-absorbing spherical

aerosols is almost of monotonically increas-
ing single-valued behavior comparing to the
multivalued behavior of nonabsorbing spheri-
cal aerosols, and the instrument response
to light absorbing aerosols are better closer
to the manufacturer calibration than response
to nonabsorbing aerosols, if we consider
simple multiplication correction to the
manufacturer calibration data. But it is
strongly recommened to bave a calibration
procedure with some appropriate standard
aerosols having similar physical and chemi-
cal properties with particles in question to
be measured actually, as the instrument
response is dependent on the aerosol pro-
perties as well as particle size, even though
the difference between actual calibration and
manufacturer calibration would be small.

It is recommended to eliminate unmeasur-
able or unwanted particles larger than 3 um
diameter by using some treatment like impac-
tor which can cut out the large particles
before entering into the instrument, as the
instrument response in this range gives incor-
rect informations.-

Finally, it is suggested that these. calibra-
tion data wolld be properly applied to the
measurement of carbonaceous particles and

other strong light-absorbing particles.
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