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A model for measuring aerosol mass concentration by an optical particle counter is presented using the
conception of the average mass. In this model, to understand the meaning of the pulse height distribution
of particles which is used to inverse mass concentration, the relationship among intensity distribution in
the optical sensing volume, particle shape, and the pulse height distribution is discussed. To solve the
instability of the equivalent factor, a novel two-step calibration method is proposed. The experimental
results demonstrate that mass concentrations calculated by the model are in good agreement with those
measured by a norm-referenced instrument. For samples of soot and air, the slopes of fitting lines of data
points are 0.9582 and 0.9220, and the correlation coefficients are 0.9991 and 0.9965, respectively.

OCIS codes: 290.5850, 120.5820, 010.1100.

Ambient aerosol is known to affect global climate and re-
duce atmospheric visibility"]. Recently, epidemiological
studies have also shown an association between aerosol
mass concentration and increased morbidity and mortal-
ity rates(?l. Therefore, how to measure aerosol mass con-
centration is a focus of ongoing research. Various meth-
ods have been used for aerosol mass concentration mea-
surement. The light scattering method is the most pop-
ular one, because it is fast, nonintrusive and suitable for
on-line measurement. It includes an ensemble-measuring
technique and a single particle counting technique. The
former based on a simultaneous occurrence of an en-
semble of particles in sensing volume can only measure
mass concentration, and has been widely employed!®—3],
The latter based on the scattering of a single particle
can simultaneously measure number and mass concen-
tration. However, studies focusing specifically on the
single particle counting technique for mass concentration
measurement are few. In this letter, a model for mea-
suring aerosol mass concentration based on the two-step
calibration method is put forward, in which the depen-
dences of intensity distribution in the optical sensing
volume and particle shape on the pulse height distribu-
tion of particles are taken into account.

The schematic diagram of an optical particle counter
(OPC) system is shown in Fig. 1. Aerosol flows through
an optical sensing volume within the optical sensor, and
the light scattered by a single particle is collected and
focused by a spherical reflector, and then converted
to an electrical pulse by a photodetector. Through
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Fig. 1. Schematic diagram of the OPC system.
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preamplification and multi-channel collection, the volt-
age pulse of the particle is obtained. Note that ampli-
tudes of voltage pulses are correlated to particle sizes,
and the number of voltage pulses recorded in each chan-
nel is the number of particles. The relationship between
the number of voltage pulses and the amplitudes of volt-
age pulses is the pulse height distribution of particles,
which can be used to inverse aerosol mass concentration.

Aerosol mass concentration is the total mass of parti-
cles in per unit volume. In order to obtain the model
for measuring aerosol mass concentration using an OPC,
according to the Mie scattering theory, the calculation
formula for mass concentration of spherical particles un-
der the condition of the uniform intensity distribution in
optical sensing volume was derived asl®

C, = kSZs(vi)vim, (1)

where kg is the proportional coefficient, which has the
same dimension with mass concentration, v; is the rela-
tive median voltage in the ith channel of an OPC, s(v;)
represents the number of voltage pulses (spherical par-
ticles) in the ith channel in a measurement cycle. Fur-
thermore, to calculate mass concentration of irregularly
natural particles, a theoretical formula has been derived
to analyze the feasibility of measurement of aerosol mass
concentration with an OPCI[7:

DF max
Cin :/ h(Dp)M(DFp)dDp, (2)

DF min

where Dpmax and Dppmi, are the maximal and min-
imal optical equivalent diameters of particles, respec-
tively; M (Dp) is the average mass of particles with opti-
cal equivalent diameter Dp; h(Dp) is the optical equiv-
alent size distribution which represents the number of
particles with optical equivalent diameter Dy in per unit

volume:

Dv max(Dr)
n(or) = [ LDy, DDy, (3)
Dv min(DF)
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where Dy max(Dr) and Dy min(DF) are the maximal and
minimal volume equivalent diameters of particles with
optical equivalent diameter D, respectively; L(Dy, Dr)
is the two-dimensional (2D) particle size distribution of
non-spherical particles. From Eq. (2), we can come to
a conclusion that aerosol mass concentration can be ob-
tained with an OPC if h(Dp) and M(Dp) are available.
In the following we will analyze them in detail.

In our measurement system, the light source is a semi-
conductor laser (650 nm, 5 mV), and the relative inten-
sity distribution of a central section in the optical sens-
ing volume measured by a beam diagnosis instrument is
shown in Fig. 2. Obviously, the intensity distribution is
nonuniform. Thus, taking the nonuniform intensity dis-
tribution and irregularly shaped particles into account,
the optical equivalent size distribution of particles h(Dp)
will be discussed.

To reduce complexity of the problem, two probabilities
are introduced. 1) Assuming that particles are spheri-
cal and intensity distribution is nonuniform. Scattered
light flux of a spherical particle is usually different when
it passes through different places in the optical sens-
ing volume, making the particles possess many optical
equivalent diameters. Under this condition, if optical
equivalent diameter of the particle Dps € [Dpg, Drsul,
and then pys(Dps| Dy ) represents the probability that the
spherical particle with diameter Dy possesses the opti-
cal equivalent diameter Dpg. 2) Assuming particles are
irregular and intensity distribution is uniform. Scattered
light flux of an irregular particle is different when spatial
orientation of the particle in the optical sensing volume
is different, making the particles possess many optical
equivalent diameters. In this case, if optical equivalent
diameter of the particle Dp, € [Dpor, Drou], and then
Po(Dro| Dy ) represents the probability that the irregular
particle with volume equivalent diameter Dy possesses
the optical equivalent diameter Dp,.

Combining the two points mentioned above, in the case
of nonuniform intensity distribution and irregular parti-
cles, assuming optical equivalent diameter of a particle
Dy € [Dpi,Dpy), and then p(Dp|Dy) represents the
probability that the particle with volume equivalent di-
ameter Dy possesses the optical equivalent diameter Dp.
Due to the independence of intensity distribution in the
optical sensing volume and particle shape, we have

p(Dr|Dy) = ps(Drs| Dy )po(Dro| Dy ). (4)
Using p(Dr|Dy), the relationship between L(Dy,Dp)
and {(Dy) can be written as

100
90.0

75.0
60.7
50.0

36.8
25.0

13.5
5.0

Clip level (%)

Fig. 2. Three-dimensional (3D) intensity distribution in opti-
cal sensing volume.

L(Dv,Dp) = l(Dy)p(Dr|Dy), (5)

where [(Dy) is the volume equivalent size distribution of
particles.
Inserting Eq. (5) into Eq. (3), we get

h(DF)

Dy max(Dr)
- / H(Dv)ps(Ds| Dy )po( Dol Dy )dDy . (6)
DV min(DF)

From Eq. (6), we can know that h(Dp) is dependent on
intensity distribution and particle shape. Since scattered
light fluxes of particles were converted into voltage pulses
by an OPC, so that the pulse height distribution N (v;) is
equal to h(Dp). Hence, the pulse height distribution of
particles is also dependent on intensity distribution and
particle shape.

The pulse height distribution of particles can be mea-
sured by an OPC, according to Eq. (2). If we can express
the average mass of particles that have the same opti-
cal equivalent diameter, then aerosol mass concentration
can be attained. In addition, according to Eq. (1), the
mass of a spherical particle with signal voltage v; can be
expressed as ksv}® in the case of intensity uniformity.
Under the condition of nonuniform intensity distribution
and irregular particles, we introduced the equivalent fac-
tor o, and then kv can be regarded as the average mass
of particles with signal voltage v;. In view of volume
equivalent diameters of particles that have the same volt-
age are not equal, if the average density of measured
particles is p, then the average mass of particles with the
same voltage in a measurement cycle is given by

max
PVL 21 L(Dy;, Dr)DY,;
— e =
M(UZ) - kvz - N(’Ul) ’ (7)
where V7, is the sampling rate of the OPC. Hence, the
calculation formula for aerosol mass concentration can
be expressed as

C= kZN(vi)vf‘, (8)

where k is the proportional coefficient, which has the
same dimension with mass concentration.

Equation (8) can be used to calculate aerosol mass con-
centration only if N(v;), k and « are known. Although
N(v;) could be measured by an OPC, it is difficult to
precisely determine k& and a. Thus, a calibration is per-
formed to determine the unknown coefficients. In previ-
ous work!” the equivalent factor o was calibrated by the
least square method, and k was calculated by

Z 2q:CT?I t) , )

where T is the number of experimental data points,
Crsry is the actual mass concentration at the tth mea-
surement.

But detailed analysis of experimental results indicates
« is instable, which is related to the range of mass con-
centration, as shown in Fig. 3. The fluctuation behavior
is related to the number of experimental data points. The
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Fig. 3. Relationship between the equivalent factor and the
range of mass concentration.

Table 1. Calibration Results of the
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Fig. 4. Experimental setup for measurement of signal height
distribution of aerosols and aerosol mass concentration.

Two-Step Calibration Method

J Rc T oy a kj (mg/m?) k (mg/m?)
1 [0.091,4.918] 314 26 [0.43,1.41] 0.2946 x 10~%

2 ]0.068,3.381] 286 23 [0.02,0.47] 0.2895 x 10~

3 [0.223,4.052] 272 22 [0,044] 0435 0.3219 x 10°*  0.3014 x 10~*
4 [0.093,4.688] 323 27 [0.41,2.32] 0.2930 x 104

5 [0.093,4.046] 330 28 [0.05,2.24] 0.3080 x 104

less the number of experimental data points, the larger
the fluctuations. Hence, the least square method is not
fit for calibration of «, however, the calculated results of
this method indicates « is basically less than 3. On the
other hand, a cannot be less than 0, or else it will lead
to the false conclusion that the average mass of particles
decreases with the increase of the optical equivalent di-
ameter.

In addition, experimental results show if « is deter-
mined, & calculated by Eq. (9) is irrelevant to the range
of mass concentration. Hence, in this paper, a novel
two-step calibration method is proposed, and the de-
scription of the method is summarized as follows. 1)
In the case of spherical particles and uniform inten-
sity distribution, o = 1.5. For irregular particles and
nonuniform intensity distribution, o must be close to
1.5, so we set « € [0, 3] based on the above analysis. The
range of mass concentration R¢ is divided into [ intervals
Rc1,Ro2, -+ s Rei (Re1 € Rez -+ C Rey). 2) For every
a in [0, 3], k is calculated by Eq. (9) for every range of
mass concentration, and then using these a and k, mass
concentrations are calculated by Eq. (8). Relative er-
rors between calculated and actual mass concentrations
are calculated. The ranges o1, o, -,y that make
relative errors within £10% are found out®, where j is
the times of experiments. 3) Computing the intersection
a; = o1 Naya - - - Moy, which is the necessary condition
that the equivalent factor is irrelevant to the range of
mass concentration. In order to make sure the accuracy
of the equivalent factor, the experiment was repeated for
several times. Then the intersection o« = a1 Nag -+ - Nay;
is attained. Finding the mean @ of «, which is the
equivalent factor calculated by the two-step calibration
method. 4) Inserting @ into Eq. (9) to calculate & for j
times experiments respectively. Finally, computing the
mean k = (k1 + kg + -+ k;)/j that is the calibration

constant calculated by the two-step calibration method.

According to the above steps, we programmed the
method and measured smoke for 5 times using the ex-
perimental setup shown in Fig. 4. Measurements were
carried out in a super clean room. An aerosol monitor
(SIDEPAK AM510, TSI, USA) was used as a norm-
referenced instrument. Note that the monitor has been
calibrated by the gravimetric method. The principle
of this instrument is based on the ensemble-measuring
technique[4]. It indicates mass concentration Crgy and
stores the data in real time. The OPC displays the pulse
height distribution of particles, which is collected by a
multi-channel pulse height analyzer (PCI9812, ADlink
Tech Inc.). The analyzer has 2048 count channels, and
the lower limit of particle size of the OPC is 0.3 pm.
Finally, calibration coefficients were worked out by the
procedure, and the results are shown in Table 1.

To validate the feasibility of the model, we measured
soot and air respectively. Measured pulse height distri-
butions combining calibration coefficients @ and k were
applied to calculate mass concentrations, and calculated
values were compared with Crpgr. Figure 5 illustrates
the relationship of mass concentrations measured by
OPC and the norm-referenced instrument. Linear rela-
tionship can be clearly found from the distribution of
the data points. Therefore, the experimental data were
fitted with linear regression, and fitted equations and
coefficient correlations are also shown in Fig. 5. The
slopes of the fitted lines are 0.9582 and 0.9220, and
the correlation coefficients are 0.9991 and 0.9965, re-
spectively. Obviously, mass concentrations measured by
OPC agree well with Crg;. Therefore, the model can be
applied to calculate aerosol mass concentration with an
OPC.

In conclusion, a novel model for inversing aerosol mass
concentration with an OPC has been presented. In this
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Fig. 5. Mass concentrations calculated by the model versus
mass concentrations measured by SIDEPAK AMS510 for (a)
soot and (b) air.

model, the dependences of intensity distribution in the
optical sensing volume and particle shape on the pulse
height distribution of particles were considered. The
model has overcome the instability of the equivalent fac-
tor using the two-step calibration method. The experi-
mental results indicate that mass concentrations calcu-
lated by the model has high precision. Hence, the model
offers a feasible way for an OPC to measure aerosol mass

concentration in real time. Note that if there are great
differences of properties (e.g. the refractive index, den-
sity, component) between measured particles and cali-
brated particles, the OPC needs to be recalibrated. And
if sources of aerosols are various, the model can only
give relative mass concentrations, which have a reference
value for long-time detection of aerosol mass concentra-
tion.
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