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Calibration of a Condensation Particle Counter Using a
NIST Traceable Method
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This work presents a calibration of a commercial condensation
particle counter using National Institute of Standards and Tech-
nology (NIST) traceable methods. By the nature of the metrol-
ogy involved, this work also compares the measurement results
of three independent techniques for measuring aerosol concentra-
tion: continuous flow condensation particle counter (CPC); aerosol
electrometer (AE); and the aerosol concentration derived from
microscopic particle counting. Because of the transient nature of
aerosol, there are no concentration artifact standards such as exist
for particle diameter standards. We employ a mobility classifier to
produce a nearly monodisperse, 80 nm, polystyrene latex aerosol.
The test aerosol is used as a challenge for the CPC and the AE,
and is subsequently filter sampled for electron microscopy. Our
test stand design incorporates a continuous CPC aerosol concen-
tration monitor to verify the aerosol stability. The CPC determines
particle concentration by single particle counting at a constant
sample flow rate. The AE has been calibrated to a NIST traceable
current standard. The subsequent aerosol concentration measure-
ment is obtained by determining the electrical current produced
by a charged aerosol transported to the detector by a controlled
aerosol flow rate. We have NIST traceability for flow rates for all
methods and a methodology to calibrate the AE to NIST trace-
able electrical standards. The latter provides a calibration and a
determination of the uncertainty in the aerosol derived current
measurement. A bias in the measurements due to multiple charged
particles was observed and overcome by using an electrospray
aerosol generator to produce the challenge particles. This gener-
ator was able to produce aerosol concentrations over the range
of 100 particles/cm3 to 15 000 particles/cm3 with lower number of
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dimer particles (≈1%). In our work, independent measurement
of aerosol concentration is obtained by quantitatively collecting
samples of the airborne polystyrene latex spheres on a small pore
filter material and determining the number of particles collected by
electron microscopy. Electron micrograph images obtained using
a field-emission scanning electron microscope are analyzed using
particle counting. We found the relative uncertainty in the aerosol
electrometer measurements to be in excess of 100% for particle con-
centrations of approximately 120 particles/cm3 and approximately
5% for concentrations above 6000 particles/cm3. The uncertainty
found by the microscopy method was approximately 3%.

INTRODUCTION
Aerosol concentration measurements are important in a wide

range of areas such as environmental studies, public health and
hygiene work, manufacturing, clean room technologies, and
quantitative fit testing for gas masks and protective garments.
Although the focus of this work is to develop a traceable method
for measuring aerosol concentration, the latter application is ex-
ceedingly important. Military personnel and first responders
wear gas masks for protection against harmful agents such as
combustion products, chemical vapors, and biological materi-
als. The recognized potential global threat from chemical and
biological agents demands that effective defensive measures be
taken. An important part of this strategy is the testing and verifi-
cation that assures secure gas mask fits via a quantitative fit test.

Quantitative gas mask fit tests measure and compare the
ambient aerosol concentration outside of the fitted masks to the
aerosol concentration inside. Small aerosol particles are used as
a simulant for a harmful aerosol such as a viral agent as well
as a surrogate gas test agent because they have nearly the same
fluid dynamical properties as the airflow streams. The particles
can be used to identify both leaks in the mask and inefficiencies
in the filter. This technology is believed to provide a complete
diagnostic of the integrity of the mask, the filter and the fit on
the individual.

There are physical particle size standard reference materials
and reference test materials such as NIST Standard Reference
Materials for monodisperse polystyrene latex spheres and Ari-
zona Road Dust that are designed to satisfy the need for particle
size calibration. However, there are no aerosol concentration
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standards (Liu 2004) and the research regarding aerosol con-
centration has not been as fully developed (Liu and Deshler
2003). The main reason for this deficiency is the time depen-
dent losses of the aerosol particles. Thus an aerosol suspension
cannot be transferred from one party to another as a calibration
artifact such as a standard reference material for particle size.

Liu and Pui (1974) reported a method utilizing a charged
aerosol, a differential mobility classifier and an aerosol elec-
trometer (AE) to calibrate a condensation nuclei counter.
Aerosol electrometer calibration has become a widely used ap-
proach to calibrate condensation particle counters (CPC) (Liu
et al. 1975; Liu et al. 1982; Kesten et al. 1991; TSI 3022 man-
ual). In our work, we expand on the AE calibration technique
by calibrating the response of a commercial CPC widely used
as a calibrant for both military and first responder quantitative
fit test equipment with a NIST-traceable aerosol electrometer.
This is, to our knowledge, the first time aerosol concentration
measurements have been made traceable to NIST through an
electrical current standard. Traceability is achieved in the mea-
surement process by verifying the measurement properties or
standards used in conjunction with the measurements against
accepted national or international standards. A more definitive
explanation can be found in the discussion section. Traceability
for the aerosol electrometer required traceable low level current
and air flow calibrants. Traceable measurements or standards
become relevant to this calibration because we are attempting
to calibrate an instrument (CPC) that has high precision with
unknown accuracy by using a NIST traceable method that has
lower precision, but quantifiable accuracy, i.e., some way to trace
to the true aerosol concentration. Normally the calibrant has the
highest precision, but in this case the calibrant has lower preci-
sion. The value of the AE is that it provides accuracy and NIST
traceability. Since we do not have a standard aerosol generator
that outputs known concentrations of aerosol, we are forced to
compare the response of the CPC against other measurement
technologies (AE and microscopy) that have been calibrated to
traceable quantities.

In the past, a measurement bias was introduced due to multi-
charged particles. While the charging effect was accounted for
by the theoretical charge distributions, it still contributed sig-
nificantly to the measurement uncertainty (Liu et al. 1975). We
eliminated this bias by electrospraying a suspension of monodis-
perse polystyrene latex spheres to produce singly charged test
particles with almost no doubly charged particles.

Another difference in this study is in the concentration range
of the aerosol. We have focused in the range from 1.0 × 102

particles/cm3 to 2.0 × 104 particles/cm3, which is the range
of single particle counting for the CPC. The previous study
by Liu et al. was for a concentration range of about 1.0 ×
103 particles/cm3 to 6.0 × 105 particles/cm3. This range was
convenient for testing the 1970 era CPCs which did not count
individual particles.

We also used an independent method of determining the
test aerosol concentration by means of quantitative particle col-

lection by filtration followed by particle counting by electron
microscopy and image analysis. The volume of aerosol flow-
ing through the filter during the particle collection period is
accurately determined.

EXPERIMENTAL DESIGN AND PROCEDURE
The calibration of a condensation particle counter with an

aerosol electrometer was carried out using nominal 80 nm di-
ameter solid polystyrene latex (PSL) spheres (Duke Scientific,
Fremont, CA). Polystyrene latex spheres were incorporated into
the experimental design to help reduce multiple charging of the
aerosol and to enable microscopy. We followed the basic test
stand design shown in Figure 1. The system consists of an
aerosol generator (Collison aerosol generator), two diffusion
dryers and an electrical charge neutralizer to produce primarily
singly charged and neutral particles. The final test stand em-
ployed an electrospray aerosol generator and is described later
in the article. The aerosol was “mobility band pass filtered” us-
ing a differential mobility analyzer (DMA) model 3080 made
by TSI (Shoreview, MN) to produce a monodisperse 80 nm
aerosol. To be mobility filtered the aerosol must be electrically
charged. The flow rate of the monodisperse aerosol coming
from the DMA was lower than the sum of the CPC and AE
flow rates. Consequently, we sampled the monodisperse aerosol
sequentially when doing the comparison of the CPC, AE, and
microscopy. The particle size was chosen based on the fact
that an 80 nm aerosol is used in several test facilities and that
the CPC counts nearly 100% of the particles at this size. We
employed a TSI model 3068 aerosol electrometer as an inde-
pendent means of measuring the particle concentration. The AE
measures the electrical current, I , that results from the flow of
charged particles through this instrument. The relation between
number concentration, N , of the aerosol and I is given by:

N = I

Qe
[1]

where Q is the volumetric flow rate through the electrometer
and e is the charge of an electron (1.602 176 53(14) × 10–19

C, (14) denotes uncertainty in these places) (Mohr and Taylor
2005).

Electrometer Calibration
The AE was calibrated before each use by a fA current source

produced from a high precision voltage source and a nomi-
nal 100 G� resistor. Both the resistor properties and the volt-
age source were measured by the Electricity Division at NIST.
The NIST voltage source had a relative uncertainty (uV/V) of
5 × 10–6 and the resistor had a relative uncertainty (uR/R) of
3.5 × 10.–4 These measurements provide AE traceability to
NIST through a current source traceable to the volt (Josephson
junction) and a resistor traceable to the ohm (quantum Hall
effect).
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FIG. 1. Schematic of experimental apparatus that produces and conditions the aerosol for the CPC, AE, and filter tests. The instruments do not sample
simultaneously, but in a sequential fashion (adapted with permission from Liu and Pui 1974).

Condensation Particle Counter
The condensation particle counter used in this study is a TSI

model 3760A which operates only in the single particle count
mode. No photometric transition occurs in this instrument. The
flow rate is controlled by a critical orifice. The flow rates were
determined for both the CPC and AE using a piston displace-
ment meter (BIOS DryCal flow meter) that was calibrated with
the NIST primary standard, the piston prover. The relative un-
certainty was 0.0008 over the range of the measurements.

Filtration Method
As a second independent measurement, we determined the

aerosol concentration by quantitative collection of the flowing
aerosol onto a filter and counting the number of particles col-
lected by scanning electron microscopy. The flow rate of the
aerosol and the collection duration provide the aerosol volume
collected. Filters used were polycarbonate with a 25 mm diam-
eter and a 50 nm pore size. Since the pore size is approximately
60% less than the particle diameter, the 80 nm particles are cap-
tured with well over 99% efficiency (Green et al. 1991; He et al.
1987). The sample was gold-coated in a cold, Ar plasma and
mounted in the Hitachi S-4500 field emission scanning electron
microscope (SEM). The PSL spheres are difficult to differen-
tiate from the carbon base filter substrate by SEM. However,
the electron backscatter images of the Au coated spheres are
clearly visible as shown in Figure 2a. The effective filtration

area for particle collection is determined by collecting a large
concentration of tungsten oxide particles on the filter. The di-
ameter of the circular area covered by the tungsten particles is
measured with a micrometer stage.

For the microscopic analysis, we randomly selected fields
of view over the entire filter effective sample area including
edge regions where the particle coverage decreases. Random
sampling of the filter surface minimizes the effects of inhomo-
geneities in the particle coverage on the sample filter. For an
SEM magnification of 20 000× we have a field-of-view area
of approximately 32 µm2. Images of approximately 25 to 250
fields for each sample were collected and stored for analysis.
Automated image analysis was not used because image con-
trast often gave artifacts so each field was counted by visual
inspection. All sample flow rates for the CPC, AE and filter
were measured with low uncertainty using a BIOS DryCal flow
meter that was calibrated by the Process Measurements Divi-
sion at the NIST flow facility. The aerosol concentration is then
determined by

N = NmAf

VaAn

[2]

where N is the aerosol concentration, Nm is the number of parti-
cles counted in the SEM fields-of-view, Af is the effective area
of the filter, Va is the volume of air sampled, and An is the area
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FIG. 2. (a) SEM backscatter image of polystyrene spheres on polycarbonate
filter. The spheres appear as bright circular objects and the filter pores are the
smaller dark areas. (b) is an electron micrograph of the SRM 484 g pitch standard
used to spatially calibrate the images.

of the SEM fields-of-view. The quality An is dependent on the
length determination in the square image. Our length measure-
ments were made traceable to NIST through the application of
SRM 484 g, a standard reference material SEM pitch standard.
We calibrate the image space in both the horizontal and vertical
directions. An example of a pitch measurement made on a SEM
image is shown in Figure 2b.

The uncertainty in this microscopic determination of aerosol
concentration is affected by all the variables on the right hand
side of Equation (2). The uncertainty of each of these compo-
nents as well as the combined uncertainty will be presented in
the results section.

General Procedure for Calibration Measurements
The procedure for taking the CPC–AE calibration measure-

ments is as follows. An electrode is installed into the AE replac-
ing the aerosol filter, all electronics (including voltage source),
CPC, DMA are turned on, cables are adjusted and the instrument
allowed to stabilize for up to 24 h. Low fA current measurements
require this precaution. Test currents over the range of 0 fA to
150 fA are applied through the electrode assembly to the AE
and the response voltage from the electrometer is recorded. It
is important to note that this set of measurements electronically
calibrates the entire AE-data acquisition system from the elec-
trometer to the computer interface. The electrode is removed
and filter reassembled on the AE.

After this calibration is completed, then the aerosol gener-
ation system shown in Figure 1 is used to generate a 80 nm
monodisperse aerosol. The CPC and AE are sequentially chal-
lenged with the aerosol being produced from the system. The
concentration data from each instrument is computer recorded
through independent interfaces. A blank measurement that re-
sults from passing clean air (void of aerosol) through the en-
tire system including the DMA is recorded for each instrument
and between each aerosol measurement. This blank is different
from the voltage offset obtained in the electronic calibration.
Five aerosol concentrations are produced and used to challenge
both the AE and the CPC. In addition to the direct aerosol mea-
surement, particles are collected for independent counting by
microscopy. A filter housed in a sealed metal filter holder is
used to quantitatively collect the aerosol for a known time pe-
riod. Flow rates for all instruments and the filtration system are
measured with the same traceable flow rate calibrant. Below we
describe the experiments performed with the Collison nebulizer
and with the electrospray generator, which was used in the most
accurate measurements.

Collison Nebulizer Experiments
An eighty nanometer PSL aerosol is produced using the Col-

lison nebulizer operating at approximately 207 kPa (30 psi).
Five particle suspensions are used that provide aerosol con-
centrations ranging from approximately 120 particles/cm3 to
13 000 particles/cm3. For each day, the particle suspensions are
randomly selected to avoid a systematic bias that might result
from a sequential process. The DMA voltage is scanned to lo-
cate the singly charged monomer 80 nm particle population. An
example of such a scan is shown in Figure 3.

The large peak is the singly charged monomer 80 nm par-
ticle. The small peak at approximately 1000 V is the doubly
charged monomer and the broad peak at 3300 V is the singly
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FIG. 3. DMA voltage scan of 80 nm polystyrene spheres nebulized from
water suspension. M++, M+, M+

2 , and M+
3 are the doubly charged monomer

peak, the singly charged monomer peak, the singly charged dimer peak, and
singly charged trimer, respectively.

charged dimer. The DMA is then operated using the voltage
(approximately 2 000 V) and flow rate associated with the peak
of the 80 nm singly charged monomer particle.

Electrospray Aerosol Generator Experiments
An electrospray aerosol generator, TSI Model 3480, operat-

ing with a 40 µm diameter capillary was used to produce the
PSL aerosol. Figure 4 shows a schematic of the electrospray
generator along with the full measurement system. Suspensions
were made of 1 drop to 3 drops of 80 nm PSL (nominal 1% solid
spheres) per 1 mL of approximately 20 mmol/L ammonium ac-

FIG. 5. DMA Voltage scan of aerosol produced by the electrospray aerosol
generator. The plot shows monomer, dimer, and trimer populations on a semilog
scale.

etate solution (conductivity of about 0.2 S/m). The electrospray
method produces aerosol concentrations from 100 particles/cm3

to approximately 17 000 particles/cm3 with less than 1% sin-
gle charged dimers. By comparison the Collison nebulizer had
20–30% single charged dimers. A typical voltage scan from the
DMA is shown in Figure 5 illustrating the lack of clustered
spheres. The log of the concentration is plotted to be able to
show the very low concentration of doubly charged monomer,
singly charged dimer and singly charged trimer particles relative
to the singly charged monomer. In Figure 5, there is only 0.3%
(37/13 800) singly charged dimers compared to singly charged
monomers.

FIG. 4. Schematic of test stand used to compare the test CPC and AE. A low sample volume reference CPC was operated during the experiments and filters
were collected for certain aerosol concentrations (adapted from TSI manual).
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Experiments were designed to be conducted over 5 days.
Each day an AE calibration was performed and 5 aerosol
concentrations of the 80 nm PSL produced from the electrospray
aerosol generator were used to compare the CPC and AE. For
each day, two of the aerosol concentrations, 500 particles/cm3

and 5 000 particles/cm3 were always produced to measure day-
to-day variability. The other 3 concentrations were chosen to be
in the range of 100 particles/cm3 to 12 000 particles/cm3.

As shown in Figure 4, a second CPC, which operates at a
low flow rate (300 mL/min), was used to sample the aerosol
continuously over the experimental time frame. Data from this
instrument were useful to compensate for drift in the output of
the aerosol generator. Other differences from the configuration
in Figure 1 are the placement of the neutralizer just downstream
of the electrospray tip and the removal of the drier because of
the much smaller drops and lower humidity. The DMA oper-
ated with flow rates of 20 L/min for sheath air and 2 L/min
for monodisperse aerosol. The AE and the CPC sampled at
1.4 L/min and the filter collected the aerosol at 1 L/min. Each
instrument was exposed to the test aerosol at a specified con-
centration for a duration of at least 300 s after the instrument
readings stabilized. There were approximately 50 individual
readings recorded during the test period.

RESULTS

Aerosol Electrometer Calibration
We calibrated the AE immediately before conducting each

AE–CPC comparison experiment. The combined data are shown
in Figure 6a for 5 data sets taken over several weeks. A linear
least square regression of the data provides a relation between
the voltage response of the electrometer and the applied current.
The relation in terms for current, I, and Voltage, V, is

V = −3.02 × 10−5 + 9.8163 × 1011 (I ) [3]

It is seen from Figure 6b that the distribution of the residuals
(the difference between the measured value and the best fit line
values) is independent of the applied current, a property that
is relevant for the uncertainty analysis. The constancy of the
residuals justifies the use of a linear regression model, which
assumes that the error is independent of the size of the current.

The primary use of the V-I calibration curve is to relate the
electrometer measurements to the current. In this case, one is
interested in the value of I and its expanded uncertainty for a
new value of the electrometer voltage V . Inverting Equation (3),
one finds that:

I = V − b0

b1
[4]

where b0 is the V-intercept and b1 is the slope of the line.

The expression for the uncertainty in a new value of I (Neter
et al. 1990) is given by:

u (I ) = σres

b1

[
1 + 1

n
+

(
I − Ī

)2

∑(
Ii − Ī

)2

]
[5]

where σres is the standard deviation of the residuals, n refers to
33 data points in the calibration study, Ī to the average of the 33
values of Ii . The 95% confidence limit in I is given by:

I ± t (1 − α/2; n) u (I ) [6]

where t is the Student t distribution and α equals 0.05. The
uncertainty in I from the inverse prediction model for the re-
gression at the 67% confidence interval is used in the calculation
of the total uncertainty in the AE, which has a nominal value of
5.4 × 10–16 A.

AE–CPC Results for Collison Nebulizer
(Preliminary Data Set)

A response comparison of the CPC and AE are shown in
Figure 7 for the Collison nebulizer test facility. The CPC con-
centration values have been corrected using the measured flow
rate of 1.41 L/min found for the electrospray measurements.
These results reflect many measurement sessions over different
days where each day the AE was calibrated using the method
described above before the AE–CPC measurements were made.
Each point corresponds to the mean of 10 measured concentra-
tions by the CPC with a relative standard deviation in the range
of 0.4%. The aerosol current was derived from the measured
AE response voltage and the application of the AE current-
voltage calibration. The blank (or background voltage) for the
AE calibration was the empirical voltage determined by passing
only clean air through the test stand and the AE. There were
small background voltages (mean 0.00195 V) determined when
passing clean air through the test stand and the AE. The back-
ground voltage values are possibly affected by residual charged
air molecules and are slightly different than the electrically de-
termined offset (background) voltage from the circuit calibra-
tion procedure. The calibration curve (Equation [3]) is used to
convert the voltage reading from the AE to current values and
then to aerosol concentration through Equation (1). The aerosol
concentrations are not exactly the same from day to day, but
the same aerosol population produced during that measurement
session challenges each instrument.

The CPC data includes the directly measured results and the
coincidence corrected concentration. The following equation
(Gebhart 2001) is used in computing the coincident corrected
concentration, N, from the measured number concentration, Nm

N

Nm

= exp(NQtc) [7]
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FIG. 6. Calibration curve of standardized applied current and AE voltage response (a) and the voltage residual plot (b).

where tc, the measurement time is 0.4 µs (TSI manual) and
the flow rate, Q, is determined in the experiments. It is seen
that the coincidence corrected data agrees better with the ideal
behavior of a 1:1 relation than the direct measurement, but the

CPC value is still about 15% low relative to the AE. As we show
below with the electrospray data, much of this difference can
be accounted for by the presence of multiply charged multimers
(dimers, trimers, etc.) from the Collison nebulizer. The other
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FIG. 7. Comparison of AE and CPC responses to the same 80 nm aerosol
population produced by the Collison nebulizer. The unmodified data (open
circles) and the coincidence counting correction to the CPC (solid squares). Line
is a 1:1 relation for reference. The data are fitted with a power law expression
similar in form to Equation (8).

issue with this measurement sequence is that the variation in the
aerosol generator output is not monitored.

AE–CPC Results for Electrospray Aerosol Generator
Figure 8 shows a plot of the aerosol concentration data ob-

tained for the AE and CPC measurements using the electrospray
generator. Each point represents a mean value with at least 50
individual measurements. The CPC data have been normalized
with the ratio of the mean concentrations of the continuous CPC

FIG. 8. Measured concentrations by CPC and AE plotted on a linear scale
including uncorrected data (circles) and coincidence counting corrected points
(squares). Aerosol was produced by the Electrospray Aerosol generator. Line is
a 1:1 correspondence.

monitor for the periods of the AE data collection and the CPC
data collection.

The linear least squares fit of the log of the concentration
found by the CPC versus the log of the concentration found by
the AE gives

log10(NCPC) = 0.11658 + 0.95698 ∗ log10(NAE) or

NCPC = 1.308N
(0.95698)
AE [8]

where NCPC and NAE are the aerosol concentration determined
by the CPC and by the AE, respectively. The AE and CPC data
were corrected to 298 K and 101.325 kPa. Equation (9) presents
the expression for the regression line of CPC values that are
coincidence, pressure, and temperature corrected.

log(NCPC) = 0.05213 + 0.98115 ∗ log(NAE) or

NCPC = 1.127N
(0.98115)
AE [9]

A log-log linear regression was preformed on the data rather
than a simple linear regression for the reason given below. The
mean and standard deviation of the CPC number concentration
were obtained based on 33 sets of measurements each made
over a period of 300 seconds. The following best fit relationship
was obtained for the dependence of standard deviation for 33
values of NCPC, σ CPC , on NCPC:

σCPC = 0.0355N0.905
CPC [10]

with a correlation coefficient of 0.958. In linear regression the-
ory, the standard deviation of the y variable is assumed to be
proportional or, at least, nearly proportional to the y variable
for a log(y)-log(x) linear regression and to be constant, inde-
pendent of the y variable for a y − x linear regression. In the
case of the CPC number concentration, σ CPC is nearly linear in
NCPC so that it is more appropriate to perform the regression
using the logarithmic transform of the data. The use of a direct
linear regression of the two number concentrations would pro-
vide biased estimators of the fit parameters because the standard
deviation of the y variable is not even approximately a constant
independent of the value of y.

The primary use of the calibration curve given by Equation
(8) or Equation (9) will be in the calibration of a second CPC
using the NIST traceable CPC. In this case, one is interested in
the value of NAE and its expanded uncertainty for a new value of
the CPC number concentration, NCPC. The most straightforward
approach is to perform the analysis in terms of y and x where
y = log(NCPC) and x = log(NAE). Inverting Equation (8) or
Equation (9) one finds that:

x = y − b0

b1
[11]

where b0 is the y-intercept and b1 is the slope of the line.



CALIBRATION OF CPC BY NIST TRACEABLE METHOD 433

The expression for the uncertainty in a new value of x and
the confidence interval are given by the same expressions as
Equations (5) and (6) except that I is replaced with x and V

with y. The confidence limits are expressed in terms of NAE by
using the relation between x and NAE given above. The relative
uncertainty in NAE from the inverse prediction model for the
regression at the 67% confidence interval, ureg/N , is used in the
calculation of the total uncertainty in the AE.

We note that the confidence interval obtained using the pre-
diction model is approximately three times larger than the con-
fidence limit for a point on the regression line. For the new
value, there is an uncertainty in its location relative to the line in
addition to the uncertainty associated with the linear fitting. The

expression for the uncertainty for a point on the line is given by
Equation (5) except the first term after the bracket (1) is missing.

Table 1 contains the AE-CPC comparison data and the total
uncertainty (κ = 1; Taylor and Kuyatt, 1994) for the AE mea-
surements. The quantitative uncertainty analysis is given in the
next section. The concentrations by the CPC are presented for
the coincidence uncorrected and corrected data.

Particle Concentration by Microscopy
For selected experiments, the aerosol concentration was also

determined by scanning electron microscopy. Figure 9 provides
an overview of the comparison between microscopy data and
AE data. A line is drawn to indicate the 1:1 relationship between

TABLE 1
Data showing the comparison of the aerosol concentration determined by the AE, the CPC and the coincidence corrected CPC all

three corrected to standard laboratory conditions, 298 K (25◦C) and 101.325 kPa

Concentration by Uncertainty in AE Concentration by CPC No Concentration by CPC Coincidence
AE (particles/cm3) Concentration (particles/cm3) Correction (particles/cm3) Corrected (particles/cm3)

483.8 148.3 496.3 498.6
11 434.2 543.0 9 781.1 10 821.1

5 544.0 289.6 5 046.7 5 302.9
1 619.4 163.5 1 544.7 1 567.5

245.5 144.3 254.9 255.5
604.1 155.3 595.4 598.7
325.3 153.2 343.5 344.6

5 572.3 293.7 5 174.7 5 435.4
2 845.5 206.0 2 851.6 2 928.1
7 318.0 366.0 6 743.2 7 196.7

563.2 156.6 536.8 539.4
893.1 161.8 939.6 947.8

2 069.8 178.8 1 936.1 1 971.6
3 446.2 217.8 3 219.9 3 319.9
5 843.4 305.0 5 329.6 5 612.4
5 771.7 302.8 5 154.9 5 418.7
5 635.8 295.7 5 241.4 5 514.5

616.8 148.9 532.4 535.0
120.8 148.8 128.9 129.1

5 944.6 306.1 5 388.2 5 678.2
12 778.8 611.2 10 794.0 12 065.4

3 053.2 201.7 2 822.4 2 898.9
524.4 152.6 530.4 533.0

5 677.5 297.7 5 150.7 5 418.4
9 777.9 469.8 8 469.1 9 232.9

12 698.1 601.4 10 741.1 12 018.8
3 259.8 208.8 3 050.7 3 141.6
4 200.8 240.7 3 914.4 4 063.5

514.3 150.4 480.1 482.2
1 836.0 170.3 1 825.2 1 856.6

11 381.5 545.3 9 714.0 10 720.5
13 045.6 617.4 10 969.9 12 281.5

7 371.1 367.9 6 446.6 6 866.8
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FIG. 9. Comparison of the aerosol concentration determined by microscopy
and AE where λ denotes counts determined for agglomerated particles (Collison
nebulized particles). The uncertainty bars correspond to the expanded uncer-
tainty in the microscopy measurements. Double point at approximately 6000
particles/cm3 corresponds to the concentration derived from two independent
sets of images collected on the same filter. A 1:1 line is drawn for comparison.

the concentration determined by microscopy and by AE. It is
seen that the results obtained using the Collison nebulizer, which
are identified with λ in Figure 9, have a systematic discrepancy
from the 1:1 line, while the results with the electrospray are
closer to the 1:1 line. The exception, the data point obtained
using the Collison nebulizer at a concentration near 10 000
particles/cm3 lies very close to the line. This may be due to
a drift in the aerosol generation by the Collison nebulizer. The
aerosol concentration was measured only once by the AE during
the 30 min to 60 min of aerosol generation by the Collison
nebulizer, but it was measured continuously with the low flow
CPC and a drift correction was made during the generation by
the electrospray. A drift in the aerosol concentration produced
by the Collison nebulizer may be responsible for the apparently
good agreement between the AE measurement and the filter
measurement for the one point at the concentration slightly less
than 10 000 particles/cm3.

Scanning electron microscopy was beneficial in uncovering
a bias with the AE measurement. In Figure 10, it is evident
that there are many agglomerated particles. Given the particle
coverage density on the filter surface, it is unlikely that these
agglomerates formed on the filter surface, rather they existed in
the aerosol. To pass the 80 nm electrical mobility discriminator
(the DMA) these agglomerates had to be multiply charged. From
the mobility of the M+

3 in Figure 3, we calculate the expected
collection voltage of M++

3 to be 4 400 V/2 = 2 200 V which
overlays the monomer peak. The doubly charged dimer M++

2
has a collection voltage of approximately 1 800 V with a broad
peak. It is likely that the right side of the peak will contribute to
the shoulder of the monomer 80 nm peak.

FIG. 10. SEM micrograph of 80 nm PSL monomers and multimers generated
by the Collison nebulizer that have the same electrical mobility as the single 80
nm spheres.

Agglomerated particles are most likely being produced from
the Collison nebulizer for the higher concentration PSL sphere
suspensions. In this system, the relatively large diameter droplets
increase the probability that more than one PSL sphere resides
in some of the drops and consequently upon drying forms a PSL
cluster (Liu 2005). It is evident from Figure 3 that there is a
relatively large percentage of singly charged dimer and trimer
PSL particles. Some fraction of these dimers and trimers will
have two charges with a mobility close to that of a singly charged
monomer. So, the multi-charged clusters will not be effectively
discriminated from the admitted test aerosol.

Table 2 provides a summary of the observed fraction of ag-
glomerates for a range of concentrations. It is seen that the
electrospray results are in the range of 1–2% while the Collison
results are typically in the range of 8–9%.

UNCERTAINTY ANALYSIS

AE Uncertainty
An expression for the combined uncertainty in the AE mea-

surement can be obtained from Equation (1) using the law of
uncertainty propagation: (Taylor and Kuyatt 1994, p. 8).
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TABLE 2
Number of agglomerates found by microscopy relative to the

monomers observed

Nominal Number of Number of
Concentration Monomers Agglomerates Fraction of
(particles/cm3) Counted Counted Agglomeration

(Collison)
500 1 032 90 0.080

2 000 1 055 105 0.090
6 000 1 653 147 0.082
8 000 1 654 506 0.234

10 000 988 95 0.088

(Electrospray)
3 000 3 779 87 0.022
5 000 1 963 22 0.011

14 000 3 409 53 0.015

The partial derivative in Equation (12) can be expressed in terms
of the relative uncertainties of the current, the flow rate and the
charge of an electron.
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[13]

The relative uncertainty of the electronic charge is 8.5 × 10–8

and can be ignored. The uncertainty of the current and flow rate
are made up of multiple components. A detailed listing of the
components of the relative uncertainty is shown in Table 3. The
uncertainty from V-I calibration regression component (0.54 ×
10–15 A) contributes at each concentration (for example, at 5 000
particles/cm3, 0.54 × 10–15 A / 20.5 × 10–15 A = 0.026). The
second component is the voltage variability, which is a random
or Type A uncertainty, and includes both the AE measurement
voltage variability and the background voltage variability for

the V-I calibration. The overall voltage variability is obtained
from the square root of the sum of the squares of the standard
uncertainties in the means for the AE measurement voltage and
the background voltage. The V-I calibration component and the
voltage variability component are given in Table 3 for a range of
nominal concentrations. The uncertainty in the measured flow
rate includes 3 components. The first is the uncertainty obtained
in the calibration of the transfer standard to the primary NIST
standard (0.11%), the second is the uncertainty found by lin-
ear regression of the test meter data and the transfer standard
flow meter (0.085%), and the third is the flow rate variability
uncertainty in the mean (n = 50) for the test meter (Type A).
As indicated in Table 3, only the last of these uncertainty com-
ponents varies with the concentration. The resulting values of
uI/I and uQ/Q are presented in Table 4 along with the value
of uN/N computed using Equation (12) and the relative uncer-
tainty, ureg/N, associated with the CPC-AE regression. The total
relative uncertainty uT/N is computed as the quadrature sum of
the combined relative uncertainty and ureg/N.

The combined uncertainty for all of the AE data are shown in
Figure 11. The relative uncertainty is high at 120 particles/cm3

(approximately 123%) for values at low current (low particle
concentration) domains. At these concentrations the AE cannot
measure the aerosol signal over the electronic background (also
discussed in the limits of detection below).

The original measurements by Liu and Pui (1974) report
about 2% uncertainty for the electrical current measurements
and about 1% in the flow rate with additional uncertainty due to
multiple charging for an overall estimated uncertainty of about
5% in the calibration of the condensation nuclei counters using
the DMA and AE charge counting approach. It is important to
note that their measurements were conducted on aerosol con-
centrations up to approximately 300 000 particles/cm3, concen-
trations an order of magnitude larger than the ones presented
in our work. For such high concentrations, the uncertainty in
the electrometer measurement is reduced by about an order of
magnitude.

One possible bias in this calibration is from particle depo-
sition in the AE sampling inlet tube. The diffusion loss of the

TABLE 3
Examples of the relative uncertainties associated with the various components contributing to the total uncertainty in the aerosol

concentration determined by the AE

Uncertainty in Current uI/I Uncertainty in Flow Rate uQ/Q

Nominal V-I Voltage Flow Rate Flow Rate Flow Rate
Concentration (cm−3) Calibration Variability NIST Test Meter Variability

120 1.227 0.091 0.0011 0.00085 0.00017
500 0.270 0.018 0.0011 0.00085 0.00018

3 000 0.046 0.005 0.0011 0.00085 0.00016
5 000 0.026 0.003 0.0011 0.00085 0.00011

12 000 0.013 0.002 0.0011 0.00085 0.00001
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TABLE 4
The combined standard relative uncertainties for the aerosol concentration determination by the AE

Nominal Uncertainty in Uncertainty in Combined Uncertainty CPC-AE Total
Concentration (cm−3) Current uI/I Flow Rate uQ/Q Uncertainty uN/N Regression ureg/N Uncertainty uT/N

120 1.230 0.0014 1.230 0.048 1.231
500 0.271 0.0014 0.271 0.046 0.274

3 000 0.046 0.0014 0.046 0.045 0.065
5 000 0.026 0.0014 0.026 0.045 0.052

12 000 0.013 0.0014 0.013 0.046 0.048

particles has been estimated as they flow through a 4.0 mm
ID copper tube (1/4′′ OD) 22 cm from the inlet to the Faraday
Cage. Using the expression for diffusive losses in a laminar
pipe flow (Friedlander 2000), the diffusion losses are found to
be 0.2%. This bias is small compared to the measurement uncer-
tainty and the measurements by the aerosol electrometer have
not been corrected for this negligible bias.

Microscopy Counting Uncertainty
The uncertainty in the number concentration can be ex-

pressed in terms of the various terms of Equation (2) via the
following equation:
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[14]
To assure accurate area determination for each field-of-view, we
found the variation of image area as a function of SEM stage
height. We used the SRM 484 g SEM pitch standard to calibrate
the stage viewed area at each height and between each filter
measurement. Using SRM 484 g as the length standard (shown

in Figure 4b) and varying the SEM stage height from 5 mm
to 30 mm, we found that the length change was approximately
2 nm/mm of height. We make all of our measurements at a con-
stant stage height of 15 mm. Even for a height variation of 1
mm, there would be minimal contribution of only ∼4 nm2 to
the area compared to the entire field-of-view area that is approx-
imately 3.2 × 107 nm.2 This effect is negligible compared to
the other uncertainty components. The field-of-view calculation
includes the uncertainty, as relative standard deviation, in the
SRM 484 g SEM pitch standard (0.74%), and the uncertainty
in the actual length measurements made on the SEM stage in
both the vertical and horizontal directions. The nominal uncer-
tainty was ≈0.60%, but varied with each measurement. The
uncertainty in the effective filter area, uAf = 0.0168 cm2 for an
area of 4.0811 cm2 (Af ), was determined by repeated microm-
eter measurements of the effective circular filter diameter (as
discussed in filter section above).

Table 5 presents a summary of the microscopy uncertainty.
This table contains the mean number of particles per field-
of-view (FOV), air volume sampled, and field-of-view area,
the respective uncertainties and the total standard uncertainty.
The uncertainty in mean number, uNm, contains the Type A

TABLE 5
Values and uncertainties (ui) obtained for the particle concentration determination by microscopy. Listed are the mean values of

the number of particles per field-of-view (FOV), the air volume sampled and the area of the field-of-view sampled. The
uncertainty in the effective particle-covered filter area is 0.0168 cm2 for an area of 4.0811 cm2

Nm uNm Va (cm3) uVa (cm3) An (µm2) uAn (µm2) N (cm−3) uN (cm−3)

12.47 0.52 269 050 359 33.8 0.36 559.8 24.5
46.40 3.07 280 800 218 33.9 0.36 1 986.3 133
72.00 2.27 120 500 241 31.9 0.33 7 653 260.9
14.40 0.58 18 324 170 33 0.35 9 724.1 420.6
18.11 0.56 35 304 172 34.3 0.36 6 104.8 202.2
17.48 0.56 35 304 172 32.6 0.34 6 205.9 213.6
8.18 0.32 18 786 159 34.1 0.34 5 208.2 219.75

13.64 0.41 12 922 109 34.1 0.34 12 616.1 415.65
18.26 0.34 60 084 510 34.1 0.34 3 632.6 83.9
7.55 0.24 15 060 128 34.1 0.34 5 993.6 206.3
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TABLE 6
Aerosol concentration determined for the same aerosol populations and the associated combined expanded uncertainty (κ = 2).

The electrospray values have been temperature and pressure corrected. The CPC determined concentrations are coincidence
corrected. The AE uncertainty includes the following components: voltage-current regression, the voltage variability, the flow
rate, and the traceable voltage source and resistor. The AE expanded uncertainty does not contain the component due to the

AE-CPC regression analysis

Concentration by
Microscopy Expanded Uncertainty Concentration by Expanded Uncertainty Concentration by CPC Aerosol
(particles/cm3) (particles/cm3) AE (particles/cm3) (particles/cm3) (particles/cm3) Generator

560 49 577 583 Collison
1 987 266 2 881 2 835 Collison
6 105∗ 404 7 545 6 858 Collison
6 206∗ 427 7 545 6 858 Collison
7 653 512 10 428 9 475 Collison
9 724 841 9 767 8 592 Collison
3 690 168 3 053 297 2 899 Electrospray
5 290 440 5 772 311 5 419 Electrospray
6 088 413 5 636 304 5 514 Electrospray

12 815 831 12 698 307 12 019 Electrospray

uncertainty due to non uniformity of the particle coverage on
the filter surface since the fields of view are selected at random
over the filter surface.

We have 10 independent measurements of particle concen-
tration by microscopy on 9 filters that span the concentration
range of interest and compare with the associated concentra-
tion measurements made by CPC and AE. Table 6 presents
the aerosol concentrations measured by microscopy, CPC and
AE, and their associated uncertainties over the range of ap-
proximately 500 particles/cm3 to nearly 10 000 particles /cm3.
Since there is not sufficient data for a regression analysis for the
microscopy data, the AE-CPC regression analysis uncertainty
is not included in the calculation of the expanded uncertainty.
This allows the two uncertainties to be compared on the same
basis. The two microscopy measurements denoted by (*) found
in Table 6 are independent values derived from the same fil-
ter, i.e., repeat count determinations from a new set of random
fields-of-view.

A plot of these values presented in Figure 12 better illus-
trates the data. Note that the AE concentration almost always
exceeds the CPC value. The spread in the electrospray data
is much narrower in part due to the elimination of the multi-
ple charge bias and to some extent, better stability in aerosol
generation by the electrospray and the ability to correct any
aerosol concentration drifts using the continuous CPC monitor
(model 3022) that ran throughout the experiments (simultane-
ously for AE and test CPC 3760A). It is noted for the Colli-
son Nebulizer data (Figure 12) that the CPC values exceed the
microscopy values for four out of the six groups of concentra-
tion determinations. As discussed above, drift in the output of
the Collison nebulizer may account for the lower microscopy
determinations.

DISCUSSION

Coincidence Effect on the CPC Counting
It is apparent that the CPC undercounts with regard to the

AE. There are several explanations for this difference. One,
the CPC exhibits coincidence counting, where multiple parti-
cles are counted as one particle and this becomes increasingly
important as the aerosol concentration increases. Coincidence
counting error can be as large as 11% at concentration of 10 000
particles/cm3. But at the same time, the AE current becomes
more robust as the charged particle concentration (i.e., charge
carriers) increases.

In optical particle counting it is possible to have two particles
in the sensing volume at the same time, especially at high particle
concentrations. In this case, the light scattering signal will be
interpreted as one particle with an amplitude larger than the
individual particles. This reduction in particle counts is referred
to as the coincidence effect.

In discussing the coincidence effect, it is helpful to think in
terms of the time dependent scattering signal of a particle as
it enters the light beam. Once the light scattered from a sin-
gle particle exceeds a threshold value, its time history will be
tracked. The light scattering signal will increase as it traverses
the more intense region of the Gaussian beam profile until it
reaches a peak value. Near the time of peak intensity, the elec-
trical signal is stretched to allow time for the signal to be read
by the multichannel analyzer. During the recovery time of the
electronics between successive count events, tr , which includes
the transit time (particle in the intense region of the light source)
and the stretch time (pulse processing time of the multichannel
analyzer), the presence of a new particle will not be counted as
a second particle (Gebhart 2001).
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As discussed by Gebhart (2001), there are various options
in terms of the electronic configuration of the detector. The
coincidence effect can be expressed as a ratio of the measured
number concentration, Nm, to the number concentration, N . An
approximate equation for describing the coincidence effect for
less than a 10% loss in particle counts is given in terms of the
volumetric flow rate Q and the counting time tc by (Gebhart
2001):

Nm

N
= exp(−NQtc) or

N

Nm
= exp(NQtc) [15]

The effective time that the particle is in the scattering volume
for the CPC is about 0.4 µs (TSI manual) and Q is determined
empirically in our experiments.

Even with the manufacturer’s recommended coincidence cor-
rection for the CPC values, there is still a small deviation from
perfect agreement between the two techniques. One explanation
is that estimated parameters for the coincidence correction are
average nominal values; there may be variations from instru-
ment to instrument.

Multiple Charges
The AE bias is due to multiple charges on agglomerated

particles. The microscopy shows the presence of agglomerated
particles as illustrated in Table 2 and Figure 10. The experiment
was designed to eliminate this charge effect (aerosol from a
nebulized 80 nm PSL suspension instead of a solution), but the
SEM images show the presence of a number of agglomerated
particles. The DMA should filter dimer, trimer, and larger ag-
glomerates from the transmitted aerosol because we are focusing
the aerosol transmission through the singly charged, monomer
80 nm particle peak in the mobility scan. For an agglomerate to
pass through the DMA, it must have nearly the same electrical
mobility as the single particle. The only way for it to attain this
mobility is by having multiple charges. Agglomerates and sin-
gle 80 nm particles are counted each as individual particles in
the CPC. Since the AE counts charges, this individual particle
would not be counted as one particle as the CPC does, but as
multiple particles. The bias in the CPC-AE, especially for the
Collison nebulizer data most likely results from multiple charg-
ing of the PSL agglomerates.

Osmondson and Sem (2004) recommended the electrospray
aerosol generator as a possible method to reduce clustering
of the spheres. We believe that the electrospray generator has
eliminated the multiple charged aerosol due to the small pri-
mary droplet size produced by this generator. The electrospray
droplets are sufficiently small to contain only one or none of the
80 nm PSL particles. In fact about 1% was observed to have 2
particles.

Sensitivity of Electrometer
We calculated the limit of detection (Ld ) and a critical limit

(Lc) below which charge detection over background is not pos-

sible for the particular AE that we are using in these experiments
(Currie 1968). Using the mean standard deviation of the back-
ground voltage, 0.000 262 2 V, we calculated the critical limit
which is related to the background by

Lc = 1.64 σb [16]

where σb is the standard deviation of the background. Using
the same flow rates and the same AE calibration curve for
the current used in our experiments, we obtained Lc = 129
particles/cm3 and the limit of detection which is 3.29 times the
background standard deviation to be 250 particles/cm.3 Liu and
Pui (1974) reported that they had a noise level of approximately
125 particles/cm.3

Estimates of Particle Loss in the CPC
Another explanation for the discrepancy between the cali-

bration measurements is particle losses in the CPC. Particle loss
was estimated by modeling the component processes in the CPC
(Fletcher et al. 2007). The thermophoretic loss and diffusional
loss in the condenser region were each estimated at 3% resulting
in a total predicted loss of 6%. This value is slightly larger than
the discrepancy of 4–5% observed between the electrometer
measurement and the coincidence corrected CPC.

We point out that an estimate was also made for the losses in
the nozzle at the exit of the condenser tube. Using a correlation
obtained from a numerical flow dynamics study by Chen and
Pui (1995), we estimated greater than 90% losses of the 10 µm
droplets in the nozzle at the exit of the condenser tube. This is
the droplet size expected from the alcohol condensation on the
80 nm spheres. This estimate is much greater than what has been
observed in this calibration study. The cause of the discrepancy
is not known.

The effects of particle charge and electric field variations
have not been considered. The focus of the uncertainty analysis
has been on the two calibration methods and not on the CPC,
which is being calibrated by the other methods.

CPC Calibration
The primary focus of this study is to obtain a calibration

curve and associated uncertainty for a CPC, which could then
be used to make NIST traceable measurements or for calibrating
other CPCs. Equations (8) and (9) express the CPC concentra-
tion as a function of the AE concentration. Since the aerosol
electrometer is the calibration instrument, it is more appropri-
ate to invert the equation to express the AE concentration (the
true concentration) as a function of the CPC reading. The re-
sulting expression is obtained for coincidence corrected and
uncorrected, respectively:

NAE = 0.885N
(1.019)
CPC [17]

NAE = 0.755N
(1.045)
CPC [18]
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FIG. 11. The combined relative standard uncertainty, uN/N (excluding the
uncertainty component due to the regression) expressed as percent in the AE
and microscopy measurements as a function of aerosol concentration.

The relative uncertainty (67%) for a range of concentrations
is given in Tables 1 and 4 and it approaches a value of about 5%
at concentrations greater than 5000 particles/cm3. An essential
component of the uncertainty analysis was making a proper
estimate of the uncertainty associated with the regression fits for
both the electrometer calibration and for the CPC-electrometer
fit. The uncertainty of NAE is estimated for a new value obtained
with the CPC. If one computed the uncertainty in current based
on a point on the V − I calibration curve and then computed the
uncertainty in NAE based on a point on the calibration curve,
one would underestimate the uncertainty by at least a factor of 3.

Electron Microscopy as an Independent Measurement
Method

As seen in Figure 11, the estimated uncertainty in the number
concentration for the aerosol electrometer measurements and the
electron microscopy are similar for concentrations in the range
of 3 000 particles/cm3 to 5 000 particles/cm3. Above 5 000
particles/cm3, the electrometer has a slightly lower uncertainty,
and below 3 000 particles/cm3, the electron microcopy has a
significantly lower uncertainty. This comparison is based on the
uncertainty for the individual data points and does not include
the regression analysis.

To attain the best possible aerosol filter collections, i.e., most
representative and comparable to the AE and CPC, the aerosol
concentration must be monitored throughout the collection pe-
riod to account for drift in the aerosol generation. This was only
done in the four measurements involving the electrospray. As
shown in Figure 12, the filter and aerosol electrometer measure-
ments agreed within 8% for three cases and differed by 20% in
the fourth. These deviations do not indicate a large systematic
bias. Thus microscopy provides an independent validation of

FIG. 12. Aerosol concentration measurement results comparing microscopy,
AE and CPC for both the Collison nebulizer and the electrospray generated test
aerosol.

the aerosol electrometer measurements. However, we also point
out that the deviation between the two types of measurements
is greater than expected given the measurement uncertainties.

There are not enough microcopy measurements to fully as-
sess the uncertainty associated with the repeatability in the mea-
surement process. For this reason there is no regression analysis
for the microcopy and no predictions of the uncertainty in a
predicted new measurement point for the microcopy.

While the microcopy is labor intensive, it has value in obtain-
ing significantly lower uncertainty results for aerosol concen-
trations less than 3 000 particles/cm3. If the particle counting
could be automated, this could be a useful measurement method.
Perhaps semiconductor wafer deposition and scanning technol-
ogy could be applied to this metrology problem. In this case,
the particles would be deposited electrostatically on a silicon
wafer rather than via filtration and the counting would be done
by light scattering from particles on the surface rather than via
electron microscopy. This is routinely done in semiconductor
fabrication for particles as small as 60 nm. The number of parti-
cles deposited on the wafer could be far fewer than for the filter
because every particle would be counted.

Traceability
Many of the measurements in this work were made traceable

to NIST primary standards or to the International System of
Units (SI), the metric system agreed upon throughout the world.
A widely accepted definition (Ehrlich and Rasberry 1998) for
traceability found in the Vocabulary of Basic and General Terms
in Metrology 1993 is “property of the result of a measurement
or the value of a standard whereby it can be related to stated ref-
erences, usually national or international standards, through an
unbroken chain of comparisons all having stated uncertainties.”
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Traceability does not guarantee the measurement results are
“true” or accurate, but rather there is a higher standard to refer-
ence the measurement (Larrabee and Postek 1993). Sometimes
this standard may be a consensus standard where the value is
accepted or agreed upon by a large number of users in a techni-
cal community. Accuracy, a highly desirable measurement goal,
is achievable through calibration to an accurate higher standard
with the understanding that the uncertainties in the standard
and in the calibration and in the measurement process can be
determined. Traceability to a widely accepted higher standard
permits comparisons of measurements among users. It also pro-
vides a benchmark for reproducing experiments (or products)
and serves to satisfy audits, legal issues, or provide a measure of
goodness to a product (Ehrlich and Rasberry 1998). Traceabil-
ity for the aerosol electrometer was through calibration to a low
level current generated by a circuit in which the components
are referenced to NIST standards that in turn are referenced
to the volt (Josephson junction) and the ohm (quantum Hall
effect). Our flow rates were made traceable to the NIST vol-
umetric prover. The SEM field-of-view dimensions, critical to
determining the aerosol concentration by microscopy, are trace-
able through the Standard Reference Material 484 g, an SEM
pitch standard that is in turn traceable to the meter by optical
interferometry.

SUMMARY AND CONCLUSIONS
In summary, we have developed a method to measure par-

ticle concentration based on NIST traceable electrical current
measurements using a calibrated aerosol electrometer. Particle
counting by microscopy is utilized as an independent first prin-
ciple method of determining particle concentration. An electro-
spray aerosol generator was shown to produce 80 nm aerosol
particles with virtually no dimers and thus no multiple charge,
but with aerosol concentrations spanning the range of inter-
est. We have been able to calibrate the specific CPC used in
these experiments and derive a relationship between the cor-
rected and uncorrected coincidence CPC response for aerosol
concentration and a concentration obtained from a NIST trace-
able electrometer.

The calibration technique is sensitive enough to reveal a
bias in the methods due to multiply charged particles. We think
that there is a bias in the AE data collected using the Collison
nebulizer and that it is due to particle agglomerate formation
from droplet evaporation and multiple charging of these ag-
glomerates. SEM micrographs bear this out and the fact that
the divergence of the AE–CPC data is most pronounced for
high particle concentration is further evidence. By using the
electrospray aerosol generator, we were able to greatly reduce
agglomeration and thus multiple charge effects that caused an
approximate 6% bias in the measurement. As a consequence,
the spread among the three independent methods of measuring
aerosol concentration has been reduced.

An expression for the correct concentration (NAE) as a func-
tion of the CPC concentration is obtained for using the CPC to
make traceable measurements. The uncertainty is given for NAE

based on a new CPC measurement. We report a concentration
dependent uncertainty in the AE measurements ranging from
27% for 500 particles/cm3 to 6.5% for 3 000 particles/cm3 to
4.8% at 12 000 particles/cm3. This includes the uncertainty due
to the CPC-AE regression analysis. Without the regression un-
certainty, the corresponding concentrations had uncertainties of
27%, 4.6%, and 1.3%, respectively. The microscopy measure-
ments that do not include the regression analysis uncertainty
have approximately 3% uncertainty for all concentrations. The
uncertainties found for high concentration aerosol is compara-
ble to the uncertainty reported by Liu and Pui (5%). Data is also
presented showing a comparison among the three concentration
measuring techniques for both Collison nebulizer and Electro-
spray generated aerosol. Model simulations of aerosol loss in
the CPC (as a way of estimating the Type B uncertainty) indi-
cate that there could be upwards of 6% loss due to all identified
mechanisms. The experimental results indicate that there is less
aerosol loss in the CPC tested.
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