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This article describes a simple combination ionization chamber
and angular scatteringsensor and presents the results oflaboratory
experiments to define its response to micrometer and submicrom­
eter aerosols as a function of aerosol mass, surface, and diameter.
The results of these experiments indicate that a simple theory is
adequate to describe the operation of the sensor and presents cor­
relations and techniques that will allow the sensor to be used for
measurement and characterization of aerosols over a broad spec­
trum of possible applications related to adverse environmental and
health consequences. For particles with volume mean diameters in
the range of ,...., 150-500 nm, the measured sensor responses yielded
signal-to-noise ratios in the range of ,....,25 to > 500 for mass con­
centrations in the range of 0.50 to 16 mg/nr' ,

INTRODUCTION
Measurement of micrometer (a few j1m) and submicrome­

ter « 1.0 j1m) aerosol properties such as mass concentration,
surface area, and diam eter are important in understandin g ad­
verse health effects resultin g from human exposure to aerosols.
Currently available techniques and instrum entation necessary to
conduct such measurements are generally complex, expensive,
and often time-consuming to perform. Such instrum ents and
techniques are used routinely in developed countries in mobile
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laboratorie s and ambient-air monitoring stations and are well­

suitedfor measurementsunder controlled laboratory conditions.
However, their routine use in real-world environments where
better measurements of human exposure rather than ambient­
air monitoring are needed in order to quantify adverse health
effects is often difficult, if not impossible. To add to this dif­
ficulty, most applications require multiple measurements using
several instruments over extended time periods. In some fie ld
measurements, locations may be remote and electrical power
unavailable, so that use of these instrum ents is not possible. Of
particul ar interest to us in this regard are monitors for use in
developin g countries to measure part icle levels in and around
households using solid fuels (biomass and coa l). Such fuels
are commonly used for coo king and heating, often resulting
in high human exposure to part icles and apparen tly contribut­
ing significantly to premature mortality and illness (Smi th and
Mehta 2003).

As particle concentrations are much higher in the develop­
ing world than average levels in developed countries, the risk
attributable to particl es from indoor and outdoo r combustion of
solid fuels is also much higher (Ezzati et al. 2002), and adverse
health effects are see n in larger percentages of the popul ation .
Yet there is still much work to be done. Consider ing the large
numb ers of people in developin g countries using different fu­
els at differe nt periods of the yea r, and the increasi ng levels of
particle polluti on from modern-d ay risks such as transportation
and industry, there is a clear need for eco nomical monitoring
devices that may be deployed in large numb ers in the popul a­
tion in order to measure concentrations leadin g to both acute
and long-term adverse effec ts. Curre nt integrated assessment
methods such as pump s, filters, and size -cut devices, however,
are both relatively expensive, labor-int ensive, require laboratory
backup, and only revea l average mult ihour levels concentrations.
Portable datalogging light-scattering devices are too expe nsive
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and often lacksufficient battery life for multiday use in remote
fie ld conditions.

Recent research (Litton 2002a, b), however, has indicated
that simple, low-cost technology that has been available since
the mid 1970s may provide a solution to many of these real­
world measurement problems. Forover 25 years, smoke detec­
tors have been avai lable for use in apartments, homes, offices,
etc., as well as for use in industrial environments. These de­
tectors operate on the principles of ion depletion (ionization­
type detectors) or optical scattering (photoelectric-type detec­
tors) by the smoke particles. Although it has been observed
for years that the ionization-type detectors respond better to
the smaller diameter particles produced from fl aming combus­
tion and the photoelectric-type detectors respond better to the
larger diameter part icles produced during smolder ing combus­
tion (Bukows ki and Mulh olland 1978), it was not until the late
I990s that detailed quantification of these respo nses was begun
(Litton 2002a).

The differences in response between the two detectors were
significant. Qualitatively, ionization-t ype detectors showed a
higher respo nse to smaller particl es produced from the exhausts
of diesel engines or flaming combustion, while photoelectri c­
type detec tors showed little response. For the larger particles
prod uced from smoldering combustion. just the reverse was true .
In addition, it was found that both the ioni zation-t ype and the
photoelectric-type detector responses corre lated with the ratio
of ioni zation to photoelect ric signals, and furth er that these cor­
relat ions were in opposite direct ions.

In an effort to explore the potential of this technique further
and concurrent ly to fulfill the needs for low-cost particle mon­
itors, a commercial smoke detector that combi nes ioniza tion­
chamber sensing and optica l-sca ttering sensing was ident ified
and modified so that real-time signals could be measured con­
tinuously. Three of these dual sensors were then expo sed to
aerosols with relat ively narrow size distribut ions (CJg in the range
of IAO- 1.55) and with numb er mean diameters varyi ng from
about 100 nm to about 600 nm. The exper iments, the results ob­
tained, and the theory are discussed in the sec tions that follow.
The resu lts indicate that this simple device may be used for the
determination of mass concentration, total particle surface area,
specific surface area, and average particle diameter.

EXPERIMENTAL

Tests were conducted using a standard Underwriters Labo­
ratories Inc. (UL) smoke box (Edwards and Morrow 1995) and
a TSI, Inc. Model 3075/3076 Constant Output Ato mizer (TS I,
Inc. 2002 ), which used various solutions of dioctyl phthalate
(DOP) in ethanol to produ ce aerosols of different geo metric
mean diameters and with geo metr ic standard devia tions in the
range of IAO- I.55. The sensors were placed on a platform within
the smoke box and aerosols fro m the generator allowed to flow
from the aerosol genera tor into the smoke box where two small
intern al fans were used to mix the incoming aerosols within

the smoke box. The sensors were modified so that the voltage
from the ionization chamber could be read directly. The optical
portionofthese sensorsuses a light-emittingdiode (LED) with
anoutput wavelengthof880 nmandaphotodiode that measures
the intensity of scattered light at an angle of 45° from the for­
ward direction. In the original detector, the LED was pulsed at
intervalsof 8 s, but to achieve more timely data and also in an
effort to reduce background noise the circuitry was modified so
that the LED could be pulsedevery 1.25s and arunningaverage
of the previous 8 pulses (1 0 s) recordedevery 5 s. Similarly, the
output from the ionization chamber was sampled 8 times every
lO s and the average of the previous 8 readings recorded every
5 s in order to coincide with the optical measurements.

The typical experimental procedure was to select a partic­
ular DOP in ethanol solution and allow the aerosol generator
to stabilize its output for roughly 10 to 15 min prior to flow­
ing the aerosol into the smo ke box. The mass concentrations
of aerosols within the smoke box were monitored using a ta­
pered element osci llating microbalance (TEOM ; Patashnick and
Rupp recht 1986 ) that continuously sampled the aerosols from
the smoke box at a constant flow of 3.0 I/m in. Typically, it was
necessary to flow the aerosols into the smoke box for a period
of abo ut 8 to 12 min befo re fairly stable mass concentrations
and sensor signals were achieved. Since the sensors sample pas­
sively, movement of the aerosols into the sensor s is primarily via
diffusion and convection, assisted by the air flows resulting from
the internal mixing fans. For some of the experiments, in addi ­
tion to the TE OM data, a scanning mobility part icle size r (SMPS;
TSI, Inc. Model 3936; TS I, Inc. 1999) was used to measure the
size dis tribution of particles within the smoke box . As will be
shown in the following sections, the detailed size distribution
data obtained with the SMPS greatly enhanced understanding
of the sensor responses.

A total of 85 experiments were conducted, corresponding
to 12 differe nt DOP/ethano l solutions. In 10 of these experi­
ment s (5 different DOP/ethanol solutions), precise particle size
distribution data were acq uired using the SM PS. In II of the
experiments, the sensors were opera ted at applied voltages dif­
ferent than the standard app lied voltage of 9.0 volts in order to
assess the impact on sensi tivity and noise at other voltages. Mass
concentrat ions as measured by the TEOM varied from a low of
0.5 mg/rn' to a high of 37.0 mg/nr', with the overa ll average
equal to 9.6 mg/m' . In the analysis of the data, the TEOM mass
concentrations were converted to gravimetric by dividing by a
constant factor of I .725 (Edwa rds et al. 2004) . For all of the data,
the ioniza tion chamber sensitivities and angular scattering sen­
sitivit ies were obtai ned by dividing the respective steady-state
signals by the measured TEOM mass concentrations converted
to gravimetric mass concentratio ns. For data fro m which parti­
cle size distributions were obtai ned, sensitivities per unit surface
area , specific surface, and particle diameters were also obtained.
It should also be noted that no corrections were made in the anal­
ys is for changes in temp eratu re and humidity, which, however,
did not vary significantly in these laboratory tests.
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1056 C.D. LITTONET AL.

The Ionization Chamber
For the ionization chamber used in these sensors, ions are

. . 0 8 C' f 241Aproducedfrom alphaparticles using a . J.L I source 0 m
with the face of the sourcecovered bya thin layer ofPd, roughly
2 J.Lm thick (E. Duran, private communication). The ionization
chamber is constructed so that ions generated near the source
are contained in a relatively small volume, resulting in a high
volumetric ion generation rate. This portion of the ionization
chamber is usually referred to as the reference chamber. Once
the alpha particles exit this region, they enter a much larger vol­
ume, usually referred to as the active chamberportion of the
ionizationchamber, resulting ina much-reduced volumetric ion
generation rate. In the plane that divides these two regions is
a thin metal conductor, usually called the collection electrode,
which is electrically isolated from the restof the chamber. This
electrode is connected directly tothe input ofa high-impedance
integrated circuit that allows for the measurement of the elec­
trostatic potential at the interface between reference and active
chamber. Because of the differences in volumetric ion gener­
ation rates within these two regions, significant differences in
ion concentrationsoccur, resulting in space charge effects that
perturb the electric field and distort the potential, so that the
potential on the floating collection electrode, called the collec­
tion electrode voltage (CEV), is significantly lower than what
it would be if no ions were present. When aerosols enter the
ionization chamber, they act as ion sinksand accelerate mutual
neutralization ofbiopolar ion pairs,causing the CEV toincrease.
Figure I is a schematic of the ionization chamber used in the
dual sensors.

The Optical Scattering Chamber
Figure 2 isaschematicoftheoptical scattering chamberused

in the dual sensors. The light source is a pulsed light emitting
diode (LED) with an output wavelength of 880 nm (E. Duran,
private communication). The light scattered from aerosol ~ar­
ticles entering this chamber is detected at a forward scattering

angle of45° byaphotodiode from which the output isamplified
and converted to volts.

THEORY

Background
The aerosol mass concentration sensitivity of an ionization

chamber or an optical scattering device can be defined as the
change incollection electrode voltageperunit aerosolmasscon­
centration, 11CEV1M(forthe ionization chamber),orthe change
inoptical scattering voltageperunit aerosol massconcentration,
fj,V61M (for the optical-scattering chamber). Both ofthese sen­
sitivities are significantly dependent upon the size distribution
of the aerosols. If these sensitivitiescould bedefined when the
sensor is exposed to some unknown aerosol, then the resultant
mass concentrationcould bedetermined simplybydividing the
voltage change (I1CEVor 11Ve) by the corresponding sensitiv­
ity. However, for average particle diameters and size distribu­
tions of interest in the study of combustion-generated aerosols
(diameters ranging from less than 100 nm to a few thousand
nanometers), these sensitivities can vary by more than two or­
ders of magnitude. For instance, for particles described by a
lognormal distribution with a number mean diameter of 50 nm
and a geometric standard deviationof 1.70, I1CEV1Mis about
1.78V/(mg/m3

) . For the same geometric standard deviation but
with a number mean particle diameter of 1000 nm, I1CEV1M
is about 0.0044 V/(mglm3), or roughly 400 times smaller. The
optical-scattering sensitivity, while increasing rather than de­
creasing withparticlediameter,showsasimilarsensitivityrange.
Thus,eventhoughonecouldinprincipleusesome average sensi­
tivity value tocalculate anaerosol mass concentration, this con­
centration maybe over- orunderestimated bysignificant factors
due to a lackof knowledge about the particle size distribution.

In order to obtain more-accurate aerosol mass concentra­
tion sensitivities, andhence more-accurate massconcentrations,
previous data obtained at our laboratory indicate that both the

perforated diffuser

reference chamber

bottom plate
with 241Am, source
of alpha particles
(positive electrode) electrical insulator

metal plate
(negati ve electrode)

natural con vec t ion
air f low & part ic les

active chamber,
ion izat ion of air
and capture of
charge carriers by
particles

floating collection electrode,
connected to electrometer input

Figure 1. Schematic of theionizationchamberused in the dual sensors.
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Base affixedto
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diff userllight shield
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LED

( Optical Chamber Lid

Photodetector
To transconductance
amplifier

Figure 2. Schematic of the optical scattering chamber used in the dual sensors.

following section develop s the theory for particl es that can be
described by a lognormal particle size distribution.

When N is the number of particles per crrr', the diameters are
in cm, the density, p, is assumed to be 1.0 g/c rrr' , and spherical

Theory for Lognormal Particle Size Distributions
In the following analysis, the moments of the lognorm al par­

ticle size distribution weighted by numb er and defined by geo ­
metric number mean diameter, dg, and geo metric standard devi­
ation, ag, lead to the following express ions for the count mean
diameter, d ID , the diameter of average surface area, d2o, and the
diameter of average mass, d30 :

ionization-chamber sensitivity, ~CEV1M, and the optic al­
scattering sensitivity, ~Ve1M,corre late with the dimensionless
ratio, ~CEVI ~Ve(3). For instance, at e= 15°, the correlations
from Litton (2002a ) for a broad range of combustion-generated
aero sols, are shown in Figure 3.

The implications of such a correlation are that if both ~CEV

and ~V15, or the scattering at some other forward angle, are mea­
sured simultaneously, then the use of some empirical express ion
involving the ratio between them could allow for a much bet­
ter definition of both the ionization-chamber sensitivity and the
optica l-scattering sensit ivity. Th is, in turn , would allow a more
accurate determi nation of the aerosol mass concentratio n. It is
also worth noting that such correlations could be used in real
time to automatically process the data provided that both optical
and ionization-chamber signals satisfy adequate signal-to-noise
constraints. In an effo rt to explore these corre lations in greater
detail and to define the theory for the observed corre lations, the

d ID = dgexp{lh[ln(ag)f},

d20 = dgexp{[ln(ag)f},

d30 = dgexp{[1.5In(ag)fj.

[I]

[2]

[3]

~-It>

-.>
<l
'-o
~sw
~

0.1

-+--~- -
"....+-

0.01
• IONIZATION

+OPTICAL

10010

0.001 -'-----------------------------'

0.1

Figu re 3. Correlation of ionization-chamber response per unit mass concentration (~CEV1M)and angular-scattering response
per unit mass concen tratio n ( ~V151M) with the dimensionless ratio of ionization-chamber voltage to angular-scattering voltage
measured at 15°, ~CEVI~V IS. For these correlations, ~CEV1Mvaried with the ratio, ~CEVI~V IS, raised to the 0.60 power,
while ~V151M varied inverse ly with this ratio raised to the 0.40 power (Litton 2002a).
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1058 C. D. LITTONET AL.

symmetry is assumed, the mass concentration, M, in mg/rrr' , is

given by

Since the total surface area of the particles per unit volume, S,
is given by

[4] [10]

In order to explicitly quantify the response of ionization
chambers to aerosols, a mathematical model was used to pre­
dict the electric fields and potentials that result in the air space
between two electrodes when ions are formed (Litton 1977).
This leads to the following simple analytic expression that de­

fines the ionization chamber response to aerosols:

Equations (3), (6), and (10)can be combined to yield

.6.CEVIS = 0.15 Oi/exp[-1.5[ln(ag)]2]} /dg

and, Equations (3), (8), and (10) combined to yield

[11 ]

[12]

The ratio of either Equation (7) to Equation (9) or Equation ( I I)

[5] to Equation (12) leads to

Performing a similar analysis for optical scatteringdata leads
to

.6.CEV1.6. V45 = (0.60 OJ A45){exp[- 12 [In(ag)]l ]}/ (dg 145).

[13]

For particles with diameters greater than about 120 to 130 nm
and less than thescattering wavelength (880 nm), thenormalized

angular intensitiescalculatedfromthe Mietheory (145) vary with

the cube of theparticlediameter.This range ofparticlediameters
corresponds to the range of diameters used in these experiments.

Forsmaller particlediameters,145varies withthediameter raised
to the fourth power (Rayleigh scattering), while for larger di­
ameters, the variation with diameter decreases. Then, qualita­

tively, from Equation (13), the quantity t,CEV / t,V45 should
vary inversely with the fourth powerof the diameterfor particle
sizes used in thecurrentexperiments. Since .6.CEV1Mvaries in­
versely with the square of the diameter, then .6.CEV1Mshould
vary directly with the square root of the ratio, .6.CEVIt:,. V45.

Similarly, t:,. V45/M should vary inversely with the square root of
this ratio. For the surfacesensitivity functions, t:,. CEVISshould
be expected to vary with the 1/4 power of this ratio, while for
t:,. V45/S, the variation expected is inversely with the 3f4 power.
If the above expressions accurately describe the responses of
the ionization chamber and the angular scattering, experimental
data should result in correlations approximating the indicated
dependencies on the ratio, t:,.CEVIt:,. V45 .

To calculate particle diameters and distributions from these
measurements, the following approach was taken. Assuming
Equation (7) to be a valid expression for the ionization cham­
ber sensitivity, then for any measured value of t:,.CEV1M, this
equation defines the allowable values of dg and a g o In a similar
manner, Equation (9) defi nes the angular-scattering intensity for
the same system of particles. But, since the Mie intensity, 145 ,

cannot in general be expressed by a simple analytic function,
this quantity must be calculated for every allowable value of dg

and ag o Consequently, then, for a given value of t:,.CEV1M the
correspondingallowable valuesof ag can then be determined for
any value of dg . An iterative procedure, using the simple Mie
scattering algorithm, is then used to calculate 145 for all allowed
values of dg and ag until the value obtained yields the measured
value of t:,. V45/M. The results and implications of this analysis
are discussed in the following section.

[8]

[6].6.CEV = (0.075)2JrOjd ION.

where ex isa constant thatdepends on the physicalcharacteristics
of the ionizationchamber, ~ is the attachment coefficient of air­
molecule ions to particles =2JrOjdlO, OJ is the ion diffusion

coeffic ient (cm2/s), d lO is the count mean diameter (em), N is

the number concentration of particles (cm- 3), and (t,CEV)max

is the maximum change in CEV (volts).

For small values of the exponential argument in Equation
(5), a Taylor series expansion leads to the simpler Equation (6)

below, wherethe producta (CEV)max is set equal to 0.075.
If charge transfer occurs primarily via diffusion charging,

then the change in collection electrode voltage, .6.CEV, is given

by the approximate expression

Dividing Equation (6) by Equation (5) and substituting from
Equations (2) and (4) yields the following expression for the
ionization chamber sensitivity, in units of volts/ung/m"):

where the normalized angular scattering intensity, Iii, is com­
puted using the simple Barber and Hill Mie scattering algorithm
(Barber and Hill 1990) for scattering from a sphere and inte­
grated over the lognormal size distribution. It should be noted
that Iii is also a function of the diameter and will be discussed
in a later portion of this section.
Ali is a constant that depends upon the power of the light source,
the responsivity of the photodiode, the gain of the electronics,
and the geometry of the system.

For e = 45°, when Equation (8) is divided by Equation (5)
and Equations (2) and (4) are substituted, the scattering sensi­
tivity, t:,. V45/ M , is then given by the expression
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Figu re 4. The sensitivities of the ioniza tion cha mber and optical scattering sensor, volts per unit gravimetric mass concentration
V/(mg/m3

) , as a functio n of the ratio , ~CEVI ~V45.

RESULTS AND DISCUSSION

Corre lations Involving Mass
Since the most common and acce ptable measurement of

aerosol concentra tions is the mass concentration, the correla­
tions of ~CEV1M and ~V45 / M are presented first in Figure 4
below, where the dat a are the average responses of all three
sensors tested.

There were some differe nces in the responses of the indi­
vidual sensors. For the ioni zation chamber sensors, these dif­
ferences were slight, with the average overall difference only
± 4 .0% of the average response. However, for the optica l sen­
sors, one sensor consistently showe d a greater sensitivity than
the other two, with an average sensitivity 15.9% greater than the
average of the other two. However, even including this con­
sistent behavior, the average overall difference for the opti­
ca l sensors was still qu ite acce ptable at ±8.4% of the average
respo nse . Perhaps of eve n grea ter significance is the com pari­
son of the expec ted theoret ical response to the measured val­
ues. ~CEV1M should vary with the square root of the ratio,
~CEVI ~V45, while ~V45 / M should vary inversely with the
square roo t of this ratio. The so lid curves in Figure 4 are the
regression lines, and for the ioniza tion chamber response, the re­
gress ion analysis yielded an exponent of 0.5009 (r2 = 0.9965)
while for the optica l response the regression analysis yie lded
an exponent of - 0.5004 (r2 = 0.9963), both values in exce l­
lent agree ment with the predicted values of 0.50 and -0.50,
respec tively.

The data point s appearing as the solid triangles in Figure 4
are for similar data reported in Edwa rds et al. (2004), where the
sensor responses were measured using aero sols generated from
solutions of oleic acid . For the ionization and optica l responses,
the resu ltant correlatio ns are

Ion Diffusion Coefficient and Optical Constant
Now, in order to extend the capab ilities of this technique

to aerosol surface area and diameter, mass concentrations and
size distribut ions were obtained for five different DOP/ethanol
solutions, with corresponding values of dg in the range of 120­
380 nm, and values of a g in the range of 1.38-1 .56. For the
ionizat ion chambers, the measured responses and size distribu­
tions were used in Equation (7) to ca lculate the effective ion
diffu sion coe fficient, OJ. For the optica l respo nses, the Mie sca t­
terin g intensities, 145, were calc ulated for the measured particle
size distributions, and then Equation (9) used to determine an
empirica l value for the constant, A45.

The resulting average diffusion coefficie nt (OJ) was found to
equal 0.1522 cm2/s ± 0.007 69. Th is value is 3 to 4 times the gen­
era lly accepted value of0.042 cm2/s ( 14), and the reasons for this
hizher value are not clearly obvious. It may be that the move­
ment of ions under the influenc e of an electri c field provides
some enhance ment, or that the creation of ions via co llisio ns
with energe tic alpha particles impart s add itional momentum to
the ions, also resultin g in some enhance ment. Regardless of the
actual explanations, the fact that the measured varia tion in the
empirical value is only ± 5% is evidence that this value repre­
sents realit y.

Using this value, then, Equat ion (7) can now be written as

~CEV/M = 1.37 x 1O- lo{exp[ - 4[ln(a g)f ll / (dg )2. [16)

Similarly, the optical constant, A45, in Equation (9) was found
to have a value of 8.667 x 104 ± 1.2 x 104. Although there is
greater uncertainty in this value, it is felt that this is partly due to
the higher sensitivity shown by one of the op tical sensors, as dis­
cussed above. When this value is substituted into Equ ation (9),
the result is

~CEV I M(Vl (mg/m3» = 0.0665(~CEV I~V45)1/2 , [ 14)

~V45 / M(V l (mg/m3» = 0.0665(~CEV I~V45)_1/2. [15)

~V45/M = [1.3 x 1O- 4{ exp[ - 3.5[ln (a g)f ]}/ dg J 145. [17J

Equations ( 16) and ( 17) now quant ify both the ionization and
optical responses of the sensors per unit mass concentration.
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Figure 5. Correlation of ionization and optical responses per unit surface concentration with the ratio of ionization to optical
response.

These expressions are also needed in order to compute particle
diameters as discussedpreviously.

expected theoretically. If it is assumed that the exponents ex­
pected theoretically are correct, then the following correlations
result:

Correlations InvolvingSurface Area

From the particle size distribution data, Equations (4) and
(5) may then be usedto determine thenumber concentration of
particles, N. Once these concentrations have been calculated,
the total surface area perunitvolume, S(cm2/cm3), can be de­
termined from Equations (2) and (10), and the corresponding
ionization and optical sensitivities per unit surface concentra­
tioncalculated. Figure 5 shows the resultantcorrelations for the
ionization and optical responses.

For the data of Figure 5, a regression analysis for the ion­
ization response yielded an exponent of 0.236 (~ = 0.9949)
compared to anexpected valueof0.25, as discussed previously,
while for the optical response, the regression analysis yielded
an exponent of - 0.765 (r2 = 0.9995), compared to an ex­
pected value of - 0.75. As for the mass correlations, there is
excellent agreement between the experimental values and those

t1CEVIS (Vl(cm2Icm3
)) =555(t1CEVI t1V.jS)'/4, [1 8]

t1V4s/S (Vl(cm2Icm3
)) = 555(t1CEVI t1V4Sr\ [19]

In addition to these correlations, if Equation (14) is divided
byEquation (18), or Equation (15) dividedby Equation(19), an
expression for the total particle surface area per unit mass can
beobtained. The resulting expression is

Determining Particle Diameters
Using Equations ( 16) and ( 17) and the methodoutlined inthe

previous section,estimatesof particle diametercanbe obtained.
The results of this analysis areshown in Figure 6.
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Figure 6. Calculated versus measured volumemean diameters (VM D) using the ionization/optical measurements.
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In Figure 6, the volume mean diameters are presented rather

than the values of doand 0'0, because the calculated values of do
~ ~ e

tended to be somewhat lower than the measured values ('" 12%

lower) while the values of O'g tended to be somewhat higher than

the measured values ('" I0%higher). However, fortuitously the

combination of lower values of dg and higher values of O'g re­

sulted in calculated volume mean diameters in excellent agree­

ment with those measured.

Application to Combustion Aerosols
Although these data were acquired using a system of rel­

atively well-defi ned aerosols, extension to a wide variety of

combustion-generated aerosols should be successful as well. Ex­
periments to verify this expected behavior are underway, and the
early indications are quite positive. For example, the response
of the sensor to aerosols produced from fl aming coal produced
a dimensionless ratio, f'.,. CEV/f'.,. V45, of 5.2. The above expres­
sions would predict ionization and optical mass sensitivities of
0.152 and 0.029 V/(mg/m3) , respectively. The measured val­
ues were 0.14 and 0.03 1. Similarly, for aerosols produced from
smoldering coal, the dimensionless ratio of 1.2 was obtained.
Using this value, ionization and optical sensitivities of 0.073
and 0.06 1 could be predicted, compared to measured values of
0.075 and 0.058 , respectively.

Operating the Sensor at Higher Applied Voltages
Tests were conducted at higher applied voltages than the stan­

dard 9.0 volts in order to determine the effect on sensitivity of
the sensors. Since the sensors have an upper limit on the applied
voltage of 15.0 volts, most of these data were acquired at an
12.0 volts. In addition to sensitivity measurements, additional
tests were conducted to determine the average noise of the sen­
sors both at 9.0 and 12.0 volts. Increasing the applied voltage
from 9.0 to 12.0 volts resulted in an average increase in sen­
sitivity per unit mass concentration for the ionization chamber
of slightly greater than 30%, while the optical sensitivity was
unchanged, as was expected. A further increase to 15.0 volts
showed only a modest additional increase in sensitivity of about
3% for the ionization chamber.

Measurement Unce rtainties
Although the data and analysis clearly indicate that these sim­

ple. inexpensive sensors have significant potential forcontinuous
measurement of particle concentrations, the question naturally
arises as to the potential uncertainty in these measurements due
to signal fluctuations that are independent of the presence of
particles. such as electronic noise or fluctuations due to changes
in environmental conditions, such as temperature and relative
humidity. Although it is beyond the scope of the present work to
address in detail the impact of changes in temperature and rel­
ative humidity, model calculations for the ionization chamber
response show slight to moderate decreases in CEV as a func­
tion of increasing temperature or relative humidity. Applying

these theoretical corrections to particle-free experimental data

has been quite successful, although additional experimental val­

idation may be necessary for refinement of these corrections. For

the optical component of the sensor, some slight variations in

optical response have been observed due to temperature changes

that may warrant further investigation.

To address the random electronic fluctuations in ionization
chamber and optical scattering signals when no particles are

present, the sensor signals were recorded over extended periods

of time (typically, about 2to 6 h), and the average signals and

their standarddeviation then computed. At an applied voltage
of 9.0 volts, an average air temperature of 25.3°C, and an aver­

age relative humidity of 59.2%, the measured noise levels (noise

defined to be one standard deviation from the average) for the
ionization and optical signals were ±O.O129 and ± O.OO 15 volts,
respectively. Increasing the applied voltage to 12.0 volts resulted
in somewhat lower noise levels of ±O.O 115 and ±O.OO 14 volts,
respectively. Consequently, although little benefit was obtained
for the optical component, the combined increase of 30% in sen­
sitivity and somewhat lower noise levels indicates that operation
at 12 volts could be benefi cial for the ionization component. This
aspect of the development warrants additional studies.

Due to the experimental procedure, it was not possible to ob­
tain direct readings from the sensors as a function of mass con­
centration. However, for each steady-state mass concentration
observed, there were corresponding steady-state outputs from
the sensors. If the electronic noise levels discussed above are di­
vided by the steady-state voltages observed for the sensors, and
this ratio then multiplied by the corresponding steady-state mass
concentrations, then it is possible to obtain an estimate of the
noise equivalent mass concentrations, defined as the mass con­
centration at which the sensor signal-to-noise ratio is 1.0. This
procedure was done for the range of particle diameters used
in the experiments and the average noise equivalent mass con­
centrations for both the ionization and optical components then
plotted versus the volume mean diameter. The result is shown
in the following figure.

For these estimates, the ionization chamber has much lower
noise equivalent mass concentrations for the smaller particles,
corresponding to a greater sensitivity. For the larger particles,
the optical-scattering chamber has much lower noise equivalent
mass concentrations. Based upon these estimates and assuming
that a signal-to-noise ratio (SNR) of 10 represents a reliable
measurement, then for the particle size range shown in Figure 7,
minimum mass concentrations in the range of 100 /lg/m 3 to
700 /lg/m3 may be determined reliably.

For much smaller particles (VMD < '" 140 nm), the increased
sensitivity of the ionization chamber will allow for reliable de­
termination of much lower mass concentrations. For instance,
for particles with a VMD of 40 nrn, mass concentrations of
20 /l g/m 3 may be determined at a SNR '" 10. For much larger
particles (VMD > "'500 nrn), the increased sensitivity of the
optical scattering chamber will allow for reliable determination
of much lower mass concentrations. For instance, for particles
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Figure 7. Noise equivalent mass concentrations (NEMC) for both the ionization chamber and the optical-scattering chamber

plotted versus the volume mean diameters.

with a VMD of 1500 nm, mass concentrations of about 20 flg/m3

may be determined at a SNR rv 1O. When exposed to higher mass

concentrations (in the tens of mg/rrr') the sensor responses result

in much higher SNRs and increased accuracy in the determina­

tion of mass concen trations . In addition, reductions in sensor

noise levels will improve accuracy and result in the ability to

determine even lower mass concentrations.

CONClUSIONS
I . The data and analysis show that there is a direct rela­

tionship between both the ionization-chamber sensitivi ­
ties and the angular-scattering sensitivities as a function
of the dimensionless ratio of their signals . Measuring the
voltage changes for both the ionization chamber and the
optical-scattering chamber when exposed to some un­
known aerosol and then forming the ratio of these volt­
age changes defines a unique sensitivity for both ioniza ­
tion and optical sensors that can subsequently be used
to determ ine mass concentrations, surface concentrations,
and specific surface area independent of any information
about the particle size distribution. By using a simple it­
erative technique, reasonably accurate estimates of aver­
age particle diameters and size distributions may also be
obtained.

2. The data and analysis also clearly show the high respon­
sivity of ionization chambers for small particles (large
ionization to optical response ratios) and the high respon­
sivity of the optical -scattering sensors to larger particles
(small ionization to optical response ratios). In actual data
acquisition and analysi s, these effects can be used to in­
crease the reliability of the calculated mass or surface
concentrations by using ionization chamber sensitivities
when the ratio is high and the optical -scattering sensitivity
when the ratio is low.

3. Increasing the applied voltage across the ionization cham­

ber to 12 volts compared to 9 volts would increase sensi­

tivity of the ionization chamber by about 30%.
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