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Nitrogen dioxide and kerosene-flame soot calibration of photoacoustic
instruments for measurement of light absorption by aerosols

W. Patrick Arnott,a) Hans Moosmüller, and John W. Walker
Desert Research Institute, Reno, Nevada 89512

~Received 26 June 2000; accepted for publication 7 August 2000!

A nitrogen dioxide calibration method is developed to evaluate the theoretical calibration for a
photoacoustic instrument used to measure light absorption by atmospheric aerosols at a laser
wavelength of 532.0 nm. This method uses high concentrations of nitrogen dioxide so that both a
simple extinction and the photoacoustically obtained absorption measurement may be performed
simultaneously. Since Rayleigh scattering is much less than absorption for the gas, the agreement
between the extinction and absorption coefficients can be used to evaluate the theoretical calibration,
so that the laser gas spectra are not needed. Photoacoustic theory is developed to account for strong
absorption of the laser beam power in passage through the resonator. Findings are that the
photoacoustic absorption based on heat-balance theory for the instrument compares well with
absorption inferred from the extinction measurement, and that both are well within values
represented by published spectra of nitrogen dioxide. Photodissociation of nitrogen dioxide limits
the calibration method to wavelengths longer than 398 nm. Extinction and absorption at 532 and
1047 nm were measured for kerosene-flame soot to evaluate the calibration method, and the single
scattering albedo was found to be 0.31 and 0.20 at these wavelengths, respectively. ©2000
American Institute of Physics.@S0034-6748~00!03512-7#
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I. INTRODUCTION

Aerosol optical properties, including light absorptio
scattering, extinction, and phase function, are needed
quantify and understand visibility at scenic areas,1 and, more
generally, atmospheric radiation transfer. Aerosol light
sorption at visible wavelengths is predominately due to
so-called black carbon aerosol~soot!, and the primary source
of this aerosol is combustion.2 Filter-based methods are com
monly used to infer aerosol light absorption through the
tenuation of light across the aerosol-laden filter. These m
ods are generally adequately precise and simple in prac
through calibration and operation require aerosol extinct
and scattering measurements in the laboratory, and use
nephelometer to obtain the aerosol scattering correctio
the field.3 In addition, these methods may be susceptible
artifact when the relative humidity increases sufficiently hi
that aerosols deliquesce, and aqueous solution forms on
filter substrate. Aerosol light absorption can also be m
sured with a photoacoustic instrument to calibrate a
complement filter-based methods.4–7

The absorption coefficient is the primary quantity me
sured with a photoacoustic instrument.5 A basic description
of the method is as follows. A continuous sample of aeros
laden air is drawn through an acoustic resonator equip
with a microphone and with windows to allow passage o
laser beam through the resonator~Fig. 1!. The laser beam~or
more generally, the light source! is power modulated at a
frequency that matches the resonance acoustic frequen
the resonator. Light absorption by aerosols causes peri

a!Electronic mail: pat@dri.edu
4540034-6748/2000/71(12)/4545/8/$17.00
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heating of the gas in the resonator. The heated gas expa
creating a sound source. The microphone signal is a mea
of the heat generated by light absorption. By use of a c
brated microphone, a calibrated photodetector to measur
ser power, a calibrated acoustic resonator, and simple lin
theory for the sound at the microphone by the laser-be
light-absorption source, one obtains the absorption coe
cient. Light absorption can be directly measured for aeros
in situ, and no filters are needed.

Laser-based photoacoustic instruments are also routi
used in trace-gas spectroscopy,8–10 and have been used t
monitor black carbon content of vehicle exhaust.11 A com-
mon method for calibration is to place a known concent
tion of light absorbing gas in the resonator and to meas
the resultant microphone signal.12 This method is limited by
the accuracy of the gas concentration determination, the
curacy and resolution of both gas and laser spectra. A c
mon method of calibrating for black carbon content is to u
the slope of a linear regression of microphone signal ver
elemental carbon content obtained via thermal method13

While this method appears to be adequate for black car
content determination, the next step of producing a light
sorption coefficient for aerosol optics applications is left u
finished.

The calibration method developed in this article us
sufficiently high concentrations of absorbing gas in the re
nator to obtain both the extinction~from gas transmissivity!
and absorption~photoacoustic measurement!. Extinction is
sufficiently large that Rayleigh scattering can be ignor
when seeking closure between extinction and absorpt
Theory is developed to accommodate the loss of laser po
in the resonator due to strong extinction. It is found that
5 © 2000 American Institute of Physics
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theory for obtaining light absorption in a calibrated resona
~known quality factor and resonance frequency! along with
use of a calibrated microphone~known acoustic pressure fo
a given microphone voltage! and calibrated photodetecto
~known laser power for a given photodetector voltage! pro-
duces a light absorption coefficient that agrees well with
measured extinction coefficient, and with the independe
measured high resolution spectrum and concentration
NO2.

II. PHOTOACOUSTIC THEORY FOR CALIBRATION BY
STRONGLY ABSORBING GAS IN THE
RESONATOR

While a thorough description of the plane wave pho
acoustic instrument has been given,5 the basic elements fo
the present discussion are given in Fig. 1. The acoustic r
nator is a full-wavelength resonator with pressure antino
at the ends and center, and 45° bends near the pressure
to accommodate laser beam insertion. A laser beam,
power modulated at the acoustic resonance frequency~e.g.,
with a mechanical chopper! enters and exits the resonat
through holes in the resonator wall placed at pressure no
The holes are much smaller in diameter than the acou
wavelength, and, being at the pressure nodes, negligibly
fluence resonator acoustics. This arrangement also help
duce the coupling of noise into the resonator at the acou
frequency. The laser beam power amplitude and phase~e.g.,
relative to the chopper sync! at the modulation frequency ar
obtained from a fast photodetector and phase sensitive d
tion. Sound is generated by light absorption near the ce
of the resonator, in the region of a pressure antinode. A
pacitive microphone, with its membrane acting as the re
nator wall at the left end, is used to measure the amplit
and phase of the sound produced at the acoustic frequenc
thin piezoelectric disk forms the right termination of th
resonator, and it is used as an acoustic driver, alterna
with the light absorption measurement, in a rapid swept si
soidal scan to obtain resonator acoustic calibration~reso-
nance frequency and quality factor!. The method for doing
the acoustic calibration has been previously described.14

FIG. 1. Schematic of a plane wave resonator used for photoacoustic
surements. The locations of pressure nodes and pressure antinode
shown. The power modulated laser beam pumps the acoustic wave via
absorption as a periodic heat source in the center region between pre
nodes. The length of the laser-pumping path in the resonator is denotedL.
The definition of a position coordinatex is shown. The acoustic resonator
highlighted in bold lines. ‘‘pd’’ refers to photodetector, ‘‘bs’’ to beam
splitter.
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Theoretical analysis of the instrument in Fig. 1 provid
the absorption coefficientBabs

(0) from measured quantities

Babs
~0!5

Pmic~ f r !

PL~ f r !

p2f rAres

Q~g21!
, ~1!

wherePmic( f r) and PL( f r) are the amplitude of the micro
phone pressure and laser power at the acoustic reson
frequencyf r , Ares is the cross sectional area of the reson
tor, Q is the resonator quality factor, andg is the ratio of the
isobaric to isochoric specific heats for the gas in t
resonator.5 The subscript~0! is a reminder that this equatio
is valid for Babs

(0)D!1, where referring to Fig. 1,D is the total
laser path length in the instrument. In Eq.~1!, the phase
differencef between the microphone and photodiode sign
is assumed to be zero. For typical aerosols in the atmosph
the nitrogen dioxide at 532 nm, the relaxation time for he
transfer is much faster than the acoustic period atf r'500
Hz, sof'0 when the microphone signal is being produc
by light absorption and not ambient noise. In practice, E
~1! can be multiplied by cos~f! to select the in-phase com
ponent so that both positive and negative values ofBabs

(0) can
be obtained, and the light absorption can average to zero
should when only acoustic noise is present~clean air!. Equa-
tion ~1! is adequate for most ambient sampling conditio
though modifications must be applied when the laser po
is strongly attenuated in the resonator. Photoacoustic so
generation is greatest near the pressure antinode in the c
of the resonator in Fig. 1, so if the laser beam is stron
attenuated in the resonator, the laser power measured a
photodetector will be less than it actually is near the cen
Theory will be developed for the case of strong attenuat
in the resonator to set up the use of high concentration
light absorbing gas in the resonator for calibration purpos

The laser beam power absorbed by gas or aerosol in
resonator between distancesx andx1dx, is a source of time
and space varying heat per unit area,dH/dAdt given by

dH~x,t !

dAdt
5I ~ t ! exp@Babs~L1h!#exp~2Babsx!Babsdx, ~2!

where I (t) is the time varying laser beam irradiance me
sured at the photodetector,I (t)exp$Babs(L1h)%exp(2Babsx)
is the incident irradiance on the elementdx, andBabs is the
sought-after light absorption coefficient in dimensions of
ciprocal distance. The factor exp$Babs(L1h)% is used be-
cause the laser power measurement is made at ‘‘pd1’’ in F
1, after the beam has potentially been attenuated in the r
nator by light absorption. An implicit assumption is th
power is removed from the laser beam only by the proces
absorption; scattering is assumed negligible.

The acoustic pressure obtained from the time vary
heat source in Eq.~2! can be obtained from the resultin
wave equation for pressure. To obtain the wave equation,
~2! is related to the thermodynamic properties of the gas,
by combining this with the usual acoustic approximations
gas continuity and the force equation, the wave equation
acoustic pressure is given by

a-
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d2P

dx2 2
1

c2

]2P

]t2 52
~g21!

c2 Babsexp@Babs~L1h!#

3exp~2Babsx!
]I

]t
, ~3!

wherec is the speed of sound in the gas. Keep in mind t
the irradiance in Eq.~3! is given at the photodetector, an
that the irradiance in the resonator drops off exponenti
due to absorption in the resonator. Common derivations
the wave equation do not incorporate the exponential de
of laser irradiance explicitly, but assume that this decay
negligible over the resonator length.15 However, as strong
absorption can occur in special cases, such as during cal
tion with large amounts of absorbing gas or during die
exhaust analysis, this modification of the wave equation
necessary. Dissipative processes involving gas viscosity
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thermal conductivity are not explicitly included in Eq.~3!,
but are introduced into the normal mode solution now dev
oped.

A general modal solution for photoacoustic signal ge
eration involves expansion of the acoustic pressure in mo
of the resonator, determination of the eigen frequenc
mode normalization, and determination of the mode coupl
coefficients by computation of the overlap integral of t
light-absorption sound source determined by the particu
arrangement of the laser beam in the resonator.15 For the
special case of the mode and resonator in Fig. 1, the aco
pressure is given by

P~x, f !5A2 sinS px

L DA~ f !. ~4!

The mode coupling coefficientA( f ) is given by
A~ f !5
2 i f

2p f r
2 ~g21!

1

2LAres
E

0

L
A2 sin~px/L !Babsexp@Babs~L1h!#exp~2Babsx!dxE I ~ f !dA

12S f

f r
D 2

2 i
f

f rQ

, ~5!
p-
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whereQ is introduced as the quality factor to represent d
sipation of the acoustic wave due to energy loss in the
cous and thermal boundary layers near the resonator w
andf is the acoustic frequency. Note that* I ( f )dA5PL( f ) is
just the Fourier component at frequencyf of the time varying
laser power, and that the resonator open volume is 2LAres

whereAres is the resonator cross sectional area. The su
script is dropped on the absorption coefficient, as it n
represents the actual value of this quantity.

Solution of the integral in Eq.~5! leads to an analytica
form for A( f ) as

A~ f !5

2 i f

A2p2f r
2Ares

~g21!BabsPL~ f !

12S f

f r
D 2

2 i
f

f rQ

3H exp@Babs~L1h!#@11exp~2BabsL !#

2@11~BabsL/p!2#
J . ~6!

The term in curly brackets is not present in common so
tions of the photoacoustic equation, and it has some illu
nating behavior for certain limits. When the absorption op
cal depth is very small, (BabsL!1), as is typical in most
ambient applications of photoacoustic methods, then
term in curly brackets tends to unity. However, for very lar
absorption optical depth, it tends to zero, which has
simple physical interpretation that if all the laser power
absorbed a very short distance into the resonator, no so
can be generated.
-
-
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-

e
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For (BabsL,0.2), the term in curly brackets can be a
proximated with a percentage error less than 0.6% as

H exp@Babs~L1h!#@11exp~2BabsL !#

2@11~BabsL/p!2# J 'H 11
BabsD

2 J ,

~7!

whereBabsD is the absorption optical depth for the laser pa
in the instrument~see Fig. 1!. For larger absorption optica
depths, more terms can be taken in the expansion.

At resonance, the acoustic pressure at the microph
locationx52L/2 is

Pmic~ f r ![2P~x52L/2,f r !

5
Q

p2f rAres
~g21!PL~ f r !BabsH 11

BabsD

2 J , ~8!

where the approximate form, Eq.~7! of the term in curly
brackets from Eq.~6!, has been used, along with the pressu
modal profile in Eq.~4!. The minus sign in Eq.~8! is just the
p phase difference between the laser power Fourier com
nent and the microphone pressure,~i.e., the phase difference
between the pressure antinode at the resonator center a
the microphone locations in Fig. 1!. The phase of the micro
phone measured signal is shifted byp in practical measure-
ments. To the same level of approximation of the term
curly brackets in Eq.~8!, the desired absorption coefficien
can be obtained from

Babs
~1!5Babs

~0!H 12Babs
~0!

D

2 J , ~9!

whereBabs
(0), is given in Eq.~1!, and superscript~1! now refers

to the absorption coefficient with a first order correction f
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laser beam attenuation in the resonator. The physical in
pretation of Eq.~9! is that since the laser beam power
measured at the detector, it appears to be less than the
near the center of the resonator where photoacoustic so
generation occurs, so Eq.~1! would overpredict the absorp
tion coefficient. @For ambient sampling applications,Babs

,1025 m21 is typical, so the term in curly brackets ca
safely be set to unity, and Eq.~1! can be used to obtain th
absorption coefficient.# Keep in mind that use of Eq.~9!
implies that the absorption optical depth isBabsL,0.2.

In actual measurements, it is convenient to use comp
quantities for the microphone pressure and laser powe
Eq. ~1!, to obtain the complex ratio, and to use the in-pha
component. It is also convenient to measure the ratio w
the same analog/digital~A/D! channel so that any changes
drifts in the A/D calibration occur on both measuremen
and thus are canceled.

The gas transmission coefficientT is given by

T5
PL

PL
~0! 5

E dPL
~0!~l!

dl
exp~2Babs~l!D !dl

PL
~0! , ~10!

wherel is the optical wavelength,dPL
(0)(l)/dl is the laser

power spectral density,PL
(0)5*(dPL

(0)(l)/dl)dl is the laser
power measured at the detector before the resonator is fi
with NO2, and the numerator is the integrated monoch
matic attenuation. The approximation that Rayleigh scat
ing can be ignored relative to absorption has been ma
though of course, it could be calculated and added toBabs(l)
to form the true extinction coefficient if desired. A first a
proximate form of Eq.~10! is obtained for a small argumen
~for all l! in the exponential term of Eq.~10!:

T'

E dPL
~0!~l!

dl
$12Babs~l!D%dl

PL
~0! [12BabsD. ~11!

Another common approximation of Eq.~10! is Beer’s law

T'exp~2BabsD !, ~12!

where the assumption is that either the light source is hig
monochromatic, or that the variation of the absorption co
ficient is negligible throughout the wavelength range of a
preciable source power spectral density. The absorption
efficient can be obtained from the first approximate form

Babs'
12T

D
~12T!1!. ~13!

And it can be obtained from Beer’s law as

Babs'
2 ln~T!

D
~approximately monochromatic!. ~14!

It can be seen that Eq.~13! is obtained from Eq.~14! when
(12T)!1. Assuming for the moment that the Beer’s la
approximation of Eq.~14! is valid, then the error one obtain
from use of Eq.~13! whenT.0.925 is less than 3.8%~this
number is appropriate for the conditions reported here!. The
approximate form, Eq.~14!, is used to obtain an estimate fo
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the absorption coefficient from the transmission measu
ments, both because the laser is approximately monoc
matic, and because the measured transmission range m
the use of the approximation of Eq.~13! reasonably valid. In
other words, the Beer’s law approximation used to obtain
~14! is not so strongly restrictive to monochromatic radiati
when 12T!1, though it is emphasized that the discussi
below Eq.~12! should be kept in mind when using this a
proximation. The use of Eq.~9! to obtain a first order cor-
rection for the absorption coefficient obtained by the pho
acoustic method~for the case of strong attenuation! implies
the same approximation as the use of Beer’s law in Eq.~14!.

Transmission is measured by splitting the laser beam
the entrance to instrument~beam splitter shown in Fig. 1!,
and using a second photodetector to serve as a laser p
reference~pd2 in Fig. 1!. The rest of the beam passe
through the instrument as normal. Then by performing
referenced-laser power measurement, the transmission c
ficient is obtained as the ratio of during-sample to befo
sample powers. This method avoids determination of ins
ment window transmission coefficients.

The absorption coefficient can be obtained from a p
toacoustic measurement as indicated by Eqs.~1! and ~9!, or
from a transmission measurement by using Eq.~14!. The
comparison of these methods, and published absorption
efficients for NO2 will be considered in the next section.

III. MEASUREMENT OF ABSORPTION COEFFICIENT
OF NO2, AND EVALUATION OF THE
PHOTOACOUSTIC EQUATION

The photoacoustic instrument used is similar to an e
lier version,5 and the main differences will be discussed he
The new instrument is constructed of stainless steel, ins
of copper in the previous instrument, but both have the
ometry shown in Fig. 1. The nominal acoustic resonan
frequency isf r5494 Hz, quality factor isQ549, cross sec-
tional area isAres52.34 cm2, and the laser path length in th
instrument as shown in Fig. 1 isD548.9 cm. The diamete
of the tubing in the resonator is less than the previous ins
ment, which lowers the quality factor some; but overall,
creases the sound amplitude produced by light absorpt
This smaller diameter better adapts to the microphone u
to measure sound, and to the piezoelectric disk used
acoustic calibration. The modestQ keeps the acoustic band
width sufficiently wide that slight temperature changes, a
associated resonance frequency changes, do not compris
light absorption measurement between acoustic calibrati
Yet, theQ is high enough that holes can still be placed in t
resonator at pressure nodes, and ambient acoustic noise
not couple well through these holes to the mode be
driven.16

Figure 2 shows the schematic arrangement used to
NO2 through the photoacoustic instrument for calibrati
purposes. Some care must be exercised to ensure tha
photoacoustic instrument is not rapidly pressurized so
the microphone membrane is forced against the back p
and shorted. To help prevent pressurization problems
pressure-equalization tube is used from the sample outlet
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on the resonator to the back face of the microphone so
no dc pressure exists across the microphone membrane
equalization tube is connected directly to the vent port on
microphone. This port is designed to have a very high fl
resistivity so that sound does not effectively travel through
A desiccant is placed in the equalization tube to keep
back face of the microphone membrane dry. It is also criti
to use the equalization tube when the sample inlet to
instrument is below ambient pressure; otherwise, the mic
phone membrane is drawn away from the back plate,
being essentially a parallel plate capacitor, the microph
calibration becomes uncertain.

Before the valve in the gas cylinder in Fig. 2 is open, t
pump pulls air from the exhaust, through the air rotome
and through the instrument. The ball in the air rotomete
elevated in this situation. When the gas cylinder valve
opened, the ball in the NO2 rotometer is now elevated, an
the ball in the air rotometer returns to its reset position. T
indicates that NO2 in N2 is being pulled through the instru
ment. The use of two rotometers ensures a gas path of e
air or calibration gas through the instrument at all tim
Ambient pressure, temperature, and relative humidity s
sors are placed on the outlet of the photoacoustic instrum
Since the ambient sound speed is proportional to the sq
root of the average gas molecular weight, the acoustic re
nance frequency increases from about 494 to about 500
because of the N2 gas. Effects of dispersion due gas comp
sition changes, and associated viscosity and thermal con
tivity changes, are not as dramatic as the molecular we
influence on resonance frequency. In any case, the rati
constant pressure and constant volume heat capacities in
~1! remains nominally the same as for air, and the acou
calibration with the piezoelectric transducer is used to de
mine f r andQ.

The average absorption coefficient measured with
photoacoustic method is shown in Fig. 3 along with hi
resolution measured absorption spectra of NO2.

17 The wave-
length for the laser-diode-pumped, solid-state, frequen
doubled laser18 is nominally 532.0 nm, though the precis
spectrum will depend on its longitudinal mode structure.
addition, the stated accuracy of the NO2 concentration is
65% by the manufacturer. In principle, the average pho
acoustic absorption coefficient should be compared with
spectral curve shown in bold, at a wavelength of 532.00 n
however, it is likely that the comparison could be made

FIG. 2. Schematic of arrangement used to deliver nitrogen dioxide thro
the photoacoustic instrument. The air-rotometer path allows air to be pu
through the instrument when the NO2–N2 valve is off.
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any value bracketed by the spectral curves computed f
the uncertainty in NO2 concentration. From the measure
high resolution spectrum, and the uncertainty in gas conc
tration, the expected photoacoustic absorption coeffic
could lie with the range of 133 000–174 000 Mm21. The
average value, 156 00061000 Mm21, where the uncertainty
was derived from the standard deviation, does lie in t
range, though without much more detailed measuremen
laser spectrum, and improved gas concentration meas
ment, more definitive statements about the accuracy of
photoacoustic measurements cannot be made. Before the
cussion turns to use of extinction measurements to impr
upon the statement of the accuracy, some discussion o
factors influencing photoacoustic accuracy and precision
now be considered.

Refer to Eq.~1! for the parameters that must be me
sured in the photoacoustic method. The microphone pres
is measured using a calibrated microphone and ph
sensitive detection so that the signal to noise ratio of t
measurement is dependent on the square root of the ave
ing time.14 Microphone calibration is accomplished with
piston-driven device manufactured for this purpose, and
accurate to within 2%. Calibration drift has been negligib
in the authors’ experience. The laser power measureme
performed in the same manner as the microphone meas
ment ~phase-sensitive detection by use of a fast detec
secondary calibration of the detector with a laser pow
meter!. The cross sectional area of the resonator is meas
once. The ratio of specific heats for air~and N2) is taken to
be 1.4. The acoustic calibration of the resonator is acco
plished with the piezoelectric disk and microphone using
high-spectral-resolution scan below, at, and beyond the r
nance frequency, and a curve fit to this measurement w
adjustable parameter of resonance frequency, quality fac

h
d

FIG. 3. High resolution measured NO2 spectra at the nominal concentratio
of 509 ppm~bold line! as computed for the pressure and temperature sta
in the graph. The thin lines indicate the high-resolution spectra calcul
for the range of concentration uncertainty indicated in the graph. The a
age measured photoacoustic light absorption coefficient for NO2 ~dashed
line! was measured only at the laser wavelength. The nominal laser w
length is 532.0 nm, through the laser spectrum will depend on the long
dinal modes operating at any time.
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and peak pressure. As a result, the accuracy and precisio
the resonance frequency and quality factor are better
0.2% and 1%, respectively. A programmable preamplifie
used to condition the microphone signal before the analo
digital converter board on the computer~A/D!. The same
A/D is used for both microphone and photodetector sign
so gain error here will be compensated, as these quan
enter Eq.~1! as a ratio. The signal to noise ratio of the m
crophone measurement is dependent on just how much
absorption is present, and on the length of the integra
time. The agreement of measured light absorption by N2

using the photoacoustic method, and the independently m
sured spectra as shown in Fig. 3 is a reassurance tha
photoacoustic equations@Eqs.~1! and ~9!# are valid.

The comparison of light absorption and extinction me
surements@Eqs.~9! and~14!# is shown in Fig. 4. The extinc
tion method is discussed in the paragraph following the
velopment of Eq.~14! The main uncertainty in the extinctio
measurement is the determination of the instrument p
lengthD. Note that the fluctuation of the extinction measu
ment is greater than that of the absorption measurem
Fluctuations of the laser power between measurements
the two photodiodes in Fig. 1 gives rise to the extincti
fluctuations. These fluctuations limit the accuracy of the
tinction measurement~but negligibly influence the absorp
tion measurement!. The measurements of extinction and a
sorption are in close agreement. The range of uncertaint
the extinction measurement, indicated by the bracke
curves in Fig. 4, is considerably less than the range in Fig
Using the extinction measurement as a direct evaluation
the calibration of the absorption measurement is relativ
simple, and it does not require accurate determination of
laser and gas spectra, or the gas concentration.

However, be cautioned that the extinction measurem
will not always be equal to the photoacoustic absorpt

FIG. 4. Measurement of the absorption coefficient of NO2 using the photo-
acoustic method~dashed line! and the extinction method~bold line!, show-
ing good agreement between these methods. The thin lines are boun
the estimated uncertainty of the extinction measurement. Note the c
pressed scale of this figure compared to the previous figure, indicati
more definitive evaluation of the photoacoustic method.
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measurement at all wavelengths. A nice demonstration
this limitation is seen in the combined extinction and pho
acoustic spectra of NO2 ranging from the UV into the
visible.8 For wavelengths shorter than 397.9 nm, NO2 pho-
todissociates into O1NO. In other words, not all of the ab
sorbed photon energy is converted into heat in the surrou
ing gas; some is used in breaking up the molecule. Judic
choice of absorbing gas should compensate this proble
the method needs to be expanded to other wavelengths.

IV. MEASUREMENT OF ABSORPTION AND
EXTINCTION COEFFICIENTS OF KEROSENE-FLAME
SOOT AT 532 AND 1047 nm

Two photoacoustic instruments were used to simu
neously measure light absorption and extinction at t
wavelengths, 532 and 1047 nm. The instrument equip
with a 1047 nm laser has been used to measure the b
carbon content of vehicle exhaust in real time. This laser
be electronically modulated to achieve phase-sensitive de
tion and locking to the resonance acoustic frequency. W
the instrument equipped with a 532 nm laser can be c
brated using NO2, the other one cannot because light abso
tion by this gas is very weak at 1047 nm. However, it
argued in this section that the instrument equipped wit
1047 nm laser can provide accurate measurements of ae
light absorption through the use of the photoacoustic eq
tions, Eq.~1! and Eq.~9!.

Figure 5 shows the schematic arrangement used to m
sure optical properties of kerosene-flame soot. A stand
kerosene lamp was lit, and the wick was placed higher t
normal so that a copious amount of soot was produced.
soot was mixed, by way of a valve, with filtered dilution a
and conveyed in the copper-tubing sample line to the pho
acoustic instruments. The inlet was placed high enou
above the flame to prevent direct heating, and to allow
soot-laden air to cool before entering it. An adequate ra
of relatively steady aerosol concentrations was obtained.
two photoacoustic instruments were equipped with lasers
erating at 532 and 1047 nm, respectively, and simultaneo
measured light absorption and extinction at these wa
lengths. The instrument equipped with a 1047 nm laser w
described previously,5 though it was operated at the ne
useful higher frequency~'1500 Hz! instead of the usual 500
Hz frequency to reduce the effects of ambient acoustic no
on the instrument. The theoretical photoacoustic equation
this mode of operation is obtained by multiplying Eq.~1! by

for
-
a

FIG. 5. Schematic arrangement for kerosene-flame soot generation and
surement with two photoacoustic instruments. The wick in the keros
lamp is raised high enough to produce copious amounts of soot, and
valve is used to control the dilution with filtered air.
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a factor of 3~three half acoustic wavelengths are pumped
the laser beam in Fig. 1 when this mode is used instea
just one!. The instrument equipped with a 532 nm laser o
erated at 1500 Hz, and is based on an acoustic resonato
the size of the other one so that the mode symmetry is
outlined in Fig. 1. To accomplish this smaller design, the t
portions of the resonator shown in Fig. 1 that are on each
~and are bent at a 45° angle relative to the horizontal! were
actually made at a 90° angle. The larger angle simplifi
construction but did not hinder performance. This instrum
was calibrated using the NO2 method described in the prev
ous section.

A particle filter was placed over the inlet in Fig. 5 t
evaluate the response of the photoacoustic instruments t
gases generated by the kerosene flame. The inlet throug
filtered-air path in Fig. 5 was closed for this measureme
The light absorption results are shown in Fig. 6. The 532
light absorption is due to NO2 generated by the flame, as wa
verified by placing a NO2 denuder19 after the particle filter in
measurements obtained earlier. The denuded sample air
duced only background levels of light absorption, similar
that obtained with the 1047 nm laser instrument~Fig. 6!. The
NO2 concentration in the exhaust was estimated to be
ppb based on the calibration performed earlier by the met
described in the previous section. The particle-free meas
ments provided some insight into the amount of NO2 gener-
ated by a kerosene flame, but also show that the light abs
tion due to exhaust gases is very small in comparison to
values generated by aerosol laden air, as discussed nex

Measurements of optical properties of kerosene-fla
soot are shown in Fig. 7 at the two laser wavelengths a
function of time, and are summarized as average value
Table I. Theory for light absorption in the dipole limit ind
cates thatBabs should vary inversely with wavelength whe
the complex refractive index remains constant, and that
single scattering albedo is a complicated function of part
geometry, refractive index, and particle size.20 The theoreti-
cal ratio Babs ~532 nm!/Babs~1047!'1047/53251.97 com-

FIG. 6. Observed light absorption when a particle filter was put over
kerosene flame inlet in Fig. 5. The lowBabs at 1047 nm indicates that the
particle filter was operating correctly. The combustion-generated N2

passed by the filter is responsible for theBabs at 532 nm.
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pares favorably with the value 1.95 from measurement. T
light absorption axes in Figs. 7~a! and 7~b! are scaled by a
factor of 2 to demonstrate this approximate wavelength s
ing. The photoacoustic method can be evaluated at o
wavelengths using kerosene soot when coupled with a m
surement at 532 nm that has been evaluated using the m
ods described in the previous section.

The single scattering albedo was computed fromv0

5(Bext2Babs)/Bext, and values different from zero ar
shown in Fig. 7 when a quasisteady-state concentration
soot has been obtained in the instrument. Scattering is
duced at longer wavelengths, soBext is closer in value toBabs

in Fig. 7~b! than in Fig. 7~a!. The single scattering albedo i
0.20 and 0.31 at wavelengths of 1047 and 532 nm, resp
tively. For comparison, the burning of various fuels~petrol,
diesel, fuel oil, paraffin oil, butane, and wood! and subse-
quent measurements of the single scattering albedos

e

FIG. 7. Measured extinction, absorption, and calculated single scatte
albedo for kerosene-flame soot and a wavelength of~a! 532 nm and~b! 1047
nm. Note especially that theBabs at 1047 nm is approximately half that o
the 532 nm wavelength value.

TABLE I. Measured aerosol optical properties for kerosene-flame soot.
certainties in single scattering albedo were computed from the stan
deviation of 16 measurements.

Average values
at 532 nm

Average values
at 1047 nm

Extinction (Mm21) 241 000 107 000
Absorption (Mm21) 166 000 85 400
Single scattering albedo 0.3130.01 0.2060.01
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duces values of~0.28, 0.30, 0.31, 0.26, 0.24, and 0.62!, re-
spectively, at a wavelength of 632 nm.21

V. DISCUSSION

The analytical description for the calibration of the ph
toacoustic instrument has been extended to include st
absorption of the laser beam in the instrument@Eqs.~1! and
~9!#. This case applies to calibration using high concen
tions of absorbing gas. The photoacoustic method of obt
ing the absorption coefficient agrees well with both a h
spectral-resolution spectrum of NO2, and simultaneous ex
tinction measurement by NO2 in the photoacoustic instru
ment. The extinction calibration is relatively simple, does n
require precise knowledge of the absorbing-gas concen
tion, and avoids the requirement of detailed gas and la
spectra. In summary, the photoacoustic equations@Eqs. ~1!
and ~9!# appear to provide an accurate description of
absorption coefficient as measured with this instrument.
single scattering albedo for kerosene-flame soot was m
sured at 532 and 1047 nm using two photoacoustic ins
ments as another application of the simultaneous extinc
and absorption measurement method. The use of trans
sion measurements to calibrate a Helmholtz-resonator ph
acoustic instrument has been described,22 and is an example
of the basic methodology described in the current article
applied to a rather different wavelength range and spec
scopic analysis.
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