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The calibration of photoacoustic aerosol optical absorption
measurements through simultaneous photoacoustic spectroscopy
of the oxygen A-band absorption is demonstrated. While aerosol
absorption shows no sharp spectral structures for size-distributed
aerosols, the molecular oxygen A-band has sharp absorption lines
in the near-infrared (i.e., 760-770 nm) spectral region. Line-
strength, shape, and broadening of these lines are well known and
molecular oxygen is ubiquitous with a constant concentration in the
troposphere. Simultaneous photoacoustic spectroscopy of aerosol
and molecular oxygen A-band absorption with a tunable, external
cavity diode laser yields a convenient calibration for the photoa-
coustic measurement of aerosol absorption coefficients without the
need for pressurized and potentially toxic calibration gases.

INTRODUCTION

Light absorption by particles suspended in the atmosphere
modifies the transfer of solar energy in the atmosphere
and thereby influences global and regional climate change
(Ramanathan and Carmichael 2008) and atmospheric visibility
(Watson 2002). In addition, the measurement of particle light ab-
sorption can be used for the real-time characterization of black
carbon mass concentrations and emission rates, for example
from combustion processes such as biomass burning or internal
combustion engines (Chen et al. 2006, 2007; Moosmiiller et al.
2001a, b).

The measurement of particle light absorption (Moosmiiller
et al. 2009) has traditionally been achieved by depositing par-
ticles on a highly scattering filter substrate (e.g., quartz fiber
filter) and measuring the optical transmission through the filter
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before and after deposition. Unfortunately, such measurements
suffer from a number of artifacts due to the interaction of filter
and particle scattering and absorption and their dynamic range
is rather limited (Arnott et al. 2005; Bond et al. 1999; Lack et
al. 2008; Subramanian et al. 2007). While some of these short-
comings can be reduced by also monitoring the light scattering
or by suppressing light scattering from the filter substrate (Bal-
lach et al. 2001; Petzold et al. 2005), the more direct measure-
ment of particle light absorption by the photoacoustic method
has largely been accepted as preferential first-principle method
(Moosmiiller et al. 2009; Sheridan et al. 2005).

Calibration of the photoacoustic method can be achieved by
using a medium with a well known absorption coefficient or by
determining a very large gaseous absorption through simulta-
neous extinction measurement (Arnott et al. 2000). In addition,
light absorption in the Chappuis band of ozone (Brion et al.
1998) at 532 nm has been used for photoacoustic calibration
in conjunction with measurement of this absorption with a cav-
ity ring-down system (Lack et al. 2006). Ozone can readily
be generated with absorption coefficients covering the relevant
photoacoustic measurement range and the calibration system
can likely be simplified by utilizing a commercial ozone mon-
itor and published ozone absorption cross-sections (Brion et
al. 1998) instead of the cavity ring-down system (Lack et al.
2006).

Here, we present a simultaneous measurement of aerosol
and molecular oxygen A-band absorption in the near infrared
spectral region (i.e., 760—770 nm) with a commercial, tunable,
external cavity diode laser. Previous diode laser spectroscopy of
the oxygen A-band spectrum includes photoacoustic absorption
spectroscopy using a cantilever enhanced technique (Cattaneo
et al. 2006), extinction spectroscopy in an optical multi-pass
cell (Anderson and Brecha 2007; Nguyen et al. 1994) and high
accuracy cavity ring-down spectroscopy (Robichaud 2008; Ro-
bichaud et al. 2008a; Robichaud et al. 2008b). The atmospheric
oxygen concentration is well known (i.e., 20.95% by volume
(Seinfeld and Pandis 1998)) and constant in the homosphere
(i.e., below ~100 km altitude) and the atmospheric density
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can easily be calculated from temperature and pressure. There-
fore, a calculation of the oxygen absorption spectrum (Gordley
et al. 1994; Rothman et al. 2005) can be used to calibrate the
measurement of aerosol absorption with the simultaneously ac-
quired oxygen-in-air absorption spectrum without the need for
large concentrations of toxic calibration gases (e.g., nitrogen
dioxide) that also tend to stick in trace quantities to the pho-
toacoustic equipment (Arnott et al. 2000). This technique can
also be adapted for the calibration of other in situ techniques
for the measurement of aerosol light absorption including re-
fractive index-based techniques (Sedlacek and Lee 2007) and
extinction-minus-scattering techniques (Gerber 1979).

EXPERIMENTAL SETUP

The experimental setup, which consists of a power and wave-
length modulated light source, a photoacoustic resonator, and
data acquisition electronics and computer, is shown in Figure 1.

Power and Wavelength Modulated Light Source

The tunable, external cavity diode laser (New Focus™ TLB-
6312 Velocity® Laser System) has a Littman-type cavity with
a laser diode as gain element (Harvey and Myatt 1991). This
arrangement results in single-mode, mode hop-free tuning over
the whole tuning range of 760 to 770 nm, a linewidth of less
than 300 kHz over 50 ms, and 15 to 20 mW of laser power
depending on output wavelength. A similar New Focus external
cavity laser has previously been used for wavelength modulated
extinction spectroscopy of the oxygen A-band in a 22 m path
length multipass cell (Nguyen et al. 1994).

For wavelength modulation (WM) spectroscopy (Bomse
et al. 1992), the laser output is wavelength modulated with the
piezo-electric transducer on the cavity mirror and for power
modulation (PM) spectroscopy, the laser beam power is mod-
ulated with an external optical chopper (New Focus™ Optical
Chopper 3501). For photoacoustic spectroscopy, the modula-
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tion frequencies are chosen near the resonance frequency of
the acoustical resonator around 1.5 kHz. The modulated beam
passes through the photoacoustic acoustic resonator (Figure 2)
and an optical power meter terminating the beam monitors its
average power.

Photoacoustic Resonator

A U-shaped, full wavelength, plane wave, longitudinal mode
photoacoustic resonator (Figure 2) is commonly used to mea-
sure aerosol optical properties (Arnott et al. 1999; Moosmiiller
et al. 2009). The microphone and piezoelectric transducer are
located at pressure antinodes with resonator holes located at
pressure nodes to allow for sample air and laser beams to enter
and exit. A critical orifice is used to set the sample flow rate
and to exclude pump noise from the instrument. To be able to
sample from a plenum at pressure substantially lower than am-
bient, a pressure equilibration capillary keeps both sides of the
condenser microphone at identical static pressure, thereby as-
suring constant microphone sensitivity independent of sample
pressure. A scattering sensor in the middle part of the resonator
allows for reciprocal nephelometer measurements of aerosol
light scattering (Abu-Rahmah et al. 2006). A Helmholtz res-
onator is used as a side branch of the sample inlet to reflect
low frequency sound from the inlet and detuning tubes act as
band stop filters at the operating frequency to reflect unwanted
sound from the coupling regions away from the main resonator
region, especially coherent sounds created by light absorption
of particles on the resonator window. The piezoelectric trans-
ducer is used periodically to determine the resonator resonance
frequency and quality factor needed for data analysis, and to de-
termine the peak acoustic pressure at resonance. The production
of sound by the photoacoustic method occurs in the horizontal
part of the resonator section where the laser beam overlaps with
sample air near and at the pressure anti-node located at the cen-
ter of this section. Multiple laser beams can be overlapped with
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FIG. 1. Schematic diagram of the photoacoustic system, including tunable diode laser, chopper, photoacoustic resonator with microphone and piezoelectric
transducer, photodetector, two lock-in amplifiers, and personal computer (PC). Both wavelength modulation (WM) and power modulation (PM) of the laser light

are used for lock-in detection of the absorption signals.
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FIG. 2. Schematic diagram of the photoacoustic resonator including microphone and mounting surrounds, scattering detector, piezoelectric transducer, laser,

and photo-detector.

dichroic beam splitters to simultaneously measure absorption at
multiple wavelengths (Lewis et al. 2008).

Signal Detection and Analysis

The photoacoustic system can be used with simultaneous
power modulation (PM) and wavelength modulation (WM)
of the laser beam or with just a single type of modulation.
If only one type of modulation is used, the modulation fre-

quency is set to the resonance frequency of the acoustic res-
onator (1500 Hz), while for simultaneous PM and WM mod-
ulation somewhat different (Av = 10 Hz) modulation frequen-
cies within the resonance band of the acoustic resonator are
used. Phase sensitive detection of the PM and/or WM signals
is achieved by processing the microphone signal with two lock-
in amplifiers in parallel (Figure 1), each locked to one of the
modulation frequencies. This arrangement allows for simulta-
neous measurement of photoacoustic PM and WM spectra. PM
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FIG. 3. Simultaneously measured PM (upper spectrum) and WM (lower spectrum) photoacoustic soot aerosol absorption spectra. Details are shown on the right

for two oxygen lines.
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FIG. 4. Photoacoustic aerosol absorption spectra of particle-free air (lower spectrum) and of soot aerosol (upper spectrum).

spectra show absorption from both aerosol and the oxygen A-
band lines while WM spectra show a derivative spectrum (Schilt
and Thévenaz 2006) of the narrow oxygen A-band lines with
no signal from aerosol absorption due to its weak wavelength
dependence.
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RESULTS AND DISCUSSION

Soot aerosol from a soot-producing kerosene lamp (Sheri-
dan et al. 2005) was drawn into the photoacoustic resonator
with a pump. This pump was turned off to assure stable and
slowly decaying aerosol concentration and light absorption in
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FIG. 5. Comparison of the calibrated absorption measurement (solid line) with the baseline adjusted theoretical oxygen spectrum (dashed line).
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FIG. 6. Illustration of the calibration technique. The known peak absorption of the oxygen lines above the aerosol absorption baseline is used to calibrate the

aerosol absorption.

the resonator and PM and WM spectra were simultaneously
recorded while scanning the tunable diode laser from ~760 nm
to &~770 nm. A spectrum of the complete scan and an enlarged
detail including two oxygen lines are shown as lock-in ampli-
fier x-output voltage (i.e., in phase with modulation) versus laser
wavelength in Figure 3.

The WM spectrum consists of a =0 V baseline and the deriva-
tive of the oxygen absorption lines, typical for 1st harmonic
WM spectroscopy. The WM spectrum is not influenced by the
introduction of strongly absorbing aerosol as the soot aerosol
absorption is inversely proportional to wavelength (Sheridan et
al. 2005) and has no strongly wavelength dependent features
within the scanning range. In contrast, the PM spectrum is a
measure of the total absorption, the sum of absorption from
soot particles and oxygen lines as demonstrated in Figure 4
with a spectrum of particle-free air and a spectrum of soot
aerosol. The height of the elevated baseline is proportional to
the soot absorption coefficient and the peaks above the baseline
record the strongly wavelength dependent oxygen absorption.
The slow decay of the elevated baselines in Figures 3 and 4
is due to the slowly decaying aerosol concentration during the
1000 s scan.

To calibrate the photoacoustic measurement of aerosol ab-
sorption, the oxygen A-band absorption spectrum is calculated
for appropriate temperature, pressure, natural isotope ratios,
and ambient oxygen concentration with the Linepak algo-
rithm (Gordley et al. 1994) utilizing the 2004 HITRAN
database (Rothman et al. 2005). The resulting theoretical oxy-
gen spectrum shows excellent agreement with the photoacoustic

measurement (Figure 5) after addition of the aerosol absorption
baseline, a cubic-spline linearization of the diode laser wave-
length scale to account for its offsets and nonlinearities, and the
introduction of the oxygen-based calibration factor that converts
the signal units of the photoacoustic absorption measurement
(e.g., V) to a unit of the absorption coefficient (e.g., m™).

This fit obtains the absolute calibration of photoacoustic
aerosol absorption measurements from the well-known line
strength (or height) of the oxygen A-band absorption lines as
illustrated in Figure 6.

Using diluted combustion aerosol instead of ambient air for
calibration raises the question of how much of the oxygen con-
tent has been reduced from ambient values. Using fuel-based
emission factors for soot absorption cross-section emitted by
a kerosene lamp (Chen et al. 2007), we estimate that the oxy-
gen concentration in the strongly absorbing aerosol used for
calibration has been reduced by less than 0.1% from ambient
values. Another potential concern is the fact that the calibration
measurements presented here utilize oxygen lines absorption
coefficients of ~0.02 m™!, comparable with absorption coeffi-
cients encountered in combustion emissions (Chen et al. 2006),
but much larger than those in the ambient atmosphere (Horvath
1993). However, photoacoustic instruments are extremely linear
over a large dynamic range and previous calibration methods
(Arnott et al. 2000) have used even larger absorption coeffi-
cients (i.e., ~0.15 m™!) while demonstrating that the influence
of non-linearity is minimal (Lack et al. 2006). In addition, much
weaker oxygen A-band absorption lines are readily available,
especially when the absorption lines of the naturally occurring
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isotopologues of the oxygen molecule are taken into account
(Robichaud 2008; Rothman et al. 2009).

While laboratory calibration has been achieved solely with
PM, if fast changes of aerosol light absorption are encountered
during a calibration, WM would not be influenced by these
changes and a calibration could still be performed. In addition,
it can be convenient to temporarily lock the laser wavelength to
the zero crossing of the WM signal at the peak absorption of
an oxygen line and to measure the peak height of this line with
PM.

SUMMARY

A novel calibration for photoacoustic aerosol absorption
measurements utilizes the well-characterized A-band absorp-
tion lines of ubiquitous molecular oxygen for the absolute cal-
ibration of aerosol absorption. This technique is much more
practical, especially in a field environment, than previous pro-
cedures using toxic calibration gases such as nitrogen dioxide or
well characterized aerosols. For example, even during a research
flight, the instrument calibration can be checked or redone at any
time by tuning the laser from a wavelength between the oxy-
gen lines that is used for aerosol absorption measurements to
an oxygen line of well-known strength that serves as calibration
standard. Within the earth’s atmosphere, oxygen is readily avail-
able without need for pressurized gases or difficult-to-prepare
calibration aerosols.
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