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TECHNICAL PAPER

Methods for Real-Time, In Situ Measurement of
Aerosol Light Absorption

ABSTRACT
Light extinction by aerosols is due to scattering and ab-
sorption. The anthropogenic contribution is generally
dominated by light scattering by sulfate particles and
light absorption by elemental carbon. While real-time,
in situ instrumentation for the measurement of ambi-
ent light scattering exists and is widely used (i.e.,
nephelometers), no such instrumentation is currently
in use for the sensitive measurement of ambient light
absorption by aerosols.

Instrumentation for this purpose has been developed
in the past, mostly for the measurement of gaseous light
absorption, but it has also been applied to the measure-
ment of aerosol light absorption. This instrumentation is
based on measuring the absorbed energy, as opposed to
measuring light extinction, which is complicated by the
scattering component and is also less sensitive. For aero-
sols, the absorbed energy heats the gas, leading to its ther-
mal expansion. The two most sensitive techniques to
detect this expansion are photoacoustic detection, in
which the light source is modulated and the periodic ex-
pansion of the gas results in a sound wave at the modula-
tion frequency, which may be detected with a micro-
phone; and optical homodyne interferometry, in which
the changed gas density is detected with a Mach-Zehnder
type interferometer via the directly related change in re-
fractive index.

This article reviews the current state of both
photoacoustic and interferometric detection methods. In
addition, new ideas are discussed that are currently

implemented by our group and should lead to substan-
tial improvements. Size and reliability are being improved
by utilizing modern, compact solid state lasers. New de-
signs both for the photoacoustic cell and the interferom-
eter promise to be less susceptible to acoustic background
noise. In the case of the photoacoustic cell, the new de-
sign also virtually eliminates the previously dominant
noise source, coherent window noise. Furthermore, an
acoustic amplifier, based on the thermoacoustic effect, is
being integrated into the photoacoustic cell to further
improve its sensitivity.

INTRODUCTION
The absorption of visible light by aerosol particles has been
identified as a significant component of light extinction
in many locations, and hence is an issue of importance in
understanding visibility degradation. Because the same
input wavelength spectrum is involved, light absorption
by aerosols is also an issue in quantifying the important
terms on the input side of the earth’s radiation balance.
The total extinction of light passing through the atmo-
sphere is usually regarded as the sum of scattering and
absorption, both by particles and by gases. For each com-
ponent of extinction, a simple Beer’s Law expression of-
ten applies: I/IO = exp (−ρσl) where IO and I are the inci-
dent and emerging light irradiance, and l is the geomet-
ric pathlength. The mass concentration of the absorbing
or scattering species is given by ρ, and σ is the specific
absorption or scattering coefficient, usually expressed in
m2/g. It is usually possible to compute a total extinction σ
as the sum of the individual values from each scattering
or absorbing species. The product ρσ is often labeled as α,
an absorption, scattering, or extinction coefficient with
dimensions of inverse length. The significance of a given
species can be evaluated if the corresponding value of α
attributed to it is known and compared to that of other
species, or to the total extinction coefficient.

Black carbon is the dominant visible light-absorb-
ing particulate species in the troposphere and usually
results from anthropogenic combustion sources. It is
usually found in the nucleation or accumulation mode
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IMPLICATIONS
Light absorption by aerosols is an important component
of atmospheric light extinction, which influences both ra-
diative energy transfer and visibility in the atmosphere. This
paper reviews the development of optical methods capable
of both real-time and in situ measurement of aerosol light
absorption. Such instrumentation has the potential for both
calibration and replacement of conventional filter-based
measurements.
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for particles well under 1 µm in equivalent dimensions
(i.e., if chain aggregates were consolidated into a single
sphere). Mass loadings range from a few ng/m3 in remote
pristine regions or over oceans distant from land, to a
fraction of a µg/m3 in rural regions of the continents, and
exceed 1 µg/m3 in many cities.1,2

The effects of black carbon on visibility are impor-
tant, even in some rural and remote regions, because of
two factors:  its specific absorption coefficient is approxi-
mately 10 m2/g, which is high with respect to other light-
absorbing species, and is a factor of two or more greater
than the specific scattering efficiencies of many atmo-
spherically-relevant species; and it is often present in mass
concentrations comparable to other species, or at least in
concentrations significant with respect to them.

At rural sites α abs (the absorption coefficient) may be
less than 10-5 m-1 while for example in Los Angeles sum-
mer smog, α abs may approach 10-4 m-1. Horvath3 evalu-
ated the total extinction coefficient at a number of re-
mote sites and found that it rarely falls below 10-5 m-1,
and absorption often contributes 10% or more of that
amount. Proximity to sources, as in the Phoenix winter
haze data of Watson et al.,4 raises both the absolute and
relative importance of black carbon. Note that there is
also a scattering component of extinction resulting from
black carbon particles, but that it is usually much less than
the absorption term. To further put these values into per-
spective, one can apply the approximate Koschmieder
relationship “visibility,” V:V = 3.9/α ext, is the extinction
coefficient. Raising the extinction coefficient from 10-5

m-1 to 10-4 m-1 thus changes this measure of visibility from
390 to 39 km; 390 km is about the maximum allowable
by the Rayleigh scattering of gases alone, while 39 km is
typical of rural areas in Europe.3

COMPARISON OF OPTICAL ABSORPTION
MEASUREMENT METHODS

Filter Attenuation Monitoring Systems

Filter systems, such as the integrating plate5 or the
aethalometer,6 provide a relatively simple but indirect
method of measuring optical particle absorption. Air is
drawn through a filter, with the aerosol accumulating on
the filter. The integrating plate method measures the op-
tical attenuation of the filter before and after the sam-
pling, while the aethalometer monitors the attenuation
in real time. The concentration of aerosol on the filter
yields good sensitivity. A measurement of the light inten-
sity to 3 x 10-4, together with a filtering velocity of 5 m/s,
corresponds to a sensitivity of 10-5 m-1 for a sampling time
of 6 seconds. Longer sampling times yield proportionally
higher sensitivities. Disadvantages of these methods

include the change of physical aerosol characteristics due
to the sampling process on the filter and the interaction
of scattering and absorption properties of both the con-
centrated aerosol and the filter. Clarke et al.7 compared
several integrating plate and sandwich configurations and
an integrating sphere, with all devices sampling identical
laboratory test soot aerosols. The results confirm the gen-
eral understanding that integrating plate measurements
overestimate absorption by about 30%, unless corrected
by accounting for backscattering. Addition of a neutral
density filter to the integrating plate was found to reduce,
but not entirely eliminate, this bias. A direct method of
measuring the absorption of suspended aerosol is clearly
needed to calibrate the filter methods.8,9

Attenuation and Scattering Measurement

The measurement of optical extinction over a long path
(typical 5 km) is routinely used to monitor visibility.10 The
method is sensitive enough to measure the extinction due
to Rayleigh scattering (i.e., 10-5 m-1). The measured attenu-
ation is due to the sum of absorption and light scattering,
making it necessary to subtract the scattering contribu-
tion. Instruments to measure this contribution (i.e., inte-
grating nephelometers) yield a local value, while the at-
tenuation is a path-integrated value over several kilo-
meters. Depending on the homogeneity of the atmo-
sphere, the subtraction of a local value from a path-
integrated value may lead to large systematic errors,
making this approach useless for the determination of
optical absorption.

Measurement of the Absorbed Energy

To quantify a weak optical absorption, it is generally pref-
erable to measure the absorbed energy, as opposed to
measuring a small change in the intensity of the trans-
mitted beam. This way, a large background signal can be
avoided and the subtraction of the scattering contribu-
tion from the attenuation becomes unnecessary.

Depending on the experimental conditions, the ab-
sorbed energy can take different forms. For single atoms
or molecules (low pressure gas) the absorbed light is gen-
erally re-emitted as fluorescence, which can be detected
with high sensitivity. In some cases this makes the detec-
tion of single atoms possible. At atmospheric pressure and
for most solids (such as aerosolparticles), the fluorescence
is severely quenched due to the interaction with neigh-
boring molecules, and the energy is transferred into rota-
tional, vibrational, and translational degrees of freedom
of the sample; in other words, the sample is heated. In
the case of a gas, or of particles suspended in a gas, the
increased gas temperature leads to thermal expansion of
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the gas. The two most sensitive techniques to detect this
expansion are optical homodyne interferometry, in which
the changed gas density is detected with a Mach-Zehnder
type interferometer via the directly related change in re-
fractive index;11 and photoacoustic detection, in which
the light source is modulated and the periodical expan-
sion of the gas results in a sound wave at the modulation
frequency, which may be detected with a microphone.12

These techniques are discussed in the following sec-
tion, together with their advantages and shortcomings
in respect to the measurement of small optical aerosol
absorption.

MEASUREMENT INSTRUMENTATION

The instruments currently under development at DRI con-
sist of four basic parts (Figure 1):  (i) The light source com-
plete with modulation; (ii) the detection system with
sample, which converts the absorbed optical energy into
an electrical signal; (iii) electronic, phase-sensitive detec-
tion; (iv) the automatic data-acquisition and system con-
trol unit; and (v) the system enclosure, which isolates the
system from external noise and vibrations. Parts (i), (iii),
(iv), and (v) are common to both systems under develop-
ment and to conventional photoacoustic detection sys-
tems. These parts and their improvement over previous
implementations are discussed in this section. The two
detection systems are discussed in separate sections.

Light source. To avoid gaseous absorption by standard at-
mospheric gases, the light source must have a limited spec-
tral bandwidth no larger than 10-100 nm, depending on
the spectral region. It must also provide high power out-
put that can be directed through the detection region.
These requirements are equivalent to the need for a high
spectral radiance. As the spectral radiance of lasers is many
orders of magnitude higher than that of conventional light

sources, lasers are preferable as light sources. Potentially
usable cw laser systems include the following types. Ar-
gon-ion and helium-neon lasers have a gaseous gain me-
dium and emit narrow-band radiation at one or multiple
wavelengths. Nd-Yag and doubled Nd-Yag lasers are mod-
ern solid state devices, pumped by diode lasers. They emit
narrow-band radiation at one wavelength. Diode lasers
are also modern solid state devices, whose emission wave-
length is determined by the material and doping level
used in the manufacturing process. Their wavelength can
also be temperature-tuned. A tuning coefficient of 0.3 nm/K,
together with a temperature range of 50 K, results in a
typical tuning range of 15 nm. For single-mode lasers,
the linewidth is quite small, while high power multi-mode
lasers can have linewidths of up to a few nanometers.

The single most important criterion in the laser se-
lection is avoidance of gaseous atmospheric absorption.
The results of a calculation (Lowtran) of the gaseous ab-
sorption of typical tropospheric air as a function of wave-
length is shown in Figure 2. Some available laser wave-
lengths have been superimposed. Other important laser
properties are the availability of internal power modula-
tion and the maximum analog modulation frequency,
the typical laser “mean time between failures” (MTBF),
and, of course, the price. Internal intensity modulation
can greatly enhance a photoacoustic system, as a me-
chanical chopper does not have to be used. Mechanical
choppers generate a coherent acoustical signal which is
difficult to discriminate.

The most promising lasers are the InGaAlP diode
laser at 670 nm, the GaAlAs diode laser at  860 nm, and

Figure 1. Schematic diagram of the measurement system.

Figure 2. Typical absorption spectrum of tropospheric air with laser
wavelengths superimposed.
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the doubled Nd-Yag laser at 532 nm. Our work started
with an existing argon-ion laser, which will soon be re-
placed by one of the modern solid state lasers. These la-
sers are much more compact and efficient, and have an
MTBF one to two orders of magnitude longer than ion
lasers.
Electronic phase-sensitive detection. The conventional choice
for electronic phase-sensitive signal detection is a lock-in
amplifier, which implements phase-sensitive detection for
a single frequency. Recently, digital lock-in amplifiers have
become commercially available. Their advantages include
higher dynamic reserve and inherently greater stability
for detecting weak signals. In addition to the digital lock-
in amplifier, we use a Fourier transform spectrum ana-
lyzer. When it is operated in a vector averaging mode,
one may think of this instrument as an array of lock-in
amplifiers operating on adjacent frequencies. While our
system is modulated by a single sine wave, the  detection
of adjacent frequencies allows for continuous moni-
toring of incoherent background noise and for lock-
ing the modulation frequency to the resonance of the
photoacoustic system.

Automatic data-acquisition. A personal computer collects
data and controls the experiment via an IEEE-488 bus.
This personal computer is also used for the data analysis.

System enclosure. Incoherent background noise and vibra-
tions can reduce system performance and should there-
fore be reduced as much as possible, especially for field
operations. External acoustic noise is reduced by enclos-
ing the system with an acoustical barrier. Lining the en-
closure with acoustical foam absorbs residual noise. The
laser is located outside the enclosure to avoid thermal
heating.

OPTICAL HOMODYNE INTERFEROMETRIC
DETECTION

The interferometric measurement of the refractive index
change due to the absorption of an exciting laser beam
has been used for about a decade for sensitive detection
of trace gases.

11,13-16
 The demonstrated sensitivity limit of

these systems is around 10-8 m-1
 in terms of measurable

absorption.
13,16

 One of these systems has also been used
for the detection of aerosol absorption.

17,18
 Due to the use

of a CO2 laser, the wavelength of the absorbed light was
limited to the region between 9 and 11 µm, where the
interference from trace gases is problematic. However,
even these preliminary studies have obtained a sensitiv-
ity limit of about 10-6 m-1.

The absorption of a laser beam by aerosols or gases in
the beam path causes the air to expand, which in turn

changes the local refractive index. The standard instru-
ment for measuring the refractive index is the Mach-
Zehnder interferometer (Figure 3), which was specifically
developed for this purpose.19,20 This instrument uses a col-
limated beam of light, such as a probe laser beam, and
splits it into two beams of equal intensity with a partially
reflecting mirror (beamsplitter). One of these beams
traverses the measurement volume, while the other pro-
vides a reference volume. Finally the two beams are re-
united with a second beamsplitter, resulting in two out-
put beams which may be detected with photodiodes. If
the optical path difference between the two arms equals
an add multiple of λ/4, with λ being the wave length, both
photodiodes receive the same amount of light and their
outputs subtract to zero. Any change of refractive index
in one of the interferometer arms (such as the change
induced by the absorption of the exciting laser) destroys
this balance and leads to a net output current after sub-
traction. This output current is, in first order, proportional
to the optical absorption. To achieve the maximum sig-
nal, the exciting laser beam size should be closely matched
with that of the probe laser, and the laser beams should
be overlapped over the whole length of one interferom-
eter arm. As shown in Figure 3 this can be done, for ex-
ample, with the help of a dichroic coating on the first
beamsplitter.

The following detailed discussion of the interferomet-
ric detection method will be divided in three parts. In
part (a), the change of the refractive index for a typical
experimental arrangement is estimated as a function of
absorption coefficient. Part (b) describes both the basic
version and a novel vibration insensitive version of
the Mach-Zehnder interferometer and calculates its de-
tection limit; part (c) consists of a discussion of the
relative merits of interferometric versus standard

Figure 3. Optical homodyne interferometer for the measurement of
aerosol light absorption.
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photoacoustic detection.

(a) Change in refractive index due to absorption of the exciting
laser beam. Assume that the exciting laser has a power of
Pe and a beam cross-section A. When it passes through a
sample with an absorption coefficient α over a length l,
with αl << 1, the power Pabs = Pe αl is absorbed in the
sample. Under atmospheric pressure all of this power is
transferred into heating the sample, raising the sample
temperature by ∆T over a time δt with

∆T=
P

A C
te

p

α
ρ

δ (1)

where Cp and ρ are isobaric heat capacity per unit mass
and density of the sample, respectively. If the exciting
laser power is modulated sinusoidally at frequency ω
and the thermal conduction time is greater than ω-1,
the sample temperature is modulated around its equi-
librium temperature T, with an amplitude ∆T corre-
sponding to the absorption of one half-cycle of the
modulation; i.e., δt =  π/ω, and ∆T may be written as

∆T=
P

A C
 e

p

α
ρ

π
ω (2)

This temperature amplitude ∆T is related to the ampli-
tude of the refractive index ∆n by13

∆
∆

n = (n - 1)
T

T
(3)

where T is the equilibrium temperature in Kelvin, and ∆n
may be written as

∆n=(n - 1)
P

A C T
e

p

π α
ρ ω (4)

Typical values of the parameters are:

n - 1 = 2.73 10-4

Pe = 0.5 W
α = 10-7 m-1

A = 3 x 10-6 m2

ρ = 1.2 kg/m3

Cp = 1 kJ/(kg K)
T = 300 K
ω = 2π(100 s-1).

To detect an absorption coefficient of 10-7 m-1, which cor-
responds to an improvement of nearly two orders of mag-
nitude over conventional photoacoustic systems,21 the

proposed interferometric detection has to be able to de-
tect a temperature amplitude of 70 nK or the correspond-
ing change in refractive index of 6 x 10-14.

(b) Interferometric detection of the change in refractive index.
The change in the refractive index is detected with a two-
path interferometer, the Mach-Zehnder, as shown in Fig-
ure 3. The beam of the probe laser is split into two beams
of equal power (P = P0/2) by a 50% beamsplitter. After
reflection on one mirror each, the two beams are reunited
on the second 50% beamsplitter, resulting in two output
beams with powers P1 and P2. The power of these beams
is detected with two photodiodes and may be written as

1 0
2

2 0
2

P = P
2

P = P
2

sin

cos

∆Φ

∆Φ
(5)

with P0 = P1 + P2. The phase difference ∆Φ is the sum of
the static phase difference ∆Φ0 and the induced phase
difference ∆Φi

∆Φ ∆ Φ ∆ Φ= +0 i (6)

with ∆Φ0 corresponding to the length difference ∆l be-
tween the two interferometer arms

∆ Φ ∆
0

Probe

=
2 nπ
λ

l
(7)

and ∆Φi corresponding to the induced change in refrac-
tive index ∆l

∆ Φ ∆
i

Probe

=
2 nπ
λ

l
(8)

The static phase difference can be maintained for maxi-
mum sensitivity (i.e., ∆Φ0 = π/2) by means of an electronic
feedback loop that corrects for any slow (i.e., thermal)
changes in differential path length using a piezo-mounted
mirror, for example. At ∆Φ0 = π/2, an induced phase change
of ∆Φi results in a change in output powers P1 and P2 of

∆P 1 = − ∆P 2 =
P 0

2
∆Φ

i
(9)

for ∆Φi << π/2. The difference between the power detected
in diode 1 and 2, ∆P, is therefore

∆ ∆ ΦP = P0 i (10)
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For shot noise limited detection, the signal-to-noise ratio
of the photo current may be written as

SNR=
P

hc f
Probe 0

i

η λ
∆

∆ Φ (11)

where h c/λ
Probe

 is the photon energy of the probe laser
and h, c, ∆f, and η are Planck’s constant, speed of light,
detection bandwidth, and detector quantum efficiency,
respectively. For an SNR of 1, the minimum detectable
change of the refractive index in one arm of the interfer-
ometer may be written as

∆
∆

n =
1

2

hc f

P0π
λ

ηl
(12)

Realistic values of l = 0.1 m, η = 0.3, and ∆f = 1 s-1 yield a
minimum detectable ∆n of ∆nmin = 3 x 10

-14
, about a fac-

tor of two better than required in section (a). This ∆nmin

corresponds to a detection limit for the absorption coeffi-
cient of α

min

 
= 5 x 10-8 m-1, which is equivalent to an im-

provement of two orders of magnitude over the conven-
tional photoacoustic method.

While eqs 2, 4, and 12 indicate that the smallest de-
tectable absorption is proportional to the modulation fre-
quency, thus recommending low-frequency operation, the
experimental reality looks somewhat different. Electronic
amplifiers generally produce increased noise at frequen-
cies below roughly 10 s-1. Incoherent background noise
usually has an 1/f intensity distribution, favoring high
frequency operation. In practice, operation with a modu-
lation frequency of about 100 s-1 results in a good com-
promise, with the signal-to-noise ratio approaching the
shot noise limit.

Theoretical sensitivity calculations based on quantum
limits can be utterly worthless, since practical instruments
are often several orders of magnitude less sensitive. How-
ever, for the calculations done in this section, this is gen-
erally not the case. Two-beam interferometers routinely
approach their quantum limit; even complicated setups
get within a factor of three of their quantum limit.11

An important disadvantage of conventional Mach-
Zehnder interferometers is their sensitivity to vibrations.
Movements of the optical components have to be re-
strained to much less than the probe laser wavelength
(i.e., to a few nanometers) to achieve stable operation.
Especially for field measurements, this goal often is im-
possible to achieve. Therefore, we have designed and built
a novel configuration of the Mach-Zehnder interferom-
eter which is largely insensitive to vibrations (Figure 4)22.

This interferometer consists of only two optical elements.
Any change of distance or angle between these two ele-
ments changes the optical path for both beams by ex-
actly the same amount. Therefore, the change in path
difference is zero and the interference is not effected by
vibration. In addition, the distance between the two probe
beams can easily and continuously be adjusted to mini-
mize effects of sample inhomogeneities in time and space.

(c) Relative merits of interferometric versus conventional
photoacoustic detection. In comparing interferometric de-
tection methods with conventional photoacoustic detec-
tion methods, it must be kept in mind that an interfero-
metric system is more sophisticated, requiring a more
complex optical setup. This increased complexity, together
with the vibration sensitivity of two-beam interferometers,
has made them largely impractical for field use. However,
the novel vibration insensitive interferometer described
in this article should help to improve this situation.
Among the advantages of interferometric detection over
conventional photoacoustic detection are that it is more
sensitive by two orders of magnitude; its capability for
true in situ measurement, without sampling; the imple-
mentation of purely optical detection without the need
for mechanical transducers (microphones) that are influ-
enced by humidity and temperature; and its flexibility in
allowing one to freely choose the modulation frequency
(i.e., 0-50 kHz). Any resonant photoacoustic system is lim-
ited to modulation at the resonance frequency of its acous-
tical cavity. The free choice of modulation frequency in
an interferometric system makes it possible to avoid peaks
in background noise and vibrations, and allows for some
size discrimination in aerosol detection.23,24

Figure 4. Stable interferometer for the differential measurement of
refractive indices.

l
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THERMOACOUSTICALLY-ENHANCED
PHOTOACOUSTIC DETECTION

The photoacoustic effect has been known since the late
nineteenth century as a result of pioneering work by Bell,
Tyndall, and Röntgen.25 New developments  in light
sources (i.e., lasers) and in microphonics have led to a
renewed interest in photoacoustic detection.

Advancements are being made in state-of-the-art
photoacoustic detection by designing and constructing
an acoustical resonator with an adjustable resonance qual-
ity factor. The resonator design takes advantage of recent
progress in the allied field of thermoacoustics.26 Standard
photoacoustic detection is discussed first with an empha-
sis on aerosol measurement. Then thermoacoustically-
enhanced photoacoustic spectroscopy is presented, and
the motivation for using such a system is given.

A laser beam, acoustical resonator, beam chopper, and
microphone are used in standard photoacoustic detection.
Light-absorbing gases or particles are placed in the reso-
nator. The laser beam power is modulated at the resonance
frequency of the chamber. Sound produced on account
of light absorption, heating of the ambient gas, and sub-
sequent pressure fluctuations contributes to a standing
acoustical wave in the resonator. One of the earliest mod-
ern systems was investigated by Dewey et al.27 Others have
used nonresonant acoustic cells as well.28,29

Figure 5A, minus the intraresonator plates used for
thermoacoustic enhancement, aids in the discussion of
standard photoacoustic detection. The first radial reso-
nance in this cell has a pressure amplitude on the cell
axis (i.e., at the microphone location) of

p =  P Q
C
cL

L
2R

+0.390

2

α 

















(13)

where α is the optical absorption coefficient of the aero-
sol laden air, P0 is the power of the laser beam entering
and exiting at the cell nodes, Q is the quality factor of the
cell, C is a constant with C = 0.25 for air, c is the ambient
sound speed, and R and L are radius and length of the
cylindrical cell, respectively. Gas-aerosol spectroscopy is
possible since the induced pressure depends directly on
the optical absorption coefficient α. Two obvious ways
of increasing the pressure amplitude are to use a laser
beam with high power (P) or a resonator with high
quality factor (Q).30

Practical problems in photoacoustic detection include
the following. First, argon-ion lasers are often used.21  They
are both power-hungry and bulky. Second, photoacoustic

absorption at the windows is a source of noise coherent
with the desired signal and thus cannot be removed by
signal averaging. The window problem can be reduced by
placing them at pressure nodes, or by removing them al-
together.31  Third, it is often difficult to derive an accurate
theoretical model for the quality factor,21 so the
photoacoustic detection system must be calibrated using
a gas with known absorption or by using an intracell heat-
ing wire.32 The enhancement factor Q is diminished by
acoustical losses, such as viscous and thermal dissipation
at the walls,26 and to a much lesser degree by absorption
of sound in the bulk of the gas.33  Microphone membrane
flexing21 and windowless operation31 also contribute to
acoustical losses.

Figure 5A is a side view sketch of a thermoacous-
tically-enhanced photoacoustic detector. The stack of

Figure 5A-B. (A) side view of the thermoacoustically enhanced
photoacoustic resonator, and (B) top view of a plate used for thermo-
acoustic enhancement. Copper cladding is on the inner and outer
parts of the plates. Holes are for alignment and heat transfer to the
inserted rods.

(A)

(B)
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plates inside the resonator are used to control the qual-
ity factor Q. The inner portion of the plates is held at
ambient temperature, and the outer portion is heated.
Resonator Q is increased by increasing the temperature
gradient along the plates. The basic principle of opera-
tion was recently explored by Swift26 and by Arnott et
al.34 In fact, the value of Q can be raised to infinity, and
even made negative, so that sound is produced in the
resonator; however, for photoacoustic detection the sys-
tem is operated below this threshold. Figure 5B gives a
top view of a single plate showing the copper cladding
used for efficient heat exchange. The holes shown are
filled with alignment and heat exchange rods, which
maintain the inner portions of the plates at ambient tem-
perature. One of the rods is equipped with temperature
sensing elements to monitor temperature uniformity. The
resonator wall temperature is also monitored and con-
trolled with a thermostat.

Referring to eq 13, a resonator with a high Q will re-
sult in a large photoacoustic signal. Tam30 lists acoustic
resonator amplification as an important method for op-
timizing photoacoustics signals, and suggests chemi-
cal amplification of the acoustic wave as a possible
mechanism. Thermoacoustic amplification is much
easier to apply and is controllable over a wide range of
operating parameters by simply applying a tempera-
ture gradient along the plates.

Figure 6 shows theoretical signal-to-noise ratio (SNR)
as a function of the electronic phase sensitive detector
time constant, TLi, and frequency bandwidth 5/(64 TLi).
This calculation assumes Gaussian acoustic noise. Dif-
ferent curves correspond to different resonator values of
Q (and hence to different bandwidths ∆f = f0/Q and

resonator time constants tres

 

= Q/(πf0)) that have been reli-
ably achieved in preliminary measurements. For an elec-
tronic time constant TLi much smaller than the resonator
time constant tres (i.e., TLi << tres), the signal-to-noise ratio
becomes proportional to the square root of the resonator
time constant (i.e., SNR ∝ (tres)

0.5). The thermoacoustically-
enhanced resonator can be viewed as an adjustable ana-
log filter with a frequency bandwidth of ∆f around the
resonance frequency f0, which provides amplification
Q and discrimination against Gaussian acoustic noise
as SNR ∝ (Q/(πf0))0.5.

The main purposes of thermoacoustically-enhanced
photoacoustic detection is to increase the lower limit of
light absorption sensitivity and to overcome the calibra-
tion drift difficulties associated with acoustic resonators.26

Specific advantages of the system are as follows. Higher Q
allows for use of simple laser diodes as the light source;
the system can be designed so that the change of Q with
changing atmospheric conditions (such as temperature,
gas composition, pressure, etc.) is minimized; and
thermoacoustic enhancement can raise the Q of the cho-
sen radial mode and in general lowers the Q of other reso-
nator modes, such as higher radial, azimuthal, and longi-
tudinal modes. Interfering, high Q, longitudinal modes
can be a problem in windowless operation.31

The precise numerical design of a thermoacous-
tically-enhanced resonator uses the following steps.34

A radial resonant frequency for operation at low am-
bient noise is chosen. This determines a nominal reso-
nator radius and length. The spacing between plates is
roughly determined by the thermal boundary layer
thickness.34,35 A nominal operating Q and an accept-
able sensitivity of it to environmental parameters are
chosen. A nominal acceptable temperature difference
TH - TA is chosen. This information is fed into a nu-
merical analysis program that determines the inner and
outer diameters of the plates, and the plate spacing. A
similar approach was used successfully in the design
of a longitudinal mode acoustic resonator.35

Very recent measurements36 of Q-factors and signal-
to-noise ratios of a thermoacoustically-enhanced
photoacoustic detection system have shown that Q can
be enhanced by more than two orders of magnitude,
reaching values above 104. The corresponding measured
SNR limited by broadband acoustical noise indeed im-
proves as Q1/2, as indicated by theory, resulting in more
than an order of magnitude improvement. The SNR for
other noise sources (i.e., microphone and electronic noise)
improves linearly with Q, resulting in more than two or-
ders of magnitude improvementif these noise sources are
dominant.

Figure 6. Signal-to-noise ratio for the photoacoustic system as a
function of resonator quality factor and lock-in time constant.
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SYSTEM CALIBRATION

A reference absorbing aerosol can be generated by the wet
or dry dispersion of readily available carbon black pow-
ders that have already been size-classified to some extent.
The initial experiments in this study utilized carbon black
particles with an average diameter of 0.47 µm (diameter
range 0.02-0.9 µm). Deagglomeration and injection of the
powder is accomplished by passing milligram amounts
through the velocity shear zone in a spiral tube (Figure
7), a method first described by Fuchs and Murashkevich.37

This method is technologically simple, but further devel-
opment is underway in order to improve the
deagglomeration efficiency. Nebulization of particles sus-
pended in water or other carrier solvents is also being in-
vestigated (e.g., Clarke et al.7). As long as singlet or short-
chain aggregates are output, the absorption cross-section
of the test aerosol particles can be calculated.38,39 The mass-
size distribution of this or any test particle distribution
can be determined from electron microscopy analyses.
This allows mass concentration measurements of the aero-
sol to be converted first into the total mass in any size
bin, and then into the integrated total absorption cross-
section of the test aerosol, given the index of refraction at
the appropriate illumination wavelength.

The photoacoustic system can also be calibrated by
substituting an ohmic heating wire for the absorption of
the laser beam. A thin heating wire is placed along the
optical axis to release precisely known amounts of ther-
mal energy. Similar methods are well established for NIST
traceable d.c. calibration of laser power meters, for ex-
ample. They have also been used for the a.c. calibration
of photoacoustic cells.32 However, this method cannot be
used directly for the interferometric detection, the over-
lap integral between the two laser beams is not included;

cross-calibration via the photoacoustic method is a possi-
bility, though.

Any calibration method has potential for systematic
errors that may be completely unexpected. The imple-
mentation and comparison of at least two independent
calibration methods is therefore highly beneficial.
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