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Occasionally, the history of science is marked by the
rediscovery of forgotten knowledge or techniques. This
was the case for photoacoustic spectroscopy, a technique
first studied by Alexander Graham Bell in 1881. Al-
though work continued for more than a decade, the na-
ture of the photoacoustic effect was never correctly
understood. After this burst of scientific activity, the sub-
ject was put aside for more than 50 years until it was
revived by work in Germany and at the Johns Hopkins
medical facilities to measure the concentration of anes-
thetic gases in surgery.

Another 20 years passed before photoacoustic spectros-
copy was revived as a way to investigate the properties
of opaque solids. Independently, John G. Parker at
APL' and Alan Rosencwaig at Bell Laboratories®
rediscovered the effect. At that time, Parker was study-
ing the acoustic properties of gases by means of an
acoustic resonance technique. He found that the win-
dow of his resonance tube absorbed the intensity-
modulated light that he used as a source of acoustic ener-
gy. The absorption produced an acoustic signal that con-
taminated his measurements of the gas properties. Parker
offered a theoretical explanation correctly describing the
nature of the photoacoustic effect in the glass window.

Rosencwaig’s explanation paralleled that of Parker,
but he also applied the method to the general absorp-
tion spectroscopy of opaque solids and was able to pre-
sent spectra from such specimens as rose leaves, skin,
and a variety of industrially interesting objects including
dyes and paints. The key element in his application was
the fact that thermal methods directly measured the ener-
gy absorbed by a sample material in contrast to conven-
tional spectroscopic methods, which inferred it by mea-
suring the ratio of the incident light to the light trans-
mitted through the sample. This capability of photoa-
coustic spectroscopy made it possible to obtain the
absorption spectra of opaque materals and of materials
having properties difficult to handle in optical measure-
ments.
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At the time of this rediscovery, Leonard Aamodt and
I were working on problems related to the optical and
microwave spectroscopy of solids with metastable excited
states, a class of material that had become technological-
ly important because it included solid-state phosphors
that were the basis of optically pumped solid-state lasers
such as ruby and Nd:YAG. The materials were also of
scientific interest because they included many organic
dyes and other biologically important molecules. In this
area of investigation, one missing item was knowledge
of the ways that the metastable states lost energy via non-
radiative relaxation. Details of the nonradiative processes
could be inferred from radiative processes in materials
with convenient optical transitions to the metastable
states, but the information was often limited. For materi-
als with no convenient optical transitions, little informa-
tion about the system could be obtained.

It was in this context that we became aware of Rosenc-
waig’s work on photoacoustic spectroscopy and quickly
recognized that this method of spectroscopy provided
a new diagnostic tool for studying excited state processes
in solids since it directly measured nonradiative thermal
relaxation.

As we examined the limited amount of photoacoustic
literature available and began to assemble an experimen-
tal system, it became apparent that both theory and prac-
tice were in an extremely rudimentary state. Significant
preliminary work would be required. At that time we
also became aware of the work of Parker, who was only
a floor away from us in the APL Milton S. Eisenhower
Research Center. With the benefit of his experimental
knowledge of gas-resonance-tube acoustics, we construct-
ed several photoacoustic cells and were able to obtain
spectra of a quality comparable to that found in the liter-
ature at that time.

Those photoacoustic spectra were marginal at best and
inadequate for many important problems. A significant
improvement in the performance of photoacoustic sys-
tems was needed. We recognized that the improvement
depended on replacing the mainly phenomenological de-
scription of the photothermal effect then being used with
a more critical analysis. Furthermore, we needed to un-
derstand better how the performance of the spectrometer
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Photoacoustic spectroscopy (PAS) is a recently re-
vived tool for the study of solids.'=* It offers special
advantages over conventional spectroscopic methods
when opaque or highly scattering samples are used.
Spectra from powders, ' from biological materials,”
and from liquids have been obtained.®

The basic photoacoustic spectrometer consists of a
chopped light source and a sealed sample cell containing
a transparent gas. The cell contains a window to admit
the light and a sensitive microphone to detect pressure
changes in the gas associated with cyclical heating of
the sample by absorption of the chopped light. The
amplitudes of the pressure fluctations in the gas depend
on the incident light intensity, on the thermal properties
of the sample and the gas, and on the details of the
thermal diffusion processes responsible’* for the heat
flow to the gas.** The amplitudes of the pressure
changes for constant light absorption depend on the
phvsical size of the sample cell through the diffusion
processes and generally increase with decreasing cell
size. This dependence has been widely recognized™®"
with the result that most published P AS experiments
have used small cells. However, no systematic study of
this dependence has been made and questions persist
concerning the behavior of PAS cells whose physical
size is comparable to or less than the thermal diffusion
length in the gas. In addition, while there has been ex-
perimental confirmation® of the role thermal diffusion in
the absorbing solid plays in PAS spectroscopy, there
has not been a corresponding experimental confirmation
of the role of diffusion processes in the gas medium.

In this work, the size aspects of PAS cells have been
investigated, using a variable size cell whose dimen-
sions could be made larger or smaller than the thermal
diffusion length in the gas. The role of gas thermal
properties were determined by the use of He and N, as
working gases. The results are compared with an exten-
sion of the theory of photoacoustic signal generation.
The extension explicitly includes the size of the PAS
cell and finite thermal conductivity in the cell walls.
The agreement between experiment and theorv is zood.
The theory has been applied to the design of cells for
77 °K operation.®

EXPERIMENTAL

The photoacoustic spectrometer was a simplifed ver-
sion of one recently used to study radiationless pro-
cesses in luminescent solids at 77 °K. ™" Both time-
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depended on both specimen and experimental param-
eters.

With this as background, Aamodt and I began a com-
bined experimental/theoretical study of how the sensi-
tivity of photoacoustic systems depended on sample and
operational parameters. In the course of the work, we
began a collaboration with Parker that led to the cited
paper, the first analytical study of photoacoustic cells.
The work placed the photoacoustic effect on a firm ana-
lytical basis. It pointed to what had to be done to im-
prove photoacoustic instrumentation substantially. A
subsequent paper extended the theory to the time do-
main rather than restricting it to the frequency domain
as the original paper had.

This work allowed us to present, soon after the initial
photoacoustic publication on solids, the measurement
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averaged and time-resolved measurements of the PAS
signal were made. In for former case, the light source
was a 1 mW He-Ne laser (Metrologic 660M). The beam
was interrupted by a variable speed chopper (Laser
Precision CTX-534) and illuminated the variable length
photoacoustic cell. A General Radio electret microphone
(GR 1961), preamplifier (GR 1560-P62), and Ithaco
(393) lock-in amplifier completed the detection system.
In the latter, time-resolved, case, a Spectra-Physics
(125A) He-Ne laser (~50 mW output power) was used as
a source. The increased laser output power allowed the
time-varying PAS signal from the microphone pream-
plifier to be observed directly on an oscilloscope. The
frequency, phase, and size dependence of S;,,; S0 mea-
sured agreed with the low-power time-averaged
measurements.

A diagram of the PAS cell appears in Fig. 1. The cell
was cylindrical. A plunger P, O-ring sealed to the outer
cell wall, closed one end of the cylindrical cell. The
other end of the cell was closed by a flange F and the
electret microphone M. The cell provided for gas sub-
stitution through two small-diameter (D~0.025 cm)
inlets I. A carbon black sample was deposited directly
onto the plunger from a smoky flame, uniformly cover-
ing the entire face of the plunger. To investigate the
role thermal properties of the cell wall play in PAS
signal generation, several cells were constructed from
304 stainless steel, aluminum, and Plexiglas. In the
first two cases, optical entry to the cell was made
through a small quartz window in the cover flange. In the
Plexiglas cell, the material itself was used as a window.
Flange to plunger separations as small as 0.03 ¢m could
be reproducibly obtained. This value is taken to be the
position accuracy of the cell length reported. The
frequency dependence of the PAS signal amplitude |S;,¢!
and the phase ¢,,; was measured versus cell length for
helium and nitrogen gas.

FIG. 1. Cross section of the PAS cell. P is the plunger, M is
the microphone, W is the window, F is the cover flange, and
1is the inlets for gas exchange. Sample is deposited on P.
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of the concentration dependence of nonradiative relax-
ation rates in ruby. In a sense, we had completed a full
turn of the circle. Since then, photoacoustic spectrosco-
py has been developed extensively at APL?® and else-
where, and many allied photothermal techniques have
been introduced into routine use. Thermal-wave imag-
ing, one of those techniques, is still being actively inves-
tigated at APL as a tool for nondestructive materials
characterization and defect location.
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