Measurement of the optical absorption coefficient of a
liquid by use of a time-resolved photoacoustic technique
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A time-resolved photoacoustic technique has been applied to the study of dissolved and dispersed

absorbers in aqueous systems.

The temporal pressure profiles generated from colloidal graphite and

glucose solutions were measured, and it was found that the amplitude of the photoacoustic signal of both
the glucose and the colloidal graphite solutions increase linearly with concentration and that acoustic
signal time delay yields the acoustic velocity. The logarithm of the photoacoustic signal amplitude
changes linearly with the time delay, with a slope that is proportional to the product of the acoustic
velocity and the optical absorption that can thus be determined. © 2000 Optical Society of America

OCIS codes: 300.0300, 300.6430.

1. Introduction

The photoacoustic technique is unusual amongst
spectroscopic measurements in that it inherently in-
volves important physical and thermal parameters as
well as the basic optical properties of the material.
The amount of absorbed optical energy is determined
by the optical absorption coefficient, but the specific
heat, thermal expansion coefficient, density, and the
bulk modulus of the medium determine the subse-
quent generation of the photoacoustic wave. For ex-
ample, the photoacoustic response from water is
relatively poor, and this aspect can be used to advan-
tage in the detection of analytes, e.g., hydrocarbons in
water,! where the combination of physical parame-
ters for hydrocarbons may combine to enhance the
photoacoustic response. A disadvantage of the pho-
toacoustic technique however, is the possible diffi-
culty of determining the optical absorption coefficient
for direct comparison with results from other spec-
troscopic techniques. Although the same spectro-
scopic features may appear in photoacoustic spectra
as in absorption spectroscopy, the relative ampli-
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tudes of the spectral peaks may be significantly dif-
ferent owing to the involvement of physical
parameters. The measurement of the first cycle,
peak-to-peak amplitude of the measured photoacous-
tic signal contains useful information for concentra-
tion measurement of analytes such as hydrocarbons?
and glucose? but does not directly yield information
regarding the determination of the optical absorption
coefficient. In this paper we show how a simple tem-
poral analysis of the rising front of the photoacoustic
signal may be correlated with the optical absorption
coefficient for both dispersed and dissolved analytes.
Variants of this technique have been previously used
to investigate the temporal profile of the acoustic
pulse? and to establish the validity of the basic prin-
ciple.

2. Theory Outline

If we assume that the laser beam is incident from the
—x direction onto the sample surface at x = 0 at time
t = 0, the one-dimensional wave equation for particle
displacement &(x, ¢) in a liquid is*

e 19 B oad @
ax? v at? C,ox’
where v is the acoustic velocity; B8, the thermal ex-
pansion coefficient; C,,, the specific heat at constant
pressure; and ¢, the optical energy absorbed per unit
mass.
We also assume that the laser pulse has a rectan-
gular temporal profile of time duration T and a total
incident energy per unit area E, and that it is inci-
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Fig. 1. Calculated photoacoustic signals with a one-dimensional

theoretical model. Typical photoacoustic signal of a liquid gener-
ated by laser pulses, dashed curve; and logarithm of the photo-
acoustic signal, which is proportional to the time, solid line.

dent at a surface for which the boundary condition is
p(x, ) = 0. Itis assumed that ox >> 1 and that the
absorption length o ! is negligible compared with the
acoustic source diameter. Investigatorst-? have
found solutions of the one-dimensional wave equation
(1) in forms similar to that shown below. Solutions
for the resultant pressure pulse p(x, t) are of the
form+:

exp(avt’)[1 — exp(—avT)] t'<0

p(x, t) = oyexp(—avt') —exp(av[t’' —7]) 0<¢t' =r7.

exp(—avt')[1 — exp(avT)] t'>n

(2)

For the solutions of Eq. (2) to be simplified, a reduced
time is defined ¢’ = ¢ — x/v, and

_ vBE,
2C,7 '

It can be seen from the solutions of Eq. (2) that the
initial rising front of the pressure pulse p(x, ¢) has an
exponential dependence, as shown in Fig. 1.

The logarithm of the resultant pressure pulse p(x,
t) is shown in Eq. (4):

3)

(o2

In[p(x, 1)] =

In(o) + avt’ + In[1 — exp(—avT)] t'<0

In(o) + In[exp(—avt’) — exp(av[t’ —7])] 0<t' =7.

In(o) — avt’ + In[1 — exp(avT)] t'>T

4)

In Eq. (4), in all cases, the logarithm of the pressure
pulse logarithmically depends on the combination of
physical parameters represented by o, and, in the
cases for which ¢’ < 0 and ¢’ > 1, the logarithm of the
pressure pulse linearly depends on the product of the
optical absorption coefficient, o, and the acoustic
velocity, v. The third term of these solutions is in-
dependent of x and ¢’ and may be considered non-
time-dependent for a fixed laser pulse duration,
although it generates a baseline change with chang-
ing optical absorption.
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Fig. 2. Schematic representation of time-resolved photoacoustic
technique.

3. Experiment

The experimental results described in Section 4 are
for the cases in which the optical absorption may be
due to dispersed or dissolved components. Figure 2
shows the schematic representation of the experi-
mental setup for time-resolved photoacoustic spec-
troscopy. A laser pulse was directed through the
quartz window, and the acoustic signal was detected
with a sensitive, broad-bandwidth hydrophone. The
near-infrared optical source used in this study was a
MOPO laser system (MOPO-710 Spectra-Physics),
which provided laser pulses with a pulse duration of
approximately 10 ns at a repetition rate of 10 Hz in
the near-infrared wavelength range from 800 to 2100
nm. The laser pulse was delivered to the sample by
a fiber-optic delivery system, which also served to
improve the beam profile and the directional stability
of the laser beam. A digitizing oscilloscope (Tektro-
nix TDS 460) was used to capture single-shot signals,
which were averaged over 100 pulses to reduce the
random noise effects. A wide-bandwidth (5 MHz)
hydrophone was used to measure the photoacoustic
pressure waves. An optical energy monitor based on
a neutral density filter with a piezoelectric trans-
ducer bonded onto it was used to measure the energy
of each laser pulse, and the energy monitor signal
was then used to normalize the photoacoustic signal.

Three different parameters can be determined
from an analysis of the temporal profile of the exper-
imental photoacoustic signal:

(i) The time delay between the optical pulse and
the detection of the photoacoustic signal is a transit
time that is determined by the distance between the
optical interaction region and the hydrophone.
Thus the sample’s sound velocity, v, may be deter-
mined by the temporal peak position of the photo-
acoustic signal relative to the optical signal. This
time delay changes if the changing analyte concen-
tration also changes the elastic properties of the
medium.

(i) The amplitude of the photoacoustic signal is
proportional to o [see Eq. (3)], which may be influ-
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Fig. 3. Normalized photoacoustic signal.

enced by physical changes associated with concentra-
tions of components in the system. Thus by means
of calibration, the peak-to-peak amplitude of the pho-
toacoustic signal may be used to determine the ana-
lyte concentration. There are also geometric effects
that occur owing to the changes in absorption length
as the analyte concentration changes; however, they
are not a significant factor in the experiments de-
scribed here.

(iii) The logarithm of the amplitude of the photo-
acoustic signal is proportional to the reduced time #'
with a slope of av. Thus with knowledge of v as
described in Eq. (1) and for a specific measuring po-
sition (constant x), the optical absorption coefficient o
may be determined. The form of this relation is
shown in Fig. 1. This analysis has been used in a
similar approach in time-resolved, R(r, t), reflectance
measurements® in which r is the source-to-detector
separation and ¢ is the time delay after the optical
pulse. In addition, by use of the asymptotic slope of
the logarithm of the temporal profile, it was possible
to determine the optical absorption coefficient.

4. Results

A. Dispersed Absorber (Colloidal Graphite)

To demonstrate the capability of the time-resolved
photoacoustic technique for optical absorption coeffi-
cient measurement with dispersed absorbers, we
studied various concentrations of colloidal graphite.
These samples were prepared, and a range of optical
absorption coefficients from 28.0 to 122.6 cm ™! were
obtained. Figure 3 shows a typical photoacoustic
signal obtained by irradiation of a colloidal graphite
suspension in water with a laser pulse (wavelength
900 nm, energy fluence 4.0 mJ/cm? through the
quartz window.

The photoacoustic signal consists of two distinct
parts. The initial exponential rising part relates to
the depth distribution, the laser beam profile, and the
absorbed laser energy in the sample. The photo-
acoustic signal contributions from the extreme of the
depth distribution nearest to the hydrophone are the
first to arrive at the detector, and those contributions
from the region near to the window are the last to
arrive at the detector. The second part comes from
the subsequent rarefaction associated with propaga-
tion of the acoustic pulse.

By changing the position of the hydrophone detec-
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Fig. 4. Logarithm of the photoacoustic signal in Fig. 3.

tor and monitoring the corresponding change in the
peak position of the measured photoacoustic signal,
we determined the sound velocity of the sample to be
1481.5 m/s. This can be compared with the litera-
ture value for the sound velocity in distilled water
(1482.34 m/s) at a temperature of 20 °C.?

The optical absorption coefficient of the sample
may be determined from the photoacoustic signal by
our fitting the logarithm of the photoacoustic signal
amplitude as a linear function of time, as shown in
Fig. 4. The slope of the best-fit line gives the product
of the sound velocity v and the optical absorption
coefficient o of the sample. Thus the optical absorp-
tion coefficient of the colloidal graphite suspension
was determined to be 80.9 cm ™!, compared with a
value of 84.5 cm ™! as measured by a Shimadzu 3000
NIR Spectrometer. This 5% discrepancy is consis-
tent with the accumulated errors involved in both
measurements and mainly from limitations of tem-
perature control.

The photoacoustic signals from various colloidal
graphite suspensions in water were measured, and it
was found that all the photoacoustic signals for var-
ious graphite suspensions had the same temporal
peak position within the experimental accuracy of 4
ns. Thus, since the sound velocity determines the
peak position of the photoacoustic signal, all the col-
loidal graphite suspensions have the same sound ve-
locity, although they have different concentrations of
graphite.

Figure 5 shows the logarithm of the photoacoustic
signal versus time and, as expected, the logarithm of
the photoacoustic signal changes linearly with time.
In addition, the optical absorption coefficients of var-
ious colloidal graphite samples were measured with a
Shimadzu 3000 NIR Spectrometer. Figure 6 shows
the optical absorption coefficient of the graphite so-
lution determined with the time-resolved technique
plotted against the optical absorption coefficient de-
termined with the Shimadzu spectrometer. The
best-fit line is shown with a correlation coefficient of
0.97. We are confident that this correlation could be
improved with closer control of the experimental pa-
rameters, including better temperature regulation.

B. Dissolved Absorber (Glucose in Solution)

We prepared glucose solutions in the concentration
range from 1 to 15 g/dl by diluting a preprepared 30
g/dl p-glucose solution with distilled water. In all
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Fig. 5. Logarithm of the photoacoustic signals measured at a wavelength of 900 nm from colloidal graphite with optical absorption

coefficients from 28.0-123.0 cm ™.

experiments, we controlled the sample temperature
at 23 °C with an accuracy of 0.1 °C to minimize the
effect of any temperature change.

Figure 7 shows the logarithm of the measured pho-
toacoustic signals (wavelength of 1450 nm, energy
fluence 2.0 mJ/cm?). As expected, the amplitude of
the photoacoustic signal increases with the glucose
concentration, which is consistent with the previous
results measured with a piezoelectric transducer.210
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nm from glucose solution with a concentrations from 0.0-15.0 g/dl.
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The change of photoacoustic signals for different
glucose concentration at a wavelength of 1450 nm is
plotted in Fig. 8 to show their concentration depen-
dence. A linear response is evident in the whole
concentration range investigated. In addition, it
can also be seen from Fig. 8 that the temporal posi-
tion of the photoacoustic peak signal changes linearly
with glucose concentration, indicating that the sound
velocity of the solution increases with glucose concen-
tration at a fixed slope of 0.15% (g/dl)"!. This is in
contrast to the colloidal graphite results in which the
sound velocity does not change with the graphite con-
centration in the concentration range investigated.
For glucose solutions, the displacement of water mol-
ecules by much larger glucose molecules causes
changes of the elastic properties of the solution,
whereas for dispersed colloidal graphite samples, the
graphite particles do not influence the acoustic prop-
agation properties of the water.

As stated previously, the logarithm of the photo-
acoustic signal changes linearly with time, and the
slope of the best-fit line is the product of the sound
velocity v and the optical absorption coefficient «.
The slopes of these linear fits, measured for various
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Fig. 9. Log profile of the photoacoustic signals obtained at a wave-

length of 2150 nm from water and glucose solution with a concen-
tration of 30 g/dL.

glucose concentrations, were calculated. The slopes
of different glucose samples remain constant with an
experimental error of approximately 3%. This im-
plies that the optical absorption coefficient decreases
with the glucose concentration at this wavelength
(1450 nm) as the sound velocity increases with the
glucose concentration, so that the product av remains
constant. At this wavelength (1450 nm), the optical
absorption coefficient of glucose solutions consists of
two opposing components. The first component is
an increase due to optical absorption by the glucose
molecule that increases with glucose concentration,
and the second is a decrease due to the displacement
of water molecules (molecular weight 18) with larger
glucose molecules (molecular weight 180), causing a
decrease of the optical absorption coefficient of the
glucose solution. This effect can be observed at
wavelengths near 1400 nm, where a strong first over-
tone absorption feature of the O—H bond can be
found.!* Therefore, we conclude that at 1450 nm,
the net optical absorption coefficient decreases with
the glucose concentration with a rate of approxi-
mately —0.15% (g/dl) 1.

There is also a combination band absorption region
in the glucose spectrum near 2260 nm, which we
accessed with a wavelength of 2150 nm. Figure 9
shows the log profile of the photoacoustic signals ob-
tained from the water and glucose solution with a
concentration of 30 g/dL. Because of the limited
energy of the MOPO laser system at this wavelength,
the laser beam was slightly focused to improve the
signal-to-noise ratio. Therefore in this particular
case the experimental results are rather qualitative.
Nevertheless, the linear plots in Fig. 9 clearly illus-
trate that the slope of the logarithm of the photo-
acoustic signal depends on the glucose concentration,
without the strongly opposing displacement effect
that was previously observed.

5. Discussion

Compared with conventional optical spectroscopic
techniques, the time-resolved photoacoustic tech-
nique has several advantages. For example, the
technique is less susceptible to scattering as the pho-
toacoustic effect is nondirectional, and the energy
conversion process continues even if part of the light

is scattered. In contrast, conventional optical spec-
troscopic techniques rely on the direct detection of
transmitted light. The photoacoustic technique is
also advantageous for samples with high optical ab-
sorption where the transmission of light through the
sample is impossible and single surface measure-
ments are advantageous.

Time-resolved photoacoustic techniques have been
used previously to investigate a multilayer system of
gels of different optical absorptions,'2 and each layer
was distinguished by characteristic differences in the
photoacoustic signal. With simultaneous measure-
ment of the acoustic velocities, this technique could
be extended to allow calculation of the optical absorp-
tion coefficient in each layer. Similarly, the layered
structure of tissue has been investigated with a time-
gated optical photoacoustic detection scheme,'3 and
this type of measurement could lend itself to further
analysis if the current technique is applied.

The simplicity of the current technique may be of
particular importance in optical tissue imaging in
which the differing optical properties of the tissue as
the laser light penetrates from the skin into the cap-
illary structure and veins may be detected as char-
acteristic gradient changes in the processed
photoacoustic traces. In addition, the technique
may be useful in the quality control of multilayered
products in which the optical absorption coefficient
relates directly to the composition of each layer.

6. Conclusions

The time-resolved photoacoustic technique has been
successfully applied to the study of dispersed and
dissolved absorbers in aqueous systems. The first
cycle amplitude of the photoacoustic signal, for both a
dispersed absorber (colloidal graphite) and a dis-
solved absorber (glucose in solution), was found to
increase linearly with concentration. In addition, a
time-resolved study showed that the logarithm of the
photoacoustic pressure amplitude, which develops in
the rising front of the photoacoustic signal, changes
linearly with elapsed time. This linear relation has
a gradient that corresponds to the product of the
optical absorption coefficient and the sound velocity.

The sound velocity of the sample was accurately
determined by the peak position of the photoacoustic
signal relative to the optical pulse, and from this
data, the optical absorption coefficient could be cal-
culated. In future research, this technique will be
applied to the study of layered structures and tissue
systems.

The authors thank the British Diabetic Association
for its earlier support for this study. We also ac-
knowledge the experimental assistance of Alistair
Low.
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