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In this paper we describe the use of so-called open-photoacoustic cell (OPC) for thermal 
characterization of transparent liquid samples. The samples used to demonstrate the usefulness 
of the OPC configuration are water, glycerol, and diffusion pump oil. 

I. INTRODUCTION 

In previous paper.?j we have demonstrated the use- 
fulness of the so-called open photoacoustic cell (OPC) as 
an alternative detection tech.nique for photoacoustics 
(PA). The conventional PA detection involves the use of a 
gas (air) chamber in which a miniature microphone is 
mounted in one of its walls. The absorbing material is 
placed inside the air-filled chamber and exposed to modu- 
lated light irradiation. As a result of the light-into-heat 
conversion, following the absorption process within the 
sample, a pressure fluctuation is produced in the air cham- 
ber, which is sensed by the microphone. The proposed 
OPC technique, on the contrary, requires no additional 
transducer medium like the air chamber of the conven- 
tional PA detection and may be called a minimum-volume 
PA detection. A similar OPC configuration, still using an 
additional air chamber but oper.ating in a PA transmission, 
was described in Ref. 7. The schematic cross section of the 
OPC configuration is shown in Fig. 1. It consists of mount- 
ing the sample directly onto a circular electret microphone. 
It is an open-cell detection in the sense that the sample is 
placed on top of the detection system itself, as in the case 
of piezoelectric and pyroelectric detections. The typical de- 
sign of an electret microphone”” consists of a metallized 
electret diaphragm (12~pm-thick FEP with a 500-1000-A 
deposited metal electrode) and a metal back-plate sepa- 
rated from the diaphragm by an air gap (45pm long). The 
metal layer and the back plate are connected through a 
resistor R. The front sound inlet is a circular hole of 3-mm 
diameter, and the front air chamber adjacent to the met- 
allized face of the diaphragm is roughly l-mm long. As a 
result of the periodic heating of the sample by the absorp- 
tion of modulated light, the pressure in the front chamber 
oscillates at the chopping frequency, causing diaphragm 
deflections, which generate a voltage V across the resistor 
R. This voltage is subsequently fed into a field-effect tran- 
sistor (FET) preamplifier already built in the microphone 
capsule. 

This minimal-volume PA detection has been applied in 
the last two years to the characterization of both thermal 
and transport properties of several samples. These applica- 
tions include the monitoring of adhesive curing,3 the mea- 
surement of thermal diffusivity of doped polymers,4p5 two- 
layer systems, *O PbSnTe semiconductors,6 as well as to 
electronic transport properties of Si and GaAs.“>*2 In this 

paper, we explore the enhanced signal-to-noise ratio of the 
OPC detection to the complete thermal characterization of 
transparent liquid samples by measuring their thermal ef- 
fusivities and diffusivities. The thermal effusivity e and dif- 
fusivity a are defined by e= ,@ and a = k/pc, where k is 
the thermal conductivity, p the density, and c is the specific 
heat. As can be seen from the above definitions, the knowl- 
edge of e=k/r a an d a completely determine the thermal 
conductivity and heat capacity of a given material. 

II. THEORY 

Consider the schematic cross section for the electret 
microphone shown in Fig. 2, in which the electret foil has 
a charge density x per cm2, dielectric constant E, thickness 
I,, and is separated from the metal back plate by an air gap 
of thickness I& Denoting by SP exp( jwt) the PA pressure 
fluctuation generated in the front air chamber, due to the 
periodic heating of the sample, it follows from the theory 
of electret microphones*~‘” that the microphone output 
voltage V, for modulation frequencies well below the res- 
onance frequency, can be written as 

Y= 
rblmx 

ibe+l,,,eo 1 +jwRCyPo ’ (1) 

where C=AEE~(Z,E~+Z~E) is the capacitance of the mi- 
crophone of area A, PO is the ambient pressure, y is the air 
specific heat ratio, and w=2?rf with f being the modula- 
tion frequency. 

To find the pressure fluctuation 6P in the front air 
chamber of the OPC cell we assume the Rosencwaig- 
Gershot4 model for the production of the PA signal. Ac- 
cording to this model, the pressure fluctuation in the PA 
effect is solely due to the heat flow (resulting from the light 
absorption) into the PA chamber. Assuming that the air in 
the PA chamber responds adiabatically, the acoustic pres- 
sure in the OPC configuration is given by 

where To is the ambient temperature, and (Ta) is the spa- 
tially averaged temperature fluctuation of the air in the PA 
chamber. This temperature fluctuation is, in turn, obtained 
by solving the thermal diffusion equation for the sample-air 
chamber system. 
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FIG. 1. Cross section of the open-photoacoustic cell using the front air 
chamber of a common electret microphone as a transducer medium. 

Consider the transparent liquid sample holder shown 
schematically in Fig. 3 (a). It consists of an acrylic ring of 
thickness Z, whose bottom is closed by a 12-,um-thick (lo) 
Al foil disk. The liquid sample is placed inside the ring and 
the entire sample holder is placed on top of the micro- 
phone. For the case of a transparent sample, illuminated by 
nonabsorbing modulated light, the periodic heat is depos- 
ited at the surface of the Al foil in contact with the liquid 
sample as indicated in Fig. 3 (b) at x= -le. The thermal 
diffusion equations for the OPC configuration of Fig. 3 (b) 
are 

(4) 

where ai= (l+j)ci with ai= (w/20i)1’2 and j= J--r. 
Here, the index i denotes the sample (i=s), the Al foil 
(i=O), and the air in the PA chamber (i=g). In Eqs. 
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FIG. 2. Cross section for the electret microphone. 
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FIG. 3. (a) Sample holder for transparent liquid. (b) Schematic open- 
photoacoustic cell geometry for transparent liquid. 

(3)-( 5), we have assumed that the light beam with inten- 
sity IO is absorbed at x= -lo, and p’ denotes the surface 
absorption coefficient. Solving Eqs. (3)-( 5) together with 
the boundary conditions of temperature and heat-flux con- 
tinuity, and calculating the average temperature, ( 7’s>, in 
the PA chamber between x=0 and x = lgt one finds, for a 
thermally thick sample, 

YP&‘Io gdt 

“= ToI& ooo b cash ( loao) + sinh ( loao> ’ (6) 

where b= kpJkouo. Noting that an Al foil with a thick- 
ness of roughly 12 pm is thermally thin (i.e., loao<l) for 
modulation frequencies f up to a few MHz, one can re- 
write (6) as 

(7) 

Equation (7) tells us that the PA signal of a transpar- 
ent liquid sample varies as f - ’ and is proportional to ratio 
&/k,=e;‘. 

In contrast, when the sample holder is empty, it can be 
shown that the pressure fluctuation Sp is given by 

‘PO = ( 2rr) 3/2To$Zok&3’z 
&wt-3d4) (8) 

We call this the reference signal. Equation (8) tells us that 
the reference signal varies as f-3’2 and is proportional to 
the ratio adk,,. 

It follows from Eqs. (7) and (8) that in order to find 
the sample’s thermal effusivity all we have to do is to mea- 
sure the sample signal, as given by Eq. (7)) as well as the 
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FIG. 4. Schematic open-photoacoustic cell geometry for transparent liq 
uid sample thermal diffusivity measurements. 

empty cell signal, and calculate the ratio S, of the two 
signal amplitudes, namely, 

s /Poco 
R e, 6 

In other words, since Zgoco is rwell known for the Al foil, 
knowing the slope of the signal amplitude ratio SR, as a 
function of the square root of the modulation frequency, 
one can determine e, 

The thermal diffusivity can be measured using the 
standard OPC procedure.‘-’ It consists of using essentially 
the same type of sample holder with the additional use of 
another thin Al foil covering the liquid sample, as indi- 
cated in Fig. 4. The use of this Al cover foil serves as a 
localized heat source at the outer surface [at x= - (I,+ Z,)] 
of the liquid sample. The heat generated at the 12-pm Al 
cover foil takes a few microseconds to cross, leading essen- 
tially to an instantaneous heat source at x= - (Z,+Z,) for 
the liquid sample. Performing similar calculations to the 
ones indicated above for this new configuration, one tinds 

&o’ 

‘b cosh(Zoao)sinh(Z~~) +sinh(Zooo)cosh(Zp& ’ 

(10) 

which, for the case of a thermally thin Al foil, Zoao-gl 
(which for a 12-pm Al foil is valid for modulation frequen- 
cies up to the MHz region) reduces to 

YW’~o &It 
SP= 

ToZp&~ssinh(Z~s) * 
(11) 

For high modulation frequencies such that the sample 
is thermally thick, Zps> 1, Eq. ( 11) reduces to 

SP= 
yPOp'loaraj'2 

~ToQ%f- 

e-agej(ot-d2-a~) 
f (12) 

where a= I,( r/a,) 1’2. Equation ( 12) means that the signal 
decays exponentially with increasing modulation fre- 
quency. The thermal diffusivity is calculated from the co- 
efficient a of the exponential decay of the signal amplitude 
as a function of $. 
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FIG. 5. OPC signal amplitude as a function of the modulation frequency 
for the empty sample holder. The solid line represents the best fit of the 
data to the expression A/f - I.‘. 

III. EXPERIMENT 

The thermal effusivity measurements where performed 
using a 0.45mm-thick acrylic ring of 3-mm id., as sample 
holder. The modulated light source was provided by a 2% 
W tungsten filament lamp whose beam after being heat- 
filtered was focused at the bottom 12-pm Al foil closing the 
sample holder, as indicated in Fig. 3 (a). A lock-in ampli- 
fier was used to analyze the amplitude and phase of the 
microphone output signal. The samples used were distilled 
water, glycerol, and diffusion pump (DC 704) oil. In Figs. 
5 and 6 we show the OPC signal amplitudes for the empty 
sample holder and for water, as a function of the modula- 
tion frequency, respectively. As predicted by Eq. (8) the 
empty sample holder varies as f- 1.5; the solid line of Fig. 5 
represents the signal amplitude data fitting to the expres- 
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FIG. 6. OPC signal amplitude as a function of the modulation frequency 
for water. The solid line represents the best tit of the data to the expres- 
sion B/j+. 
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FIG. 7. Ratio of the water to the Al foil signal amplitude. The solid line 
represents the best fit of the data to Eq. (7). 

sion A/f - ‘.5. In contrast the signal amplitude data for wa- 
ter behaves as f - ‘.’ in agreement with Eq. (7); the solid 
curve in Fig. 6 represents the water signal amplitude data 
fitting to the expression B/f. 

In Fig. 7 we show the ratio of the water to the Al foil 
signal amplitude data as a function of the modulation fre- 
quency. As predicted by Eq. (9) this signal amplitude ratio 
should vary as #. The solid line in this figure is the result 
of the ratio data fitting to the expression CD, where, ac- 
cording to Eq. (9), the fitting parameter C is equal to 
looocde, From the data fitting result and using the known 
values of &,co for the Al foil, namely lo= 12 pm, peco 
=2.429x lo6 J/m3 K we found the water thermal effusiv- 
ity, e,= ( 1.61 =l=O.ll) X lo3 J/m2 s1’2 K. This value of e, 
compares quite well with the literature value, namely, 1563 
J/m2 s1’2 K. The same procedure was also carried out with 
the other testing samples and the results are summarized in 
Table I. It follows from Table I that the values obtained for 
the thermal effusivity using the OPC technique agree quite 
well with the ones quoted in the literature. 

Next, instead of using the straightforward method for 
measuring the thermal diffusivity, as outlined above, we 
have measured directly the specific heat using the temper- 
ature rise technique under continuous light illumination. 
The liquid was placed inside of a 2.5mm-thick acrylic ring 
of IO-mm i.d. with 60-pm-thick Al foils closing both sides 
of the ring. The Al foils were sprayed with black paint 
(with an emissivity of 0.99) to ensure not only a good light 
absorbing surface but also the same heat transfer coefficient 
for each surface. The samples were adiabatically suspended 
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FIG. 8. Back-surface temperature evolution of a 2-mm-thick ring with 
water as a function of time under continuous white light illumination. The 
solid line represents the best fit of the data to Eq. ( 11) of the text. 

in a Dewar which was subsequently vacuum sealed. Under 
these conditions the main heat-loss mechanism is the loss 
by radiation. The Dewar had an entrance optical glass win- 
dow through which the continuous white-light beam was 
focused onto one of the sample surfaces. On the opposite 
surface we had attached a thermocouple to the sample 
using thermal paste; in this way, the temperature evolution 
of the back surface could be monitored as a function of 
time. Care has been taken to prevent the heating light from 
reaching the thermocouple. Since the sample thickness, 
typically of the order of 3 mm, were much smaller than 
their widths (e.g., 1 cm), the simple one-dimensional heat 
diffusion equation with radiation losses could be applied to 
our experiment. 

Solving the one-dimensional heat diffusion equation” 
it can be shown that the long-term time evolution (i.e., 
four times larger than the heat diffusion time -12/a) of 
the back-surface temperature rise is given by 

Iocrr AT= Ik -( l-emf’r), (13) 

where IO is the intensity of the incident light beam, and 
r=Ik/2aH is the rising time. Here, H=4oTi, where o is 
the Stefan-Boltzmann constant and To is the ambient tem- 
perature, is the radiation and heat-transfer coefficient. In 
Fig. 8, the back-surface temperature rise of water as a 
function of time. The solid line in Fig. 8 represents the 
result of the best fit of the experimental data to Eq. ( 13). 

TABLE I. Thermal effusivities obtained using the OPC detection and literature values, specific heat and thermal conductivities obtained using the 
proposed technique. 

Sample e I (J/m* s”~ K) e (J/m* s”* K) pc (J/m3 K) k (W/mK) 

Water (1.61*0.11)x103 
Glycerol (1.00*0.11)x103 
Dif. pump oil (05910.12) x 10’ 

1563 (Ref. 16) 
932 (Ref. 7) 
447 (Ref. 18) 

(4.28hO.10) x lo6 0.610 
(2.913hO.046) x lo6 0.347 
(2.165+0.017)x lo6 0.163 
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From the adjusted value of r we have calculated the water 
specific heat: the value obtained within a 2.5% error in the 
data fitting was 4.280X lo6 J/m3 K. The same procedure 
for measuring the specific heat was adopted for the other 
samples. The results are shown in Table I. Using these 
values together with the ones for the thermal effusivities 
shown in Table I we have obtained the thermal conductiv- 
ities of our samples. The results are also summarized in 
Table I. In particular, we note that for the diffusion pump 
oil DPO, the only parameter available to us was its density. 
The values we have found for both k and c are, however, in 
good agreement’s with those of similar samples, such as, 
apiezon and silicone oils. 

The good agreement between the measured and liter- 
ature values obtained for themlal conductivities and spe- 
cific heat shows that the proposed minimum-volume 
method is a simple and accurate technique for the complete 
thermal characterization of transparent liquids. Its advan- 
tages over the conventional PA techniques are the use of a 
minimal gas chamber and, consequently, an increased 
signal-to-noise ratio, and its adaptability to practical re- 
striction imposed by experimental system requirements, es- 
pecially when minimum preparation is required. The accu- 
racy of the thermal effusivity measurements can be further 
improved if the small changes in the light reflections from 
the empty and the liquid-filled cell measurements are ac- 
counted for. This is most effectively done by using a laser 
light source and correcting the effective absorption coeffi- 
cient with the calculated reflectivities. 
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