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Two self-normalized photothermal techniques, to carry out thermal diffusivity measurements of
condensed phase materials, are presented. These simple methodologies involve linear fitting
procedures of the signal amplitude and phase. These procedures lead to the elimination of the usual
requirement for instrumental transfer-function normalization. The thermal diffusivities for two
dental resins and two pure liquids are measured with these simple methodologies and very good
agreement is found with values reported in the literature, where more involved analysis is usually
required. ©2000 American Institute of Physids$0021-897800)08124-X]

I. INTRODUCTION automatically eliminated by forming ratios of amplitudes and

Photothermal techniques have found extensive applicac_iifferences of phases for eac'h c.avi.ty 'Iength. This method is

tions in various areas of science and engineering. Nowada)%emonstrated with two pure liquiddistilled water and eth-

they are used in a wide range of scientific disciplines to carr)y ene glyco).

out studies of diverse properties of condensed métfer.

Among the main applications of these techniques, the the. THEORY

mal characterization of substances, both in liquid and solidy photoacoustic self-normalization

phase$; % is widely used. In particular, photoacoustic and

photopyroelectric techniques have become very popular ow- [N consideration of the optically opaquésurface-

ing to their simplicity, including minimal or no sample @bsorption limit** it can be shown that the complete photo-

preparation requirements!? acoustic signal in the OPC configuration is given by the
A major problem to overcome when using photothermaIeXpress'Ohl

techniques in the frequency domain is how to deal with the % 1

instrumental transfer function, which is quite difficult or 5P(f,L)=;W

even impossible to model theoretically. A recently reported gvs S

photoacoustic analytical procedure involves modeling of this Log .

transfer functior?;'° then using the model for fitting to ex- - TS'”“LUS)_1]

perimental data. This method, however, has high inherent

uncertainty. Other methodologies involve various data nor!n this equationY is a coefficient involving geometrical pa-
malization procedure® rameters, as well as optical and thermal properties. The pa-

In this work two alternate photothermal —self- rameterA involves the linear expansion coefficieat, its

normalization methodologies are presented. One proceduf8i2gnitude being determined by the thermoelastic behavior
relies solely on experimental data normalization by taking®’ the _sample.L is the sample thickness, and;=(1

the ratio of signal amplitudes from two samples of the same" 1)V f/aj, =g, s, is the complex thermal diffusion coef-
material and different thicknesses. With this self- ficient, wheref is the optical-source modulation frequency
normalization procedure the instrumental transfer function i€nd «; is the thermal diffusivity of thgth substance. The
automatically eliminated. This methodology was imple- letter g refers to _thegas |nS|de_ the photoacoustic chamter;
mented using gas-microphone photoacoustics in the opéi¢fers to the optically absorbirgmple.

photoacoustic configuratiotOPQ to the measurement of  Equation(1) is often too complicated to be used for ana-
the thermal diffusivity of two dental resins. Another proce- IVtical purposes. Some approximations bgged on the value of
dure which does not require samples of different thicknesse&e dlmze_nS|onIes.s. parameter=(f/f¢)™, where f.
relies on obtaining self-normalized frequency scans in lig-— @s/7L" is the critical frequency, are more useful. This is
uids by means of photopyroelectric detection using a thermd€ frequency at which the thermal diffusion length
wave resonator cavitfTWRC) and frequency scans for two — |og|/y2 is equal to the thickness of the sample. Depending

different cavity lengths. The instrumental transfer function isP" the value of the dimensionless paramei¢he photother-
mal behavior of the sample lies between the entirely ther-

mally thin (x<<1) and entirely thermally thick regimex(
>1). In this work, we consider the quasithermally thick re-

2A
1+ o coshiiLoy)

S
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D. F., México. gime, defined for the condition>1.1% This allows the moni-
YElectronic mail: mandelis@mie.utoronto.ca toring of measurable thermal-wave power in transmission.
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Furthermore, depending on the linear thermal expansion co
efficient and thickness of the samjplacluded in the param-
eterAin Eq. (1)], a thermoelastic contribution may appear in

the quasithermally thick and thermally thick regintédf

this contribution can be separated out at higher frequencies

as is the case with our photoacoustic experiments, it may be 4

OPTICAL FIBER

theoretically ignored. Then the OPC amplitude, Ef, is d
simplified substantially in the quasithermally thick
regime®~! The resulting expression is
efav“'f

SP(f,L)=c(f) e (2

Here, the coefficientc(f) contains the instrumental ‘ E,'?s%i
transfer function and is independent of the samples thick- COPPER FILM
ness. The parameteris defined asa=L(/ag)'? By tak- PLATE
ing the ratio of Eq.(2) with itself for two different sample \ / LOCK IN LASER
thicknesses ; andL,, itis clear that the terna(f) is elimi- AMPLIFIER POWER SUPPLY
nated, yielding the simpler expression SIGNAL SINE WAVE T  Power

p2 o INPUT  OUTPUT INPUT  ouTPUT
R(f)=5pz=e """ 3 0 0 q
T ]

Therefore, the thermal diffusivity of the sample can be ob-
tained from knowledge of the parametBr defined asB REFERENCE

=(Ly—Ly) (7l ag) 12 The measurement procedure involvesFIG. 1. Schematic cross section of the TWRC configuration experimental
L . . . . ._setup used for self-normalized thermal diffusivity measurements of liquids.
rc"_:ltlomg th? photoacoustic amplitudes Ob_tamEd in _transmls(a) Cylindrical thermal-wave emitter head containing the aluminum foil ab-
sion experiments from two samples of different thicknessesorber (b), and the photothermal chamber with the optical fibex (d)
and plotting them versus the square root of the modulatio@ontainer walls(e) Liquid sample filling the thermal wave resonator cavity
frequency, followed by the Corresponding linear best fit on a(TWRC). (f) Dielectric substrate. The bottom surface of the PVDF was

. . . . attached to a copper plate, this plate worked as electric contact and support.
semi-log scale to obtain the slope of the straight line. pperp P PP

B. Pho’[opyroe|ectric self-normalization CaVity |engthS is clear that th€(f) term is eliminated.
Moreover, the higher-order thermal-wave superpositions in
the denominator may be neglected in our experiment, the
product of the interfacial thermal coupling coefficientg

According to the mathematical theory of the TWRE,
it has been shown that the pyroelectric signal from this de
vice, Fig. 1 is given by

—oL

V(f,L) C(f)xl—y.smpe‘z"'“ (4)
whereV is the pyroelectric voltage output in the open-circuit
configuration,L is the cavity length, and, is the complex
thermal diffusion coefficient, as defined before. In this defi- AL FOIL
nition «; is the thermal diffusivity of the intracavity medium \ ‘
(a liquid sample in our ca%eThe interfacial thermal coeffi-
cientsy;, are defined as <4— SAMPLE

e

ij—m, 5

OPTICAL FIBER

whereb; =e; /g, is a thermal coupling coefficient, the ratio
of thermal effusivities of media andk; the subscripts, p,
andl refer to the thermal-wave sour¢a plane metallic light

. . . LOCKIN LASER
absorber, such as a copper or aluminum strip; see Fighd AMPLIFIER POWER SUPPLY
pyroelectric material and the liquid sample, respectively. The
term C(f), involving the transfer function, is a complex ex- SIGNAL SINE WAVE TIL  POWER
pression containing parameters such as the laser intensit INPUT  OUTPUT INPUT  ouTPUT
the thin-layer thermal wave source thicknggs this case ? Q ? )
aluminum foil, and the thermal properties of the substances |
involved (the liquid sample and the air surrounding the cav- REFERENCE

ity). C(f) is indepe_ndent of th_e cavity Ieng(hampl_e thick-  Fig, 2. schematic cross section of the OPC configuration experimental
ness. Then, by taking the ratio of Eq4) for two different  setup used for self-normalized thermal diffusivity measurements of solids.
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TABLE I. Thermal diffusivities for two pure liquids, measured using the TWRC methodology, and correspond-
ing values reported in the literature.

A pmp Xphase ARef
Liquid Thickness ALj=L;-L, cniéls cnéls cnéls
sample cm (X1072) cm (X102 (x107?) (x107?) (X102
distilled L,=2.000.005 AL,;=0.5+0.007 0.1490.006 0.1450.004
water L,=2.50+0.005 AL3=1.0+-0.007 0.147%0.004 0.1440.005 0.1465Ref. 18
(T=26°C) L3=3.00-0.005 AL3=0.520.007 0.147%0.005 0.1430.003 (25.7°0Q
ethylene L,=2.000.005 AL,;=0.5+0.007 0.0980.004 0.09¢:0.003
glycol L,=2.50+0.005 ALy=1.0+0.007 0.096:0.005 0.096:0.004 0.0939Ref. 19
(T=30°C) L3=3.00-0.005 AL3=0.5-0.007 0.0930.003 0.092-0.004 (20°C

and the exponential term in the denominator of E4). is

The lock-in amplifier(LIA) demodulated photothermal

<1: For instance, by taking water for reference, with thermalsignal for both configurations was obtained as a function of
diffusivity 0.00145 cni/s, the magnitude of this term is the laser-beam-intensity modulation frequency. The laser in-
0.000 15 for a 0.03 cm cavity length and 5 Hz. The following tensity was modulated using the internal oscillator of the LIA
simple expressions for the magnitude and phase are thus oto drive the laser power supply via a TTL communication

tained: port. This same signal further comprised the internal refer-
|V(f)|~e*AIAL ©6) ence wave form for the LIA. The liquid temperature for the

' TWRC setup was measured by means of a thermocouple

d(f)=—AAL. (7)  attached very near the resonator cavity. The maximum tem-

Here, A = (mf/a)¥2 andAL =L ,—L,. Clearly for a given perature increment registered inside the liquid during our

intracavity medium and judiciously chosen cavity lengths, itexpenments was one degree. The temperatures registered in

. . . : . Table | correspond to the one measured by this means. The
is always possible to find a frequency modulation range in

: . . . L . corresponding sample temperature for the photoacoustic
which this (quasithermally thick approximation is valid. . e
. L : setup was not measured due to practical difficulties in attach-
Equations(6) and (7) show that it is possible to carry out

simple TWRC measurements of the thermal diffusivity of:ng th? thermocouple to the sample without distur'bing the
- . o . aser light fluence. Nevertheless the temperature increment
liquids by monitoring the polyvinylidene fluoridéPVDF) . o o

) . . was estimated to be 2° or 3°.
signal output as a function of the modulation frequency. The

procedure involves, for the amplitude, the PVDF signal at
two different cavity lengths and the fitting of the data ratio to IV. RESULTS AND DISCUSSION

a linear equation in a semi-log scale as a function of the  The photoacoustic and photopyroelectric methodologies
square root of the modulation frequency. The same procewere applied to the measurement of the thermal diffusivity of
dure is applicable to the difference of the photothermalwo pure liquids(Table ), and two dental resingTable 1),
phases at the same two different cavity lengths. The thermakspectively.

diffusivity of the substance is obtained, in both cases, from . .
the slope fitting parameteP=AL(7/)Y% Furthermore, A. Photoacoustic analysis
the photopyroelectric signal is independent of the ther-  The resin samples were prepared in a disk fétnem in
moelastic properties of the medium when the PVDF sensodiametey with thicknesses between 80 and 2afh (Table
operates in the purely pyroelectric mode. II). To satisfy the surface absorption condition, a piece of
aluminum foil (17 xm thick) was attached with thermal paste
to the various specimens. The thermal thickness of the foil
was thus negligible compared to the sample thicknesses. Fig-

The experimental setups are shown in Figs. 1 and Zyre 3 shows typical photoacoustic signal amplitudes for the
They consisted of an infrared laser diode source with a fiber-

optic pigtail (Omnicrome Corporation, model OPC-A001-

FC/100, 830 nny operating at 200 mW. The photoacoustic TABLE II. Thermal diffusivities for two dental resins, measured using the

transmission configuratiofFig. 2) was realized by using the self-normalized OPC photoacoustic configuration, and the corresponding
. values for three similar dental resins reported in the literature.

sample to cagand hermetically seathe chamber of a com-

IIl. EXPERIMENT

mercial electret microphone with a built-in preamplifier. The  Dental resin Thickness AL=L,—L, @
corresponding TWRC configuratidfig. 1) was obtained by  (commercial name cm (x10°%) cm (x107%)  cn¥/s (x10°?)
using an aluminum foil80 um thickness as thermal wave 3\ Rresin L,=1.39+0.04

generator. The thermal wave generated photothermally on L,=1.870.05 0.480.06 0.45:0.09
this aluminum foil was launched across the sample thicknesBegufill H Resin ~ L;=0.86+0.03

and reached the PVDF sensor, located parallel to, and across L,=1.70+0.05 0.84-0.06 0.34-0.06

from, the aluminum foil. The aluminum foil was mounted on 2322%(3

a microstage to allow changing its relative distance from thesisma.ril pentsply
PVDF surfacé (cavity length.

0.12+0.02 (Ref. 16
0.68+0.03 (Ref. 16
0.50+0.02 (Ref. 17
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stronger for the thick sample and the ratio reverses its direc-

004, ]
0.050 ﬂn::°° - tion. The turning point of the curve in Fig. 4 can be used, in
o 3 principle, to determine the coefficient of thermal expansion
0.018 3 of the material constituting the two samples.
E The linear behavior on a semi-logarithmic plot in the
=0.007 3 quasithermally thick region is as predicted from Eg). The
o E superposed straight line in Fig. 4 represents the theoretical
F0.002 3 best fit to that equation. This fitting was done over the ex-
5 perimental data between the two inflexion points defining the
0.001 3 changes on the photoacoustic reginfEem thermally thin
E to quasithermally thick and quasithermally thick to ther-
0.000 | 3 moelastic regimes The results of the analysis are summa-
F 3 rized in Table Il. The reported standard deviation was calcu-
e s lated as the experimental error on tBevalue in Eq.(3) by
2.718 7.389 20.086 54.598 148.413 . . .
Lnff(Hz)] using the standard formula for error propagation. A compari-

son of the thermal diffusivity values measured photoacousti-
FIG. 3. Typical photoacoustic signal amplitudes for the resins used in thically in this work with corresponding values reported in the
work. Circles correspond to a Degufill H resi.0086 cm thickness Jiterature’®'’ Table II, for similar dental resins reveals rea-
squares correspond to another Degufill H sanipl®170 cm thickness sonable order-of-magnitude agreement. The Simplicity of the

presented technique is evident when compared with the
two dental resins. Figure 4 shows the ratio of the two phomethodologies used to obtain the values reported in Refs. 16
toacoustic amplitudeghick sample: numerator; thin sample: @nd 17. One of these methodolodfesnvolves measure-
denominatoron a semi-log scale as a function of the squarements of the temperature evolution on a rectangular prism
root of the modulation frequency for one of the resins. Themolded specimen, with a thermocouple embedded in it as
first part of this curve shows the gradual change from thdmmersed in a thermal bath. The other methodotbdy a
thermally thin regime to the quasithermally thick regime.Photoacoustic technique using the phase signal. It involves a
This change is followed by an inflexion point in the figure. procedure to take into account the inherent phase character-
The decreasing, not entirely linear, ratio in the low- istics of the electronic system and careful sample preparation
frequency portion of this graph is due to the fact that both{O avoid, as much as possible, acoustic contributions to the
samples are quasithermally thick and the thermal-wave afohotoacoustic signal. It should be mentioned that all meth-
tenuation rate of the transmission-mode photoacoustic sign@dologies used for the results of Table Il exhibit two-digit
amplitude from the thick solid is faster than that of the thinPrecision, however, the precision of the present photoacous-
solid. This makes the amplitude ratio decrease. This behavidic methodology can be improved by suppressing the ther-
is followed by the thermoelastic domination of the signal atmoelastic contribution. To achieve this, limits on the sample
h|gh modulation frequencié‘%:ls Here the Osci”atory ther- maximum thickness must be set. For Samples with small lin-
mal expansion of the thin sample is proportionally smalleréar expansion coefficients the precision is expected to im-
than that of the thick sampleAL;=L;). As a result, the Prove.

acoustic vibration amplitude in the photoacoustic chamber is  In principle, the photacoustic phase difference in the
thermally thick regime can also be used to derive the thermal

diffusivity of the dental resins in Table Il. In practice, unfor-

] tunately, the photoacoustic phase turns out to be more sensi-
] tive to the thermoelastic contribution and this mechanism
cannot be easily neglected, as is the case for the amplitude.

B. Photopyroelectric analysis

Figure 5 shows the signal magnitude as a function of the
modulation frequency for distilled water, and for three dif-
ferent sample thicknesses, with a gt thickness increment
cavity length(Table ). For the analysis, ratios of signal am-
plitudes for these three different cavity lengths were taken.
The corresponding data were plotted as a function of the
square root of the modulation frequency. The graph for dis-
tilled water is shown in Fig. 6. It is evident from this figure
o _ _ _ ~ that the linear relationship expected on a semi-logarithmic
FIG. 4. Phot_oacoustlc agr@l amplltudg ratio for the_DeguflII H resin plot from Eq. (6) is valid throughout the entire frequency
samples of Fig. 3. The semilinear behavior in the quasithermally thick re- . .
gime is delineated by two vertical lines. The continuous straight line is the'@Ng€. The continuous lines on the same graph are the best
best fit to Eq.(3) within this region. fits to this equation.

L 1 N 1 . L N
0 5 10 15 20

Lnif"Hz"?)
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FIG. 5. TWRC signal amplitudes for distilled water at three different intra-

cavity sample thicknesses. Cavity length increases in the direction of th&!G. 7. TWRC signal phases for distilled water at three different intracavity

arrow. The differences between these thicknesses aga1s0 sample thicknesses. Cavity length increases in the direction of the arrow.
The differences between these thicknesses arerb0

The same gnaly3|s was performed for the case of th‘(jiuced by the independent measurements at two different
photopyroelectric phases. Figure 7 shows the phase lags for

: - : cavity lengths. Any possible synchronous acoustic effects of
the foregomg distilled Wa‘er samples. Flgure 8 ;hows thF‘hydr(})/statigc pressa/rg modulat?/on within the TWRC due to
corres_pondmg ph"’?se differences, the continuous Imes_ CoM G ermal expansion/contraction cycles of the aluminum foil
_spondlng to best fits to E7). The results are su_mmz_;lr!zed on the PVDF signal were considered. They were found to be
n T_able I The averaoge values for the_ thermal diffusivity of negligible since the signal was zero at cavity lengths much
distilled water at 26 °C from the amplitude and phésel-

umns 4 and 5 in Table) lare 0.001480.00005 cri's and larger than the thermal diffusion length in the liquid.
0.00144:0.000 04 criys, respectively. Those for ethylene

glycol are 0.000 96:0.000 04 cri's and 0.000 960.00004 V- CONCLUSIONS

cnv/s, respectively. It is seen that the precision of the TWCR  Two sample-thickness self-normalizing photothermal
self-normalizing technique is up to the third significant fig- methodologies for measuring the thermal diffusivity of ma-
ure, primarily on account of the absence of competing signaferials have been presented. The self-normalization proce-
generation mechanisms and microphonic noise. A comparidures eliminate the instrumental transfer function efficiently.
son with literature values is also shown in column 6 of TableThis feature represents significant simplification and mea-
l. The precision of the TWRC self-normalization method is surement precision advantages for the analysis of data over
compromised by one significant figure with respect to singleconventional externally normalized frequency-scanned pho-
cavity-scan measuremerttglue to the noise statistics intro- tothermal techniques. The methodologies were applied to the

T v T T T v T T T T T LE— -0.2 y T v T v T v T v T g T

-0.4

AL AL 06

Phase,-Phase,
-0.8

037 10

Phase,-Phase,

Amplitude ratio
Ad(rad)
.
]

014 ]

[l N 1 A [ " 1 i g b 1 " N 1 " ] M [ N 1 N 1 M 1

1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 1.5 20 25 3.0 35 4.0 4.5 5.0
2 142,
f1/2(HZ1/2) f1 (HZ )

FIG. 6. TWRC signal amplitude ratios for the distilled water samples of Fig.FIG. 8. TWRC signal phase differences for the distilled water samples of
5. The subscript numbers correspond to the curves of Fig. 5. The continuousigs. 5 and 7. The subscript numbers correspond to the curves of Fig. 5 and
straight lines are the best fits to E®). 7. The continuous straight lines are the best fits to (2.
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open-cell photoacoustic configuration for measuring the therB-L.) further wishes to thank the Consejo Nacional de Cien-
mal diffusivity of dental resins and to the photopyroelectriccia y Tecnologa (CONACYT) of Mexico for partial support
thermal-wave resonant cavity technique for the measuremenf this work through a Postdoctoral Grant.
of thermal diffusivity in liquids.
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