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Measurement of thermal diffusivity of air using photopyroelectric
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A new photopyroelectri€PPBE method for measuring the thermal diffusivity of ambient gases with
optimal precision is introduced. The technique is based on destructive PPE interferometric detection
inside a thermal-wave resonant cavity with an optically transparent wall. A new PPE sensor design
generating purely thermal-wave interference is used to improve the signal-to-noise ratio and the
measurement dynamic range and precision by suppressing the large optically transmitted base line
signal. Cavity-length scanning is employed and the thermal diffusivity of air is measured with
third-significant-figure precision. Comparisons of measurement precision are made with
experimental results obtained using a transparent-wall PPE thermal-wave cavity in the single-ended
(noninterferometricmode. The physical signal generation mechanisms are also discussd®93%
American Institute of Physic§S0034-67489)04505-(

I. INTRODUCTION and substantially enhance the signal generation dynamic

Photothermal and photoacoustic techniques have beef J¢ 123’ means of a novel thermal-wave-interferometric
esign.® The implementation of this sensor design has al-

used sccessuly i S of opal and eION Sl us o a ransparent wall n tne TWRC. Uik
methodologies™® Recent developments in monitoring and earl_|er_(12convent|onal ) opaque waI_Is used with this
measuring the properties of gases using photothermal tecfievicé ™ for gas-phase thermophysical measurements, a
niques have attracted much attention for environmental quaffansparent wall can efficiently extend the utility of the
ity control and manufacturing safety reas§n$Specifically, 1 WRC to include the measurementiwdth optical and ther- -

a newly developelithermal-wave resonant cavitfWRC) mophysical properties of materials. With a gmgle cavity this
sensor using a pyroelectric thin-film transducgolyvi- ~ ¢an only be done at the expense of sensitivity to the thermal
nylidene fluoride, PVDFproved to offer a powerful method Compenent of the signal, owing to the strong direct laser-
for measuring the thermal diffusivities of gases with veryPeam transmission to, and photothermal conversion at, the
h|gh precision and gas_species reso|uﬂ(‘)ﬁ.A thermal- PVDF element which Usua”y dominates the overall PPE
wave cavity consists of two parallel walls; one wall is usu-Signal: Earlier attempts to eliminate this direct signal com-
ally an opaque thin metallic foil, which is periodically heated ponent from PPE spectroscopic investigations include
using either a laser beam or direct ac electrigabistive lock-in quadrature detection. This technique has been suc-
heating; the other wall consists of the PVDF transducer itsel€essful in suppressing the direct transmitted PPE signal by
at a distance L from the thermal-wave source wall. By scanup to two orders of magnitudé;*°but problems remain with
ning the cavity-length L, one can obtain resonance-like exuncompensated detector noise and signal drift from the
trema in both lock-in in-phas@P) and quadrature channels lock-in IP to quadraturéQ) channel, especially related to the
of the output(photopyroelectric signal. Based on mecha- dc heating of the PVDF transducer.

nisms of conduction and radiation heat transfer across the In this article, we introduce a novel PPE sensor principle
intracavity space’ these signal extrema can be used for afor spectroscopic applications based on destructive thermal-
simultaneous measurement of the thermal diffusivity andvave interference. The general theoretical framework of
thermal conductivity of the intracavity gas or vapor. The photopyroelectric interferometry was presented in Ref. 13,
values of thermal diffusivity thus obtained are of the highestincluding the physical mechanism of signal generation. In
precision to daté? In part this is due to the high signal-to- the present work, we focus on the design and operation of
noise ratioSNR) effected by the cavity-length scanning pro- the PPE setup, especially the signal-to-noise advantage of the
cess: the single modulation frequency used throughout thgual-beam versus the single-beam configuration. The inter-
cavity scan results in constant output noise bandwidthferometric sensor represents an alternative method for mea-
whereas the constant-cavity-length frequency scans result &ring the thermal diffusivity of the intracavity gas. Instead
variable noise bandwidth with compromised SRR- IS, of an opaque wall, a transparent material wall is employed.
however, possible to further reduce the TWRC device noisgpe replacement of the opaque Walf with a transparent
one is dictated by the intended use of the new PPE instru-
3Electronic mail: mandelis@mie.utoronto.ca ment as a spectroscopic detector operating under a photo-
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Sample  PVDF  Reference able phase shift ¢). The beams are incident onto the front
and rear surfaces of a PVDF detector passing through a fully
Tncident beam Incident beam or partly tranqurent wallor sqlid sampleanq a transparent
1, exp(jar) 1, exp( j(ax + Ap)) reference medium, respectively. The thicknesses of the
B sample/front wall, the reference and the PVDF lam®, and
(gl w @] ® | w0 (%) d, respectively, and the cavity lengths formed by the sample
PVDF and the PVDF reference akeandL,, respectively.

The overall output PPE signal from the PVDF detector is the
interferometric result of several contributiortd) the direct
optical transmission of incident light passing through the
FIG. 1. Geometry of a dual-cavity PPE interferometer. sample/front wall and through the reference/back w),
thermal-wave confinement effects resulting from the direct
thermal PPE signal generation mechanism within tharansmission of incident light onto the PVDF detector and
thermal-wave cavity. The recently introduced purelythe presence of the two thermal-wave caviti®, conduc-
thermal-wave interferometric technigides used to improve tion heat transfer from the sample and the reference to the
the Signal'tO'nOise ratio and the measurement dynamiC rang®\/DF due to optica| absorption and Subsequent optica|-t0-

oLy Ly d Lymo

0 TX

by suppressing the substantial transmission base line.  thermal energy conversion processes in the sample and the
reference. Radiation heat transfer has been observed at large

Il. PPE INTERFEROMETRIC SENSOR DESIGN AND cavity lengths with single TWRC PVDF sensdfs® but it

SIGNAL THEORY can be safely neglected for the short cavity lengths utilized

Figure 1 shows the most general outline of the purelywith the present interferometric PPE system. A theoretical
thermal-wave interferometric PPE sensor. Two laser beamodel of the photopyroelectric signal generation in the ge-
(intensities aré, andl,), are split off of a single laser beam ometry of Fig. 1 has been developEdThe resulting signal
with a beamsplitter. They are modulated with a mechanicatorresponding to the most general dual-cavity interferomet-
chopper at the same frequenay)(and with a fixed, adjust- ric geometry of Fig. 1 is given by the following expression:

w
V()= S(w)
(Tp(l"' bzp)(l+ b3p)
Hi(1+b3p)[Ga(1+Wqe 272) +2b,,Gze™ 72 ]+ Ho( 1+ byp) [ Go( 1+ Vae ™ 27351) + 2b3,G e~ 731] @
[€7p9( 1+ y3pVase ™ 2731) (1+ yopWoge ™ 2720) —e™ 709 ( yp,+ Wore2728) (5, + Vase 273M) ] ’
|
where i; Bs,B, are optical absorption coefficient of the sample and
the reference, respectivelil,, H, are given as follows:
oi=(1+])Wol2a;, j2=-1, (1a) P M., Hpare g
Hy=(ep9—1)(1+ y3,Vase 273")
b, =k Va;lkiJ«;, 1b
= kiay/kj (1b) +(1—e %) (yzp+ Vae 273M), (1h)
7I]=(1_blj)/(l+blj)! (10) sz(eapd_l)(1+,yszZJ-e*ZU'ZL)
ogl _ —odl _ iy .
Way= — 725|e : 715e7 Sl (1d) +(1—e %) (ypp+ Wpie 272). (1i)
e(rs _ e agl?
Y2571 G3, G, represent the optical absorption and subsequent
V4,87 — vy, e” oM optical-to-thermal conversion contribution of the sample and
Vo=~ om_ —om> (1&  the reference to the overall PPE signal, respectively. They
€ Y3r Yar€ . . o )
are given in detail in the Appendix, wherg,,n, are the
(1-Ry)  14(1- Rs)? Y optical-to-thermal conversion coefficients of the sample and
G,= ko Xl_RZe—2,lee < 1) the reference, respectivelfgs. (A5) and (A13)].
PUP S Various measurement configurations can be obtained by
(1-Ry) 1,el4¢(1-R,)? using different combinations of th@ptically transparent or
2= 7= A, (19 le and the ref Il as the f d
Koo 1—RZe 26:m opaque sample and the reference, as well as the front an
r

the rear laser beams. For the purposes of the present experi-
In Egs. (1)—(1g), subscripts,j=1,2,3,4s,p,r represent re- ments, the entire system is assumed to be exposed to a uni-
gionsgl, 92,93, 94, S P andR, respectivelyR; represents form gaseous ambient in order to measure the thermal diffu-
the surface optical reflectivity of mediuni =s,p,r); «;, K; sivity of the gas, i.e.gl=g2=9g3=g4=g in Fig. 1 and in

are the thermal diffusivity and heat conductivity of medium Eg. (1). Owing to the significant complexity of the structure
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of Eq. (1), it is instructive to consider several spediknit- (14 W,ye 27h)

ing) cases of experimental relevance with regard to the geo- V(@) =Ca(w) X o5 (53
. . . . YgpYVai1

metric configuration of the system and the opacity of the

cavity wall(s). The resulting equations are much simpler andOr

more amenable to physical qualitative and quantitative Wai(1— y4 p)e720'gL

analysis. V(w)=Cy(w)XI,| 1+ (5b)

1+ ygoWoie 27at |’
where |, is the intensity of the incident laser beam, and
C,(w) is a complex-valued constant.

In this special geometry the PVDF element is considered
to be semi-infinite, i.e.e~ -0, since the PPE system is
not interferometric in the absence of the rear beam, and th@- Two-beam measurement scheme  (pure thermal-
laser chopping frequencies used20 H2) are such that the Wave destructive interferometry )

A. Single-beam measurement scheme

PVDF sensor is thermally thicK. Therefore, without loss of In the foregoing case of single-ended detection with an
generality, the single-endédonventional PPE signal output  entirely transparent cavity wall on the sample side, &.
can be simplified in Eq(1) and expressed as shows that the PPE signal consists of two components: the
Gl(1+W21e72a'gL)+2bgp63e7(rgL first term is a cavity—l_ength indepen_dent factor. The second
V(w)=C(w)X 1T v Woe2oo , term depends on cavity length, but is much smaller than the
Yop!¥21 @) first term by about two orders of magnitude. Therefore, a
very large base line signal stemming from the first term al-
where ways accompanies measurements, and thus limits measure-
1— 204 ment sensitivity, reproducibility and dynamic range in the
Wy = — ygsm. 3 single-beam configuration. The newly developed pure
Yo thermal-wave photopyroelectric interferometric technigue

The termsoy,bg,, vy, G1 and G; are defined in Eqg(l).  provides a suitable method for suppressing this large base
G, represents the contributions of direct optical transmissiorine signal. The result is a substantial improvement in SNR,
of incident light onto the PVDF surface of reflectivif, . reproducibility and signal dynamic range.

G; represents heat conduction from the sample/wall to the

PVDF due to optical absorption in the sample/w@l{w) is 1. Case B. Optically transparent wall using pure

a complex-valued instrumental quantity, which involves thethermal-wave destructive interferometry

frequengy responsgiransfer fgnctlom of the PPE system. For simplicity, we only consider the relatively simple
For cav!ty-length scane(w) IS a normahza_tlon constant. case, in which an out-of-phase laser beam is incident onto
Depending on whether the cavity wall is optically opaque Othe rear surface of the PVDF without the presence of a ref-

transparent, the following two special subcases are obtaineg'rence sample. Therefore, the cavity-length dependent PPE

1. Case A.1. Optically opaque cavity wall signal is found from Eq(1) to be

If the cavity wall is optically opaque, there is no direct V(w)

optical transmission of the incident Iaser_light onto the_ PVDF Qu(1+W,ie 2955) + Q1+ ygWase 2%ab)
element. Therefore, the output PPE signal is obtained by =Cj(w) (15 7 Woe 2700 ,
settingG;=0 in Eq.(2) YgpiVa1 ®
—ogl
’ here
V(w)=Ci(w)X — , 4 w
(0)=Ca0) X g o=t @) e
7 :
where Cy(w) is a complex-valued constant independent of ~ Qu=7_gzg-257¢ A, Q=160 )
S

cavity-length L. This result is the same as that used in de-

scribing the mechanism of the conventional TWRCRs is the surface reflectance of the samgse.is the optical
sensof 10 absorption coefficient of the sample at the excitation wave-

length,| is the thickness of the sample, aa@ is the phase
shift between the two beams. In E®), the contribution of
heat conduction from the sample to the PVDF has been ne-
In this case, direct optical transmission through theglected due to its small size when compared with other ther-
sample, and heat generation following optical absorption irmal sources. Equatiof®) shows that the large base line sig-
the sample, both contribute to the overall output PPE signahal Q; can be completely suppressed by another cavity-
However, theoretical simulations of ER) show that the length independent ter®, upon adjustment of the relative
contribution of heat conduction from the sample to theintensitiesand the phase shift between the two beams such
PVDF generates a thermal-wave signal about three-to-fouthat Q;= — Q, when the sample is placed far away from the
orders of magnitude smaller than that due to direct opticaPVDF (i.e., in the thermally thick rangeln practice, this can
transmission. Therefore, the overall output PPE signal is obbe achieved by adjustinty, 1, and A¢ such that the de-
tained by neglecting the second term in E2). modulated PPE signal in the lock-in amplifier is zero when

2. Case A.2. Optically transparent cavity wall
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FIG. 2. Schematic diagram of PPE interferometric experimental setup. S: Gavity lenath L
sample; P: pyroelectric element. avity leng (mm)
the sample is>5 mm away from the PVDF and ¢= . 0.025} o Experimental
After suppression of the large base line signal, the PPE out- 0020l ° ___ Theoretical
put signal becomes s
oo L E 0015} .
11 Way(1— ygp)e_ 79 o
V(w)=C X _ 8 5 ooto} .
((1)) 4((1)) 1+?’ng21€ 2(7'gL ( ) ©
) ) ) ® o005} 1
Comparing Eq(8) with Eq. (5b), operationally we can & = o o
obtain the former by simply dropping the unity inside the 0.0001 T T ey ]
brackets in Eq(5b). This is, however, significant from the -0.005—1 . . : .

experimental point of view. As mentioned above, the cavity-
length dependent term in E(b) is approximately two orders
of magnitude less than the unity. As a result, the measure=c. 3. PPE experimental data and theoretical fits vs thermal-wave cavity
ment sensitivity to the parameters of the ratio inside theength L ata modulation frequendy-26.6 Hz, using single-beam detection
brackets, to signal dynamic range and to SNR is compro\l"_?fh a ransparent T"Sapgg'igaa’;y r‘;";‘”- I_?e gg?'}gt (V";"re Orf] the thedrma'
. . . i n diffusivity of air was aq=0.21+0.02 cnt/s atT= . (&) In-phase an
mised. In contrast, a much higher ms_trumental se_nsmvmf(jb) quadrature lock-in channel data.
can be achieved in the thermal-wave interferometric mode

due to the coherent suppression of the large base line signal

within the PVDF detector. Moreover, the signal noise due tc{/vave interferometric technique was introduced to suppress

fluctugnon_s of the Ia_ser power can alsp be cancelled O.Ut "the large base line signal by employing the rear beam, which
real time in destructive thermal-wave interferometry, since . " e
Q,——Q was adjusted to 180° phase shift with respect to the front
2 L laser beam. The sample was first placed at a far distance
from the PVDF compared to the thermal diffusion length in
Ill. EXPERIMENT AND RESULTS the cavity. The relative intensities between the two beams
The schematic diagram of a general PPE experimenta\{lvere then adjusted, such that the output PPE lock-in signal

setup is shown in Fig. 2. A transparent Ti-sapphire digKvas zero. Finally, the sample-PVDF distance was scanned

sample, 0.1295 cm thick was used as a cavity wall. Th and the output signal was recorded versus the cavity-length
sample was mounted on the micrometer stélfeum reso-
lution), allowing scanning of the cavity length formed by the . ' i X .
sample and the PVDF surface. The relative intensities of th&"dle-béam method, in a configuration corresponding to
front and back incident beams were adjusted by a linear inc2S€ A-2 The modulation frequenc, was 26.6 Hz. By
tensity attenuator and the phase shift between the two beaniding the experimental data of the lock-in quadrature chan-
was precisely controlled by a mechanical chopfEG&G nel to Eq.(5), the thermal dlffuswltylof room temperature air
Model 192, also fixed on a micrometer stage. A disk-shapedVa@s found to be 0.220.02 cnis™t, the average of four
PVDF film, 52 um thick and 1.2 cm in diameter, was in- Méasurements. The other parameters used inFaqrek,
stalled on an aluminum-base bearing a hole. The PVDF ele=2.62<10 ¢ Wem &K ™%, ks=0.33 Wem ™K~ K,
ment acted as thermal-wave signal transducer and as a wafi1-3x10 > Wem *-K™%, a,=0.106 cms ' and «

for front and back thermal-wave cavities. The PPE signaF5-4X10™* cn?s™1,* respectively. Figure 4 shows experi-
from the PVDF was fed into a lock-in amplifisEG&G ~ mental results using the destructive interferometric configu-
model 5210, which was controlled by a PC. Single-beam orration, Case B. The experimental conditions were the same
two-beam measurements could be performed by eitheas those used with the single-beam method, but the data
blocking or unblocking the rear laser beam, respectively. Exquality and the SNR are clearly superior to the single-ended
periments were conducted as follows: for single-beam meacase. Fitting the experimental data to H&) yielded the
surements the rear beam was blocked. This is similar to thealue a;=0.219+0.003 cnis™*, the average of four mea-
experimental mode reported earlfet except for the trans- surements, for the room-temperature thermal diffusivity of
parent wall in the present circumstance. The purely thermalair.

Cavity length L (mm)

Figure 3 shows typical experimental results using the
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Cavity length L (mm) FIG. 5. Spatial profiles of the amplitude) and phaséb) of the PPE signal

using a single-beam configuration, with a Ti-sapphire transparent cavity
FIG. 4. PPE experimental and theoretical fits vs thermal-wave length L at avall (thickness +0.1295 cm; frequency=26.6 H2.
modulation frequency =26.6 Hz, using pure thermal-wave destructive in-
terferometry. The best-fit value of the thermal diffusivity of air wag

=0.218+0.003 cnf/s atT=295 K. (a) In-phase andb) quadrature lock-in  much of the random optical fluctuation in PPE destructive
channel data. interferometry resembles the absence of optical base line and
the time averaging of fast random fluctuations in the single-
IV. DISCUSSION ended opaque-wall TWRC configuration. Therefore, it is ex-
pected, at least qualitatively, that the SNRs of the two con-
The transparent-wall thermal-wave cavity measurementfigurations should be comparable. It is also expected that
of room-temperature air thermal diffusivity agree very well both SNRs should be much better than the single-beam
with those using a TWRC with an opaque exterior Walf  TWRC configuration with a transparent exterior wall. This
Furthermore, both results are in good agreement with literaexpectation is borne out by direct comparison of the data
ture values lying in the range of 0.19-0.228%@m'.3-1%  quality in Figs. 3 and 4. In the case of an optically opaque
The standard deviation afy is about 10% for the single- wall, the sole thermal source within the cavity is the optical-
beam method, but it is only approximately 1.3% for the dual-to-thermal energy conversion process occurring in that wall/
beam destructive interferometric measurement. The SNR arghmple. Therefore, the thermal-wave power received by the
the measurement precision of thermal-wave interferometry?VDF detector is a monotonically increasing function of the
using transparent exterior walls is comparable with resultslecreasing cavity length as a result of the energy confine-
using a single-ended TWRC cavity with opaque externament in the cavity? In the case of a transparent cavity wall,
wall (~1%). This can be explained as follows: in the casehowever, the thermal source due to optical absorption by the
of the TWRC with an opaque wall, the thermal wavessample/wall contributes only a very small portion to the
launched by the wall material following optical-to-thermal overall PPE signal, when compared with the direct transmis-
energy conversion are completely cavity-length dependergion of the incident light onto the PVDF detector. Since the
with no base line signal. Therefore, a very high instrumentabverall PPE signal substantially comes from the direct opti-
sensitivity can be attained. Furthermore, the noise due to angal absorption of the transmitted light onto the PVDF detec-
fluctuations in the incident laser power is reduced to a largéeor itself, it should be largely independent of the distance
extent, by time averaging through th@dow-pass-filter- between sample and PVDF surface, i.e., cavity length L.
equivalent slow thermal transfer process. In the case of theHowever, both theoretical and experimental data, Fig. 5,
single-ended TWRC with a transparent exterior wall, theshow that the PPE signal actually becomes a function of L at
large base line signal due to direct optical transmission subshort cavity lengths within a thermal diffusion length. The
stantially limits instrumental sensitivity and signal dynamic same Ti-sapphire disk as that in Figs. 3 and 4 was used in
range. This signal is not immune to fluctuations in the inci-Fig. 5. It is seen that the amplitude of the PPE signal is
dent laser power, which further deteriorate the SNR andndeed independent of the cavity length when the cavity is
hence the measurement fidelity. The real-time cancellation dbnger than 2 mm. Then it rises, reaching a maximum, fol-
the direct-transmission-generated base line signal and déwed by a rapid drop when the cavity length is less than
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' ' ' ' ' 183 ficient Rys versus the thickness of the sample. The thermo-
1'335' ; f@w physical pgrar_neter; of air and Ti-sapphire materifa! were
Jo99l g {182 used for this simulation. It can be seen that the semi-infinite
E“’ B sample reflection coefficient defined in Refs. 18,19, and in
o 098} Lis1 f Eq. (1) is valid for most of the gas-solid boundary in which
E i @5 the solid material is thicker than a few hundred microns. The
g, S sample thickness does matter if the solid is thinner than the
< .| 1808 thermal diffusion length in the materiéd few tens microns
’ Based on the convenient concept of thermal-wave reflec-
0.5 . . . . v 1q7g tion coefficient, the overall PPE signal in Fig. 5 is actually a
00 02 04 06 08 10 superposition of thermal waves that are originally produced
Thickness of sample (mm) within the PVDF and those reflected from the sample. A

FIG. 6. Complex thermal wave reflection coefficient at gas-solid boundszonStant output in the amplitude channel when the sample is
vs thickness of the solid. Parameters used kge:2.62x< 10°% W/icm K, at a far distance away from the PVDF is due to the fact that
ay=0.22 cntls, ky=0.33 W/cm K, a;=0.106 cni/s, andf=10 Hz. the reflected portion is substantially zero owing to the highly
damped nature of the thermal waves. As the interface ap-
~0.5 mm. This phenomenon is associated with the coheremtroaches within one thermal diffusion length, the thermal
superposition of two thermal waves, both generated at thevaves exhibit a shallow constructive superposition at the lo-
surface of the PVDF layer through direct optical absorptioncation where the phase is restored to its original value after
and through “reflection?®® at the nearby surface of the one round trip. As the cavity length further decreases, the
sample, when the latter is well within one thermal diffusion contribution from the reflected thermal-wave power in-
length away. The phases of the two waves at the surface affeases, while the overall phase moves away from the con-
the PVDF sensor are such that they result in decreasing eftructive interference condition, therefore resulting in an
the thermal-wave field there. This is further borne out byoverall decrease of the amplitude on the PVDF surface.
examination of the first and second terms inside the bracket
of the relevant theoretical formula, E(p). The structure of ACKNOWLEDGMENT
that expression shows that the first term can be explained as
the direct PVDF-surface contribution and the second term as |1 the Natural Sci d Enai g R hC "
the contribution from the reflected portion, which after a ural Sciences and Engineering Research tounci
. . .~ of Canada.
round trip and a reflection at the gas-sample boundary, inter-
feres with the direct PVDF surface thermal wave. The term
reflectionis only used for convenience. It implies that the APPENDIX: DEFINITIONS OF EXPRESSIONS
thermal-wave field within the cavity camathematicallybe 2B;—B,(1+b;)e’s'+B;3(1—b;g)e ¢
considered as the superposition of forward and reflected 3= (11 (17 by (€T — yroyme ) (A1)
waves, whereas physically any concept of reflection conflicts
with the unidirectionality of the Fourier equation of With
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diffusio_nf‘:13 Il\ilgel\éertheless, consistently with its mathemati- B, =E by (N;+N,e 25) +1(N;—Npe 25)], (A2)
cal definition;*~"the thermal wave reflection coefficieRy _ad
at the gas-sample boundary in H§) is Bo=Ese 7S[N3+Na+rg(N;—Ny)], (A3)
1—e 29¢ © Bs=Ese I[N+ Np—r(N; =Ny, (A4)
Rys=Wa1=—, —. 9
T eyl T2 1-Rg (A5)
Equation(9) shows that the thermal wave reflection coeffi- S 2ky(B2—02) 1-Rie 2P
cient Ry is not only a function of the thermal properties of .y A6
the two media which form the boundary interface, but also of rs=PBslos, (AB)
the thickness of the medium from which the thermal wave is  N,=1+ ReR,(1+ Ry)e™ 28, (A7)
reflected(or, more accurately, in which it is confinedrhis
is, essentially, a thermal-wave impedance. Obviously, if the ~N2=RJ{1+Rp(1+Ry)] (A8)
thickness of the sample is zero, i.e., absence of the sampleyng
Rgs=0. (10 _ 2Pyt Po(1hby)e” ™= Py(1-byle "
If the sample is semi-infinite, then the reflection coefficient 47 (1+bg)(1+by ) (€7 M= ya, y,,0 ™) (A9)
reduces to with
Ros™ ~Yes D P E by (Ny+ Nae 2 1 (Ny, —Nyge )],
which is the same as the definition given earlfel® The (A10)
negative sign “-" in Eq. (11) implies that there is a 180° P.=—E.e AN +No+r.(Ni.—N A1l
phase shift for thermal waves reflecting from the gas-sample 2 & PN N+ 1Ny = Nor) ] (ALD)
boundary. Figure 6 shows the thermal wave reflection coef- Pz=—E,e #™ N;,+ N, —r,(N;,—Ny) ], (A12)
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E, = &%y R (A13)
2k (87— 07) 1—-Re A
r=pglo, (A14)
Ny =1+RRy(1+R,)e 2AmM, (A15)
N =R [1+R,(1+R/)]. (A16)
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