JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 12 15 JUNE 1999

Purely thermal-wave photopyroelectric interferometry
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A thermal-wave interferometric technique based on pure thermal-wave interference using
two-cavity photopyroelectridPPB detection has been developed. The salient features of this
interferometry are investigated with a general theory, which describes the dependence of the PPE
signal on the optical, thermal, and geometric parameters of the thermal-wave cavity configuration.
Preliminary experimental results are presented. A major feature of the technique is the efficient
suppression of the background PPE signal base line. The physical origins of the interferometry are
also discussed. €999 American Institute of Physid$50021-897609)02811-X

I. INTRODUCTION detection systems: differential front-surface polarization
modulatiort? and out-of-phase sample-surface moduldtion
The single-beam photopyroelect(iePB technique is a PPE schemes involve the formation of destructive thermal-
well-established photothermal method used for spectroscopigave interference inside the body of a solid sample. They
and thermal characterization of various materials as well apave been used with considerable enhancement of the signal-
for studies of thermophysical properties of gaésThe ba-  to-noise ratio owing to base line suppression. Nevertheless,
sic principle of the single-beam PPE technique is that when ghe specific thin-surface-film preparation, vacuum environ-
periodically modulated energy source impinges on the surment, and optical excitation wavelength requirements im-
face of a sample, the sample will absorb some of the incidenjosed on the former technique cannot be met by a large
energy and will, in turn, produce a localized temperaturenumber of geometries and materials, which do not exhibit
increase following a nonradiative deexcitation process. Thigjiscrete polarization states. Furthermore, bulk thermal inho-
periodic temperature variation in the sample can be detectegiogeneities and the strong thermal-wave dispersion inside a
with a pyroelectric transducer made of a thin-film pyroelec-solid, photothermally excited by out-of-phase surface modu-
tric material[e.g., polyvinylidene fluoridéPVDF)]. The PPE  |ation of two laser beams clearly limit the dynamic range of
signal from the pyroelectric transducer is due to athe latter technique, which usually results in an incomplete
temperature-dependent change in polarization of the pyrogase line suppression, exacerbated with increasing sample
electric material:? If the sample does not contact the trans-thickness.
ducer, the air gap formed in the medial region amounts to & | this work, the theory and preliminary experimental
thermal-wave cavity. This cavity confines the thermal-wavemethodology of a thermal-wave interferometric technique is
oscillation and has been shown to give rise to a standinggeveloped. The technique is based on the spatial interference
wave-equivalent structure, the length of which can be tune@f thermal waveswithin the body of the pyroelectric trans-
to resonant antinode and node patterRecently, such gy cer independently of the sample. It has been developed in
thermal-wave resonant cavities have been used for high presrger to overcome the shortcomings of the earlier interfero-
cision measurements of thermophysical properties of the ingetric methodologies and may be regarded as the evolution
tracavity gase$®*'® _ of the method presented in Ref. 6, in that it creates out-of-
In all the conventional embodiments of the PPEppage destructive interference patterns between —highly
technique;*"**a single excitation source is employed with gjigned thermal waves in the transducer itself, resulting in
the radiation impinging on either the fron(PPB, or the complete base line suppression. Unlike other pfiton-
rear-surfac¢inverse PPEIPPB] of a PVDF transducer. The yentional”) photothermal interferometric schemgs?® the
sensitivity and dynamic range, however, of the PPE meapeyy technique isot based on monitoring thermal waves
surement scheme can be compromised in the study of soligsyiting from direct optical interference patterns, such as
transparent materials, due to the substantial base line signglose generated by two appropriately modulated laser beams
from direct transmission of the incident light onto the detec—(e_g_, intensity, phase or polarization modulaiomn the
tor. In addition, in the case of IPPE, the restriction imposedpresent coherence scheme, thermal waves are induced by
by the requirement for thermally thin PVDF film and for yq intensity-modulated beams, split off a single laser source
sample-detector contact further compromises the dynamigng with a fixed phase shift relationship between them. The
range of photopyroelectric sensor devices. Some earlier efiga|ly large instrumental PPE base line signal and a signifi-

forts were made to lower the instrumental base line of PPE4nt nortion of the noise can be efficiently suppressed within

the PVDF detector if the two laser beams are collinearly
dElectronic mail: mandelis@mie.utoronto.ca incident on opposite surfaces of the thin pyroelectric film,
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Sample  PVDF  Reference P-g3, g3-R, andR-g4) of Fig. 1. In the theoretical treat-
| ment of the most general case, gaseous media of different
Incident beam Incident beam thermophysical propert.ies are gs;umed Fo gxist in regj@ns
1 exp(jax) 1, exp(j(ax +Ag)) 02, g3, andg4. Assuming negligible radiative heat transfer
> | to the sensor from the heated sample and reference, espe-
(S) P ®) cially in the case of transparent materidlthe appropriate
&l &2) &3) &b thermal-wave equations have the form
— d*Ti(x)
U| 1 1 LI dl Ly 1 m|=X dXZ _o-iTi(X):ol
FIG. 1. General PPE geometry for purely thermal-wave interferometry. i=1,2,3,4 for regionsgl, g2, g3 and g4, (1a)
. . _ _ _ d°Tex) ls(X)
and with 180° relative phase shift. In this fashion, much e —o-STS=—775BsT, o=x=l, (1b)
higher signal sensitivity and dynamic range PPE measure- s
ments than with the conventional single-beam PPE configu- dsz(x) 5
rations are expected and have been confirmed very recently —g2— —0pTp=0, I+L<x<l+L+d, (10
in this laboratory. In order to demonstrate the physical prin-
ciple of this technique, in view of our preliminary experi- d?T,(x) ) I(X)

mental results, a general theory is presented, which describes ™ 2 o == rz_kr:

the dependence of the PPE signal from a thin-film PVDF

detector on the optical, thermal, and geometric parameters of [+L+d+L;sx<I|+L+d+Ls+m.
the dual thermal-wave-cavity configuration, formed by the (1d
noncontacting sample, the PVDF and the reference solid,, Egs. (1), o= (1+])Jel2a is the complex thermal dif-
Several special cases of the theory corresponding to varimgSion coéffilcient in regionil (i=g1,92,93,94,S, P, R)
possible experimental configurations are also presented an P

its advant the sinale-b interf ric PP th thermal diffusivity ¢; ; kg ,k, is the thermal conductivity
IS advantages over the singie-beam noninterierometric the sample and the reference, respectiv@y; 8, and
method are discussed.

1s, 7, are the optical absorption coefficients and the optical-
to-thermal energy conversion coefficients of the sample and
the reference, respectivel(x), I ;(x) are the total optical
fluence contributions to the depxkhin the sample and in the
The most general configuration diagram for purelyreference medidwhich are given as follows:

thermal-wave PPE interferometry using a one-dimensional
heat transfer model is shown in Fig. 1. Two laser beams of
intensitiesl, andl,, respectively, are split off of a laser
source and are modulated at the same angular frequency

1. ONE-DIMENSIONAL GENERAL MODEL OF
PURELY THERMAL-WAVE PPE INTERFEROMETRY

S
1_Ree %4 Fs(x), (2a)

l(X) =11

They have a fixed, adjustable phase stifo), and are inci- _ | _aide 1-R

dentyonto the front a:ld rear sF,)urfaces of a PVDF detector, u(x)=1ze 1—ere_2B’m Fr(x), (@)
passing through noncontacting optically transparent sampl\?v here

and reference media, which, along with the PVDF sensor in

the middle, form the thermal-wave cavitig® andg3 as |:s(><):|\11(g*l¥fs><4r Nzefﬁs(Zlfx)' (20
shown in Fig. 1. The incident beams are assumed to illumi-

nate the PVDF sensor uniformly with spot sizes much larger  N1=1+RRy(1+Rg)e 25!, (2d)
than the thermal diffusion length in PVDF, so that the one- .

dimensionality of the heat transfer model is assured. The N2=R{1+Rp(1+Ry)] (2¢)

thickness of the sample, the reference, the PVDF detectaind

and the lengths of cavitieg2,g3 arel, m, d, L andL,

respectively. The sample and the reference have optical ab- F (x)=N, e Ar(l+Ld+Litm=x)
sorption coefficientBs, B,, respectively. Light absorption

by the sample—PVDF transducer—reference system and + Ny e Arl2m=(IFLtd+Ly+m=x)] (2f)
nonradiative energy conversion to heat increases the tem-
perature of the PVDF sensor, which results in a potential N, =1+ RRp(1+ R)e~2Am, (29)

difference between the two surfaces of the transducer due to
the photopyroelectric effect. The photopyroelectric signal
from the PVDF detector is proportional to the average ac
temperature of the PVDF film detectbilt is governed by In Egs. (2), Rs, R/, R, are the surface reflectances of the
coupled one-dimensional heat diffusion equations subject teample, the reference, and the PVDF detector, respectively.
appropriate boundary conditions of thermal-wave field and The standard boundary conditions of temperature and
flux continuity across each interfacg¥-S, S-g2, g2-P, heat flux continuity can be used to solve the foregoing

No =R[1+R,(1+R))]. (2h)
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coupled boundary-value problems. In particular, the heat fluinfinite set of reflections of the incident beam within the
boundary conditions at the front and rear surfaces of thesample and the reference medi@he PPE signal from the

PVDF sensor can be written as PVDF detector, assuming a short thermal time constant com-
pared to the inverse of the modulation frequency, can be
. dTx(x) ) dTy(x) (1-Ry)? p written as
o Tdx o Tdx (TRl
I+L+d
x=1+L, (3a) V(w)=S(w)ﬁ+L Tp(X, @)dX. 4

ATe00 A Ta)

—1_ jAg HereS(w) is the instrumental transfer function, a frequency-
P dx 9 dx =(1 Rp)lze

dependent factor related to the associated PVDF-signal am-
plification and processing electronit’slt is usually normal-

2
(1-R) ~B,m ized out by means of frequency scans of samples with well-
1—R%e 2Am ’ known frequency response¥,(x,w) is the local complex
thermal-wave field in the PVDF, which must be calculated
x=I+L+d, (3b)

from the above coupled boundary-value problems.

where the right-hand sides of Eq8a) and(3b) represent the After a considerable amount of algebraic manipulation,
incident beam intensities at the front and rear surfaces of thihe output photopyroelectric sign@loltage modg for the
PVDF thin film, respectively, with due consideration of the geometry of Fig. 1 can be finally expressed as follows:

w
V(o) S(w)
op(1+Dbyp)(1+bgp)
Hi(1+b3p)[Gy(1+Wqge 2725) + 2b,,Ge™ 728+ Hy(1+byp)[Go(1+ Vase ™ 273M1) + 2b3,G e~ 7341] -
[€7p%( 1+ y3,Vase™ 273M0) (1+ yopWae 2728 — e~ 709y + Woie ™ 2720 ) (3, + Vase 27351 ’
|
where thermal wave fields within the PVDF detector generated by
two incident laser beams of equal fluences modulated with a
b=k \/?j/k,- Jai, (6a)  fixed phase shifi\e.
Ill. SPECIAL CASES
¥ij = (1= by)/(1+byy), (6b) Equation (5) explicitly demonstrates that the general
o ol PPE output signal from the system shown in Fig. 1 is a
_ Y€€ E function of the solid sample and the reference, as well as the
W= — 57— —d (60 . .
€% — Yo Y16 78 constituents of the two thermal-wave cavities formed be-
tween the PVDF film and the two solids on either side. The
Y3 €7TM— y 07 M complicated dependence of the signal on the parameters of
Vag=— "M e e M (6d)  this system, however, makes any specific physical insight

into Eq. (5) very difficult in the general case. Therefore, in
this work it is instructive to consider several special cases of
g€ P9, (6e)  theoretical and practical importance, according to several
kpop ~ 1—-Rge Ps possible configurations among the incident beams, the
sample and the reference.

_(1_Rp) Il(l_Rs)2
1=

_(1-Ry _1,e*4(1-R)? _

G - e Brm (6f)  A. Single laser beam; no reference medium;
2 Kyop 1—-Rée 2Am one (front) thermal-wave cavity
Expressions foH,, H, andG3, G, are given in the Appen- If the rear laser beam and the reference medium are ab-

dix. From the structure of the PPE output voltage of &),  sent, or if the rear beam is absent and the reference solid is
it can be seen that the first term in the numerator represenidaced far away from the PVDF compared to the thermal
the contribution from the front beam, through the sample andiiffusion length in the gaseous cavif, then in terms of the

the intracavity gas layeg2. The second term originates from foregoing model we must sé}=0 and eithem=0 (in the

the rear incident beam, through the reference layer and tha@bsence of a reference solidr e~ “s-1—0 (if the reference
intracavity gas layeg3. Therefore, the overall output signal is placed far away from the detectoin both cases E(5)

is the result of the completvectoria) superposition of two reduces to the following simplified expression:
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S(w) (e!—1+ Y3p~ 'Y3pe_0pd)[G1(1+ Wpie™272b) + 2b2pG39_(’2L)]

V(w)= : T =20 —0 —20
( op(1+byp) 871+ ypWoe 272h) — yape ™ 709y + Wpe 272h)

)

Equation(7) gives the general expression corresponding tdPVDF detector, with the sensor thickness as a parameter.
the single-beam PPE technigtién the present case, how- The output PPE signal amplitude peak position shows some
ever, the finite thickness of the PVDF sensor is account forshift to longer cavity lengths with increasing PVDF thick-

In the earlier theoretical treatmérthe PVDF was assumed ness, while the overall phase lag decreases. This is physically
to be semi-infinite. Figure 2 shows the effect of the finiteas expected, because thinner transducers confine the compos-
thickness of the PVDF element on the output signal for ate thermal-wave centroid closer to the far wall of the cavity
fixed cavity lengthL. =200um (see Fig. L It was assumed (origin), as witnessed by the amplitude shift toward the ori-
that the transparent sample is a Ti-sapphire laser crystal digkin, and the decreased phase lag. Therefore, for quantitative
with a thickness of 0.1295 ctrand the gaseous media on analysis it is of practical importance to take into account the
both sides of the PVDF detector are the safag). The thickness of the pyroelectric transducer for PVDF films thin-
parameters which were used in EJ) for the simulation ner than ~200um, as is usually the case with PPE
are: k,=1.3x103 W/icmK, @,=5.4x10 % cnf/s;®® ks  measurements: ' If the thickness of the PVDF is assumed
=0.33 W/cmK, as=0.106 cni/s;® k,=ks=k,,=2.62 to be semi-infinite, Eq.7) reduces, as expected, to the

X 10 % WicmK, a,=a3=a,=0.22 cn/s;®> modulation single-beam expression given as Ejl) in Ref. 3.

frequencyf =10 Hz. It can be seen from Fig. 2 that the PPE

output signal depends on the thickness of the PVDF detector

in the thermally thin rangé.With increased thickness, the

thermally thick condition prevailsthe amplitude of the out- B. Two laser beams; no sample or reference;

put signal exhibits the expected oscillatory behavior with ano thermal-wave cavity

global maximum at thickness-40um, before reaching a
constant(thermally thick value; and the phase decreases
monotonically before assuming a constétermally thick
value. Figure 2 shows that for the foregoing parameters, th
PVDF film may be assumed “semi-infinite” if its thickness
is greater than~200um. Figure 3 shows the output signal
(amplitude and phageas a function of the front cavity
length, L, formed between a Ti-sapphire sample and the

If both sample and reference are abdemtboth sample
and reference are placed in the optical transmis$Om)
mode (,L;—)], the following limiting values must be set
f Fig. 1:1=0, m=0, (or e "2- -0, e “3:1,0), andR,
=0, R,=0. In both cases, Ed5) is simplified to

2811 L=0.02cm —_
=)
k f=10 Hz a
= 2.80 -§ Y
" 5
w 279 $ E —o—d=9 um
S 3 ——d=18 ym |
5 278f 2 ——d=36 um
< ——d=72 pm
< 2771 ] ; —— d=144ym
s 260 " ! L .
(a) 0.0 0.1 02 0.3 0.4
278, 100 200 300 200 CAVITY LENGTH L (cm)
THICKNESS OF THE PVDF (um) . . . .
T T T (b) —o—d=9 um
bl | L=0.02 cm | 75k ——d=18 ym |
=10 Hz . ——d=36 um
-85 1 & — =72 um
o) a 8oy d=14dpm 7
0] [a] ——d=144ym
w  -86F 4 E L
= @ .%A
w g 1
87} i A
2 o
o _ggt J N — ]
89 . . ) (b)] 0.0 0.1 0.2 0.3 0.4
0 100 200 300 400 CAVITY LENGTH L (cm)

THICKNESS OF THE PVDF (um)
FIG. 3. The output PPE signal vs cavity lendgthusing PVDF detectors of
FIG. 2. Effect of the PVDF detector thickness on the output PPE si¢mal; different thickness{a) amplitude,(b) phase. The parameters used are the
amplitude;(b) phase. same as those of Fig. 2.
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w)(1-R,) 10 T T T
V(w)ZS(ﬁk(—p ol |
p9p QTX ﬂ ﬁ
ia s 7F & £ 4 £0)]
11(14D3p) 1+ 1281491+ byp) €, 8a 5 ok A £ 3 £
(1+b2p)(1+b3p)(egpd_ 72p73pe70pd), a8 sf 4 £ 3 £ ]
2 4 %i £ 3 £ 40
where ZF  a Y 4 £ kW
d d N N )
&=e%"—1+ ygp—yg,pe"’p , 1k 5 2 R 1
0 I:‘Il";l 1 ?‘.‘l; 1
and 0 200 400 600

Er=e'— 1+ yop— yppe 70

If the experimental system is exposed to the same ambient @)
gas medium(usually, aij on both sides of the transducer,

then subscripts 2 3=g in Eq. (8a), which further reduces to 500 (©)
500
S(w)(1-Rp)
V(w)= gt G 40
Kpop(1+bgp) 5 300
. L
[13+1,614¢](e70%— 1+ ygp— yg,e ™ 709 @ 200
' el 7 aoyd . (8b) T 100
e7 — yge 7P
° @)
This is the simplest case of coherent interference of two ther- -100 , , .
mal waves of different amplitudes, which are generated di- 0 200 400 600
rectly within the PVDF detector by two oppositely incident PHASE SHIFT (DEG)
laser beams of arbitrary fluence and arbitrary phase shift.
Equation(8b) shows that constructive or destructive interfer- (b)

ence patterns will appear when the relative phase ahjft ) ) ) o
FIG. 4. Interferometric PPE signal vs phase shift between two incident

=0° or 180°, respectively. Figure 4 shows the amplitude, - = """ e T S0 ratie® 1,/1,=0 (1,=0), (b) 1,/1,

and phase of the interference-generated PPE signal8Bq. -1 () I,/1,=2.0. The off-line phase points in curyb) at Ae=180°

as functions of the phase shiftp at different fluence ratios and 540° are due to the 0/0 operati@®structive interferenge

of the two laser beams. The parameters used in the simula-

tion are:l1;=1.0 W/n?, d=52um. Other parameters are the _

same as those used in Fig. 2. It is observed in Fig. 4 that thi2Ser béam as a result of an optical or photothermal fluctua-

fully destructive interference pattern occurs in the amplitudd'on €an be readily sensed by a fully destructive th(i;mal-
channel wheri,/1,=1 and only for odd integral multiples Wave interferometer with practical resolution of QuV.

of 180°, curve b, while the phase increases linearly withBY contrast, the same variation in the output signal is impos-

increasing phase shift. A large constant base line PPE signgiP!e t0 detect with the single-beam method with practical

appears in the case 6§/1,=0 (i.e., the single-beam case resolution of 0.01 mV. It should be noted that conventional
curve a, independent afe chara(;teristic of complete ab- optical detectors such as photodiodes, cannot exhibit such

sence of thermal-wave interference, as expected. Comparirmg|h FOM, because the protective transparent overlayer and/

the two foregoing patterns, the advantage of the situatio®" the nonnormal incidence of two laser beams on the active

depicted by curve b at the nodes becomes immediately aF§_rea(front surface of the detector make it harder to produce

parent in terms of the large coherent base line signal suppreBI€cise spatial symmetries, coincidence and equal spot sizes.
sion, theoretically to zero level. In this mode, the thermal-' "erefore, optical detectors are capable of only partial flu-

wave interferometer acts as a sensitive detector of purel§fnce(@nd thus base lineancellation, as equivalently shown

optical radiation variations between the intensities of the twd? the intermediate case of partially destructive interference

incident beams. In practice, one is left with the residual exIn Fig- 4@, curve c. This is not a problem using the simple

perimental system noise under full destructive interference_r:1ormal incidence arrangement from both s_ldes of the_ PPE
experimentally, we found that if we esa 5 mWiaser beam interferometer depicted in Fig. 1. Thus, unlike conventional
modulated at '10 Hz, we obtain an output PPE sigvigl optical detectors, the PPE fully destructive interferometer

~3mV by blocking the rear incident beam. Under the samé?as the potential to be an optimum FOM instrument for op-

experimental conditions, we can easily obtain a minimumfic@ beam power/fluence characterization.

interference output signaf;~1 uV for fully destructive in-
terference. This represents a figure-of-merit (FOWM,/V;)
of the PPE thermal-wave interferometer €f3000. Under
these conditions, a very small variation in output signal on  If the reference medium is absefr if it is fixed at a
the order of 1uV caused by an intensity change of the front very large distance compared to the thermal diffusion length

C. Two laser beams; no reference medium;
single thermal-wave cavity
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in the ga$, one must sem=0, (or e “3-12—-0) in Eq. (5). Assuming that the experimental setup is exposed to the same
ambient gagair) on both sides, the subscriptss2=3=4=g, result in the following simplified expression:
S(w) (7= 1+ ygo— vgee PN G1(1+Wye 2795) +2by Gae™ o]+ GoH)

V(w)= : o —20 -0, —20,
( ) O'p(1+ bgp) e pd(1+ 'yng21e 2 QL)—’ygpe Pd('ygp+W21e 2 QL)

, 9

where G, is given by Eq.(6e), Géz(l—Rp)/kpaplzejA‘P The thermal-wave signal from the PVDF is then fed into a

and lock-in amplifier (EG&G model 5210 without further am-
b od 2oL plification.
Hy=(e"" = 1)(1+ ygpWore ™77) The PPE image shown in Fig. 6 is that of a Ti-sapphire
+(1—-e” vpd)(ygp+ W,,e~275L), (10)  laser disk with a diameter of 1.5 cm and thickness of 0.1295

cm. The experiment was conducted in the purely optical

It is easy to see that the difference between this case and trpﬁode, with the Ti-sapphire disk having been placed far from
case discussed in Sec. llIA is that the interference termne pypr detectofi.e., L in Eq. (9)]. Thus, a very

(G;H) appears in Eq9). This is an experimentally simple  gjmple formula only involving the optical properties of the
and useful case, because only the properties and the geomglnpie can be obtained

ric parameters of the sample are involved. This situation is
encountered in the study of optically transparent samples, in S(w)(1—Ry) (e“pd—1+ Yoo~ Yo 7pd)
which a large base line signal from the direct optical trans- V(@)= K o2 :
e e : . op(1+Dbgp
mission of the incident beam passing through the sample is PTp 9P
usually the dominant factor limiting the sensitivity of the
PPE measuremett Fully destructive thermal-wave interfer-
ometry in the single-cavity mode can suppress the transmis-
sion base line and enhance the thermal component of the
total PPE signal compared to case Il B, where the interfer-
ometer in the absence of a sample can only detect optical
(fluence variations between the two incident laser beams.

A simple application of this PPE interferometric detec-
tion mode in the scanning imaging of a transparent optical
material using the experimental setup illustrated in Fig. 5 is
shown in Fig. 6. Two laser beams, which are split from one
laser and modulated at the same frequency, are incident onto
the front and rear surfaces of a PVDF detector. The relative
intensities of the two beams can be adjusted by a linear in-
tensity attenuato¢neutral density filter, and the phase shift
between the two beams is precisely controlled by adjusting
an optical chopper. The reference is placed onto a single-axis
micro stage for the purpose of scanning the cavigyg)(
length between the reference and the PVDF element. The
sample is mounted onto a three-axes micro stage, which al-
lows for changing of the cavityg,) length and the scanning
imaging of the sample. A PVDF circular film, 52m thick
and 1.2 cm in diameter, is mounted on an aluminum support
with a hole in its base and acts as the PPE signal transducer.

ond__ 2 o—opd
e'pr ygpe p

1-Ry)%e A
|1(25—72ﬁ|+|
1—Rie 2Ps

X zejA‘P

. (11

AMPLITUDE (mV)

Beam Intensity
Laser Splitter Chopper Attenuator {im}r

y N
I:|+I =<
S P R
\ I i
Mirror Mirror
- -

Data
Recorder [ Lock-in Amplifier

AMPLITUDE ( uV)

FIG. 6. Comparison of PPE scanned images of a Ti-sapphire laser rod using
FIG. 5. Experimental setup for PPE thermal-wave interferometry. S:(a) the single-beam method, case(B) the optical-beam PPE thermal-wave
sample, P: PVDF detector; R: reference. interferometer, case C.
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Once the PVDF detector and the measuring system are ch®. Two laser beams; two thermal-wave cavities

sen, the first two ratios in E¢11) become fixed constants. If In view of the structure of Eq5), it can be seen that the
the phase shi = 1.80 and the relative fluenceg of th_e WO first term in the numerator is due to the front incident beam,
beams (3,12) are adjuste_d SUCh. that th? output signal is ZETQyith the G, term representing the contribution from the di-
at the onset of the scanning, this effectively zeros the term iDact transmission of the incident light and tBg term being

brackets in Eq(11). In principle, the ratiol, /|, resulting the thermal contribution due to the optical-to-thermal con-

from this Zero‘ﬂg operqtipn yields an accurate value O.f th‘?/ersion process in the sample. The same situation occurs
optical absorption coefficienss of the transparent material, with the rear beam and the reference sample: BerandG,

if its surface reflectanc®s is knqwn or remains _constant represent the direct transmission of the rear beam and the
t_hroughout t_he scan. After the single-point zeroing (_:0rre‘_:bptical—to—thermal conversion process at the reference
t!on, any optical defects an_d/or surface_or bulk nonun_|form|-samp|e, respectively. If both cavity walls are opad@e and

ties wil |ntr0(_jgce chang_es Rs and/orﬁs in Eq. (11), which G, are equal to zero, with only the contributions fra@y

can be sensitively monitored as a signal departure from thgndG4 appearing in Eq(5). By contrast, if both cavity walls

noise-limited base line. Moreover, another advantage of thigre highly transparent, only contributions fra@y and G,

scanning imaging technique is that the noise component dyg, o 15 e taken into account due to the comparatively neg-
to intensity fluctuations or drift of the common Iaser—beamI

) . igible contributions from theG; and G, terms. Therefore,
source is also coherently suppressed. Figure 6 shows égl

PPE images of a 86 mn? area at the center of the laser o different operational mechanisms and configurations
: . with either transparent or opaque walls can be employed and
disk. Both the single-beam method and the thermal-wav P haq ploy

Sill be discussed separately.
interferometric method yield the same basic image of this I Iscu P y

area. In the region labelex=4-6 mm, both images show
higher transmission but less uniformity than the region la-
beled x=1-4 mm. The highest optical uniformity of this
material is located in the region bounded between
=1-4 mm andy=1-4 mm, as deduced from the interfero- Due to the very weak absorption coefficient of the
metric image, Fig. @). The single-beam image, Fig(#s, = sample and the reference, the thermal contributions to the
shows almost perfect flatness in this region caused by lack ajverall PPE signal resulting from the optical-to-thermal con-
dynamic range, a result of the dominating optical transmisversion processes after the optical absorption are very small.
sion signal base line. The thermal-wave interferometric im-Theoretical simulations of Eq5) show that the contribu-
age, however, shows the surface morphology amplified by &ons from the direct transmissions of the front and rear beam
factor of approx. 300. The most significant difference be-onto the PVDF detector@,; andG, termg are 3—4 orders of
tween the two images occurs in the region boundedkby magnitude greater than contributions from the optical ab-
=1-3 mm and/=4-6 mm. The thermal-wave-interference sorption processe<3; andG, termg for all cavity lengths.
image shows a gradual and continuous increase in the ampli-herefore, the overall PPE signal can be simplified by ne-
tude from ~0-12uV with the practical resolution of glectingG; andG, terms in Eq.(5). Owing to this fact, a

~1 uV, while the single-beam image only exhibits three major application corresponding to this case can be expected
levels (labeled 0, 1, and)2Zimited by lack of signal quanti- in the measurements of the optical properties of the sample
zation. In conclusion, Fig. 6 shows that optical imaging withwhich are included in th&, term if the reference is well
PPE interferometric thermal waves is superior to single-defined. For this application, the entire measurement system
beam imaging with respect to sensitivity, resolution and sigis assumed to be exposed to the same gaseous ambient in
nal dynamic range. Therefore, this technique is a promisingractice. By setting subscriptss12=3=4=g in Eq.(5), the

new tool for optical scanning imaging. overall PPE signal reduces to

1. Highly transparent cavity walls;
spectroscopic mode

S((U) HlGl(l-I—WZle_Z‘TgL)-i—H2G2(1+V34e_2"g'-1)

V(w)= .
( (1)) (Tp( 1+ bgp) e"Pd( 1+ ’yng3487 20'ng) ( 1+ ’)’ng21€7 2(rgL) —e Upd( ’ygp+ W2187 209") ( ’ygp+ V3487 2"9"1)

(12

The symbols used in Eq12) have the same meanings as pears in the near field, where both sample and reference are
those in Eq.5). As expected, if both sample and referenceplaced in thermal contact with the PVDF detector, i.e., the
are placed far away from the PVDF detector, EfR) re-  cavity lengths have to be smaller than one thermal diffusion
duces to case Ill B above, withh andl, being replaced by length in the gas. Figure 7 shows the PPE signal resulting
G, and G,, respectively. There is no advantage of thefrom scanning the sample cavity lengthfrom the purely
present geometry over that of case Il B in the purely opticaloptical mode to the thermally contacting mode, while the
mode. In fact, the simplicity of that configuration, without reference cavity length is fixed at a thermally contacting

the complicating presence of the reference sample, must be0.02cm. To simulate the effect of the optical absorption
noted. The advantage of the double thermal-wave cavity apzoefficient (3;) of the sample on the PPE output signal, the
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FIG. 7. Theoretical behavior of a differential PPE interferometric sensor at, .
various cavity lengthd. and f=10Hz. (a) Amplitude, (b) phase. Insets: absence of both the sample and the refererhge.lz and

experimental results from Schott BK7 glass sample and reference, and thd ¢ = 180°. Then the reference and sample were put in place,
oretical fits. in thermal contact with the PVDF, and the sample cavity
lengthL was scanned. Fitting experimental data to amplitude
is preferable, due to the sharp minimum in this PPE channel.
sample and the reference were assumed to have the samg fitting the amplitude of the PPE signal to E(.2), a
thickness and thermal properties but different optical absorpdifference in optical absorption coefficient af 8= (3,
tion coefficients. Here parameters of Schott BK7 window— B,)=9.7x10 3cm ! between the sample and the refer-
glas$® are used:I=m=0.3cm, Rs=R,=0.07, k=Kk, ence was found. Then, the PPE phase was fitted usinyghe
=1.114x 10 2W/cmKk, as=a,=5.173x10 3cnP/s, and value obtained from the amplitude fit to ascertain consis-
B,=0.04cm. The modulation frequency is fixed dt tency and validity. Numerical fitting further showed that this
=26.6 Hz and the entire system operates in open air. Figureelative measurement is independent of the value of the op-
7 shows that the theoretical outputs in both amplitude andical absorption coefficient of the referengg, ), which must
phase channels are very sensitive to the change in the optica¢ used in the fitting, in a wide range of optical absorption
absorption coefficient of the samplgd). As expected from coefficients from 10° to 101 cm™, which is the case for
symmetry, the output in amplitude has a sharp dip to zeranost optical glasses. Therefore, thermal-wave destructive in-
when scanning the sample-PVDF cavity length to the disterferometry provides a very useful method for measuring
tanceL =L, in the case of3s= B, . Under those same con- very small differences in the optical absorption coefficient of
ditions, the phase being the ratio of the quadrature and thievo samples quantitatively. The absolute value of the optical
in-phase signalboth zerg becomes undetermind@ spike  absorption coefficient of the sample can also be measured, if
in Fig. 7(b)]; compare curvéb) in Fig. 4b). If B is slightly B, is known.
different from B, , the amplitude minimum is not equal to To optimize the measurement, different modulation fre-
zero, and its position depends sensitively on the differencguencies can be considered. Figure 8 shows the effect of the
between the values of these two paramdiEig. 7(a)]. Inthe  modulation frequency on the PPE output signal, in which the
insets of Fig. 7, experimental results are shown to demoneavity length at the reference side is fixed at 0.02 cm, and the
strate the capability of the method. In the experiment, twoabsorption coefficients of the sample and the reference are
“identical” commercial Schott BK7 window glasses, 0.3 cm assumed to bg8,=0.04 andB,=0.03cm!, respectively.
thick were used. The experimental conditions were the samEigure &a) shows that higher modulation frequency gives a
as those assumed in the theoretical simulation. The relativgreater positional shift from the reference position and a
intensities and the phase shift between the two incidengreater deviation of the minimum output from zero. There-
beams were adjusted, such that the output equals zero in tliere, higher modulation frequency provides higher sensitivity
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of the measurement in the amplitude channel. Howeverat L;=0.03cm. In the simulation, the parameters of alumi-
higher frequency will produce a smaller output signal, henceyum  foil walls were used: a;=0.98 cnf/s, kg
lower measurement signal-to-noise ratio, and will also pro-=2.37 \W/cm K2 | =15um; regionsgl, g2 andg4 are ex-
duce smaller phase variatijRig. 8(b)]. As a result, an op- posed to air (i.e., «,=0.22cnfls, k,=2.62x10°*
timal trade-off operation frequency should be chosen for ay/cmK), and 1,=1,, Ap=180°. The modulation fre-

given experiment. quency is 30 Hz. As can be seen, if the gases in the two
cavities are different, the amplitude minimum line shape and
2. Opaque cavity walls; thermophysical mode its position vary sensitively with the relative thermal diffu-

In the case of entire'y opaque Wa”S, no direct 0ptica|SiVitieS of the two gases: lower d|foS|V|ty of the test gaS
transmission of the incident light is possible. The PPE signafesults in a sharper and deeper amplitude minimum line
is due to interfering thermal waves originating in optical-to- Shape positioned closer to the detector. The opposite is true
thermal power conversion of the saturdtegptical absorp- ~ for higher test-gas diffusivity. As expected, the output signal
tion of the incident light on the exterior surfaces of thedecreases to zero when the scanned cavity length on the
sample and the reference. These thermal wavegnaaaly) sample side is equal 1o, when the gases in the two cavities
conductively transmitted to the PVDF. The demodulated sigare identical, and the phase also becomes indeterminate at
nal should be zero if the gases in the two cavities are théhe point ofL=L, [see also Figs @), curve(b), and 1b)].
same, the opaque sample and reference are identical gebhe signal phase past the indeterminate point, however, is a
metrically, and thermally, and the two beams are adjustedery sensitive function of the test-gas thermal diffusivity
such that ;=1,, with Ae=180° (fully destructive interfer- [Fig. Ab)], and switches from lead to lag as the test gas turns
ence. If the gaseous ambient in one of the cavities isfrom a poorer to a better conductor than the reference. The
changed, the symmetry between the two thermal wave cavdual-cavity gas sensor is expected to be more sensitive to
ties is broken, and thus a net output signal is expected t@est-gas thermophysical properti@giffusivity and conduc-
appear. Therefore, a highly sensitive differential thermo-ivity) than its single-cavity counterparpwing to the sup-
physical gas sensor can be designed based on this principlgression of the thermal base line and the real-time differen-
For the purposes of designing this sensor, the foregoingal measurement effected by this novel cavity design.
theory of the PPE interferometer suggests that totally opaque a quantitative way to monitor minute changes in ther-
materials must be used for both sample and reference CaVi%ophysical properties of the intracavity gases can be de-
walls .to reduce the c_omplexity of the theoretical analysis anqised. In this measurement method, the two cavity lengths
expenmental operatl_on. It can be fur_ther. assumed that thgye fixed at the same value, i.e=L,, and the output signal
PVDF is thermally thick, the gas ambient in regiags 92, s calibrated to zero when the two cavities are exposed to the
andg4 is the same in the simplest case, while the gas und&fy e gaseous medium. Thereafter, any relative changes be-
investigation is confined in regiog3 (Fig. 1). Under these e the two intracavity gases will be sensitively monitored
condltlons, the following values are inserted in E5). sub- by a nonzero output. Figures 10 and 11 show how this dif-
seripts 1=4=2 (9‘&‘3) ar,l’dr_= S _tgtlally Opfi‘%ume sample and . ¢o o g gas sensor is expected to behave theoretically at
reference cavity “walls” givee "< —0, & #"—0, which o\ 05 cavity lengthk, such thal. =L, and various modu-
leads t0G,=0 andG,=0. Equation(5) reduces to lation frequenciesf() using Eq.(13). The same parameters

2S(w)e” ¢ 1 as those in Fig. 9 were used in the simulation. In Fig. 10, the

V) = 21 b, 1= yanyae 272 values of thermal diffusivity ¢;) and conductivity ks) of
PP 2 2pree the intracavity gas were assumed to depart linearly from

1 those of the ambientbackground ajr with the forms a,

1 yayyae 203 =[0.22+n*1.6x 10 3] cn?/s andkz=[2.62+n*8x 10 3]

X 10~ *W/ecm K, wheren is an integer from 0 to 125. At the
starting point 6=0) of Fig. 10, the parameters of the test
(1+byp)(1+byg) (1— 58279 gas in region 3 are the same as those in regiair There-
IzejA‘PbSS(l— 'y2p725e7202L)e7 oaly fore, th_e (_)utput signal amplitude at this poir)t is zero and the

+ —|. (13 phase is indeterminate due to fully destructive thermal-wave

(14Db3p)(1+Db3e)(1— yasy3s€™ *79) interference inside the PVDF. Figure 10 shows that the sen-

The output signal is a complex function of the thermal cou-sitivity of the sensor in the amplitude channel to the change
pling coefficients between the intracavity gases and the cavh thermophysical properties of the gas is enhanced with de-
ity walls. However, once the cavity walls and the geometriccreasing cavity length, while the phase channel shows the
parameters of the system are fixed, the signal is only a fund@pposite trend feature from the amplitude. A similar effect
tion of the intracavity gases, the thermophysical properties o¢an be seen in Fig. 11, which shows that the sensitivity of the
which are included very sensitively in the exponential func-sensor in the amplitude channel is enhanced with decreasing
tions in Eq.(13), and less so in the thermal coupling coeffi- modulation frequency, as expected, since the intracavity
cientsb;; and y;; . Figure 9 shows the characteristics of the thermal-wave power reaching the surface of the sensor is
output signal versus the cavity lengthon the sample side increased. In practice, however, lower frequency operation of
for several thermal diffusivities of the test gas in that intra-the interferometer will result in a larger overall systemf 1/
cavity space. The cavity length at the reference side is fixedoise.

1 1025(1— y3pysse 273 1)e™ 72
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FIG. 10. (a) Theoretical amplitude, antb) phase of the destructive inter-
ferometric thermophysical PPE gas sensor signal as a function of the
intracavity-gas thermal diffusivity, with cavity length as a parameter.

cal PPE gas sensor operating in @&ferencg and in a gaseous ambient, content(harmonic Fourier spectruma prerequisite for con-

with three different thermal diffusivitiega) Amplitude, (b) phase.

ventional wave phenomena.g., reflection, refraction, dif-

fraction and polarization Nevertheless, the intracavity space
energy distribution can be sufficiently described by the math-

IV. DISCUSSION

The successful development of photopyroelectric
thermal-wave interferometry must be placed in the proper
physical context, in order to understand the peculiar nature
of “thermal-wave interferometry.” A discussion of the na-
ture of thermal standing-wave patterns leading to the single-
cavity sensor consistent with the heat-conduction continuity
equation(otherwise known as Fourier's law

—KkVT(r,t)=F(r,t) (14

has been given elsewhetélereF is the thermal-wave flux
andk is the thermal conductivity of the medium in which
thermal waves propagate diffusively. The essence of the
wavelike nature of thermal waves lies in the fact that diffu-
sive temperature-wave propagation cannot sustain reflections
at the boundary walls of the cavifpr cavitieg, where the
thermophysical properties change abruptly. This is so be-
cause conduction heat transfer is unidirectional and only ac-
tivated by existing temperature gradients, which generate net
heat fluxes in the appropriate direction of decreasing tem-
perature in the cavity according to the continuity equation,
Eq. (14). This is unlike propagating wave fieldacoustic,
optica), where a definite mode structure exists, which stems
from a well-defined completeness relation linking temporally
orthogonal eigenfunctions of the motiéhln the thermal-
wave field there are no orthogonal temporal eigenmodes, arf
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dG. 11. (a) Theoretical amplitude, anth) phase of the destructive inter-
erometric thermophysical PPE gas sensor signal as a function of the

thus there is no completeness relation to assure the energyacavity-gas thermal diffusivity, with modulation frequency as a param-

conservation of a mode structure with well-defined energeter.
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diffuses out of the PVDF from both surfaces. This creates the
PVDF PVDF maximum outward flux resulting in the minimum possible
temperature across the transducer at that instant of the oscil-
F, F; lation cycle[Figs. 4a) and 4b) and 12b)]. The linear su-
> < - S perposition of the two thermal-wave fieldsont and back
F F; surface yields the mathematical equivalent ocbnstructive
interferenceof the thermal waves generated in the bulk of
Ap=o Ap=o the film, in the language of conventional propagating wave
Laser beams on Laser beams off fields?222 On the other hand, when the two laser beams are
@ ®) out of phase by exactly 180°, thieward thermal flux from

the surface temperature gradient due to the incidence of one
beam is exactly balanced by thmutward flux from the
PVDF opposite-surface temperature gradient due to the absence of
the other beam at all instants of the oscillation cydky.
12(c)]. The result is that the overall thermal content of the
| F, |pF, transducer remains dynamically fixed at all times, yielding a
(theoretically zero lock-in output. Again, the linear superpo-
Ap=1 sition_ of the t_wo fluxes across the fil_m r_esults in the math-
One laser beam on: the other laser beam off ematical equivalent of fully destructive interference of the
’(C) two out-of-phase thermal waves, in the language of propa-
gating fields. The operation of the present PPE interferomet-
FIG. 12. Physical origins of two-beam thermal-wave interferometsy:  ric device is based on the base line suppression afforded by

in-phase operation, maximum of fully constructive interfereriiogin-phase the dynamic steady state flux balance of configuration Fig
operation, minimum of fully constructive interference, doflout-of-phase ’

operation, fully destructive interference. 12(0)-

V. CONCLUSIONS

ematical equivalent of a thermal standing-wave pattern A novel thermal-wave interferometric device was dem-
formed by the rate of coherent thermal oscillations transportenstrated using photopyroelectric  detection. A one-
ing an amount of net power across the cavity length. Thelimensional theoretical approach to the PPE signal output of
thermal transport rate is thus controlled by local phase relathe interferometer was developed and several operation
tions of the oscillating thermal energy, fixed by the sourcemodes were examined. The figure-of-mdghe-beam/two-
and the presence of the cavity wall® This intracavity ~beam signal amplitude rafif the new instrument was es-
power confinement can be mathematically described by @mated to be on the order of 3000 & 5 mW laser was
standing thermal-wave pattern as a function of the intracavemployed. Both theoretically and experimentally, it was
ity coordinate. Based on this understanding of the wave nafound that optical-mode operation of the new PPE interfer-
ture of temporal thermal oscillations as coherent phase swmeter yields high-resolution imaging of optical structures,
perpositions of unidirectionally transported power, Fig. 12which are usually limited by the base line of single-ended
helps describe the physical nature (@hotothermal-wave PPE operation. A PPE measurement of the differential opti-
dual-beam interferometry introduced in this work: only with cal absorption coefficient between nominally identically
the introduction of opposing temperature-wave gradientgnanufactured transparent solidéSchott BK7 window
(thermal fluxegin the form of two optothermal heat sources, glasseswas performed in the thermally contacting mode. In
can propagation of thermal power be achieved in the direcaddition, high-resolution scanned images of optical defects
tion opposite to an existing gradie(flux F;; j=1,2), as in a Ti-sapphire laser disk were obtained. The new device is
shown in Fig. 12. In this situation, interferometric phenom-expected to be useful for optical studies and scanning imag-
ena can be described as linear superpositions of the two uning of highly transparent media, as well as a high-resolution
directional thermal-wave fields launched photothermallythermophysical gas sensor.
from opposite directions. It is to be noted that the role of the
optical beams is limited in the energy conversion process OACKNOWLEDGMENT
the modulated beams into thermal-wave surface sources and The support of a Research Grant from the Natural Sci-
that no optical interferences occur anywhere in the configu- . . .
rations of Figs. 1 or 12whence the name “purely thermal- ences and Engineering Research Council of Canada
. ; (NSERQ is gratefully acknowledged.
wave interferometry). Assuming equal laser fluences on
both sides of the PPE transducer, when both beams are HbPENDIX
(in-phase operatignthe netthermal flux into the PVDF de-

tector is maximum, as thimward fluxes from both surfaces Complex quantities used in the general pyroelectric sig-
add across the thickness of the transducer to generate thal [Eq. (5)]

maximum possible temperature at that ins{&igs. 4a) and Ha=(e%09— 1)(1+ va.Vase 2931

4(b) and 12a)]. Conversely, when both beams are ¢fill 1= J(1+73pVad )

in-phase operatignthe stored thermal energy conductively +(1—e‘”pd)(y3p+v34e‘2"3L1), (A1)
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Gi= — A3
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Q1 =Edbss(Ny+Nye 2Ash) 41 (N; —Nye 2],
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rs=pBslos (A8)
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4 (14bg)(1+Dby) (€77 — 3, y4€7™)
with
P1: Er[b4r(N1r+ N2re_2Brm) + rr(Nlr_ N2re_2Brm)]’

(A10)

P2:_Ere_ﬁrm[Nlr"'N2r+rr(N1r_N2r)]- (A11)

P3:_Ere_Brm[Nlr+N2r_rr(N1r_N2r)]- (A12)
| ,el4¢ 1-R

E = 2 7By r (A13)

2k(B7-07) 1-Rle M
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r=plo. (A14)
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