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Deconvolution and measurement of bulk and surface optical absorptions
in Ti:Al ,O3 crystals using photopyroelectric interferometry
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The extension of our earlier single-layémonolithic) photopyroelectric(PPE interferometric
theory to include surface and bulk optical absorptions has allowed the measurement of both bulk
absorption coefficient and surface absorptance in one single experiment. Based on purely
thermal-wave interferometry, the thermal-wave cavity lengths of a PPE interferometer were scanned
using pairs of Ti: sapphire crystals with appropriate combinations of figure of merit, surface polish,
and thickness. In the conventional single-endedninterferometric PPE technique, the surface
reflectivity, surface absorptance, and bulk absorption coefficient are always coupled together.
However, PPE destructive interferometry provides a method for extracting highly precise values of
one of these optical parameters, without the requirement of equally precise knowledge of the values
of the others. ©1999 American Institute of Physid$S0034-67489)02007-9

I. INTRODUCTION sample under investigation. With regard to transparent mate-

. . rials, this large baseline signal, which appears in the lock-in
Photothermal{PT) and photoacousti(PA) spectroscopic 'Ef channel, is much larger than that of thechannel, by

techniques have been used successfully in measurements than t q ; itudeA it ‘
optical absorption coefficients and nonradiative quantum ef[nhore an two ?r ers of magni :J »S a resutt, one musth
ficiencies for a variety of optical materials, including laser CNO0Se a very low instrumental sensitivity o prevent the

crystalsi~23 Among the various embodiments of PA and PT Ieck-in amplifier frem overloladin.g QUe to this Iarge baseline
techniques, photopyroelectric detecti®tPB, as pointed out signal. Usually, this operatllon !ImItS the dynamic range of
elsewheré410-121% a5 3 certain number of advantages. athe PPE measurement, which is far too Iew to de_tect small
major advantage of PPE detection over other conventiondanges in both IP an@ channels where high quality laser
PT techniques is the fact that one can measlimectly and ~ Crystals are concerned, with minute differences in optical
self-consistentipoth the optical absorption coefficierg\), ~ Properties. Moreover, in comparing different crystals, it is
and the nonradiative quantum efficiencyy(n).>3121%16  difficult to ensure identical alignment procedures for the two
Lock-in quadrature photopyroelectric spectroscop®-  individual measurements. Regarding accuracy, the PPE mea-
PPES was used in a novel noncontact experimental schemgurement of3(\) in the single-ended purely optical transmis-
to obtain high-resolution spectra of the nonradiative quantun$ion mode is actually a single-point measurement at a spe-
efficiency of Ti:sapphire laser crystals with widely different cific wavelength. The one-point measurement thus lacks the
figures of merit(FOM).2 Using the same setup, optical- accuracy afforded by linear correlation and averaging pro-
absorption-coefficient spectra were obtained from the lock-ircess, and the measurement depends directly on other optical
in-phase(IP) channel in a separate measurement, in the sgparameters, such as surface reflectivity of the sample. Very
called “purely optical transmissiofOT) mode.” The single- recently, a PPE interferometric technique was introduced and
layer (monolithig, single-ended theoretical modelhow-  applied to the coherent suppression of the large baseline sig-
ever, allowed only the determination of total absorptancenal for the characterization of transparent samples, as well as
(bulk and surface values. Subsequently, Vanniasinkam for the study of the thermophysical properties of intracavity
et al? separated the surface absorptance from the bulk alijases’~'°The figure of merit for the large baseline suppres-
sorption coefficient in a modified PPE theory. Those authorgion, defined as the single-ended-to-interferometric signal
employed two samples of identical bulk quality and surfaceamplitude ratio, was found to be ovetx30® in practice,
treatment, but different thicknesses and performed two indewith a 5 mW laser sourcé® The measurement precision,
pendent PPE experimental measurements in the conventiorgbnau dynamic range and signal-to-noise rd&NR) were
single-ended configuration. The contributions from the surgisg much improved over the single-ended configuration
face and the bulk were thus separated from each other. It Wgth the thermal-wave interferometric technique. One of the
shown;*** however, that the sensitivity of conventional earlier experimental results shows the difference in total
single-ended PPE measurements suffers from a large basgyik and surfaceoptical absorption coefficients between a
line signal, genera?ed_ by the dl_reet transmission to the dete‘b‘air of nominally identical BK7 window glasses using our
tor surface of the incident radiation through the transparent,onolithic PPE interferometric theoF§.It is believed, how-
ever, that this difference in the total absorption coefficient is
3Electronic mail: mandelis@mie.utoronto.ca mainly due to the difference between the surface absorptan-
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Sample PVDF Reference dimensional heat diffusion equations subject to appropriate
on | © (2) K (g3) o | boundary conditions of thermal-wave field continuity and
flux conservation across each interfagd -s, s-g2, g2-p,
B:(d) B.(A) : :
ZHEON B P A0} 4D oo D p-g3, g3-r, andr-g4) of Fig. 1. Assuming the whole sys-
— 7 (4) r4) -— tem is exposed to the same gaseous atmosphstgally,
= » = air), the appropriate thermal-wave equations have the form:
1131'“‘ 12ef(a1‘+A¢)
d2T;(x) )
X; W——(fiTi(X):o,
0 i I+L I+L+d I+L+d+1, I+L+d'+L1+m

_ o _ i=1,2,3,4p for regionsgl, g2, g3, g4, and p,
FIG. 1. Schematic of the photopyroelectric interferometric setup for the (18

theoretical analysis. Bulk optical absorption coefficients of sample and ref-
erence, respectivelyBg(\),B,(N); nonradiative energy conversion effi-

2
ciency of sample and reference, respectivel§(\), 7°(\); surface absorp- d TS(X) _ 2 __ b IIS(X)

! ————05T(X)=— 7B o=x=<l (1b)
tance of sample and reference, respectivalyA, ; thickness of sample and dx s'S si”s 2kg !
reference, respectively;m; thickness of PVDF detectod; sample-PVDF
and PVDF-reference cavity lengths, respectivélyl ; . dzTr(X) |tr(X)

dx2 _O'rZTr(X):_ 77?Br 2k,
ces of the two samples as a result of the antireflection coating
optical properties rather than due to the difference in bulk |4+ | +d+L,<x<I+L+d+L;+m. (10
optical properties. In addition, investigations which have
studied the impact of the quality of laser crystal rods onIn Egs. (1), o;=(1+])Vw/2«; is the complex thermal dif-
output efficiency®?*?*have demonstrated an intimate corre- fusion coefficient in spatial region(i =g1,92,93,94.s,p.r)
lation between the slope efficiency and lasing threshold anwith thermal diffusivity«; ; kg, k; is the thermal conductivity
the quality of the laser crystal, including bulk crystal prepa-of the sample and the reference, respectively(x), !l (x)
ration and surface polish. Therefore, the requirement for imare the total optical fluence contributions to deptin the
proved control and evaluation of bulk optical properties ofsample and in the reference, respectivelhey have been
laser crystals as a function of preparation, as well as théerived upon considering the multiple reflections of the inci-
effects of surface polish, motivates the deconvolution of surdent and the reflected light by the metal elect(edating of
face absorptance from that of the bulk using our novel PPEhe detector back into the sample and the reference, and are
interferometric technique. In this article, the PPE interfero-given as follows:
metric theory® is extended to separately include the surface
and bulk absorption in an optical material. The extended
theory is then applied to high-precision measurements per-
formed with various combinations of Ti sapphire laser crys- (29
tals with different figures of merit, polishes, and thicknesses. (1-R)eA

r

=|.el®
Itr(x) =I 2e 1— erefz(ﬁrerAr)

(1-R )efAs - B )
1500 = 17~ pzg-arare (Nie P Noe™ 2172,
S

Il. THEORY

. . . . . = B(I+L+d+Ly+m—x)
In the interferometric configuration of Fig. 1, two laser X(Ny e 7r '

beams of intensitiek; andl,, respectively, are split off from + Ny~ Arl2m=(+Ltd+Lym=x]) (2b)

a laser source and are modulated at the same angular fre-

quency(w). They have a fixed, adjustable phase stif), Here,Rs, R, ,R, are the surface reflectances of the sample, of
and are incident onto the front and rear surfaces of a polyvithe reference, and of the PVDF detector, respectiv]yN,
nylidene fluoride(PVDF) thin film detector, passing through andN;,,N,, are combinations of constants including surface
optically transparent sample and reference media, whichabsorptance, bulk absorption coefficient, sample and refer-
along with the PVDF sensor in the middle form the thermal-ence thickness. The detailed expressions are given in the
wave cavitiesg2 andg3 as shown in Fig. 1. The PVDF Appendix. The solutions of the foregoing thermal-wave
detector used in this work has a thickness of 68 and is  equations contain coupled constants via the boundary condi-
coated with Ni—Al alloy on both sides acting as electrodestions of temperature continuitfabsence of interfacial ther-
The thickness of each electrode is about 80 nm, thus, it isnal resistanceand heat flux discontinuities at four surfaces
nearly opaque at 632.8 nm of incident laser light. In ourof the sample and the referen¢eresence of infinitesimal
calculations, the optical absorption coefficient of the electhin absorbing layers acting like interfacial souncéo for-
trodes was considered infinite. The incident beams are asnulate the heat flux conservation relations, the thermal-wave
sumed to illuminate the PVDF sensor uniformly with spot- Egs. (1b) and (1¢) are integrated over a surface layer of
sizes much larger than the thermal diffusion length in PVDF thicknesss— 0 at each of four surfaces of the sample and the
so that the one dimensionality of the heat transfer model igeference’ respectively:
assured. The photopyroelectric signal from the PVDF detec-

tor is proportional to the average ac temperature of the dTy(x)  dTy(x)
PVDF film detectott It is governed by coupled one- 9 dx S dx

= 70Ad(0), x=0, (39
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dTy(x) dTy(%) (o wheree is the effective thickness of the surface layer. Equa-
STax Ko gy T s A (D, x=I, (3b)  tions (3a)—(3d) replace the thermal flux continuity boundary

conditions at material surfaces used in Ref. 18. The thermal
flux discontinuities at the surfaces of the pyroelectric detec-

dT5(x) dT,(x)
ke Ke drx =5 OA (M), x=l+L+d+L,, tor are
(39
dT,(x) dT,(x)
dT3(x dT,(x _ P 1 —
" 3(X) g()=n§°)Arln(0), c=l+L+d kg K ax (LR, x=1+L, (6a)
dx 9 dt
+L;+m, (3d) dTp(x) dT3(x)

Kp Kg =(1-Rp)l(m), x=I+L+d,
wherel(0), 1,(1), 1,;(0), andl,(m) are constants related to dx dx
Bs.B: A, A, . They are given in the Appendix. At each sur- (6b)

face of the sample and the reference, the absorptance and the L i i
nonradiative energy conversion efficiency is defined as ~ Wherela(l) andl,(m) represent the incident beam intensi-
ties at the front and rear surfaces of the PVDF thin film,

Ai=lim_o(Bie), 1=sr (4)  respectively. They are given in detail in the Appendix. Fol-
and lowing the algebraic procedure of Ref. 18, we finally obtain
O @ a modified expression for the photopyroelectric interferomet-
7 =limeon©, i=sr, (5 ric signal associated with the geometry of Fig. 1
|
V( ) S((,L)) H161(1+W21e72(rgL)+ H262(1+V34€72”9L1)+2bgp(HngeiggL+ H2G4ef"g'-1) (7)
w)=

X .
(Tp(l"’ bgp) e‘TPd(l-i— ’yng3467 Za'ng)(1+ ’yng2197 ZUQL) —_ efapd( ’ygp+ W21672”9L)( ’ygp+ V3467 Zg'ng)

S(w) is the instrumental transfer function. It can usually bethe numerator of Eq(7)]. Theoretical simulation shows that

normalized out experimentally. In addition, the contribution from the third source is much smaller
(~3—4 orders of magnitude lesthan that from the first and
bij = ki Vaj/ ;e (83 the second sources for highly transparent matetfal$ere-
yij=(1—bij)/(1+Dy), (8p)  fore, the third source has been neglected in the quantitative

ol o analyses of our data. A;=0 andA,=0, the PPE output of
_ es—e s Eq. (7) reduces to the monolithic expression, ), of Ref.
W= Yospod _ 2 aog’ (80)
e7s — yg£ 7 18, as expected.
It can be seen that the overall output PPE signal of Eq.

efrm_g=orm

Vas= — Yor—e————— (8d) (7) is affected by the surface absorptances as well as by the
34 greorm_ 2 e—orm’ . ..
Yor bulk absorption coefficients of the sample and the reference.
(1-R)) 1,(1—R)%e (B +2A9 By using appropriate combinations of pairs of samples, in
G,= . P ! 25 S BTTAT (8¢ which only one parametésurface absorptance, bulk absorp-
pTp 1-Rse =5 tion or thicknesy varies between a sample-reference pair,

and one may precisely measure the variationtlts parameter
(1-R.)  1,614¢(1—R)%e (Bt 2A) without requiring accurate information about the values of
G,= P 2 2 iz — (8f) other parameters. This advantage is attributed to the nature
Kpop 1-Rre 2Am*A) of the destructive interferometric measurement, in which

Expressions foH,,H, andGs,G, are given in the Ap- contributions from th_e same optical/thermal property are co-
pendix. From the structure of the PPE output voltage of Eq_herently canceled within the PVDF detector, while only the
(7), it is obvious that the overall output signal is the result ofSignal difference due to small variations in one parameter
the complex(vectoria) superposition of the thermal-wave appears. In contrast, the optical parameters of the sample are
fields within the PVDF detector generated by three sourcesilways inherently coupled together in the single-ended PPE
(1) direct transmission of the incident light passing throughmeasurements. Therefore, in the single-ended configuration,
the sample and the referenftae H,G; andH,G, terms in  0ne must know all other parameters in order to measure one
the numerator of Eq(7)]; (2) thermal-wave confinement of them, and the measurement precision is limited by the
within the cavity formed by the sample and the referenceprecision associated with this knowledge. Instrumentally, the
[W,, and V3, terms in the numerator of Eq7)]; and (3)  coherent noise cancellation within the single detector in the
nonradiative(optical-to-thermal conversion processes of the interferometric PPE method is superior to conventional dif-
sample and the reference following optical absorption. Theséerential optical measuremerftsjn which electronic noise
occur in bulk and at the surfadél,G; andH,G, terms in  components owing to the employment of two photonic de-
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Beam Intensity ‘ nm) to that at the emission ped820 nm.2 A high FOM
Laser Splitter Modulator Attenuator Mirror implies a high-quality bulk. Laser-rod grade materials are
characterized by FOM-1000.

1. Samples with identical bulk but different surface
quality

Mirror
Two samples with the same FOK=800 were mea-
sured. One sample did not have optinfa¢énceforth, “non-
optimal”) surface polish, and thicknes9.0810cm; the
Lock-in Amplifier other sample had laser-rod-gradégood”) polish and
thickness=0.0771 cm. Both samples had been cut from the
same Ti sapphire rod and were subjected to the same crystal
growth procedure, including post-growth anneal. The nonop-
timal crystal was polished with a diamond paste containing 5
m size particulates. The “good” crystal was polished with
he best available surface mechanical polish, using a dia-
mond paste with lum size particulates, followed by a fur-

ther mechanical polish using 0.26n size diamond particu-
lll. EXPERIMENTAL AND RESULTS lates.

FIG. 2. Experimental setup for PPE thermal-wave interferomstisample;
p: PVDF detectory: reference.

tectors and an electronic signal ratioing amplifier, add, rathe
than cancel out.

A. Experimental setup

The PPE interferometric setup has been described. Samples with different bulk but identical surface
previously!’1°A schematic is shown in Fig. 2. At the heart quality
of this interferometer lie two thermal-wave cavities formed Two samples (FOM=40, thickness2.017cm; and
by sample-pyroelectric and pyroelectric-reference compartFOM= 800, thickness2.013cm were used. They were
ments. The PVDF thin film detector, 52m thick and 2 cm  subjected to the same nonoptimal surface polishing process
in diameter, was installed on an aluminum-base bearing as described above. The difference in bulk optical quality
hole. The PVDF element acts as a thermal-wave signal trangvas due to difference in growth processes. The two crystals
ducer and as a wall for front and back thermal-wave cavitieswere grown in an identical manner using the Czochralski
Both sample and reference are mounted on a threeechnique. Then, the FOM800 sample was subjected to
dimensional3D) angularly and linearly adjustable microme- further annealing, thereby removing bulk optical defects
ter stage of 1Qum resolution in linear motion and 0.1° in present in the unannealed crystal.
angular rotation. The relative intensities of the front and back
i\cgggng ntﬁa;n:SVr\;%h :rf ;Fj)jllljt Sg; %fyaa |_I{i?1 e:reir:?Sr? srity 3._ Sampleg with identical bulk and surface quality but

X different thickness

attenuator, and the phase shift between the two beams Is
precisely controlled by a mechanical chopfe6&G Model Two pairs of samples were used. The first pair included
192), also fixed on a micrometer stage. The experimentafamples of thicknesses 0.0810 and 0.7929 cm, of the same
data are collected by a PC via a lock-in amplifi@G&G  FOM (=800, and the same nonoptimal surface polish. The
Model 5210. Several pairs of Ti-sapphire crystals were usedseécond pair consisted of samples of thicknesses 0.0771 and
in the role of sample and reference in our experiments. Fot.0677 cm, of bulk FOM-800, and the same “good” sur-
each pair of crystals, only one parameter was different: eitheiece polish, as described above.
the surface absorptance, or the bulk absorption coefficient, or
the thickness. The reference was fixed in either the Ol Raguits
(purely optical modgor the PPE modé,depending on the
difference between the sample and the reference. The Each pair of the Ti:sapphire samples was measured, with
sample-PVDF cavity length was scanned. By fitting the scanone crystal acting as the sample and the other crystal acting
ning curvesamplitude and phaseéo Eq.(7) for each pair of ~as the reference. The general experimental procedure for all

sample-reference combination, measurements of the desirdd@® measurements was as follows: The relative intensities
parameters were obtained. and the phase shift between the two incident beams were

adjusted, such that the demodulated lock-in output equaled
zero before the sample and the reference were put into place.
This procedure makes the PPE system operate in the fully
The Ti-sapphire crystals used in this work were growndestructive interferometric mode when both the sample and
by the Czochralski pulling technique at Union Carbide,the reference are absent, i.¢;=1,, and A¢=180. The
Washougal, WA. Four pairs of crystals with different FOM, sample and the reference were then inserted into the optical
different surface polish treatments, and different thicknessepgath. For each measurement, the cavity length between the
were measured. The FOM in °TiAlLO; is defined as the sample and the PVDF detector was scanned between the
ratio of the absorption coefficient at the absorption p@@0  thermally uncoupled and strongly coupled limits.

B. Sample description and preparation
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25 —_—— T S(w); AA,; absolute value of ;; andAL, a correction for

x (a)| zero separation between the sample and the surface of the
detector, which was used to yield absolute valué afe., L

is equal to the experimental position plus the offset value

AL.

. To check the sensitivity and to validate the measure-

ment, the reference was subsequently moved farther away

from the detector by 0.05 mm, i.e., it was set in a relatively

shallow PPE mode. The measurement curves are shown in

the insets of Figs. (8 and 3b) for the amplitude and the

N
o
T
1

-
()}
T

-
N

-
o

-
o
T

Amplitude ( uV)

s Experimental
- Theoretical fitting

5r T Tt I phase, respectively. The fitted values foA andL at this
L ,  CAVITY LENGTH OF SAMPLE-PVDF (mm) | position were 0.01160.0005 and 0.26%0.003 mm, re-

0.0 0.5 1.0 1.5 20 25 spectively. It was therefore concluded that both measure-
Cavity Length of Sample-PVDF (mm) ments gave very consistent values, the relative error between

AMPLITUDE ( uv)
£ N (=]

the two measurements being only 2.7% foA. The fitted
T r - T T value differencefor the cavity lengthL; between the two
sol , 1(b) measurements is 0.054 mm, in excellent agreement with the
- o Experimental . . .
- Theoretical fitting | | actual scanned distance of 0.05 mm. In view of the experi-
mental readout error from the 1@m resolution micrometer
stage, the reliability of the theoretical fits was judged to be
. excellent. As regards the SNR and reproducibility, it is noted
4 that the deep PPE modshortL,) is better than the shallow
00 05 10 15 20 25 ] PPE modelongerL ), due to the higher signal levels result-
CAVITY LENGTH OF SAMPLE-PVDF (mm) ing from better thermal-wave confinemeffigher thermal-
power densityinside the cavity in the former configuration.
In the foregoing fitting process, the bulk absorption co-
— sy : efficient and the surface reflectivity of the sampighich
00 05 1.0 1.5 20 25 was the same as that of the referenseere set to be 0.04
Cavity Length of Sample-PVDF (mm) cm ! and 0.07, respectively. However, it was found that the
fitted AA value changes from 0.0113 to 0.0099, only-4%
Fk!)G-sés'zxfi’)?r;mear;:a(')f%f‘st:eor:‘;idg'}tzglfse;?t'asiggfl)ﬂég? gmf"gugfa?”?o variation, when the value of the bulk absorption coefficients
fartigs(FOM), bu?dih‘erent. sueface poﬁ/sh. Solid squares: experirr?ental;psoﬁdBS(:Br) was Va“e‘?' from 10° to (_)'4 cm 1’ in the case of
lines: theoretical fits. Insets: experimental and theoretical fit results for thdhe two samples with different thicknegls=0.0771cm,m
same pair of samples, when the reference was placed farther away from the 0.0810 cm. Further simulations showed that the fitt&é
PVDF senso(relatively shallow PPE mode value is substantially independent of the value of the bulk
absorption coefficieniBs(=8,), if the thicknesses of the
The reference was fixed in either the thermally uncoupled osample and the reference are identical. This is an important
fully coupled mode, depending on the particular sample paifeature of the interferometric PPE technique. It implies that
combination. for the purpose of measuring the difference of surface ab-
To study samples with identical bulk quality but differ- sorptances between two crystals of the safoe nearly
ent surface preparation, the crystal with good surface poliskequa) thickness and bulk optical quality, it is not necessary
(thicknessl =0.0771 cm was used as the sample, and theto know the exact value of the bulk absorption coefficient. A
crystal with nonoptimal polish(thicknessm=0.0810cm  similar observation was made regarding surface reflectivity
was used as the reference. Known parameters of the samfdlB;=R,): the fitted value ofAA changes from 0.0118 to
and the reference afe: ag=a,=0.106cm/s, ks=Kk, 0.0111 (~5.9% when the values oR4(=R,) are varied
=0.33W/cmK, R=R,=0.07, and B,=8,=0.04cm ™. between 0.02 and 0.08. This can be attributed to the thermal-
The modulation frequency wals=26.5Hz. Figure 3 shows wave destructive interferometric effect, due to which equal
the scanning curves of the PRB) amplitude and(b) the variations of the same parameter in both materials are can-
phase when the reference was placed in the deep PPE modelled to the large extent. In practice, it would be helpful to
(very close to the PVDF detecjoBY fitting the experimen- choose two thin samples in order to minimize the effect of
tal data of the amplitude channel to the theoretical formulahe bulk absorption coefficient to the overall absorptance and
Eq. (7), the difference in surface absorptance between théo increase the tolerance of the thickness difference between
sample and the referenca A=A, —A;) was found to be the sample and the reference. Thus, the dependence of the
0.0113+0.0002. The cavity length,,, between the PVDF fitted valueAA on the initial value of the bulk absorption
film and the reference was 0.2£8.002 mm, the average of coefficient (3s= ;) becomes trivial.
three measurements. The PPE phase was then calculated us- To study samples with different bulk optical properties,
ing AA andL, obtained from the amplitude fit to ascertain but identical surface preparation, one Ti sapphire crystal
consistency and validity. The multiparameter fit allows for(FOM=800) of thicknessl=2.013cm was used as the
four parameters to be calculatadhiquely from Eq. (7):  sample. The other crystal (FOM40) of thicknessm

50

PHASE (DEG)
[=]

PO
o &
S o

5}
o
T

-150

Phase (DEG)

-100

-150
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100 T T T T T 140 T T T T T
90 1
120 .
80 1
2 <100
?%’ 70+ 4 >:L 7
2 60 R :;
g’ = Experimental g 80 = : 7
50+ - Theoretical fitting = ' £ &0 Experimental
£ 60} [ - Theoretical fitting || |
40} (@)1 < o
. . . L . 00 05 10 15 20 25
00 05 10 15 20 25 40+ Cavity length of Sample-PVDF (mm)
Cavity length of Sample-PVDF (mm) L L 1 1 A L
0.0 0.5 1.0 1.6 2.0 25
i ' ' ' ' Cavity length of Sample-PVDF (mm)
65 =  Experimental i : : . : :
- Theoretical fittin - 4
70k g || 60 o= 20f ]
Q 75t - pod S L vt P | B
S 20f | & -0 etical fting | ]
@ L i r [a] 3 1
8 -80r & of g 40 ]
Lu <
Rl ] g 20F | & 9 ]
e r -80} 1
hadi ) g o 00 T T 20 35 |
L -l | L 1 o _60 L . . B . 8 . J
0.0 05 1.0 1.5 20 25 1 Cavity length of Sampie-PVDF (mm)
Cavity length of Sample-PVDF (mm) 80+ ewEwaxmama |
100} b) ]
FIG. 4. Experimental and theoretidditted) results of(a) the amplitude and 100 ) ! | ! ! (b)
(b) phase for a pair of Ti:sapphire crystals with identical surface polishes, 0.0 0.5 1.0 1.5 2.0 25
but different bulk optical propertied=OM). Cavity length of sample-PVDF (mm)

FIG. 5. Experimental and theoretidditted) results of(a) the amplitude and

=2.017 cm was used as the reference. The modulation fréb) phase for a pair of Ti:sapphire crystals of identical bulk optical proper-
’ ) ties (FOM) and surface(“nonoptimal”) polish, but different thicknesses

quency was 10 Hz. Figuresa& and 4b) show the experi- (1=0.0810 cm;m=0.7929 cn). Solid squares with error bar: experimental
mental results and the theoretical fits, when the reference wagta; solid lines: theoretical fits. Insets: experimental and theoréfittat)
placed in the thermally uncouplqu) mode. In practice, curves for another pair of crystals with identical bulk optical properties
this occurs when the reference cavity Ieng.th, Fig. 1, is (FOM) and surface (“good”) polish, but different thicknessesgl

. =0.0771 cm,m=1.0677 cnj.
greater than 3 mm. The use of the large-cavity-length OT
mode for the reference cavity is dictated by the appearance
of the sharp minimum in the signal amplitude, when the totaR.2% (from 0.0549 to 0.0537 cnit), respectively, wherg
absorptances of sample and reference are close to each othegs changed from 10 to 10 ! and R was changed from
e.g., Fig. %a). The line shape and position of the minimum 0.02 to 0.13. Once again, it is shown that the measurement of
are used as a sensitive measure for material property calcbulk AB does not depend strongly on the absolute values of
lations. This minimum does not appear when the referenceurface absorptance and reflectivity over wide rangeaof
cavity length decreases, so that thermal confinement affecend R;. From a different viewpoint, the difference in bulk
the signal(PPE modg absorption coefficients between a sample and a reference

In Fig. 4, the experimental amplitude data were fitted tocrystal can be precisely measured without accurate knowl-

the theoretical formula Eq.7) using the following param- edge of the surface absorptance and reflectivity values. It
eters:A;=A,=0.05 andR,=R,=0.07. The other parameters should be noted that the absence of the mininfldip” ) in
are the same as those used in Fig. 3. The difference of theig. 4(a), unlike Fig. 3a), is caused by the large difference in
bulk absorption coefficient between the FGMO and the transmitted radiation past the sample and the reference crys-
FOM=2800 Ti: sapphire crystals was found to keg=p3, tals, owing to their very different bulk absorption coeffi-
— Bs=0.0545+ 0.0006 cm?, the average of three measure- cients. Therefore, the interference between the two thermal-
ments. The cavity length; was found to be greater than 8 wave fields cannot become destructiver nearly so.
mm for all three measurements. This best-fit result is consisFurthermore, the thermal-wave power confinement effect be-
tent with the experimental arrangement, in which the refertween the sample and the PVDF detector at short cavity
ence was actually placed in OT mode. Both amplitude andengths is not sufficiently strong to compensate for such a
phase fits to the data are excellent, as shown in Figsa#hd large signal difference caused by the direct optical transmis-
4(b). The computational procedure conducted by using difsions on both sides of the detector.
ferent values of surface absorptantg =A,) and surface Finally, two pairs of crystals were measured, each pair
reflectivity Rs(=R,) found that the change in the fitted value with identical bulk optical properties (FOM800) and sur-
of AB was only 2.1%(from 0.0552 to 0.0540 ciit) and  face preparatiofipolish), but with different thicknesses. One
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pair (thicknessed =0.0810 cm andn=0.7929 cm had the 030 Er—
same nonoptimal polish; the other pafthicknessesl 025l —L:=0.4 mm ||
=0.0771 cm andn=1.0677 cm had the same good polish. 3 ool ——L=27mm i
For each pair, the thicker sample was employed as the refer- s -

ence and was placed in the OT mode. The modulation fre- g 0157

qguency for both cases wak=10Hz. The measurement g oi0p

scans(amplitudes and phaseare shown in Figs. @ and * oos} 1
5(b). By fitting the experimental amplitude of one pair to the ool ., . . ., @
Eq. (7), the absolutebulk absorption coefficient of the two 00 05 10 15 20 25
crystals was found to be8(=8,)=0.0613+0.0004 cm?, Cavity length of Sample-PVDF (mm)
the average of three independent measurements. The multi- 100 — - - T - r
parameter fits yielded the cavity length >3 mm for all —+—L,=0.1mm
three measurements. The values of surface absorptance and Sor :t‘:g:; ;‘: |
reflectivity were assumed to b&,=A,=0.06, andR;=R, ) ol ; ]
=0.07, respectively. Similarly, the absolute bulk absorption %

coefficients for the other pair were found to hey(=g8;) & .s0f

=0.0604£0.0006 cml, and L;>8 mm. The values ob- *

tained for the cavity length, are consistent with the experi- -100¢ . ) ) ) ) ")}
mentally selected OT mode for the reference. It is interesting 00 05 10 15 20 25
to note that the calculated absolute bulk absorption coeffi- Cavity length of Sample-PVDF (mm)

cients of the two pairs of crystals were in excellent agreey - o o, ) L .
. ) . 6. Theoretical effect of reference-cavity length on the signal output of
ment, the relative error between the two measurements be'rkg PPE thermal-wave interferometer. The modulation frequencyf is
only about 1.5%. =26.5Hz. The assumed values of the material parameters are the same as
Similar to earlier findings, the fitted results fgB;  those used in Fig. 3 withA=0.0113.
(= B,) do not depend strongly on the valuesfaf=A,) and
Rs(=R;): the B value changed from 0.0619 to 0.0602¢m  PPE signal minimum. On the other hand, for a pair of
(~2.79% with A variations between 810" * and 10°%; Bs  samples with relatively small differences in optical absorp-
changed from 0.0617 to 0.0603 ¢ (~2.3% with Ry  tance, a thermally thin reference cavity lengtihe PPE
variations between 0.01 and 0.12. Therefore, again, it may bgode is preferred. Figure 6 shows theoretical curves justi-
concluded that thécommor) absolute bulk absorption coef- fying this statement af=26.5Hz. The parameters used in
ficient of a crystal pair can be obtained precisely by means ofhat simulation are the same as those in Fig. 3 vAtA

PPE destructive interferometry, using two samples with dif-=0.0113. From this simulation it can be seen that the deep-
ferent thicknesses. In the present case, the total thermal-waegt PPE mode(shortest reference cavity lengthi

fields at both sides of the PVDF detector for both pairs of=0.1 mm) gives the sharpest interferometric dip in the am-
samples were just close enough to produce a minimum in thglitude channel and the largest dynamic range in the phase
amplitude of Fig. §) and its inset when the reference is in channel. Therefore, higher quality measurements can be ex-
the OT mode. This would not be the case when the referenggected by using strongly thermally thin reference cavities,
is placed in the PPE mode for these two pairs of samples. from the point of view of the superior signal-to-noise ratio

and the resulting precision of the fitting process, as discussed
IV. DISCUSSION in relation to Fig. 3.

A. Effect of PVDF—reference-solid separation
(reference cavity length ) B. Effect of the operating thermal-wave frequency

The experimental results, shown in Figs. 3, 4, and 5, To optimize measurements, the characteristics of the
indicate that the PPE signal can be affected by the operatingPE output signals under various modulation frequencies are
(OT or PPE mode of the reference. The selection of thecalculated and shown in Fig. 7 using the parameters of Fig.
reference-PVDF distance in terms of thermal thickness of th8. The cavity length_, is fixed at 0.2 mm. It can be seen
intracavity gas(air) layer! should be guided by the goal to from Fig. 7 that the signal dynamic range in both amplitude
minimize the intensity differences between the thermal-waveand phase channels at all frequencies considered in the simu-
fields caused by the directly transmitted light on both sidedation is comparable, however, sharper interferometric am-
of the PVDF detector, so as to improve the quality of theplitude minima appear at lower frequencies. As a result, a
measurements. For a pair of samples with relatively largédow operating frequency should be employed, in order to
difference in optical absorptances, caused either by surfacproduce a sharper interferometric “dip” and a higher-
bulk, or geometrical parameters, the OT mode for the referprecision measurement. There is a limit in precision, how-
ence is optimal. This is so, because the thermally thick gasver, since the lower modulation frequency will introduce a
layer in the reference cavity does not introduce a thermalarger 1f electronic noise leading to a degraded SNR. There-
component to the reference signal to offset the thermal corfore, in practice, the modulation frequency is usually chosen
finement in the sample cavity. This allows the latter to ex-between 10 and 30 Hz. This frequency characteristic is also
hibit its maximum effect in the form of the observed overall experimentally demonstrated in FigsaBand &b) at two
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FIG. 7. Theoretical effect of modulation frequency on the PPE signal outpuFIG. 9. Solid squares: theoretical curve fitted to the PPE experimental data

of a thermal-wave interferometer. The reference is fixed @t 0.2 mm. of Fig. 3, AA=0.0113; and open circles: using the same instrumental con-
The assumed values of the material parameters are the same as those usegtémt, and assuminyA=5x10"4. Other parameters of the material are the
Fig. 3 with AA=0.0113. same as those in Fig. 3.

different frequenciegf=10 and 26.5 Hg using the same position of the minimum should be zero when the sample

samples and experimental conditions as that in Fig. 5. and the reference are identicdle., AA=0, AB=0, andl
=m). If one of these optical parametdesg., surface absorp-
C. Measurement resolution tancg changesAA=+0, the output signal at the dip is no

) ) . . longer equal to zero. Based on this nonzero dip output, we
The  maximum  achievable differential-surface- o4 gptain the small differenceA by means of a theoretical
absorptance, or bulk-absorption-coefficient resolution beyi; 1 the signal. The smallest measurable nonzero dip output
tween the sample and the reference depends on the noi§g) getermine the maximum resolution of the measurement.
Igvel pf' the output signal at. the position of the .|nterferomet-|:igure 9 shows the theoretical cur@olid squaresfitted to
ric minimum (dip). Theoretically, the output signal at the (he experimental data in Fig. 3, from which the difference of
the surface absorptance between the sample and the refer-

40— ' ' ~ ; ence (AA=0.0113) and an instrumental constant
120t oo 0-g g fagoeC _ S(26.5Hz)=0.65126 a.u., were obtaine(see also Sec.
N [I1C). By using this instrumental constant and assuming a
2100 )l very small difference in the surface absorptanad=5
$ sof Daesidl X 1074, the other theoretical curv&ig. 9, open circleswas
5 calculated. From this theoretical simulation, it was found that
€ 60F o E . . .. .
< P et S i the output at the interferometric dip is approx. @8. This
40+ (a) level of PPE signal output is actually at the system noise
00 05 10 15 20 25 limit in our present setup. Therefore, it is believed that the
Cavity Length of Sample-PVDF (mm) maximum resolution for measuring differential surface ab-
P - - - ' . sorptance can reach the level efl0™ %,
a0l o t-100mz ] | A similar procedure can be followed to estimate the
20} —o— §=26.5Hz | | maximum resolution of the technique for measuring bulk
B o 1 absorption coefficient differenceag. In this case, the in-
gjg' ' 1 strumental constantS(10 Hz)=0.31091 a.u. was obtained
2 50: ] from the best-fit results of Fig. 4. With the help of this in-
sof 1 strumental constant, the theoretical curve in Fig. 10 was cal-
A00L e e eaea ()] culated usingA 3=2x10"*cm™ %, so that the signal output
00 05 10 15 20 25 would again be 0.5zV, which is the system noise limit of
Cavity Length of Sample-PVDF (mm) our present setup. For maximum resolution, the reference

FIG. 8. Experimental demonstration of the effect of two different frequen-Was assumed to be fixed laj=0.2 mm(PPE modg There-

cies on the PPE interferometric signal using the same samples and expefF_)re- ~10""cm Of_d|fferent|al b_U|k absorptlon can be con-
mental conditions as that in Fig. 5. sidered as the maximum resolution for the pair of samples of
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of to be useful in quality control of both bulk crystal growth
s and surface treatment of optical and laser crystals, thus im-
s 407 ] pacting the performance of solid-state lasers.
g 30
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100 APPENDIX: DEFINITIONS OF EXPRESSIONS
50t Noe14 RRy(1—Rg)(1+Re #s)e 2B TA) A1)
:u@ ofF 1= 1— Rgefz(.gsl +Ag) ’
[a]
I -50 R (1_Rs)(l+RseiAS)
@ N,=e /s R.+ P (A2)
£ 2 2 — I )
T 100k S 1—RS€‘ Z(BS +AS)
A . RRy(1—R,)(1+R.e Ar)e 2Am+A)
e o5 10 15 20 25 N, =1+ P 1r_R2e—2r(ﬁrm+Ar)  (A3)
Cavity length of Sample-PVDF (mm) r
—-A
FIG. 10. Theoretical PPE signal output using the same instrumental constant N, =e AR + Rp(l_ R)(1+Re") (A4)
as that in Fig. 4 and assumirdgd=2x10"*cm™2. Other parameters of the ar r 1— erefz(ﬁrm+Ar)
material are the same as those in Fig. 3.
Also
. . . (1-Rge % —244
thickness~2 cm. Nevertheless, the maximum possible reso-  11(0) =113 — 2 =27ag (N1 + N2, (AS5)
lution can easily reach 10—10 ®cm™! by using pairs of s
longer samples, say5 cm, or higher laser fluence. (1—Rg)e (B TA
Using the same estimation procedure for technique reso- (=11 1_Rle 2B Ay (N1TN2), (A6)
lution regarding the absolute bulk absorption coefficient, if s
two transparent samples with thicknesses differing by one A (1-R,)e A ,
i i i I (0) =126/ ——5— (N +Nge™2Am),
order of magnitude are used, the resolution can be estimated 'tr 1—R2e 2(Am+A) LT r
to be 10°-10 ¢ cm™% (A7)

Based on the extension of our earlier purely thermal-
wave photopyroelectric interferometric theory, ttiéferen-
tial surface absorptance awiifferential bulk absorption co-
efficient, as well as thabsolutebulk absorption coefficient
of Ti:sapphire crystals have been separately and precisely
measured using appropriate sample combinations. Owing to
the destructive PPE interferometric effect, and unlike the
conventional single-ended PPE technique, this interferomet-
ric method does not require precise knowledge of the re-

(A (1_ Rr)e_(ﬂrm"'Ar)
lr(mM)=15e 1— R2e 2(AmMTA) (N3 +Ng),  (A8)
r

(1_ RS)Ze—(ﬁSI +2Ag)
(=11 1-Rle 2BI7AY (A9)

(1_ Rr)Ze—(Brm+ 2Ar)
1— ere*Z(ﬁrerAr)

Io(m)=1,e¢ (A10)

maining sample optical parameters to produce a highthe expressions for the constamis, H,, Gs, andG, in

precision measurement of one of optical parameters. Tth

resolution limits for small differences in surface absorptance
and bulk absorption coefficient were estimated to~bE0™ *

and 10 °-10 ®cm™%, respectively, with the current instru-
mental setufthe laser power is only-5 mW). The resolu-
tion for low absolute bulk absorption coefficient was esti-
mated to be 10°-10 ®cm™. This is similar or even
superior to other established, yet experimentally more in-
volved photothermal techniqué such as the photothermal
deflection techniquéPTD), in which a high-power pumping
laser(~5 W) and a probing laser of a good Gaussian beam
spot have to be employed and delicately adjusted with re-

.(7) are
Hy= (€09 —1)(1+ ygpVase 270"1)
+(1—e” ) (ygp+ Ve 270, (AL1)
Hp=(e70%—1)(1+ ygoWpie 27%)
+(1—e %) (ygpt+ Ware 27e%), (A12)

_ 2Qle_ osl— QZ( 1+ bgs) + Q3(1_ bgs)e_ 20
s (1+bg*(1—y5e 279 ’
(A13)

spect to the relative position of the position-sensing photoy‘“th

detector in order to obtain comparable resolution. In addi-
tion, a calibration process has to be conducted in P¥D.
This new thermal-wave interferometric technique is expected

Q1=E{bgs(N;+Nye 2Ad) +1r(N;—Nye 2Ad)]

+ 70AL(0)/ (ksor), (A14)

Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



3124 Rev. Sci. Instrum., Vol. 70, No. 7, July 1999

Q=Ee AN +Ny+1g(N;—Ny)]
= 7P Ad (N (kears),

Q3=Ese ANy +Ny—rg(N;—Ny)]
+ 70 A (D (keors),

2B (1-Rye s
° 2k(BI-0%) 1-Rie 2AITAY
rs=pBslos,
and

(A15)

(A16)

(A17)

(A18)

 2P1e” M+ Py(1+bg,) — P3(1—bg,)e 2

N (1+bgr)2(1_75re720rm)

with

(A19)

P1: Er[bgr(N1r+ NZre_ZBrm) + rr(Nlr_ NZre_ZBrm)]

+ 79A 1 (0)/ (K, oy),
Py=—Ee ANy +Nor+1(Nyy = Npp) ]
+7OA (M) (K oy),
P3=—E;e ANy +Np —r(Ny; —Npp)]
— 7OA N (M) (ko)
@B (1-R)e ™A
(BT oD 1 REe TP

r.=p010;.

(A20)

(A21)

(A22)

(A23)

(A24)
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