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Instrumental noise and detectivity analysis of photopyroelectric
destructive thermal-wave interferometry
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A complete noise analysis of a two-beam photopyroeleciticermal-waveé destructive
interferometric sensor instrument is presented and compared to its single-beam, noninterferometric
counterpart. The noise analysis is performed using a Green-function formalism applied to
experimental observations. The instrumental background noise contribution from the detector and
the amplifier is separated from the laser noise and the instrumental noise due to amplification
associated with different sensitivity scales. The latter serves as the source of comparison between
the two sensor configurations. It is found that the dc laser drift noise and low-frequency fluctuation
noise, which are dominant in the single-beam mode, are greatly reduced to the same order of
magnitude as the instrumental background noise in the two-beam mode. The system white noise
resulting from the incident laser beam and from the sensitivity scateplification of the
demodulating lock-in amplifier are also examined in light of the experimental data. It is found that
the detectivityD* (the inverse of the noise equivalent poyyef the instrument is enhanced by at
least 1 order of magnitude in the interferometric mode. 2@00 American Institute of Physics.
[S0034-6748)0)01305-9

I. INTRODUCTION noise sources in the system, so as to improve our understand-

) ing and optimize the design of our PPE thermal-wave inter-
A new photothermal technique based on the photopyroserometric instrument.

electric(PPB effect' and called “purely thermal-wave inter- In this article, the noise sources of the PPE setup will be
ferometry” has recently been devellop%e&s already experi-  pyiefly reviewed and a quasiempirical theoretical model will
mentally demonstratetf; this technique offers an efficient g developed to simulate and compare the relative noise lev-

differential methodology for measuring small signal varia-g|s petween the conventional single-beam mode and the two-
tions in the presence of a large background signal, which cageam interferometric mode, respectively.

be completely suppressdie., zero baseline signalThe

technique experimentally exhibits much enhanced signal dy-

namic range and much improved detectivity when compared- NOISE SOURCES IN A PHOTOPYROELECTRIC

with the conventional single-beam PPE detection configura-SENSOR INSTRUMENT

tion. The enhancement of the signal dynamic range is obvi-  For quite some time pyroelectric detectors, on which the
ously due to the complete suppression of the large baselinepg effect is based, have been extensively studied due to
signal, which allows for a higher instrumental detectivity thejr excellent performance as infrared radiation sensors and
than the single-beam configuration. The instrumental sensineir ability to operate under ambient conditichs. The
tivity can be adjusted to the magnitude of the small signabyerall equivalent noise voltageV, of a pyroelectric sys-
change without being limited by the usually quite large backtem can be expressed®as

ground signal. However, the higher instrumental sensitivity B ) 5 ) ) 212
of the two-beam configuration does not measurably affect AVN=(AVT+AV+AVE+AV+AVE)™, (1)

the magnitude and quality of incident signal and thus theyhere AV represents the spontaneous temperature fluctua-
instrumental signal-to-noise rati&NR). Furthermore, nei-  tjon noise about the average temperature in the detekioy;
ther the detectivityD* nor the SNR can be substantially s the Johnsoritherma) nois€ associated with the equiva-
improved by increasing the instrumental sensitivity of thejent total resistance of the detecting circuky, and AV,
single-beam configuration in the presence of a large backepresent, respectively, the voltage noise and the current
ground signal. Therefore, the observed strong improvememoise of the amplifier that is connected to the detector; and
of the detectiVity in the two-beam Configuration must be dUEAVO is the noise accompanying the incident 0ptica| power.
to the suppression of the noise level of the system, a facthe performance of the system is thus evaluated through the

borne out in all our experiments. This conclusion has motinoise equivalent powefNEP, W/HZ/?) and the detectivity
vated us to identify and analyze the relative contributions of p*  cm HZ/%W), which are defined as

NEP=AV\ /Ry (2
dAuthor to whom correspondence should be addessed; electronic mail:
mandelis@mie.utoronto.ca and
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D* =AY2NEP. 3 GAS GAS
. . I . (AIR) (AIR)
Here Ry is the technical sensitivity of the systerfi.lt is PVDE

defined as the ratio of radiant power incident on the system [L+N (] e [I+Ny(t)] e/ *®
over a corresponding readout of the instrument. For a given E—— —
instrumental systemthe detector and the amplifjerthe

ystend plifie _’l ‘_l

technical sensitivity of the system is a constafitis the
effective area of the detectdcn?) receiving the signal-
inducing energy. In Eq.1), the first four noise sources origi- —l L >

nate in the detector itself and the amplifier circuit system. If 0 x d

the incident energy is assumed to be free of ndise, FIG. 1. Geometry of a PPE thermal-wave interferometer for noise and de-
AVy=0), the minimum possible NEP and the maximum tectivity analysis.

possibleD* of the system can be obtained based on the

overall noise level determined by the detector and the ampli
fier only. However, in practice, the detectivity of the system
is usually much lower than the maximum possible detectiv
ity. One of the reasons is that noidg/, from the incident
energy source is usually much higher than the overall noise 21y 1) 1 4T(x,t) S(x,1)

generated by the detector and the amplifier, and therefore, it —— — =— , (4)
] . o Ix o ot k

is usually the dominant factor limiting the measurement sen- P P

age . O
sitivity of the systemt” Much effort has been expended to wherek, and a,, are the thermal conductivity and the ther-

overcome source noise. The ratio and the subtraction meﬂ;ﬁa| diffusivity of the PVDF detector, respectivel§(x,t)

ods using two detectors, or external electronic ratioingkepresents the rate of local thermal power generation per unit
subtracting devices using a single detector, are two fregqgume

guently used methods. These methods have been successful

in reducing the overall noise to a level limited by the detector  g(x,t)=(1— Ry —Ap) Byl 11+ Ny(t) Jexp — BoX)

and amplifier noise, if a specially designed device is ]

employed'® From this viewpoint, the recently developed xXexp(jot) +(1-Ro—Az) Bp[ 12+ Na(1)]
PPE interferometric technique comprises a different mea- X ex — Bo(d—x)Jexd j (wt+ ¢)]. (5)
surement scheme, in which a differential measurement is P

implemented within a single pyroelectric detector in real|n Eq. (5), R;, A; andR,, A, are the reflectivity and ab-
time, with no need for external ratioing or subtracting sorptivity of the front and rear metal-coated surfaces of the
device?™ PVDF element, respectivelyg, is the optical absorption co-
Comparing the measurement results between the PPéfficient of the PVDRcm ™ %); I, I, represent the intensities
destructive interferometricdifferentia) two-beam method of the two incident laser beams on opposite sides of the
and its counterpart single-beam configuration, it is recogelement;N,(t), N,(t) are noise sources introduced by each
nized that the SNR an®d* improvement in the former |aser beam, expressed as functions of time. The most general

scheme must be due to the suppression of laser @0¥&g  boundary conditions at=0 andx=d of the PVDF element
since all other detector and the amplifier noise sources regre the so-called third-kind boundary conditions

main the same in both schemes. Therefore, it becomes im-

portant to explain how the two-beam interferometric scheme aT(Xx,t)

reduces the incident noigeV,, and drastically improves the pa—nt HhiTOGO) =hiT.+ (1),
detectivity of the measurement over the single-beam method.

mm) compared to the thermal diffusion lengtbn the order
of microng in the PVDF}? the appropriate one-dimensional
heat transfer equation has the form:

i=1,2 forx=0 andd, (6)

Il. THEORETICAL ANALYSIS OF PPE SIGNAL AND whereh; is the heat transfer coefficient,. is the ambient
NOISE GENERATION temperaturef;(t) represents a prescribed heat fliw/m?) at

the boundary;n; is an outward normal from the one-
dimensional volume of interesf0,d], at boundary(i). In

For the purposes of noise analysis, a simple geometry ahost of cases, the temperature gradient between the PVDF
the essentials of PPE thermal-wave interferoméfiyl) is  and the ambient gas is very small, so that the terms propor-
shown in Fig. 1, in which a pyroelectric polyvinylidene fluo- tional toh; due to convection can be neglectédihe terms
ride (PVDF) thin film detector is directly exposed to the (1-R;—A;)=T;, j=1,2 in Eq.(5) represent the bulk trans-
ambient gas as shown. Both surfaces of the PVDF detectanitted optical power past the metal-coated surfaces. Hgre
are coated with metallic coatings used as signal output eleds the metal-coated electrode transmittance. The surfaces
trodes. The PPE signal is proportional to the average ac tenthemselves, however, are sources of thermal-wave produc-
perature of the PVDF detectbrt is governed by the heat tion and transport into the bulk of the PVDF sensor by means
conduction equation in the PVDF detector, subject to approef their absorptancé,; . These sources are incorporated into
priate boundary conditions. Neglecting radial diffusionthe formalism by means of the following boundary condi-
effects? for the usual case of a broad laser beam waist  tions:

A. Modulated PPE output from a PVDF detector
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aT
kpm:fi(t), i=1,2 forx=0 andd. 7 Txt)= f de S(x", 7)G(x,t|x",7)dx’
i
These constitute boundary conditions of the second kind (volume energy generation
(Neumann where, for the case of PPE TWI the front- and C[fy(7)
back-surface fluxes are, respectively, + apf lk G(x,t|0,7)
2
_ G(X t|d,7)
fa(t)=As[1,+Ny(t) Jexd j(wt+ @) ]. )]

Therefore, the boundary conditions at the front and the rear (boundary conditions/surface energy generation

surfaces of the PVDF can be expressed as (12
In the PPE TWI case, the contribution from the initial-
dT(X,t ) e -
x (x,t) — A1+ Ny(D)]exp(jot)  at x=0, (10) condition term has been neglected due to the periodic heat

P ox conduction.S(x,t), andf;(t), (i=1,2) are given in Eq¥5),

(8), and(9), respectivelyG(x,t|x’,7) in Eq. (12) represents
dT(x,t) ] the Green function, which is mathematically unique for a
DT:A2[|2+NZ(t)]exF[J(‘”H‘P)] atx=d. (11)  gjven geometry and a given set of homogenous boundary

conditions. For a plate with homogeneous Neumann bound-
Solving the boundary-value problem defined by Hgs.  ary conditions on both surfaces, the Green function has the

(10), and(11), the temperature field within the PVDF detec- following form:*?

tor may be derived. Due to the time-dependent nature of the 1 * ) s ,

noise sourcesN;(t) and N,(t), which appear in both heat G(x,t|x',7)= g 142D, e M ayt-n/d

conduction equatioand boundary conditions, the method of m=1

separation of variables is not applicable. Therefore, the Marx marx’

Green-function method is employed to solve this boundary- ><cos( T) cos( T) (13

value problem.

The Green-function solution to the one-dimensional heaBubstituting the Green function and the boundary conditions
conduction in the rectangular coordinate system can be writnto Eq. (12), we obtain the temperature distribution within
ten ad? the PVDF

t d . ’ : ’
T(x,o:% f ar f (AR A Bpll1+ Ny(7)]el e A0 4 (1= Ry = Ag) Byl I+ Np(7) el 7 ¥le™ Aol 7}
p T= X =

*° ’
1+2 2 e_mzﬂ'zap(t_'r)/dz co M co mLX
m=1 d d

1
*4d

ft
a
PJi=o

A2[|2+N2(T)]ej(m+¢
J’_ —
Ky "

dx’

Aqfly+ Nl(T)]ejm
k

1+22 e~ Mmap(t= T>’d2cos< m;TX)
m=1

p d

- marx
142> e mrlap(t- T)/dzcos( ;T )cos(ma-r) ]dr. (14

m=1

Assuming a short thermal time constanompared with the  of the circuit. After the integration of Eq15), the PPE out-
inverse of the modulation frequency, the output signal fromput signal from a PVDF detector is
the PVDF detector is the thickness average of the tempera-

ture field Vpype ,1)=Q1(w J {P1(A1,Ry,Bp)
VPVDF(w,t)=Q1(w)deT(X,t,w)dX, 15 X[11+Ny(7) 1617+ P,(Az,Ry, Bp)
X[+ Ny(7)]el @™ ¥dr, (16)

where Qi(w) is an instrumental constant including the whereP; (A; »R128,) =Aq o+ (1-e P (1-Ry— A1)
physical parameters of the PVDF and the electrical constant&re constants related to surface and bulk optical properties of
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the PVDF. Equation(16) provides the desired explicit ac if w;=w,(=w), the average value of the first term yields a
PPE interferometric signal generated by the PVDF detectodc output proportional to the Fourier coefficient of the peri-
This equation shows that the PPE output signal depends ardic signal, the frequency of which iexactly that of the
photothermal properties of the PVDF detector, on the intenfeference. EquatiofiL9) can thus be rewritten as

sities of the two incident laser beams, as well as on the

Tm
corresponding noise sources. The modulated ac signal is thef) , (w,t)= lAsAr cosgp+ (A, /Tm)f n(t)sin(wt+ ¢)
0

fed into a lock-in amplifieLIA ), a mixer and low-pass filter 2
g%r:;);gatlon, which demodulates it into amplitude and phase xsin(ot)dt; o= wy(=w). (20)

Equation(20) shows that the LIA outpufor an input signal
of the same frequency as the reference sigisgroportional
B. Demodulated PPE signal LIA output to the oscillating input signal vector componefyf cose.

LIAs use a technigue known as phase-sensitive detectiowr/]ith th? help Or]: the pr|1_ase shiftéc%mmkc]) nin n;og emn twci-
to single out the component of the signal at a specific refer¢anne I,‘IAS’ the amplitudas gnd t €p ase of the signal
ence frequency and phase. Noise signals at frequencies otHet" be smul}?neousl_y determined if _the_ reference "?‘mp"‘“de
than the reference frequency are rejected and do not affe€y IS known:” Equation(20) further indicates that in the
the measurement:* Generally, a LIA contains four main PréSence of noise, the output signal is accompanied by a
parts: signal input channel, reference channel, multip"egmsg—mt;gral,'I('jm-depindent term. Ehg degree. of noise ;?'
(mixer), and low-pass filtefcapacitor—resistor integrajoiA upnon depends on the nature of the |n_put noise. For white
modulated periodic noised signal inpa(t) is multiplied by ~ "°ise (high-frequency random fluctuatipnthe averaged
(mixed with) a reference signal(t). This wave form is usu- \{alue of the noise term is virtually zero, if the |ntegrat|on
ally generated internally in digital LIAs. The multiplied time Ty, is !qng e”QUQh v_vhen compargd with the sflgnal wave
product of the signal and the reference is subsequently fed lf(?rm repetition period o=2/w. If the input noise is a slow

a low-pass filter to form an averaged and demodulated dglgnal drift (usually due to electronigsit can partially pass

output signal. The operating mechanism of a LIA can bethrough the lock-in amplifier, depending on the relative val-

broadly outlined as follows: the noised signal wave form,U€S Of the integration time constary, and the inverse of the
modulated at frequency, (amplitudeA, and phasep), is noise drift rate. For a g_lveﬁ'm, the slower the drift, fche
assumed to be accompanied by naige), which could be larger the amount passing through the LIA. Theoretically,

generated by the sensor element or by the electronics e output of a LIA may be completely free of white noise
andslow noise drift, provided the integration time is infinite.

s(t) =[Astn(t)]sinw t+ ). (17 However, the larger the integration time, the slower the LIA
The reference signal is usually expressed as a sine Yave'®SPonse. Therefore, in practice a compromise is sought, and
with an angular frequency, : noise reduction can be controlled by employing the appro-

priateT,, as shown in Eq(20). As a result, the actual output
r(t)=A;sinwt. (18)  ofa LIAis always accompanied by noise which is, however,

These two signals are then multiplied and low-pass filteregmuch smaller than the input noise. For the low-pass filter, a
resulting in the demodulated output sighai (w) from the ~ very good approximation of the integration time is_the

LIA. operator-controlled instrumental time constant of the EfA.
Turning to the PPE signal-generation problem, the noised
Tm PVDF sensor signal voltag¥, (w,t), given explicitly in
Via(o,)=(1Ty) | - AfAstn(t)] - : PVDRL
0 Eq. (16), is directly input to the LIA. Thus, the demodulated
. . output signal is
X sin(w1t+ ¢)sin(w,t)dt P g
Tm
Tm | Via(w)=(1/T )f V w,t)sin(wt)dt. (21
:(AsAr/Tm)f Sin{wgt+ ) La( (1T, o pvDF( n(
0
X sin(w,t)dt+ (A, IT,,) IV. EXPERIMENTAL INVESTIGATION OF THE

NATURE OF LASER INTENSITY-FLUCTUATION NOISE

Tm
Xf n(t)sin(wit+ ¢)sinf(w,t)dt, (19 Before we go to the detailed theoretical simulation, we

0 first introduce the schematic of the experimental system used
whereT,, is the average signal sampliffijptegration time  for destructive interferometric PPE detectiohon which the
determined by the RC time constant of the low-passresent noise analysis is based. Figure 2 shows a simplified
filter,*®!” which should be set larger thai=max(2r/w,,)  experimental setup. Two laser beams, which are split off of a
in order to obtain an undistortgdtrue™ ) output. It is seen single He—Ne lasefModel 05-LHP-925, Melles Grigtand
from Eq. (19) that the final output of the LIA contains two modulated at the same frequency, are incident directly onto
terms: the first term is the contribution from the harmonicthe front and rear surfaces of a PVDF detector, as shown in
signal; the second term is the noise contribution to the deFig. 1. The relative intensities of the two beams can be ad-
modulated output. Owing to the orthogonality of sine-wavejusted by a linear intensity attenuator, and the phase shift
functions, the first term is always zerodf; # w,. However,  between the two beams is precisely controlled by adjusting a
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Beam Intensity (3) White noise V. This is the most commonly encoun-

HS6r SBINEr CHoper 3 HUBHUSIEr . M tered noise in all optical and electronic measurem#hts,
I\ including PPE detection. By “white noise” we mean a

PVDE high-frequency random fluctuation with zero mean. This

e L noise is mainly due to thermal and/or shot noise in elec-

Mirror " Mirror

— , \| [/l [/] Comparing the contributions from the three aforemen-
|_Computer |N—] _[Lock-in Ampiifier ] tioned noise sources in Fig. 3, it is clear that the dc drift and
the low-frequency oscillatioW, - dominate the overall noise
FIG. 2. Schematic diagram of the experimental PPE setup for single-bearghgracteristics of the laser output. White noisg, on the
and two-beam measurements. . h ' .
other hand, contributes very little to the overall noise. In
_ _ addition, the discussion in Sec. Il B above shows that the
mechanical choppefEG&G Model 192. The PPE signal | |A is more effective in reducing or eliminating white noise
from the PVDF is fed into a lock-in amplifie(EG&G,  than low-frequency oscillations and dc drifts. Therefore, it is
Model 5210, which is controlled by a PC. Single-beam or important to understand the extent of the noise reduction
two-beam(interferometrig thermal-wave measurements can capabilities of a LIA with respect to the latter two noise
be easily performed by simply blocking or unblocking the sources, i.e., dc drift and low-frequency drift. Contributions

rear laser beam, respectively. Only laser-related noise will blom white noise will be neglected in the following discus-
considered in the theoretical simulation, since this is thesjon.
main source of signal-generation difference between the
foregoing two types of measurements.
To understand the noise characteristics of the PPE inter-
ferometric system, a description of the laser-intensity fiuc-/: SEMIEMPIRICAL SIMULATIONS OF NOISE

tuation (noise@ componentdN4(7) andN,(7), which appear SOURCES IN PPE OUTPUT

in Eq. (16), is necessary. Figure 3 shows a typical intensity  Based on the experimental laser response, the overall
output of the He—Ne laser source measured with a photodhise from the laser source of the PPE instrument in Fig. 3
ode to observe output beam stability over a long period. Thean pe expressed as a summation of dc drift and low-
intensity was monitored after 2 h warmup. The intensity is frequency oscillation drift. The dc drift can be written as a
seen to fluctuate with time about a mean value and the varigmear function of time, while the low-frequency drift can be
tions can be considered to constitute “noise” accompanyingepresented by a sum of sinusoids of different frequency
a constant intensity output. In view of Fig. 3, three types ofcomponentd®*® Therefore, the overall noisM(t) and the
noise can be identified: total intensity output(t) (noise includegifrom the laser can

(1) dc drift. This instability usually arises mainly from Pe analytically expressed as
changes in the operating temperature of the laser plasma
tube over the entire duration of the measurement. It usu-  N(t)=Cgt+ >, C,cog2mf t+ 6,) (22
ally increases slowly and steadily with time. n
(2) Low-frequency oscillation \¢. Over the measurement 4
time of several hours, the output intensity oscillates very
slowly. This noise may arise from several factors, such  I(t)=1y+N(t). (23
as changes in ambient temperature and electrical pro-
cesses in the laser power supply. It is seen that this noise Eq. (22), the first term represents the dc drift and the

tronic components and circuits, as well as to spontaneous
emission and mode hopping in the laser catity.

variation is much larger than the dc drift. second term is the low-frequency periodic drift, Fig.G,
(unit: s'1) andC,, are constantsf,, (unit Hz) and 6,, (unit:
6.8 — i i i . . : rad are the frequencies and the phases, respectively, of the
6.7L ] noise components. In E@23), 1, represents a constant in-
6.6} tensity output. Figure 4 shows a theoretical simulation of the
6.5} laser output using Eq23). The parameters used in the simu-
6.4} lation are:l ;=610 (a.u.),Co=0.16, andn=>5. For the vari-

6.3
6.2
6.1

ous frequency componentm€1-5), C,=10-0.61; f,
=0.003050—1)%; and #,=0.27n. These parameters give
a generalized theoretical intensity output similar to the ex-

Laser Intensity ( mV)

6.01 perimental results of Fig. 3, in the sense that the noise time
591 ] record features a monotonic dc drift and an adjustable low-
58l

0 1000 2000 3000 4000 5000 6000 frequency oscillation with a magnitude of 48 a.u.

To simulate the output of the PVDF detector, followed
by the LIA output in the double-beam configuration of Fig. 2
FIG. 3. Experimental intensity measurement of a He—Ne laser. and in the framework of Eq(23), we recall that fully de-

Time (s)
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700 — T T e cycle is always precisely balanced out by the back influx
= 680 T during theon half cycle. The result is a constant thermal
L] [ i content of the film and yields zero LIA output, which is
2 660l _ interpreted as completely destructive PPE thermal-wave
g interference€. Therefore, the noised intensities of the front
E eq0F T and the rear beams in E(L6) can be represented as
° o <
& 620F 4 _ 1
- AN M

1 11+ Ny(7)= 5 lo+Cor+ >, Chcodw,r+6,)|, (24)

600 " dc drift - n

0 100 200 300 400 1 1
Time (s) I2+N2(7’):§{|0+CO T+§To)
FIG. 4. Theoretical simulation of intensity fluctuations of a laser beam.
1
+§ Ch COS{wn( T+ ETO + 6, ] (25

structive thermal-wave interference occurs when the intensi-

ties of the two beams are adjusted to be equal, and the phake Eq. (25), To(=27/w) is the modulation period of the
shift between the two beams is adjusted by the mechanicahechanical chopper. Substituting E¢&4) and(25) into Eq.
chopper, such that the phase shift between the front beafi6) and the result into Eg21), the output signal from the
and the rear beam is exactly 180°. This physically means th&VDF detector before the LIA, and the demodulated signal
the front and rear beams are allowed to pass through theutput from the LIA may be calculated numerically. To sim-
chopper and impinge onto the respective surfaces of thplify the two-dimensional numerical integral in E@1), first
PVDF element alternately. This type of beam modulationthe one-dimensional integral of E¢L6) may be calculated
scheme amounts to a zero sum thermal-wave flux out of thby substituting Eqs(24) and (25) into Eq. (16). This equa-
PVDF film at all times, as the front outflux during to& half  tion then becomes

w

VPVDF(wvt):Q(w)k_
p

[Zt[ P, sin(wt)+ P, sin(wt+ ¢) ]+ P,Ty[SiN(wt+ ¢) —Sing]
0 4w

N P,(coswt—1)+P,[cod wt+ ¢)—Ccose]
2w?

si (w,— w)t]cog 0,— D; ) +{cog (w,— w)t]—1}sin(6,— D;_)
4(wp— w)

2
+> > PiC,
i=1 n

sin (w,+ w)t]cog O+ D, ) +{cod (w,+ w)t]—1}sin(6,+ D)
* d(wyt+ o)

] , (26)

where w,=27f, is the angular frequency of theth noise  calculated by substitutiny/pype(w,t) in Eq. (26) into Eq.

component];=1,=0.9, and (22).
0, i=1 A. Simulation of noised single-beam PPE output
D, i-= (27 signal

on(Tel2) X, 1=2.

Equation(26) holds for the general case of Fig. 1, which
Equation (26) explicitly gives the time dependence of the includes the front and rear incident laser beams, phase
output signal from a PVDF detector in the presence of noisshifted by ¢. However, if the rear beam is absent, i.k,
wave forms of the type described by E@2) from both =0, thenN,(7)=0, or directly P,=0. Equation(26) now
incident laser beams. The LIA signal output can now bereduces to the single-beam case
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ap I4sinwt
VPVDF(w,t):Q(w)kfpl ° +Co
p

4w 2w?

2tsinwt  (coswt— 1)}

sin (w,— w)t]cosd,+{cog (w,— w)t]—1}sin 6,
A w,— w)

+, C,
n

sin (w,+ w)t]cosd,,+{cog (w,+ w)t]—1}sin b,
_l’_
Ayt )

] . (28

Figure 5 shows the single-beam modulated PPE signal fromoise envelope, which was assumed to originate at the inci-
the PVDF as a function of time before the LIA. In the cal- dent laser beam(Fig. 4 comprises approximately 7.4% of
culation, the modulation frequendy=-10Hz,1,=0.59,, and the instrumental output, compared with 7.8% in the incident
both constants related to the instrumental factorbeam of Fig. 4. A similar conclusion applies to the dc drift:
Q(w)ap/k,, and P, were assumed to be unity. All other The ratio of the amplitude of the dc drifiv over the signal
parameters are the same as in Fig. 4. Note that the PVDIEvel V, in the final output(11.299 is basically the same as
output signal is periodic, with frequency equal to the modu-that (51/1,) in the incident beani11.49%.

lation frequency. The structure of this periodic signal is mag-, . . .

nified in Fig. 5b), showing the thermal wave between 0 and B. Simulation of noised two-beam
2 s. The noise envelope, including the dc drift and the low-
frequency oscillation, can be seen as the amplitude fluctua- In the case of two-beam fully destructive interference,
tion in Fig. 5a). The PVDF signal is then input to the LIA, we havel;=1,=0.9, and the phase shift=180°. By us-

the output of which is obtained by performing the integrationing the same parameters and the same normalized constants
in Eq. (21). The integration timéT,, was set to 1.0 s in the as Wwith the single-beam mode, i.€@(w)a,/k,=P;=P;
calculation, which is our experimental LIA filter time con- =1, we obtain the results shown in Fig. 7, the PVDF signal
stant. The demodulated signal output from the LIA is showncalculated from Eq(26), and in Fig. 8, the LIA demodulated

in Fig. 6. Both dc drift and low-frequency noise are seen tooutput signal calculated from E¢1) using Eq.(26) in the

pass through the LIA without significant reduction. This integrand. The PVDF signal in the two-beam mode is also
periodic at the frequencl/= w/27. Details of the oscillation

in Fig. 7(a) between 0 ath 2 s are magnified in Fig. ().

(interferometric )
PPE output signal

< 8 . . . . . Inspection of Figs. 5 and 7 immediately shows that the large
; g Single-beam mode ] PVDF single-beam signal has been suppressed ®prders
- | of magnitude in Fig. 7. Furthermore, the dc drift envelope in

s Ar Fig. 5 has disappeared from Fig. 7. Further quantitative com-
u>_ 2r parison between the single-beam and two-beam cases can be
g of made by examining the final demodulated signals from the
o L[ LIA, Figs. 6 and 8, respectively. The two-beam LIA output
E al signal is completely free of the dc drift, in sharp contrast
= 7T with the single-beam case. The amplitude of the low-
g) 6r frequency two-beam noise is reduced by about 120 times less
n -8 L L L L L than the single-beam noise. In agreement with our experi-

0 100 200 300 400 ments, it is concluded that the background signal level of the
Time (s)

; 6 L) L) Ll Ll Ll
8 5 28— . . ———

L 4t i ) .

&4E R & | sngeseammode
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FIG. 5. (a) Signal output of the PVDF detectdrlA input), single-beam(b)
details of(a) showing the periodic oscillation between 0 and 2 s. FIG. 6. Signal output from a lock-in amplifier in single-beam mode.

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



1968 Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 C. Wang and A. Mandelis
x10° —~ 05 — —
T 20 . . . . . E 0.4 [ Sensitivity: 10wV ]
i‘i 15 | Double-beam mode _qo, 03l ]
=)
S 1.0} £ 02¢ ]
s 05 5 01p @1
[T AN 1 1 1 L 1 L
= 0.0
> 0.0 S 2.1 T T T T
o % 2.0 [ Sensitivity: 300 uV b
g -05F - ]g F 1
= 40} S 17k :
< £ 16f 3
2 1.5} £ 13F ]
173} Il 1 1 1 1 < 1.3: (b):
0 100 200 300 400 . L L L . L .
i S 4.4 T T T T
10 Time (S) >:L 40l Sensitivity: 3 mV 1
’T T T T T T (] ) '_ ]
3 0.6} i g 3.6¢
5!’ = 3.2 r b
§ 04r . g2s8} ]
£ < 24} (c) ]
> 0 2 | i 1 1 1 1
s - .
R i S 6.0F sensitivity: 10 mv ' ' ]
z 00 2 55} ]
= P [
e -0.2f 1 3 5.0} 1
® 2 45} ]
w -0.4} 2 40} ]
£ L
.E’ (b) < 3'5 C L L L L (d)-
1) '06 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 —
) >
Time (s) 2 18 .
| 16 1
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single-beam case i_s ne_arly complet.ely cancelled out in the g :g Sensitivity: 100 mV T :
two-beam destructive interferometric mode. The latter is o T ]
. . . © 30 g
shown to be a powerful differential measurement technique 2 5
for suppressing large baseline photothermal signals, as well TEl ool 1
as electronic dc drifts and low-frequency laser-generated < 5[ ® ]
noise, using only a single PVDF detector. 0 200 200 500 300
Time (s)

C. The effect of LIA sensitivity scales on PPE white

noise

FIG. 9. Experimental noise level of EG&G 5210 LIA at various sensitivity
scales.

In the foregoing discussion, white noise from laser-beam
fluctuations(e.g., pointing noisewas ignored, considering based on experimental observations. Neglecting this type of
its very small contribution to the overall signal output noisenoise can be further rationalized by considering that a LIA is

S o o =
[3,] o [3,] o

Slgnal from lockin V,,, (a. u.)

'
[y
(=]

x10°

Double-beam mode

100

200
Time (s)

300

400

a much more efficient filter for suppressing white noise than
dc drift or low-frequency nois& !’ In this section, white
noise from the LIA itself and its contribution to the overall
system noise will be discussed as a function of the amplifi-
cation stagdsensitivity scalgselected for a given PPE mea-
surement. As a consequence of the nature of the single-beam
and the two-beam fully destructive interferometric measure-
ments, very different LIA sensitivity scales are used for each
measurement. In the former case, as shown in Fig. 6, a much
lower sensitivity scale must be used to match the large base-
line signal. Different sensitivity scales of a LIA introduce
different levels of white noise to the measurements due to
different amplification stages. Figure 9 shows actual noise
time records of the same input using different sensitivities of
the LIA (EG &G, Model 5210. The signal source used in

FIG. 8. LIA signal output in the two-beam destructive interferometric mode.the experiment is a PVDF thin film detecténo incident
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FIG. 10. Experimental noise amplitude of the LIA output vs LIA sensitivity. Sg 2921 (c) ]
5 291} -
laser bear) installed in a closed box to reduce external op- 5: 200l ]
tical and thermal noise. For such a noise source the LIA 0 g9l , . , , . L
output represents the noise limit of the measurement system. ’ 0 500 1000 1500 2000 2500 3000
It can be seen that the noise amplitude increases monotoni- Time (s)

cally with the LIA sensitivity scale. To quantify this relation- _ )

ship, the experiment was repeated by using a different noiSIéI.G' 11. PPE_ dem_odulated signal output and the overall system noise evalu-
ation for various instrumental operation modéa) system background

source. The PVDF detector was taken out of the closed boP?oise, laser beams blocke(h) signal output and accompanying noise in

and into the open air. Plots of the LIA noise amplitude ver-fully destructive interferometric mode, with two laser beams (@ ;signal

sus LIA sensitivity scale for both experiments are shown inoutput and accompanying noise with a single laser beam on.

Fig. 10. As expected, the unshielded PVDF produces higher

overall output noise. In view of the fact that the noise source

remained unchanged for all LIA sensitivity ranges, the ob-rected laser beams were introduced and the relative intensity

served noise increase can only originate in the amplificationvas adjusted to the fully destructive interferometric mode.

electronics of the LIA itself at each sensitivity scale. Indeed,The LIA output was on the same sensitivity scél® wV),

the LIA sensitivity is set by adjusting the gains of both inputshown in Fig. 11b). Subsequently, the rear incident beam

and output amplifiers. The input amplifiers are ac coupledwas blocked and the output was recorded in FigciLllin

but the output amplifiers are dc coupl€dic coupled ampli-  this case, the sensitivity of the lock-in was changed to 10 mV

fiers commonly exhibit thermal noise and dc drift with time, to match the large signal. Comparing Figs(a111(b), and

the effects of which are suitably amplified as the dc gaingj(c) it is concluded that the LIA output signal in the fully

increases. Changing the LIA sensitivity results in redistribugestryctive configuration, Fig. 1), was virtually at the in-

tion of ac and dc gains between the signal chariaelam-  gyrymental noise baseline, in the range 0.6-@7 This is

plifier) and the outputdc amplifie)."** For a lower sensi- 1 "increase of only about 0.2V compared to the noise

tivity, the ac gain in the signal channel is reduced, while theOutput without laser excitation, Fig. @, in the range of

dc gain in the output channel is increasachplified accord- 0.4-0.5uV. This noise increase is due to the introduction of

ingly, so as to keep the overall gain the same. Therefore,
gy Keep . g . ﬁﬁe two out-of-phase laser beams and demonstrates the ben-
lower LIA sensitivity results in a larger noise. In most of our ~_~ . . . .
ficial effect of baseline suppression. In Fig.(dla large

measurements, the signal levels were, typically, 3—10 m\f ) iod b ; .
(single beam and 0.5uV (destructive interferometric two LlA_ output (~2.9 mV) is accompanie . y an increase in
beam). Consistent with Fig. 10, the PPE single-beam white"©iS€ level to a mean value 6f30 V. This shows that the

noise level caused by lower sensitivity of the LIA wasix  Noise level originated from laser-induced fluctuation in the

times higher than that of the two-beam case, using 10 m\gingle-beam mode is about 136-30 wV/0.2 V) times

and 10uV sensitivity scales, respectively. larger than in the interferometric mode. This experimental
result is in good agreement with the foregoing semiempirical

VI. PPE DESTRUCTIVE INTERFEROMETRIC theoretical analysis. Recall that the input noise levels as-

DETECTIVITY ENHANCEMENT sumed in the theoretical development were chosen so as to

The detectivity enhancement in two-beam destructivdnatch experimentally observed_noise. The analysis predic.ts a
PPE interferometry is based on experimental evidéfce. 120-fold increase of the laser-induced low-frequency noise
The experimental setup is as shown in Fig. 2. Experimentd) the single-beam modgFig. €) over the two-beam mode
were conducted in the following sequence: Before turningFig. 8). Itis seen from Figs. 1(b) and 11c) that the overall
the laser beam onto the PVDF, the background noise of thBoise level(including all types of noise: laser-induced fluc-
system was measured using a lock-in sensitivity ofuM tuation noise, system background noise, and white noise
This noise consists of contributions from detector and amplifrom the LIA) in the single-beam mode is more than 40
fier represented by the first four terms in Ed). The LIA  times (=30 uV/0.7 nV) higher than that in the two-beam
output is shown in Fig. 1&). Then, the two oppositely di- interferometric mode. Therefore, the NEP of the interfero-
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metric configuration is about 40 times less than that in theof the single-beam mode. White noise introduced by a LIA is
single-beam method. Accordingly, the detectiviy¥, Eq.  also reduced, under interferometric PPE operation, typically
(3), is enhanced by the same factor. more than six fold. A FOM for the PPE interferometer was
It is possible to correlate the enhancemenDdf to the  established, its relationship with the instrumental detectivity
figure of merit(FOM) of the system. For the instrument in was found, and the detectivity enhancement was calculated.
Fig. 2, the system FOM is defined as the ratio of the one- As a consequence, the photopyroelectric thermal-wave
beam to the two-beam PPE signal amplitude. According tanterferometer provides a sensitive, LIA-signal baseline-
experimental results in Fig. 11, the overall noise output issuppression method. The LIA effectively suppresses the
related to the signal amplitude for a given configuration. Foroverall instrumental noise due to laser-source beam intensity
the single-beam outputs fluctuations, as well as its own internal white noise through
AV, =S (29) optimized sengitivity scale selection. Su<_:h an optimi_zation_
N1 ==t becomes possible as a result of the baseline suppression. It is
whereS, is the signal amplitude, andis the percentage of expected that the destructive PPE interferometer will become
the system noise outpdtrgely laser-induced low-frequency a useful tool for optical, scanning imaging, and thermophysi-
noise, Fig. 3. In the two-beam destructive interferometric cal studies, including novel gas sensors.
mode, the baseline suppression essentially eliminates all but
the residual low-frequency noise as shown in Fig. 8. ThisycxNOWLEDGMENTS
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