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Lock-in common-mode rejection demodulation: Measurement technique
and applications to thermal-wave detection. Experimental
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A new signal generation methodology based on lock-in amplifier common mode rejection
demodulation for materials nondestructive evaluation has been implemented experimentally with
thermal waves in a photothermal radiometric apparatus. A procedure to calibrate the experiment is
described in order to take into account instrumental time delay phase shifts between the reference
and the optical excitation wave form. Some preliminary results obtained on Zr—2.5Nb shot peened
samples are presented and compared to those obtained by temporally modulating the pump intensity
as a 50% duty cycle square wave. The comparison shows the new measurement methodology to be
a very promising technique for nondestructive evaluation and depth profiling applications, featuring
high detectivity for low-dynamic-range and poor-signal to noise ratio signals, such as those obtained
with thermal-wave diagnostics. @000 American Institute of Physid$$0034-6748)0)03206-§

I. INTRODUCTION The modulation wave form that accomplishes the differ-
ential LIA action is shown in Fig. 1. Theoretically, we have
A new lock-in common-mode rejection demodulation showrt that the LIA in-phas&IP) and quadraturéQ) com-
scheme offering substantial dynamic range enhancement @bnents are given by a linear combination of two instrumen-
general signals using lock-in amplifi€LlA) detection has tal functions depending on both the optical wave form pa-
been introduced.In particular, this scheme has been shownrameters ¢, 7,, A) and the real and imaginary part of the
to be very promising for high-resolution thermal-wave non-complex photothermal respon$éf). By properly selecting
destructive material evaluatiodNDE) applications. The the optical wave forni(t) parameters, it is possible to obtain
method is essentially a real-time differential signal generaa zero value for either the IP @ component aany modu-
tion technique without the requirement for two excitationlation frequencyf. The presence of these zeroes, which are
sources or two sample geometries. If the sample is irradiatedue to the balancing of energy transport effects produced by
with a periodic optical wave form consisting of two pulses, the two optical pulses, offers an alternative way for materials
then the LIA output is basically given by ttdifferenceof  inspections. If a sample has different properties, and there-
the physical response wave forms produced by each of thiere different photothermal respon&éf) from a homoge-
two pulses. This fact is of fundamental importance towardneous reference sample, then the zero magnitude condition
the improvement of low-dynamic range techniques, such asannot be achieved for the same optical wave form param-
thermal-wave NDE, in their ability to detect relatively small eters. Despite a more complicated relationship between the
signal variations from slightly different materials. In prac- LIA response and the photothermal response, this kind of
tice, the differential action has the effect of suppressing theénethodology is very promising, especially if one is inter-
signal baseline, which leads to an enhanced detectivity wheasted in the detection of minute thermal inhomogeneities.
compared to conventional single-ended techniques. Thus, the In this work, some calibration measurements obtained on
instrumental sensitivity is not compromised by the high-levela homogeneous Zr alloy sample will be presented. These
signal baseline and can easily match the level of small signaheasurements will be further compared with that obtained
variations introduced by slightly different materials or by by irradiating the sample with the conventional 50% duty-
very weak inhomogeneities in a given material. cycle square wave, in order to compare their noise charac-
Another important advantage of the differential action isteristics. Finally, some preliminary measurements on Zr—
given by the improvement of the signal-to-noise rd&iNR) 2.5Nb shot peened samples will be presented as a case study
due to the common-mode signal noise rejection. This deof weakly inhomogeneous solids and for comparison with
creases the noise level substantially enough so as to allothat obtained with the conventional frequency stan.
the probing of those weak signal variations which are nor-

mally obscured by noise in conventional single-ended techy |NSTRUMENTATION. MEASUREMENT. AND
niques. CALIBRATION PROCEDURES

) - _ o A simple laser-infrared radiometric phototherntBTR)
On leave f_rom INFM-Universita di Roma “La Sapienza,” Dipartimento embodiment of the common-mode rejection LIA methodol-
di Energetica Via Scarpa 16, 00161 Roma, Italy.

bAuthor to whom correspondence should be addressed: electronic maiP9y Was constructed. A schematic diagram of the e_xperimen_-
mandelis@mie.utoronto.ca tal setup used to perform the PTR measurements is shown in
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FIG. 1. (a) Optical excitation pulse train(t); (b) photothermal repetitive
transient signa(t) due toi(t); (c)lock-in weighting functionw(t).

Fig. 2. An Ar ion laser(514 nm from Coherent, model In-
nova 100, was used as a 250 mW pump bearh wi2 mm

spot size impinging on the sample surface. The beam was

intensity modulated by an acousto-optic moduldt®®M),

the digital driver of which was connected to a four channel

delay digital generato(Stanford Research Model DG535

The digital delay generator allowed the construction of the X
two-square-pulse wave form used to drive the AOM through

the driver. The emitted infraredlR) radiation from the

sample was collected and focused onto the detector using
two Ag coated off-axis paraboloidal mirrors. The detector
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FIG. 2. Block diagram of the experimental infrared radiometric setup.
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was a liquid-nitrogen-cooled HgCATEEG&G Model
J15D132 detector with an active area of 1 MmA Ge win-
dow was mounted in front of the detector to block any vis-
ible radiation from the pump laser. The PTR signal from the
detector was preamplifie(EG&G Judson Model PA 350
and fed to an analog LIAEG&G model 5210 which also
provided the external triggering signal for the digital delay
generator. A personal computer was used to control the
modulation wave form and to store the LIA signal compo-
nents.

As a first step, several experiments were performed us-
ing a crystalline Zr alloy “reference” sample. The experi-
ment consisted of recording the PTR signal as a function of
the two-pulse separation for different widths of the first pulse
while the width of the second pulse remained fixed /(T
=25%). The separation scan range was limited by the ne-
cessity to avoid the overlapping of the two pulses. In fact,
linear conduction heat transfer theory relies on a linear su-
perposition of the effect of each pulse, which further implies
that the optical intensity should be two times higher when
the pulses are driving the AOM in tandem. This condition is
not fulfilled under normal, single-ended working conditions
of the modulator. The aim of these measurements was to
measure the instrumental time-delay shift that inevitably oc-
curs between the reference and the optical excitation wave
form due to the finite risetime of the modulator and the pe-
ripheral electronics. In order to fit the data, the theoretical
expressions for the IP an@ components of the LIAhave
been modified by inserting a time delay tedn

Ye(f)=— %[ cos{M sin(?)

-
_(777'2) ) ’7T(A+d))
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mwT
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The introduction of the delay termd shifts the crossing
points for the IP and channels, which, according to Egs.
(1) and(2), must be modified as follows

X| sin +sin

|m[5(f)]}- )

T
ta ?(Ao,lp+ d)

mT

. L[ TTy
- Rq:S(f)] S|n( T + SIn T)
=\ im0 .(m) .(m) ‘ ®
SN — SN

T

T

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



Rev. Sci. Instrum., Vol. 71, No. 6, June 2000 Thermal-wave detection 2447

3.0x10° . . T . . . . .

1.5x107°

Magnitude [V]
(=]
tan[(A0 Q+d)1:/'|']

-1.5x10°

-3.0x10°® L .
1 30 50 70

AT [%]

/T [%]

FIG. 3. Experimental IP an@ component data obtained on a Zr alloy

sample for ther, /T values reported in the inset. The modulation frequency FIG. 4. Experimenta component zero crossing values obtained on the Zr

was f=10 kHz andr,/T=25%. The solid lines represent the theoretical alloy sample withr, /T=2%, 5%, 7%, and 10%. The modulation frequency
fits calculated according to Egs(l) and (2) assuming ReS(f)] is 5 kHz while 7, /T =25%.

=—Im[S(f)].
indicative of the potential of the technique, in view of the

T very low signal levels encountered, especially at 10 kHz.
tar{?(Aoner) This is the result of the efficient noise suppression, in part
due to the common-mode rejection by the differential opera-
LTy ) tion performed by the LIA, and in part due to the constant
|m[s(f)]s'n T +sin T noise bandwidth of the fixed-frequency operation, as dis-

=\ RESHT  [ar Tam [ (4 cussed in Sec. Il of Part}. _
S'”(T) —sm( T) In Table I, the instrumental delays obtained for both the

IP andQ components are shown for the various modulation
The experimental results have been fitted to the theoreticdtequencies of our experiments. It is noted that for a given
expressions, Eqgl) and (2), by usingd as an adjustable frequency the delay values for th@ component are quite
parameter(fixed for a given repetition frequengyand as- independent ofr; as they should be, while those for the IP
suming ReS(f)]=—Im[S(f)], which is theoretically con- component reveal a greater scatter. We believe that this is
sistent with the assumption of a homogenedweferencgé  due to the fact that the zeroes of the IP component are close
sample® It should be noted that, like the single-ended tech-to the upper edge of th& scan(Fig. 3 and the fitting pro-
nique, the use of a reference sample here may be confined tedure cannot afford the same quality as that forQreom-
calculating the one-point instrumental transfer-functionponent. For this reason we will henceforth limit our attention
phase shift at the given frequency. Furthermore, the positionnly to theQ component of the signal.
of the two zero-crossing signal magnitude poifuse for the In order to study the influence of the scatter in the delay
IP and one for th& channel can also be labeled as belong- data on the performance of the experiment, we inserted the
ing to a homogeneous sample. Nevertheless, the former opveraged value in Eq.(2) reported in the last row of Table |,
eration is not essential when only the degree of departurand we again fitted all the data in order to find the
from homogeneity of a test sample is required. Im[(S(f)[/ReS(f)] ratio or, equivalently, theA,, zero
Measurements with the Zr alloy sample have been pererossing positions. The tH\ oo+ d)#/T] values obtained
formed at three modulation frequenci@s5, 5, and 10 kHz ~ for the Q component at 5 kHz as a function af /T are
Typical experimental results are shown together with theireported in Fig. 4, together with the theoretical interpolation
theoretical fits in Fig. 3. We wish to point out the excellentgiven by Eq.(4) with Im[(S(f)]/R€ S(f)] as a parameter.
agreement between theory and experimental results, which iBhe quality of the fits for the remaining frequenci@s5 and

TABLE |. Delay termd/T as a function of and 7, /T obtained by fitting the IP an@® components of the Zr
response to Eqg1) and (2) assuming ReS(f)]=—Im[S(f)]. /T was equal to 25%. Last row shows the
averaged value in each column.

f=500 Hz f=5 kHz f=10 kHz
/T (%) P Q IP Q IP Q
2 2.20 2.36 2.22 2.39 6.98 7.13
5 2.16 2.28 2.02 2.87 5.47 8.09
7 211 2.39 2.07 3.11 4.44 8.10
10 1.95 2.05 1.22 2.76 2.88 7.94
avg 21 2.3 1.9 2.8 5.0 7.8
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TABLE 1l. Im[S(f)]/R4 S(f)] ratio values for the three investigated 40— " —— T
samples(two shot peened Zr—2.5Nb alloys and the reference Zr sample r
obtained by fitting the zero crossing points to E4j. L g

Sample f=0.5 kHz f=5 kHz f=10 kHz i °oe ey
-850 - v 8 @ 7

Zr —-1.01 —0.99 —1.00
C5 —0.928 —0.955 —0.996
N7 -1.12 —0.929 —0.964

i P=250 mW 1
60} a P=150 mW i
| v P=15mW
10 kH2 was very similar. It is concluded that thievalue L v
scatter has a negligible effect on the output response, whict
results in excellent agreement between the experimental dat L S L
and the expected theoretical result for Zr [B(f)]/ ) 100 1000
R S(f)]=—1); see first row of Table Il. This agreement
means that, in general, the instrumental delay can be as Frequency [Hz)
sumed ?OnStam fOI_’ a given Trequency’ as long as dIStOI’tIOﬂﬁG. 6. Conventional frequency-scan phase signals obtained for the pump
are not introduced in the optical wave form shape. Moreovepower values reported in Fig. 5.
it should be noted that this calibration is sample independent.
This means that for a given experimental apparatus the delay e asing modulation frequency. In the frequency range uti-
values remain the same and it is not necessary to repeat thgo in the pulse-scan measuremerfts 600 H2), the phase
calibration. , shift is approximately—1.5°. In order to give a comparison

In order to evaluate the robustness of this new methodgaveen the two methodologies, Fig. 7 shows a zoom in the
ology, the same pulse separation scans have been performgdiniv of the zero crossing region of the curves reported in
for various pump laser powers. Conventional freqUeNCYig 5. Here two additional curves are included, showing the
scans have also been carried out in parallel under the samgsretical interpolation of the data obtained fr=150
experimental conditions, in order to compare the relative,,y arbitrarily shifted by+1.5° with respect to afgSf)]
SNR. In Fig. 5 theQ component is reported as a function of _ _ 4go (the semi-infinite photothermal casdt is evident
pulse separation. As can be_ seen, even thg data correspoqﬂat the spread\, among the crossing points at all laser
ing to the lowest power are in agreement with the other set§q, \ers is much less than the phase-error equivalent spread
despite the very low magnitudéess than 2uV). The vary- (1 5° exhibited by the frequency sda®nce again, this

ing slopes of the experimental data about the zero crossingfirms the good noise suppression resulting from the
point are due to the correspondii®{f) amplitudes: The lock-in differential action.

zero crossing points are coincident for all experimental laser
powers, as expected from the same sample, and very good
noise rejection is observed. lll. EXPERIMENTAL RESULTS ON SHOT-PEENED

The corresponding signal phase data, obtained by tenfe'—2-5Nb
porally varying the pump intensity as a 50% duty-cycle  After the preliminary tests with the Zr alloy reference
square wave, are reported in Fig. 6. The data correspondingnd the ensuing calibration procedure, experiments were per-
to the two highest power values are in agreement, but thos®rmed with two Zr—2.5Nb shot-peened samples in order to
obtained at the lowest power are increasingly shifted withiest the sensitivity of the new instrumental methodology to
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FIG. 5. Q magnitude pulse-separation scans obtained #pfT=5%, FIG. 7. Zoom of the data reported in Fig. 5 in the vicinity of the zero
7,/ T=25%, =500 Hz and for the pump laser power values shown in the crossing region. The solid lines are theoretical fits calculated according to
inset. Continuous lines are theoretical fits to Hq) with Im[(S(f)]/ Eq. (2). The dotted curves represent the theoretical data obtaine® for
Re (S(f)] as the only adjustable parameter. =150 mW, calculated for afgS(f)] values reported in the inset.
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N7 sample have been smoothed. 1.5)(105: ; ki dod

o
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\Y]

minute thermomechanical inhomogeneities and to compareg — 1.0x10°f
the results with those obtained by means of the conventionaZ i
50% duty-cycle frequency-scan PTR method. Shot peéningé’ 0.5x10°L
is employed as an effective mechanical surface improvemeng :
method in metallic materials. This method basically consists ol

of bombarding the metal surface with a large number of [

small spheres of steel, glass, or ceramic, totally covering the o //{;/ .
surface with indentations. As a result, a thin surface lager 0 30 50 70
the order of 10Qum) is plastically deformed. Plastic defor-
mation causes strain hardening, which improves the fatigue
life and corrosion resistance of the treated metal surface. IRIG. 9. Experimental) component data obtained from the N7 sample for
selecting and controlling shot peening parameters to optithe 7, /T values reported in the inset, ang/T=25%: (a) f=500 Hz;(b)
mize surface improvement, it is very important to monitor f=5 kHz.

the effects caused by the shot peening process. These effects

to date are usually evaluated by destructive methods, such @gllent agreement between theory and experimental results is
transmission electron microscopyEM). confirmed: By fitting the data to Eq2), with the d value

The two examined samples were shot peened at Almefetermined for the Zr sample obtained from the last row of
intensities C5 and N7, respectively. The microhardness profable |, we were able to precisely determine tig
files obtained by Vickers indentation tests are shown in Figcomponent zero-crossing positiods, . The taf([(Agq
8. Sample C5 reveals quite a small variatien10%) inthe  +d)#/T] values shown in Fig. 11 were compared to the

hardness value over a depth distance on the order ofd®0  theoretical interpolations given by E@), in order to calcu-
while sample N7 exhibits an essentially flat hardness profile.

Nevertheless, TEM examinations performed on this same
sample have indicated that shoot peening at N7 Almen in-
tensitydoes affecthe grain structure over a depth lower than
60 um.? The foregoing shot peening process was chosen ftc
test the new technique because its effects on the thermcs
physical properties of metals are minuscule. For comparisong
photothermal depth profilometry of hardened steels by hea‘% of
treatment generates a phase contrast less than 5° even & I
hardness variations of 1 order of magnit(dehis suggests o [
than a very small contrast signal should be expected from  -ixt0®
shot peened samples. i
In Fig. 9 theQ signals corresponding to various pulse

AT [%]

2x10°°

1x10°

widths and fixedr, are reported as functions of the normal- 20107 25 3 pom o
ized pulse separation for the N7 sample and for two different
modulation frequencies500 Hz and 5 kHg Figure 10 AT [%]

shows the shift of the zero position due to thermal FESPONSEi5 10, The near-zero crossing region for Qecomponents of the two
changes for both samples C5 and N7 at 500 Hz. The resultgot peened zr-2.5Nb samples and the Zr referemgéT=5%, ,/T
are compared to that from the reference Zr sample. The ex=25%, andf=500 Hz.
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(b) for the two shot peened Zr—2.5Nb alloy samples. To aid the eye, the C5
FIG. 11. Experimenta component zero-crossing data obtained ontle:  ratio has been shifted upward hy0.5. The relative amplitudes are consis-
C5 and(b) N7 shot peened Zr-2.5Nb alloy samples for the modulationtent with the slopes of the N7 and C5 curves in Fig. 10, which reveal a low
frequencies reported in the inset. Theg/T andr, /T values are the same as  photothermal amplitude response for the C5 sample.
in Fig. 10.

late the INiS(f)]/Re S(f)] values which are reported in éveal any measurable trend with modulation frequency, re-
Table II. The IniS(f)]/Rg S(f)] values obtained for the c5 flecting the corresponding flat hardness profile behavior.
sample reveal a trend as a function of the modulation fre- ~Conventional PTR frequency scans were further per-
quency, which is quite consistent with the hardness profile. A0rmed for comparison by using the same setup and the same
shift from the homogenous sample response is expectegPO MW optical power for all the measurements. The only
when the thermal-wave diffusion length is on the order of thechange was in the excitation-laser-beam modulation wave
depth, where the hardness profile shows significant variaform, a 50% duty-cycle square wave. The experimental data,
tions. Considering that the nominal thermal diffusivity value hormalized by the data obtained from the Zr reference, are
of the Zr—2.5Nb alloy is 0.093 cffs,” at 0.5 kHz the thermal reported in Fig. 12. The systematic high-frequency-
diffusion length is on the order of 76m, i.e., commensurate amplitude differences of the two curves in Fig(d2are not
with the hardness depth. Therefore, the 8f) /R S(f)] meaningful, as extensive satellite PTR experiments with
value atf =0.5 kHz is higher than-1 expected from a semi- these and different Almen-intensity shot peened Zr—2.5Nb
infinite homogeneous solid or, equivalently, the phase lag isamples have shown that there exists no consistent trend of
less than—45° (—42.8°). This is consistent with the fact the signal with degree of hardening. Furthermore, unlike the
that the hardened layer has an effective thermal diffusivitym[ S(f)])]/Re[S(f)] ratios of Table Il, the presence of a
lower than that of the bulk.At higher modulation frequen- hardness depth profile in the C5 samfifég. 8) cannot be
cies, 5 and 10 kHz, the thermal diffusion length becomesneasured from the similar amplitude trends of both samples
~20 um. The corresponding hardness profile does not showhroughout the entire frequency range in Fig(él2The N7
large variations over this distance. This means that the>C5 amplitude ratio in Fig. 12) is, however, consistent
sample can be assumed homogeneous over this depth amdth the lower slope of the C5 curve in Fig. 10, which indi-
accordingly, the If\S(f)])]/Re S(f)] ratio assumes values cates a lower-amplitude thermal-wave signal at 500 Hz for
roughly corresponding to—45°. On the contrary, the the C5 shot peened Zr—2.5Nb alloy. The phase channel, Fig.
Im[ S(f)]/Rd S(f)] data obtained for the N7 sample do not 12(b), also clearly shows insensitivity to the differences in
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