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A detailed comparison is presented between the time delay and the pseudo-random-binary-
sequence (PRBS) methods of excitation and mirage effect response. Both time delay domain
dynamic system response and frequency domain spectral functions were calculated via FFT
methods. The results show that the FM time delay spectrometer exhibits superior performance to
the PRBS device and is optimally suitable for nondestructive and depth-profiling studies. The
detailed examination of, and comparison between, the time delay and spectral dynamic functions
of our FM time delay photothermal wave spectrometer and those of a PRBS-driven device has
proven that the former apparatus is capable of producing superior quality time delay and spectral
function information when tested on a fast, flat frequency response mirage effect system. The FM
time delay photoacoustic/photothermal wave technique and instrumentation of this work holds

excellent promise for nondestructive evaluation and depth-profiling applications in scientific
research as well as industrial development laboratories.

INTRODUCTION

FM time delay photothermal wave spectroscopy has
emerged as a powerful technique for the study of Mirage
effect related phenomena at material interfaces (this work,
Part IT). The potential of this technique is more general,
however, than the photothermal deflection apparatus pre-
sented in Part IT might suggest. The most promising features
of our system are (i) its ability to perform fast measurements
of the frequency spectrum of a specimen, a consequence of
the FFT nature of data analysis and (ii) the mathematical
Dirac delta function thermal pulse equivalent of the speci-
men response to the exciting cw radiation via the impulse
response of the system, a consequence of the nature of sam-
ple excitation and correlation analysis of data. Both features
have important implications for the suitability of the FM
time delay spectrometer for nondestructive evaluation
(NDE) and depth profiling studies with simultaneous, rath-
er than sequential, information acquisition from a range of
depths in a material. These features, however, are not unique
to the time delay domain excitation, but rather commonly
shared with more conventional random noise methods.!”
Therefore, the choice of the optimal method is a very impor-
tant consideration, impacting directly on the quality and in-
terpretability of data obtained by a given time delay tech-
nique. In this work we have made a detailed comparison of
the time delay domain and spectral function quality and dy-
namic range between our FM time delay photothermal
spectrometer/imager and the same apparatus excited by a
127-bit-long PRBS optical pulse.
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L EXPERIMENTAL

The FM time delay spectrometer used in this work has
been described in detail elsewhere (Part I of this work, Fig.
1) and was set up for mirage effect phenomena probing via a
fast detector unit with a flat frequency response up to ~ 30
MHz. A swept square wave excitation was employed from
dc to 1280 Hz with a sweep time of 0.41 s. The PRBS wave-
form was introduced into the system for comparison with
the swept wave by constructing an analog 127-bit-long
PRBS voltage generator of variable peak-to-peak amplitude
and pseudoperiod. The output of this device was used as the
input to an Isomet mode! # 1201E-2 acousto-optic (A/O)
modulator coupled to the Nd**:YAG pump laser 1.06-um
line of our system. The modulation depth of the A/O modu-
lator was further maximized by adjusting the amplitude of
the voltage generator output waveform and the bias adjust of
the A/O analog driver. The rest of the system was identical
to the one described in Part II. The input and output signals
were introduced to channels 4 and B, respectively, of the
Nicolet 660A dual channe! FFT analyzer. Signal averaging
was performed for both types of excitation methods in this
work over 1000 sweeps per 1024-bit sample.

il. PRBS SYSTEM PERFORMANCE

In order to characterize the performance of the PRBS
excitation with respect to physical parameters of the mirage
effect system, the impulse response s(7) and cross correla-
tion R,, (7) of the input and output were studied as func-
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Fi1G. 1. Water-blackbody interface mirage effect response to PRBS excita-
tion. (a) Impulse response. Curve a: x,= 10 um, 7,=3.91 ms,
Trwrm = 0.48 ms, 7, = 24.22 ms; Curve b: x, = 70 um, 7, = 5.08 ms,
Trwim = 9.18 ms, 7, = 32.03 ms; Curve ¢: x, = 130 um, 7, = 7.81 ms,
Trwnm = 16.84 ms; 7, = 56.64 ms. (b) Cross-correlation function.
Curve a: x, = 10 um, 7, = 3.91 ms, Tpwym = 6.57 ms, 7, = 25.78 ms,
7, = 128.91 ms; Curve b: x, = 70 um, 7, = 4.69 ms, Trwym = 9.23 ms,
Tonin = 30.47 ms, 7, = 129.69 ms; Curve ¢: x, = 130 gm, 7, = 8.59 ms,
Tewnm = 17.34 ms, 7, = 56.64 ms, 7, = 132.42 ms. The various quanti-
ties have been defined in the text.

tions of the transverse probe beam offset in water above an
anodized aluminum blackbody excited by the Nd**:YAG
laser. Figure 1 shows the superposition of three such curves
for the impulse response, Fig. 1(a), and the cross-correla-
tion function, Fig. 1(b), with the nominal beam offset as a
parameter. In these curves, which were generated on the
screen of the FFT analyzer, the various times are defined as
follows: 7, is the peak delay time, 7ewin 18 the time delay
width of each line at half-maximum, 7, is the time delay
corresponding to the signal minimum past the main peak
and, in the case of the cross-correlation function, 7, is the
peak delay time of the positive secondary maximum. The
presence of the secondary maxima on both sides of the main
peak of R,, (7) is associated with the second pseudohar-
monic (i.e., the leakage of a fraction of the basic PRBS wave-
form energy to higher frequencies corresponding to the sec-
ond multiple of the fundamental pseudoperiod). Such
secondary maxima are characteristic of random noise excita-
tions.” With our spectrometer they appear also in the im-
pulse response function with lower magnitude than in the
cross-correlation plot. The curves of Fig. 1 show an increase
in the peak delay time 7, and in 7w With increasing beam
offset. The magnitudes are unnormalized, however they ex-
hibit a steady decrease with increasing x,. The undershoots
below the zero of the y axis present in both #(7) and R, (7)
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F1G. 2. PRBS spectrometer impulse response parameter dependence on
probe beam offset. (a) Magnitude; (b) Peak delay time; (c) Full width at
half-maximum time.

are thought to be due to a rarefaction of the water pressure
increase following the main short compressive pulse,* as
heat is released into the liquid after absorption of the pump
laser energy. Figure 2 shows the behavior of the impulse
response magnitude (a), 7, (b), and Tewum (¢), with in-
creasing beam offset for the compiete experimental range of
x,o. In this figure all curves were plotted vs x3. Both 7, and
Trwrm Show an approximately linear dependenceonxj . Itis
worthwhile noting that 7, is essentially independent of x, for
nominal beam offsets up to ~ 50 um, whereas Tgwy is In-
creasing in that range of x,,. The cause of the flat value for 7,
at small beam offsets is in ail likelihood the partial blocking
of the focused probe beam (W,==120 um) by the sample
bulk. The initial nonmonotonic amplitude dependence on
x2, Fig. 2(a), is also consistent with the same interpretation
of the observed anomaly. The behavior of 7w shows,
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FiG. 3. Comparison of impulse responses between FT time delay (a) and
PRBS (b) spectrometers for x, = 10 um. (a) 7o = 2.34 ms, Tpwym = 5.13
mS, Tpi, = 23.44 ms. (b) 75, =3.91 ms, Tpwuy = 6.48 ms, 7, = 24.22
ms.

however, that this parameter is more sensitive to minute
changes in x, than 7,. Using results from Part II concerning
approximate analytical expressions for 7, and Tpwm, to-
gether with the slopes of Figs. 2(b) and 2(c) as determined
by least-squares fits, we find

Ao = 1768, =0.7X 1072 cm?/s (1)
and
Ao = 1/(41n2)8, = 1.33X 1073 cm?/s, (2

where S, = A7o/A(x]) is the slope of Fig. 2(b), and
S, = ATpwpm /A (x3) is the slope of Fig. 2(c). The values
for the thermal diffusivity of water estimated in Eqs. (1) and
(2) are within a factor of two from the published value’
1.4 107 * cm?/s. The close approximation to that value ef-
fected by the slope of Fig. 3(c¢) is a further manifestation of
the higher sensitivity of Tgw to the distance from the ab-
sorbing surface than that of 7, for our PRBS-excited system.
Similar results were obtained from the cross-correlation
data, thus supporting a heat diffusion mechanism in the wa-
ter folowing the generation of an impulsive type heat source
at the blackbody surface according to models presented in
Part I1. This section, therefore, establishes the ability of the
PRBS mirage effect spectrometer to monitor the time devel-
opment of a Dirac delta type thermal pulse equivalent at the
sample/water interface. The PRBS response will now be
compared to our FM time defay response, which was shown
in Part II to monitor the same physical phenomenon.

til. DYNAMIC RANGE PROPERTIES: FM TIME DELAY
AND PRBS SPECTROMETERS

Any differences in the guality of the spectra obtained by
the FM time delay and the PRBS methods are not, in gen-
eral, immediately obvious from the visual study of the im-
pulse response and/or the input—output cross-correlation
functions only. Closer scrutiny and other time delay domain
and spectral parameters must also be considered in order for
a complete picture to emerge. Nevertheless, subtle but im-
portant differences can be found in directly comparing A(7)
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F1G. 4. Comparison of cross-correlation functions between FT time delay
(a) and PRBS (b) spectrometers for x, =10 um. (a) 7,=2.34 ms,
Tewhm = 5.2 mS, 7oy, = 26.56 ms. (b) 7, =3.91 ms, 7wy = 6.57 ms,
Tniny = 25.78 ms.

and R, (7) using the two methods. Figure 3 shows such a
comparison between FM time delay and PRBS impulse re-
sponses from the blackbody/water interface at nominal
beam offsets of 10 um. The FM time delay spectrometer
response peaks at an earlier delay time than the PRBS de-
vice. This important difference is due to the extended dy-
namic range afforded by the FM time delay technique, com-
pared to the nonflat frequency spectrum of the PRBS
sequence, as will be seen below. Variations in the absolute
magnitude of the peak delay time due to the total number of
PRBS bits involved in the waveform have been previously
reported by Sugitani and Uejima.® The total number of bits
comprising a PRBS sequence determines the degree of ap-
proximation of the pseudorandom noise thus generated to a
binomial distribution around the zero mean value.” There-
fore, it also determines the degree of flatness of the power
spectrum of the response. In Fig. 3 it can be seen that the
values of Tewin are in better agreement with each other
than those for 7,. It may, therefore, be argued that the mea-
surement of 7pwiy 10 2 PRBS experiment will give a better
estimate of the quantity under investigation than 7, primar-
ily due to the relative character of the former (difference
between two half-power delay times) compared to the abso-
lute character of the latter. Figure 4 shows the comparison
between the cross-corretation functions obtained via the two
methods. It can be observed that the extended dynamic
range of the FM time delay technique completely wipes out
the secondary maxima which flank the main peak of the
PRBS signal. Instead, the oscillatory behavior characteristic
of “ideal” (i.e., mathematical) cross-correlation functions’
is exhibited.

Figure 5 shows the autocorrelations R, (7) and R w (T)
of inputs and outputs, respectively, of the two technigues. In
Fig. 5(b) the secondary peaks of the PRBS input autocorre-
lation are clearly seen at the onset of the second multiple of
the frequency band spanned by the PRBS pseudoperiod.
These spikes are also present in the PRBS output autocorre-
lation, albeit much more broadened and of much Jower mag-
nitude. A comparison of R,, (7) between Figs. 5(a) and
5(b) shows that the PRBS function is more broadened than
the FM time delay function on the time scale of the experi-
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FIG. 5. Autocorrelation functions of system input and output: (a) FT time
delay spectrometer; (b) PRBS spectrometer.
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FIG. 6. One-sided autospectral densities of system input and output: (a) FT
time delay spectrometer; (b) PRBS spectrometer.
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ment. Therefore, it is expected that the PRBS R, (7) convo-
lution with the impulse response (i.e., the input/output
cross-correlation function, see theorem in Part I) will be
somewhat broader than the PRBS impulse response func-
tion A (1), a fact borne out by our experiments in Fig. 1 upon
comparing Tewyn between the curves of Fig. 1(a) and the
corresponding curves of Fig. 1(b). On the other hand, the
narrow R . (1) of the FM time delay spectrometer is a closer
representation of a Dirac delta function than the PRBS
counterpart and produces essentially identical line shapes
between 4(7) and R,, (1), as verified in Part I1.

Figure 6 compares the one-sided autospectral densities
of the two devices between dc and 1 kHz. From this figure
two facts become apparent immediately: First, the FM time
delay apparatus exhibits a truly flat input G, (f) up to the
highest frequency as expected from the Fourier transform of
the Dirac delta function representing the autocorrelation of
the input. This is to be compared to the decay of the PRBS
spectral contributions to the average power above 200~300
Hz. Second, the uneven distribution in the frequency density
of the power input spectrum in the PRBS case results in a
steeper decay of its output G,, (/) than the FM time delay
signal. This means that the higher frequency components are
weighed less in the PRBS experiment, with a concomitant
spectral distortion at high frequencies. No indication of even
the onset of such a frequency weighing phenomenon is
shown by the FM time delay spectrometer within the dis-
played frequency range. The flatness of the autospectral den-
sity function is a further assurance of the mathematical
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Fi1G. 7. Coherence functions: (a) FT time delay spectrometer; (b) PRBS
spectrometer.
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equivalence between the impulse response and cross-correla-
tion functions (see Part I) for the FM time delay spectrom-
eter. Figure 6(b) indicates that this equivalence is not entire-
ly justified for the PRBS spectrometer, due to the
autospectral density roll off at high frequencies. It is further
apparent from Fig. 6(b) that the autospectral density curve
corresponding to PRBS excitation consists of discrete power
bands (“‘sawtoothed response”) spanning narrow frequency
ranges with a continuous envelope. The corresponding FM
time delay curve, on the other hand, is truly continuous aside
from a progressively discrete behavior at frequencies below
200 Hz. The discrete power band regions in both Figs. 6(a)
and 6(b) are seen to generate similar behavior of the output
autospectral densities. This results in a sawtoothed output
autospectral density G, (f) for PRBS excitation, with a
continuous envelope throughout much of the spectrum and
is directly responsible for the lower quality of the PRBS sig-
nal.

Figure 7 is a comparison between the coherence func-
tions obtained from the signal inputs and outputs for the two
techniques. The coherence function is a most sensitive indi-
cator of the quality of the relation between input and output.
The superior performance of the FM time delay spectrom-
eter is unequivocally exemplified in this figure. Essentially
no correlation can be found above 600 Hz for the PRBS
method, while a strong relation between input and output
well beyond 1 kHz is observed for the FM time delay system.
The dips in the coherence functions are due to nonsystem
related signal sources, such as line ripple and multiples of 60
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F16. 8. Transfer function channels of the mirage effect system: (a) FT time
delay spectrometer; (b) PRBS spectrometer. (I): phase; (II) magnitude.
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Hz. These sources are completely deterministic At wetl-de-
fined frequencies and they do not appear in the stiistics of
the coherence function. The coherence of the PRE# system
exhibits large discrete sawtoothed band components with
peaks and valleys of rapidly varying functional quality of the
relationship between input and output. This results in a poor
signal-to-noise ratio of the transfer function H(f'), as seen in
Fig. 8. This figure indicates the degree of dynamic range
superiority of the FT time delay spectrometer to that of the
device operating with a PRBS excitation. The exceptional
quality of the FM time delay spectrometer transfer function
is intimately related to the quality of the impulse response,
Fig. 3, whose Fourier transform the transfer function is. The
magnitudes and phases calculated via FFT methods and dis-
played on the FFT analyzer screen are, in principle, the same
curves obtained point-by-point in the dispersive frequency
domain experiments of Part IT using sinusoidal system exci-
tation and lock-in detection. The importance of high-quality
transfer function data lies in the fact that our FFT analysis
can obtain the frequency response of the photothermal wave
system under investigation within a minute fraction of the
time required for the frequency domain measurement. In
our case, for instance, the average transfer function acquisi-
tion time for a mean value over one thousand samples span-
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FIG. 9. Nyquist plots for (a) the FM nme delay spectrometer, and (b) the
PRBS spectrometer.
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ning the emtire frequency range of interest (dcto 1 kHz) at
1024 intervals was approximately 5 min. This is to be com-
pared to ~4 h required for scanning the same frequency
range for a mean value over 2040 samples at 20-30 intervals
using lock-in detection. Figure 8 indicates a drop in the mag-
nitude signal between approximately dc and 20 Hz and a
phase distortion for both waveform types. This roll off is due
to the combined actions of the preamplifier bandwidth high-
pass limit set at 10 Hz and the spectral window (raised Han-
ning) superimposed on both waveforms. The frequency re-
sponse observed at high frequencies is typical of
photothermal deflection spectroscopic systems.®® The very
small ripple of the FM time delay spectrometer above 700
Hz shows excellent promise for high-quality photothermal
imaging applications at high frequencies.

The frequency response plots of Fig. 8 can also be conve-
niently regarded as those of a low-pass filter from a systems
engineering point of view, where the spectrometer is treated
as a “black box.” From this point of view it is then instruc-
tive to construct a Nyquist plot for the spectrometer as
shown in Fig. 9. These plots are useful in describing the sta-
bility of the spectrometer regarded as a control system.'®
The simple loop responses shown in Fig. 9 are indicative of
stable bounded systems with well-defined transient response
in the time domain, however, the smoother, symmetrical

635 Rev. Scl. Instrum., Vol. 57, No. 4, April 1986

with respect to the positive real axis Nyquist loop line for the
FM time delay spectrometer is an indication of a higher de-
gree of stability for this system than for the PRBS device.
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