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ABSTRACT

The increasing use of broadband, pulse-echo ultrasonics in nondestruc-
tive evaluation of flaws and material properties has generated a need for
improved understanding of the way signals are modified by coupled and bonded
thin-lay 'r interfaces associated with transducers. This understanding is
most imp. ‘ant when using frequency spectrum analyses for characterizing
material properties. In this type of application, signals emanating from
material specimens can be strongly influenced by couplant and boad-layers in
the acoustic path. Computer sythesized waveforms were used to simulate a
range of interface conditions encountered in ultrasonic transducer systems
operating in the 20- to 80-MHz regime. The adverse effects of thin-layer
multiple reflections associated with various acoustic impedance conditions
are demonstrated. The information presented is relevant to ultrasonic
transducer design, specimen preparation, and couplant selection.
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INTRODUCT ION

Ultrasonics for flaw detection and materials characterization is a
significant area in nondestructive evaluation (NDE) technology (refs. 1-5).
The methodology usually involves broadband transducers in contact with sur-
faces of test specimens. When frequency spectrum analysis is used for char-
acterizing flaws and material properties, the results can be strongly in-
fluenced by couplant and bond-layers associated with the transducer
(ref. 1). These thin bond Tayers and also interconnecting cables can sig-
sificantly alter the frequency spectra of high-frequency, broadband signais
such as those used in making ultrasonic attenuation measurements (refs. 2,
4, 5). For example, spectrum distortions can arise from interference
effects due to multiple refia:tions in thin bond layers. In the case of
couplant layers the magnitude of the pressure applied to the ultrasonic
probe determines the resuitant couplant thickness. Couplant thickness is an
important factor in determining the character 24 acceptability of the siy-
nals from 2 material (refs. 1, 5, 6). The magnitude and nature of signal
distortions caused by bond-layer and couplant iiiickness variations and their

v related acoustic impedance effects are oftentimes ignored and inadequately
understood.

This report treats the effects of thin couplant and bond-layers asso-

. ciated with transducers. Computer simulation methods are used to illustrate
the way signals emanating from material specimens can be distorted by thin
layers in the acoustic path. Examples are given to demonstrate the adverse
effects of thin layers and also coaxial cables. In addition, conditions
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under which satisfactory results can be obtained are presented. This paper
is believed to be the first attempt to give a systematic account of thin-
layer effects as a function of layer thickness and acoustic impedance rela-
tive to adjacent materials. The information presented herein is relevant to
broadband transducer construction, specimen preparation, and coupiant and
bond selection and can be an aid in recognizing unacceptable waveforms aris-
ing from signal distortions.

APPROACH

The key parameters examined are couplant and bond-layer thickness var-
iations and acoustic impedances of materials commonly occurring in contact
ultrasonic involving broadband, buffered probes (refs. ¢-5). The frequency
range considered is from approx mately 20 to 80 MHz, centered at 50 MHz.
This range is important in the uitrasonic characterization of the mechanical
properties of a variety of materials. It is also a range in which the ad-
verse effects of thin layers become significant. The associated layer
thickness are from zero to 50 um which correspond to the wavelengths in-
vo lved.

The experimental difficulty of actually varying layer thickness at
uniformly spaced intervals from O to 50 um for a number of material com-
binations is avoided by use of a computer simulation technique. Using this
approach, mathematically synthesized waveforms are analyzed by means of a
high-speed digital computer and array processing algorithms. The physical
acoustics are straightforward, based on the premise of plane elastic waves.
The results can be shown to be in excellent agreement with effects that can
be observed by direct experimentation, as discussed later,

The transducer-specimen configuration illustrated in figure 1 is taken
as a model (refs. 7, 8). As indicaced in the figure, the principal material
components are an absorber, a piezoelectric element, a buffer, bond layers,
a couplant, and the test specimen. The analysis is restricted to considera-
tion of a broadband, ultrasonic pulse signal moving from the specimen into
the piezoelement and thence into the adsorber. The buffer serves primarily
as a delay line that isolates the piezoelement and specimen. The purpose of
the adsorber is to prevent reentry of signals into the piezoelement.

Although the analysis herein treats acoustical reverberations in thin
layers, the results are analogous to electronic reflections in coaxial
cables ugsed to couple the transducer to a receiver network, as discussed
later. In all cases herein, the actual ultrasonic waves in the materials
are depicted and referred to in terms of their electrical signal analogs,
such as those emitted by the piezoelement in response tc a transient pres-
sure wave.

GOVERNING EQUATIONS

A series of configuraticns, each involving three materials, are treated
in accordance with the schedule given in table 1. In each case, the central
material is the thin layer of bond or couplant. Transmission of ultrasonic
signals through the thin layer is analyzed by using the conventions illus~
trated schematically in figure 2, As shown in the figure, signal progres-
sion is from material {3] through (2] into [1J. (The wave vectors are nor-
mal to the interfaces, not oblique as shown for schematic purposes.)

2




In general, the acoustic impedances of the three materials will differ
and hence give rise to the indicated multiple reflections within the thin
layer. The signal, E, that emerges in material 1] will tend to be an un-
resolved composite formed by superposition of the successive thin-layer re-
flections Ep through En. Once formed, E is unresolvable into its
components unless the layer thickness exceeds the mean wavelength of the
source signal, S. The spectrum of E will differ from that of S by vary-
ing degrees depending on layer thickness, acoustic impedances, and attenua-
tion in the layer.

The transmission, T, and reflection, R, coefficients for the interfaces
[1) - [2] and £2] -~ [ 3] are yiven in terms of the acoustic impedances, Z,
with dual subscripts indicating direction (ref. 9).

22, 2z,
Z,* 1, Z,+ 1
2, 2
T3z = “"":é“’ Tes = ___:g__ (2)
Z,+ 1, Z,+ 1,
Z, -1
¢4
Rig =R =777 (3)
¢t
Z, -1,
3 "y
Rea = Ryg =77 (4)
34y

The amplit.des of the successive reverberation signals Ep to Ey
are determined by tramission and reflection coefficients and layer thick-
ness, t, and attenuation coefficient, A:

EO = STSZle exp(-At)

L (5)
2,2
E, = EQR5 RS 3 exp{-o8At)
£ = ERVRY. exp(-2znat)
Tl AP LR
Each successive signal lags Lhe preceding one by the layer "round trip"
delay time, d, where d = 2t/v, and v is the velocity in the layer. The
composite signal E is formed by summing time-domain amplitude waveforms,
each displaced by the parenthetically indicated delay:

This type or summation is readily accomplished by computer processing of
waveform arrays.

In the special case where the acoustic impedance of the layer equals or
closely approximates that of one contiguous material (i.e., Zy = Z3 or

L =11),




L& 5131 exp(-At) (7)

where T3] = 2Z1/(43 * 1]1). As layer thickness approaches zero, L » STsps

WAVLFORM SYNTHESIS

The starting waveform, S, is synthesized from ideal ampiitude and phase
spectra. The procedure is illustrated in figure 3. To assure that the syn-
thesized waveform is authentic, an actual signal is acquired, digitized, and
analyzed in polar form by Fourier transformation. By using the real waveform
as a model, classical Gaussian amplitude and linear phase spectra are
created.  Inverse Fourier transformation is used to synthesized a source
waveform, S. This procedure assures that any subsequent distortions become
evident upon inspection of the composite waveform, £. The synthetic wave-
form, S, is normalized to 1 volt (minimum to maximum) and thereafter used as
a standard source signal for a particular center frequency and bandwidth.

Lomputer processing of S proceeds with the creation of waveform
arrays for Etg through Ey in accordance with the preceding equa-
tions. Economization of computer time requires selection of the smallest
permissible number, N, of thin-layer reflections consistent with simulation
of actual conditions. Selection of N = 10 is satisfactory for the range of
materials and conditions investigated herein. This follows from the fact
that the amplitude of each successive reflection is diminished exponentially
according to the attenuation coefficient of the layer material.

The output composite waveform, £, js synthesized by array addition of
corresponding time-domain elements of Ey through En. This corre-
sponds to matrix addition of amplitudes of the N pressure wave compo-
nents. The composite waveform, E, is subsequently Fourier transformed into
polar amplitude and phase spectra and the results are exhibited graphically,
as explained in the next section.

RESULTS

The results presented are restricted to a few key material combinations
that illustrate pivotal conditions. These materials and acoustical proper-
ties are listed in table ll. The graphical results and associated data are
organized and presented in the order indicated in table I, in seven sets of
figures, figures 4 to 10. The first figure in each set summarizes the data
associated with the remaining figures. The remaining figures in each set
appear in order of increasing layer thickness and show variations in the
composite waveform, k, and its amplitude spectrum as layer thickness in-
creases from zero to 40 um. For all the material combinations examined, the
phase spectra remain linear, with no significant change in slope, and ex-
hibit no interesting features with increasing layer thickness. Phase spec-
tra are therefore omitted.

In figures 4 to 10, the OUT/IN amplitude gives the current value of the
ratio E/S for each thickness. The RMS [root mean square) energy level is
the ratio of the current energy of Lk relative to its initial value at zero
thickness. The variation of the RMS energy level with Tayer thickness is
shown in the summary graphs at the beginning of each set of figures. Spec-
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tral skewing is a measure of signal distortion and is computed as percent
displacement of the current peak frequency from the nominal (i.e., original)
peak frequency associated with the undistorted waveform at zero thickness.
The dashed curve in the amplitude spectrum graph is included to show the
amount of spectrum distortion that accompanies increasing layer thicknesses.

DISCUSSION

For material combinations having poorly matched acoustic impedances,
the least energy transfer (i.e., minimum RMS energy for the composite sig-
nal E) occurs at layer thicknesses of 1/4 wavelength (figs. 4(a), 7(a), and
9(a)). Under this condition destructive interference prevails. A secondary
maximum follows at layer thicknesses of 1/2 wavelength because of construc-
tive interference. The relative normalized RMS energy levels of these
minima and maxima are identical irrespective of the source-signal center
frequency. For example, at 20 MHz center frequency, RMS curves are similar
to those in figure 4(a) except that they "stretch" to the right, i.e., the
1/4 ¥avelength minima occur further to the right and initial negative slopes
are less.

The adverse effects of multiple reflections in thin layers becume ap-
parent by comparing amplitude spectra shown in figures 4, 7, and 9 for 1/2
wavelength layers. For example, figures 4(h), 7(i), and 9(i) illustrate a
classical reduction in spectral bandwidth as the result of a "“ringing"
layer. These figures contrast sharply with the virtually undisturbed broad-
band spectra obtained with impedance matching (figs. b, 6, 8, and 10,

e.g.). Figures 4, 7, and 9 also jllustrate that although RMS energy reduc-
tion with increasing layer thickness may appear tolerable, the associated
spectral distortions can be quite unacceptable. Certainly, any procedure
that relies on spectrum analysis must at least take account of such distor-
tions and avoid them, if possible.

When different materials are combined, there are practical limitations
on the ability to control acoustic impedances. By way of compromise, an
alternative to perfectly matched impedances would simply require, for exam-
ple, that

Lygl, <Ly or Ly >4, 21

wherein the layer acoustic impedance lies between that of contiguous mate~
rials; see figures b, 6, 8, and 10. 1In these cases, there is a much smaller
loss of signal strength due to reverberations: the RMS level of E drops
by less than 5 percent as compared with ~50 percent (fig. 5(a) vs. fig.
4(a)) as layer thickness approiches 1/¢ wavelength. Moreover, inteference
effects become insignificant r.iative to attenuation, as predicted by the
previous equation for Zp =7; or 1y = 73, equation (7). Energy
loss due solely to attenuation is indicated by the dashed lines in the first
graph of each set (figs. 4 to 10). Examination of figures 5(a), 6(a), 8(a),
and 10(a) indicates that for layers with intermediate impedances the compo-
site signal will have only slight or no distortion because it is merely
diminished by attenuation in the layer.

Close attention to coupling conditions in contact ultrasonics has been
urged by previous investigators (refs. 1, 5, 6). Optimum coupling demands
virtually perfect flatness tor the buffer-specimen interface and the appli-
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cation of substantial force to minimize the couplant layer. Figure 4 shows
that in the 20~ to 80-MHz range couplant thickness should be less than ap-
proximately 1 um to avoid serious spectral distortions in the case of the
typicel materials: fused quartz, glycerine, and steel. This requirement is
primarily a result of the acoustic mismatch of the glycerine with the con-
tiguous materials. Among the practical alternatives to glycerine that are
convenient and safe to use (water, oiis, gels, silicones), none have acous-
tic impedances that are significantly different.

It is apparent in figure 5 that an ideal fluid couplant, fluid-X, would
have an acoustic impedance close to that of the buffer material (e.g., glass
or quartz). It would allow free movament of the transducer over the speci-
men surface and would relax surface figiness tolerances. Fluid-X also
allows the couplant-layer thickness io excezd 10 um without serious con-
sequences on signal fidelity. Methylene iodide would qualify as fluid-X
with an acrylic buffer; see figure 6. In cases where the very low attenua-
tion and ruggedness of fused quartz are preferred, potential candidates for
fluid-X are colloidal suspensions of submicrometer particles of metal, metal
oxides, or ceramics; Gallium may be useful in restricted applications zince
it liquefies at ~30° C and readily wets glasses.

The effect of couplant thickness variations shown for synthetic wave-
forms in figures 4(b) to (1) can be readily verified by applying increasing
force to a specimen held against a similar buffered transducer. The source
signal can be the first echo from the free back surface of the specimen. As
the pressure is increased and the couplant thickness diminishes, a sequence
of waveforms on an oscilloscope will duplicate those appearing in the fig=
ures. If the buffer and specimen surfaces are sufficiently flat, and the
couplant thickness is uniform to within 1 um, an essentially undistorted
waveform will be observed, if the transducer itself is free of internal dis-
torting layers.

As indicated in figures 8 and 10, bond-layers (within the transducer)
with intermediate impedances yield good signals over a thickness range of
approximately 40 um. These examples assume that the absorber and bond both
consist of tungsten-loaded epoxy. The ideal situation would be to cast and
cure the absorber material in place and thus avoid the bond-layer al-
together. However, better properties are achieved if the absorber material
is formed separately under high-pressure curing (ref. 7). The previous
reference also suggests tailoring tungsten-louaded epoxy bond~layers that
approach the acoustic impedance of PZT piezoelements (see table 11). To
satisfy broadband damping conditions, the bond-layer on either side of the
piezoelement should have either slightly higher or slightly lower acoustic
impedance (ref. Y). The results presented herein suggest that the bond-
layer thickness is not critical under this condition, and therefore, it does
not need to be held to a few micrometers.

It can usually be assumed that the ultrasonic receiver, cscilloscope,
and associated electronic networks amplify and reproduce signals emitted by
the piezoelement in a consistent-manner. However, the coaxial cable that
links the transducer to the electronic network can introduce severe distor-
tions in the signal. In this case, the cable is analogous to a thin layer
sustaining multiple reflections. Resultant waveform distortions can be
shown to be identical to those appearing in figures 4, 7, and Y as a result
of thin-layer reverberations. For coaxial cables having lengths of approxi-
mately 1 m, delay times are in excess of 3 nsec, and they are of tha same
order as delays in thin layers several micrometers thick.
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fo assure undistorted signal transmission, there should be electrical
impedance malc ing of the cable to both the transducer and electronic net-
work. The impeuance of the cable should match the 50-ohm terminations con-
ventionally provided in ultrasonic systems. Nevertheless, additional fine
ac ‘ustment may be required and can be provided by adding variable resistors
at either end of the cable, as illustrated in figure 11, A "damping' resis-
tor for this purpnse is usually shunted across the cable input connector in
ultrasonic receivers. A variaole, auxiliary damping resistor built into the
transducer housing, as in figure ll, greatiy enhances signal fidelity. The
author has found this auxiliary impedance matching capability indispensible
for correcting aberrations peculiar to commercial transducer assemblies.
Impedance adjustments at both ends of the cable provide a means to compen-
sate for the effects of electronic and acoustic reverberations.

It is worth becomming familiar with the renegade waveforms shown in the
examples given herein. Any waveform having pronounced asymmetry or excess
ringdown oscillations should be suspect unless it is recovered from a mate-
rial sample known to introduce distortions (as with coarse grains, lamina-
tions, etc.). lllustrative examples of acceptable and unacceptable wave-
forms produced by varying the auxiliary damping resistance, and hence the
degree of cable impedance matching, appear in figure 1Z2. Any adjustment in
coupling, bonding, and cable impedance matching will, of course, change the
"system" modulation transfer characteristic. However, these adjustments are
discretionary and should be made for convenience in subsequent deconvolu-
tions of signals recovered from specimen materials.

LONCLUSIONS

Lomputer synthesis was used to simulate thin couplant and bond-layer
effects associated with broadband ultrasonic transducers. It was shown that
these tiin layers in the acoustic path can produce distortions in ultrasonic
signals and that .hese distortions become apparent and serious in the fre-
quency regime from approximately 20 to 80 MHz. Selected examples are given
to illustrate the potentially adverse effects of thin layers and practical
approaches to recognizing and minimizing these effects. The results support
the following conclusions:

1. When couplant or bond-layer acoustic impedances are significantly
less than those of both of the contiguous materials joined (as with quartz,
glycerine, and steel), the Tayer thickness should be less than 1 um to avoid
adverse signal distortion effects. This imposes a similar limitation on
specimen surface flatness variations, which should be held to fractions of a
micrometer in the transducer contact area.

2. The preceding toleran-e limitation is removed when acoustic imped-
ances of couplant or bond-layers are intermediate between those of the mate-~
rials joined. In this case, exact matching of the layer and contiguous
material acoustic impedance is unnecessary, and the layer thickness can
exceed several tens of micrometers. In the cases illustrated, the signal is
merely diminished by attenuation in the layer while distortions are mini-
mized or absent.

3. Additional corrections to enhance signal fidelity can be made by
inserting an auxiliary damping resistor in the transducer housing to comple-
ment an input damping resistor in the receiver housing and thereby compen-
sate for adverse reverberation effects introduced by cable or transducer
impedance mismatch effects.




The use of computer~simulated experimentation involving synthesized 1
waveforms has clarified questions concerning multiple raverberation effects
in thin layers. Additional work using this approach is recommended to study 1
the effects of compound layers within transducers (relative to piezo- |
elements) and within material specimens (with lamellar microstructures). 3
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TABLE 1, - SUHEDULE OF MATERIAL CONFIGURATIONS ANALYZED FOR THIN-LAYER
ENERGY TRANSFER AND MULTIPLE-REFLELTION EFFELTS@

Principal Parametric Material seguenced Results,
variableb relationC — figure -
L1 L2} (3]
Couplant 1} > 2y < 13 Buffer Louplant Specimen 4(a)~(1)
thickness (quartz) (glycerine) | (steel)
Z) < 2y < I3 Buffer Louplant Specimen 5(a)-(f)
(quartz) (Fluid-X) (steel)
1] < 2y < 13 Buffer Louplant Specimen 6(a)-(f)
(acrylic) (M-iodide) | (steel)
Bond-layer | Z) > 75 < 13 Piezoelement | Bond Buffer 7(a)-(1)
thickness (PZT) (epoxy) (quartz)
Z) > 12 > 13 Piezoelement | Bond Buf fer 8(a)-(f)
(PZT) (W-epoxy) (quartz)
Bond-layer | 11 > Zy < 13 Absorber Bond Piezoelement 9(a)-(1i)
thickness (W-epoxy) (epoxy) (PZT)
l} < 1y < 13 Absorber Bond Piezoelement | 10(a)-(f)
(W-epoxy) (W-epoxy) (PZT)

3Results cover nominal range from 20 to 80 MHz centered at 50 MHz.
bThin-layer thickness ranges from zero to 40 wm at Z-um steps.

CAcoustic impedance, Z, is the pr:duct of density by (longitudinal) velocity.
dMaterial properties and further identification appear in table ll.
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TABLE 11, = SELECTED MATERIALS, ALOUSTIL PROPERTIES, ANU FUNULTIONS

Function Materijalad Density,b| velocityC 1 Impedanced
g/emd cm/usec g/cméusec
Piezoelectric| PZT (4 or b) 7.0 0.395 3.0
transduction | lead-zirconate (7.5=7.7) 1 (0.38-0.41) | (2.8~3.¢)
e lement niobate ceramic
Absorber, W-epoxy, 40 to 11 & l¢ 0.c1 2,3 & &.b
piezoelement | 50 percent {10-13) (0,17-0,24) | (1.7=3.1)
backing tungsten powder
in epoxy resin
Adhesive hond| Epoxy resin Lods 0.4b U.3¢
£i 1=1,3) 1 (0.24-0.¢8) | (0.28-0.3b)
Buffer, delay| Fused quartz, 220 0.595 i.31
quartz glass (0.b9-0.00) | (1.30-1.31)
Acrylic resin L1y (0.¢07-0.¢27) | (0.315-0,31Y)
Louplant Glycerine l.co 0.1y¢ 0.c4¢
Methylene iodide| 3.33 098 -3¢0
Water (20" v) 1,00 . 148 .148
Specimen Mild steel 7.60 0.590 4,b8
Stainless steel | 7.7¢ . 598 4,02
Maraging steel 8.03 S.1) 4.4

aTabulation is limited to materials selected as representative for
the purposes of this report in illustrating “hin-layer effects.
bProperty values not in parentheses are used for illustrative cases,
parenthetical values are quoted to indicate actual range of variation.
Clongitudinal {compressional) ultrasonic wave velocity.
“Acoustic impedance, Z, equals product of density and velocity,
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Figure 3, - Time and frequency domain versions of acquired ultrasonic wavefor:n (top
graphs) used as model for syniiiesized waveform (bottom graphs),
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THIN LAYER ENERGY TRANSFER AND INTERFERENCE EFFECTS AT 30 nRZ
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Figure 4, - Degeneration of composite signal and its fre-
quency spectrum as glycerine couplant layer thickness
between quartz buffer and steel specimen increases from
0 to 38 micron. Illustration of case where layer im-
pedance is less than that of either contiguous material.
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Figure 5. - Variation of composite signal and its fre-
quency spectrum as couplant Tayer thickness between
quartz buffer and steel specimen increases from 0 to

.~ 30 micron, Illustration of case where layer impedance
is intermediate between that of contiguous materials.
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Figure 6, - Variation of composite signal and its fre-
quency spectrum as couplant layer thickness between
acrylic buffer and steel specimen increases from 0
to 30 micron. Illustration of case where layer im-
pedance is intermediate between that of contiguous

materials,
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Figure 7, - Degeneration of composite signal and its fre-
quency spectrum as bond Tayer thickness between PZT
piezoelement and quartz buffer increases from 0 to 38
micron. Illustration of case where layer impedance is
less than that of efther contiguous material,
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Figure 9. - Degeneration of composite signal and its fre-
quency spectrum as bond layer thickness between tungsten-
epoxy absorber and PZT piezoelement increases from 0 to
26 micron. Illustration of case where layer impedance
Vs less than that of either contiguous material.
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Figure 10. - Variation of composite signal and its fre-
quency spectrum as bond layer thickness between tungsten-
epoxy absorber and PZT piezoelement increases from 0 to
30 micron. Illustration of case where layer impedance
is intermediate between that of contiguous materials.
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Figure 12. - Waveforms and frequency spectra associated
with acceptable and unacceptable signals. Wavefarm
series was generated by increasing electrical imped-
ance mismatch of cable and transducer via the auxiliary
damping resistor shawn in Fig, 11. Auxiliary damping
resistance increases from top to bottom, 2 to 50 Ohm,
approximately.
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