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In order to facilitate measurements of ultrasonic velocity and attenuation, we have developed an
automated version of the phase sensitive technique with quadrature detection. The technique is
outlined and the precision of relative transit time or velocity measurements that can be obtained
from it is analyzed. We describe the computer-controlied experimental setup and report relative
velocity and attenuation resulis obtained on a single crystal of pure KZnF, . The temperature
dependence of the elastic constants C|; and C,, calculated from these results agree very well with
that obiained from echo overlap measurements performed on the same crystal. The relative error

on the present velocity measurements is Av/v~ 10 %,

INTRODUCTION

The most widely used technigue to measnre the velocity of
sound in solids is the echo overiap, which was developed by
May' and extended by Papadakis.” The method consists in
superposing successive rf echoes, cycle for cycle, using a fre-
quency controlied delay circuit. Provided the echoes are
properiy matched, relative precision of order 0.0002%
{2:X10%) can be obtained.’ These measurements are time
consuming, however, and, by nature, cannot be automated.
The phase velocity can also be measured by a phase-sensitive
technique which was developed by Williamson® and sepa-
rately by Penvushin and Filippov"; The latter method can
provide absolute and relative scund velocity measurements
with a precision comparable to the former method. The
method for absolute measurements has been described by
Petersen et al.” In the present work we describe an automat-
ed system for relative scund velocity measurements using
the phase-sensitive technigue with quadrature detection and
present experimental resuits.

. THEORY

The phase-sensitive technigue used here is based on the
measurement of the phase of a given echo relative to the
phase of a reference which is drawn from the same signal
source as that driving the transducer. The phase of the mth
echo, i.e., after m round trips through the crystal, is lagging
behind the phase of the reference by an amount

¢m ZZWﬁIrH (1)

where ¢, represents the travel time through the crysial as

m

weil as through the bond, the transducer, and the electronics

and f'is the frequency of the rf signal. A general expression
for the travel time can be written as

t, =mt, — (m—~ )/ 2af +¢,, (2)

where 7,, represents the round trip time through the crystal,
7 the phase change caused by the refiection at the trans-
ducer—bond interface, and ¢, the transit time through the
electronics. An approximate expression for ¢ has been de-
rived by McSkimin.®
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with p; and /, the density and thickness of the bond, respec-
tively, f, the resonant frequency of the transducer, and Z,
and Z; the acoustic impedance of the transducer and of the
sample, respectively. From Eq. (2), the change in round trip
time At,, with temperature can be seen to be approximately
equal to

At,, = (V/m)At,,

where we neglect the temperature dependence of y. Making
use of Bq. (1), Az,, can in turn be obtained from a measure-
ment of the change in phase A¢ by using Eq. (1)

The phase of an echo m can be measured by decompos-
ing the output signal into its in-phase component 4,,,, and
its quadrature component 4,,, with respect to the rf refer-
ence (see Fig. 1). The phase angle is then given by

@, = arctan(4,,,/4,,.) (5)

and the phase change A¢,, can be calculated from the mea-
sured amplitudes A4,,, and 4,,,. We note that the change in
phase can be decomposed into an integer number of half-
periods, p, and a fraction of a half-period, #, so that it can be
written as

Ad = (p+ m)w. (6)
We shall see that because of the arcian expression, Eq. (6)

represents a central point in the evaluation of the change in
round trip time. We also note that A¢ does not, in general,

FI1G. 1. In-phase and quadrature
components and phase change ¢ of
the propagating sound wave.
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depend on m and can be obtained from each echo indepen-
dently. Comparing phase or round-trip time measurements
from several echoes thus provides a check of accuracy. The
precision of the measurement is limited by the precision with
which the phase separation can be performed and is dis-
cussed below.,

i EXPERIMENTAL SETUP

The ultrasonic setup is schematically represented in Fig.
2. It consists of a rf signal source fed through a gated rf
amplifier (Matec 310) to obtain pulses of variable widths
{ > 0.5 us). These pulses are directed to the transducer and
sample through one branch of a T circuit. The reflected sig-
nals (successive echoes) are phase analyzed through a su-
perheterodyne detection stage composed of two mixers
{(ZAY-3), a 90° hybrid transformer (ZSCQ-2), and two
phase detectors (ZAY-3) (all five components from Mini-
circuits}. The gain curve of the IF amplifier is centered at 60
M Hz; this is, therefore, also the frequency at which the de-
tector operates {Matec 625). The outputs of the two phase
detectors are fed into low-pass filters and then directed to the
two inputs of a computer-controlied switch box (Siliconix
FET-DG187 BP, not shown in Fig. 2). In this way each of
the two phase detectors can be connected successively to the
input of a PAR single-channel boxcar integrator. The output
of the boxcar is digitized and read into a Zenith 158 PC via
an interfacing board (Metrabyte, DASH 8).

The major steps of the program are listed as follows:

{1} Choice of experimental and graphic parameters.

(ii) Positioning of the integration window on selected
echoes.

(iti) Amplitude measurements of echoes, in-phase com-
ponents, and guadrature components.

(iv) Calculation of phase variation, change in transit
time, and attepuation.

(v} Data storage and graphics.
A flow chart of the computer program is given in the Appen-
dix.

Steps (ii) and (iii} are performed by the computer with-
out any external intervention. Step (ii) is a particularly im-
portant one and calls for a few remarks. The time positions of
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FiG. 2. Schematic diagram of the ultrasonic velocity and attenuation setup
with quadrature phase sensitive detection.
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the integration window must be selected initiaily to coincide
with the position of the various echoes to be measured, as
well as with a background position. Once selected, these po-
sitions are recorded by the computer, which then renroduces
the positioning sequence automatically. In the course of the
experiment, the sound velocity changes and so does the time
delay between successive echoes. An automatic tracking
procedure is, therefore, built into the program sc that the
window position always coincides with the position of the
initially selected echoes. At each position, the boxcar must
measure the amplitudes of both phase components, 4, and
A,, and switching between them is controlled by the com-
puter at the boxcar input. The integration time for each com-
ponent is determined by the choice of a time constant on the
hoxcar.

As-we indicated in Eq. (3), the phase angle is obtained
as an arctan function and can only be determined to within
7. {See Fig. 1.) To eliminate this uncertainty it is necessary
to determine the quadrant in which the vector amplitude
lies. This can be done by foilowing the sign of ¢, as well as
that of either the in-phase component 4,,, or the quadrature
component 4,,,. The principal limitation of this technique
is, of course, that the phase must be monitored continuously
and the signal frequency cannot be changed.

A, Sources of error

Experimentally, the primary source of error in the mea-
surement is due to the phase separation of the two compo-
nents of the signal, which is done through the 90° hybrid
transformer and the two phase detectors foliowing it. Ac-
cording to the manufacturer, the transformer can introduce
a deviation of + 3° relative to exact quadrature. Also, one
must take into account possible differences in the respective
amplitude response of the two detectors. Assuming a maxi-
mum 10% difference in amplitude response, the two compo-
nents can be written as

A, =4, cosd’ X1,
‘42m :Am Sﬁn(ﬂﬁi + 3) X 1;1.

Comparing with the exact measurement obtained from
A,,, /4,,, = tan ¢, we can find (4’ — ¢) as a function of the
phase angle ¢. We note that this difference is periodic with
period 2or. With the present figures, the maximum difference
is 0.08 rad, and using Eq. (4) this corresponds, at 45 MHz,
to an error on the round trip time of approximately
3X 107" on the tenth echo. A good measure of the actual
experimental error is given by comparing the fransit time
obtained from different echoes since they correspond to dif-
ferent phase angles. Such an error is usually found to be
about 53X 10~ " sorarelativeerror Az /f~ 1 X 10 °. Because
the phase of any given echo changes with temperature this
erior, due to the phase separation of the hybrid transformer,
must be taken into account.

On the basis of Eg. (2), the other source of relative error
in the measurement of the transit time can be seen to be
associated with y given in Eq. (3). This error is temperature
dependent since the acoustic properties of the bond and
transducer are themselves temperature dependent. When
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operating the transducer near ifs resonant frequency, the
second term in Eq. (3) is zero. The temperature dependence
of the first term can be estimated if the coefficient of thermal
expansions of the bond and the sample are known. For re-
spective values of 107* and 107° we find d{(p,/, /Z,)/
dT~10" 10-', which leads to an error on the transit
time of the same magnitude, i.e., much smaller than the error
discussed above.

In summary, the major source of error is found to lie in
the phase separation of the signal and the relative error on
the round trip time A# /7is approximately 1 X 167 i.e., com-
parable to the relative error in the echo overlap method.

The sample holder used in the present setup is represent-
ed schematically in Fig. 3. This particular design of the
spring-loaded contact was chosen to approximate, as much
as possible, an uninterrupted coaxial line to the transducer.
The transducer used was a 15-MHz lithium niobate operated
on its third harmonic. A calibrated silicon diode sensor
{Lake Shore Cryotronics DT-500) was silvered directly
onto the sample for precise temperature measurements.

. RESULTS

We now present experimental results obtained on
KZnF,; with the phase-sensitive technique and compare
them with results obtained previously with the echo overlap
technique.” The same KZnF, sample was used for both sets
of measurements. Figure 4 illustrates the accuracy of the
present method by showing the change in round trip time At
obtained for longitudinal waves from each of 13 echoes as a
function of temperature. The curves are staggered arbitrar-
ily to make the display clearer; if not staggered, all curves
would superpose on the top curve, which corresponds to the
first echo. We then take the average of Az, at each tempera-
ture. In order to calculate the velocity and elastic constant,
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FIG. 4. Change in the transit time for 13 successive reflections (echoes) of
an initial pulse into pure KZnF,.

an absolute measurement of the round trip time is needed.
This absolute measurement was obtained by a phase sensi-
tive technique described previously.® The velocity was cor-
rected for thermal expansion using the same lattice param-
eter data as those used in the echo overlap study.’

The final curves for C,;, and C,, are shown in Fig. §
along with the previous echo overlap results.® The accuracy
of our relative measurements are exemplified by the near
parallelism of the two C;, and C,, curves, respectively. The
error bars on the present curves are only due to the absolute
velocity measurement.
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F16. 5. Elastic constants of pure KZnF;, C,,, and C,,, vs temperature; the
continuous line represents the results of the present study and the dotted
line with the discrete data points are echo overlap results from Ref. 7. The
error bars in the present work refer to the absolute velocity measurement.
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ATTENUATION
neper /roand trip)

Fi1G. 6. Attenuation as a function of temperature in pure KZnl, (0.2
aeper/round trip=3.32 dB/cm).

It is important to notice that the curves obtained in the
present work have been drawn continuous and do not show
any specific data points. This is due to the fact that data
points can here be obtained at arbitrarily close temperatures
provided the temperature is drifted slowly enough. Drift
rates of 0.06 K/mn are most often used; given the fast mea-
surement technigue employed, the temperature drift over
the time reguired for the measurement of ten echoes is less
than 0.002 K. The sensitivity (or resolution) of the present
velocity measurements exceed 10 % g, i.e., more than an or-
der of magnitude greater than the sensitivity of echo overlap
measurements.

Finally, in Fig. 6 we present the attenuation results ob-
tained from the automated measurements for jongitudinal
waves. The ordinate represents the attenuation measured in
neper/round trip. For the particular sample measured, G.1
corresponds to .32 dB/cm. The oscillations in the attenu-
ation are probably due to a small departure from parallelism
of the transducer—crystal interface or mosaicity of the crys-
tal, which result in a modulation of the echo train and artifi-
cial attenuation periodic with temperature, Further exami-
nation of this point is under way. This particular set of
attenuation data was nevertheless chosen because it corre-
sponds to the elastic constant data reported here and because
the excellent resolution of the pericdic peaks constitutes a
good test of sensitivity. The present data show that attenu-
ation can be measured with a resolution superior to 0.05
dB/cm. Attenuation curves with little modulation have also
been obtained on other crystals using the present technigue.

In summary, the phase-sensitive detection techmique
presented here allows automated measurements of the refa-
tive sound velocity and uitrasonic atienuation. These mea-
surements can be performed, in a much reduced time, with
greater sensitivity and an accuracy comparable to those
made with the manual echio overlap technique.
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APPENDIX: FLOW CHART OF COMPUTER
PROGRAM FOR AUTOMATED ULTRASONIC
MEASUREMENTS

INITIALIZATIONS OF INTERFACES

. IEEE 488 MULTIMETER INTERFACE (tempera-
ture measurements)

. DASCONI A/D COMPUTER INTERFACE (ul-
trasonic data acguisition)

LOAD OPERATIONS

. IE 488 AND DASCONI BINARY CODES

. CALIBRATION CURVE OF TEMPERATURE
SENSCR
POSITIONING OF BOXCAR INTEGRATION WIN-
DOW ON SELECTED ECHOES
CHOICE OF PARAMETERS

. EXPERIMENTAL: MINIMUM TRANSIT TIME
AND TEMPERATURE STEPS

. GRAPHIC: UPPER AND LOWER LIMITS OF
GRAPHIC DISPLAY OF DATA AUTOMATIC MEA-
SUREMENT OF THE FIRST FOUR ECHOES (to allow
manual adjustment of maximum echo amplitude)

DATA ACQUISITION

. MULTIMETER VOLTAGE {(temperature)

. AMPLITUDE OF QUADRATURE AND IN-
PHASE COMPONENTS OF EACH PREVIOUSLY SE-
LECTED ECHO
CALCULATION OF AVERAGE TRANSIT TIME
VARIATION
IF TEMPERATURE OR TRANSIT TIME CHANGE
LESS THAN CHOSEN MINIMUM, GOTODATA AC-
QUISITION
CALCULATION OF ATTENUATION [least-square lin-
ear fit over log (echo amplitude) ] CALCULATION OF
TEMPERATURE RATE OF CHANGE (¥X/mn)

DISK STORAGE AND GRAPH PLOTTING OF DATA
POINTS

ADJUSTMENT OF POSITIONS OF BOXCAR INTE-
GRATION WINDOW

GO TO DATA ACQUISITION OR STOP

END
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