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The dependence of the amplitudes and phases of two- and three-pulse electroacoustic echo on the

amplitudes and phases of the applied pulses is investigated. Two methods of erasing the electroacoustic
recording are proposed and used to discern the three-pulse dynamic echo in the recording. Some features
of the recording and erasing processes are revealed which confirm the plastic deformation mechanism.

PACS numbers: 43.88.Rh, 43.35.Qv

INTRODUCTION

The electroacoustic echo (EAE), discovered in 1970,%2
manifests itself in the formation of a series of signals at
the instants of time ¢=(r+1)r and ¢t=T +n7 (n=1,2,3...)
upon excitation of a piezoelectric specimen by three
electromagnetic radio pulses at the instants of time ¢
=0,7,T.2"% The signals at ¢{=(n+1)r are called the two-
pulse echo, and those at ¢=T +n7 are called the three-
pulse echo. The EAE is one of the most interesting and
intensely studied echo phenomena at the present time.

It has been observed in a large class of different physi-
cal systems. The essential condition for the formation
of the echo is the presence of nonlinearity. This nonlin-
earity can be an internal property of the system or can
manifest itself in the interaction of the system with ex-
ternal fields.®"” Some properties of the echo signals are
common to both types of nonlinearities, while others are
characteristic only of one or the other. Thus, from the
character of the dependence of the echo amplitude on the
interval between the exciting pulses, we can distinguish
the dominant role of one of the mentioned types of non-
linearity.®” ¥ In the case of EAE in piezoelectric pow-
ders, the study of the dependence of the echo amplitude
on the interval between the pulses has led tothe assump-
tion that the dominant mechanism in echo formation is
the mechanism based on the nonlinearity of the system
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of piezoelectric oscillators itself.®™s

Of special interest for investigation is the long mem-
ory of the three-pulse echo, which was first discovered
in single crystals at low temperatures,® and later in
piezoelectric powders at room temperature,'®:!! It was
noted that, upon increase in the interval of time between
the first and third pulses T, the amplitude of the three-
pulse echo of the signal falls off rapidly with a charac-
teristic time T, ~T,, reaches some definite value, and
is then independent of the time of application of the third
pulse. Such a dependence of the amplitude of the three-
pulse echo on T is explained by the fact that the three-
pulse echo is the sum of two signals: one falls exponent-
ially to zero upon increase of T (the dynamic three-
pulse echo), the other does not depend on T (the record-
ing).!° Thus, it is possible to record the signal for a
rather long period (days, weeks). In this case, the first
two exciting pulses can be called the recording pulses
and the third, the reading pulse. .

This paper is devoted to the study of the dependence of
the amplitude and phase of the EAE on the amplitudes
and phases of the exciting pulses. On the basis of the
results, two methods of erasing the recordings are pro-
posed, an experimental proof is given of the compound
character of the three-pulse echo, and a method is pro-
posed for separation of the dynamic echoandthe record-
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ing. The nature of the long-term memory is piezoelec-
tric powders is discussed in the light of the obtained
data.

RESULTS AND DISCUSSION

The experiments were carried out on a nuclear quad-
rupole resonance coherent pulse spectrometer ISP-1,
developed in the Special Design Office of the Institute of
Radio Engineering and Electronics of the Academy of
Sciences USSR. The range of operating frequencies is
2—-20 MHz. As the object of investigation, we selected
crystalline powers of cesium bromate CsBrO,. All the
results were obtained at room temperature.

The dependence of the amplitude of the EAE signals on
the amplitudes of the applied pulses for cesium bromate
powder at small amplitudes is described approximately
by the relations previously obtained (see Refs. 3-5 and
the references there): A,,=A,A, and A, =A,A,A,,
where A, A,,A, are the amplitudes of the first, second
and third pulses, respectively. At large amplitudes of
the input pulses, significant departures from the given
dependences are observed. For example, proportional-
ity of Ay, , to A; exists only at A; <A, ,. Further in-
crease in A, leads to a rapid decay of the signal of the
three-pulse echo to zero. A similar result is obtained
at T greatly exceeding the dynamic decay time of the
three-pulse echo. The authors of Refs. 4and 13 obtained
similar results independently. The graphic dependence
of A,,, on A, obtained by us, agrees well with that
given in Ref. 4.

The phases of the input pulses and the EAE signals
were determined relative to the phase of a standard gen-
erator. Independent regulation of the phases of the first
and third pulses was provided for in the ISP-1 spectro-
meter. A four-pulse regime was used in the study of the
dependence of the phase of the echo on the phase of the
first pulse. In this case, the role of the first and second
exciting pulses was played by the second and third pul-
ses, respectively, of the four pulse regime. The time
interval between the first and second of the four pulses
was significantly greater than the relaxation time of the
two-pulse echo T,.

For the two-pulse echo (z+1)7 the following depen-
dence was obtained

(P(n+1)r=q);n“) —ng,+ (n+1) @., (1)

where ¢, and ¢, are the phases of the first and second
pulses, ¢,"*" is the initial phase of the two-pulse echo
(n+1)T at ¢, =¢,=0(n=1,2,3,...). The dependence of
the phase of the three-pulse echo onthe phases of the ex-
citing pulses has the form

Prin=0s " —nQ+RQ+0s, (2)

where ¢, is the phase of the third pulse, and ¢{™ is the
initial phase of the three pulse echo at ¢, =¢, =¢, =0.
The given formulas are the result of generalization of
the experimental data for n»=1,2, 3 in the case of change
in the phases of both the first and second pulses (the
two-pulse echo) and for »=1 and 2 in the case of phase
changes of all three pulses (three-pulse echo). The
theoretical dependence of the phases of the two- and
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three-pulse echos on the phase of the second pulse at

¢, =0 was found in Ref. 4. The experimental dependenc-
es for n=1 and ¢, =0 was obtained in Refs. 4 and 13.
Our data are confirmed by the results given in these
references for special cases.

On the basis of the results stated above, we have
worked out two methods of erasing the electroacoustic
recording. Let an electroactoustic recording be pro-
duced in a piezoelectric sample by a pair of radio pulses
with carrier frequency v, and amplitudes A, =A4,=A4,..
Repeated application of a single reading pulse with car-
rier frequency Vi,q =V, and amplitude A <A leads
to a nondestructive multiple reading of the recorded sig-
nal. In the dependence of the amplitude of the three
pulse echo on the amplitude of the third echo, the given
situation corresponds to a region of proportionality of
Ap,, to A;. The first method of erasing' consists of
applying to the sample a single erasing pulse with car-
rier frequency v, =v,., the amplitude of which A
exceeds A ... As was shown above, this leads to the de-
struction of the recording. The excess of A.,, over
A . depends on the magnitude of the latter, and in the
range from 100 to 2000 V /cm investigated by us, it var-
ied within the limits 20 to 100%, increasing with in-
crease in A . If several signals are recorded in the
sample, with different frequencies v .. (here, the differ-
ence between neighboring frequencies should exceed
somewhat the width of the Fourier spectrum of the re-
cording pulses), then the erasing (with the help of the
mentioned method) of one of the signals has no effect on
the others. Thus the given method allows us to make
selective erasing of the signals recorded at the various
frequencies.

The following evident fact lies at the base of the sec-
ond erasing method!®; as a result of the superposition
of two signals, the only difference between which is a
phase shift of 180°, a signal is obtained that is equal to
zero. As is seen from the relation (2), the phase of the
recording v, in the absence of a reading pulse is de-
termined by the quantity

q)rec=(P:‘)+”((Pz_(Pi)recz(Pzﬂ) +nA¢rec, (3)

where A .= (¢, — @) is the phase difference between
the recording signals. The initial phase ¢{” does not
depend on the phases of the pulses and is a constant un-
der otherwise similar conditions. The gist of the meth-
od is the superposition on the erased recording of a new
recording, which differs only by the phase shift of 180°.
For this, it is necessary to apply a pair of erasing
pulses, choosing the phase difference between them in
corresponding fashion. The remaining parameters of
the erasing pair of pulses should correspond to the pa-
rameters of the pair of recording pulses. The phase
difference between the erasing pulses A . is deter-
mined from the condition

‘Pms=¢o(")+"A(Pcras=(prec+n, . (4)
whence
AQeras=AQ et a/n. (5)

Erasing of signals with =1 and » =2 was performed in
the experiment. The phase difference differed by 180
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and 90° from Ag ., in completeagreement withtherela-
tion (5). Subsequent reading confirmed the fact that the
corresponding recording was completely erased.

Several signals can be recorded at a given frequency
V., differing in the intervals between the recording
pulses. To erase one of the signals, it is necessary to
choose the corresponding interval between the pulses of
the erasing pair. The remaining recorded signals are
preserved in this case. Moreover, this method, as the
first, is selective relative to signals recorded at differ-
ent frequencies. Thus, the second method allows us to
use the information capacity of the sample more effec-
tively.

The described methods of erasing an electroacoustic
recording allow us to prove directly that the signal of the
three-pulse echo is a sum of two signals, the dynamic
echo and the static recording, and also to separate the
one signal from the other.

We apply three pulses to the sample at the instants of
time 0, 7 and T, where 7 < T,. The instant of applica-
tion of the third pulse T should not exceed the decay time
of the three-pulse echo T,. The oscillogram (Fig. a)
shows a series of two-pulse echo signals at instants of
time that are multiples of 7 after the first pulse and the
three-pulse echo T +7 signal after the third pulse. Re-
peated application of the reading pulse confirms the ex-
istence of the recording (Fig. b). We now apply a pair
of erasing pulses and a third pulse at an instant of time
not exceeding the decay time of the three-pulse echo.
As was shown above, the application of a pair of erasing
pulses leads to erasure of the recording. Nevertheless,
after the third pulse, an echo signal is observed (Fig. ¢)
if the instant of application of the third pulse satisfies
the above mentioned condition. The application of a
reading pulse after a time exceeding the decay time of
the three-pulse echo indicates the absence of the record-
ing (Fig. d). The signal of the three-pulse echo in the
absence of the recording falls off monotonically to zero
upon increase in T, which confirms its dynamic nature.
This experiment proves unambiguously that the three-
pulse echo is a sum of dynamic-echo and recording sig-
nals, and also allows us to isolate one of the signals in
pure form.

The study of the processes of recording and erasing
revealed one important feature of the long-time mem-
ory of the EAE. The application of pulses of a definite
amplitude (for example, in recording) to a sample
brings the sample to a state in which recording at the
same frequency by pulses with smaller amplitudes does
not occur during the course of a definite time. In this
case, a dynamic echo signal is formed after the reading
pulse, and falls off to zero upon increase in T. We note
that this effect also allows us to obtain the dynamic
three-pulse echo in pure form.

In order to understand the reason for the loss in sensi-
tivity of the sample to recording, which was also noted
by the authors of Ref. 13, it is necessary to consider the
mechanisms of formation of the electroacoustic record-
ing. The basis for the so-called orientation mechan-
ism!®"%° ig the fact of the almost complete destruction of
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FIG. 1.

Series of oscillograms illustrating an experiment
on the separation of the dynamic three-pulse echo and the
recording, a) Application of three pulses at the instants of
time 0, 7, T leads to the generation of the two-pulse 27,

37, 471 and the three pulse T + T echos. b) Reading pulse,
applied after several seconds, reproduces the recording.

c) A pair of erasing pulses is applied. The phase of the
second pulse is shifted by 180° with respect to the phase of
the second pulse of case a). After the third pulse, the dy-
namic three-pulse echo appears. d) Reading pulse, applied
within several seconds after the preceding three pulses,
confirms the absence of the recording. The sample is
CsBrO;. The amplitudes and the carrier frequencies

(9 MHz) of all the pulses are the same. T =30 psec.

the recording when the powder is mechanically stirred.
According to this mechanism, the particles of the piezo-
electric powder oscillating after the action of the first
pulse are dipoles. The action of the electric field of the
second pulse leads to a rotation of the axis of the dipole
through an angle whose magnitude depends on the phase
of the oscillations of the particles at the time of action
of the second pulse. Thus, the information is fixed in
the angle of rotation of the particles. Other mechanisms
assume that, just as in the case of single crystals,® a
change takes place in the internal state of the powder as
a consequence of the redistribution of the electron
charge,?' of dislocations, or of point defects.!®!! For
this reason, they can be called internal. The simultan-
eous action of the internal and orientational mechanisms
is also assumed.** %

The results set forth above can be explained if we in-
troduce the recording mechanisms recently proposed by
Kessel’.?® This mechanism is based on the phenomenon
of residual plastic deformation: sign-alternating visco-
plastic deformations are produced under the action of
the pulses and lead to the so-called limiting state,*
which is characteristized by residual plastic deforma-
tion of the particles. The distribution of the residual
deformations depends on the phases of the oscillating
particles at the time of application of the second pulse
and therefore contains information on the recording.
Furthermore, the limiting state is characterized by a
hardening effect and, as a consequence, by an increase
of the elastic modulus. Therefore, the action of pulses
with smaller amplitudes no longer produces residual
plastic deformations, and consequently produces no re-
cordings. Only elastic deformations of the particles
take place, leading to the appearance of the two-pulse
and three-pulse dynamic echo.
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CONCLUSION

1. The amplitude and phase dependences of the elec-
troacoustic echo have been investigated and two methods
of erasing the electroacoustic recording have been sug-
gested.

2. The existence of the dynamic three-pulse echo and
recording has been proved experimentally, and methods
of their separation have been indicated, . These methods
can also be used to separate the echo signals in other
systems, for example, in ferromagnetic®® and metallic®®
powders.

3. The features of the electroacoustic recording have
been made clear, and confirm the mechanism of plastic
deformation.?

The authors thank A. R. Kessel’ and A. A. Chaban for
discussion of several questions.

Lywith regard to the possibility of action of both types of non-
linearity, in accord with the experimental conditions, see
Ref. 8.
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