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The mathematical formalism that describes the echo in a system of anharmonic oscillators and was 
previously employed in the theory of cyclotron echo in a plasma is used here to describe polarization echo 
in piezoelectric powders. In addition to the known result for a two-pulse echo, account is taken of the 
damping of the oscillations, of the finite duration and width of the frequency spectrum of the exciting 
pulses; an expression describing the echo signals following three-pulse excitation of the sample is obtained. 
The anharmonicity of the oscillator is assumed to be due to dislocations in the crystal, and this makes it 
possible to explain the prolonged memory times T,.  The experimental dependences of the polarization- 
echo signals and of the responses from individual powder particles are presented. The results of the theory 
are corroborated by all the known experimental data. 

PACS numbers: 77.30. +d, 77.60. +v  

1. INTRODUCTION ternal field is described by Kuidersma et al .  C31 by a 

A phenomenon analogous to spin echo in NMR has been 
observed in various powdered structures: piezoelectrics, 
ferromagnets, diamagnetic metals, and paramagnetic 
compounds, and has been predicted for anisotropic di- 
electrics. A general description of these phenomena i s  
apparently provided by an orientation model, c1'41 ac- 
cording to which the ensemble of excited oscillators 
(powder particles) forms a three-dimensional lattice of 
dipoles oriented in a definite manner, and this lattice 
contains information on the frequency, phase, and 
parameters of the exciting pulses. This model leads 
also to a long-duration (even infinite) memory of the 
stimulated echo, but cannot explain a fact revealed by 
us, that the memory is preserved after the sample is 
jarred o r  even resifted; nor can i t  explain the usually 
observed continuous spectrum of the finite values of the 
time TI. 

Other models devoted concretely to polarization echo 
in piezoelectric powders regard the sample a s  an en- 
semble of piezoelectric resonators (oscillators) with 
nonlinearities that a r e  specified in one manner o r  
another. Thus, in c5-71, getting around the difficulty of 
analytically solving the nonlinear oscillation equation, 
the authors solve the problem in a linear approximation 
and subsequently take into account the electro-elastic o r  
elastic nonlinear effects of elasticity theory. To be 
sure, the solution of the nonlinear equation is described 
inc81,' where i t  is shown, a s  stated by the authors, that 
the position and the shape of the echo signal do not de- 
pend on the manner in which the nonlinearity is taken 
into account. The obtained solutions describe the in- 
stants of the appearance of the echo signals and a num- 
ber  of their parameters and relationships: the shape and 
width, the dependence of the amplitude on the intensity 
and duration of the pulses and on the frequency of the 
field. This analysis should lead to echo signals a t  com- 
bination frequencies (as  is in fact mentioned inc5'), but 
no such signals have been observed. In  addition, the ef- 
fects of damping and relaxation have not always been 
taken into account. 

nonlinear Hamiltonian, and the equation of motion is 
represented in the form of pseudo-Bloch equations. The 
solution, however, describes only the fact that an echo 
signal appears. 

A number of use for  a qualitative ex- 
planation of the nature of the long-time memory of stim- 
ulated echo a model wherein the electrons a r e  redistrib- 

' 

uted among the traps by a constant inhomogeneous elec- 
tric field; this model was proposed inc1" to explain a 
similar phenomenon in  CdS crystals. I t  is noted inc2], 
however, that this model is valid for elastic waves 
propagating in extended crystals and leads to a substan- 
tial dependence of the memory on the chemical defects 
of the lattice and on the illumination of the sample, 
something not observed when elastic oscillations of the 
standing-wave type a r e  excited in powdered piezoelec- 
t r i c ~ .  

In the present paper we use and develop Gould's os- 
cillator modelus1 previously proposed for  the descrip- 
tion of cyclotron echo in  a plasma; the nonlinearity is 
the dependence of the particle oscillation frequency on 
,the oscillation energy. The physical nature of the non- 
linearity, according to our assumption, is due to dislo- 
cations in the crystal and i t  is this "intrinsic" content 
of the nonlinearity that distinguishes our mode from the 
orientational mode, and possibly supplements it,  al- 
though i t  can explain independently also the long-time 
memory. Both the known and the additionally performed 
experiments confirm the premises and the principal re- 
sults of the theory. 

2. THEORY 

A. Action of one pulse 

A powdered sample can be regarded a s  an ensemble 
of almost identical particles-piezoelectric resonators 
with small damping, which interact weakly with one 
another and whose natural frequencies have a broad 
distribution spectrum. Each particle experiences the 
action of an identical radiofrequency field, so that the 
polarization of the sample is calculated by adding the 

The interaction of a system of oscillators with an ex- elementary moments of the individual particles. 

133 Sov. Phys. JETP 46(1), July 1977 0038-5646/77/4601-Ol33$02.40 O 1978 American Institute of Physics 1 33 



The exciting pulsed radiofrequency field 

E,  cos (oot+cp). O C t G A t  
E ( L ) = {  0 .  t<O, t>At  

has  a frequency spectrum in the form $w'~t)-l - 
xsin+w:At, where w! = w, - w. Inasmuch as in experi- 
ment we always have At<< T2, where T;' is the damping 
parameter of the oscillating system (the particle), the 
width of the frequency spectrum of the pulse is much 
larger than the width of the resonance curve of the sys- 
tem, and i t  can be assumed that each particle is excited 
by the R F  field under resonance conditions. 

The equation of motion for the deformation of the par- 
ticle is 

2 - 
x +-2 + o Z x  = opzr e c o s  BE, cos (oot+cp),  

Tz c 

where e is the piezoelectric modulus, c is the elastic 
constant, 9 is the angle between the direction of the 
field and the piezoelectric axis, and Y is a factor on the 
order of unity, which takes into account the boundary 
conditions. 

After the end of the pulse, the oscillator oscillates a t  
i t s  natural frequency w and undergoes a damping T;', 
while the solution for the polarization p = ex, in a coor- 
dinate system rotating with frequency w,, is 

p ( t )  = A cos' 0 exp ( - - e x p { i [ w r ( t - ~ t ) + p ] ) ,  (1 

where 

The polarization of a sample consisting of N piezoca- 
tive particles is 

where ~ ( w ' )  is a normalized distribution function of the 
natural frequencies of the oscillators, 

B. Two-pulse echo 

Following the oscillator model, [*I we can assume that 
the appearance of the echo signals in the system of pi- 
ezoresonators is due to the dependence of the natural 
frequency of the particle on the energy of i t s  oscillations, 
and take into account nonlinearities of two types: 

a) Monotonic dependence 

where 8 is the increment of the oscillation energy 
(- A2) and bE = 8w ' / 8 ( ~  2,). 

of the spectrum of the exciting pulse. Assuming that 
the number of such shifts is proportional to the energy 
of the oscillations and to the duration of the external 
action, the probability that there is no jump is 

I t  is obvious that this mechanism is effective only at 
large amplitudes of the external field. 

Under these assumptions we can use the mathematical 
formalism ofC13], but in contrast to the latter, the con- 
ditions of the experiment call for allowance for the 
damping of the oscillations, for the finite duration and 
width of the frequency spectrum of the exciting pulses. 

Thus, two R F  pulses with an interval 7 < Tz and with 
parameters E,, At,, and rp, a r e  applied to the system 
(i is the number of the pulse, rpl = 0). The f i rs t  pulse 
excites damped oscillations of the oscillators in ac- 
cordance with (I), and the nonlinear interaction of the 
pulse with the system cannot make a noticeable contribu- 
tion to the formation of the echo signal; i t  will there- 
fore be disregarded henceforth, i. e., the natural f re-  
quency of the oscillator is regarded a s  constant and 
W = 1. By the end of the second pulse, the oscillation 
energy of the oscillator becomes equal to 

(5) 
where w1(7 - Atl + AtZ) is the phase advance of the f r ee  
oscillations excited by the f i rs t  pulse by the time the 
second pulse has terminated. Here and below, we dis- 
regard in  the exponentially damped factors the pulse 
durations, since At<< 7, but the quantity w'ht is finite. 
This energy determines the natural frequency w '' = w ' 
+ b ~ ~ , ~  of the oscillator and the probability W" 
= exp(-a&,#z) of conserving the resonance conditions 
after the second pulse. 

The polarization of the sample is 

Substituting the quantities w 'I, w '', and 8 ,,, in  (6) and 
using a ser ies  expansion in analogy withCi31, we can 
ultimately write 

~exp(incp~)exp{io'[t-(n+l)r+nAt,-(n+l)At,])G(o')do', (7) 

where a = 2A14 em(-  r/T2)aA4, p = 2A14 exp(- 7/TZ) 
X b(t - 7 - A&), O(a) and O(P) a r e  of the order of a and 
p, respectively. Judging from the las t  time-dependent 
factor, the derived expression describes the regular 
echo responses a t  instants of time close to (n+ 1)7, with 

b) Jumplike shift of the frequency outside the limits n = 0 corresponding to the response immediately after 
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the second pulse, and n = l , 2 ,  . . . corresponding to the 
first, second, etc., echo signals. 

In  the approximation where the amplitudes of the ex- 
citing pulses a r e  small, i. e., when p2<< 1, LY =0, and 
only the f i rs t  term of the ser ies  expansion of Jn(@) differ 
from zero, each term of the sum describing the echo 
a t  the instant (n + 1 ) ~  is given by 

~exp[i(n+l)cp~]ex~{io'[t-(n+l)z+nAt,-(n+l) A t , ] ) G ( o ' ) d s l ,  

(8 
or  in final form, for the f i rs t  two-pulse echo, 

The factor N / U  has appeared here as a result of the 
integration of the distribution function, inasmuch a s  for 
a large ensemble of particles their frequency distribu- 
tion can be assumed to be close to uniform within a re- 
gion a that is much broader than the momentum spec- 
trum. Thus, the shape of the echo signal is determined 
entirely by the durations of the exciting pulses and takes 
the form 

8 " sin(o'At,/2)sinz (01At2 /2 )  
g(t. At)  = -z 

At, At2 S -- o I S  

Without presenting the cumbersome expression for the 
integral, we can note that the signal has a symmetric 
shape with a maximum displaced from the instant 27 by 
an amount - Atl + 2Afi; the amplitude of the signal is 
proportional (apart from the exponential factors in (9)) 
to 

2x At, 
A - (I  - )  At.<2Atz3 

the width of the echo a t  the base is At,+ 2&,. 

C. Three-pulse echo 

In addition to the f i rs t  two pulses, a third pulse is 
applied to the system a t  the instant T ,, with parameters 
E, and At,, and with phase shifts yl, between the f i rs t  
and second pulse and cp, = 0 between the f i rs t  and the 
third pulses. 

Calculations similar to those used for the two-pulse 
echo, neglecting the small terms (p << 1, u =0)  yield 

where M,,,,,(p) is an amplitude factor that includes 
products of Bessel functions of orders I, m, and n. I t  
follows from (12) that after the third pulse there appear 
signals at the instants of time T, + m, (m + l ) ~ ,  and 
l(27, - T), where I, m, n = 0,1,2,3, . . . . I t  can also be 
shown that the terms discarded in accord with the condi- 

tion p2<< 1 yield responses a t  instants that a r e  multiples ' 

of 27, - 2~ and 2r1 + T. 

D. Stimulated echo 

If the third pulse is applied a t  an instant T,>> T,, then 
i t  is clear from physical considerations, and also math- 
ematically on account of the factor ex'(- r2/ T,), that the 
system oscillations produced by the f i rs t  two pulses 
prior to this instant have already attenuated. Conse- 
quently, the memory of the system can be related only 
to the residual changes of the natural frequency of the 
oscillators. 

Earlier,  when we examined processes that occur dur- 
ing relatively short time intervals, the change of the 
particle oscillation frequency under the influence of the 
pulses was regarded a s  irreversible. In  the general 
case, however, we can assume the presence of a relaxa- 
tion that returns the frequency to i t s  initial value, with 
a certain time constant TI, and i t  must therefore be 
taken into account if 7, a r e  comparable with TI. Thus, 
the value of the frequency of the particle after the third 
pulse is 

where A 8  = 8 1,2,3 - glr2 exp[- 2(r1 - r)/T2] is the change 
of the energy of the particle oscillations after the third 
pulse, g is in analogy with (5) the square of the 
vector sum of the amplitudes of the oscillations after 
three pulses; w ' ' I  = exp(- a A  &At,). 

Under these conditions, the sample polarization takes 
the form 

where 

In analogy with the case of a two-pulse echo, expres- 
sion (14) describes at n = 0 the response immediately 
after the third pulse, and a t  n = l ,2 , .  . . i t  describes re- 
spectively the first, second, etc., stimulated signals 
that appear a t  the instants 7, +nr.  In the small-ampli- 
tude approximation (p2 << 1, a = 0) we have for the first  
stimulated echo 

Ne' 
P, ( z l +  z) m -yooT2E,E E I-exp - - 

zoc .[ ( ;)][i-exp(-$)] 

x [ I-exp ( -- )] bzz exp (- $) 
x exp (-?)exp [ i  (cp2-+)]g(t .  ~ t ) .  (15) 

Calculation of the integral yields the shape of the echo 
signal: 
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FIG. 1. Change of natural frequency of two individual particles 
a s  a function of the amplitude pulse (KBrOs, d = 135 p m, t = 20 
=20 OC, At=20 p sec). The obtained values of bE at E!= 0.6 
(kV/~rn)~ are: curves 1-10.8 and 2-2.2 kHz ( k ~ / c r n ) ~ .  

8 - s i n ( 0 1 A t , / 2 )  s i n ( 0 1 A t , / 2 )  s i n ( o ' A t J 2 )  
g ( t .  A t )  = S At ,  At? At. -_ o I 3  

x e x p [ i o ' ( t - T , - z )  ]do'. (16) 

E. Magnitude of signal 

The foregoing analysis was carried out in  terms of a 
polarization equal to the surface density of the electric 
charges and produced a s  a result of the inverse and 
direct piezoelectric effects when an electric-field pulse 
E, of duration At was applied: 

A sample polarized by two pulses and placed in a par- 
allel-plate capacitor with capacitance C, will induce an 
echo-signal voltage U, = PS~,E;~/C, where s= d2  is the 
area  of the charged surface of the particle. The relative 
magnitude of the signal is 

where Sc is the area of the capacitor plates, & is the 
dielectric constant (& of the powder is less than c0 of the 
material), S is the total surface area  of the particles, 
Po is the weight of the sample, p is the density of the 
material, and d is the dimension of the particles. 

3. RESULTS OF EXPERIMENT 

The literature abounds in experimental data, which 
will be discussed below in connection with the experi- 
mental data. We present here results of some addi- 
tional measurements a t  a frequency 12.5 MHz, carried 
out on the apparatus briefly described inc'b151. 

1. Of obvious interest is a direct study of the tran- 
sient responses from the individual particles of the 
powder. To observe these responses from strong piezo- 
e l e c t r i c ~  i t  is necessary to make only two improvements 
in the standard technique: use a receiver with higher 
sensitivity (5-10 p v )  and use a pickup capacitor with a 
small gap between the plates, 6 =O. 33 mm. When a 
single powder particle was excited in such a pickup, ex- 
ponentially damped oscillations with piezoresonance fre- 
quency fo, initial amplitude A,,, and damping time con- 
stant approximately equal to that obtained from the fall- 
off of the two-pulse echo signal a re  observed after the 

termination of an exciting electric-field pulse (At = 5-20. 
psec). As the natural frequency f, we fixed the central 
frequency of the R F  pulse, corresponding to the maxi- 
mum (resonant) amplitude A,,. This measurement is 
easy to perform in coherent apparatus. The singulari- 
ties of the responses from individual piezoelectric par- 
ticles with dimensions 100-200 pm a r e  reported below. 

a) The natural frequencies f, of particles sifted out 
to have a single dimension d* lo%, differ noticeably from 
one another, and the observed number of resonant modes 
of one particle in the chosen frequency band 12.5i  1 
MHz ranged from zero to six. 

b) Most particles 'are characterized by a nonlinear 
dependence of the natural frequency fo on the intensity 
of the exciting pulse, similar to that shown in Fig. 1. 

c) The change off,, due to the exciting pulse, does 
not vanish instantaneously when the exciting pulse is re-  
moved, but is characterized by a certain time constant 
TI of i t s  return to the initial value. Application of a 
second pulse with amplitude Ez < El a t  the instant t<< Tl 
does not cause an additional change off,. 

d) The times T, of individual particles were subject 
to considerable differences (from fractions of a second 
to dozens of minutes and more). The fastest recovery 
occurred in  particles that were not crushed and shown 
by a microscope to have the highest transparency. 

e) At large pulse amplitudes (3-5 k ~ / c m ) ,  a jump- 
like shift off, outside the limits of the exciting-pulse 
spectrum was sometimes observed and amounted to 
hundreds of kHz. 

2. We investigated the influence of cold working of 
the sample particles on the relaxation characteristics 
of the echo signals (KDP sample, t =  22 "C). From one 
package of the powdered KDP reagent we ground and 
sifted three equal batches (d = 1 3 5 i  15 pm, Po = 1.3 g) 
that differed in the cold working of the particles. Sam- 
ple 1 was prepared by sifting from the fine-grain re-  
agent without prior grinding. The force applied to the 
particles in the course of grinding was larger in the 
case of sample 3 than in the case of sample 2. Examina- 
tion under an optical microscope has shown that the par- 
ticles in samples 1, 2, and 3 had different transparen- 
cies: the most transparent were those of sample 1, 
and the least transparent in sample 3. The measure- 
ment results a re  listed below: 

Sample No. 
T,, rsec : 
Ts, sec: 

3. We plotted the echo-signal amplitudes a s  functions 
of the intensities (Figs. 2 and 3) and durations (Fig. 4) 
of the pulses in a wide range of their variation. 

4. Figure 5 shows plots of the amplitudes of the echo 
signals a s  functions of the phase shifts between the f i rs t  
and second pulses cp,. In the measurements, the phase 
of the reference voltage of the synchronous detector was 
set  such that Ale = 0 a t  60, = 0. 

5. Sample - KBr03 powder, passed through a sieve 
of mesh 135* 15 pm, sample weight 13.5 g, t=22  "C, 
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FIG. 2.  Dependence of two-pulse echo of a Rochelle salt (RS) 
sample, with d+-= 95 pm, on the pulse amplitudes: a) curves: 
1-E2 = 1 . 3 3 ,  2 -E2=3.3 ,  3-E2=4.27 kV/cm, 4-El = E,; b)  
curves: 1-El 3 1 . 3 3 ,  2 -E1=3.2 ,  3-El = 4 . 3 ,  4-El = E 2 ;  t =  0 
C ,  Ati , ,=3 psec, r = 2 0  psec. 

pulse duration At,,,,, = 5 psec, pulse amplitude 
= 5 k ~ / c m .  P r io r  to the excitation of the sample by the 
pulse pairs, a single "reading" pulse was applied. If the 
powder particles were repeatedly stirred, the same 
monotonic decrease after the pulse was observed in all 
cases, thus showing the absence of any information con- 
nected with the prior history of the sample. The sample 
was next excited for 1 minute by pulse pairs with inter- 
vals T =25 psec and pair repetition frequency F =  500 Hz. 
An intense two-pulse echo signal was then observed. 
After the recording cycle, the sample was removed from 
the pickup, passed three times through a 200-pm sieve 
and placed in another pickup completely identical with 
the first. When only the single reading pulses were 
applied, the previously recorded stimulated-echo signal 
(T =25 psec) was observed, with a good echo/ring ratio 
(> 10). The signal after the f i rs t  sifted was seven times 
smaller than the initial signal (prior to sifter), but then 
remained unchanged after a second and third sifting. 

A ,t, rel. un. 

FIG. 3. Dependence of the magnitude of the stimulated echo of 
an RS sample, dm= 95 pm, on the pulse amplitudes: l -Ei t2  
= 1 . 3 7 ,  2-Ei, ,=3.3,  3-E1, ,=5.5 kV/cm, 4-E1=E2=ES;  t=O 
C, Ati ,z ,s=4 psec, 7 = 2 0  psec, r1=120 psec. 

FIG. 4 .  Dependence of the two-pulse echo of KD'P sample ( t  
=77 K, T2 = 100 psec, dm= 95 pm, fo = 20 MHz, T =  30 psec) on 
the pulse duration: 1-Ati = A t 2 ,  2-Ati = 3  mec,  3-Att 
- 3  psec. 

4. DISCUSSION AND COMPARISON WITH 
EXPERIMENT 

1. The results  given above ( lb  and l e  of Sec. 3) at- 
test to the presence of nonlinearities of the form (3) 
and (4) and justify the use of Gould's oscillator model 
to describe the echo phenomenon. The values of the 
parameters b,, determined from the curves of Fig. 1 
for individual particles (b, = 10.8 and 2.2 k ~ z ( k v / c m ) - ~ )  
and from the ratio A2.(3r)/Al,(2r) = 2biEE1&r exp(- 2 ~ 1 ~ ~ )  
obtained from (8) (b,= 11 kHz(k~/cm) '~)  a r e  in full 
agreement. The continuous spectrum of the values of 
T,["] is due to the scatter of the parameters b of the 
individual particles (see also Subsec. Id). 

2. In  the explanation of the nature of the echo phe- 
nomenon itself and of i t s  relaxation behavior, we assign 
an important role to the mechanism of the dislocation 
nonlinearity of the elastic properties. The prolonged 
recovery of the elastic modulus, which is typical of this 
mechanism (which consists of pinning of the dislocations 
by the point defects produced by the deformation) can be 
se t  in correspondence with the return of the natural fre- 
quency f, to the initial value after deformation by an ex- 
terqal pulse (Subsecs. l c  and Id, and (13)). T o  obtain 
agreement with the theory, the lifetime Tl of the echo 
signal should be determined by the interaction of the 
sound with the dislocations. The measurements de- 
scribed above (Subsec. 2 of Sec. 3) were aimed a t  the 
study of this connection. 

I t  is obvious that the sifted samples which were not 
crushed by us  (KDP, ~ B r q ) ,  obtained by crystalliza- 
tion from the solution, have a lower dislocation density 
than the crushed samples. The increase of the disloca- 
tion density from sample 1 to sample 3 is confirmed by 

AlerAZer  r A at, 'el. units 

FIG. 5 .  Dependence of the echo-signal amplitudes on the phase 
shift cpz between the first and second pulse: 1-At,, 2-Aze, 
3-A,. 
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illustrated in  Fig. 6. Similar expressions for the echo 
a t  the instants 27 and rl +T were obtained inc5-']. 

FIG. 6.  Shape and shift of the maximum of a two-pulse echo: 
a) calculated curves-values of the integral (10); b) corre- 
sponding oscillograms Ati + 2 At2 = 7 psec, with the values of Ati 
equal to 2.0, 3.0, 4.0, and 5.0 psec for curves 1, 2, 3, and 
4, respectively. 

the different transparencies of samples 1, 2, and 3, 
since the presence of dislocations influences strongly 
the scattering of light in transparent crystals. [l4] (we 
had no other means of directly estimating the disloca- 
tion density in crystals measuring 100-200 pm). We 
assume next that the time T, is of the order of the re- 
ciprocal of the sound damping coefficient in the sample 
particles. [14*17' I t  can therefore be stated that in sample 
1, which has the lowest dislocation density, the damping 
of the sound is minimal, the intermediate dislocation 
density of sample 2 determines the maximum density, 
and the small difference between the values of T, of 
samples 1 and 3 can be attributed to the "rigid" grid of 
dislocations introduced into the crystal by the intensive 
cold working; the sound interacts weakly in  this case 
with the dislocations. C181 The maximum value of Tl in 
sample 2, with the maximal dislocation damping of the 
sound, may mean that i t  is precisely the interaction of 
the sound with the dislocation which produces the perma- 
nent echo picture. 

3. The important role played by the piezoresonance 
condition is confirmed by the plots of A!, =f (d/X,,), [14' 

the regular behavior of which begins a t  d/X,>- $. The 
same curves a r e  completely described by the dependence 
(17) of the signal amplitude on S, N, Po, and d. A nu- 
merical estimate of the signal for quartz (Po = 1 g, 
d = 100 pm, p =2, e = 5 x  lo4 cgs esu/cm2, c = a x  loll 
dyn/cm2, u =  2 (at co =4.5), S, = 2  cm2, At = 3  psec, 
u =60 MHz, c19*203 bg = 10 k~z(kv/crn)-', Eo = 1 kv/crn, 
T = 30 psec) yields a value E,/E,= 4x lo", which is of the 
same order a s  the experimentally observed value. Re- 
lation (17) can explain also the minima of the signal am- 
plitude at the points of the phase transitions of the fer-  
roelectrics, where c0 is known to assume large 
values. 

4. The factor N / U A ~  in (9) and (15), taking relations 
(11) into account, determines the number of excited 
sample particles, inasmuch as N/U is their spectral 
density, and (At)" is the width of the spectrum of the 
frequencies of the exciting pulse, namely, a longer pulse 
having a narrower spectrum. 

5. Expressions (a), (lo), (12), and (16) describe the 
instant of appearance, the shape, and the widths of the 
observed different echo signals. C15*219221 They a r e  also 

6. The values of the measured signals depend on a 
number of factors: 

a) The dependences on the pulse amplitudes in the 
form E,E:, for the echo a t  the instant 2 ~ ~ ~ ~ ~ '  and 
El&E, a t  the instant (rl +T)['O] a r e  given inc5-71. How- 
ever, a s  seen from (7), (9) and (14), (15) and from 
Figs. 2 and 3, this is valid only in the approximation of 
small pulse amplitudes. The subsequent nonlinear be- 
havior a t  large amplitudes is described by Bessel func- 
tions, a s  described in Fig. 2 of [l3I. 

b) The dependences of the signals on the durations of 
the pulses in  the approximation of small amplitudes (9), 
(10) and (15), (16) agree well with the experimental data 
(Fig. 4) for short pulse durations. 

c)  The dependence of the signal on the phase shift . 
rp, between the f i rs t  and second pulses is given by for- 
mulas (a), (9), and (15) and is shown in  Fig. 5. 

d) The dependence of the signal on the frequency of 
the exciting field is linear in explicit form-see'(9) and 
(15). However, a more complicated relation appears if 
the relation Tz =f(w0) is specified. Thus, if we as- 
~urne[ '~]  T, - w',', then Ale and A,, a r e  proportional to 
w!, where 0 s  k c 3 depending on the value of A~/T,. In  
addition, i t  is natural to expect a frequency dependence 
of the quantity b. 

7. The dependence of the signal on 7, a s  seen from 
(9) is not simply exponential, but a s  a factor 7. (This 
factor was obtained also inc5], but remained unobserved 
because of the absence of a damped exponential. ) There- 
fore the function In Ale(27) = f (7) constructed in the usual 
manner deviates from linearity a t  small  values of T. 

The true value of T, should be determined from the 
straight line 

For the echo a t  the instant (n+ 1 ) ~  we obtain from (8) 
A,,e " exp(- 2 n ~ /  T,), i. e., i t  appears that T, is decreased 
by a factor n. Thus, for 4 , ( n  = 2) we have a decrease 
by a factor of two, a s  was in  fact observed incz4]. 

1. On the basis of the Gould oscillator model, we 
developed a detailed theory of the echo phenomenon in  
piezoelectric powders, in which the deviation and the 
slow recovery of the piezoresonant mode of the particle 
after deformation by the ultrasound pulses is treated a s  
a nonlinearity. The obtained solution agrees with all  
the known experimental results. 

2. Experimental data were reported on the role of the 
interaction of sound with dislocations in  polarization 
echo; these data show that the echo relaxation parameter 
T, reflects the dislocation losses, while Tl character- 
izes the restoration of the elastic-modulus defect in- 
duced by the sound. 

3. Recognizing that the interaction of sound with dis- 
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location occurs over a very large frequency spectrum, 
it  can be assumed that the oscillator model and the 
theory develcped here a re  applicable to cases of polar- 
ization echo is the decimeter and microwave bands, 
where the dislocation itself acts a s  a nonlinear oscilla- 
tor. 

4. The developed dislocation model and the form of 
the nonlinearity, on which the theory of the echo phe- 
nomenon in piezoelectric is based, can be used in prin- 
ciple also for other related echo phenomena. 
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