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The reversal of residual damping of longitudinal hypersound following coherent (with conservation of 
frequency) scattering of a narrow hypersonic beam in dielectric crystals is observed and studied. The effect 
consists in periodic restoration of the state of a hypersonic beam which had experienced a finite number of 
reflections from the boundary surfaces of the crystal. The conditions for reversal (stability conditions) of a 
hypersonic beam which moves along a two-fold crystallographic axis or one of higher order are found by 
taking the anisotropy into account. A method is developed and employed for measuring the residual damping 
coefficient a, in quartz, sapphire, and lithium niobate. The effect is realized in a planar-spherical geometry of 
the reflecting surfaces of the crystal and with 3 and 9.4 GHz longitudinal hypersonic beams. The lowest 
residual damping is observed for longitudinal hypersound propagating along a threefold axis in lithium 
niobate. For the latter, the ratio kl /k" (k t  and k" are the real and imaginary components of the hypersonic 
wave vector) reaches 2 x  10' at a frequency of 3 GHz and at the temperature of liquid helium. The effective 
mean free path of the hypersonic phonon in this case I,, =a,' is almost three orders of magnitude greater 
than the size of the sample. The experimental data may be regarded as a direct proof of the coherence of the 
scattering of hypersound in dielectric crystals in helium temperatures. 

PACS numbers: 43.35.Lq, 62.65. + k 

1. INTRODUCTION. STATEMENT OF THE PROBLEM given temperature,  while the absorption can be de- 

Along with the damping of hypersonic waves at low 
temperatures,  we must a l so  consider, in the study of 
the various processes  in solids, those which take place 
with the participation of longwave acoustic phonons. 
Numerous theoretical and experimental investigations 
have been devoted to  this  problem of hypersonic damp- 
ing, the f i r s t  of which was the well known work of Lan- 
dau and Rumer.' Recently, interest  in th i s  problem has 
been greatly stimulated since it has become c lear  that 
the  propagation of hypersound in dielectr ic  c rys ta l s  at  
low temperatures can be used successfully for the con- 
struction of high-capacity memory devices for micro- 
wave signals. 

scr ibed a s  the scattering of the phonon flux, which is 
the hypersonic wave, by thermal  phonons.' Under the 
conditions wr>> 1, Rw < kT ,  i t  i s  principally t ransverse  
hypersonic waves that a r e  scat tered.  The conditions 
of conservation of energy and momentum forbid the 
scat ter ing of longitudinal waves in a three-phonon pro- 
cess ;  however, if we take into account the lifetime of 
the scat tered thermal phonon and the uncertainty of i t s  
energy connected with this ,  then the forbiddenness is 
progressively lifted with the increase in the uncertain- 
ty, and damping of the longitudinal wave s e t s  in (the 
Simons mechanism3). As has been shown in a number 
of experimental r e ~ e a r c h e s , ~ ~  the Simons mechanism 
predominates at  t empera tures  of the order  of 0.10, 

The fundamental qualitative features of the damping when the uncertainty in the energy of the thermal pho- 
of hypersound at low temperatures,  which a r e  pos- non is ra ther  large. Calculations on the basis  of this  
sessed  by practically al l  dielectric c rys ta l s  studied up mechanism allow us  to obtain for  the frequency and 
t o  the present ,  a r e  as follows. At tempera tures  of the temperature dependences of the hypersound damping a! 
order  of 0.10, where 0 i s  the Debye temperature,  comparatively simple expressions corresponding to the 
there  the damping coefficient has  a s trong temperature experimental data of Ref. 7. 
dependence, a! cc T4-7, and a linear frequency depend- 
ence. Such a sharp decrease  in the damping with de- 
c r ea se  in temperature i s  observed down to  T =  0.010, 
the damping coefficient decreasing by an order  of mag- 
nitude. However, upon further  decrease  in the temper- 
a ture  the falloff in the damping i s  greatly diminished 
and the curve of the temperature dependence of a! 
reaches  a plateau. The temperature-independent hy- 
persound damping iu, in  the region of the plateau is 
usually known as residual damping.* 

The situation is different for  the residual  damping 
a!, of longitudinal hypersound, the nature of which is 
st i l l  not entirely c lear ,  in spite of the fact that a grea t  
deal of data has  been accumulated on measurements of 
th i s  damping in a la rge  group of c rys ta l s  a t  various hy- 
personic frequencies. The values of a, given in the 
different r e sea rches  have such a wide sca t te r  that it i s  
not possible to  establ ish with any reliability, definite 
regulari t ies  in the dependence of the damping on the 
frequency of the hypersound and on such characteris-  

Up to  the present time, the principal effort has been t i c s  of the material  as the Debye temperature,  the sym- 
directed toward the clarification of the mechanism of metry of the c rys ta l  lattice, and others .  Data on the 
temperature-dependent damping in the region 0.010 c T residual damping indicate only that the damping, even 
<0.10.  In this  region of tempera tures  or>> 1, where in perfect crystals ,  i s  comparatively large.  On the 
w is the frequency of the hypersound and 7 is the life- bas is  of r e su l t s  of numerous measurements (these r e -  
t ime of the thermal phonons that predominate at  the sul ts  a r e  given in Ref. 8), we can conclude that in the 
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frequency range 3-10 GHz, that quantity that is the 
reciprocal of the damping amounts to several  centime- 
t e r s ,  i.e., it i s  of the order  of the s ize  of the sample 
used for the measurement of the hypersound absorp- 
tion. 

It should be noted that the notion that the hypersonic- 
wave o r  long-wave phonon i s  propagated over compara- 
tively small  distances i s  widely used in the analysis of 
the different processes associated with the damping of 
the long-wave phonons. As  an example, we can cite 
researches  on the phonon "bottleneck" in the spin-lat- 
tice relaxation of impurity paramagnetic centers  in di- 
electric crystals ,  where it i s  usually assumed that the 
lifetime of the resonant phonon is determined by i t s  
propagation to the boundary of the   ample.^ 

Considering the damping of longitudinal hypersound 
from the viewpoint of time coherence of the scattering 
processes, we can note that the scattering from the 
thermal phonons in the range 0.010 < T < O . l 0  i s  not a 
coherent process. At the same time, at  T < 0.010, 
where the temperature dependence of the damping van- 
ishes, the role of incoherent scattering i s  greatly re -  
duced. The independence of a of the temperature is 
indicative of this. The same conclusion can be reached 
if we extrapolate the temperature dependence of the 
hypersonic damping, obtained on the basis  of the Si- 
mons mechanism, to the range T 0.010. The values 
of the damping coefficient turn out to be two o r  three 
orders  smaller  than those observed experimentally. 
We can therefore assume that the residual damping i s  
connected with the elastic scattering of the hypersound 
by volume and surface defects of the crystal. Such an 
assumption was proposed earl ier2;  however, the ex- 
isting experimental data were  patently insufficient to 
verify it. The fact i s  that these measurements were 
carried out in a relatively narrow temperature range 
and the absence of a temperature dependence of a, in 
it did not make it possible to exclude the possibility of 
attributing a,, for  example, to relaxation absorption 
by defects with several  stable states,' o r  to the inco- 
herent phonon "bottleneck" effect observed in Ref. 10. 
Moreover, scattering from defects with dimensions 
much l e s s  than the hypersonic wavelength would lead to 
the strong frequency dependence w4, but the measured 
dependence of a, on the frequency turned out to be sig- 
nificantly weaker: w7 with y c 3 (Ref. 8). The assump- 
tion that the residual damping is connected with elastic 
scattering by defects did not really contain a construc- 
tive element; it only indicated a possible difference be- 
tween the residual damping mechanism and the tem- 
perature-dependent scattering of hypersound by thermal 
phonons. As a consequence, the problem of the damp- 
ing of hypersound at  low temperatures in the range T 
<0.010 remained open. 

The goal of the present work was to proceed further 
and answer the following question: if the residual 
damping represents  elastic scattering, would it be im- 
possible to reverse  this damping? In other words, 
would it be possible to return the scattered hypersonic 
beam, at least partially, to the state given in i t s  ex- 
citation? This consideration i s  based on the well known 

physical analogy between the mechanics of material 
part icles and geometric acoustics, described by the 
Hamilton-Jacobi equation. Therefore, reversibility 
of the trajectory of the hypersonic beam in the crystal  
should correspond to the reversibility of the trajectory 
of the particle. 

In the research ,  we discovered and investigated the 
effect of reversa l  of the residual damping of longitudin- 
a l  hypersound in crystals .  Reversal takes place if the 
thin beam of hypersound, propagating in the direction 
of a symmetry axis  of second o r  higher order,  i s  re -  
flected in turn from a surface whose shape sat isf ies 
certain conditions. The reversa l  conditions were found 
with account taken of anisotropy. A method of mea- 
surement of the residual damping under the reversa l  
conditions was developed, allowing us  to determine 
small  absolute values of the damping coefficient of 
longitudinal hypersound, and the measurement of a, 
was  made at  frequencies of 3 and 9.4 GHz in crys ta ls  
of quartz, sapphire, and lithium niobate. The mea- 
surements showed that the residual damping in these 
crys ta ls  under reversa l  conditions decreases  by about 
an order  of magnitude. It was established by the same 
direct  method, f i r s t ,  that the fundamental contribution 
to this  absorption is made by the coherent scattering of 
the hypersound from inhomogeneities that a r e  appre- 
ciably la rger  than the wavelength and, second, that the 
dielectric crystals  studied possess extraordinarily 
high transparency for  longitudinal hypersound at  T 
< 0.010. The f r ee  path length of the corresponding 
long-wave phonon exceeds here  the dimensions of the 
sample by two o r  three o rde r s  of magnitude. 

2. REVERSAL CONDITIONS 

In order to make c lear  the possibility of reversa l  of 
the residual damping associated with elastic scatter- 
ing, we consider the propert ies of a longitudinal hyper- 
sonic wave propagating in a crystal  between two re-  
flecting surfaces. Let the distance between these sur- 
faces  in the direction of propagation be L, the radii of 
the curvature of the surfaces be R, and R,, the diame- 
t e r  of the region occupied by the wave in the transverse 
direction be d ,  and the wavelength be A, all satisfying 
the inequalities 

L, R,, R,>d>h. (1) 

These a r e  precisely the conditions realized in the meas- 
urement of hypersonic damping. As the direction of 
propagation of the wave, we choose the crystallographic 
twofold symmetry axis. We direct  one of the coordinate 
axes  x ,  along i t  and the other two axes x, and x, we lo- 
cate in the transverse plane. 

Keeping (1) in mind, we describe the hypersonic 
wave in the geometric acoustics approximation in the 
form of a narrow beam of rays ,  the state of each of 
which a t  the reflecting surface i s  determined by the 
four parameters  {ti), i = 1,2 ,3 ,4 ,  = x,; [, = n,; 
5 ,  = x,; t4 = n3, where x,  and x, a r e  the coordinates of 
the point of intersection of the ray with the reflecting 
surface,  and n, and n, a r e  the projections of the wave 
normal vector n at  this point, n,,n,<< 1. We denote 
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the initial state of the ray by it$")}, and its state after 
n-fold passage through the crystal by {&')}. The prob- 
lem is to find the conditions under which, after a finite 
number of passages through the crystal, all the rays in 
the beam acquire the same state they possessed upon 
excitation at the reflecting surface. 

Zn the approximation of geometric acoustics, the 
change in the state of the ray is described by the canon- 
ical equations, in which the role of the Hamiltonian i s  
played by the frequency of the hypersound w a s  a func- 
tion of the wave vector k, which satisfies the disper- 
sion equation for elastic waves in a crystal." The re- 
sultant function $-the analog of the eikonal in geo- 
metric acoustics-csln be written, in our case of a 
homogeneous anisotropic medium, in the form 

as is easy to show; here 1 is the length of the path 
traversed by the ray in the crystal, s is the modulus 
of the ray velocity vector, s= au/an, and v is the phase 
velocity. From symmetry considerations, we have for 
the phase velocity of a narrow beam 

where u, is the phase velocity along the crystallograph- 
ic axis. The coefficients c ,  6, y, a s  well a s  u,, a re  
found by the solving of the Christoffel equation. They 
a r e  expressed in terms of the elastic modulus of the 
crystal. The coordinates of the axes x,  and x ,  in the 
transverse plane of the beam a r e  so directed that y 
= 0. We write out the expression for $ a s  a function of 
the transverse coordinates of the point of intersection 
of the ray with the reflecting surface before and after 
passage through the crystal. With account of symme- 
try and with accuracy up to terms of second order,  $ 
has the form 

where K is a constant; the coefficients a, b ,  c, d de- 
pend on the radii of curvature of the reflecting surfaces 
and on the elastic moduli of the crystal; x,  and x ,  a re  
the initial coordinates of the ray; x,' and x,' a re  the co- 
ordinates after passage of the ray through the crystal. 
In addition, we have 

Substituting (4) in (5), we obtain a set of linear equa- 
tions connecting the primed and unprimed variables, 
which we write down in the form 

where 5 i s  the group of four parameters (5,) charac- 
terizing the state of the ray, and A is a matrix of 
fourth rank: 

If the propagation of the ray i s  not accompanied by 
irreversible absorption in the volume of the crystal or 
on i t s  surface, the state of each ray (5,) after n pass- 

ages will be connected with the original state by the 
matrix An, and the reversal  condition is that there ex- 
i s ts  a finite n, which is the same for all rays of the 
beam, and is not too large and under real  conditions 
( n ~  lo), for which An= E, where E i s  the unit matrix. 
On the basis of the Cayley-Hamilton theorem we can 
conclude that for this it is necessary that the roots of 
the characteristic equation of the matrix A be different 
and equal in modulus to unity. Since the transformation 
of the parameters 5 ,  i s  canonical, the matrices A, A,, 
and A, a re  equal to unity. Therefore, the reversal  
conditions can be written in the form 

We now find the number n at which An= E .  On the basis 
of (a), we represent the trace of the matrix A, in the 
form T r  A, = 2 coscp. We then have for the p-th power 
of the matrix A, 

where z = cos2cp, Spl(z) and S,,(z) a re  Chebyshev poly- 
nomials of the second kind, 

S, (z) =sin(p+i)cy[sin cy]-'. 

From (9) we find that p at whichA:= E i s  the small- 
est  integer of the form 

p=2nq/arc cos cy, (10) 

where q i s  a positive integer. Similarly, we can find 
the number m at whichA? =E.  It then follows that the 
desired n i s  equal to the least common multiple of p 
and m.  

The reversal  conditions in the case of propagation of 
the beam along a twofold symmetry axis include a s  
special cases the propagation of longitudinal hyper- 
sound along the three-, four-, and sixfold symmetry 
axes. For narrow beams under these conditions, there 
is axial symmetry in the elastic properties in the 
transverse plane, by virtue of which A, = A, = A, and 
the reversal  condition reduces to ITrA,I < 2. 

Upon satisfaction of the reversal conditions the hy- 
personic rays propagate in a region bounded by a caus- 
tic surface and execute stable periodic motion here in 
the transverse plane, under which conditions, the pic- 
ture of the elastic field specified in the excitation i s  
repeated after a finite number of passages. The peri- 
odic motion of the beam of rays  can be stable also in 
the presence of inhomogeneities which produce elastic 
scattering at small angles. If the characteristic di- 
mensions of the inhomogeneities a r e  sufficiently large 
and satisfy the conditions of applicability of geometric 
acoustics ( I ) ,  their effect can be taken into account by 
the dividing the path traversed by the ray into a ser ies  
of uniform intervals, for each of which we can deter- 
mine a generating function Gi  of the form (4) and a cor- 
responding matrix Ai. The matrix A, which corre- 
sponds to passage of the ray through the crystal, will 
obviously be equal to the product of the matrices A,. 
Since each A, is a unimodular matrix, A will also be 
unimodular and the reversal  condition will take the 
same form a s  (8). Upon i t s  satisfaction, we can real- 
ize the reversal effect in which the hypersonic wave 
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scattered by the inhomogeneities will periodically r e -  
turn to the original state. 

3. FEATURES OF THE EXPERiMENTAL METHOD 

Experiments on the reversa l  of the residual damping 
of longitudinal hypersound in dielectric crystals  were 
carried out by measurement of the temperature de- 
pendence of the damping coefficient in the temperature 
region 2-60 K at  frequencies of 3 and 9.4 GHz. Sam- 
ples were used which had been prepared from high- 
quality crystals  of quartz, sapphire and lithium nio- 
bate. All the samples were  rods  of circular  c r o s s  
section, of diameter 4 mm and length from 3.4 to 60 
mm. The geometric axis  of the rod was oriented to 
within 0.5", along a given crystallographic direction. 
In the quartz and sapphire samples,  it was directed 
along the threefold crystallographic axis, along the 
normal to the plane of symmetry, and along the longi- 
tudinal normal direction in the symmetry plane and 
making an angle of about 57" with the threefold axis. 
The quartz rods were cut from native quartz of the type 
"Ekstra," of weight about 2 kg, the sapphire rods  from 
boules measuring about 100 mm, produced by the GO1 
(State Optical Institute) Method. Single-domain boules 
of length 80 mm were used for  preparation of the lithi- 
um-niobate samples. 

To satisfy the reversa l  conditions, one of the ends of 
the rod was made plane, with i t s  normal along the axis, 
and the other spherical, with the center of curvature 
located on this same axis. In the case of the planar- 
spherical geometry of the reflecting surfaces, when the 
geometric axis  of the rod i s  directed along the crys-  
tallographic twofold symmetry axis ,  we have 

where k = w/v,, v = L/R, R being the radius of curva- 
ture of the spherical surface. From (8) and ( l l ) ,  we 
find the reversal  condition 

If the direction of the geometry axis  of the rod coin- 
cides with an axis of symmetry of third order,  a =  b ,  
c = d ,  c = 6 and the condition for  reversa l  takes the 
form v <  (1 + 2c)-'. 

For the measurement of the hypersound absorption, 
we used a pulse method in which we recorded the 
amplitude distribution of pulse echoes that a r i s e  a s  the 
result  of successive reflections of the hypersonic wave 
from the ends of the sound conductor. The hypersonic 
pulse was supplied to the crystal  by means of piezo- 
electric transduction of the microwave electromagnetic 
field in the interior of a resonator in which one of the 
ends of the rod was placed. In crystals  of lithium nio- 
bate, thanks to the piezoeffect, the excitation of the 
hypersound was effected directly at  the end surface. In 
the case of quartz and sapphire, a textured film of zinc 
oxide, applied by vacuum vaporization on the end face 

FIG. 1. Setup for monitoring of the mutual position of the 
mirrors: 1-helium-neon laser, 2-screen with aperture for 
exit of laser radiation, 3-sample, 4-spherical end of 
sample, 5-plane end, 6-sample container. 

of the rod, was used for  this  purpose. 

In the preparation of the samples, i t  was necessary 
to  guarantee the symmetric location of the spherical 
m i r r o r  relative to the axis  of the rod along which the 
crystallographic symmetry axis  and the normal to the 
plane mi r ro r  were directed. Fo r  this purpose, we 
used the simple scheme pictured in Fig. 1 to monitor 
the mutual position of the reflecting surfaces in the 
process  of their preparation. The monitoring proce- 
dure was a s  follows. A narrow light beam from the 
He-Ne l a se r  1, passing through the aperture in the 
screen  2, fal ls  on the spherical surface; i t  i s  partially 
reflected and passes  into the interior of the rod and i s  
reflected from the plane end. Then it re turns  to the 
spherical end, leaving a mark  here  in the form of a 
c lear  luminous spot, which must coincide with the point 
of incidence of the light beam on the spherical surface 
through adjustment of the sound duct in the holder 6. 
Upon coincidence the beam propagates along a straight 
line drawn perpendicular to the plane end from the cen- 
t e r  of curvature of the surface of the spherical end. 
From the deviation of the coincidence point from the 
center  of the spherical end, one can determine the 
angle between the indicated straight line and the axis  of 
the sound duct with an accuracy of the order  of 10' a t  a 
distance 1.5 m between the spherical end of the rod and 
the screen. The spherical and plane surfaces in the 
prepared samples were  finished to a very high degree 
of accuracy,') while the required distance between the 
surfaces was accurate to within 20-30'. Since the scat- 
t e r  of the data on the residual damping of the hyper- 
sound in different samples of the same material  was 
not large,  it could be assumed that the indicated accu- 
racy was adequate. 

In measurements of the residual resistance under 
conditions of reversal ,  it was necessary to reduce to  a 
minimum the effect of external sources  of inelastic 
scattering of the hypersound, since a t  the smal l  value 
of th is  damping they could significantly affect the r e -  
sul ts  of the measurements. From this  viewpoint, tb,e 
end surfaces of the samples were  subjected to careful 
cleaning, a s  i s  usually employed in vacuum evaporation 
of films, and the resonator, along with the sample, 
was enclosed in a copper vessel  which protected the 
sample from contact with the liquid helium. 

All the measurements of hypersound damping were  
carried out in a linear regime a t  a hypersound intensity 
of 1 mw/cm2, pr ior  to the onset of the nonlinear effects 
associated, in particular, with focusing of the hyper- 
sonic beam. 

11 1 Sov. Phys. JETP 55(1), Jan. 1982 ~ana~ol'ski:et a/. 11 1 



FIG. 2. Oscillogram of echoes of longitudinal 
a sapphire crystal in the case of planar-spheri 
of the reflecting surfaces. Every fifth echo is 
amplitude. 

hypersound in 
.cal geometry 
separated in 

4. RESULTS OF MEASUREMENTS fact that at the higher frequency, because of the phase 

The effect of reversal  of the residual damping of hy- 
persound in the case of planar-spherical geometry of 
the mi r ro r s  i s  revealed already by the very character 
of the change in the amplitude of the echoes in the time 
sequence (Fig. 2) .  Since the transformation of the hy- 
persound into an electromagnetic field is very sensitive 
to the phase distribution on the elastic strains on the 
surface of the mirror ,  only those echoes whose equal 
phase surface is close to the geometric profile of the 
mirror  will be accompanied by small losses. As a re-  
sult, maximum-amplitude signals in the time sequence 
will be those corresponding to periodic restoration of 
the elastic-field picture specified by the profile of the 
mirror .  These pulses, in correspondence with the re-  
versal conditions, follow within different intervals 
whose length of which, a s  follows from (10) and (11) , 
depends for the given crystal on the rat io L / R .  In par- 
ticular, in the propagation of hypersound along a three- 
fold symmetry axis, this time interval for the planar- 
spherical geometry of the reflectors, i s  equal to 2 n ~ /  
v,, where n is the smallest integer of the form 

Here q is a positive integer. 

This character of the time sequence of echoes i s  ob- 
served under conditions of reversal  in all the crystals  
that we studied, and i s  more pronounced at 9.4 GHz 
than at 3 GHz. This circumstance is explained by the 

FIG. 3. Temperature dependence of the damping of longitudi- 
nal hypersound in lithium niobate along a threefold axis at 
a frequency of 3 GHz-(1) and (3), 9.4 GHz-(2) and (4); 1 and 
2-with reversal (R = 44.8 mm, L = 442 mm, E =  -0.23, 3 and 
Pwithout reversal. 

sensitivity of the piezotransduction, a more exacting 
selection of the echoes takes place: echoes a r e  given 
off that satisfy with high accuracy the condition (13), 
while intermediate signals, which correspond to hyper- 
sound rays  incident on the surface of the mi r ro r  at  an 
angle to the normal, lead to out-of-phase excitation of 
the transducer, a s  a result of which they a r e  absorbed. 

If the reversal  effect were to be reduced only to the 
restoration of the state of the hypersonic wave scat- 
tered by the spherically reflecting surface, then the 
residual damping in samples with planar-spherical 
geometry would be close in value to the damping in the 
same samples with plane-parallel ends. However, it 
was found that under the reversal  conditions, the re-  
sidual damping measured by the decay of the echo sig- 
nals of maximum amplitude, decreases significantly. 
This fact was consistently observed in all the studied 
samples with planar-spherical geometry of the reflec- 
tor.  In order to establish this fact, measurements 
were f irst  carried out on samples with plane parallel 
(with accuracy to within about 1") ends, when the re-  
versal  conditions a r e  certainly known not to be unsatis- 
fied, after which one of the reflecting surfaces was 
made over into a spherical one. 

It is seen from the data shown in Figs. 3-6 that the 
residual damping i s  considerably reduced in the case  

u 
gozl 2 Y b 10 20 YO60 100 

T, K 

FIG. 4. Temperature dependence of the damping of longitudi- 
nal hypersound in sapphire along z threefold axis at 
a frequency of 3 GHz-(1) and (3), 9.4 GHz-(2) and (3); 1 and 
and 2-with reversal ( R  = 44.8 mm, L = 22.5 mm, & =  -0.016, 
2 and 4-without reversal. 
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FIG. 5. Temperature dependence of the damping of longitudi- 
nal hypersound in quartz along threefold axis at a frequency of 
3 GHz (1) and (3) and 4 GHz-(2); 1 and 2-with reversal (R 
= 119 mm, L = 40 mm, c =  0.26), 3-without reversal. 

of reversal. The damping decreases by an order of 
magnitude in quartz and by a factor of 3-5 in sapphire 
and lithium niobate. The smallest absolute magnitude 
of the residual damping of longitudinal hypersound was 
observed in crystals of lithium niobate in the propaga- 
tion of the hypersonic beam along an axis of symmetry 
of third order. At a frequency of 3 GHz, the residual 
damping coefficient (in intensity) amounted to 1.6 x 
cm-'. Echoes were observed here that underwent ap- 
proximately 2000 reflections and the length traversed 
in the crystal amounted to almost lo4 cm. Similar re- 
sults were obtained in the propagation of longitudinal 
hypersound along the normal to the plane of symmetry 
of the lithium niobate crystal, and also along the di- 
rection of longitudinal normal, which l ies in the sym- 
metry plane of the crystal. 

Measurements under reversal  conditions show that 
the residual damping of longitudinal hypersound in the 
dielectric crystals studied i s  extraordinarily small. 
Thus, the characteristic ratio kl/k", where kt and ku 
are  the real  and imaginary components, respectively, 
of the hypersonic wave vector, amounts to 2 x  lo7 in 

FIG. 6. Temperature dependence of the damping of longitudi- 
nal hypersound at a frequency of 3 GHz in lithium niobate 
along the normal to the plane of symmetry (1) and along the 
longitudinal normal, lying in the plane of symmetry of the 
crystal; 1-with reversal (R = 44.8 mm, L = 16 mm E = 0.06, 
6 = -0.15); 2-with reversal (R = 44.8 mm, L = 3.4 mm), 3- 
without reversal. 

lithium niobate at a frequency of 3 GHz. Because of 
this, the effective free path length of the corresponding 
hypersonic phonon, lph= ao', exceeds the dimensions 
of the crystal under these conditions by three orders 
of magnitude. 

The frequency dependence of the residual damping 
under reversal  conditions is wv with 1.3 < y < 1.7, a s  
is seen from the data shown in Figs. 3-6. Since Y < 4, 
it can be concluded that the contribution to the scatter- 
ing from small inhomogeneities of size r<< A i s  not 
large. At the same time, the independence of a, of 
temperature and the comparatively weak frequency de- 
pendence allow us to conclude that it is associated with 
the irreversible coherent scattering from inhomogene- 
ities that do not satisfy the approximation of geometric 
acoustics. 

The data obtained earl ier  on the residual damping of 
the hypersound in samples with plane-parallel reflec- 
to r s  can be explained from the viewpoint of stability and 
reversal  of the hypersonic beam. It i s  easy to show 
that in the propagation of a hypersonic wave between 
plane parallel reflectors we have I T r  A, I = I T r  A, I = 2, 
and the motion of the beam does not possess the re- 
quired stability relative to exact parallelism of the re- 
flectors, a s  well a s  relative to the volume inhomogene- 
ity described by the matrix Ai for which I TrA,I > 2. 
Here the state of the beam is not restored after a finite 
number of reflections; on the contrary i t  deviates more 
and more from the initial state with each passage 
through the crystal. This leads to a decrease in the ef- 
fective transduction of the hypersonic echo, and it is 
perceived in the measurements a s  damping of the hy- 
persound. It can therefore be assumed that, under con- 
ditions of very small damping of the longitudinal hyper- 
sound in dielectric crystals, the data obtained previ- 
ously on samples with plane-parallel geometry of the 
reflecting surfaces serve a s  a measure of the instabil- 
ity of the hypersonic beam in the crystal. Their large 
scatter in magnitude i s  obviously connected with this. 

It should be noted that the observeel reversal  effect 
is not restricted to longitudinal hypersonic waves in 
dielectric crystals; it can also be realized for other 
quasiparticles, for example, conduction electrons in 
metals under conditions in which their motion can be 
considered in the geometric approximation of narrow 
beams experiencing mirror  reflection from the bound- 
ary  surfaces. 
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