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Influence of ballistics to diffusion transition in primary wave propagation
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A model of parametric transmitting antenna in granular media is developed, which takes into account
velocity dispersion, frequency-dependent absorption, and frequency-dependent scattering of acoustic waves in
granular media. The latter process may induce a transition from the ballistics to the diffusion regime of pump
(primary) high-frequency wave propagation with increasing frequency. The conditions under which the tran-
sition from ballistics to diffusion manifests itself in the change of the demodulaéiified low-frequency
acoustic pulse profile are established. It is demonstrated that parametric low-frequency radiation contains
information on both absorption and scattering of high-frequency acoustic waves.
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[. INTRODUCTION In the present paper, a simple theoretical model is devel-
oped, which predicts the dependence of the profiles of para-
Linear acoustic waves traditionally provide an importantmetrically excited LF acoustic pulses on the regime
tool for the evaluation of granular media propert[ds-3].  (ballistic/diffusive) of energy transport by HF pump wave
The diffusion of ultrasound and the ballistic to diffusive tran- Packets. The profileéand the spectjeof the parametric an-
sition in acoustic wave transport have been observed both ifgnna signals contain, in general, information on absorption,
glass beads immersed in liquids and in glass beads in aficattering, and velocity dispersion of HF pump waves in
[3-9]. granular megﬁa. Dependence of the I._F demodulated signal
At the same time, various nonlinear acoustic phenomeng" the HF primary-wave transport regime has been observed

are also applied for the characterization of granular medid! récent experimentgl8,19. Comparison of the model de-

[10-15. A parametric antenna emits low-frequency acousticveIOped below with these experiments is currently in

signals due to the demodulation of ampIitude—modulatecprogress'
high-frequency waves in a nonlinear medium. In Fig. 1, re-
gions of existence in the medium of high-frequen¢yF) Il. THEORY

primary waves and low-frequendy.F) demodulatedrecti- The goal of the analysis presented here is to understand
fied) waves are schematically represented. The region of spgjq,y |ow-frequency acoustic waves, excited in the nonlinear
tial variation of HF primary waves plays the role of sourcesectification process of amplitude-modulated high-frequency
for the demodulated LF waves. These LF waves penetratgayes, depend on the regime of HF waves propagation. Is it
deeper into the medium than the HF components due to thgossible to use LF parametric antenna signals to solve the
attenuation decrease with diminishing frequency. As a coninyerse problem dealing with the regime evaluation of the
sequence, in many experimental conditions, only the deHF wave propagation?
modulated low-frequency waves can be detected. To get qualitative answers to these questions, the simplest
Recently, preliminary experiments on the operation ofanalytical model for the analysis of the demodulation process
parametric transmitting antenna in granular media have bees proposed below. It is believed that this model might be
reported 15—17. The experimental results presented in Ref.
[15] have been analyzed in R¢l.6] under the hypothesis of High frequencies
ballistic propagation of amplitude-modulated high-frequency High frequency emiter
pump waves. In Refl16], it is demonstrated that information
on high-frequency sound absorption in a grainy medium can
be extracted from the analysis of demodulated low-frequency
pulses during the nonlinear parametric process. In contrast t
Ref.[15], the estimates presented in Rglf7] provide strong
indication that waves launched in a glass bead assemblag

Demodulated (rectified) low frequencies

B

propagate diffusively. Consequently, in relation to the experi-  "Body" of the parametric antenna
ments presented in Ref§l5,17, the following question

arises: Is it possible to extract information on the regime of

high-frequency pump wave propagation from the received

low-frequency demodulated signals? FIG. 1. Qualitative scheme of parametric antenna.

Direction of sound propagation
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significantly improved in conjunction with experimental in- does not contribute to the demodulation of quasiharmonic
vestigations if necessary. In other words, most of the asacoustic wave§35].
sumptions leading to this model could be improved if In principle, the hysteretic nonlinearity may have a indi-
needed. These simplifying assumptions are as follows. ~ rect influence on the demodulation process by modifying the
The propagation of both HF and LF acoustic waves isin-depth distribution of high-frequency waves via their non-
treated as though it is taking place in an effective homogelinear absorption. However, we assume that nonlinear ab-
neous medium. This medium is described by frequencySOrption does not provide the dominant contribution to total
dependent absorption and acoustic velocity dispersion. Thabsorption. Consequently, in the considered here case of

latter, in fact, is a manifestation of the microstructure of theWeakly nonlinear acoustic waves, both processes, the

granular medium, which is composed of beads having finitd'onlinear absorption and the demodulafiomanifest them-
dimensions. Velocity dispersion increases when HF apS€lVes at the samesecond step of successive approxima-
proaches the cutoff, or natural frequer@g], which is in- tions. Because of this, thg cross talk b.etwr-_zen the two pro-
versely proportional to the bead diameter. The fact that th&§®SSES can be neglected in this approximation.

beads packing is not regulémot periodic in spadeis taken !N view of the assumptions formulated above, the equa-
into account by introducing the option for the acoustic wavedion of motion for an elastic solid is written as
to be scattered without absorption. Scattering is frequency 5

dependent. It should be clearly stated that in the following 07_Ui_ﬂ

we analyze only propagative modes of the systaiith fre- Po o2 X’

qguencies below the cutoff frequencyeither the evanescent

modes nor their scattering due to irregular packing of beadwhere p, is the material density at redtl; are the compo-

is considered here. nents of the displacement vecttl, and oy; is the stress

It is assumed that scattering leads to the randomization qknsor. The description of the longitudinal waves is simply
propagation directions of HF wave packets. Accordingly,jone by applying the divergence operator to Eyl),
scattering contributes to the attenuation of the initial HF

(2.9

acoustic wavéwhich propagates ballisticallyjand generates 52 o
a scattered HF acoustic field, which, in general, may trans- po— (div U)y= —=. (2.2
port elastic energy quasiballisticallg1], by diffusion[3-9], at 9% 9X;

or it may be localized22,23. Here, it is assumed that scat- ) o ) )
tering is accompanied by a complete loss of coherence in thEn€ elastic energy density is modeled by its expansion up to
initial HF acoustic waves and that the scattered HF acoustieubic terms in strain:
field propagates diffusivelf3—9]. The intermediate regime, 1 .
where coherence is not completely lost after scattering, is not o~ i S div 3
considered herf24,25. It manifests itself by the occurrence W=poCo 2 (divU) 3(d|vU) ' 23
of a signal arising after the ballistic leading front, when spa-
tial averaging is performed on the multiple scattering samplewherec, represents the sound velocity aads the effective

We ana|yze here the processes initiated by |aunching aonlinear parameter of grainy media. The stress-strain rela-
coherent longitudinal acoustic wave in the granular mediumtionship corresponding to E¢2.3) has the form
which propagates mainly through the bea@®lid-based . _
mode. The air-based acoustic modearrying energy mainly aij = poCol (divU) — e(divU)?]5j; . (2.9
through saturating air which is also excited in the demodu-
lation procesg17], is neglected. For sake of simplicity, we It should be pointed out here that in E48.3) and(2.4), the
completely ignore shear acoustic waves, which are also sugkinematic nonlinearity is considered to be negligible in com-
ported by granular medig26—28. Shear waves may be ex- parison with the Hertz contact nonlinearity5,28,34. Let
cited by mode conversion in the scattering of compressiondhe stress-strain relationship for the Hertz contact of spheres
(longitudina) waves. It might be expected that at sufficiently be modeled by
long time scales there is energy equipartition between longi- .
tudinal and shear waves in incoherent diffusive acoustic field ofj=—B(—divU")5;,
due to multiple scatterin29,30. This effect is currently
ignored. We are also neglecting in this analysis the possiblith the constanB being proportional to the Young modulus
existence of microrotationdbpin) waves[31,32 in granular  of the beads [26—28,33,3% and where §<«<2
medium. It is assumed that acoustic energy is transported Hy,9,33,36,3Y, both parameters depending on bead packing
compressional waves only. [36—38. The initial stresar:]-” (or equivalently initial hydro-

The nonlinearity of the state equation, which leads to thestatic pressur@) is then described by
demodulation process, is assumed to be associated only with .
the nonlinearity of interbead Hertz contacts under normal ojj=—B(—div U‘“)"éij =—pdj.
loading [28,33. Only quadratic nonlinearity is considered
[16,17,34. The hysteretic nonlinearity of sliding Hertz con- By expanding the stress-strain relationst2pd) near the
tacts[26,27,33 is neglected here. It is known that quadratic initial static strain, the super-imposed acoustic disturbance
hysteretic nonlinearity acts as an odd-type nonlinearity an@ounterpart can be derived in the form
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_ H_ _in Ur (k= 1)i| ¢ dqivs 1 * €9 =
0-ij_o-ij_o-ijZKB p (dIVU) ?_COP UQZ—p— 5<Ww>, (29)
X 0
k—1 -
- TBl’Kpl"‘(divU)Z}, (2.5  whereU, denotes thex component of LF particle displace-

ment and W, ) =2(W, )= po((dU,, /dt)?)=po(V2) denotes
where|div U|=|div G" —div U™"|<|div U™|. The compari- the total energy density Qf HF field)(, andV,, gre_displace-
son of Eq.(2.5) with Eq. (2.4) provides the dependences of Ment and particle veloc!ty in the HF acoustic flel_d, respec-
LF sound velocity and effective nonlinearity on hydrostatictively). In accordance with E¢2.9), the demodulation pro-
pressure[15,28,34. In particular, in the case of a perfect C€SS 'Fakes place in the regions of HF energy density spatial
packing without flapping contactf?8,34,3§ «=3/2, ¢, varaton. .
. e~p~ 23 When under some circumstances, a depen- The equation fpr energy transport by a'plane HF acoustic
dence close ta,~pY* is experimentally observe@], then ~ Wave packet, which follows from Ed2.7), is presented in

it corresponds toc=2 ande~p~ Y2 This is due to the de- the form

pendence of the number of active contacts on pred8iie

or to departures at the single-contact level from the Hertzian i(W V+c (w)i<W >+L<W )=0, (2.10
contact law, which is in turn related to pointlike or conical gt b g ax b (W) b T
asperity [37]. The nonlinear phenomena are described by

16
~p

successive approximations. wherecy(w) denotes the group velocity of the acoustic wave
By substitution of the stress-strain relationship E2j4) at carrier frequency and 7(w) is the characteristic time of
into Eq. (2.2), the nonlinear wave equation is derived: frequency-dependent attenuation, which incorporates both

absorption[characterized by the time,(w)] and scattering
[characterized by the timey(w)], with T‘l(w)=ra_1(w)
+7g (). Note that the possible broadening of the HF wave
packet, caused by the dispersion of group velocity, is cur-
where a linear integro-differential operatér is formally ~ rently neglected in Eq2.10. Indexb in Eq. (2.10 indicates
added in order to account for possible velocity dispersionthat this equation is valid only for ballistically propagating
absorption, and scattering of sound waves. Following a tratlF Wave packets. We assume that scattered wave packets
ditional approacti39], the solution of Eq(2.6) is presented Propagate diffusively and energy transport by scattered HF
as a superposition of the primary HF acoustic fildnoted ~Waves may be described by a diffusion equation

by Ow) and the secondary LF acoustic fie{denoted by

S e . . - d @ 1

Ug), U=Uqn+U,. The separation of equations for, and —(W,q)=D,(w) _2<Wwd>_ ———(W,q)

Ug is achieved by averaging over the HF wave period, ad- o IX Ta(@)

ditionally neglecting higher harmonic excitation in the HF

. 1
field [39], +m<wwb>, (211)

2

J 28 o1 Lo 1 2 S0 2
E—COA-FL (divU)=—cgeA(divU)-, (2.6

(div ljw)=0, (2.7  where indexd is used to denote acoustic energy density,
which is scattered from a coherent HF acoustic fiflg( )
denotes the diffusivity of energy carrying wave packets. The
diffusion coefficient isD ,=c¢l*/3, wherec, is the energy
velocity, which is defined as the ratio of energy flux to the
energy density, antf is the transport mean free paibr the
Equation (2.7) describes ballistic propagation, absorption,distance the waves must propagate until their direction is
and scattering of HF amplitude-modulated acoustic wave&andomized [4,7,40. There are indications that in strongly
launched by an emitter. Equati@8.8) describes the excita- Scattering media, energy velocity, slightly differs from
tion of LF acoustic waves due to a nonlinear demodulatiorgroup velocityc, [7]. For the purpose of current analysis, the
process. We use notatidn - -) for averaging over the HF diffusion coefficient is written in the form

wave period. Note that for simplicity, dispersion, absorption,

and scattering of LF waves are currently neglected. Compari- D,=d cj(w)y(w), (2.12

son of the right-hand sidehs) of Eq. (2.8) with the presen-

tation of the elastic potential energy density in E3) dem-  where d~1 is a nondimensional constant. Clearly Egs.
onstrates that the rhs may be approximated by2.10 and(2.11), which model transition from ballistics to
—(2€lpg) A(W,), whereW,, denotes the potential energy of diffusion by a single “relaxation” time[scattering time
the HF acoustic field. Taking into account that in the acousticrg(w)], significantly oversimplify the reality, in particular,
wave packets, potential energy is equal to kinetic enérgy by completely ignoring intermediate coherent effects
an average over a wave perjp@nd assuming plane one- [21,24,29. However, it is believed that the model enables to
dimensional geometry, we rewrite E@.8) as correctly depict the basic qualitative features of the effect

92 R
——cA+L
at?

|:§2 _ A2 T _ _ A2 11 )2
— —CoA |(divUg)=—cgeA((divU,)?%). (2.8

at?
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under consideration. The proposed model may be improvediave packet £, is the characteristic modulation timérhe
afterwards by comparison with available fine experimentakecond boundary condition for E.11),
data.
The boundary conditions for the energy flux at the acous- (W,q(x—))—0, (2.149
tic radiator located in plane=0 are
reflects the decrease of acoustic energy carried by HF waves
Cql@)(Wop) =1, (t/ ), due to their absorption. The solutions of Eq8.10 and
(2.11) in the frequency domain, subjected to boundary con-
K ditions (2.13 and(2.14), are

D
“ X

<Wwd>:0' (213)

- ~ 1 1
where 1, denotes the intensity of HF coherent acoustic <Wwb>=c(—w)f(9)eXF{_C(—w)(m_|Q”,
waves launched by the radiator in a granular medium and 9 g

where f(t/7,) describes amplitude modulation in the HF (2.15
|
(W,,q) o Q) !
“ c@)Dyrw) 1 ( 1 )2 1( 1 )
—i -— —iQ
() | (@) D, | 7a(@)

1 ( 1 )
ey | 7w O

\/ 1/ 1 N 1 1 0 ,
X ex —| ——=iQ |x|—exg — —iQ x|}, A
\/ N "IV, | 7w Co(@) | () (219
— =i
D, \ Ta(w)
|
where where Uo=/"2Uqe'dt. In Eq. (2.17, U}, denotes the
. spectrum of the LF parametrically excited acoustic pulse in
(W, d>5f (W, o e'tdt, the coordinate system moving at LF sound veloditp-

propagating coordinate frarheThe solution(2.17) is valid
outside the “body”(see Fig. 1 of the parametric antenna,
7(Q)Ef+ocf(t)eimdt which [in accordance to Eq2.16)] is limited in space by
— ' inequalities x<maxcy(w)(w),yD,7a(w)}. There are two
o contributions to the parametric sigrjaenoted in Eq(2.17)
The total energy of the HF acoustic fielgW,)=(W,p) by U, andU 4] appearing from the demodulation of bal-
+(W,,q), which is composed of ballistic and diffusive com- listic and diffusive HF acoustic fields, respectively. It is the
ponents, is substituted in the rhs of ER.9). The solution of  first term in curly brackets that corresponds to the contribu-

Eq. (2.9, satisfying the boundary conditidd,(x=0)=0 at  tion from the ballistic HF field. Consequently E@.17 can
the HF acoustic emitter and the condition of radiation, is there rewritten as

provided by
Uqo=Ug e "¥*=0 ¢+ U4 !
~, ~ ~ ~ (W)
1 1 —iQ UQ:UQb+UQd:UQb 1+ 1 SD Qz
_ el Q) Cy(w) | T(w) wz ~i0
PoC(Z)Cg((I)) 1 2 2 Ta(w) Co
2 T(w) —iQ| + -
Cy(w) CH (2.18
1
x| 1+ ) . .
1 D,0% The derived solution Eq2.17 demonstrates that the spec-
7s(@) Ta(®) t— 10 trum of the demodulated signal contains information on dis-
0

persion, absorption, scattering, and diffusion of the HF
(2.17 acoustic field. The question arises as to how sensitive is the
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demodulated signal to different parametgssch asr,(w) characteristic duratiom,,, then in the time domain the char-
and74(w), for examplg and how these parameters might be acteristic regimes in Eq3.2) can be described as
extracted experimentally.

( T\ af .
I1l. ANALYSIS 2(—) — if r>r.=7,
Tm) 90
We start the analysis of the parametric antenna signal -\ of
from its partU,,,, excited via the demodulation of ballisti- Vap=VX 4 (T—) 70 if 7,>me>7_, (3.9
cally propagating HF waves. m
lf if r.=7_>71,.
A. Demodulation of ballistically propagating waves \ 7-
in dispersive medium
Introducing notations In accordance with Eq3.4), the profile of the demodulated
LF acoustic pulse essentially depends on the relation be-
T+ET< 1ng(w)), tween the characteristic duration of the HF wave packet
- Co ~1/Q and7_. The profileVq,(6) of particle velocity in the
LF acoustic pulse reproduces the enveldpé) of the HF
el, wave packet ifr_>r,,, and it is proportional to the deriva-
Vo (3.1)  tive of the envelopef(6)/d6 if 7,>7_. Clearly the third

= 2
2poCo regime in Eq.(3.4) does not exist in the absence of velocity

for the ch teristic ti d ch teristi litud fiispersior{Whencg(w)=co, 7_=0 and therefore inequality
or the charactenistic imes and characteristic amplitude 07,>rm never hold§ for example, in underwater parametric
particle velocity in the LF acoustic wave, the spectrum of

antenna in the absence of gas bubHl@g]. Consequently,

particle velocityVop=—iQUygy, is written in the form the significant dependence of the demodulated signal profile
on parameters of the granular medium predicted by(Ed)
Vo=V IO i Q i Q is an important manifestation of the dispersive properties of
ab=Vof(Q) 7(w) + : :
T_ 1 T, . the granular medium.
Q+i— Q+ ' The experimental observation of this eff¢t8,19 can be

used to extract information on the parameters of the granular

3.2 medium. Sufficient conditions to observe the transformation
- o ) ) from Vo ,~af(6)/96 to Vq,~f(0) may be formulated as
The “splitting” of the characteristic attenuation timeg{w)  follows. Let us assume that<r,. From the analysis of the
into two characteristic times.. [Eq. (3.1)]is caused by the g = contripution of the diffusive acoustic field to the total

presence of Z%uzd VIEIO(;]ity dispersion in granular mEdfiu”%ignal, presented later in this paper, it follows that under the
[Cq(w) #Co] [40,41. In the current paper we assume for .o, qiion 7 <~ this contribution is completely negligible

definiteness thatcy(w)/dw<0 in the whole frequency ~ . o .
range of interesf40,41. It is expected that, approaches (|V9d|<|v_9b|) at all f_requenue_s. For a quahta’qve analysis
7_ when o tends to the cutoff frequency,, and conse- V€ associaters(w) with Rayleigh-type scatterings(w)

¢’ ~1/w*] [3] and attribute a linear dependence on frequency

quently, c4(w)—0. In the present paper we clearly limit . L
ourselves to the analysis of propagating HF acoustic mode? sound absqrptlona(w)~1/|w| [16,28,42,4% Then., |.t.|s
xpected that inequality,( w;,) < 7s(w;,) holds for an initial

(w<w.), leaving the case of evanescent modes for som . ) N ; -
F acoustic wave if the initial frequenay;, is sufficiently

future research. .
Assuming that, in general, inequality Z4/<1/r_ may [ from the cutoff frequencyw. (win<wc). At this fre-
hold, it is possible to divide the spectrum E&.2) by strong  duency. dispersion is expected to be wegkw)=c, and,
inequalities into three characteristic regions: consequently,r_(win) = 7a(win) [ 1~ Cq(win)/Col < Ta(@ip)-
Then by choosing a sufficiently high numbeiof HF wave
g 1 1 periods in the initial HF wave packety=n(2m/ w,), it is
2(—iQ7) if Q<—=<—, always possible to achievel> r_(w;,). If the carrier fre-
* B quencyw (keepingn fixed) is then increased, the modulation
Vor=VF@x{ (—i07)  if 1 el time 7., diminishes while the characteristic time_ in-
(b= ¥0 T, T’ creases. In fact, if we use for an estimation, the dispersion
, 1 1 relation in the periodic chain of spherical bedd4], then

— if —=—<Q.
\ T Ty T-

3.3 w

Cy(w)=Cy 1—(w—>
The intermediate regime 4/ <(Q<1/7_ is obviously absent ¢
when inequality 1#,<1/7_ does not hold. If we assume

that f(9)=f(t/7,) is a hat-type modulation function with a and
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g7 r (a)) 1 o 2 Normalized particle velocity
- a
—= 1-\/1-|—] |>0 1
Jo |l w\? Wc
1_ - 08
We
[+X.] 8
at all frequencies. Consequently, by increasingwe inevi- 04

tably arrive at some final frequenay; to the conditionTIn
=n(27/w;)<7_(ws). In accordance with Eq(3.4), the
transformation of signal profilef(8)/960— f(8) should be °
observed around a critical frequenay,,, where m,(w¢,) 02
~7_(w¢r) ~ Ta(wc)[1—Cy(wer)/co] holds. Consequently
the observation of this transformation provides information
on the absorption and dispersion of HF acoustic waves. It s
should be noted that the LF profile transformation is accom-

02

~0.4

panied by a significant increase in signal amplitude, whichis % = = = o 6 1 2 s 4 s
proportional to Reduced time ¢, = t/7m
FIG. 2. Profiles of demodulated signal predicted by the solution
(@f) Tm(win) _ 1 Trm( @in) =1 in Eq. (3.2 for different frequencies of primary wavei=0.lw,
T (o) T(opn) | Cglwp) m(wg) dashed thin linew=0.250,, thin line; w=0.4w,, dashed thick
1-— line; w=0.6w,, thick line.

Co

From a physical point of view, additional temporal integra-  To conclude the analysis of the contribution to the de-
tion of the LF signal, in the case where velocity dispersion ismodulated signal from the ballistic part of the HF acoustic
important, is related to the absence of synchronism betweef?eld, we mention thaV,, in Eq. (3.2 certainly contains
the nonlinear _source of the der_nodulated signal information on the HF wave attenuation even in the fre-
(9/9X){W,p) [which propagates at velocityy(«)] and the quency range)<1/7_ [see EQq.(3.3)]. However, in accor-
excited demodulated sign&l,, itself (which propagates at dance with Eq.3.4), a transition from regimer'm> 7, to

veIocn;z. CO)b Itn fact,thr_?w)d_pro:cndets af Tgasﬁrzlgf t'met.regime Tm<T, iS accompanied mostly by the variation of
Seéparation between the leading Ironts o an acousti, signal amplitude without a significant envelope transfor-

waves, which is established before attenuation of the H mation
wave packet takes pla¢that is, at time scale of the order of '
attenuation timer(w)]. ) o )
In Fig. 2, we present a transformation of the demodulated B. Demodulation of diffusively propagating waves
signal predicted by the solution in E@.2). The numerically The contribution from demodulation of the HF diffusive

obtained profiles of_ normalized partlclg velocities 5coustic fieldVqq to total signalVj=Vo,+Vog differs
are plotted as a function of the reduced time=t/7,, = . -

. from V¢, only by an additional spectral multiplier
for four values of the primary-wave frequencyw

=0.10.,0.250.,0.4w.,0.6w, With w,=2x10° rads®.
The modulation functiorf(6) is a Gaussian function of du-
ration equal to 20 periods of the HF sine wave, so that
=20(27/ ). Absorption timer,(w) =C/w is chosen to sat-
isfy the initial inequality 7,=20(27/w;i,)>7_(wiy)
=(Cloin)(1-V1-wj/og) and the final one 7,  [see the second term in curled brackets in E@sl7) and
=20(27 wi) <7_(w;) =(Clwf)(1— V11— of/wg). Consid-  (2.18]. Using the notation in Eq(2.12), we rewrite Eq.
ering wi,=0.1lw, and w;=0.6w, it gives the value of the (2.18 as

constant C=100. For the primary-wave frequency;,

=0.1lw,, the profile in the dashed thin line is proportional to vb:vnb

the first derivative of the modulation functioff(6)/496.

75 (o)
1 a?
T, (0)+D,(w)——iQ
<o

When increasing the primary-wave frequency, keeping the 1

numbern of periods of the HF sine wave constant, we ob- X ] 1+ (@) Col@))2

serve a transition fromaf(6)/96 to f(6): for a frequency of > d( g ) [Q7r(w)]?—i1Q7w)
the primary wavew=0.250., continuous thin line; and Ta(®) Co

=0.4w,, dashed thick line. When arriving around frequency (3.5

w=0.6w. (continuous thick lingthe profile is proportional

to f(#). The transition fromaf(0)/96 to f(#) due to the Note thatin Eq(3.5),d~1 and @g(w)/co)zsl. As a result
velocity dispersion is thus obtained with a less than one orit can be readily estimated that the contribution from the
der of magnitude change of the primary-wave frequency. diffusive HF field is completely negligiblgthe second term
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in curly brackets in Eq(3.5) is much less than 1 in its mag- with frequency increase ()~ 1/w* much faster than ab-
nitude] if 7,(w)<75(w) and/orr,~1/Q)<74(w). Both con-  sorption time 7,(w)~1/w|]. Then under the condition
ditions have a clear physical send;q is negligible if the  7a(@in)> 7in=nin(27/ 0;)>75(wiy) the profile of the de-
HF waves are absorbed before scattefing ) <74(w)] or  modulated signal is proportional §d ,.V,(6')dé’. Atran-

if scattering does not take place during the HF wave packssition to profileVq~Vq,(6) can be achieved simply by in-
action on the nonlinear mediupr,,<7s(w)]. In both cases, creasing the durationr,, of the HF wave packet by
the contribution from the demodulation of ballistically increasingn from n; to n;, for which inequality 7',
propagating HF waves dominates. Thus the necessary conden;(27/ w;,)> 7,(w;,) starts to hold. Note that, because of
tions for the experimental observation'sf,q can be formu- the inequalityr<min(7,(®),75(w)), in both of the consid-
lated asry(w) < 7,(w) and r(w)<1/2. Assuming that gen- ered regimes the inequality,> 7, = 7_ holds, ensuring that
erally, inequality 1#,(w)<1/r{(w) may hold [because dispersion has no influence on the LF signal profile in this
1/74(w) ~|w|, while 1/ry(w)~w”], it is possible to divide case. Consequently, in accordance with E3}), in both
by strong inequalities the spectrum E@.5) into three char-  regimes the contribution t¥v/'(, from the ballistic HF waves

acteristic regions: is Vap=2(7/1y)df/d6. Thus, the transition fromr,(win)
> 7> ry(win) 10 71> Ta(win) > 7s(wj,) Manifests itself by
([ Ta(®) i 1 1 the differentiation of the initial LF profile:
To(w) (@)  71(w)’ _ .
v v 1 P RPN Vo =Vqe=2f(0),
o=Vor\ Tarfe) e T e
1 1 't Ta(wj) of
- Vil=Vi =2 —. (3.9
1 if < <. 0 =Vad
\ To(w) 7y w) Tmt 90
(3.6)

The transformation of the signal profile should be observed
In the first two spectral regions in E(B.6), the contribution  for n,,, satisfying the conditiom,(27/ wi,)~ 74(wi,) and
from the diffusive HF field dominateg\q|>|Vap|), while  is accompaniedas it follows from Eq.(3.8)] by a signal
in the third spectral region, the contribution from the ballisticamplitude decrease, which is proportional t{;x,/ra(win)
HE field dominates |(T/Qd|<|v0b|)- In the time domain, >1. The evaluation of this transformation provides informa-

characteristic regimes in E¢3.6) can be described as tion on the absorption time,(w) of HF acoustic waves. The
role of the parameter,(w)/ 7, in this transformatioriwhich
() , takes place between the regimes dominated by the demodu-
mvgb if 7> 7a(0)> 75(w), lation of the diffusive HF acoustic fields similar (from a

physical point of view to the role of the parameter/7_in

Vo= Tm J’ o . the optical excitation of acoustic pulses via the generation of
Y, "de' if > 7> , . ; .
() ) ap(67)d0 7a(©)> 7> 74(0) electron-hole plasma in semiconductp4g]. Here 7, is the
Vos it 7.(0)5 74(@)> 71 duration of the laser pulse ang is the recombination time

of the photogenerated electron-hole plasma.
(3.7 In Fig. 3, we present the transformation of the parametric
signal predicted by the solution in E¢3.5 for the case
In accordance with EQ3.7), there is an important difference where the contribution from the demodulation of the scat-
in the profiles of the contributions to the LF signal from the tered diffusive HF acoustic field dominates. The primary-
ballistic and diffusive HF acoustic fields only i#,(w)>7,  wave frequency is fixed close to the cutoff frequensy
> 74(w). The latter inequality provides a necessary condition= 0.9, With w,=2-10° rads *. The modulation function
for the observation of the LF particle velocity profiles ex- f(6) is Gaussian with a characteristic duration,
cited due to the demodulation of diffusively propagating HF=n(27/w), wheren is the number of the periods of HF
waves and proportional to the primitive of the LF signalssine wave in the signal of the primary wave. The scattering
excited by the demodulation of ballistically propagating HFand absorption characteristic times are chosen to satisfy
waves. the inequality 74(w)=C1/w> m(w)=n;(27 w)> 74(w)
From an experimental point of view, it is important to =C,/w* for the frequencyw and the initial number of pe-
understandi) how the transition between the first two re- riods n;=10. Consequently, the constar@s=10 andC,
gimes in Eq.(3.7), where contribution from the diffusive HF =10 rad®s 2 are fixed by the initial inequality. When in-
field dominates, can be observdd) how the transition be- creasing the numbar of periods of the HF wave, the dura-
tween signals dominated by the diffusive HF field and sig-tion 7,, increases and finally becomes greater than the ab-
nals dominated by the ballistic HF fie[the second and the sorption timer,. This leads to the final inequality,,()
third regimes in Eq(3.7)] can be observed. It is expected > 7,(w)> 7(w), ensuring for the demodulated profile, the
that inequalityr,(w;,)> 7s(win) can be fulfilled at some ini- transition fromf(6) to ¢f(6)/d6. In Fig. 3, demodulated
tial frequencyw;, if the latter is taken sufficiently close to profiles are, respectively, plotted for=10, thick line; n
cutoff frequencyw, [9] [because scattering time diminishes =80 dashed thick linen= 200, thin line; and fom=600;
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Normalized Particle velocity gime dominated by their ballistic propagation takes place at
w¢r, Which can be estimated fromy$=n;,(27/w,)
~15(wc). This transition manifests itself in the differentia-
tion of the parametric signal and an increase in its amplitude
proportionally to (r(wf)/r,fn)>1. The observation of this
transition provides information on the characteristic time
7s(w) of HF wave scattering.

In Fig. 4, we present the transformation of the demodu-
lated signal due to the transition from the regime dominated
by the HF wave diffusion to the regime dominated by their
ballistic propagation. The initial condition 7,(wj,)
=Cy/|wip|= 7 =n27l 0;y)> 7o(win) =C,lwj, and the
initial frequency of the carrier wave;,=0.95%0., which
: : ; ; 5 5 A : : should be close to the cutoff frequencyw.=2
4 SRR S S S S S x 10° rads'!, are used to determine constafg=100 and

Reduced time t, = t/7m C,=3x10%ad’s 3. Then the primary-wave frequency is

FIG. 3. Transformation of the demodulated signal predicted bydecreased fromaoi, =0.95uc 10 w4=0.2w, keepingn con-

. . e s f
the solution in Eq(3.5) for the case where the contribution to the s_tant. 2Th/IS Iea_lc_js to. Fhe fflnal Eondltlﬁf;(wf)’ TS(hwf)>:;T‘
rectified LF signal from the demodulation of the scattered diffusive Nin(27 f‘)f)' ransition ro_m the profi (0)_ to the profile
HF acoustic field dominates. The profiles are plotted as a functio/ | (¢)/d6 is observed starting from the primary-wave fre-

of the reduced time, =t/r,, for four different values of HF sine duency »=0.95w. (thick line) and finishing with o

1

08

06

04

o2

wave periods in the emitted signaii=10, thick line; n=80, =0.20. (dashed thin ling with w=0.45». (dashed thick
dashed thick linen= 200, thin line;:n=600, dashed thin line. line) and w=0.3w,, (thin line). Results are plotted as a func-
tion of the reduced tim& =t/r,,, and particle velocities are
o ) ) ) normalized.
dashed thin line. Fon=10, the signal is proportional to It should be mentioned, however, that the situation where

f(6), while it is close todf(6)/d6 for n=600. in the final stater, (w¢)>7_(w;)> 7", in principle, can as

well be achieved. The differentiation of the LF wave profile

in the transition from diffusion to ballistidpredicted in Eq.

(3.7] may then be masked by the integration of the LF wave
In order to observe the transition from the regime domi-profile due to dispersion effecfpredicted by Eq(3.4)]. Ob-

nated by the diffusive transport of energy by HF acousticviously, it is much more difficult to extract information on

waves to the regime dominated by its ballistic transport, it isthe relevant parameters of the considered system when sev-

again possible to start from the initial condition(wi,) eral different physical effects simultaneously influence the

>0 =N, (27 wiy) > 75(win). But this time it is useful to performance of parametric antenna. For the analysis of these

decrease the carrier wave frequeneywithout varying the  situations, more precise models of the frequency dependence

numbern of HF wave periods in the wave packeti=£n;,  of sound absorption, scattering, and velocity dispersiloan

=const). Thenr,(w) and 7,(w) will increase proportion- those adopted in the present papare highly desirable.

ally to 1w, while 74(w) will increase much faster

(~1/w*), inevitably leading to the regime,(ws),7s(ws)

> 7! =ni, (27 w;) at some final frequencw=w;. In ac- IV. DISCUSSION

cordance with Eq(3.7), this should cause the transformation

of th,e LF acoustic pulse profile froMQ=f’ijm_,(0’)d0’ the predicted effects of a profile differentiation or integration,
to Vo~Vgp(6). We recall that under the condition(win)  \hen the characteristics of pump wawe, (r.,, or both are
> 7 =Nin>75(win) the inequality 7> 7, (0in)>7-(@in)  modified, may be masked by diffraction effects if the exact
holds and the initial LF profile is described by the first ex- three-dimensional geometry of real experiments is taken into
pression in Eq(3.8). When carrier frequency is diminished, account. In fact it is well knowfi39,44 that diffraction may
it is expected that for the final frequeney velocity disper-  |ead to additional differentiation of the pulsed signal, when
sion is so weak that it is the inequality,(w{)>7l, its characteristic frequency diminisheshen its characteris-
>7_(w;), rather thanr+(wf)>7_(wf)>rﬁn, that is real- tic duration increas@sTo avoid cross talk between the ef-
ized. Consequently, in accordance with E(&4) and(3.7)  fects discussed in the current paper and diffraction, it might
the final LF profile is described by be useful to detect parametric signals in their far field. In this
case, diffraction can be precisely taken into account by a

C. Manifestation of ballistics to diffusion transition
in the demodulated signal

In this discussion we would like to mention that some of

v o T(lor) of simple multiplication of the spectrum in Eq2.17) by
Va=Vap= T (3.9 (—iQ) or equivalently by the differentiation of the profiles
m described by Eqg3.4) and(3.7).
From Egs.(3.8) and(3.9) it follows that the transition from Variations in the values of constar®s C,, andC, of the

the regime dominated by the HF wave diffusion to the re-characteristic times, 7,, and ; from one medium to an-
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Normalized particle velocity between nonlinear sources created by HF waves and the LF
1 demodulated wave has time to accumulate before the attenu-
ation of the HF waves is taking place. The phenomenon of
velocity dispersion manifests itself by the integration of the
demodulated LF profile. This transition provides information
on the attenuation of the ballistic component of the primary
HF wave, and the velocity difference between primary HF
waves and demodulated LF waves.

Differentiation of the LF profile can be obtained in the
case of diffusion of the HF primary wave when increasing
the duration of the initially emitted wave packet from a suf-

08

06

04

0.2

ha ficiently low value. This transition provides information on
-04 the characteristic absorption timg of primary HF wave.
o8 The conditions on the characteristic times of scattering,
: g g 5 _ : 5 : ; absorption, and HF wave modulation are established, under
o which the transition from diffusion to ballisticéor vice
Reduced time t, = t/7, versag in primary HF wave propagation manifests itself in

FIG. 4. Transformation of the demodulated signal predicted bythe transformation of the LF demodulatedctified acoustic
Eq. (3.7) due to the transition from the regime dominated by HF signal. The transition from diffusion to ballisti¢ballistics to
wave diffusion to the regime dominated by their ballistic propaga-diffusion) is accompanied by differentiatiofntegration) of
tion. Profiles of demodulated signals are plotted as a function of théhe demodulated LF profile and it provides information on
reduced time, =t/,, and are normalized in amplitude for primary- the characteristic scattering timeg of the primary HF wave.
wave frequencies=0.95w,., thick line; w=0.450, dashed thick Information on HF wave propagation is thus contained in
line; @=0.3w, thin line; w=0.2w., dashed thin line. the parametrically excited signal. However, before solving
the inverse problem, it would be desirable to improve our
model by taking into account precise experimental data re-
other may be linked to the surface smoothness of the beadigted to linear properties of acoustic wave propagation in
the level of disorder in the granular assemblage, the beathree-dimensional granular medidispersion, absorption
material itself, the static stress supported by the column, etc. In order to verify theoretical predictions, we have per-
Any changes in the medium that play a role in the scatterindormed preliminary experiments on parametric antenna in
or in the absorption of an acoustic wave of frequeiacys  unconsolidated granular media8,19. We have observed a
incorporated with the help of these constants. qualitative agreement with the model developed above, con-
This study has been devoted to the analysis of three kindserning predicted transitions in the demodulated LF profile.
of transitions in the demodulated signal. However, it is pos-The quantitative comparison of experiments and theory is
sible to extend as well the general results to other type o€urrently in progress.
transitions. The theory developed here indicates that the registration
of parametrically excited low-frequency acoustic waves
V. CONCLUSIONS might be a way to get information on the propagation of HF
acoustic waves, which are rapidly attenuated by absorption
A model of parametric transmitting antenna in granularor scatteringand because of this it is difficult to detect them
media is developed, which takes into account velocity disdirectly). The proposed method can be adapted to any me-
persion, frequency-dependent absorption, and frequencytium characterized by nonsingular macroscopic nonlinearity,
dependent scattering of acoustic waves in granular medigcattering, absorption, and dispersion. Consequently, it might
Operation of this parametric antenna is analyzed in detail ifind applications in the nondestructive evaluation of dam-
the case of the velocity difference between the HF pummged materials.
waves and the demodulated LF wave, in the case of diffusion
of attenugt(_ed HF p_rimqry waves, and in the case of transition ACKNOWLEDGMENT
from ballistics to diffusion in primary HF wave transport.
Transition in the demodulated LF profile, due to the effect This work was supported by DGAContract No.
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