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Abstract. Recent experiments on propagation of picosecond acoustic
wave packets in condensed matter have opened up a new, exciting area
of soliton physics. Single cycle strain pulses as short as several picosec-
onds can be generated in a thin metallic film, yielding local strain fields
of the order of 107%. The combination of phonon dispersion and anhar-
monicity of the atomic interaction potential may give rise to strongly
nonlinear, but stable propagation of the wave packets over a distance
of the order of several millimeters in a single crystalline material. We
present new results on nonlinear propagation of acoustic wave packets
created by nJ femtosecond optical pulses in a lead molybdate single
crystal, employing the Brillouin scattering technique as a local probe
of acoustic strain. Studies of diffraction of narrow discs of acoustic strain
show anomalous diffraction of the various Fourier components constitut-
ing the wave packet. Propagation of virtually one-dimensional nature is
studied by exciting the metal film over a large area using an amplified
femtosecond laser. We show that these data can be interpreted by means
of the Korteweg-de Vries equation and strongly suggest the development
of acoustic solitons.

1 Introduction

The discovery of nonlinear optical phenomena in various areas of experimen-
tal condensed matter physics has lead to a multitude of potential technological
applications. In comparison with the field of nonlinear optics, nonlinear wave
phenomena in acoustics have received remarkably little attention. Only recently,
acoustic solitons, an archetypical nonlinear wave phenomenon, have been gen-
erated in an elastic rod [1], using an exploding metallic flyer foil in water as
the generator of high acoustic strain. Here, unipolar (compressional) acoustic
strain fields were produced of several microseconds duration. To observe soliton
development, a very substantial degree of anomalous dispersion is required. This
dispersion was provided in the rod by the modes of an acoustic waveguide.

A completely different regime for stable soliton formation has been explored
by Hao and Maris [2][3]. It was already predicted by Breazale and Ford [4]
that, given the weak anharmonicity of a realistic solid, for a piezoelectrically
generated ultrasonic wave in the MHz regime a discontinuity - or shock wave,
another prototype nonlinearity - would only develop after a travelled distance



of, say, 500 cm. This explains why in ultrasound experiments in crystalline solids
nonlinear acoustical phenomena have remained a relatively unexplored field for
a long time. The situation changes dramatically if one replaces the MHz strain
field by a wave packet containing much higher frequency components, say, of
the order of tens of GHz, as can be generated using high intensity, ultrashort
optical excitation in a thin metal transducer [2][3][5]. Under these conditions the
discontinuity distance drops to the order of a few millimeters and experiments are
well within reach. A fortitious circumstance is the fact that the metal film is not
necessarily destroyed or modified in the optical experiments, which enables doing
repetitive experiments. The acoustic strain generated by the method of pulsed
optical excitation in a metal film in general is bipolar, therefore both anomalous
and normal dispersion may lead to acoustic soliton formation for either polarities.
It turns out that the normal phonon dispersion of longitudinal acoustic lattice
modes in crystals in combination with the lattice anharmonicity can be sufficient
to develop stable propagating solitons [2]. In general, experiments at these high
acoustic frequencies require working at liquid helium temperatures, in order to
reduce thermal damping of these acoustic fields, that otherwise prevents the
buildup of solitary waves.

The most striking difference between picosecond acoustic wave packets and
those studied in nonlinear optics is the fact that the initial excitation is a sin-
gle cycle wave packet, rather than an slowly varying modulation of the carrier
frequency. This makes the acoustic system a very interesting and new system to
study one- and higher-dimensional propagation effects in detail. As the distur-
bance is propagating with the velocity of sound and can be easily detected by
optical means, it is a much more accessible subject to study than an optical dis-
turbance. In particular, it is feasible to obtain information both on the amplitude
and the phase of the strain field by means of time domain interferometry(see e.g.
Hurley and Wright [6]).

2 Theory

In the following we will briefly introduce the ideas and concepts of nonlinear
acoustics. A finite local distortion of an anisotropic lattice u(r,t) generates a
deformation A, which is usually defined in terms of the acoustic strain tensor

n(r,t), by [7]
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describes the displacement gradient matrix elements. To obtain the correct non-
linear elastic wave equations, one has to take into account this complete expres-
sion for the strain tensor, including the last term on the right hand side (which



is neglected in linear elasticity theory). The generated strain yields a stress T' in
the crystal via the interparticle interactions. This can be found in terms of the
derivative of the lattice free energy ¢ to the Lagrangian coordinates ¢;; [§]
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The equation of motion for finite strains can then in turn be formulated in terms
of this stress tensor and the mass density p

putt:V'T, (4)

where the subscript denotes the partial time derivative. It has been shown that
for adiabatic deformation, the internal energy ¢ can be expressed as a power
series of the first three invariants of the strain tensor, in combination with the
appropriate elastic constants of second and third order [8][9]. For isotropic solids
there are five of these elastic moduli (the so called ’five-constant’ theory, see
e.g. Ref. [10]). Expressions for several crystal groups of high symmetry have also
been found by Seeger and Buck [9]. For these expressions for the internal energy
(consisting of 36 terms for the cubic symmetry group) we refer to literature. In
the case of one-dimensional propagation along an axis of high symmetry, the
equation of motion however reduces to the simple form [4]

PULE = YUz + QU UL, - (5)

The last term on the right side is the quadratic nonlinearity, due to the geometric
nonlinearity of (1) and the cubic terms in the inter-atomic potential. The non-
linearity coefficient o depends only on the propagation direction in the crystal
[11]. For the [001] direction in a cubic crystal the two constants of (5) take on
the form [4]

v = Css
a = (3C33 4 C333) , (6)

where the coefficients C's3 and C333 are the second- and third-order elastic moduli
in the [001] direction. For most solids, the contribution of the third order modulus
is larger than the geometric term and has a negative sign, yielding an o < 0.

Up to this point we have not taken into account any dispersion in the equation
of motion. In the case of longitudinal acoustic lattic vibrations (LA phonons) in
a crystalline solid, the dispersion due to discreteness of the lattice can be written
as

sin |ka /2| . (7)

w =

As we will be dealing with vibrations of small wavevector , i.e. in the center of
the Brillouin zone, it is sufficient to approximate this dispersion relation by its
first two nonzero expansion terms

w = vok — Bk* |
3
v
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where wy,q, is the LA angular frequency at the edge of the Brillouin zone. This
dispersive correction can be put into (5), leading to a fourth order spatial deriva-
tive (see e.g. Hao and Maris [2]). At this point it is further convenient to switch
from the displacement coordinate u to the z-component of the acoustic strain
n. This is done by differentiation of (5) with respect to the z-coordinate. Given
the initial wave packet at ¢ = 0 of amplitude 7y and shape ¥(z), the resulting
boundary value problem including dispersion, reads

a 0
Net — CoMzz — PYE (M=) — 2¢0fNzzz2 =0,

n(z,t = 0) =not(z) - (9)

Finally it is convenient to transform to a moving frame coordinate system,
defined by the parameters t’ = t, y = z—cot. After substitution of these variables
we arrive at terms consisting of only one derivative with respect to the traveling
coordinate y, except for one term having a double time derivative 1+ . Neglecting
this term will not change the behavior up to first order [10], as this is a ’slow’
coordinate with respect to the evolution of the wave packet. Integrating the
resulting expression once, we finally obtain the equation
i777721 + Byyy =0

n(y,t" =0) =no(y) . (10)

This is the well-known Korteweg-de Vries (KdV) equation, describing for exam-
ple the formation of stable wave packets (solitons) in a narrow water channel.
It can be shown that solutions of (10) also fulfill its spatial derivative, although
the reverse is not necessarily true. In the next section we shall describe how to
connect this equation to experiments on acoustic wave packets.

Ny + 2000

3 Physical Parameters

To make the step from (10) to an experimental configuration, the parameter
range of interest for nonlinear acoustics will be discussed in this section. A general
discussion of the boundary value problem of the Korteweg-de Vries equation for
arbitrary ¥ (y,t = 0) can be found e.g. in Karpman [12]. The relevant parameter
for KdV solitons turns out to be the similarity parameter o, defined as

ano 1/2
g = lo <2p00ﬁ> . (11)

Here [y and ng denote the spatial width and the amplitude of the initial strain
perturbation, « and (3 are the nonlinear and dispersive parameters, respectively.
The condition for the generation of a soliton from an initial perturbation depends
on the integral - or first moment - of the initial wavepacket:

w=| (e de | (12)



Table 1. Parameters characterising the experiments of Hao and Maris compared
with those of the present experimental configurations (Sec. 5 and 6). ** Values for a
typical strain of 1074

Parameter Units Hao and Maris [2] Sec. 5 | Sec. 6
lo nm 20 180 290
Tpump J 2.107° 1078 1073
Wpump cm 1.5-1073 1.1-1073 0.15
Prax W cm™? 10° 10"° 10"

Si [100] | MgO [100] | Al;O3 [0001] | PbMoOy [001]
Co 10° cm/s 8.48 9.05 11.23 3.63
3 107 em®s7 || 1.8 1.6 3.75 13.6

« TPa -0.373 -4.02 -1.83 -1.0
o 4.6 12.5 4.8 21.7 35.0
N ** 0.6 1.6 0.6 2.8 4.5
lh ™ nm 13.9 4.3 13.0 21.5 21.0
Aci/eo ™* 107* 0.04 2.28 0.09 2.5 2.9
thickness d mm 0.315 0.495 2.01 5.0 5.0

If pg # 0 then always at least one soliton will form. When, however, pg = 0,
a soliton will only develop if 02 > 7 [12]. With increasing ¢ more solitons will
separate from the wave packet. An approximate value for the number of solitons
can be found from the inverse scattering transform for large values of o [12]:

V= <7Ti‘/6) /1b(§)<0 \/m - 13)

Note that in this limiting case, the number of solitons only depends on the
negative part of the initial perturbation.

In Table 1, relevant parameters both of the experiments by Hao et al. and
ours, described later (see Sec. 5 and 6) are shown. Clearly one can notice impor-
tant differences between both experimental configurations. The most significant
difference is the initial pulse width [y, caused by the difference in transducer
thickness. The resulting higher value of ¢ is partially compensated by the dif-
ference in propagation velocities and, most importantly, by the high dispersion
coefficient of lead molybdate. This influences the soliton solutions of the system,
both in energy content and in propagation velocity. It is well known that the
shape of a Korteweg-de Vries soliton is given (in moving frame coordinates) by

n-(y, ') = a, sech” lr_l (y — Ac,t') (14)



where 7, denotes the wave function in strain of the r-th soliton developing from
an initial wave packet. The soliton width, .., is given by

24
I, = /LOB ’ (15)
aa,

and the velocity change of the soliton relative to the sound velocity, Ac,/co, is

given by

Ac, aa,
o Tl (16)
0 PCo

For large values of o, the strain amplitude of the r-th soliton can be approximated

by [12]
3 2
arzg<1+«/l+202/3—2r) . (17)

From these expressions it follows that, for large o, the amplitude and velocity of
the solitons depend mainly on the material parameters and 7y, and not so much
on ly. Due to the high dispersion coefficient of lead molybdate, solitons in the
current experimental configuration will not only be broader than those observed
in the experiments of Hao and Maris, they will alse propagate relatively faster.
Theory predicts that in all four configurations of Table 1 one or more acoustic
solitons will be generated at an initial strain of 10~%. It should however be
realized that a 290 nm wide pulse contains much more energy than one of 20
nm width of equal strain, meaning that much more pump pulse energy will be
needed to achieve such a perturbation.

4 Experimental Setup

Inelastic scattering of a single-mode argon-ion laser operating at 514 nm was used
to probe the local strain Fourier components in a transparent crystal (see Fig. 1).
The scattered radiation, for anti-Stokes scattering shifted upward in frequency
and for Stokes shifted downward, is analyzed using a quintuple-pass Fabry-Pérot
interferometer (Burleigh model RC-110) and standard photon counting appara-
tus. For the kHz-excitation experiments of Sec. 6, additional electronic gating of
the photomultiplier signal was required to cope with the small duty cycle because
of the short interaction time in the scattering volume and the low pump repe-
tition frequency. Wavevector conservation in the scattering plane ensures sensi-
tivity of the Brillouin signal for single Fourier components of the wave packet,
although this condition is partly relaxed due to the tight focusing (wg = 3.5
pum) of the argon-ion laser.

The sample is a lead molybdate (PbMoQ,) single crystal of 10x5x6 mm
dimension, with its c-axis oriented perpendicular to the 10x5 mm? interface.
Lead molybdate was mainly chosen because of its extraordinary high acousto-
optic coupling parameter. Further, the large acoustic dispersion parameter, as
shown in Table 1, leads to a large l5, and thus to a larger fraction of the acoustic
power in the lower part of the spectrum, that is accessible in Brillouin scattering
experiments.

3



Metal Crystal Single-mode laser
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Fig. 1. Top view of the Brillouin scattering configuration in the crystal

A 500-nm gold transducer is deposited onto the 10x5 mm? interface, with
a 5-nm chromium interlayer for better adhesion. It is known from experiments
by Wright et al. [13] that the width of an acoustic wave packet generated by
femtosecond optical absorption in gold is not determined by the optical skin
depth of 12 nm, but rather by the ballistic transport length of hot electrons
within the electron-phonon relaxation time of about 1 ps. The tails of the acoustic
wave packet will therefore be several hundred nanometers wide. The sample
is contained in an optical flow cryostat at liquid helium temperatures, which
is necessary to eliminate damping of the acoustic wave packet from thermal
phonons. Damping of monochromatic, low-amplitude GHz phonon beams has
been studied previously in lead molybdate by Damen et al. [14] and is found to
correspond at liquid-helium temperatures to mean free paths much larger than
the crystal dimensions.

Two different types of femtosecond pulsed laser systems have been used as
an excitation source for the acoustic strain. For the diffraction experiments of
Sec. 5, a mode-locked Ti:sapphire laser operating at 800 nm was used, deliv-
ering 160 femtosecond pulses of 10 nJ/pulse at 76 MHz (Coherent Mira 900).
Previous experiments on mode-locked acoustic wave packets using this setup
have been described in Ref. [15]. Recently, an amplified system was incorpo-
rated in the setup, delivering 130 femtosecond laser pulses of 1 mJ/pulse at 1
kHz (Spectra Physics Hurricane). Section 6 describes the first results obtained
using this excitation source. A longitudinal acoustic wave packet generated in
the transducer by optical absorption generally has two polarities of strain. The
initial compressional strain propagates in two opposing directions, of which one
is usually reflected from the interface with a lower impedance material (helium),
giving an inversion of the strain polarity. The shape of the wave packet can be
controlled by changing the acoustic environment of the transducer. We use two
different excitation geometries, one is excitation from the helium-gold interface,
the other from the crystal-gold interface.



5 Propagation and diffraction of picosecond acoustic
wave packets

Before we describe our experiments we note that for a detectable strain ampli-
tude in case of a modelocked Ti:sapphire laser, the pump beam has to be focused
to a waist wg of about 11 pum. The limited width of the corresponding acoustic
beam leads to significant diffraction of the lower, GHz frequency components.
Diffraction of low amplitude monochromatic phonon beams has been studied
extensively in lead molybdate by Damen et al. [16] and it was shown that the
waist of the strain, wpy(2), follows the Fraunhofer diffraction law corrected with
a weak phonon (de)focusing:

won(2) = wo <1 + (ﬁ)j " , (18)

where p denotes the phonon focusing parameter (p = 0.173 for lead molybdate
[17]). The corresponding theoretical divergence angle 6y, is given by
Wo Aac
Y i) G- 2) 1

We will measure the diffraction of several frequency components of an acous-
tic wave packet using the same method as in Ref. [17]: scans of the pump beam
transverse to the acoustic beam were taken with micrometer resolution, while
keeping the Brillouin scattering condition fixed. The interaction volume (over-
lap between acoustic beam and argon-ion laser focus) is determined by the focal
volume of the argon-ion laser in the sample, which is estimated to be a cylinder
of 10 ym? by 50 pym inside the crystal.

First, the input Fourier spectrum of the wave packet was determined at room
temperature, by measuring the diffracted intensity directly after the transducer
at various scattering angles. We use the crystal-gold side excitation geometry in
these experiments, yielding a Brillouin signal in the frequency region of interest,
a factor of 50 higher than in the case of the gold-helium geometry. The observed
Fourier spectrum is shown in Fig. 2. The spectral resolution in these measure-
ments is limited to 280 MHz due the small size of the interaction volume (and
the concomitant spread in diffraction angles)

At the frequencies indicated by the arrows in Fig. 2 (corresponding to maxima
and minima in the spectrum), further experiments were performed at T =5 K.
At each scattering configuration, the acoustic beam width was measured as func-
tion of propagation distance in the crystal for different excitation intensities.
Typical traces are shown in Fig. 3 for an acoustic frequency of 7.2 GHz. At low
excitation intensities, the observed beam divergence corresponds to the behavior
expected for linear propagation, according to (18). For increasing pump inten-
sities, however, anomalous behavior is observed, leading first to an increase in
diffraction and, above 1.5 mJ/cm?, to a steep decrease of the beam divergence.

The measured diffraction angle normalized to the theoretical value of (19),
versus pump intensity, is shown in Fig. 4, for the frequencies indicated in Fig. 2.
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Fig. 2. Frequency spectrum of the acoustic wave packet (crystal-gold side excitation).
Arrows indicate positions where diffraction experiments have been performed.

Again, the diffraction is seen to converge to the linear theory towards low pump
intensities for most of the frequencies under study. Significant deviation occurs
however, both in the low-intensity and the general behavior, for the minima in the
spectrum of Fig 2 (at 3.8 and 6.5 GHz frequencies). These show a diffraction ratio
significantly smaller than unity at all pump intensities. At the other frequencies,
the normalized diffraction is seen to change for increasing excitation intensities.
At intensities above 1.5 mJ/cm? clearly a steep decrease in diffraction is found at
the maxima of the spectrum (see Fig. 2). The behavior of the 2.2 GHz component
differs from that of the other frequencies by a decrease of the diffraction even
at lower pump intensities. Unfortunately, our current sensitivity is not sufficient
to measure below 0.1 mJ/cm? pump intensities and does not permit to enter
the purely linear diffraction regime (of Ref. [17]). At higher pump intensities the
experiment is limited by the output power of the Ti:sapphire laser.

In order to study the propagation of the complete Fourier components, the
total acoustic power in the selected modes is computed as a function of z and
power by integration of the Brillouin signals over each transverse scan. The re-
sulting traces, normalized to the value measured directly after the transducer, are
shown in Fig. 5. The main observation is that the acoustic power is continuously
redistributed among the Fourier components constituting the wave packet. It is
further remarkable that the behavior is different for the various selected Fourier
components and depend on the pump intensity. For example, the acoustic power
in the minima of the spectrum of Fig. 2 (at 3.8 GHz and 6.5 GHz) tends to
increase during propagation, while the maxima show a significant decrease. This
suggests that the spectral minima are the most sensitive to the effects of acoustic
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Fig. 3. Typical scans of the acoustic beam width as a function of propagation distance
at v = 7.2 GHz, for several pump intensities. The solid line denotes the theoretical
divergence (18) due to Fraunhofer diffraction

nonlinearity, which might be a clue in understanding their anomalous diffrac-
tion at low pump intensities in Fig. 4. All our measurements suggest that we are
dealing with a regime in which nonlinearity plays an important role and signifi-
cantly influences the diffraction of the wave packet. Attempts have been made to
describe the observations of Fig. 5 by simulations based on the one-dimensional
wave equation of section 2 (results not presented in this article). Although exact
fits could not be obtained, the qualitative behavior of the different parts of the
spectrum could be reproduced within reasonable agreement. These simulations,
for the relevant parameters (see Table 1), show significant self-steepening of the
wave packet, combined with the onset of dispersion, for strains of the order of
1075, Work is in progress to include diffraction into the wave equation in order
to explain the nonlinear diffraction of the wave packet in this regime.

Acoustic beam propagation in the nonlinear regime has been studied exten-
sively in the absence of dispersion, giving rise to the formation of shock waves
(see e.g. Ref. [10]). It was shown that compressional shock waves tend to de-
focus while rarefaction shock waves will focus. As we are dealing with bipolar
wave packets in which only the compressional wave is stable to dispersion (as we
learned from the simulations mentioned above), an increase in diffraction with
excitation power would be expected from this theory, which clearly is contradic-
tory to our observations at high pump intensities.

Another mechanism which could lead to a decrease in diffraction is the re-
fraction of the acoustic beam due to a radial thermal gradient in the crystal.
It is known that an increase in lattice temperature in the center of the beam
leads to refraction of an acoustic wave which has a focusing effect [10]. This
mechanism however would equally work for all Fourier components, and would
strongly depend on the amount of energy deposited in the system and thus on
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Fig. 4. Divergence angle of the different frequency components indicated in Fig. 2
normalized to the theoretical values of (19), as a function of pump intensity.

the pump intensity. Further, at low temperatures the phonon mean free paths
are so long that significant localized heating of the crystal is absent.

The problem of propagation of a cylindrical symmetric beam and the forma-
tion of solitons in a quadratic nonlinear medium with dispersion has become a
lively subject to study very recently in the case of optical fields [18], [19], [20],
[21]. The mechanism leading in Ref. [19] to stable spatial solutions is the con-
tinuous up- and down-conversion between coupled modes, which in combination
of either normal or anomalous dispersion leads to a wave-front reshaping which
compensates the positive curvature due to diffraction. In the optical case of sec-
ond harmonic generation generally only three modes are present, whereas we
are dealing with a large number of modes of the acoustic wave packet (note that
one can see a single cycle wave packet as a very broad spectrum of harmonics).
It seems however, that the physical principles underlying the coupling between
these modes are equal, so similar behavior might be expected. To which extent
these mechanisms are indeed present in our current experiment will be a subject
of future study.

6 One-dimensional propagation experiments

Although the physics of three-dimensional wave packet propagation is an ex-
tremely interesting subject of studies, one would certainly also want to be able
to perform a more one-dimensional propagation experiment. It is not possible
to make a large-area acoustic field which is intense enough for nonlinear acous-
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Fig. 6. Frequency spectrum of the acoustic wave packet, obtained using a 1kHz, high
intensity pump laser (helium-gold side excitation). Inset: acoustic wave packet profile
obtained from fitting the power spectrum.

tics to play a role using a mode-locked Ti:sapphire laser. Therefore, experiments
have been initiated employing an amplified ultrafast laser system as described
in section 4. The 1 mJ/pulse output of this laser is, without attenuation, weakly
focused onto the metal transducer by a lens of f = 1.6 m focal distance. The
local optical intensity at the transducer is varied by changing the distance be-
tween lens and sample (always kept smaller than f), in combination with a
1.5 mm pinhole near the sample to maintain a constant illuminated area. It
was observed that even transparent materials like quartz show irreversible dam-
age when exposed to a peak power density above 103 W/cm?. The damage
threshold for a gold film at room temperature was determined to be an order
of magnitude lower. The minimal optical waist at the gold film was therefore
limited to 1.5 mm. At these high pump intensities significant nonlinear optical
effects could be observed in the lead molybdate crystal, therefore experiments
were performed in the helium-gold side excitation geometry, preventing the light
to enter the crystal.

The incident acoustic frequency spectrum was obtained at 7" = 5 K, which
is shown in Fig. 6. We observe a peak at an acoustic frequency of 3 GHz, which
corresponds to the gold film thickness of 500 nm. The inset shows the acoustic
wave packet that fits the measured power spectrum. The obtained fitting pa-
rameters are: [p = 290 nm for the width of the tails of the packet and r = 0.4 for
the reflectivity between gold and lead molybdate. At the frequencies indicated
by the arrows in Fig. 6, traces were made at 7' =5 K as a function of propaga-
tion distance into the crystal for different pump intensities. The results of these
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Fig. 7. Scans of the acoustic power of the frequency components as indicated in Fig.
6 as a function of propagation distance into the lead molybdate crystal, for different
pump intensities. Arrows on the right indicate vertical offsets for the individual traces.



experiments are shown in Fig. 7. One immediately sees that the propagation
is strongly anomalous at all frequencies under study, indicating the presence of
nonlinear acoustical effects. One is able to discern oscillations in the propagation
at frequencies above 4 GHz, which indicate that acoustic power is redistributed
over the spectrum in a coherent manner. The initial spectral peak at 3.1 GHz
is decreasing rapidly as the wave packet propagates into the crystal, until the
intensity is about as high as at the other frequencies in the spectrum. This is
also a strong evidence for the redistribution of acoustic power over the spectrum.

Numerical simulations of the one-dimensional KdV equation, with an initial
wave packet as found from Fig. 6 yield a propagation of the Fourier components
in qualitative agreement with our experimental findings. Typical evolution of
the spectral components over the propagation distance is shown in Fig. 8. The
spectral maximum at 3.1 GHz decreases within 1 mm propagation distance,
while oscillations appear at significantly higher frequencies than generated in the
initial wave packet, and start shifting through the spectrum. In these simulations,
multiple solitons can be observed at a strain of the order of 10~*, which is in
agreement with the estimate of Table 1. The similarity between simulations and
experiments strongly suggests that we are indeed in a regime in which wave
packet propagation is dominated by nonlinear and dispersive terms. To which
extent dispersion plays a role to form stable packets, i.e. to an acoustic soliton,
can however not yet be determined with certainty. Better quantitative agreement
between simulations and experiments is needed to determine whether the wave
propagation can be described effectively by the one-dimensional KdV equation.
Further experiments, also on different crystalline materials, will have to shed
more light on these questions in the near future.
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Fig. 8. (right) Propagation of the acoustic wave packet obtained from Fig. 6 over a
distance of 5 mm through the crystal. (left) Evolution of individual spectral components
as a function of propagation distance.



7 Conclusion

The propagation of an 80 picosecond acoustic wave packet has been studied
in a lead molybdate single crystal. Diffraction of individual frequency compo-
nents has been shown to converge to the linear theory of Fraunhofer diffraction
combined with phonon focusing at low excitation intensities, for all frequencies
except those at the minima of the spectrum. At higher pump intensities however,
anomalous diffraction is observed at all frequencies, its characteristics changing
over the spectrum in a nontrivial manner. This anomalous behavior has not yet
been explained quantitatively, although we suspect that the explanation might be
found in the coupling between acoustic frequencies in combination with disper-
sion. This mechanism might provide the necessary reshaping of the wave front
which can counterbalance diffraction, as has been observed for light pulses in
second harmonic generation in quadratically nonlinear optical systems. Further
experiments, extending the dynamic range in both the high- and low excitation
intensity regimes, will be performed in the near future.

Results on one-dimensional propagation at high peak intensities show strongly
nonlinear propagation of frequency components of the wave packet. Oscillations
appear which can be explained by a coherent redistribution of acoustic power
over the spectrum. Comparison with the theory of nonlinear wave propagation
shows that similar features are an indication of self steepening and even soliton
formation. This strongly suggests that we are in a regime of strong nonlinear be-
havior, which is remarkable considering the relatively low frequency range under
studies. It is however consistent with the expected parameters for nonlinearity
and dispersion in the lead molybdate system. Future experiments, especially in
combination with time domain spectroscopy, will certainly provide more insight
in the nature of wave packet evolution at these experimental conditions.
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