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The experimental results in the field of laser generation of acoustic pulses of duration less than 1
ns are reviewed. The various physical mechanisms of optoacoustic conversion are analyzed
theoretically. Possibilities are shown for shortening the duration of optoacoustic pulses by
increasing the intensity of the laser exposure. The prospects of initiating ultrashort, strong shock
pulses with high-power femtosecond light pulses, are discussed.

1. INTRODUCTION. HIGH-POWER PICOSECOND AND
FEMTOSECOND LASER PULSES IN OPTOACOUSTICS. ON
THE PATH TO GENERATING EXTREMELY SHORT ACOUSTIC
PULSES

The studies and developments of recent years in the
field of the physics and technology of generating pico- and
femtosecond laser pulses have led to truly record-breaking
advances. The lengthy and demanding studies of many re-
search groups over nearly 25 years following the quest of the
shortest possible light pulse have been followed almost to the
end. In the visible range of the optical spectrum pulses have
been obtained with a length of тъ дгбХ'Ю"1 5 s, i.e., pulse
lengths of only three periods of the light oscillations.1 In the
far infrared region, experiments have been performed on the
generation of short bipolar pulses—pulses of duration of
"one period of oscillation," which amounts to ~10~12-
10-13s.2

At the same time, the progress of the technology of gen-
erating femtosecond laser pulses, "focusing radiation energy
in time," has led also to a new jump in the intensity scale, a
breakthrough into the region of light intensities /;= 1019-
1020 W/cm2, energy fluxes Ws ~ 104 J/cm2, and volume
concentration of light energy reaching Wv ~ 1010 J/cm3

(Ref. 3).
Femtosecond lasers have revolutionized the optical

spectroscopy of fast processes; the extremely short light
pulses have made it possible to measure directly the time-
dependent linear and nonlinear response of atoms, mole-
cules, and condensed media.4'5

Experiments on the interaction of high-power femtose-
cond pulses with atoms, molecules, and condensed media
have led to new and, in many cases unexpected results. These
include the discovery of "above-threshold" effects of ioniza-
tion of atoms and generation of high (of ~20-30th order)
optical harmonics in gases in superstrong light fields,6'7

"cold" melting of semiconductor single crystals,8'9 and gen-
eration of dense femtosecond laser plasmas having an elec-
tron temperature reaching Tc ~ 1 keV.10~12

We can naturally expect that the invention of genera-
tors of short, high-power radiation pulses in other regions of
the electromagnetic spectrum, of short electron clusters, and
short and powerful elastic pulses will lead to no less signifi-
cant results. Substantial results have already been obtained
along this line. The laser plasma created by the fast heating

of strongly absorbing semiconductor and metal targets by
high-power femtosecond laser pulses is an effective source of
pico- and subpicosecond pulses of soft x rays.13'14 The high
efficiencies of conversion of laser radiation into x rays at-
tained in these experiments (now one speaks of efficiencies
exceeding 77 ~ 10%; see Refs. 14and 15) make it practical to
obtain soft x ray intensities of Ix 1012-1014 W/cm2, i.e., in-
tensities sufficient for performing experiments in the field of
nonlinear x-ray optics.

The prospects of the physics and technology of ultra-
short acoustic pulses also look very attractive. The spatial
extent of an acoustic pulse of duration ra s; 10~12 s is

L « с т »5-10~7етп = 50A.
ft U и

In a solid this is larger than a lattice constant by only an
order of magnitude, which is of fundamental interest for
acoustic spectroscopy and diagnostics.

In spectroscopic language the transition to picosecond
acoustic pulses means the mastery of the previously inacces-
sible range of acoustic frequencies exceeding va ^ 100 GHz.
The concentration of acoustic energy in such small time in-
tervals enables one to rely on obtaining high sonic pressures
exceeding Pa ~ 109 bar. Undoubtedly, as in the technology of
short, ultrahigh-frequency electric pulses and that of ultra-
short x-ray pulses, the exposure of a condensed medium to
pico- and femtosecond laser pulses to excite ultrashort
acoustic pulses is a highly promising route, especially in the
laser excitation of coherent deformation pulses.

The mechanisms of optical excitation of such pulses are
varied. Acoustic pulses are excited in optical breakdown,
and in the ablation of matter by heating a solid target with a
laser beam. In addition, methods based on nondestructive
exposures of matter to optical radiation are effective. Figure
1 illustrates schematically the principal mechansims of op-
toacoustic interaction pertaining to generation of short co-
herent deformation pulses and coherent packets of optical
and acoustic phonons. Figure 1 (a) shows a nondestructive
mechanism of thermoelastic sound generation practically
universal for laser optoacoustics. Heating of a near-surface
layer of thickness /p ~a~', where a is the optical absorption
coefficient, leads to non-steady-state thermoelastic stresses
and to the excitation of a bipolar coherent deformation
pulse. The relative slowness of the processes of heat dissipa-
tion is the reason for the slow response of this mechanism.
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FIG. 1. Diagram of the optoacoustic conversion of short la-
ser pulses, (a)—Generation of a bipolar acoustic pulse via
deformation of the absorbing cyrstal by optical heating, b—
Optoacoustic generation of a coherent deformation pulse in a
semiconductor. The photoexcited carriers deform the crystal
lattice; the polarity of the acoustic pulse of "one-period" du-
ration depends on the sign of the deformation potential
(d^O). с—Generation of optical and acoustic phonons in a
transparent medium by biharmonic laser pumping, d—Gen-
eration of shock waves arising from the pressure of the ex-
panding laser plasma near the surface of the metal target.

For subnanosecond laser pulses, the duration of the acoustic
pulse generated by the thermoelastic mechanism usually ex-
ceeds the time of passage of sound through the region of light
absorption [та £ (aca) ~' ].

One can obtain substantially shorter acoustic pulses in
semiconductor crystals by using the so-called concentra-
tion-deformation mechanism: carriers excited by the laser
light induce stresses in the crystal lattice (Fig. Ib).

The corresponding external force in the acoustic wave
equation for the lattice displacements has the form

F - -AM
" P0 dz'

Here d is the deformation-potential constant and n is the
density of the electron-hole plasma.

The rate of generation of photoexcited carriers at the
leading edge of the laser pulse is determined by the rise time
and intensity of the optical field. Moreover, in contrast to the
temperature, the relaxation of the concentration of free car-
riers is determined not only by diffusion, but also by recom-
bination of electron-hole pairs. The rate of the latter process
can be increased by increasing the concentration of carriers,
i.e., altering the density of light energy. The ensuing possibil-
ities of controlling the evolution of the electron-hole plasma
give promise of obtaining acoustic pulses of duration ra ~rL

withrL=;10~12s.
Optoacoustic sound generation is possible also in a

transparent medium. Here the most effective mechanism is
electrostriction. The corresponding coercive force in the
acoustic wave equation has the form

Fs~

In a biharmonic optical field we have

E = Euexp[i(2*vu< - R^) ] + EL2exp[i(2rcvL2< - k2r) ] + c.c.

(1.1)

Electrostriction results in the generation of phonons at
the difference frequencies П = 2w(v^ — vL 2). The corre-
sponding diagram of generation of short coherent bursts of
acoustic (and optical) phonons is shown in Fig. Ic-the enve-
lopes of the components of the biharmonic wave of (1.1)

represent the short light pulses £L1 (t) and Eu ( t ) .
Finally, Fig. Id illustrates one of the methods of gener-

ating elastic shock waves excited by an expanding laser plas-
ma formed at the surface of a metal target. The duration of
the acoustic pulse is largely determined by the rate of cooling
of the laser plasma. Here the problems of reducing the pulse
length are actually the same as in the generation of short x-
ray pulses. It must be noted that the diagrams shown in Fig.
1 have been already studied for a rather long time in laser
optoacoustics.

However, the recently developed technology of high-
power femtosecond laser pulses, forms the basis for studies
directed at revealing the ultimate potentialities of optoa-
coustic conversion and the ultimate characteristics of optoa-
coustic sound generators. At least three lines of study seem
especially promising:

1. Optoacoustic converison of femtosecond laser pulses
is absolutely the most effective method of obtaining extreme-
ly short acoustic pulses (here we must bear in mind the fact
that now such pulses can be obtained in the far infrared,
throughout the visible, in the near ultraviolet, and in the soft
x-ray ranges of the electromagnetic spectrum). Theoretical
estimates show that this is a question of coherent pulses of
duration ra % 100 fs: several specific schemes for generating
them have been proposed.

2. By using high-power femtosecond laser pulses one
can realize the ultimate potentialities of optoacoustic gener-
ation of short coherent bursts of acoustic and optical phon-
ons.

Femtosecond pulses enable one to realize the limiting
optical strength of a transparent medium as determined by
the tunneling ionization of the atoms (see Ref. 3 and Fig. 2,
which shows the dependence of the optical-breakthrough
threshold of a medium on the pulse duration "). The ideas
involve experiments on the nondestructive interactions of
short laser pulses with a condensed medium, which can be
performed at a light-intensity level reaching /~ 1013-1014

W/cm2. We note that even experiments on coherent genera-
tion of phonons by means of biharmonic pumping per-
formed at the level /~ 109 W/cm2 have recently enabled re-
searchers to detect reliably the nonlinear relaxation of
strongly nonequilibrium excitations of the crystal lattice; see
Ref. 17 (for the earlier history of studies on nonlinear relaxa-
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FIG. 2. Intensity-time diagram and the physics of the interaction oflaser
radiation with matter. The region of nondestructive interaction of laser
pulses with a transparent medium is hatched. Some characteristic intensi-
ty scales are indicated here.

tion of nonequilibrium phonons, see Ref. 18).
3. Finally, high-power femtosecond laser pulses bring

to acoustics, and especially to nonlinear acoustics, new
schemes of optoacoustic interaction and stimulate new for-
mulations of the physical problems. At an intensity /~ 1018

W/cm2, the light pressure on the absorbing medium reaches
PL ~IL/CL ~ 3 X Ю8 bar. Laser melting of the surface of a
strongly absorbing semiconductor crystal in the field oflaser
pulses with rL ;= 10"13 s occurs at an energy density at the
target Ws ~0.2 J/cm2, i.e., at an intensity /~ 1012 W/cm2.
At quite accesible energy flux densities Ws ^ 104 J/cm2, the
amplitude of the ultrashort shock pressure pulse, as the esti-
mates show (see also Sec. 4 of this review), can reach
Pa ;= 109 bar. We note also a unique new state of matter that
arises as a result of the fast heating and ionization of the
absorbing medium by femtosecond laser pulses-the femtose-
cond laser plasma.19 It is heated to temperatures of 1 keV
(T~ 107 K) at the solid-state density n{ ~ 1022-1023 cm"3,
and can possess also unusual acoustic properties As we see,
the advances of the technology of ultrashort laser pulses pose
completely new problems for physical and applied acoustics.

This review presents an analysis of the results already
obtained in these new fields, and attempts to sketch the
promising directions of study. We begin with a review of
(Sec. 2) the physical mechanisms of excitation of short
acoustic pulses and a summary of the experimental results;
particular emphasis is placed on the technology of detecting
short acoustic pulses. Section 3 presents the contemporary
thoery of optoacoustic converters that employ the nondes-
tructive action of short laser pulses on matter; the various
physical mechanisms are compared from the standpoint of
obtaining extremely short pulses. Section 4 examines the fea-
tures of sound generation in the process of ablation of targets

irradiated with high-power pico- and subpicosecond laser
pulses. Major attention is paid to the factors that determine
the duration and pressure of the shock elastic pulse excited
under these conditions. Section 5 is devoted to analyzing the
physical factors that influence the duration of ultrashort
acoustic pulses. Some problems of nonlinear acoustics are
discussed that are very closely associated with the progress
in the field of pulsed hyperacoustics. We also discuss the
possibilities of using nonlinearities in an optoacoustic con-
verter (nonlinear absorption, screening of electric fields,
nonlinear recombination of carriers, etc.) to shorten the
acoustic pulse. Finally, in conclusion, we briefly discuss the
prospects of using extremely short acoustic pulses in spec-
troscopy, diagnostics of short-lived nonequilibrium states in
condensed media, in nonlinear acoustics, and the physics
and technology of the action of high-power short acoustic
pulses on matter.

2. PHYSICS OF LASER EXCITATION OF ULTRASHORT
ACOUSTIC PULSES. METHODS OF GENERATION AND
MEASUREMENT

The aim of this section is to present a view of the experi-
mental technology of present-day subnanosecond and pico-
second optoacoustics. As was pointed out in the Introduc-
tion, femtosecond lasers enable one to reach the limits
imposed by the principle of physics in generation of short
acoustic pulses and in creating high-frequency acoustic
sources. The limiting frequency for acoustics va ~ 10 THz
(at this frequency the acoustic wavelength is comparable to
the interatomic distance in matter) can be excited by using
optoacoustic conversion of a single laser pulse of duration
rL ~ 10~13 s, or a light wave modulated in amplitude at tera-
hertz frequencies.

The main problem here is the optimal choice of a fact-
response mechanism of conversion that will provide a high
efficiency in generating coherent deformation pulses.

Of greatest interest from this standpoint are the "non-
destructive" methods of optoacoustic generation of bipolar
(also called acoustic pulses of one oscillation period) or uni-
polar acoustic "videopulses" (see Fig. 1).

In addition, the ablation of strongly absorbing targets in
the field of high-power femtosecond laser pulses leads to
generation of short shock pulses (with a duration of several
tens of picoseconds).

Just as in femtosecond laser optics, one of the key prob-
lems in picosecond hyperacoustics proves to be the develop-
ment of adequate methods for measuring the duration and
shape of the ultrashort pulses. The obvious difficulties of the
direct methods of measuring picosecond times shift the em-
phasis to various indirect methods. Therefore the role of
femtosecond laser technology in picosecond hyperacoustics
is in no way restricted to exciting short acoustic pulses: the
high sensitivity of the optical methods of measuring defor-
mations can serve as the basis of the metrology of short
acoustic pulses. The use of femtosecond laser pulses to mea-
sure short acoustic pulses enables one to develop systems
unique in time resolution and to reconstruct the profiles of
ultrashort acoustic pulses.

Pulsed (time-domain) acoustic spectroscopy based on
optoacoustic methods of generation and acoustooptic meth-
ods of detection of sound is effectively used for determining
the anisotropy of elastic moduli20 and the spacecharge distri-
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bution in dielectrics,21 for profiling the rear (hidden) side22

and measuring the thickness23 of plates.2' The creation of
optical generators of ultrashort acoustic pulses enables one
to enhance the spatial resolution in acoustic spectroscopy
and defectoscopy.27 The technique opens up possibilities of
studying elastic properties28"30 and measuring thick-
nesses30"32 of thin films, and determining the absorption co-
efficients of acoustic waves in the giga- and terahertz range
of frequencies.30'32""35

The growth in recent years in the number of experimen-
tal28,29.3i-37 and theoretical3'26-38-42 studies directed at deve-
loping optical methods of exciting and measuring ultrashort
coherent deformation pulses is undoubtedly associated with
the prospects of applying this contact-free, remote, and
when necessary, nondestructive method for fast diagnostics
of various materials.

2.1. Nondestructive and destructive methods of generating
coherent deformation pulses

The experimental optoacoustics generation of sound
pulses in a solid was obtained almost immediately after the
invention of lasers.43 By using a ruby laser, White43 was able
to obtain thermoelastic excitation of acoustic pulses with a
duration of the order of tens of microseconds. In 1970
Brienza and De Maria proposed using ultrashort optical
pulses for generating ultrashort acoustic pulses; at the same
time the corresponding experiment was performed.44 The
radiation of a picosecond neodymium-glass laser was ab-
sorbed in a metal film deposited onto the end of an LiNbO3

crystal. The exposure was made with a train of 100-150 opti-
cal pulses, the duration rL of each being rL ~ 1-10 ps. The
repetition period of the pulse in the train was 5 ns, which
corresponds to a repetition frequency vr ~200 MHz. The
15-mm-thick crystal simultaneously acted as a piezotrans-
ducer. In the experiment,44 done at room temperature,
acoustic waves were detected up to a frequency of 2 GHz,
which corresponds to the tenth harmonic of the repetition
frequency vr of the pulses in the laser train. Of course, these
data do not yet suffice for an unambiguous conclusion on the
characteristic duration of the optoacoustic pulses. The gen-
eration of sound at frequencies that are multiples of the repe-
tition frequency in the train of subnanosecond laser pulses
was realized also in the development of an optoacoustic mi-
croscope.27 In this expeirment27 acoustic signals were ob-
served at the frequency va ;s 5vr ~ 1 GHz. Yet, the profiles of
ultrashort deformation pulses were determined experimen-
tally only after more than 15 years had passed since the study
of De Maria.32'44 This delay is explained mainly by the diffi-
culties of detecting high-frequency, broad-band acoustic sig-
nals.

The most often used nondestructive methods of laser
excitation of ultrashort acoustic pulses, is the thermoelastic
mechanism of generating deformation waves, which is asso-
ciated with thermal expansion of the medium by optical
heating.28"34-40 Subnanosecond acoustic pulses were first
measured experimentally in the study of Tarn.31 The main
elements of the experimental setup used in Refs. 31 and 37
are shown in Fig. 3. The source of the pulsed optical radi-
ation was an atmospheric-pressure nitrogen laser, which
generated pulses of duration rL ~0.5 ns of energy i?L = 1.5
mJ at a wavelength Л L =:0.337 /гт. The radiation was
loosely focused into a spot of dimensions 2x0.5 mm on the
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FIG. 3. Experimental diagram31 of optoacoustic generation and detection
of 1-ns acoustic pulses in solids.

surface of the specimen, which was a steel plate of thickness
d from 12 to 260 /ип. The longitudinal acoustic waves were
detected with a thin piezoelectric transducer, a ZnO film of
thickness a^5 /mi between two gold electrodes (0.1-/mi
thick). The piezotransducer was deposited onto one of the
ends of a sapphire sound guide, the opposite end of which
was in contact with the specimen being irradiated. The sig-
nal from the transducer passed through a preamplifier of
bandwidth 5-100 MHz to an oscilloscope with a frequency
band up to 500 MHz. Figure 4 shows the acoustic signal
formed as a result of multiple reflections of the ultrashort
deformation pulses in a stainless-steel foil of thickness ds; 14
/mi.31 The full-width at half-height of the positive phase of
the first of the signals entering the detector was ra xO.8 ns.
However, we must note that the time of passage of sound
through the ZnO film was of the order of the duration of the
recorded pulses (a/ca ~0.8 ns, ca г;6х Ю5 cm/s is the ve-
locity of longitudinal acoustic waves in ZnO). Therefore, the
profiles of unidirectional deformation pulses are distorted
during recording. In other words, for a given experiment in
the frequency range va ^ T~ ' ~т^', the spectral sensitivity
of the piezotransducer is quite nonuniform. The form of the
reproduced signals can also be affected by the insufficient
band width of the preamplifier and the oscillascope. The ex-
perimental apparatus (see Fig. 3) was subsequently auto-
mated.37

In the experiment of Ref. 36, laser pulses of duration
TL zz 70 ps at a wavelength Л L s 1.06/urn and energy &L s 1-
10 mJ were used to excite ultrashort acoustic pulses. When
the radiation was focused on the target, intensitites of expo-
sure /o were attained in the range 0.14 GW/cm25/0^ 1.4
GW/cm2. A diagram of the experiment is shown in Fig. 5. A
condenser method of detecting the acoustic signal was used,
in which the sample and the air gap formed two series-cou-

,2ns

FIG. 4. Experimentally observed31 optically excited acoustic pulse
formed as a result of multiple reflections in a steel film (14-/лп thick).
Horizontal scale-2 ns div.
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FIG. 5. Experimental diagram of the method of laser-induced pressure
pulses36 for specimens with one metallized surface.

FIG. 7. Oscilloscope trace corresponding to recording35 of acoustic pulses
in water. Sweep rate 2 ns/div. Downward deflection of the oscillograph
beam corresponds to positive pressure.

pled condensers. In the case of piezoelectric specimens
(quartz), an electrode was deposited only on the front (irra-
diated) surface of the specimen. In addition, in some cases
the rear surface of the specimen (Aclar) was first charged
electrically, or an electrode deposited on the rear surface
(Teflon) was charged. Over the electrode on the irradiated
surface was deposited a layer of a material that strongly ab-
sorbed the laser radiation: either a graphite coating 2-fim
thick or a layer of metal (Zn, Cd, Pb, Bi) 0.1-0.5-/ЛП thick.
The signal was viewed with an oscilloscope with a band-
width of 1 GHz (rise time of the transient characteristic 380
ps). Signals up to 3 GHz could be preamplitifed. Figure 6
shows typical recorded profiles of short-circuit current
pulses, which resembled the pressure profiles in the acoustic
wave when electric charges existed only on the surface of the
specimen. Depending on the material of the specimen and its
thickness, the pulse lengths of the acoustic signals observed
in Ref. 36 varied from 0.5 to 0.75 ns. The authors of Ref. 36
especially note that nonparallelism of the plates of the con-
denser and spatial delocalization of the electric charges can
broaden the signals in this scheme of recording. The validity
of the last statement is indicated by the results of experi-
ments performed earlier,45"47 in which the optoacoustic ap-
paratus described in Ref. 36 was used specifically for deter-
mining the spatial distribution of charges in polymer films.
The authors of Refs. 45—47 attributed the broadening of the
recorded electric signals to 2-5 ns (and also their character-
istic shape) to the inhomogeneous depth distribution of
charges near the surface of films subjected, e.g., to irradia-
tion with an electron beam. Thus, the broadening of the sig-
nal to r~2 ns in Telfon corresponds to delocalization of
electric charges in a layer of thickness ~rca~2.6 //m
(ca s: 1.3 X 105 cm/s is the velocity of sound in Teflon47). We
note that the maximum of the charge density distribution
can lie beneath the surface of the film being studied.47

Vodop'yanov etal.35 reported laser generation of high-
power sound pulses of subnanosecond duration in liquids.

-

fc

FIG. 6. Current pulses recorded at the emergence of a pressure wave at the
rear surface of a quartz plate 190-^m thick 9 (a), and at the front surface
of an Aclar film 25-fj.m thick (b).

Single pulses from an erbium garnet laser (Y3Al5O12:Er3 + ,
TL =;80ps,/lL ~2.94^m, &L 560/^J) were used. The opti-
cal interaction occurred in hydroxyl-containing liquids with
hydrogen bonds (water, ethanol, glycerol), which have ex-
tremely high absorption coefficients at the wavelength of the
laser that was used. The sound receiver was a piezoelectric
transducer based on a film of a polycyclic oriented organic
compound of thickness as; 1.2 /лп. Figure 7 shows the pro-
file of a signal recorded when the laser radiation was ab-
sorbed in water. The signal of negative polarity corresponds
to compression at the leading edge of the acoustic wave. The
duration of the first positive phase of the signal is 0.75 ns.
The profile of the signal (see Fig. 7) is determined by the
simultaneous affect of the ultrashort deformation pulse on
the two surfaces of the transducer film (since a/ca sO.46 ns,
where ca=;2.6xl05 cm/s is the velocity of longitudinal
sound in the material of the piezotransducer). On the whole,
the situation today is that the use of different types of thin-
film transducers and electric recording circuits does not en-
able one adequately to reproduce the form of acoustic pulses.
Thus, in the experimental study48 single laser pulses having
the parameters: тъ s 30 ps. Я L zz 1.06 fim, and %ъ S 100 mJ
were used to excite ultrashort defomration pulses in a Si wa-
fer (d^2 mm). The signal from the ZnO piezotransducer
was applied via a preamplifier of bandwidth 0.1-1300 MHz
to an oscilloscope (500 MHz). In the opinion of the authors
of this study, the duration of the recorded acoustic pulses
(ra =:3 ns) was determined by the response of the piezo-
transducer to an ultrashort pulse. Dewhurst and Al Rubai23

were not able to reconstruct accurately the form of the
acoustic signal. The leading edge of the deformation excited
in an aluminum foil (d~500 fim) by radiation having
тъ ~ 30 ps, Я L ~ 1.06 fj,m, and f L ^. 8 mJ had a duration
Tf ~ 1.7 ns, which characterizes the speed of the acoustoelec-
tric converter. A polarized piezopolymeric film of thickness
a ~ 9 yum was used as the receiver of the acoustic signal in this
experiment.23

We note that as the intensity of the optical exposure was
increased the experiments of Refs. 23, 36, and 48 marked a
transition from thermoelastic sound generation to excitation
of sound by the recoil pressure in the process of ablation of
the target material. Importantly, according to the results of
Ref. 36 the generation of ultrashort deformation pulses was
also observed in the latter case.

However, this situation is apparently realized only at
relatively low intensities of optical exposure. Actually, a
considerable number of experiments have been performed
for the purpose of exciting strong shock waves in condensed
media by the use of picosecond laser pulses.49"69 Shortening
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FIG. 8. Profile of the pressure initiated by laser exposure to the metallized
surface of a quartz transducer.51

the deformation pulses was not an aim of these experiments.
Nevertheless, analysis of the obtained results shows that the
generated acoustic perturbations are not ultrashort, presum-
ably because of the broadening of the shock pulses during
nonlinear propagation.49'50

In the experiment of Ref. 51, a high-power picosecond
optical pulse was applied (TL ~2—4ps, £?L ~ 10-20 J) to one
of the electrodes of a quartz piezotransducer (jc-cut) of
thickness J~0.25-0.5 cm. With neodymium glass laser sys-
tem the illumination of the surface of the transducer
(area~l cm2 [Ref. 52]) was uniform with intensity
/L ~ 3 X Ю12 W/cm2. Despite the strong reflection of the ra-
diation of wavelength Я. L ~ 1.06//m from the aluminum and
gold electrodes (reflection coefficients R ~0.94 and
R ~ 0.99, respectively), ablation of the material led to gener-
ation of deformation waves with pressures of several kilo-
bars. A typical profile of a deformation pulse in shown in
Fig. 8. The duration of the recorded signals at half-height
was та ~ 2 ns. The length of the leading edge of the pulse did
not exceed 1 ns (rf 5 1 ns), and in the opinion of the au-
thors,51 was determined by the response time of the electrical
system for taking the signal from the transducer. The use of
piezoelectric detection also did not allow adequate repro-
duction of the profile of the shock waves (pressure Рл 5 3
kbar) excited by radiation with /1,^0.53 /zm, rLs;6 ps,
/L 52X 10n W/cm2 in the semiconductor cyrstals GaAs
and Si.

These circumstances motivated the active adoption of
various optical methods of recording. It is true that some of
these methods do not provide the necessary time resolution
either. For example, Leuna et a/.54 employed laser interfero-
metric detection of the displacement of a mirror surface as
the shock wave arrived at the surface. Despite the use of
ultrashort light pulses for generating the deformation waves
(Л L ~ 1.054 pm, TL =; 10 ps), the duration of the leading
edge of the recorded signals exceeded 1 ns: rt ~ 2 ns (Fig. 9).

In the experiment of Ref. 54 the optical exposure was

20 30

Time, ns
so

applied to an absorber (copper foil) pressed between two
optical windows made of fused quartz. The broadening of
the shock wave front may be partially due to reflections of
the deformation waves in the thin layer of oil used to make
acoustic contact between the back side of the absorber and
the quartz window. The spatial restriction of the possibility
of fast expansion of the plasma formed by ablation of the
target (Cu) leads (as was pointed out earlier5') to a substan-
tial increase in the efficiency of optoacoustic conversion.
When the radiation is focused into a spot of diameter 0.5
mm, shock waves with pressures P~20 kbar are excited
when one uses generally available lasers with energy
^L -20 mJ per pulse (7L ^ 1012 W/cm2). However, we
note that in similar schemes of action on a target the slow
expansion of the plasma leads to an increase in the time of its
effective pressure on the target, and hence, to an increase in
the shock pulse length (see Fig. 9). This situation is also
indicated by the results of the experiment of Ref. 55, in
which the shock waves were excited in an aluminium foil by
radiation with about the same parameters as in Ref. 54. The
rear side of the absorber (Al~0.12 cm thick) was in contact
with a layer of GaSe 20 /nm thick. The entire system was
clamped between optically transparent plates (Fig. 10). The
second harmonic of the fundamental radiation (A L zz0.527
fim, rL =6 ns) was used to initiate luminescence on the
surface of the GaSe56 abutting the optical window. Lumines-
cence was excited with a delay that could be adjusted with
respect to the time of generation of the shock wave in the
ablation of the aluminium to a time near when the shock
wave arrived at the probed surface of the GaSe. The record-
ing of the frequency shift of the luminescence line under the
action of pressure enables one to reconstruct the time de-
pendence of the characteristic pressure in the luminescing
region of the GaSe. In Ref. 55 a slow decline in pressure was
actually detected with a characteristic time of ~ 50 ns. The
observed duration of the leading edge of the shock wave
proved to be ~ 3 ns, which may be partially governed by the
time of passage of the shock-wave front through the pho-
toexcited region of the GaSe (the depth of the luminescence
region was ~ 5/um [Ref. 55% Subsequently, similar schemes
in which picosecond laser pulses are used to initiate pres-

Photoluminescence
receiver

Transparent
plates

clamping

FIG. 9. Profiles of the pressure in a shock wave excited with a picosecond
laser as the shock wave emerges at the rear surface of a 40-fj.m film.54 The
second peak in the profile is due to the reflected shock wave.

FIG. 10. Optoacoustic cell used in Refs. 55 and 58. /—radiation that
excites the shock wave. 2—radiation that initiates luminescence. 3—
lenses. The inset shows the spectra of spontaneous luminescence in with-
out (1) and with (2) shock compresseion.
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sures P~ 1-10 kbar and the photoluminescence is detected
have been widely applied for diagnostics of materials under-
going shock compression (solids,57"59 solutions60'61).

The use of high-power subnanosecond laser pulses
(^L ~ 1-100 J) has enabled the excitation of shock waves
with pressures of several megabars (P~ 1-10 Mbar) by the
ablation of targets. The condensed matter is heated to a high
temperature in the shock compression in such a wave. Corre-
spondingly, the emergence of the shock wave to the surface
initiates luminosity of the surface that can be detected.62"64

In Ref. 62, laser pulses with parameters A L = 1.06 /гт,
TL ~ 300 ps, and i?L ~ 20-40 J were applied to an aluminum
foil. The rear surface of the target was profiled into a stepped
form. A streak camera (50-ps resolution) recorded the lumi-
nescence formed as the shock wave emerged onto the two
displaced surfaces at the rear of the specimen. Measurement
of the delay in the appearance of luminescence from these
surfaces yields the velocity of the shock wave and the pres-
sure in it. At intensities /L ~3x Ю14 W/cm2 pressures of
P~2 Mbar were attained. According to the results,62 the
width of the leading edge of the luminescence pulse does not
exceed 50 ps. Thus the duration of the shock-wave front is
shortened by the strong nonlinearity to less than the smallest
durations of laser exposure. The experiment of Ref. 63 em-
ployed a laser apparatus with parameters similar to those of
Ref. 62, but with a faster streak camera (with a time resolu-
tion ~ 10 ps). Here the recorded width of the shock-wave
front was determined also by the time of passage of the front
of the shock wave through the skin layer from which the
luminescence was measured (~ 10 ps). In the experiments
of Refs. 63 and 64 laser generation of shock waves with pres-
sures P~ 20-30 Mbar was realized.

The nonlinear elastic effects steepen the fronts of strong
shock waves as they propagate. This enables one to obtain
shock waves with subnanosecond rise times, even when one
uses nanosecond laser exposures. Such an effect was ob-
served experimentally in Refs. 67-69 (AL ~0.53//m, TL ^2
ns, /L S 5 X Ю13 W/cm2). Figure 11 shows the time depend-
ence of the temperature of the rear of the aluminum target as
reconstructed from the results of the experiments.68 The
time to establish the maximum temperature was rf ~0.1-0.3
ns. In the experiment of Ref. 50 a shock-wave front propa-
gating in water was observed (P~40 kbar) to become

steeper to a rise time rf ~20 ps. To initiate the shock wave,
the absorber was exposed to radiation with Я L ̂  1.06 ̂ m,
TL ~ 15 ns, and <^L ~ 1 J. The pressure and velocity of the
shock wave were determined interferometrically by reflect-
ing the probe radiation of a helium-neon laser from it. The
experimental results agree with the hypothesis that the spa-
tial extent of the front of the shock wave is negligible in
comparison with the wavelength of the probe light (rf S 20
ps).

2.2. Optical methods of detecting short acoustic pulses

Analysis of the experiments with strong shock waves
certainly indicates the advantages of using optical methods
for recording fast processes initiated by the deformation of
crystals. At the same time, as is implied by the results of
Refs. 31, 35, 36, 52, and 53, the use of piezoelectric trans-
ducers and visualization of the signals with oscilloscopes
having a bandwidth under 1 GHz does not allow us to claim
adequate reproduction of the shape of even subnanosecond
sound pulses. Therefore, we can conclude that the future of
detecting high-frequency broad-band acoustic signals (pico-
second and a-fortiori subpicosecond deformation pulses)
will involve only the optical methods.

At present the progress attained in the generation and
detection of ultrashort acoustic pulses28"3032"34 is practical-
ly completely determined by the refinement of piscosecond
and femtosecond laser technology. Primarily, this is a ques-
tion of using picosecond and femtosecond lasers operating at
a high repetition rate for optoacoustic excitation and acous-
tooptic detection of deformation waves, techniques that
have been successfully applied to the study of various fast
processes in solids.70"74 The main advantage of such laser
systems (Fig. 12) is that the use of an additional low-fre-
quency modulation of the radiation exciting the acoustic
pulses and tuned amplification in the processing the probe
radiation enables one to increase substantially the sensitivity
of reception of the useful signals. It is possible, to measure
the relative variations of the reflection coefficient of the
probe radiation (including changes caused by the non-
steady-state deformation of the specimen) at the level of
10~6-10~7 (Ref. 72). The time resolution of such an optical
recording system is determined by the length of the probe
laser pulses. The correct reconstruction of the profile of the
ultrashort acoustic pulse enables one to identify the mecha-
nisms of generation of sound in the process of relaxation of
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FIG. 11. Variation in time of the temperature of the rear surface of an
aluminum film 38-yum thick after absorbing radiation of intensity
I, =5x 1013 W/cm2 (Ref. 68). The peak intensity occurs at the zero in-
stant of time.
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FIG. 12. Completely contact-free scheme for picosecond optoacoustic
spectroscopy. PR—photoreceiver, L—lenses, VM —modulation frequen-
cy.
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the energy of the absorbed exciting optical pulse.33 At the
present time ultrashort longitudinal acoustic pulses have
been generated only by thermoelasticity28"35'37 and the con-
centration-deformation mechanism33 involving the change
in density of the material induced by a change in the number
of free charge carriers (in this case as a result of interband
light absorption).

Coherent acoustic oscillations with a period shorter
than 100 ps were recorded for the first time in the study by
Thomsen et a/.32 of films of a-As2Te3. Amorphous films of
As2Te3 of varying thicknesses (a = 470,900,1200 and 1600
A) were deposited onto a sapphire substrate. To excite de-
formation waves, pulses of a dye laser with passive mode
locking were used (photon energy hvL ^2.0 eV, TL к 1 ps,
repetition rate of pulses vr =0.5 MHz, ^L s: 1 nJ). These
pulses were focused onto the substrate-film boundary into a
spot 50/Ltm in diameter. This same radiation, but substantial-
ly weakened in intensity, was used for probing the changes in
time of the transmission and reflection coefficients of the a-
As2Te3 film. A sequence of probe laser pulses was also fo-
cused onto the film from the substrate side with a variable
delay time rd with respect to the probe pulses. Figure 13
shows the results32 of the measurements of the transmission
Т of films of different thicknesses. The variation in transmis-
sion induced by absorption of the exciting laser pulses con-
tains two components. The first of them (the discountinous
decrease in transmission LT/T~ 10~3 at the instant of pho-
toexcitation and the subsequent monotonic increase in
transmission) is due to photoexcitation of minority carriers
and their relaxation. We note that the absorption of light in
a-As2Te3 is interband absorption, since /tvL exceeds the
bandgap of the semiconductor (.fi^ ~0.8 eV). The second
component, which corresponds to damped oscillations with
an amplitude Д T/T~ 3 X 10~5-3 X 10~4 involves the prop-
agation of coherent acoustic waves in the film. The deforma-
tion of the semiconductor in the field of the acoustic wave
causes a change in the band gap and in the light absorption
coefficient a:

Да = (да/дЕ^(дЕя/дЦ)и. (2.1)

In Eq. (2.1) U = ди/dz is the longitudinal deformation, и is

the mechanical displacement in the acoustic wave, and z is
the spatial coordinate along the normal to the surface of the
film. It is assumed that the deformation does not cause a
substantial change in the shape of the fundamental absorp-
tion edge of the semiconductor:

da/dEg « -da/d(fa>l).

The constant 3Eg/dUis directly associated with the defor-
mation potentials of the electrons (conduction band) and
holes (valence band): dEg/dU=d = de +dh. If we as-
sume that the changes in the absorption coefficient induced
by the sound are small, we obtain the following expression
for the relative changes in the transmission of the film:

u(a) - «(0)). (2.2)

-zoo О 200 -400
Delay time, ps

600 800

FIG. 13. Photoinduced changes in transmission of films of a-As2Te3 of
various thicknesses at room temperature.32

In the case of strong interband absorption (a^ '~300 A in
As2Te3 [Ref. 32]) we can neglect interference effects. We
assume that the changes in the refractive index in the region
of localization of the acoustic wave do not substantially af-
fect the transmission of the film.32 Owing to the relationship
(2.2), the change in transmission of the film is determined
by the relative displacement of its surfaces.

According to the results of the experiments of Ref. 32,
the thinnest films of a-As2Te3 exhibited acoustic vibrations
at the frequency va ~ 14 GHz that corresponded to multiple
reflections of the excited ultrashort acoustic pulses in the
film. The authors of Ref. 32 also performed experiments
with films of polyacetylene and a-SiO2. In Ref. 30 a ring dye
laser with passive mode locking and unloading of the resona-
tor (/I L ггО.625 /zm, rL ^0.5 ps, ̂ L »2 nJ, vr =;0.2 MHz)
was used to excite and record sound in submicron films of
GaAs and InGaAsP, which were cemented with epoxy resin
between the substrate and a glass cover. In subsequent stud-
ies29'33 the laser exposure was performed on the free surface
of films. The reflection of the probe radiation from this same
surface was measured with a time delay. The sensitivity of
the optical recording system was substantially enhanced.
For this purpose an additional acoustooptic modulation of
the exciting radiation from the ring dye laser was carried out
with colliding pulses under conditions of passive mode lock-
ing (AvL ~2 eV, TL ~0.2 ps, ̂ L sO.2 nJ) at the frequency
VM г; 4 MHz. The signal from the photodiode that received
the reflected pulses of the sequence of probe pulses was ap-
plied to a phase-sensitive amplifier synchronized with the
modulation frequency VM . Consequently it was possible to
record the relative variations in the light reflection coeffi-
cient at the level of ЛЛ/Л~10'6-10~3. In a film of a-
As2Te3 of thickness a — 2200 A echo signals were distinctly
observed to occur when the exciting deformation pulse was
positioned near the free (probed) surface of the film (Fig.
14) . The first echo pulse is shown on a larger scale in Fig. 15.
According to the theoretical views developed in Ref. 29, the
profile of the signal АЛ (rd ) is determined by the changes in
the absorption coefficient aL and the refractive index «L of
the light throughout the volume of penetration of the probe
radiation. The relative contribution of the variation of the
refractive index AnL and the extinction coefficient depend
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FIG. 14. Photoinduced changes in reflection from an As2Te3 film 2200-A
thick deposited on a sapphire substrate.33
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FIG. 16. Diagram of an experiment34 on optical detection of harmonic
hyperacoustic waves.

on the frequency of the probe light (in particular, on the
closeness of /ZVL to the fundamental absorption edge of the
semiconductor).

The analysis performed in Ref. 33 showed that the re-
corded tripolar signal (see Fig. 15) corresponds to reflection
of the bipolar acoustic deformation pulses from the free sur-
face of the film. The duration of each of the phases of the
pulse is determined by the time of passage of the sound
through the region of absorption of the exciting radiation
ra ~ (aLca) ~' ~ 15 ps (ca ~ 2 X Ю5 cm/s is the velocity of
sound in a-As2Te3). In Ref. 33 the optical generation and
detection of sound were also obtained in a-Ge, a-As2Se3, and
the metals Ni, Cu, and Al. In the work of Ref. 29 films of a-
As2Te3 of thickness a £ 0.5a£' were used as generators and
detectors of ultrashort acoustic pulses propagating in amor-
phous films of silicon oxynitride (SiON), which are optical-
ly transparent to radiation of wavelength Aj_~0.62 pm
(hVL s 2 eV). In this experiment films with different relative
contents of nitrogen [from N/(N + O) = 0 in SiO2 to N/
(N + O) = 1 in Si3N4] were deposited onto a sapphire sub-
strate, and films of a-As2Te3 were deposited on top of them.
The optical part of the experimental apparatus29 was the
same as that used in Ref. 33.

In the experiment of Ref. 28 the optical scheme shown
in Fig. 12 was used to excite and detect the ultrashort acous-
tic pulses in films of the metals Ni, Zr, Ti, and Pt. Two dye
lasers were pumped with a mode-locked argon laser. To gen-
erate sound, radiation was used with the wavelength
AL ~0.633 /zm, rL^;5 ps, <^L~0.3 nJ, while the probe
pulses had the parameters /1L ~ 0.595 цт, TL~5 ps, and
<^L < 75 pJ. The repetition rate of the pulses was vr = 246
MHz. In nickel films signals were detected with the relative
amplitude ДЛ /R ~ 1.6X Ю ~6. The shape of the first echo

pulse resembled that shown in Fig. 15, but differed in that
the characteristic time scale was smaller by approximately
half. The use of optical radiation with different frequencies
to excite and to record the sound naturally allows one to
increase the noise shielding of the detection circuit, and cor-
respondingly, the sensitivity of detection of the acoustic sig-
nals. It is also important that it be possible to optimize inde-
pendently the generation and detection of the acoustic pulses
by tuning the frequencies of the dye lasers.

In Ref. 75, Wright et al. reported dividing the probe
beam into two independent beams to attain a sensitivity ДД /
R ~ 10~7. One of the beams, after reflection from the unper-
turbed surface of the specimen, provided a reference signal.
In this way the fluctuations of energy in the probe laser
pulses were compensated.

Figure 16 shows a diagram of the experiment of Ref. 34,
in which coherent acoustic waves at the frequency va ;=26
GHz were detected optically. Broad-band acoustic pulses
were excited by the absorption of a sequence of laser pump
pulses (hvL ^2eV, rL -0.2ps, ̂ L ~0.1 nJ, vr ̂  110MHz)
in films of a-Ge or Al and propagated in optical glass. The
delayed sequence of probe pulses was directed at an angle to
the normal. The magnitude of the reflected signal was deter-
mined by the interference of the part of it reflected from the
surface of the film with the part reflected from the inhomo-
geneities of the refractive index n in the region of localization
of the traveling deformation pulse. Figure 17 shows the ex-
perimental variation of the reflection coefficient of the probe
pulses as a function of their delay time with respect to the
incident pulses for an absorber made of amorphous germani-
um. The theoretical model proposed in Ref. 34 associates the
damping of the oscillations Д7? (see Fig. 17) with the propa-
gation and absorption of the component of the acoustic sig-
nal at the oscillation frequency. The frequency of the acous-

20 ps

Delay time

FIG. 15. First echo pulse in a-As2Te3. Solid line—experiment, dashed
line—theory.33
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FIG. 17. Variation of the reflection of probe laser pulses as a function of
their time delay with respect to the exciting pulses.34
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tic component being probed depends on the angle of
incidence в of the probe pulses: va = 2vL n (ca /CL ) cos в. By
making measurements at different angles of incidence, in
principle one can try to reconstruct the spectrum of the
acoustic signal and thus obtain information on the shape of
the profile of the deformation pulse and its duration. How-
ever, the existence in the spectrum of a separate high-fre-
quency component (va ~26 GHz [Ref. 34]) still does not
allow us to say that the excited acoustic pulses are ultra-
short. The frequency of the acoustic waves accessible to re-
cording by this method is bounded from above by the in-
equality va 52vL/z(ca/cL), as are the frequencies of the
acoustic waves excited in stimulated Brillouin scattering.76

For the conditions of the experiment of Ref. 34 we find
n zz 1.5, ca 3 5.2 X 105 cm/s, and hence va 5 26 GHz. Thus, a
substantial advance into the higher-frequency region in the
optical scheme being discussed (see Fig. 16) requires lasers
in the x-ray range.

To summarize the review of the experimental studies,
we point out that the minimal duration of deformation
pulses recorded up to now is ra ~ 5-15 ps.28'33

3. THEORY OF OPTOACOUSTIC CONVERTERS.
MECHANISMS OF GENERATION OF ULTRASHORT
DEFORMATION PULSES

In the absorption of optical radiation in a target materi-
al, acoustic waves are excited by sources distributed through
the volume of the medium. The wave equation that describes
the generation of plane longitudinal acoustic waves can be
written as26'77

U = я— J U(ca)e\p(-iior)dw; (3.4)

]_dG_
' P dz'

(3.1)

Неге и is the mechanical displacement in the direction of the
z axis, ca is the velocity of longitudinal sound in this direc-
tion, and p is the equilibrium density of the material. The
function G(z,t) has the physical meaning of the component
crzz of the stress tensor а у, from which the purely elastic part
linear in the deformations has been subtracted. In other
words, dG /dz is the density of volume forces not directly
involving the linear elasticity of the material. For simplicity
and compactness of further analysis, we assume the possibil-
ity of propagation of a pure longitudinal wave along the z
axis. The condition of absence of stresses at the mechanically
free, uniformly irradiated surface z = 0 has the form

2=0

(3.2)

If we employ a Laplace transform in the coordinate, by
using a Fourier transform in time of all the functions

F(to, г) = J F(t, z)exp(io>t)dt,
— 00

00

F(cu, p) = J F(o>, z)exp(-pz)dz.

(3.3)

and also the condition of radiation into the half-space z > 0,
then we can describe the deformation U = ди/dz that satis-
fies the problem (3.1) and (3.2) (outside the sound-genera-
tion region) by the following relation:26'78

Here т = t — (z/ca) is the time in the accompanying system
of coordinates, while we can represent the frequency spec-
trum of the deformation U(o>) in the plane acoustic wave
propagating from the boundary in the form:

(3.5)

We note that, when the boundary of the target is mechanical-
ly clamped (и = 0 for z = 0), then for describing the acous-
tic signal it suffices to change the sign inside the square [sic]
brackets in (3.5).77

According to the solution of (3.4) and (3.5), the prob-
lem of determining the spectral composition of U(co), and
then the profile U(r) of the deformation pulse, reduces to
finding the space-time spectrum G(co,p) of the sources of the
acoustic waves. Consequently one must specify the mecha-
nism of excitation of the sound. To represent clearly the
physical problems that stand in the way of reducing to the
maximum extent the duration of acoustic pulses generated
in laser action on matter, we shall systematically examine all
the fundamental mechanisms of exciting them.

In this regard we note that the very widespread view
that the characteristic duration of optoacoustic pulses is de-
termined either by the time of laser action or by the time of
passage of sound through the region of light absorption (as is
implied by the treatment of thermoelastic sound generation
under conditions of slow phonon heat conductivity in Sec.
3.1) is not correct in general. It is demonstrated in this sec-
tion that the possibilities realized in optoacoustic conversion
are indeed far more varied. As the duration of the laser expo-
sure is shortened it is necessary to take into account the non-
instantaneous processes of thermalization of the absorbed
optical energy, especially in those cases in which photogen-
eration of non-equilibrium charge carriers occurs. Here the
duration of the excited optoacoustic pulses can depend
strongly on the crystal parameters that determine the space-
time dynamics of the photogenerated electrons and holes.

A theoretical analysis enables one to discover the condi-
tions under which the duration of the optoacoustic pulses
equals the time of volume recombination of the electron-hole
plasma, or the time of passage of sound through the region of
recombination heating (Sec. 3.2). In the case of piezoelec-
tric excitation of sound the duration of the optoacoustic
pulses can equal the time of detachment of the diffusion
wave of electrons, the time of surface recombination of elec-
trons, or the time of passage of sound through the region of
spatial separation of electrons and holes (Sec. 3.3). We note
also that acoustic pulses can be shortened by the action of
external fields that facilitate the confinement of photogener-
ated carriers near the surface. In particular, this can involve
the drift of electrons in the electric field of the positively
charged surface (in the region of surface bending of the
bands of the semiconductor) (Sec. 3.3).

3.1. Thermoeleastlc excitation of acoustic waves

When the generation of deformation waves is initiated
by thermoleastic stresses (thermal expansion or compres-
sion of the material), the acoustic sources can be described
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by79,80

С = GT = К0Т, (3.6)

where К is the bulk modulus, Д is the bulk expansion coeffi-
cient, and Г is the temperature increase of the crystal. In the
process of laser generation of sound the change in tempera-
ture of the material is associated with the thermalization of
part of the absorbed optical energy.

A very simple description of the diffusion heat conduc-
tivity initiated by absorption of a laser pulse has the form

(3.7)

dT - О~л7 ~ "' 0;

where % is the thermal diffusivity, с is the specific heat, and
W(z,t) is the volume density of thermalized energy. With
the use of the integral transformations (3.3), it suffices to
represent the solution of the problem (3.7) in the form

T(a>, p) = (3.8)

where px = V — io)/X', from now on we shall use the symbol

V~~ for the root with the positive real part.
To proceed further in the analysis we shall use again a

very simple model to describe the spatial distribution of the
intensity / of the laser radiation

where a and R are the reflection and absorption coefficients
of light, /j is the intensity of radiation incident on the surface
z = 0, and the function /(f) describes the envelope of the
laser pulse. Then, in the case when the absorbed optical ener-
gy is instantaneously thermalized, we have W = al, and

(3-9)

By using Eqs. (3.8) and (3.9), we can represent the defor-
mation spectrum (3.5) in the case of thermoelastic sound
generation as

X X
1 + v-i

). (3.10)

co
In writing Eq. (3.10) we have introduced the symbol

x = c^/x for the frequency at which the moduli of the wave
vectors of the acoustic and temperature waves become com-
parable. This characteristic frequency does not depend on
the parameters of the optical exposure. In the system being
studied there exist other "internal" characteristic frequen-
cies: ci>a = orca is the reciprocal time of passage of sound
through the region of light absorption, and the frequency
U)T = a2x is the reciprocal time of cooling of this region.
Since the light absorption coefficient can depend strongly on
its wavelength, the frequencies U>T and coa can vary with the

frequency of the laser radiation. An important factor is that
they are associated with a>x by the single dimensionless pa-
rameter77'81 m = ax/ с a (a>a =
which was used in the solution (3.10). The parameter mx is
the ratio of the characteristic times of escape of sound and
heat from the region of light absorption.

It is easy to see that, by virtue of Eq. (3.10), we can
represent the spectrum £/(&>) of the optoacoustic pulse as
the product

of the spectrum /(/(«) of the time envelope of the intensity
of the laser pulse multiplied by the function
K(a>)=K°K}(a)), which is determined by the parameters of
the medium (some of which, indeed, can depend on the pho-
ton energy hvL). The coefficient К °, which does not depend
on the frequency со, can always be chosen in such a way that
the function K(a>) is dimensionless and normalized to a val-
ue of the order of unity (так\К l(a>)\ S 1). It is this function
К ' (a) that determines the relative efficiency of transforma-
tion of the various frequencies of the spectrum IJ~(a>) into
acoustic frequencies. In this review we shall use the term
"spectral transfer function of optoacoustic conver-
sion, >77,82,83 both f o r K ( < o ) and for Кl (

In accordance with expression (3.11), in order that the
spectrum of the optoacoustic signal U(ea) contain high-fre-
quency components (and hence, the acoustic pulse will be
short), it is necessary at least that frequencies equally high
should exist in the spectrum of the intensity of the laser pulse
ЛА^О- Actually this means that to generate deformation
pulses with a characteristic pulse length ra, one must always
use laser pulses of length TL 5 ra. However, this is not suffi-
cient. It is also necessary that the high-frequency compo-
nents of the envelope of the light intensity be efficiently
transformed by the spectral transfer function К (a) into
acoustic components.

If we assume for definiteness that the laser pulse has a
Gaussian form with the characteristic pulse length
TL (f(t) ~exp[ — (2t /rL )2]), then the spectrum of the en-
velope/^ a>) ~ exp [ — ( TL <u/4)2 will contain components up
to the frequency u)L=4rIj

1. Consequently, to generate
acoustic pulses of length ra ~TL, the function K(a>) must
efficiently "transfer" frequencies of the order of WL = 4rf'.

According to Eq. (3.11) the characteristic shape of the
spectral transfer function of thermoelastic optoacoustic con-
version depends on the single parameter mx. Its shape can be
substantially simplified in two limiting physical situations
(mx <1 and mx >!)•

If the region of light absorption is thermally thick at the
frequency <u:

ш » со», = m <i>v

then we have

(3.12)

(3.13)

In accordance with Eq. (3.13), the most efficient optoa-
coustic conversion is obtained at the frequency a> — a>a (in
the frequency band e — \je2 — T)<ya<u><(e + ^e2 — 1 )<aa

at the 1/e level). Consequently, Eq. (3.13) correctly de-
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FIG. 18. Profiles of optoacoustic pulses excited thermoelastically near
the free boundary for different values of the parameter a>a/taL = 0.2

" (/),0.6 (2), 1.4 (J), and 3 ( 4 ) .

scribes the transfer function if coa satisfies inequality (3.12),
i.e., mx 4:1. In the regime being discussed, laser generation
of deformation pulses of length ra requires that the function
AT | (a>) does not cut off the high-frequency components. To
ensure this, we must include the condition a>a %coa by in-
creasing a and ca.

The profile of the acoustic pulse for mx < 1 is deter-
mined by using Eqs. (3.13) and (3.11) and the inverse Four-
ier transformation (3.4). It has a characteristic symmetric
bipolar form (Fig. 18). The shape of the optoacoustic signals
is described particularly simply in the case U>L

(3.14)

The characteristic duration of each phase of the pulse Eq.
(3.14) equals the time of passage of sound through the re-
gion of light absorption та = а>~'. We note that the condi-
tion <wL ><ya is almost always realized when one uses subpi-
cosecond light pulses, since when rL 5 1 ps we estimate
correctly that WL £4X 1012 s"1, while with the typical re-
strictions on the quantities a^.106 cm""1 and ca 55X105

cm-s-1 we find that taa S 5X1011 s-1.30-32-33 The profiles of
acoustic pulses of the form (3.14) were reconstructed by
analyzing the experimental results.33 The profiles of pulses
for an arbitrary ratio between a>a and &>L in the regime
mx ^ 1 were calculated in Refs. 84—86. Figure 18 illustrates
the character of the transformation of the profiles of the de-
formation pulses with increase in the parameter coa /a>L for a
laser pulse of Gaussian form (and /3 > 0). As the parameter
a>a /ft>L increases, the relative duration of the transition re-
gion from the compression phase to the rarefaction phase
( ~TL ) increases. In the limiting case аа/саъ > 1 the profile
of the optoacoustic pulse, according to Eqs. (3.11) and
(3.13), is determined by the derivative of the profile of the
laser pulse

while its length is determined by the duration of the optical
exposure.

If the absorption region is thermally thin at the frequen-
cy ft»:

a «eoT = m*a>x, (3.15)

then we have
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со + ieo
(3.16)

and the maximum of the transfer function is obtained at
а = (ох(\К)г\~<иш for u)<a)x and \K\\~u>~112 for
c0%>u)x). Therefore, in view of Eq. (3.15), the description
(3.16) is correct when mx > 1, i.e., when heat propagates to
distances of the order of a~' faster than longitudinal sound.
The electronic heat conduction can be supersonic in metals.
In this case, to shorten thermoelastic optoacoustic pulses,
one must simultaneously increase <aL and a>x = c2 /%. The
profile of the deformation pulse described by the relations
(3.4), (3.11), and (3.16) depends strongly on the ratio be-
tween U>L and d)x, i.e., on whether heat conduction is sub-
sonic or supersonic at the frequencies ft>L. If the heat conduc-
tivity at these frequencies is slow (a>x/(a^^-1), then in
calculating the profile of the optoacoustic pulse one can use
the approximation К?~^ — io>/ea,x. The profile of the
acoustic pulse proves to be bipolar (Fig. 19, curve 7). The
duration of the first phase of the acoustic pulse does not
exceed the duration of the laser exposure (ra 5rL). How-
ever, if the heat conduction is fast (cax /COL ^ 1), then instead

of (3.16) we can use К \- ̂  — -J(o-x/( — m>), and the defor-
mation pulse proves to be unipolar (Fig. 19, curve 3). Figure
19 shows the results of the analytical calculations of the pro-

(мт + мг~') Уг, Arb. units

/ 2 5

FIG. 19. Profiles of optoacoustic pulses excited thermoelastically for dif-
ferent values of the parameter MT = ((Uj./TL)""2^! (7), = 1 (2), and
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files of optoacoustic pulses for a laser exposure modulated in
the following way/(0 = exp( - 2\t |/TL ).77'87

The deformations are normalized to the quantity
( - А Г т / i ) = (1 - R)K&Ii/cpzc(. Analysis87 shows that
the transformation of the profile of the deformation pulse as
the parameter MT = (а>хтъ )~1 / 2 increases occurs via the
predominant decline of the efficiency of excitation of the
first phase of the acoustic signal when MT > 1. In its physical
meaning MT is the Mach number of a temperature wave
having the characteristic frequency r£"'. For supersonic ve-
locities of expansion of the heated region (MT > 1) the effi-
ciency of excitation of acoustic waves propagating into the
depth of the crystal immediately after generation sharply
declines (~ Mf2 for MT > 1). These waves form the leading
edge of the deformation pulse. When MT > 1 the shape of the
signal ceases to depend on MT. However, its pulse length
exceeds severalfold (a factor of 4 to 5) the duration of the
laser pulse (Fig. 19, curve 3). One can show that the profile
of the optoacoustic pulse in this limit resembles the time
dependence of the surface temperature (z = 0). Actually the
fast heat conduction smooths out the spatial inhomogene-
ities of the temperature so quickly that the generation of
sound in the bulk of the crystal becomes inefficient.

If pure phonon heat conduction occurs in the material,
then one cannot use Eq. (3.7) at frequencies a> Й a>x, since it
does not describe the existence of a limiting velocity of
phonon heat conduction ст. In any case ст does not exceed
the velocity of the fastest (longitudinal) acoustic waves:
ст 5 ca. In this case on ordinarily uses88-89 the generalized
heat conduction equation90

дТ _
(3.17)

The solution of Eq. (3.17) with the boundary conditions
from Eq. (3.7) is described as before by Eq. (3.8). However,
the number/^, which is proportional to the wave number of
the temperature wave, is modified:
px = д/( — ia)/x) — (<о2/Ст). The role of this refinement is
seen most clearly in analyzing the thermoelastic generation
of sound near a rigid boundary ( u ( z = 0) = 0) in the limit-
ing case of surface absorption of light (or-* oo). In this case
the spectral transfer function takes the form

"* + (3.18)

Here, as before, we have used the notation cax = ca , while
A = 1 — (cl/c\ ) is the relative mismatch of the velocities of
the temperature and sound waves. However, the characteris-
tic frequency a>x has not kept its previous physical meaning,
since when ст S ca the wave numbers of the temperature and
sound waves can be comparable only when ca -» oo (and only
in the case ст = ca ). In view of Eq. (3.18), when the ratio
between ст and ca changes, the location of the pole of the
transfer function in the complex plane of a> changes. This
leads to substantial transformation in the profiles of the
acoustic pulses. Let the laser exposure be sufficiently short

The characteristic pulse length ra = &/<ax is determined by
the fast thermal expansion of the region of localization of the
thermoleastic sources in the case A > 0.

However, if the limiting velocity of propagation of heat
is subsonic (e.g., to allow for the possible existence of second
sound,90 one assumes that ст = са /-/3~ < ca), then the profile
of the optoacoustic signal is described by

Then, if the limiting velocity of propagation of heat is super-
sonic (e.g., in the case of Eq. (3.7) ст = oo ), the profile of
the optoacoustic pulse is described as follows:

The acoustic pulse length is determined now by the slow
cooling of the subsurface region in the case A < 0. Here the
thermoelastic sources rapidly (or instantaneously) are
turned on by the laser effect, and disappear only after a finite
time.

At low (liqiud-helium) temperatures ballistic phonon
heat condution91-92 can occur, even in crystals of macroscop-
ic dimensions. In this process the energy of thermal lattice
vibrations is transported by acoustic phonons propagating
without collisions. Upon pulsed heating of the surface of the
crystal, the front of the flux of non-equilibrium, longitudi-
nally polarized phonons propagates into the interior of the
specimen with the velocity ca. However, to analyze the ther-
moelastic generation of sound in non-steady-state ballistic
phonon heat conduction, the description discussed above
Eqs. (3.4), (3.6), and (3.17) must be substantially altered.
Instead of the heat-conduction Eq. (3.17), we must use the
kinetic equations for the distribution function of phonons of
different polarizations,77'93 since the concept of temperature
in the traditional sense for non-equilibrium phonon distribu-
tions cannot be introduced. In this situation it is especially
useful to treat the excitation of regular deformation waves as
resulting from interaction of random (thermal) waves
through the quadratic nonlinearity of the elastic medi-
um.38'77 The sources of the deformation waves prove to de-
pend directly on the distribution function of the non-equilib-
rium phonons. For example, if we take account only of
phonons with longitudinal polarization, then instead of Eq.
(3.6) we should use38'77'94

(3.19)

Here k is the wave vector of the phonon, k= |k|, £ is the
cosine of the angle between k and the z axis, N is the distribu-
tion function, and the dimensionless parameters £, and E2 are
related to the second- and third-order elastic moduli.

The most interesting feature of ballistic phonon heat
conduction is the following: outside the region of laser gener-
ation of phonons, after a time greater than their time of gen-
eration and the time of passage of sound through the region
of phonon generation, the synchronous component pre-
dominates in the sources of coherent deformation waves of
Eq. (3.19). We bear in mind that under these conditions the
right-hand side of the wave equation for the deformation in
the coordinate system moving with the velocity of sound has
a constant form. Indeed, in the plane of the geometry of the
problem the amplitude of the sources falls off with distance
from the irradiated surface (~г~ > дФ/дт).

Thus, there are sources propagating exactly with the
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velocity of sound (synchronous). The excited deformation
waves do not break away from the leading edge of the flux of
non-equilibrium phonons. Therefore the solution Eq. (3.4),
which is valid outside the region of localization of the
sources, cannot be used in this case. However, the solution
Eqs. (3.4), (3.5) can be useful also in this case. If we modify
the sources </-> G[ 1 — 0(z — z0) ] , then the expression Eqs.
(3.4) and (3.5) will describe all the waves excited in the
region 0<z<z0. In this approach the synchronously excited
component of the deformation wave at the distance z0 is de-
scribed exactly. For this same reason, apparently, it is not
correct to base on Eqs. (3.4) and (3.5) the study of the ther-
moelastic generation of sound in the case in which ст = ca in
the model (3.17).

Analysis of the exact solution of the wave equa-
tion38'77-94 shows that, at distances from the boundary of the
crystal substantially exceeding the spatial dimension of the
excited deformation pulse, the fundamental contribution to
the optoacoustic signal ( ~ln 2-Ф(т) ) comes from the syn-
chronous sources. The amplitude of the deformation wave
localized at the front of the flux of ballistic phonons slowly
(logarithmically) increases with distance from the bound-
ary. The duration of the excited optoacoustic pulse is deter-
mined either by the time of passage of sound through the
region of phonon generation or by their time of generation
(actually the larger of these times).77 Ballistic phonon heat
conduction does not broaden optoacoustic pulses. It is also
important that the generation of longitudinal sound at the
front of the heat pulse of transverse phonons, which propa-
gate at the velocity ~ca/2, is not synchronous. Therefore, at
large distances we can neglect the contribution to the coher-
ent acoustic wave from the transverse phonons.

We note that the synchronous character of the interac-
tion of heat pulses and deformation waves can require that
we take into account the self-action of coherent sound and its
reverse influence on the propagation of phonons. A very sim-
ple model of describing these processes is discussed in Ref.
95.

3.2. The concentration-deformation mechanism of exciting
sound

The generation of sound in crystals can arise from mod-
ulation of the concentration of free charge carriers.76 Deep
modulation of the carrier concentration can be attained by
using interband light absorption, since in this case the simul-
taneous creation of an electron and a hole at a given point in
space does not violate the electrical neutrality of the medi-
um. Consequently, the Coulomb interaction does not pre-
vent the existence of such spatially inhomogeneous carrier
ditributions (ne = nh =n is the concentration of carriers;
hereinafter the index m = e, h is used for quantities pertain-
ing respectively to electrons and holes).

If free carriers with a finite lifetime are created by ab-
sorption of photon (and hence, the thermalization of all the
absorbed light energy is not instantaneous) , then, along with
the thermoelastic mechanism, the deformation96 (elec-
tronic,33'97 concentration-deformation38'85) mechanism of
sound excitation is involved:

overall deformation-potential constant of the electrons and
holes (d = de + dh). Here, for simplicity in the model of an
isotropic solid, we neglect the tensor character of the defor-
mation potential, dv -»dSy, which is valid for spherical ener-
gy surfaces of the charge carriers.76'98

A very simple model describing the temperature and
concentration fields of charge carriers generated by the in-
terband absorption of light is the following:39'78-99

-д п. _ JL +дп__
dt '

ЭГ „_^

W =Xdz*

dz*

дгТ

W

А^,'
£ = О,
az

 z=o
rt = О, (3.21)

i

(3.22)

Here D is the coefficient of ambipolar diffusion of the quasi-
neutral electron-hole plasma, and rR is the time of nonradia-
tive recombination of the electrons and holes. The funda-
mental difference between Eq. (3.22) andEq. (3.7) is in the
assumption that only the fraction (AvL — Eg )/AvL of the
absorbed optical energy is thermalized instantaneously with
the relaxation of electrons to the bottom of the conduction
band and of holes to the top of the valence band. The remain-
ing fraction of the energy is transformed into thermal motion
of atoms only with the recombination of electron-hole pairs
(the last term on the right-hand side of Eq. (3.22)). Conse-
quently the space-time characteristics of thermoelastic
sound sources can depend substantially on the dynamics of
the electron-hole plasma. The interesting limiting case in
which the duration of a thermoelastically excited deforma-
tion pulse is determined by the time of passage of sound
through the region of recombination heating
(ra ~^/Z)rR/ca) has been analyzed in Ref. 100. Actually the

distance -jDr^ that the non-equilibrium carriers diffuse in
their lifetime can play the role of a~l under certain condi-
tions77 in the spectral transfer function of the form of Eq.
(3.13).

The most important assumptions used in the linearized
model of Eqs. (3.21) and (3.22) are the neglect of surface
recombination of electron-hole pairs78 and of radiative bulk
recombination.99 Nevertheless it proves highly useful for a
qualitative explanation of a number of optoacoustic experi-
ments.85'101

Equation (3.21), together with Eqs. (3.20), (3.4), and
(3.5), enables one to study the generation of ultrashort op-
toacoustic pulses via the concentration-deformation mecha-
nism. Importantly, analysis and estimates for typical semi-
conductors39'77'99 indicate the predominance of the
electronic over the thermoelastic mechanism in the frequen-
cy region «>U>R STR '. Consequently the role of the elec-
tronic mechanism becomes ever more important as we ad-
vance toward laser generation of ever shorter acoustic
pulses.

The integral transforms of Eq. (3.3) enable one to write
the solution of the problem (3.21) in the form

dn. (3.20)

In Eq. (3.20), as before, the symbol d is used for the
where/>Diy(u)R — ia>)/D. Further, in substituting Gn of Eq.
(3.20) into Eq. (3.5), we obtain by using Eq. (3.23)
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(3.24)

Here we have introduced the characteristic frequency
U)D = c\/D at which the wave numbers of the acoustic and
concentration waves become equal in absence of recombina-
tion of carriers (rR = oo). The dimensionless parameter
WD — aD /ca equals the ratio of the times of escape of sound
and of freely (rR = со ) diffusing carriers from the region of
light absorption. The qualitative form of the spectral de-
pendence of Eq. (3.24) does not coincide with (3.10) with
the replacement D—% оп^У because of the presence of the
additional characteristic frequency cc>R^0 that arises be-
cause of the finite lifetime on non-equilibrium electron-hole
pairs. An important fact is that recombintion also restricts
the spatial motion of the carriers.

If the region of light absorption is diffusionally thick at
the frequency &>:

ко » m (3.25)

then Eq. (3.24) determines the following form of the spec-
tral transfer function of concentration-deformation optoa-
coustic conversion:42'77

(—«w)2/nntun (—«u)2<w__! , ^ ' U и *• ' a

- Ku)(eo2
(toR - J + со2)

(3.26)

When U>R < a>a = aca , the situation differs only insignifi-
cantly from Eq. (3.13) in the sense that K l ( < a ) \ (Eq. 3.26)
just like K\(co)\ in (3.13), has a maximum at the frequency
o)~coa . Correspondingly, in view of Eq. (3.25) the descrip-
tion Eq. (3.26) in this case is valid when mD < 1. To shorten
the optoacoustic pulses in this regime, we must first of all
increase coa along with increasing <yL .

However, in the electronic mechanism of the optoa-
coustic effect, another possibility exsits of shortening ra . For
U'R > o>a > the falloff in the efficiency of optoacoustic conver-
sion begins, according to Eq. ( 3 . 26 ) , only when ca >a)R > o)a

(\K\ ~(u2 when \Kl

n | ~const when coa

and \K\\~ca~1 only when (U><yR). Consequently, in the
electronic mechanism, one can use relatively deeply pene-
trating radiation (a>a <^tya ) for generating short deforma-
tion pulses with a duration ra, if the recombination of carri-
ers is fast (U>R ~<иа ) ,

39 In this case one uses the possibility of
fast recombination-induced quenching of the sources of the
acoustic waves. Sufficiently short recombination times of
photogenerated carriers can be obtained in heavily doped
and amorphous semiconductors.102 We note that, in view of
Eq. (3.25) when CUR >coa, the description (3.26) is valid if
<UR >а2Д i.e., the diffusion length of the carriers in their

lifetime ^(Do)^ ' ) is substantially smaller than the light-
absorption length a~'.

Analytic calculations of the profiles of deformation
pulses with an arbitrary ratio between <aL and the character-
istic frequencies a>a and caR in the spectral transfer function
(3.26) were performed in Refs. 85 and 86. Here we shall

present only a heuristic description of the profile of the op-
toacoustic pulse in the limiting case a>a <<OR <^WL

 :

( 3.27 )

Consequently, under these conditions the acoustic pulse
length equals the time of recombination of electron-hole
pairs (ra =T R ) .

If the region of light absorption is diffusionally thin at
the frequency со:

|(UR - ia>\

then we have

= a2D, (3.28)

(3.29)

For «R <U>D , the spectral transfer function (3.29) actually
resembles (3.16): the maximum efficiency of conversion is
realized at frequencies a>~o)r> when the velocity of sound
coincides with that of the concentration wave of the nonre-
combining (&>R <U>D ~a>) carriers. The description (3.29)
in this case is valid if mD > 1. To shorten optoacoustic pulses
in such a regime one must increase COD (decrease the carrier
mobility). In typical semiconductors, even at room tempera-
ture, Z>£ 10 cmVs, and hence, <yD 52.5X 1010 s~'. Appar-
ently one can substantially weaken this restriction only in
amorphous semiconductors.

However, one can reduce the diffusion length not only
by decreasing the mobility of the carriers, but also by de-
creasing their lifetime. For <yR > a>D the decline in efficiency
of optoacoustic conversion begins only for со > COR . How-
ever, the description (3.29) in this situation is correct under
the condition a>R <&>„ = a2D, which is more stringent than
/n D >l.

Thus, also in this case one can reduce the recombination
time to shorten optoacoustic pulses. However, we stress that
increasing «R = rR', according to (3.26) and (3.29), leads
to decreased efficiency of optoacoustic conversion (predom-
inantly at frequencies со < a>R). In other words, the deforma-
tion pulses are shortened not by increasing the efficiency of
conversion of high frequencies, but by suppressing the low
frequencies.

Surface recombination of photogenerated carriers can
play an analogous role in the optoacoustic excitation of ul-
trashort acoustic pulses via the electronic mechanism. For
the sake of clear description of the influence of surface re-
combination, we shall neglect in Eq. (3.21) the bulk recom-
bination, assuming that CUR is smaller than the other charac-
teristic frequencies in the problem. At the same time, in Eq.
(3.21) we shall define the flux of carriers at the boundary
z = 0 by the condition Ddn/dz = Sn, where S is the surface
recombination velocity. Then in the case of light absorption
at the surface (a-> oo ), the spectral transfer function can be
represented in the form26'87

(COD

(3.30)

where we have introduced the notation <as = S 2/D for the
frequency at which the velocity of the concentration wave
equals the surface recombination velocity. When a>s <a)D
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the maximum efficiency of optoacoustic conversion is ob-
tained at the frequency COD . However, in view of Eq. (3.30),
when cos > a)0, the falloff in efficiency of optoacoustic con-
version begins only at со > cos. The condition cos > COD is
equally valid with S'>ca. Consequently, supersonic veloc-
ities of surface recombination facilitate the excitation of
short deformation pulses. We note that very high surface
recombination velocities (5~ 10б-ЗХ 107 cm/s) have been
observed in many experiments (mainly optical).103"105

In the most interesting case <OD <^<yL where in absence
of surface recombination (eas =0) the optoacoustic pulse
expands because of supersonic carrier diffusion, we can sim-
plify K\ (со) of Eq. (3.30) in calculating the profile of the
deformation pulse:

«>n/2

тЛ /. .\ и

This representation of the spectral transfer function, togeth-
er with (3.11), explicitly demonstrates that when a>s ><aL

the profile of a deformation pulse excited near the free sur-
face must resemble the profile of the laser pulse. Figure 20
shows how the acoustic pulse becomes shorter as the Mach
number Ms of the motion of carriers toward the surface in-
creases (Ms = 5/ca). The calculations were performed for
the model f ( t ) = exp( - 2\t \/TL ).87 In Fig. 20 also the
Mach number MD of the concentration wave at the frequen-
cy rf1 has been introduced [MD = («DrL)~1/2], and the
deformation is normalized to the quantity
Ar0/i = (1 —R)dl,/hv^pcl. According to Fig. 20, as the
surface recombination velocity is increased from Ms •< MD

(curve /) to MS>MD (curve J), the optoacoustic pulse
length decreases approximately fourfold at half-height.

We note that situations are possible in which the slow-
ing of free carriers by scattering from defects, ionized impur-
ities, and phonons does not compensate locally the actions of
the forces of the internal pressure of the photogenerated
electron-hole plasma.106 The realization of hydrodynamic
(rather than diffusion) expansion of the electron-hole plas-
ma is most probable at low (liquid-helium) tempera-
tures.106"108 Very simple models of sound generation by the
electronic mechanism with fast hydrodynamic motion of the
electron-hole pairs have been proposed in Refs. 109-111. A
characteristic feature of the excitation of deformation waves
in this regime is the predominant localization of the sound
sources at the leading edge of the expanding electron-hole
plasma.109>1 w The profile of the optoacoustic pulses is large-

. Arb. units

FIG. 20. Deformation profiles in optoacoustic pulses for supersonic diffu-
sion of electron-hole pairs and different values of the surface recombina-
tion velocity (Ms =SYca). Ms = 0, MD > 1 ( 1 ) , Ms = MD > 1 (2),
MS>MD>1(3).

ly determined by the time dependence of the velocity of the
plasma front.109 The complexity of the detailed analysis of
the process is due to both the quasisynchronous character of
the generation of coherent acoustic waves at near-sonic ve-
locities of the front110>I l l and the stimulated character of the
radiation of phonons when they move at supersonic veloc-
ities.112 In both cases the reverse (slowing) influence of the
excited acoustic waves on the expansion of the electron-hole
plasma is substantial.110'112

In closing this section we point out that ultrashort
sound pulses generated by the concentration-deformation
mechanism have been observed in a-As2Te3.

33 In addition,
there are indications that the assumption used in writing Eq.
(3.21), namely that the carriers instantaneously relax to the
bottom of the energy bands can break down in optoacoustic
experiments. According to unpublished data of Grahn et
a/.,113 the velocity of spatial expansion of a photogenerated
electron-hole plasma depends on the excess of the photon
energy h VL over the width of the band gap Eg of the crystal.

3.3. Laser initiation of piezogeneration of sound

Breakdown of the neutrality of the electron-hole plas-
ma (яе т^иь ), which is possible at high frequencies and was
not taken into account in Sec. 3.2, plays a fundamental role
in optical excitation of piezoelectric crystals, since it results
in an additional mechanism of exciting sound. The electric
field E that arises upon spatial separation of electrons and
holes (owing to their differing mobilities) deforms the crys-
tal as a result of the piezoelectric effect:76'77-96-114

G = CE = -eE, (3.31)

where e is the effective piezoelectric modulus in the action of
an electric field along the z axis.

In very simple models describing the internal macro-
scopic electric field E, one neglects the direct piezoelectric
effect, while assuming the electromechanical coupling to be
weak. If we do not take account of the piezoelectric fields
that arise in the deformation of the crystal, the equation for
Eis

E = 0,
z=0

E = 0, (3.32)

where EO is the dielectric permittivity of the vacuum, and e is
the relative dielectric permittivity.

It is assumed in the problem Eq. (3.32) that the surface
z = 0 is uncharged, which agrees with the subsequent ne-
glect of the surface recombination of electrons and holes. In
this discussion we shall also neglect the bulk recombination
of electrons and holes, which when necessary can be taken
into account by analogy with Sec. 3.2.96'114'115 Then the fol-
lowing formula is valid for the volume charge density Qy in
(3.32):

Qv = - (3.33)

where Q0 is the magnitude of the electron charge. To de-
scribe the diffusion separation of electrons and holes, we
shall use an equation linearized in the small deviations of the
concentrations of free charge carriers from their equilibrium
values n%(nm=n% + nm,\nm\ <^n™):

ЗЕ
dt

W_

4'
(3.34)
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The conditions for the absence of fluxes of carriers through
the surface of the crystal are

?ят

By using Eqs. (3.32) and (3.33), we can conveniently repre-
sent (3.34) in the form

dt = A
O2,^ w

*"L
(3.36)

We can see already from Eqs. (3.36) and (3.21) that the
frequencies of Maxwellian relaxation of charges
(<wMm =/zm и™б(/££0) can play a role in the piezoelectric
generation of sound analogous to that of the recombination
frequency «R in the electronic mechanism. However, in con-
trast to recombination, which prevents an increase in the
density of the electron-hole plasma, Maxwellian relaxation
prevents the breakdown of electric neutrality (deviation of
ne f romn h ) .

In the limting case of a quasineutral electron-hole plas-
ma (ne ~nh = л), the electric field E that arises in the system
must bring about the joint motion of electrons and holes
(je~jh). The conditions ле = nh and/'e =y'h allow one to
find this field (called the Dember field) directly by using Eq.
(3.35)

(3.37)

However, the density n of the quasineutral plasma in Eq.
(3.37) is determined by the equation of ambipolar diffusion,
Eq. (3.21). The generation of shear acoustic waves by the
Dember field has been analyzed in Ref. 116, and the genera-
tion of longitudinal waves in Ref. 77.

Before we proceed to the results of investigations of the
piezoelectric excitation of sound, we note that a description
of the dynamics of the carriers based on Eqs. (3.32)-(3.35)
may also necessary at high frequencies in analyzing the con-
centration-deformation mechanism (Sec. 3.2). The influ-
ence of the spatial separation of electrons and holes can be
especially important when the deformation potentials d*
and db have opposite signs.

The general solution of the problem of Eqs. (3.31)-
(3.35) was derived42 by using the integral transforms of Eq.
(3.3). The description of the spectrum UB(ca) in (3.5) of a
deformation pulse excited by the inverse piezoelectric effect
is considerably simplified when mobile holes are generated
only in the photoexcitation of the crystal («f j =0). For the
conventional model of optical sources of Eq. (3.9), the spec-
trum of the optoacoustic pulse (for «Q =0) can be written

). (3.38)
[со2 - ко) ](

In Eq. (3.38) we have separated out the characteristic fre-
quencies 6)Dm = cl/Dm, the physical meaning of which is
similar to that of the frequency eaD (Sec. 3.2). The propor-
tionality of the optoacoustic signal (3.38) to the difference
of the diffusion coefficients of electrons and holes indicates
the diffusion nature of the separation of charges.

Because of Eq. (3.38) one can separate out in the spec-
tral transfer function of piezooptoacoustic conversion a fac-
tor that fully characterizes the influence of the depth of pen-
etration of radiation on the efficiency of conversion of light
into sound:

(<o) - eu2/(a>2 + to*), (3.39)

^ —. (3.40)

Kl

E(a>) = К\>(

The spectral transfer function К J> (a) does not depend on
o)a, but only on the other characteristic "internal" frequen-
cies: «Dc, «Dh, and <yDeb = ^/<yMe<yDe, the Debye frequency
of screening of the electron charge. The possibility of factor-
ing A"E (o>) of (3.39) indicates that, just as in thermoelastic
sound generation (Sec. 3.1), the finite depth of penetration
of light necessarily limits the efficiency of conversion of fre-
quencies in the region со > a>a.

This limit does not affect optoacoustic conversion
[ K l

E ( u } ) ~ K l

D ( c t } ) ] if (ua substantially exceeds the other
characteristic frequencies: a>a >cyDM, «Deb. If «0еЬ <coDm,
the spectral transfer function К & (&>) actually corresponds
to piezoelectric insulators:

ко)'
(3.41)

since it does not depend on the equilibrium concentration of
charge carriers. According to (3.41), to expand the spectral
band of efficiently converted frequencies, we must first of all
decrease the mobility of the electrons (when/*,, >/uh ), and
then that of holes.

In the limiting situation «Dm <^U>L the inverse Fourier
transform of (3.4) with the aid of expression (3.38) and
(3.41) enables one to obtain the following description of the
profile of the deformation pulse:

*£ t \ "*
Yf ехр(сот)! .

I / I o>~-

In the case of immobile holes (Dh ->0, a>Dh -> oo), the latter
relation defines the optoacoustic signal
(UE(r)~[\ — (г/\т\) ]exp(wD eт)) with the characteristic
duration ra = to^ = De/c[ =TO . Physically, the time TD is
the time elapsed after the laser ^-exposure when the acoustic
wave propagating from the boundary passes the front of the
cloud of diffusing electrons (CLTD = ^DerD ). This time
TD > 0 exists because for short times the diffusion of free
electrons occurs at supersonic velocities. Actually, in times
of the order of rD the velocity of sound and the characteristic
decreasing velocity of carrier diffusion also become equal.
Thus, in this regime the characteristic acoustic pulse length
equals the time of detachment of the acoustic wave from the
diffusion wave. Physically this is explained by the fact that,
after the deformation pulse overtakes the front of moving
electrons, it ceases to strengthen.

However, more importantly an increase in the Debye
screening frequency u)Deb with increased n^ due to doping of
the semiconductors can shorten the acoustic pulses . When
u>Deb > min(u)Dm ), the maximum efficiency of optoacoustic
conversion is realized at the frequency a> ~ «Deb. However,
we note that the A"b (a>) in Eq. (3.40) with increasing wDeb
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occurs because of the decrease in the efficiency of conversion
of the low frequencies. Actually, screening of the low-fre-
quency (co<ci)Deb) electric fields occurs with increasing
«Deb-

In the limiting case co0m <€<а0еь ^^L' we can use the
following expression for K1

E (со) to calculate the profiles of
deformation pulses:

m_ rtj_.
(3.42)

ш + wDeb

Using Eqs. (3.4), (3.38), and (3.42), we find

UE(T) = -

Consequently, the duration of the acoustic pulse in this re-
gime is governed by the time of Debye screening (ra

= 2u)peb ) .
42 If, however, the light absorption cannot be con-

sidered to take place at the very surface then К Ё (со ) is given
by Eq. (3.39). In particular, where coDm ^ (co0eb,coa

we find by using Eqs. (3.4), (3.39), and (3.42) that

"Woii
..1/2
"Sh

(wDe ~ <°Dh) V^

(3.43)

Additional analysis shows that in this case the spectrum of
the acoustic pulse replicates the spectrum of the electric field
and the charge on the surface: C/E (со) ~E(co,z = 0). As we
see from (3.43), the surface becomes charged if u>Se ^costl. In
the opposite case, even with strong surface recombination,
excitation of sound in the bulk of the crystal dominates. The
dependence of the profile of the optoacoustic pulse on the
ratio of wse to cush is seen most distinctly when
(Or

- 1 1 + -r~i- j exp(coT)erfcVr3r

In the limit when holes are not trapped by the surface
(5h = 0, «Sh = 0), the last formula describes a unipolar de-
formation pulse ( U E ( r ) [1 + (т/|т|) ]exp(£oScr)
erfcJ«Ser) having the characteristic duration

Deb <°Deb ша

X [°'DebexP(-a>a I Г I > ~ £UaexP(-<UDeb I T I ) '•

Thus the profile of the optoacoustic pulse depends to a large
extent on the ratio of the frequencies u>Deb and coa . An im-
portant fact is «Deb is large enough even at a relatively low
degree of doping of the semiconductors. In the case of non-
degenerate statistics of the non-equilibrium carriers we have

Deb

and
n°0 > 1016 "3

temperature co0cb > 10" s forat room
cm

Just as for the concentration-deformation mechanism,
in the surface absorption of light a substantial role can be
played in piezoelectric generation by surface recombination
of carriers. To take account of its influence, one modifies the
boundary conditions (3.35) and (3.32):

The last relation describes the connection between the sur-
face charge and the velocities Sm of surface recombination of
electrons and holes. The spectral transfer function modified
in the case of piezodielectrics (n™ = 0) and surface absorp-
tion (a -» oo ) depends on the characteristic frequencies wDm

and <asm = S „ /Dm . If the surface recombination is weak,
<ysm <€wDm> then A" D (со) acquires the form (3.41 ), accord-
ing to which the efficiency of optoacoustic conversion de-
clines sharply ( | AT J) | ~co~2) at frequencies со > coDm . Anal-
ysis shows that strong surface recombination retards the
decrease in efficiency with frequency. For example, in the
limiting regime coDm <<ySm the following form of K^ (со) is
valid:

In its physical meaning the time rs is the time of surface
recombination of condution electrons photogenerated near
the surface by instantaneous laser exposure. In the time rs

the diffusion spreading of the cloud of non-equilibrium elec-
trons reduces their characteristic diffusion velocity
yoe ~л/ДУ^ such that it becomes equal to the velocity of
surface recombination S: -JD /TS = S. Therefore, at times
greater than rs, diffusion of carriers cannot prevent their
capture by the surface. Thus, under these conditions the
characteristic duration ra of the acoustic pulse is of the order
of the time TS of capture of mobile non-equilibrium electrons
by the surface of the piezoelectric crystal. Physically, this is
explained by the fact that charge redistribution near the sur-
face is complete in a time of the order of rs.

We can point out another possibility of shortening the
duration of an optoacoustic pulse. Here, an external electric
field E0 can hinder the diffusion of charged particles from
the surface and the consequent expansion of the region of
sound generation. More exactly, one can create conditions
under which the motion of fast carriers from the surface is
retarded and that of slow particles accelerated, while on the
whole the expansion of the cloud of photogenerated carriers
occurs more slowly. For example, in a piezodielectric
(«o = tig =0) with immobile (heavy) holes (/xh =0), the
field E0 must be oriented along the positive direction of the z
axis (^o > 0) so as to force the mobile electrons toward the
surface of the crystal. Although, when E0^0, the specimen
is deformed even in the stationary state, nonetheless, in the
linear approximation for acoustic waves, Eq. (3.1) is valid,
as before. Also Eqs. (3.32) and (3.33) maintain their form,
but for increases of the electric field E.

The equations of motion of the carriers linearized by
using the condition |E | •<£„ are

(3.44)

' = 0-
z=0
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On the basis of the model Eqs. (3.31)-(3.33) and (3.44), a
description was obtained in Ref. 42 for the spectrum of the
deformation pulse in the case//h = Db = 0. In particular, in
the case of surface absorption of light the spectral transfer
function of piezooptoacoustic conversion is

(3.45)

Here we have introduced the notation
M = fde/ca — Ц<.ЕО/СЬ for the Mach number of drift motion
of the electrons in the dc electric field E0 (vde is the drift
velocity). At subsonic drift velocities of the carriers
(M2<1), Eq. (3.45) qualitatively differs from (3.41) only
because of the additional assumption that the holes are fixed
(«oh = oo). However, now one can shift the region of effi-
cient optoacoustic conversion toward high frequencies, not
only by increasing «De, but also by increasing the field E0

(i.e., increasing M). However, we note that the characteris-
tic frequency Mw, .̂, in contrast to »De, does not depend on
the mobility of the carriers. When M> 1 the maximum effi-
ciency is obtained when <y~M<yDe ><yDe :

*P «-Lr̂ 775-^L- (3-46)

Comparison of expressions (3.46) and (3.13) shows that the
profile of the acoustic pulse in the case «De <^ M*oDe -̂  a>a ,U>L

resembles (3.14), while its duration is ra ~ 2 (M<yDe) ~'. We
note that the pulse is shortened because, as the field in-
creases, it can arrest diffusion at ever higher frequencies.

If the absorption cannot be considered to be of surface
type, then in the most interesting case of strong electric fields
(M2> 1) the following relation holds:

Kl «E (3.47)

When соа%>М(о0е, this goes over to (3.46). When
ыа — Mu)De , sound is not excited via the piezoelectric mech-
anism, since charge separation does not occur. This is a con-
sequence of the fact that, with an exponential depth distribu-
tion of the optical sources of non-equilibrium charge
carriers, the velocity of possible diffusion
(vVe~n~1De(dnc/dz)~aD<:) does not depend on z and
can be compensated by drift in a homogeneous electric field
at every point of space (огД, = vdc when a>a = MaDe ).

For M<yDc > (oa , the electrons are predominantly dis-
placed toward the boundary; i.e., charge separation occurs
not as a result of diffusion of electrons, but as a result of their
drift. The direction of the internal electric field E, and also,
as is implied by expression (3.47), the polarity of the acous-
tic pulse, are inverted. The profile of the acoustic pulse in the
case <uDe < (Mo)De ,coa ) <^U>L can be written as42

- ехр(-Мс0ое|т|)].

In the last description ЛГ| ~M~',42 and therefore, when
M&>De >&>„, the increase in amplitude of the wave with in-
creasing E0 is completely saturated.

Reference 42 reported a numerical comparison of the

efficiencies of the different mechanisms in the generation of
acoustic pulses of duration тл г; 25 ps in GaAs. The z axis
lies along the piezoactive {111) direction in the crystal. To
generate such deformation pulses, first, one must use laser
pulses of duration TL 5 25 ps, and second, the upper bound
of the spectrum of efficiently converted frequencies must lie
in the region u) 2; wa~4т"1 = 1.6x10" s"1.

In the thermoelastic mechanism of optoacoustic con-
version, the relationship coa £ oa must be realized to fulfill
the second condition. This allows us to estimate: a S 3 X 10s

cm"1. Consequently, the light absorption must be of inter-
band type (with AvL ^ 2Eg). An estimate of the parameter
mx fora~3XlOs cm'1 yields: mx г;0.1«<1. Consequently
heat conduction does not influence the process of sound gen-
eration, while the listed conditions (TL 525 ps, as=3x 105

cm~1) are sufficient.
Under the same conditions of absorption we have

W D > 1, and hence the diffusion of the electron-hole plasma
broadens the acoustic pulse excited by the electronic mecha-
nism. To generate pulses of duration ra zz 25 ps we must also
have U>R $£Ua(rR 56 ps). Such nonlinear recombination
times of the electron-holes plasma are obtained in GaAs at
concentrations of free carriers nS;1019 cm~3 (Ref. 117).
Upon attaining <aR ~&>a (e.g., by increasing the intensity of
photoexcitation), the ratio of the efficiencies of the elec-
tronic and thermoeleastic mechanisms is determined by vir-
tue of Eqs. (3.10) and (3.24), by the dimensionless param-
eter:

Un(a> ~ <oa ~ <ок ~ ̂

Thus the electronic mechanism proves to be an order of mag-
nitude more efficient than the thermoelastic mechanism.

To generate acoustic pulses of duration ra ~ 25 ps under
the conditions being discussed via the inverse piezoelectric
effect, one must increase the frequency of Debye screening to

~«a ~ 1.6X 1011 s~', which can be done at very mod-

achieved by doping the GaAs. Under optimal conditions the
efficiency of piezooptoacoustic conversion is an order of
magnitude higher, in view of relations (3.24) and (3.38),
than that due to the electronic mechanism:

>Deb

~ a>a ~ eoa)
10.

GaAs

Finally, if an electric field £0~ Ю4 V/cm is present in
the region of light absorption, then drift separation of photo-
generated electrons and holes is realized. Here the relative
efficiency of the piezo- and electronic mechanisms can be
estimated as follows:

6-102.
GaAs

This estimate points up the promise of using such optoelec-
tric schemes for efficient generation of deformation waves.
We note that the increase in efficiency of laser piezogenera-
tion of surface waves in CdS when a supplementary external
electric field is applied has been observed experimentally.118
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FIG. 21. Distribution of charge density (a), electric field (b), and the
spatial structure of the energy levels of a p-type semiconductor (c) near
the surface z = 0. <?s—hole-trapping levels, £".—acceptor impurity lev-
el, & ptC v —Fermi level, conduction band, and valence band, Q s —surface
charge density.

We note especially that laser generation of high-fre-
quency acoustic waves in the presence of dc electric fields is
not at all an exotic case difficult to implement in practice.
Actually, electric fields are always present near the surfaces
of crystals, and in particular, surfaces of semiconductors.
For example, if hole-trapping centers (e.g., Tamm surface
states) exist on the surface of a p-type semiconductor, then
the surface becomes charged positively. A layer of space
charge is formed near the surface, in which the electric field
E0(z) is directed away from the surface and can hinder the
diffusion expansion of the photogenerated electrons (Fig.
21). In other words, the energy bands of the semiconductor
are bent at the surface so that the minimum electron energy
occurs near the surface. Therefore the photogenerated elec-
trons drift toward the surface. If the photoexcitation of car-
riers occurs uniformly in space in the region of this built-in
field (a~l^>a, where a is the thickness of the depletion lay-
er), then it is the electric field, rather than diffusion, that
causes the charge separation.

An analogous situation can be found in the interband
absorption of light in the region of a p-n junction (Fig. 22).
The authors of Ref. 119 were the first to analyze the piezo-
generation of sound by the separation of photogenerated
charge carriers by the internal field of a p-n junction.'19 To
give an idea of the magnitude of the possible effects, we point
out that typically the width of the space-charge layer does
not exceed a few micrometers, while the electric fields,
which depend on the doping level, can attain values
E0~ 104-105 V/cm.120 In intense brief laser exposures, such
large fields can be nearly fully compensated by the internal
electric fields E created by the separation of the non-equilib-
rium electrons and holes. Naturally, here the amplitudes of
the excited deformation waves can be of the order of magni-
tude of the stationary deformations existing in the region of
the p-n junction (E/~10-6-l()-4).

A logical extension of the analysis of optoacoustic con-
version at a single p-n junction is the study of laser genera-

•-Wa

FIG. 22. Simple model of a p-n junction (N^i—concentration of acceptor
and donor dopants).

tion of sound in heterostructures. Of course, it is not expedi-
ent to use heterostructures for exciting single ultrashort
deformation pulses. However, generation of a sequence
(train) of acoustic pulses can occur in a heterostructure by
using a single laser pulse when the spatial modulation of the
sound sources is determined by the periodicity of the hetero-
structure. Under certain conditions the acoustic signal actu-
ally can be quasiharmonic with a frequency determined by
the time of passage of sound through the spatial period of the
structure.

The idea of obtaining a quasiperiodic signal by using a
single laser pulse was formulated in Ref. 82 for thermoelastic
generation of sound in a medium having periodic modula-
tion of the light absorption coefficent. In the case of heteros-
tructures the spatial modulation of optical sources of non-
equilibrium carriers can be unimportant. However, the
modulation of sound sources can be predominantly associat-
ed with the motion of non-equilibrium carriers in the period-
ic potential of a heterostructure (Fig. 23). The most impor-
tant circumstance is that at present it is technologically
possible to grow heterostructures with a period of the order
of the interatomic distances in the semiconductor (doped
superlattices120). Thus the possibility has been opened for
generation of coherent sound at the extreme attainable fre-
quencies. We note that periodic electric fields can be asso-
ciated with a space-charge lattice persisting after exposure of
photorefractive crystals to crossed light fields. Sound gener-
ation by repeated exposure of a crystal to modulated laser
radiation has been studied in Ref. 122. However, the maxi-
mum attainable frequencies of generated sound in this
scheme are substantially lower than those attainable in su-
perlattices.

Along with the generation mechanisms that we have
already discussed (thermoelastic, deformational, and piezo-
electric), the possiblity of direct action of the electric field of
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FIG. 23. Diagrams of the doping profile (a), saw-tooth band structure
(b), and excitation of free carriers and charge transport (c) in a 5-doped
specimen of GaAs.'2'

the light wave on the layers of bound space charge has been
discussed in the context of doped superlattices.123"125 In this
case the sources of sound in the wave equation (3.1) have the
form

where Q v (z) is the space charge density and EL (z,t) is the
electric field of the electromagnetic wave. Since in this mech-
anism sound is generated at the frequency of the optical radi-
ation, the generation of even terahertz sound requires one to
use lasers in the far infrared range.125

Periodic electric fields just as large (/T0~104-105 V/
cm) as in doped superlattices126 (including 5-doped
ones121) can be obtained also in composite superlattices in
which the local quasielectric field arises in a region of
smooth transition between semiconductors having different
band gaps.127 According to the results of Ref. 127, in regions
with a space-dependent band gap (in regions of semiconduc-
tor composition variable in z), one can obtain highly super-
sonic (M> 1) velocities of drift motion of carriers for picose-
cond times. In particular, such a drift separation of charges
can occur in each of the periods of the superlattice having a
saw-tooth band gap profile Eg (Ref. 127).

When the superlattice consists of a sequence of isolated
(rectangular) quantum wells,120 the modulation of the
acoustic sources when Egt </ZVL <£g2 is predominantly as-
sociated with the modulation of the light absorption coeffi-
cient (in the last inequality the Egl_2 are the band gaps of the
constituents of the two-component superlattice) (Fig. 24).
A situation of this type has been analyzed in Ref. 128 in a
study of the generation of Rayleigh surface waves in a nor-
mally sectioned superlattice. An important aspect is that the
confinement of the photogenerated carriers inside the poten-
tial wells prevents the diffusion spreading of the concentra-
tion lattice and thus produces an enhanced efficiency of op-
toacoustic conversion at high frequencies.

Quasiharmonic optoacoustic signals was first experi-
mentally observed in such compositional superlattices (a-

FIG. 24. Profiles of the energy bands of a semiconductor composite struc-
ture—sequences of single potential wells (a) and the coefficient of inter-
band absorption of light of photon energy £, < / z v L < £ 2 (b).

Ge:H/a-Si:H).113'129 They had frequencies determined by
the spatial periodicity of the structure. We note that surface-
localized high-frequency vibrations (va S200 GHz) were
detected in addition to the propagating modes when the first
surface layer was acoustically softer (a-Si:H). The picose-
cond technique of excitation and probing was used also for
diagnostics of multilayer metal films. 13° Thermoelastic and/
or deformational sound generation was achieved in these ex-
periments.113-129'130 However, experiments in structures
based on piezoelectric conductor crystals have been per-
formed only at considerably lower frequencies.131'132

Having touched upon the problems of laser generation
of quasimonochromatic acoustic waves, we must not fail to
mention the attempts at direct conversion (without frequen-
cy change) of optical radiation into sound at the boundary of
transparent piezoelectric crystals.133'134 According to Eqs.
(3.31) and (3.1), the piezoelectric sources in this situation
are (5-localized at the surface of the crystal [dGE/dz~de/
dz~S(z) ] . Reference 133 reported the use of this method of
generalizing coherent acoustic shear waves in quartz at liq-
uid-helim temperatures at frequencies of 0.891 and 2.53
THz. For this purpose modulated laser radiation in the far
infrared region was used (wavelengths of 337 and 118 /лп).
However, subsequently several groups of investigators could
not repeat the experiment of Ref. 133, even by using a more
refined technique of data accumulation and processing.134

Besides the strong scattering of terahertz acoustic waves
during propagation, according to Ref. 134, the reason for
this failure might be the nonideality of the surface of the
piezoelectric crystal. A simple calculation explaining this
assumption was performed77 for longitudinal sound and an
electromagnetic wave polarized along the direction of prop-
agation z. The damage to the surface layer of the crystal was
modeled by a gradual (rather than jumpwise) onset of piezo-
electric properties with distance away from the boundary
z = 0:

e-eu\\- exp(-z/£,)],

where L denotes the depth of the damaged layer. For such a
situation the mathematical formalism of Eqs. (3.31) and
(3.5) leads to the following description of the deformation
spectrum in the traveling wave:

Гп ч '0^0 1

pel l+(£Wca)2 (3.49)
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where E0 is the amplitude of the sinusoidal electric field. The
solution (3.49) is valid near the frequency (o~2irvL. In
writing it, we have taken account of the great difference in
velocities of light and sound.

The factor/\a> — 2irvL ) in expression (3.49) describes
the spectrum of excited acoustic waves in the case of an ideal
boundary (L = 0). For 2-rrv^ ^-rf', the sound is quasimon-
ochromatic (<у~2тгуь). However, according to (3.49),
nonideality of the boundary strongly suppresses the high-
frequency acoustic waves in the region со £ ca /L. Physically,
this comes from the nonsynchronous excitation of sound at
different points of the surbsurface layer and its quenching by
interference. As L increases, the efficiency of sound genera-
tion declines. For efficient generation of acoustic waves with
terahertz frequencies, the thickness of the damaged layer
must not exceed the acoustic wavelength (~ l-Ю nm).

In closing the discussion of sound generation by laser
initiation of the inverse piezoelectric effect, we only point
out that there are other possibilities for the appearance of
electric fields in the action of light on matter. In particular,
the pyroeffect135'136 and the Glass effect.115'137

3.4. Electrostrictive sound generation

It is impossible to generate acoustic waves by the sur-
face piezoelectric effect or by direct action on bound charges
as described in (3.48) by means of lasers in the visible range,
since acoustic waves of such high frequencies (<w~101 5s~I)
do not propagate in crystals. Moreover, the piezoelectric ef-
fect is absent in all crystals having a center of symmetry. In
such situations the components of acoustic sources quadrat-
ic in the magnitude of the electric field E can play a substan-
tial role:

1
(3.50)

Here aijkl is the photoelastic or electrostriction tensor. Such
an electrostriction mechanism of sound generation in Eq.
(3.50) can be highly effective in the field of crossed light
beams if the optical dispersion of the medium allows syn-
chronous generation of sound at the difference frequency
со = 2тг( vL1 — vL2 ), where vL1 2 are the frequencies of the
laser radiation.138"140

In the case of optical waves counterpropagating collin-
early with the z axis, we can represent the sound sources in
the form

(3.51 )

where we assume that a special choice of the geometry of the
problem and of a crystal having a certain symmetry enables
us to describe the generation by using a single electrostric-
tive constant Y. 141 In expression (3.51) we have omitted the
harmonic sources having the frequecies 2vL1, 2vL2, and
VLI + VL2 » which do not lie in the spectral range of acoustic
waves; &a is the wave number of the sound, and <p0 is a con-
stant phase shift. The symbol Д& is used for the difference of
wave numbers of the acoustic and light waves:

the amplitude of deformation in a sound wave propagating
from a rigid boundary at z = 0:

(3.52)
l&zpc? A/t/2

According to (3.52), when the conditions of wave synchro-
nization are fulfilled ( Д& = 0), the acoustic signal increases
linearly with z, and to describe its limit, it may be necessary
to take account of the abosrption of sound (including non-
linear absorption141 ) . Nonlinear acoustic effects can play an
important role also in stimulated Brillouin scattering. 141 We
point out that a rather simple mathematical description of
the nonlinear limitation of the acoustic signal excited by
moving harmonic sources has been developed in Refs. 142-
143.

Under conditions of synchronization, with account tak-
en of the inequality со < 2fl-vL1 2 , the following relation holds
between the frequencies of the acoustic and optical waves:

where CL is the velocity of light in the cyrstal. For typical
values of the parameters, the frequencies of acoustic waves
when optical pumping is used do not exceed tens of GHz.140

To proceed into the region of higher frequencies of sound,
one must create sources of coherent short-wavelength radi-
ation (far ultraviolet and x-ray ranges).

Biharmonic pumping can also be used to generate opti-
cal phonons (Raman scattering144). From the standpoint of
generating high-frequency acoustic waves, it is important
that the optical phonons decay effectively into acoustic
phonons with wave vectors near the edge of the Brillouin
zone (Fig. 25). Acoustic transverse phonons of terahertz
frequencies have been experimentally observed in the decay
of optical phonons, those created in Raman scattering,145

and those emitted as the nonequilibrium carriers photogen-
erated by interband light absorption in semiconductors relax
to the bottom of the energybands. 146-147 it was shown in Ref.
148 that a more effective method of obtaining nonequilibri-
um phonons, as compared with the method of biharmonic
pumping,145 is to use direct resonance excitation of dipole-
active lattice vibrations. Here there is particular interest in
the possibility of obtaining stimulated decay of optical phon-
ons,149 which might lead to generation of coherent acoustic

A description of the acoustic waves excited by the harmonic
sources of (3.51 ) can also be obtained by using the solution
(3.5).77 In particular, the following expression is valid for

о 0,2 oso,ea.ato
*/*««

FIG. 25. Diagram of the decay of an optical phonon in GaAs satisfying the
laws of conservation of energy and momentum in three-phonon pro-
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waves. We note that, according to Ref. 150, the increase in
the occupation numbers of the optical modes can be compen-
sated to such a degree by the broadening of the region of
creation of acoustic phonons that the critical occupation
numbers of the acoustic modes are not reached. Nonlinear
effects in the generation of optical and acoustic phonons by
resonance infrared radiation have also been discussed in Ref.
148.

In closing this section we point out that the interest in
processess of light-induced non-steady-state interactions of
optical and acoustic modes of crystal vibration has not
waned up to the present.17'15 '•152 Broad prospects are opened
up also by the recently achieved generation in semiconduc-
tors,153 metals,154 and superconductors155 of coherent mo-
nochromatic optical phonons by the surface absorption of
femtosecond laser pulses. In the opinion of the authors of
Ref. 153, the excitation of an optical mode in GaAs results
from the action of non-steady-state electric fields created by
the spatial separation of photogenerated electrons and holes
[see, e.g., Eqs. (3.32)-(3.35) and (3.44)]. The changes in
the electric fields can be particularly large as a result of the
screening of the built-in electric field near the surface of the
crystal by nonequilibrium photogenerated carriers (Fig.
21). We note that radiation by the surface of photoexcited
semiconductors of femtosecond electromagnetic video-fre-
quency pulses has already been detected experimental-
ly.156'157 This is evidence favoring the mechanism proposed
in Ref. 153 for the generation of monochromatic optical
phonons, and also favoring the possibility of generation of
ultrashort longitudinal acoustic pulses via the inverse piezo-
electric42 (Sec. 3.13).

3.5. Sound generated by light pressure and in the processes
of melting and ablation of targets

In general, the flux of optical radiation incident on the
phase boundary of two media is split into reflected and re-
fracted components. Here the momentum vector of the pho-
ton changes. The pressure exerted in this process on the
specimen by the electromagnetic field is called the light pres-
sure. The resultant pressure on the surface is determined by
the law of conservation of momentum:

'-^ло-
Ln

ЛО,

(3.53)

where/R T are the intensities of the reflected and transmitted
radiation, and CL and cLn are the velocities of light in the
medium from which the exposure is exerted and in the speci-
men. Equation (3.53) corresponds to the case of normal in-
cidence of the radiation.

The case most promising from the standpoint of detect-
ing acoustic pulses caused by light pressure of ultrashort
laser pulses is that of optical irradiation of the phase bound-
ary between two transparent media. Here, in the absence of
absorption of the energy of the radiation, the observation of
pulses of light pressure is not impeded by the thermoelastic,
deformation, or the piezoelectric mechanisms of sound gen-
eration. The strictive excitation of acoustic waves in (3.50)
occurring at the boundary (in a region of sharp change in the
photoelasticity tensor) is one of the components of light
pressure. Also, the total action of the electromagnetic field

on the cyrstal in the case of transparent media is also local-
ized in the region of the spatial gradient of the dielectric
permittivity.158 Vassilev159 has studied the dependence of
the light pressure on the angle of incidence of ultrashort laser
pulses.

For light incident on the surface of a highly reflective
medium (1 — R •< 1) it is possible in principle that under
certain conditions, light pressure can dominate over the oth-
er mechanisms of sound generation. In this situation the op-
tical action also occurs at the surface, since when R г: 1 we
can neglect the momentum carried away by the refracted
wave:

—i = 1 Gbar
1,5-Ю18 W/cm2'

(3.54)

Analysis shows that, when Ръ predominates, besides in-
creasing the light reflection coefficient R, one must create
nonoptimal conditions for producing the other mechanisms
of optoacoustic conversion. For this purpose, in the experi-
ment of Ref. 160 an aluminum coating was used (which pro-
vided large values ofR -0.975 (forA L - 10.6/xm) and of the
heat conductivity Д"~1 cm2/s), in addition to long laser
pulses (TL — 1 //s). In this case the region of light absorption
is thermally thin for thermoelastic generation of sound,
while the heat conductivity at the characteristic frequencies
a>~ UIL — rL~' is considerably subsonic. At these frequencies
the use of the transfer function (3.16) and Eq. (3.54), give
us the estimate

/> ~ ^> /- т

- r'/2. (3.55)

For typical metals the dimensionless parameter c//3c2 is of
the order of unity ( in Al : c/f$c\ г; 1 . 5 ) . By our estimates in
Ref. 1 60 we obtained the condition PL~PT, where PT is the
pressure in the acoustic wave excited by the thermoelastic
wave. At the same time, even in experiments with nanosec-
ond laser pulses,161 the thermoelastic generation of sound
dominates.

With ultrashort laser pulses, supersonic electronic heat
conduction is obtained in metals ( \K\- \ s-y
instead of (3.55), the following estimate is valid:

). Here,

--Ц, (3.56)

where we have taken into account that the velocity of diffu-
sion heat conduction cannot exceed the Fermi velocity UF of
the degenerate electrons. For typical values VF ~ 2 X 108 cm/
s, we must have R ̂  0.98 to satisfy PL ~/"T.

In constrast to the situations (3.55) and (3.56) dis-
cussed above, the action of electromagnetic radiation on
specimens of poor reflectivity (R 4,1) is distributed over the
region of absorption of photons passing through the phase
boundary of the media. As the preceding analysis shows, the
light pressure in this case will be strongly masked by the
action of the other mechansims of sound generation (in par-
ticular, the thermoelastic mechanism). Thus, the hopes of
observing light pressure in a pulsed mode can hinge only on
restricting the efficiency of the other mechanisms of optoa-
coustic converion via nonlinear effects. The point is that,
e.g., the pressure jPSH in the shock wave excited during
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steady state laser ablation of the target (due to recoil pres-
sure) should increase sublinearly with increasing light in-
tensity.162

~ /2/3
J • (3.57)

A very simple explanation of this relation stems from the
idea that the energy flux proportional to /( carried away by
the shock wave depends on the cube of the velocity VSH of the
shock wave (I{ ~pv\H), whereas the pressure is proportion-
al to the square of the velocity (PSH ~/0узн) • In strong shock
waves an extreme compression of the material is attained, so
that the density p is independent of/j and the relation (3.57)
is satisfied. A detailed calculation of the hydrodynamics of
the expansion of the material indicates also that the pressure
at the ablation front (and, corresponding, the pressure in the
shock wave) depends on the photon energy, the mean mass
number Л of the nuclei of the target, and the mean charge per
ion <z>:162

A I L. \ 2/3 i r \ 2/3

- 1 Gbar •
10l7W/cm2

.(3.58)

At the same time the light pressure (3.54) increases linearly
with the intensity of the irradiation. Taking into account
that/1 /2(z) ^1, we can formally estimate for that for a pho-
ton energy hvL i£ 1 eV the light pressure must predominate
over recoil pressure when /; S;3xl021 W/cm2. However,
such high intensities of optical exposure are not yet attaina-
ble under laboratory conditions. The reasons for such a pes-
simistic estimate are the strong absorption of light due to the
formation of a plasma layer having the critical concentration
of electrons as a result of steady-state ablation. In the next
section of the review it will be shown that in the process of
subpicosecond laser pulses the plasma being formed cannot
expand. The nonlinear increase in the reflection coefficient
in the hot plasma of solid-like density can lead to predomi-
nance of light pressure, even at light intensities I, S 3 X Ю16

W/cm2.
However, before we take up this question, we shall pres-

ent a number of references to studies on other destructive
mechanisms of laser generation of sound. As far as we know,
acoustic waves excited in the evaporation and boiling of ma-
terials have so far been observed experimentally only in li-
quids (see, e.g., Refs. 163-165). Changes in the pulsed op-
toacoustic signals caused by the melting of the surface of
semiconductors have been detected in Refs. 166-168. Refer-
ences 169-172 were devoted to the theoretical study of this
effect. Reference 109 discussed how the possibility of the
motion of the melt-crystal bondary with near-sonic veloc-
ities would affect the profile of acoustic pulses. Since picose-
cond experiments of this type have not yet been performed,
we shall not take up this question in greater detail. We only
point out that the changes in the optoacoustic signal during
melting the surface involve both the change in the density of
the material upon melting and simply the change in the ther-
moelastic contribution due to the change in the reflection
(and absorption) coefficients of light (e.g., because of for-
mation of a highly reflective phase near the surface). Of
course, under fine control of the parameter of the optical
exposure, melting and recrystallization may not cause irre-
versible changes in the surface; here the mechanism of sound
generation is nondestructive. Excitation of ultrasound in the

laser thermo initiation of a metal-semiconductor phase tran-
sition has been observed in the experiment of Ref. 173. The
relative changes in the density of matter in this phase transi-
tion, just as in melting, can reach tens of percent.

4. NEW DEVELOPMENTS IN THE OPTOACOUSTIC
TECHNIQUE OF GENERATING SHOCK WAVES. EXCITATION
OF STRONG SHOCK PULSES WITH HIGH-POWER
ULTRASHORT LASER PULSES

The interest in the possibility of laser excitation of ultra-
short shock pulses involves the fact that one can use this
technique not only for diagnostics of materials, but also, as is
especially important, for active intervention in physical pro-
cesses and initiation of physical processes in picosecond
times. We have already mentioned the influence of shock
waves on the processes of spontaneous and stimulated emis-
sion of light,56"6' which is actively used for their optical mea-
surement. Among other manifestations of the strong com-
pression of matter in a shock wave, we list the possibility of
ionization by pressure,174 generation of metastable metallic
phases in semiconductors (at PZ 150 kbar in Si175), and
amorphization.176 One observes the formation of point de-
fects in regions of large deformation gradients,177 whereas
the large pressures in a shock wave and the associated adia-
batic heating can facilitate the annealing of defects; shock
waves can initiate both melting178 and crystallization.179

The development of laser generators of ultrashort shock
pulses would enable the study of such processes with picose-
cond time resolution.

The problem of shortening the duration of shock pulses
has not been posed in the experimental studies known to the
present authors. However, as is implied by the results of
Refs. 51 and 66, the duration of compression pulses at dis-
tances no greater than several tens of micrometers does not
exceed a few nanoseconds. It is also important that the dura-
tion of the front of the shock wave measured experimentally
(with a pressure PSH ~ 30 Mbar) proves to be in the picose-
cond range (510 ps63). Thus, for generating ultrashort
shock pulses, additional fast decay of the pressure behind the
front of the shock wave is of fundamental significance.

In this section of the review we discuss a number of
features of the excitation of shock pulses in the interaction of
femtosecond laser fields with matter. It is shown in Sec. 4.1
that the shaping of the shock pulse occurs during non-
steady-state electronic heat conduction in the laser plasma,
which has a solid-like density. The characteristic duration of
shock pulses is of the order of the time of detachment of the
shock wave from the front of the thermal wave, and is deter-
mined by the rate of energy transfer from the electrons to the
ions as they collide. Therefore, to shorten shock pulses it is
advantageous to use targets made of heavy elements, which
allow multiple ionization of the atoms with the least energy
expenditure, which leads to an increased frequency of elec-
tron-ion collisions.

Section 4.2 discusses how the characteristics of the ex-
cited shock pulses depend on the fact that the motion of the
plasma can be insignificant during the ultrashort optical ir-
radiation. In this situation a layer having the critical plasma
concentration (which strongly absorbs the laser radiation)
cannot form. Nonetheless, the increase in the light reflection
coefficient with increasing intensity can lead to a decrease in
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the efficiency of conversion of the laser pulses into shock
pulses.

The decrease in the efficiency of ultrafast conversion of
laser energy into the thermokinetic pressure of the electron
gas with increasing intensity of the optical irradition is espe-
cially severe for targets made of light elements, when even
with total ionization the charge of the ions does not exceed
several units. It is shown in Sec. 4.3. that in such a situation,
owing to the sharp decline in the rate of electron-ion colli-
sions with increasing electron temperature, it is possible to
indent the surface of the target under the action of light pres-
sure, which increases proportionally to the intensity of the
laser light.

4.1. Shaping of shock pulses in the process of retardation of
the fast nonlinear electronic heat conduction

In this section we shall discuss the following feature of
laser ablation of targets that is specific to ultrashort laser
pulses of duration rL ^ 10 ps: for certain parameters of the
radiation, the laser plasma does not expand during the light
absorption. The ablation of the target material itself occurs
at late times, after the ultrashort laser pulse has ceased.
However, at times f S rL, a hot plasma with solid-like den-
sity is formed. Measurements of the light reflection coeffi-
cient11 favor such a scheme of non-steady-state ablation un-
der subpicosecond exposures, as do the results of the
theoretical estimates presented below.180

The absorption of laser radiation initiates the heating of
the target, plasma formation, ablation of material, and for-
mation of shock waves. For ultrashort laser pulses, these
processes can be separated in time, since at short times
О ̂  15 rL during the process and after completion of the la-
ser pulse, the heat wave propagates into the interior of the
material with a velocity greater than the velocity of the
shock wave (or the velocity of expansion of the target mate-
rial). That this statement is valid for times shorter than the
time of elastic electron-ion collisions v~( ' follows from a
comparison of the thermal velocity of the electrons
ve~(Te/me)

>/2, which determines the ballistic heat con-
duction, and the characteristic velocity of hydrodynamic
perturbations in the two-temperature plasma
i>s ~ ( ( z ) Tc /m{)'/2 (meд are the masses of the electrons and
ions). At times exceeding the reciprocal of the rate of elec-
tron-ion collisions

t > V. (4.1)

the heat conduction is of diffusion type. Here the velocity of
propagation of heat falls off with time faster than does the
velocity of propagation of the shock wave. Therefore there is
a characteristic time TO when the shock wave overtakes the
front of the heat wave

(4.2)

HerezT is the depth of penetration of heat (the coordinate of
the front of the heat wave), while ZSH is the coordinate of the
shock wave front. At the time TO the formation of the shock
pulse is completed.178 We note that the same hypothesis was
used in analyzing the possibilities of laser modeling of a high-
velocity shock.181 The process of gradual "growing" of the
shock wave out of the thermal wave and its detachment with

separation from the irradiated surface has been observed in
Ref. 66.

Since the velocity of expansion into empty space by the
mass of the material in which the shock pulse is formed coin-
cides in order of magnitude with the velocity of sound,178

heat conduction at times 15 r0 can be considered to occur in
a stationary medium. In the second stage (t % TO) the issue is
the propagation of the shock pulse. Here it is important that
one can neglect heat conduction, since it is slow in compari-
son with the hydrodynamic motion (the shock wave breaks
away from the heat wave). The parameters of the excited
shock pulse are determined by the conditions at the instant
of detachment t ~TO: the condition of detachment (4.2) and
the condition of equality of the characteristic pressure in the
shock pulse to the pressure Pe of the electron gas:

where {z)ni ~«e, «e,i is *ne concentration of electrons and
ions in the plasma.

Under the conditions of interest to us of high-power
laser exposures, the principal role in energy transport is
played by fast nonlinear electronic heat conduction.178'181

An important factor that determines the rate of energy
transport by electrons is the frequency of elastic electron-ion
collisions:

•el Л - (4.4)

where Л is the Coulomb logarithm. It determines the diffu-
sion coefficient of the electrons:

^/2<z)2. (4.5)

Correspondingly, for the characteristic energy density Wv

at the time

t>r, (4.6)

the estimate

4 l/2 (4.7)

is valid; here W\ is the surface density of absorbed laser
energy, and we asume that the heat conduction length ex-
ceeds the depth /p of penetration of light:P

П/2 (4.8)

In our order-of-magnitude estimates, assuming that (z) S: 1,
we shall neglect the thermal energy of the ions and the ener-
gy spent in ionization as compared with the thermal energy
of the electrons

177 Sov. Phys. Usp. 35 (3), March 1992

Here / ( ( z ) ) is the energy necessary to remove an electron
from an ion having the charge (z) — 1. In this approxima-
tion in describing the process of heat conduction we no long-
er need to take into account the energy exchange between
electrons and ions.182

Expressions (4.5), (4.7), and (4.9) give the following
description of the process of electronic heat conduction:

'9, (4.10)
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~ «Г1' V (4- 1 1 )

We shall assume that ionization ceases when the kinetic en-
ergy of a free electron becomes insufficient to eject the next
bound electron:

j((z» - Te. (4.12)

We note that the approximate relation (4.12) is also implied
by the Saha equations178 for Te £ i( 2 ).178 We shall model the
/ ' ( ( z ) ) relationship with the power law

'««)).- 'o<z>'M' (4.13)

where physically, the quantity /0 is of the order of magnitude
of the ionization energy of the neutral atom, and Д is a free
parameter. In the model of hydrogen-like ions we have
Д = 1/2. Relations (4.12) and (4.13) determine the de-
pendence of the average ion charge on the electron tempera-
ture:

(4.14)

To determine the instant r0 of detachment of the shock
wave from the heat wave, the characteristic spatial dimen-
sion of the region of generation z0 ~ ZT ( TO ) ~ DSH ( r0 ) TO, and
the pressure at the front of the shock pulse at the instant of
detachment PO~PSH(TO)> it suffices to substitute (4.10),
(4.11), and (4.13) into the system of equations (4.2) and
(4.3) and solve it:

PS- (4.15)

Л> ~
(4.17)

The first parts of expressions (4.15)-(4.17) show only how
the physical quantities vary with increasing absorbed laser
energy; for arbitrary values of the parameter Д. The second
parts give numerical estimates, but only in the special case
Д = 1/2. Here and below the physical parameters are nor-
malized to the following characteristic values: щ—to
5 X Ю22 cm~3,,0—to 3 g/cm3, /0—to 10 eV, and W\—to 100
J/cm2. The system of estimates (4.15)-(4.17) is valid for

rtSro- (4.18)

We note that the analysis of Eqs. (4.2) and (4.3) also
reveals the relation between the characteristic time TO and
the frequency vei:

_ -
<z>me

vei ~ r ei-

Thus, the detachment time of the shock pulse from the heat
wave is of the order of the time rei of energy transfer from the
electron to the ion subsystem in elastic collisions.181

According to (4. 15), the condition Д = 1/2 chosen for
numerical estimates is critical in the sense that r0 does not
depend on the energy W\ of the absorbed radiation. For this
case let us indicate the limits of applicability of the system of
estimates (4.15)-(4.17) for parameter values coinciding
with the characteristic values. 18° First of all, the duration of
the laser action, in view of (4.15) and (4.18), must not ex-
ceed tens of picoseconds (TL ^ 50 ps). The lower bound on

the magnitude of the energy of the laser exposure Wl is
imposed by our assumption that the electronic component of
the plasma is nondegenerate: W| ̂  1 J/cm2. For such ener-
gy densities the inequality (4.8) is satisfied not only for
times t~r0 in (4.16), but also for times J~rL 3:100 fs.
Therefore we can use expression (4.10) to estimate the max-
imum electron temperature, so as to determine the upper
bound of attainable energies W\ by using the inequality

Ге(
гь) *. «Т* (4Л9)

Here W$* is the average of the kinetic energy of over a peri-
od oscillation of the electrons in the laser field:

(4.20)

In the numerical estimate AvL is normalized to 1 eV, and rL

to 100 fs. When (4.19) fails, the estimate (4.4) becomes
incorrect, the process of heat conduction changes, and the
generation of the shock pulse can predominantly involve not
the action of the thermokinetic forces (the pressure of the
randomly moving electrons), but the action of the nonlinear
force of the electromagnetic field.183 In view of relations
(4.10) and (4.20), the inequality (4.19) is satisfied when
W\ £ 105 J/cm2 for femtosecond pulses (TL ~ 100 fs) of
short-wavelength radiation (AvL ~4 eV).

In view of Eq. (4.17), for attainable values of the sur-
face density of absorbed energy W^l-lO5 J/cm2 (for
TL ~ 100 fs the corresponding range of light intensities is
/a ~ 1013-1018 W/cm2), shock pulses are obtained with pres-
sures P0 ~ 0.5 Mbar-1 Gbar. In the terminology used in Ref.
178, in solids shock waves with pressures Psn > 10 Mbar are
termed strong. For a qualitative description of strong shock
pulses, one can treat the solid as being an electron-nuclear
gas with an adiabatic index 7 = 5/3 (Ref. 178) and use the
existence of self-similar solutions of the gas-dynamic equa-
tions describing the shock wave formed in the expansion of
the gas after the instantaneous energy release at the surface.
Thus, one can use the relations (4.15)-(4.17), which were
derived by using the conditions (4.2) and (4.3), for joining
the self-similar solutions of the problems of nonlinear heat
conduction and gas dynamics.

If r0 is the characteristic dimension of the region of fo-
cusing of the light, then we can use the one-dimensional
equations of gas dynamics to describe the shock pulse at
distances less than /o/z0- The only length scale in the motion
initiated by the instantaneous laser action 5-localized at the
boundary with the vacuum is the variable coordinate of the
shock pulse front:

z5l, = Bt&, (421)
511 y T ^ A i A /

where f) is the self-similarity index, and the parameter В is
determined by the characteristics of the exposure. Since the
characteristic pressure at the front of the shock pulse can be
represented in the following form from dimensional consid-
erations

we can determine the value of the parameter В from the
conditions (4.15)-(4.17), which actually are the initial con-
ditions for (4.21) and (4.22): zSH(r0)~z0, Р5Н(т0)~Г0.
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The value of the self-similarity index (3~Q.6l was obtained
for у = 5/3 by numerical solution of the equations of hydro-
dynamics describing the self-similar motion.l78 Consequent-
ly, we can write the dependence of the coordinate of the front
and the pressure at the front of the shock pulse at the pont of
observation on the absorbed energy density (in the case
Д = 1/2) in the form180

"SH (4.23)

The superlinear increase in the pressure is due to the ap-
proach of the region of formation of the shock front to the
measuring region.

In Ref. 180 an approximate relationship between the
duration rSH of the shock pulse at half-height and the time of
arrival tSH of the front of the shock pulse at the point of
observation was obtained by a linear approximation to the
profile of the shock pulse (in the case of interest to us with
у =5/3,/7 = 0.61):

sn (4.24)

In view of relation (4.24), the duration of a strong shock
pulse increases proportionally to its time of propagation.
Since the emergence of the hydrodynamic motion into a self-
similar regime occurs in a time considerably exceeding the
time of generation of the shock pulse,178 then estimate
(4.24) is correct when tSH >r0. Consequently, in any case
the duration of the shock pulse rSH exceeds its generation
time TO. Thus, the propagation of a shock pulse under condi-
tions of expansion of matter into the vacuum cannot shorten
its duration (which, of course, was of the order of r0 at the
instant of cessation of generation).

Thus a simple shortening of the duration of the laser
exposure does not suffice for a corresponding shortening of
the shock pulse. When тъ < TO the duration of the shock
pulse in the model being discussed does not depend on rL,
but is determined by the characteristics of the target em-
ployed. According to relations (4.15), for targets with
0<Д<(1.2), TSH exceeds tens of picoseconds. In this case
the width rf of the front of the shock wave does not affect the
total duration of the shock pulse, since, according to the
results of Ref. 63, rf < 10 ps. To obtain shorter shock pulses,
targets are required with Д > 1/2, in which the time of elec-
tron-ion energy exchange rei ~ r0 is shortened when the ab-
sorbed energy density is decreased. Thus, for generating ul-
trashort shock pulses, targets are preferable in which the
energy used in multiple ionization of the atoms is minimal.
We note that these conclusions are correlated with the re-
sults of Ref. 182, in which it was proposed to add heavy
elements to a target made of light atoms for fast cooling of
the electrons and retardation of the process of heat conduc-
tion.

4.2. Influence of the laser-energy dependence of the
absorptivity of the target on the efficiency of conversion
of laser pulses into shock pulses

The surface density of absorbed laser energy W$ figures
in all the relations presented above. Therefore, to use them in
practice, we must also relate Wl with the surface energy
density of the incident radiation, W$. In a number of cases
one can obtain the relation optimal from the standpoint of
ablation-induced generation of strong shock pulses:

Wl x Wl. First, according to the results of Ref. 184, to in-
crease the energy contribution into the target one can apply a
periodic system of submicrometer grooves on the absorbing
surface. Second, the absorption of the greater part of the
incident radiation can occur upon exposure to rather long
laser pulses rL Й 10-100 ps.62""64'66 In this situation a plasma
layer can be formed with the critical concentration in which
strong light absorption can occur, even within the time of the
optical exposure.

However, if we do not take special measures,184 then the
dependence of the light reflection coefficient on the param-
eters of the plasma for laser exposures TL 5 10 ps can lead to
a substantial decrease in the absorptivity of the target. For
example, in Ref. 11 in exposures to silicon of radiation with
the parameters rL —160 fs, hvL —4 eV, an approximately
threefold diminution was observed in the absorptivity 1 — R
for a change of W's for 1 J/cm2 to 102 J/cm2. The results of
Ref. 19 also indicate a tendency to increase in the reflection
coefficient of aluminum for radiation with AvL — 4 eV,
rL -400 fs at Wl Z 50 J/cm2.

The dependence of the light reflection coefficient on
Wl leads to a nonlinearity in the relation between the ab-
sorbed Wl and the incident Wl radiation energies

In the Drude model of the dielectric permittivity of a plasma,
the Fresnel reflection coefficient depends on the relative
magnitude of three frequencies: vei (4.4), 2irvL, and the
electron plasma frequency cop. By using relation (4.14) and
the previous normalizations of the physical quantitites, we
can estimate:

(4.26)

(4.27)

1/2

In the case

(4.29)

the Drude model gives the following expressions for the ab-
sorption coefficient of the light a and the absorptivity

(4.30)

2^ ~ 0.2^/Vp

According to (4.31) the reflection coefficient varies during
optical exposure because of the variation of the electron tem-
perature. For estimates we shall use as a characteristic value
of 1 — R the value obtained for r~rL. Then Eqs. (4.10),
(4.25), and (4.31) allow us to determine the relation be-
tween Wl and Wl,

The exponents in the first parts of the description (4.15)-
(4.17) are altered correspondingly. Of course, the numerical
estimate of rn for the special case A = 1/2 in (4.15) is not
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altered. However, the other parameters of the shock pulse
take on the following values:

z0 -

P0 ~

(4.32)

Just as in the general case, an increase in R leads to retarda-
tion of the rate of increase of the parameters of the shock
pulse with the laser power, as compared with (4.16) and
(4.17). The relation PSH = PSH ( W ' s ) at the point of obser-
vation [like (4.23)] can become sublinear.

As before, the region of applicability of the obtained
results is bounded from below by the condition ofnondegen-
eracy of the plasma: JVl

s <; 1 J/cm2. When this condition is
fulfilled, the source of heating of the electrons is a surface
source ZT (TL ) >a~' in (4.30), while the estimate of the
frequencies (4.26)-(4.28) indicates the fulfillment of the
condition (4.29) for radiation with hvL ~4 eV. The upper
bound on the attainable energy densities imposes a condition
of applicability of the Fresnel formulas for the light relfec-
tion coefficient. They can be used if the width 8 of the transi-
tion region from the vacuum to a plasma of solid-like density
does not exceed the penetration depth of the radiation
/p ~a~'.The maximum velocity ua of outflow of gas into the
vacuum, as is known,178 is of the order of the velocity of the
ion-sonic wave

Here an estimate of the fulfillment of the inequality
<5~yarL <a~l leads to the condition W's 5 103 J/cm2. Ad-
ditional tests show that, with this restriction on the energy
density of the laser pulse, condition (4.19) is satisfied, while
the distance traveled by an electron in a period of oscillations
in the light field is smaller than the depth of penetration of
the light. The latter condition together with (4.19) indicates
that in this case for the near ultraviolet (AvL ~4 eV) a cer-
tain type of skin effect is realized in the infrared region of the
spectrum.185

Thus, for laser pulses of length TL ~ 100 ps with Д = 1/
2, the set of estimates (4.32) is applicable at intensities of
optical exposure in the range W\ ~ 1013-1016 W/cm2. Ac-
cording to (4.32), generation of shock pulses with pressures
/"SH ~ 0.1-5 Mbar can occur under such conditions. Further
increase in intensity in this case must give rise to a smooth
transition to the regime (4.15)-(4.17) discussed earlier,
with an increase in the absorptivity of the plasma as it ex-
pands.

4.3. The possibility of predominance of light pressure over
thermokinetic pressure of electrons

Comparison of the pressures in (4.17) and (4.32) with
the light pressure of (3.53) shows that, under real experi-
mental conditions in the regime A = (1/2), PL is negligibly
small. This is because the transition to the regime of strong
absorption of light occurs before PL of (3.54) and P0 of
(4.32) can become equal when the light intensity is in-
creased. The scenario of development of events with increas-
ing Wl

s can be different in the case of targets made of light

elements, when the mean charge of the ions (z) is constant
(independent of Ге ), because of the total ionization of the
atoms, even at moderate intensities. The transition to this
regime occurs by the formal replacement in (4.12) and the
subsequent estimates /„-» (A /2) ~ 1/A , Д-»0. Here we have
(z) ~A /2 ~ const. Here a situation can occur in which the
expansion of the plasma opposes the light pressure.

Comparison of the thermokinetic pressure of the elec-
trons

Pe ~ rtire - 3)2rt.1<z)7/5T-2/15(r,'is)
4/15 Mbar

with the light pressure (3.54), for which the following esti-
mate holds under conditions of strong reflection (R ̂  1 ) :

shows that the latter predominates when

И^ > <H£)(}> ~ 2,5- 103л'5/и<г>
21/11т'3/11 J/cm2. (4.33)

At energies exceeding a critical energy ( Ws )^r

u, the surface
of the target is indented. Beginning at PL — Pc £ 10 Mbar,
for a qualitative description of the motion of the surface we
can use the assumption of the extreme compression of the
near-surface electron-nuclear gas (nfHs4«i; for у = 5/3).
Then the front of the shock wave penetrates into the target
with a velocity ySH = 2(PL/3p) 1/2, while the surface moves
with a velocity u0 ~ ( 3/4 ) ySH .

The extreme compression must be taken into account in
determining the upper bound of the energy contributions at
which the stated regime can be realized. The upper bound on
Ws can also be associated with the applicability of the Fres-
nel formulas for calculating the reflection of light. In the
present case the broadening of the <5-jump in the dielectric
permittivity at the vacuum-plasma boundary can involve the
spatial separation of the electrons and ions under the action
of the light pressure

•6 ~

The inequality 5</p is satisfied when

И^<(И^)£> ~ 4.7-106n.(z>TL J/cm2.

Finally, when the relation

- 2,3-

(4.34)

(4.35)

breaks down, then all of the estimates must be modified with
account taken of the fact that the skin effect in the infrared
region of the spectrum will not occur, but rather the anoma-
lous skin effect (since the inequality /p <ye/2irvL breaks
down).

Comparison of the ciritical energies (№$)„, (4.34)
and (4.35), clearly indicates the advantage of using short-
wavelength lasers to expand the possible range of radiation
energies in which the surface is indented. When AvL ~4 eV,
rL ~ 100 fs, и; ~ 5 X Ю22 cm3, the proposed system of esti-
mates indicates that the condition PL > Pe can be satisfied in
the energy range W's ~ 2 X 104-2.5 X Ю5 J/cm2. Indentation
of the surface can occur also at higher energies of irradiation.
However, to describe this situation, one must use formulas
for a and (1 - R) differing from (4.30) and (4.31) (the
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anomalous skin effect185'186). Even in this energy range (the
corresponding intensities of laser exposure are /j ~ 2 X 1017-
2.5xlO1 8 W/cm2), the light pressure on the surface ap-
proaches gigabar values (PL ~ 60-800 Mbar). At such pres-
sures, in the course of the characteristic time of laser expo-
sure (TL ~ 100 fs), the entire region of light penetration is
involved in shock compression.

The estimates show that, in the regime being studied
^L >^e № ~ (2-25) X 10'7 W/cm2], the characteristic fre-
quencies of electron-ion collisions (vei ~1014-3.5x 1013

s~') already lie at the boundary of the condition (4.1) for
diffusion heat conduction (for rL ~ 100 fs). The flux of heat
introduced into the target W\ ~ (1 - R) W$ ~ (Зх Ю15-
1.5X Ю1 6) W/cm2 is close to that at which one expects a
limitation on heat conduction under conditions of ablation
of the targets by long pulses.162-186 Finally, as additional esti-
mates show, when Ръ>Ре condition (4.19) can begin to
break down. Correspondingly, the characteristic vibrational
velocities of an electron begin to exceed the thermal veloc-
ities. Then plasma instability can develop,186'187 accompa-
nied by an increase in the effective rate of electron scattering.
This process can impede the compression of the plasma by
light pressure and completely rule out the possibility of in-
dentation of the surface. On the whole we can state that the
experimental studies of optoacoustic conversion under the
action of high-power femtosecond short-wavelength radi-
ation can yield very interesting information on the physics of
ultrafast electron-ion energy exhange in a plasma. The
further development of theoretical models should first of all
include taking account of the possible nonequilibrium char-
acter of the ionized composition of the plasma,] 82 analysis of
the possibility of development of plasma instabilities in the
presence of the high-power electromagnetic wave (e.g., at
Te ~ Wy° [Ref. 186]), and should also include the descrip-
tion of the structure of ultrashort shock pulses of durations
TSH < 1-10 ps.

5. THE PHYSICAL FACTORS AFFECTING THE DURATION OF
RECORDED OPTOACOUSTIC PULSES

The entire preceding treatment has been devoted to dis-
cussing the topic mentioned in the heading of this section.
Here we shall take up in addition the transformation of the
spectra (and profiles) of ultrashort acoustic pulses during
their propagation (outside the region of generation). We
shall analyze separately the possibilities of controlling the
duration of sound pulses through nonlinear changes in the
acoustic sources as the intensity of laser exposure is in-
creased.

5.1. The role of dissipation, diffraction, acoustic nonlinearity,
and dispersion in the propagation of acoustic pulses

Since in Sec. 3 we were interested only in the various
physical mechanisms of optoacoustic conversion, for com-
pactness of presentation we neglected the absorption, disper-
sion, and non-one-dimensionality of the acoustic waves and
the nonlinear effects in the crystal-lattice dynamics. Meth-
ods are known that enable one to take account of these fac-
tors, even at the stage of excitation of the acoustic pulses.77

However, as the estimates show for most of the experimental
efforts of optoacoustic conversion, there is no need of this.
The characteristic distances at which the role of these accu-
mulating effects is appreciable (i.e., the absorption length

LABS, the diffraction length LD I F, the dispersion length
L DIS , and the nonlinear length L NL ) usually substantially
exceed the size of the region of sound generation, L a . Of
course, this directly involves the fact that in applied studies
the investigators mainly try to achieve nondestructive exci-
tation of plane waves. To do this, in particular, by control-
ling the focusing of the radiation, one tries to obtain localiza-
tion of the sound sources in a volume in the form of a disk.

When the inequalities L ABS , L DIF , L Dls , L NL > L Q are
satisfied, the problem of determining the optoacoustic signal
in the detection region ( at distances z > L 0 ) can be solved in
two stages. In the first stage the valid solutions are those
derived by using the method of spectral transfer functions,
Sec. 3. These solutions (3.4)-(3.6), which are valid outside
the region of generation (z>LG ) , are fixed as boundary
conditions for the problem of the evolution of a quasiplanar
acoustic pulse of finite amplitude in a dissipative medium. In
the second stage, to describe this evolution, while neglecting
anisotropy of the crystal, we can use the equation

_
~ 2

Here e is the nonlinear acoustic parameter of the medi-
um, 77- ' 88> ' 89 b is the dissipative parameter, ' 88' ! 89 a is the crys-
tal-lattice parameter,40-190 and Дх is the Laplace operator in
coordinates normal to the z axis. When dispersion is neglect-
ed (a = 0), Eq. (5.1) in the nonlinear theory of sound
beams189'191 is commonly called the Khokhlov-Zabolots-
kaya equation. In the absence of sound absorption (b = 0),
Eq. (5.1) is also known as the Kadomtsev-Petviashvili
equation. The solution of the quasilinear evolution equation
( 5. 1 ) is possible in the general case only by numerical meth-
ods.191 However, analytical results can be obtained in the
case in which the spatial scales of the physcial effects being
analyzed strongly differ.

If the smallest characteristic length is the dissipation
length (L G <^L ABS <Z, DIF ,L DIS ,L NL ) , then (5.1) reduces
to the linear parabolic equation

dU
dz '

= 0.

Naturally this can be solved, e.g., by using the integral trans-
formations (3.3). Representation of the solution in the spec-
tral form

U(<o, z) = U(m, z = 0)ехр(-йаЛ/2рсЬ (5.2)

shows that each spectral component falls off exponentially
with distance. Physically the quantity ora = Ък>г/1рс\ is the
absorption coefficient of sound of frequency со. Absorption
that increases quadratically with the frequency (aa ~co2) is
ordinarily called high-frequency absorption, since, accord-
ing to Eq. (5.2), it leads to narrowing of the spectrum of
broad-band acoustic signals. In crystals other forms of de-
pendences aa =a a (<u) (differing from ~a>2) can also be
realized, especially at low temperatures, or in the terahertz
frequency region.76

Using the description (3.11) of the generated deforma-
tion wave U(a>,z = 0) and the solution (5.2), we can conve-
niently write the profile of the signal in the detection region
as
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FIG. 26, Profiles (a) and spectra (b) of variations of the
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(5.3)

According to (5.3) we can speak of the spectral transfer
function of optoacoustic conversion + propagation:

K(a>, z) = *(co)exp(-aa(co)z). (5.4)

This depends on the distance z between the regions of gener-
ation and detection of the sound. It is clear that the narrow-
ing of the spectrum of efficiently transferred frequencies
with increasing z in Eq. (5.4) must lead to increased dura-
tion of the acoustic pulses.

Distortions of the profiles of ultrashort deformation
pulses caused by absorption of acoustic waves during propa-
gation have been observed in many experiments (e.g., Refs.
31, 33, 35, 36, 192). By measuring such changes in the spec-
trum of the optoacoustic signal, one can not only esti-
mate,33-35'36 but also measure very exactly the absorption
coefficients of hypersound at room temperature. In a recent
experiment193 picosecond optoacoustic technology (see Sec.
2) was used to determine the dependence of the absorption
of longitudinal sound waves at temperatures 80-300 К in the
frequency band va~ 180-250 GHz in a-SiO2. Figure 26a
shows the profiles of the variation of the reflection of light
caused in an aluminum optoacoustic converter by the three
first echo pulses arriving after re-reflection in a 1480- A glass
layer. The corresponding spectra of the echo signals are
shown in Fig. 26b. The results of the measurements of the
temperature-dependence of the absorption of hypersound at
two frequencies ( va =201 and 238 GHz) are shown in Fig.
27. We note that, according to the measurements193 at room
temperature, the variation in absorption in the frequency
band va ~ 30-200 GHZ agrees within the limits of experi-
mental error with the (o2 law. The experiment193 clearly
demonstrates the unique potentialities of broad-band optoa-
coustic spectroscopy of thin films.

In view of the expression (5.3) for the dissipation
length L ABS , we should consider the reciprocal absorption
coefficient of sound at the largest of the characteristic fre-
quencies of the generated signal U(r,z = 0):

When z £ aa~ ' (<umax ) the exponential factor in (5.3) begins
to influence the spectrum of the optoacoustic signal. At the
same time, at distances exceeding the absorption length of
sound having the smallest of the characteristic frequencies

(z £ aa ' (<amin)), almost all the information on the details of
the spectrum U(co,z = 0) is lost. The profile of the deforma-
tion pulses at such distances is associated with a differential
or integral transformation with the Gaussian profile

z) - (5.5)

depending on the behavior of the spectrum U(<a,z = 0) at
low frequencies (<y-»0). If U(co = 0,z = 0) ̂ 0 (e.g., in the
case (3.42), the profile of the optoacoustic pulse is Gaussian
(5.5). If U(ca^Q,z = Q)~a> [e.g., in the case that (3.13)
holds], the profile of the optoacoustic pulse resembles the
first derivative of (5.5), etc. In all cases at distances
z>a~ '(<ymin ), in view of (5.5), the characteristic acoustic
pulse length increases with the distance traveled as z1/2.

If the smallest characteristic length is the diffraction
length (L0 <LDIF <LABS,L01S,LNL )> thenEq. (5.1) cor-
responds to the quasioptical approximation in diffraction
theory:189'190

_
dz dr .U. (5.6)

For a Gaussian transverse distribution of sound in the beam
in the generation region we have:

U(r, z = 0, r) = U(r, z

where r is the transverse coordinate, r0 is the radius of the
beam, and we can represent the spectrum of the optoacoustic
signal that satisfies Eq. (5.6) on the axis r = 0 in the
form77'189

(5.7)
1 +
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FIG. 27. Temperature dependence of the absorption of sound at the fre-
quencies 201 GHz (/) and 238 GHz (2) measured by broadband opto-
acoustic spectroscopy.193
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According to ( 5.7), diffraction, in contrast to high-frequen-
cy absorption (5.2), primarily influences the low-frequency
components of the spectrum of the optoacoustic signal. The
decrease in the low-frequency components begins apprecia-
bly to influence the spectrum (and the profile) of the defor-
mation pulse starting at distances z of the order of

By virtue of Eq. (5.7), the following approximate relation is
valid at distances z>r£u>max/2ca

U(o>, z, r = 0)
r2

z = 0, r = 0).

According to this result, the profile of the diffracted optoa-
coustic signal on the axis resembles the time derivative of the
profile of the generated deformation pulse.

Naturally, the diffraction "cutoff' of the low-frequency
region of the spectrum of the optoacoustic signal can shorten
the duration of optoacoustic pulses as they propagate. In the
following very graphic example, there are two characteristic
frequencies strongly differing in amplitude in the spectrum
of the original optoacoustic signal. We assume that the ther-
moelastic optoacoustic conversion occur in a thermally
thick region of light absorption. Using Eqs. (3.11) and
(3.13), we can write the deformation spectrum U(a>) out-
side the region of generation as

—tea
2 -i

(5.8)

In the case o>L > a>a (4rL ' > aca) the profile of a deformation
pulse having the spectrum (5.8) has the characteristic bipo-
lar form of (3.14), but the transition from the compression
phase to the rarefraction phase does not occur instanta-
neously, but after a finite time ~TL (see Fig. 18). Here the
characteristic acoustic pulse length is ra (z = 0) ~ (aca) ~'.
Because of Eq. (5.7) the spectrum of the optoacoustic pulse
at distances z>^<i>L/2ca resembles the spectrum of the in-
tensity envelope of the laser pulse

2 -,

U(a>, z) - - (5.9)

Consequently the diffraction of the waves can shorten the
optoacoustic deformation pulse length down to ra = rL.
Many experimental studies of the dependence of the profiles
of the diffracted optoacoustic signals on the distance trav-
eled by the pulses and/or on the focusing conditions have
been carried out, mainly in liquids (e.g., Refs. 83, 194, and
195). Figure 28 shows the profiles of optoacoustic pulses
excited thermoelastically near the free surface of n-C7H,6 at
different distances from the boundary.83 The oscillations on
the tail of the experimental profiles involve excitation of the
natural vibrations of the receiving transducer. In this experi-
ment the condition TL -^ (aca ) ~' was attained. Comparison
of Figs. 28a and 28b graphically demonstrates the diffrac-
tion-induced decrease in the characteristic duration of op-
toacoustic pressure pulses in going from the near to the far
wave field.

If the smallest characteristic length is the nonlinearity
length (La </-NL <^LDIF,LDIS,LABS )> then (5.1) reduces

Pa, Arbitrary units

2,0 т, fJ.S

Pa, Arbitrary units

FIG. 28. Profiles of optoacoustic pressure pulses in n-heptane at distances
z = 3.4 mm (a) and z = 158 mm (b) from the free surface (z = 0). Solid
profiles—theory, dashed profiles—experiment.83

to the simple wave equation

whose solution

U (5.10)

implicity describes the relation between the deformation
profile U at the distance z and its profile C/0= U(T,Z = 0) at
the boundary of the region of optoacoustic conversion. Ac-
cording to the principles of nonlinear acoustics,77'188'189 the
deformation pulses described by Eq. (5.10) are distorted
because the velocity of propagation of acoustic waves de-
pends on their amplitude. For example, in the case £ > 0 the
compression regions (t/<0) propagate with velocities ex-
ceeding the velocity ca of sound waves of infinitesimally
small amplitude. Figure 29 shows the results of calculation
by Eq. (5.10) of the transformation of the profile of an op-
toacoustic signal that at the exit from the generation region
was a unipolar pulse having the characteristic pulse length
ra (z = 0) ~TQ. Analysis shows that the profile (the loops in

FIG. 29. Nonlinear transformation of the profile of an optoacoustic com-
pression pulse during propagation in an ideal medium. The parameter of
the profiles is the dimensionless distance to the sound-generation region:
z/Z,NI. = 0 ( 7 ) , 1 ( 2 ) , 2 ( 5 ) , 3 ( 4 ) , a n d 4 ( 5 ) .
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Fig. 29) becomes non-single-valued at distances z of the or-
der of

-1 сато

where U0 is the characteristic value of the deformation in the
acoustic pulse. In the case of signals of complex form we
haveLNL ~ca/ft70u>max. Physcially, the multivalued behav-
ior indicates the formation of a shock front whose location is
determined by the law of conservation of momentum in the
acoustic pulse (the law of equal areas189). At distances
z>ca/£t/ou>min an isolated unipolar pulse of arbitrary form
inevitably becomes triangular (see Fig. 29), with its dura-
tion increasing with the traveled distance as zI/2, while the
amplitude falls off as z~'/2.19° The asymptotic form of multi-
polar signals depends strongly both on the sequential order
of the compression and rarefaction phases an on the magni-
tude of the total momentum of the optoacoustic pulse. Thus,
for example, the duration of a symmetric bipolar signal be-
ginning with a rarefraction phase (in the case e > 0) is not
altered by the nonlinear effects.

Nonlinear distortions of the profiles of optoacoustic
pulses resembling that depicted in Fig. 29 have been experi-
mentally detected in liquids,35'83'196-197 and in solids.198 In
liquids35'192 and solids (e.g., Ref. 199), the propagation of
light-induced weak shock waves with velocities exceeding
that of linear sound has also been observed.

In the region of localization of a front formed in the
propagation of an acoustic pulse (see Fig. 29), the role of the
terms containing the higher derivatives in Eq. (5.1) becomes
more important. In other words, to describe the structure of
the front, we must take account of the absorption and/or
dispersion of the acoustic waves. If L ABS < L DIS, then the
evolution of the profiles of deformation pulses occurs in
agreement with the Burgers equation:

BU . e ..dU" " Ь 9*U
(5.11)

The width of the front is locally stabilized if the generation of
harmonics by the acoustic nonlinearity is compensated by
their dissipation in the high-frequency region of the spec-
trum. Here the second and third terms of Eq. (5.11) are
comparable in magnitude in the region of the front. This
condition allows us to estimate the dependence of the width
of the front rf on the amplitude U0(z) of the shock wave:
T( ~b(2pcleU0(z))-1. We recall that the width of the front
of a shock wave in water was observed in the experiment of
Ref. 50 to be reduced to rf S 20 ps. However, we emphasize
that, in the given case, as is implied by analyzing the solution
(5.10) (see also Sec. 4), the enrichment of the spectrum of
the deformation pulse in high-frequency components does
not reduce its length during nonlinear propagation.

The condition L DIS < L ABS, even for ultrashort defor-
mation pulses, can be obtained only at cryogenic tempera-
tures (by using the maximum possible suppression of the
interaction of coherent acoustic waves with the thermal vi-
brations of the crystal lattice). The evolution of the profile of
the optoacoustic pulse is the described by the Korteweg-de
Vries equation

dU . e „dU a2 &V

Under the condition L NL < L DIS this describes the detach-
ment of solitons from the steepining front of the deformation
pulse. The duration rs of the solitons being formed can be
estimated from the order-of-magnitude equality of the non-
linear and dispersion terms in Eq. (5.12)

1
2c.l6et/0(z)

1/2

(5.13)

where U0(z) is the amplitude of deformation at the front of
the shock wave at the instant of detachment of the soliton.
According to (5.13)40'200 solitons with close to the least pos-
sible durations in discrete structures (rs ~ 2c/ca) can be ob-
tained at levels of deformation U0(z) S 10~2e~' actually at-
tainable in laser experiments (the range of typical values of
the acoustic nonlinearity parameter is 1 $£ 5 20).

To conclude this section, we shall discuss another fac-
tor that influences the duration of optoacoustic pulses, one
that does not accumulate during propagation. Also, this fac-
tor does not involve the transformation of sound sources
distributed in the volume (Sec. 5.2). The subject is the affect
on the form of the profiles of optoacoustic pulses caused by
roughness of the surface being irradiated. The features of the
thermoelastic optoacoustic conversion in the case of agita-
tion of the surface of a liquid has been analyzed in detail in a
series of theoretical studies.201"206 In the case of laser genera-
tion of ultrashort sound pulses it seems natural first of all to
estimate the effect of coarse-scale roughness of the surface
on this process. According to the results obtained in Ref.
203, when the roughness scale (the characteristic radius of
curvature of the roughness205) is large in comparison with
the spatial extent of the acoustic pulses, and we can neglect
the repeated reflections and scattering of the emitted sound
by neighboring regions of the random surface, the following
representation for the spectrum of the mean field in the pulse
is valid:

, a (5.14)

Here Pa (d),cr = 0) is the spectrum of the optoacoustic pulse
in the absence of roughness of the boundary, while
<р(ы) = (ехр(ш|"/са) > is the characteristic function of the
random quantity £, which is the vertical displacement of the
surface z = 0 at the point having the coordinates x and у
(g = £(x,y)). If the displacements obey a normal distribu-
tion law with the rms height of the roughness a, then averag-
ing over the realizations of the random surface J" = g(x,y)
yields

(5.15)

n~ (5.12)

According to Eqs. (5.14) and (5.15), roughness of the sur-
face creates an additional high-frequency cutoff of the spec-
trum of efficiently transferred frequencies at
й)^о}а=^2с^/а. In particular, if the frequency o)a is
smaller than all the characteristic frequencies of the spec-
trum Рл (со,a = 0), then the duration of the sound pulses is
completely determined by the characteristic time ra

— <o~'.204 Analogously, under certain conditions ultra-
short optoacoustic deformation pulses must contain infor-
mation on the roughness of the irradiated surface of the sol-
id. An increase in the duration of the front of an optoacoustic
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pulse, caused by the use of a carbon coating instead of an
aluminm one as the absorber, has been observed experimen-
tally.51 In the opinion of the authors, this was due specifical-
ly to the inhomogeneity of the carbon coating.

5.2. Control of the duration of acoustic pulses via nonlinear
processes in the optoacoustic converter

Pulsed optical action can cause a substantial change in
those physical parameters of the medium that depend on the
temperature and the concentration of photogenerated elec-
tron-hole pairs. In such cases the optoacoustic phenomena
depend to a great extent on the intensity of the incident laser
radiation, although nonlinear acoustic effects in the excita-
tion zone, as before, show up only weakly. In this section we
shall discuss some of the similar regimes of generation of
deformation pulses by volume sources nonlinear in intensity
of the optical field.

According to the results of Refs. 77, 83,207, and 208, in
the case of dielectric media (poor heat conductors) the so-
called "thermal nonlinearity" can be important in the ther-
moelastic mechanism of optoacoustic conversion (3.6).
This phenomenonon involves the nonlinear coupling of the
thermoelastic sources of sound of(3.6)-(3.7) with the in-
tensity of the optical radiation through the temperature de-
pendence of the bulk expansion coefficient (/? = /?( T)). In a
theoretical analysis in the first approximation, it is sufficient
to use a linear approximation for the f3(T) depend-
ence:.207,208

(T - T0), (5.16)

where T0 is the initial temperature of the medium. It is clear
that most favorable condition for observing the thermal non-
linearity in optoacoustic conversion is/?( T0) =0. In partic-
ular, this is satisfied in water at the temperature T0 = 4 °C.
When the initial conditionP(TQ) = 0 is fulfilled, the ampli-
tude of the optoacoustic pulse increases quadratically with
the absorbed energy. However, in the general situation, Eq.
(5.16), the efficiency of optoacoustic conversion can in-
crease with increasing intensity of the optical exposure. In
the present context it is important that, in when /?(T0) and
(dp /д Т) Ta have the same sign, the thermal nonlinearity can
shorten the acoustic pulses, since the more strongly heated
near-surface regions excite sound more efficiently. That is,
as the intensity of the exposure increases, the characteristic
depth of localization of the thermoelastic sound sources,
(3.6) decreases when the duration of the excited optoacous-
tic pulses is determined by the time of passage of sound
through the generation region, this leads to a decrease in the
duration of the optoacoustic pulses. When we take account
of the finite duration of the laser exposure, the thermal non-
linearity leads to an increase in the efficiency of sound exci-
tation towards the end of the optical pulse and to an asym-
metry of the acoustic signal.207 Besides the studies already
cited,83'207 Ref. 209 was devoted to studying the thermal
nonlinearity.

The depth of penetration of light can influence most
directly the size of the near-surface region of localization of
the sound sources. According to the linear theory (Sec. 3),
in many physical situations the transfer functions of optoa-
coustic converion can be factored in such a way that one can
explicitly separate out the factor eoeoa /'(со2 + <y2 ), which de-
pends on the absorption coefficient for laser radiation

a = «a/ca [see, e.g., (3.13), (3.26), and (3.39)-(3.40)].
When the separated factor is decisive in the spectral transfer
function of optoacoutic conversion, an increase in the light
absorption coefficient leads both to an upward frequency
shift of the region of most efficient sound generation
(o)~caa ), and to a change in the width Д<у of the spectral
band of efficient generation (Aw~wa ).

In the case of the thermoelastic mechanism of the op-
toacoustic effect, the influence of the depth of penetration of
light on the spectrum (and profile) of the optoacoustic
pulses is strongest if the region of light absorption is thermal-
ly and acoustically thick [relation (3.13)]. In the case of
nonlinear light absorption, the variation in /p = a~1 with
increasing intensity of optical exposure produces a propor-
tional variation in the optoacoustic pulse length. It has been
shown210 that a nonlinear increase in the absorption coeffi-
cient (да/д!л >0) under such conditions shortens the de-
formation pulse length. We note also that the profiles of the
optoacoustic pulses contain more detailed information on
the spatial distribution of the radiation in the medium. An
example210 is the case of simultaneous light absorption in
interband two-photon processes (aTPA ~/a ) and by free
carriers [aFCA ~n~ (7a ) ] under conditions of fast nonlin-
ear recombination of an electron-hole plasma (rR (и) -<TL).
The superlinear increase in the amplitude of the acoustic
pulses and the shortening of their leading edges has been
observed experimentally211 in the irradiation of GaSb by yt-
trium-erbium-aluminum garnet radiation (/1L~2.92 /urn,
rL=;65 ns). In this study the nonlinear light absorption
showed up on a background of strong linear absorption
(a0^25 cm"1). According to the estimates of the authors
the increase in concentration of carriers created by two-pho-
ton absorption (2AvL=s0.85 eV<£g~0.72 eV) was satu-
rated as a result of Auger recombination:

y2/2M-L - n/TR(n) ~ yn3, /a = (1 - Л) /,?

Here k2 is the coefficient of two-photon absorption, and у is
the coefficient of radiationless Auger recombination. Here
the following expression for the light absortion coefficient is
valid:

«('„) = «o + «FCA + «TPA « «о V.-

Here a is the light-absorption cross section of free carriers. It
was found that the superlinear increase in temperature in the
near-surface region of the GaSb crystal predominantly in-
volved the absorption of energy by the additional non-equi-
librium free carriers.

In the case rR ( n ) SrL, nonlinear light absorption af-
fects both the temperature and the concentration-deforma-
tion generation of sound. In Ref. 212 an analytic description
was obtained for the profiles of optoacoustic pulses in the
case in which non-equilibrium carriers were generated by
single-photon interband absorption, while the distribution
of radiation intensity in space was determined by absorption
by free carriers (aFCA >a) :

L
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An analysis77-212 showed that the duration of the acoustic
pulses excited thermoelastically during the optical exposure
decreases with increasing intensity of optical exposure faster
than the duration of pulses excited by the concentration
mechanism. This comes about because as the energy of the
laser exposure increases, not only doe the dimensions of the
region of heat release diminish, but in addition there is an
increase in the fraction of the absorbed optical energy that is
directly spent in heating the crystal lattice.

We note also that optoacoustic conversion has been
studied under non-steady-state saturation of the light ab-
sorption.213 It was found that the motion of the bleaching
front can lead to the same transformation of the profile of an
optoacoustic pulse (the leading edge is steeper than the trail-
ing edge) as do the nonlinear acoustic effects during sound
propagation. According to Ref. 213 we should expect a sub-
stantial symmetry of optoacoustic pulses at supersonic ve-
locities of motion of the bleaching front. In addition, in the
case of moving acoustic sources, we should expect excitation
of the shortest pulses at near-sonic velocities. 109'1U'214'215

The physical reason for the possible shortening of the optoa-
coustic pulses is the spatial grouping of the acoustic waves
excited at different points of the trajectory of the sources. If
the velocity of the sound sources depends on the intensity of
the optical exposure (e.g., in the model of an expanding layer
of a photogenerated electron-hole liquid109), the possibility
arises of optimizing the conditions of optoacoustic conver-
sion.

From the results [Eq. (3.26) ] of the linea theory, the
spectral transfer function of concentrational optoacoustic
conversion depends on the recombination time of the photo-
generated carriers, even when their motion can be neglected
(for a diffusionally thick absorption region). Under intense
enough laser pulses characteristic concentrations n of non-
equilibrum carriers can be attained that are so high that their
lifetimes will be determined by nonlinear recombination.
That is, the lifetimes will depend on the concentration, and
hence, on the light intensity. Here the process of optoacous-
tic conversion begins to depend strongly on the intensity of
laser exposure. Since the lifetime of the carriers decreases
with increasing n (тк~и~2 for Auger recombination,
Тц~п~1 for radiative two-particle recombination), the
characteristic frquency «R = rR ' increases with increasing
/a. Here we can qualitatively write the transformation of the
optoacoustic signal (3.11), (3.26)as

f fo) (5.17)
nv / . . \ / 7 . 7ч \ /

(O>jj — UO)(fO + W£)

in the case a>a <rL. If the inequality U>R <^a>a -<U>L is satis-
fied for the starting intensities of the optical exposure, then
the spectrum of the acoustic pulse is controlled by the factor
( — /<y)u)a/(<u2 + (O2

a), while its profile resembles that de-
scribed by Eq. (3.14). However, if fast bulk recombination
taa <<UL <U)R can be achieved by increasing the intensity /a,
then the spectrum of Eq. (5.12) can be approximated as
follows:

_ со

Consequently the profile of the optoacoustic pulse excited by
the deformation mechanism comes to resemble the profile of

the laser pulse.39 Here the duration of the deformation pulse
was shortened to ra ~rL <<a~[ = /p/ca. The possibilities of
shortening optoacoustic pulses excited by the concentration
mechanism to durations less than the time of passage of
sound through the region of light absorption were first dis-
covered in a theoretical study.39 In thermoelastic optoacous-
tic conversion a similar phenomenon is not possible, since a
mechanism of fast turnoff of the acoustic sources that does
not depend on the scale of the region of their spatial localiza-
tion (like the recombination of carriers in the concentration
mechanism is lacking). In this regard we also note that the
scheme discussed in Ref. 41 for excitation via the concentra-
tion mechanism of optoacoustic pulses of duration ra £ 0.1
ps under the condition rR = oo actually presupposes the 8-
localization of the sound sources (at the bondary of the re-
gion of photogeneration of carriers).

A shortening of the duration of the concentration com-
ponent of an optoacoustic pulse by increasing the intensity of
optical exposure in silicon was observed experimentally in
Ref. 85 (Fig. 30). By increasing the surface density of laser
radiation (/lLs;1.06 /zm, rL~20 ns) in the range Ws

~0.01-0.6 J/cm2, the duration of the compression phase in
the acoustic wave was shortened from ra ~ (aca) ~

l ~ 100 ns
to ra ~ TL ~ 20 ns (see Fig. 30). According to the theoretical
calculations,85'86-212 the time of Auger recombination of car-
riers becomes comparable to rL for Wl

s ~0.25 J/cm2.
The linear theory predicts [see, e.g., formula (3.29) ],

that a decrease in the recombination time can also lead to
expansion of the region of efficient optoacoustic conversion
toward high frequencies when the region of light absorption
is diffusionally thin. The physical reason for this is the de-
crease in the size of the region of localization of the carriers,
which under these conditions can be determined by the dif-
fusion length /D ~^DTR. In particular, when the inequal-
ities ^/U)DU)R <^U)L <^U)R, are satisfied, then one can write
spectrum of the concentration component of the optoacous-
tic pulse, using (3.29) and (3.11), in the form

(-to)
1/2

(o>2 (5.18)

Consequently, the characteristic duration of the acoustic

FIG. 30. Profiles of optoacoustic pressure pulses recorded85 at different
energies of laser exposure in silicon W\ (J/cm2) = 0.014 (1), 0.14 (2),
and 0.53 ( 3 ) .
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pulse is determined by the time of passage of sound through
the region of localization of the electron-hole plasma:

However, we note that the inequality that determines the
applicability of ( 5. 1 8 ) necessarily requires supersonic veloc-
ities of diffusion VD of the electron-hole plasma:

If the recombination of the carriers occurs nonradiatively,
then, according to Eqs. (3.21) and (3.22), the length /D

determines the characteristic dimension of the region of re-
combination heating. The thermoelastic component of the
optoacoustic pulse initiated by recombination heating:

can predominate over the concentration component (5.18).
An analytic calculation was performed100 to determine the
profiles of optoacoustic pulses under similar conditions. The
nonlinearity of the recombination processes (TR ~n~2) and
the dependence of the diffusion coefficient of the degenerate
electron-hole plasma on the concentration (Z)~n5/3), char-
acteristic of predominant scattering of carriers by ionized
inclusions, were taken into account exactly.216 It was estab-
lished that in this special low-temperature region the depth
of penetration of the plasma depends extremely weakly on
the intensity of optical pulse (/D ~1 ~ l/17), since the de-
crease in the lifetime of electron-hole pairs is almost com-
pletely compensated by their increased diffusion coefficient.

Other nonlinear effects also can hinder the diffusion
expansion of the region of localization of photogenerated
carriers. For example, the results of optoacoustic experi-
ments217 in germanium indicate the confinement of a nonde-
generate photoexcited electron-hole plasma in the near-sur-
face potential well that arises from the local photoinduced
thermal alteration of the bandgap of the semiconductor
(дЕг/дТ<0).

The possibility of altering the durations of optoacoustic
pulses excited via the piezoeletric effect is additionally deter-
mined by the dependence of the frequencies of Maxwell re-
laxation and Debye screening on the concentration of non-

equilibrium carriers (<yMm~«m, «Deb ~^nm) at
sufficiently intense laser exposures (nm >«™, /и = e,h). In
agreement with ( 3.42 ) the linear theory predicts, in particu-
lar, that under certain conditions the characteristic optoa-
coustic pulses length can be of the order of the Debye screen-
ing time ra ~rDeb ~<а£;еЬ.

42 A nonlinear model describing
this situation can be studied analytically in the case in which
the instantaneous optical exposure leads to the photoexcita-
tion of electrons into the conduction band from the surface
energy levels. If we consider the holes to be immobile, then
after such a surface photogeneration they create a dc field
inside the crystal:

(5.19)

Since/(r) ~ 5(0, the motion of the electrons is described by
the homogeneous equation

Since holes are absent in the bulk of the crystal (nh =0),
then, according to Eqs. (3.32) and (3.33) the changes in the
electric field E in the crystal involve only the distribution of
the electron concentration:

dE _ QO e

dz een
(5.21)

By using Eqs. (5.20) and (5.21) and the condition that the
field falls off into the interior of the crystal [£(z-> oo) =0],
we can derive a closed equation for the electric field:

dE d2E_
(5.22)

The Burgers equation (5.22) allows an analytic solution that
satisfies the initial condition £'(z>0,/ = 0) =0 and the
boundary conditions E(z = 0 + 0,0 = 2Eb E(z->oo,t)
= 0. The characteristic value of the electric field E, of

course, is of the order of Eh in (5.19). Here the characteris-
tic depth of penetration of the field can be estimated from the
order-of-magnitude equality of the nonlinear and diffusion
terms in Eq. (5.22):

-i (5.23)

At such distances the retardation of the diffusional motion
of the electrons completely compensates their drift in the
electric field. Correspondingly, a steady-state field distribu-
tion

r=«,,z) = £jl+-~ Ml+f-l (5.24)

is established in a characteristic time

• (5-25)

We can easily see that f „ is of the order of the Maxwellian
relaxation time of the conduction electrons having the char-
acteristic concentration «s ~ б s/6<А • We note that, ac-
cording to (5.25), the time of establishment of the distribu-
tion, Eq. (5.24), is inversely proportional to the square of
the absorbed laser energy. If the characteristic velocities of
the electrons ve

dr ~ve

D ~fJ-eEh ~ Wl are supersonic, then
from the standpoint of generating acoustic waves the elec-
tric-field distribution of (5.24) is established instantaneous-
ly. Yet the excitation of optoacoustic pulses actually occurs
in a steady-state field. The profile of the deformation pulse
has the form

eEh

-i
TrT

' '

1 + (5.26)

(5.20)

The characteristic duration of the acoustic pulse is deter-
mined by the time of passage of sound through the region
0<z<zs of the space-charge distribution:
ra~2s/ca~rDeb(/Zg). Because of relations (5.19) and
(5.23), when one increases the intensity of the optical pulse
the amplitude of the optoacoustic pulse (5.26) increases lin-
early (\U\—Wg), while the pulse length is reduced
1Уа ~ (^s) ~' ] • We emphasize that in this model the con-
centration of electrons increases, both directly because of
their increased rate of photogeneration, and owing to the
decreased size of their region of localization.

In closing this section we note that the results of a num-
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ber of experiments show that radiative transport of energy
can play an important role under certain conditions in the
space-time dynamics of the photogenerated electron-hole
plasma in semiconductors,218'219 and in the heating of tar-
gets during ablation.69-220 However, we know of no studies of
the influence of this effect on the process of optoacoustic
conversion.

Finally, we note that nonlinear changes in optoacoustic
pulses can involve the nonlinear dependence of the boundary
conditions on the intensity of laser exposure in the equations
determining the bulk sources of acoustic waves. For exam-
ple, according to Eqs. (3.30) and (3.43), the spectral trans-
fer functions depend on the surface recombination veloc-
ities, which, like the bulk recombination, can be
nonlinear.221 Yet in the process of thermoelastic optoacous-
tic conversion in metals, a temperature dependence of the
absorptive power (1 — R) of the target surface can be mani-
fested.222

Of undoubted interest is a possible broadening of the
duration та of optoacoustic pulses as compared with the du-
ration TL of the laser pulses (to eliminate this discrepancy is
the fundamental problem in the design of optoacoustic gen-
erators of ultrashort deformation pulses) can be useful in
designing optoacoustic devices to measure the duration of
ps-fs optical pulses. Thus, it has been shown223 that in the
two-photon absorption of light in the field of two colliding
laser pulses one of the characteristic measures of the region
of localization of the sound sources can prove to be of the
order of the spatial extent of the laser pulses in the medium:
La ~CLTL. Here the duration of the excited deformation
pulses can be proportional to rL [ ra ~LG /ca ~ ( CL /ca) TL ],
but enlarged on the scale (cL/ca)~103-104. In this way
measurement of the duration of fs-ps laser pulses can be re-
duced to measuring the duration of ps-ns deformation
pulses.223

6. CONCLUSIONS

We hope that this review contains enough information
to gain an idea of the potentialities of the so-called "picose-
cond hyperacoustics"224 in the field of both applied and fun-
damental studies. The effectiveness and reliability of the ex-
perimental methods that use optoacoustic generation and
acoustooptical reception of ultrashort deformation pulses is
indicated by the vigorous growth in recent years in the num-
ber of publications in this field. Besides the studies already
cited, we refer also to the experimental studies, Refs. 225 and
226.

The material presented in this review allows one to con-
clude with full justification that pico- and femtosecond la-
sers have stimulated the rise of a new field of physical and
applied acoustics-picosecond hyperacoustics. Although the
experimental technique of picosecond hyperacoustics is still
in the process of development, and in constrast to pico- and
femtosecond laser technology, the limiting parameters of ul-
trashort acoustic pulses are still to be realized, it is reason-
able to give a brief sketch of the new possibilities opening up
in spectroscopy, diagnostics of non-equilibrium states, in
nonlinear acoustics, and in the physics of the action of high-
power acoustic pulses on matter.

1) Picosecond acoustic technology is the basis of time-
dependent acoustic spectroscopy—it is also called acoustic
echo spectroscopy.

Acoustic echo spectroscopy has already been applied
successfully for diagnostics of thin films and multilayer
structures. For a film thickness d~ 103 A, multiple acoustic
echo yields direct information on the velocity and the acous-
tic absorption of the material of the film at hypersonic fre-
quencies; numerous examples were presented in Sec. 2. As
was already stated, for ra ~ 100 fs the methods of time-de-
pendent acoustic spectroscopy can be used in principle for
probing crystal lattices: ca ra ~ 5 A.

2) Generators of ultrashort acoustic pulses whose spec-
tra extend to frequencies of 10''-1013 Hz (100 GHz-10
THz) can be effective sources in schemes of broad-band,
"frequency" acoustic spectroscopy.3'

We note, incidentally, that to extend the acoustic spec-
trum, laser generation of ultrashort acoustic simple pulses is
far from being the only possibility.

Substantial progress in hyperacoustics can involve the
development of methods of obtaining sequences of ultra-
short laser pulses with high (vr ~0.1-10 THz), adjustable
repetition rates. Amplitude modulation of light at frequen-
cies vr =0.3 THz228 and vr ~ 5 THz229 has been obtained by
exploiting the development of instability during propagation
of laser radiation in optical fibers. By using such optical sys-
tems, one can excite and record sound directly at the fre-
quency of repetition of the laser pulses or its harmonics.

3) We note also that in essence an efficient spectroscop-
ic diagnostic method involves the actual process of optoa-
coustic sound generation (see, e.g., Refs. 35, 85, and 217)-
going to pico- and femtosecond pulses allow one, as was
shown in Sec. 3, to extract information on the dynamics and
relaxation of carriers in semiconductors.

4) Essentially new data can be obtained by picosecond
hyperacoustics in the diagnostics of short-lived non-equilib-
rium states in solids. In this sense the "cold" melting of semi-
conductors8'9 and the dense femtosecond laser plasma (see
Refs. 11-13 and the material of Sec. 4) briefly mentioned in
the Introduction are especially interesting.

In the former case we refer to completely unusual states
of the crystal lattice that persist for times not exceeding
~200 fs, in which, according to optical data,8'9 long-range
order breaks down, but short-range order persists.

The properties and origin of this state are not well un-
derstood; we can naturally expect that acoustic probing in

TABLE I. Record achievements in the generation of electromagnetic and
acoustic pulses at the end of 1990.

Pulses

Incoherent
Parameter Microwave Optical x rays Acoustic Parameter

Duration

Power:
at present

projected

Intensity:
at present

projected

I p s

103W

10" W

106W/
cm2

10"' W/
cm2

600 fs

10'5 W

1017 W

w1' w/
cm2

10™ W/
cm2

500 fs

WMtf/
cm2

10" W/
cm2

5ps

3X107

bar
3xio9

bar

105 bar/
A
107 bar/
A

Duration

Pressure:
at present

projected

Pressure
gradient:
at present

projected
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the subpicosecond time scale would enable one to clarify the
situation substantially.

An extremely interesting physical object with unusual
acoustic properties is the dense femtosecond laser plasma.

Even at an electron temperature 7~e ~ 300 eV, the ex-
pansion velocity of the plasma does not exceed 5 X 107 cm/s.
Hence the cluster of laser plasma near the surface of the
target, which has a characteristic thickness of 500-600 A,
practically maintains its dimension for times of 200-300 fs;
thus a condensed medium arises with a density of 1022-1023

cm~3 and a temperature reaching 106 K.
5) Among the new problems of nonlinear acoustics ini-

tiated by the advances in generating ultrashort deformation
pulses and short shock pulses are the generation of acoustic
solitons and the initiation of fast phase transitions by the
high dynamic pressure (see also the material of Sees. 2 and
4).

In summarizing the material presented in this review,
we can state that the methods of generating short high-pow-
er radiation bursts that were first developed in laser physics
exert an ever-growing influence on physical and applied
acoutics. Table I characterizes the record attainments in
generating short high-power pulses obtained by the end of
1990 in the optical range, in the microwave range, in soft x
rays, and acoustics. Unique possibilities are opened up in
time-domain spectroscopy of the behavior of matter under
conditions of extremely strong agents. The technology of
high-power pico- and femtosecond pulses allows one to ap-
ply extreme agents for extremely short times.

The combination of optical, x-ray, and acoustic meth-
ods in studying fast processes, in exciting strongly non-equi-
librium states of matter, and in studying fast phase transi-
tions in nonlinear dynamics will undoubtedly bring many
new, unexpected results. We can expect with full justifica-
tion that the contribution of the acoustic methods to the
development of this highly promising and broad branch of
physics will be ever more important.

"We are discussing the qualitative diagram characterizing the orders of
magnitude in avalanche and tunneling ionization of a nonresonance me-
dium; for more details see Ref. 16.

2lExtensive information on the physical and technical aspects of optoa-
coustic studies in the megahertz frequency range is contained in the
review articles, Refs. 24-26.

•"The terms time-domain and frequency-domain spectroscopy came from
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