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Generation and propagation of coherent phonon beams

E. P. N. Damen, D. J. Dieleman, A. F. M. Arts, and H. W. de Wijn
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Narrow coherent beams of longitudinal acoustic waves are injected into a single crystal of PbMoO4 at
gigahertz frequencies, and their properties are observed by means of Brillouin scattering. The waves are
generated via the thermoelastic strain that results from periodic surface heating of a thin metallic transducer by
interfering cw dye lasers. Frequency tuning is achieved simply by varying the optical difference frequency. A
theoretical description based on heat diffusion and thermoelastic expansion agrees with the observed frequency
dependence of the acoustic intensity, inclusive of acoustic resonances within the transducer, as well as its
quadratic dependence on the laser power. The propagation of the acoustic beams is found to be governed by
Fresnel diffraction provided due account is taken of phonon focusing. The beam furthermore is responsive to
the phase profile over the laser-illuminated area, which allows us to manipulate the beam in various ways, such
as modifying its divergence as if an acoustic lens were positioned just below the transducer or sweeping the
beam sideward by a moving grating. Combined with Brillouin detection, distinguishing between phase and
group velocities, this provides a direct measurement of phonon focusing. Finally, the decay of the acoustic
beam with the distance is measured at various frequencies, to find confirmation of Herring’s asymptotic theory
for anharmonic phonon decay in anisotropic crystals.
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I. INTRODUCTION

In this paper we report on the generation and propaga
of narrow Fresnel-diffracted coherent phonon beams.
beams are generated by periodic laser-induced thermom
lation of a thin metallic transducer. Following injection into
single-crystalline material, they are detected at some dista
by Brillouin scattering, to observe their divergence due
their finite wavelength, their decay by anharmonicity, a
their direction of propagation as it depends on phonon foc
ing and the phase distribution in the ‘‘orifice’’ of generatio
Purely harmonic surface heating is particularly attractive,
cause it generates a coherent wave synchronous with
modulated heat, as was first pointed out by White.1 The re-
alization of this notion has however been little successfu
comparison with the achievements of phonon sources de
ering a Planckian spectrum or a spectrum of limited wid
notably heat pulses,2 superconducting tunnel junctions,3,4

and optical techniques.5 The unfortunate fact is that th
acoustic intensity is quadratic in the heating power and,
cordingly, very low for the power densities available fro
conventional oscillatory heating. Pulsed thermoelastic
pansion, such as by heating with a high-power picosec
pulsed laser,6 has on the other hand won its spurs in the tim
domain.

The work has been motivated by the desire to hav
tunable source delivering a narrow coherent beam
phonons in the gigahertz range.7 Not only makes such a
source true phonon spectroscopy possible, but it also br
within reach ‘‘physical optics’’ of phonons, such as diffra
tion, and the frequency-resolved measurement of phonon
cay. The heating, achieved by two interfering sing
frequency lasers operating at slightly different frequencies
sinusoidal, continuous, and of negligible spectral width,
enhanced to workable proportions by focusing the opt
energy onto a tiny spot. At gigahertz frequencies and beyo
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only good conductors can be effective as phonon gener
by thermomodulation, because the energy need be abso
within a distance shorter than the acoustic wavelength. A t
metallic transducer is therefore used to convert the la
induced heating into the strain wave that is injected into
specimen.

Section II provides experimental details concerning
laser-induced heating and the detection by Brillouin scat
ing. Section III focuses on the thermoinduced generat
mechanism as such, i.e., an acoustic wave which via ther
expansion is driven by oscillatory heat diffusing into a th
metallic transducer. Resonant standing waves within
transducer, much like in interferometers, enhance the st
injected into the crystal. Section IV deals with the acous
beam as it propagates through the crystal. The beam is fo
to be Fresnel diffracted with a divergence on the order o
few degrees of arc. In a more precise treatment, the di
gence is shown to bear the effects of phonon focusing8–10 as
well as nonuniformity in the phase profile of the laser he
ing. This phase profile may be static and accountable by
acoustic lens or dynamic in the form of sideward movi
grating, resulting in the acoustic beam being swept asid
consistency with phonon focusing. Section IV finally show
that the beam is excellently suited to measure phonon de
as a function of the frequency.

II. EXPERIMENTAL DETAILS

Two cw actively stabilized single-frequency ring dye l
sers ~Coherent 599 and 699! are used to produce thermo
modulation in an approximately 500-nm-thick gold tran
ducer deposited onto the single-crystalline specimen.
dye lasers are pumped by a single 15-W argon-ion laser
operate with Rhodamine 6G dye. Each of them delivers ty
cally 500 mW of light in the TEM00 mode at a wavelength o
approximately 580 nm, with an essentially cylindrical Gau
©2001 The American Physical Society03-1
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ian intensity distribution. A wave meter~Burleigh WA-
20VIS!, an optical spectrum analyzer, and the beat volt
produced over a fast photodiode monitor the dye-laser
quencies with increasing frequency resolution and decr
ing frequency span. The desired phonon frequency of a
gigahertz, matching the frequency difference of the dye
sers, was thus found to be maintained to within 60 MHz o
periods of several hours. More importantly, coheren
among the two lasers appears to be preserved over time
long as 300 ns, i.e., a short-term spectral purity of orde
MHz, which corresponds to a coherence length of sev
millimeters for the generated acoustic waves. The two d
laser beams are aligned to coincidence and subsequentl
cused onto the transducer by a single lens to form an
tensely illuminated spot, approximately 40mm in diameter
and intensity modulated to a depth of typically 80%. Usua
the free face of the transducer is illuminated, but effect
phonon generation may also be achieved by thermomod
tion of the side facing the crystal. The thermomodula
transducer in turn injects a monochromatic strain wave i
the crystal with a cross section equal to the focal area.

For the detection of the acoustic intensity we rely on B
louin spectroscopy, because of its preeminent selectivity
wave vector, frequency, and location. The propagating aco
tic wave reflects a small fraction of a narrow light bea
delivered by a separate single-mode argon-ion laser pro
ing 200 mW of light at a wavelength of 514.5 nm~inset to
Fig. 1!. The light frequency is shifted upward or downwa
by the phonon frequency, while the phonon wave vec
closes the wave vectors of the incident and scattered li
The detection volume is in the first instance narrowed do
by focusing the Brillouin argon-laser beam to a pencil as t
as 10 mm in diameter. In length the detection volume

FIG. 1. The Brillouin intensity vs the frequency difference b
tween the two ring dye lasers. The intensity is maximum at 4
GHz, where the optical difference frequency best matches
Bragg condition. The spread in the Brillouin condition
60.055 GHz at half maximum. The dwell time per data point
200 ms. The thermal background is about 200 counts. The i
shows the principle of the experiment.
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delimited to a typically 400-mm-long section of the pencil by
the receiving optics, i.e., theétendue determined by the
opening angle and active area of the interferometer. Note
the detection volume completely traverses the phonon be
so that integration of the Brillouin intensity along thex di-
rection is implied.

The scattered light is analyzed with a quintuple-pa
Fabry-Perot interferometer~Burleigh RC-110! acting as a
fixed-frequency filter. The Fabry-Perot interferomete
transmission curve is actively optimized in finesse a
locked to the center frequency of the anti-Stokes phonon
~Burleigh DAS-10!. Its width typically is 60.055 GHz at
half maximum. The scattered light is subsequently pas
through a low-resolution monochromator to suppress pa
sitic laser-plasma and Raman lines, and finally detected w
a high-sensitivity photomultiplier followed by standar
photon-counting and averaging techniques. At room te
perature, therefore, the generated monochromatic phon
are observed on top of a background of thermal phon
satisfying the scattering condition. The photomultiplie
which is at the risk of overload by Rayleigh scattering,
protected by a fast electronic circuit limiting the ano
current.11

The specimen is a cuboidal single crystal of lead moly
date (PbMoO4), as mineral known as wulfenite. It was cho
sen for its transparency and its high acousto-optic cons
@M2550310215 m2/W ~Ref. 12!#, ensuring optimal Bril-
louin efficiency. PbMoO4 has the tetragonal Scheelite stru
ture ~space groupC4h

6 or I41 /a), with a four-molecule unit
cell having edgesa055.47 Å and c0512.18 Å . It has
mass densityr56.95 g/cm3, and is optically double refrac
tive with refractive indicesno52.469 ~ordinary wave! and
ne52.315 ~extraordinary wave! at 514.5 nm. The crystal
measuring 1031139 mm3 with finely polished faces, is cu
such that the fourfold symmetricc axis is parallel to the
sides. The gold transducer, deposited onto a face perpen
lar to thec axis, is composed of four steps with thickne
d5220, 330, 440, and 660 nm. A thin 4-nm intermedia
layer of chromium was applied for better adhesion to
crystal. The sample was held at room temperature, un
noted otherwise.

To demonstrate that thermomodulation generates
acoustic wave of a specific frequency, the anti-Stokes B
louin intensity was measured versus the frequency differe
of the dye lasers. In Fig. 1, the Brillouin condition was s
for optimum detection of longitudinal 4.00-GHz phonon
propagating along thec axis. Indeed, a maximum in the in
tensity is observed at the point where the optical differen
frequency matches the Brillouin condition. Figure 1 al
makes us realize that the frequency spread of the signa
lates to the resolving power of the Brillouin detection rath
than the frequency spread of the generated acoustic be
(;1 MHz). In Fig. 1 the peak intensity is 30 times th
thermal background, but ratios of several hundreds h
been observed, dependent on the frequency, the tempera
the specifications of the transducer, and, because of atte
tion, the distance. This number is confirmed by an estim
based on Eq.~11! derived below in combination with the
theoretical Brillouin-scattering cross section.13 Self-
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evidently, in all subsequent experiments the optical diff
ence frequency and the location of the joint dye laser fo
were tuned to maximum Brillouin response.

III. THERMOMODULATION

We consider an energy fluxF01Fvsinvt supplied to the
free surface of a metallic transducer by interfering dye las
of approximately equal intensity and operating at an ang
optical difference frequencyv. The laser radiation, absorbe
by conduction electrons at the surface and transferred to
lattice by fast electron-phonon relaxation, is assumed to
ance the inward heat flow. To find the resultant strain injec
into the crystal, therefore, we first calculate the oscillato
part of the temperature distribution within the transducer
solving the heat diffusion equation with appropriate boun
ary conditions. The strain is subsequently derived from
acoustic wave equation with the oscillatory temperature
tribution as source for thermoelastic expansion.

A. Oscillatory temperature distribution

At the frequencies of interest, the length scale charac
istic for diffusion of the oscillatory part of the heat, i.e., th
thermal skin depth a215(2k/v)1/2, is very small
(&0.2 mm) in comparison with the diameter of the irrad
ated disk ('40 mm). Here,k5K/CV is the diffusivity, K
the thermal conductivity, andCV the specific heat of the
transducer material. Unlike the inevitable steady-state h
therefore, the problem of diffusion of the frequenc
dependent heat may be treated as one-dimensional, so
the oscillatory part of the temperature,q(z,t), satisfies the
heat diffusion equation1,14

]2q~z,t !

]z2
2

1

k

]q~z,t !

]t
50. ~1!

The oscillatory energy flux leaving the transducer is simila
governed by the, in comparison with the transducer, sm
heat conductivity of the crystal, which can be modeled by
effective heat conductivityH across the interface. Th
boundary conditions at the free surface (z50) and the
transducer-crystal interface (z5d) thus read

K]q~z,t !/]zuz5052Fv sinvt, ~2!

K]q~z,t !/]zuz5d52Hq~d,t !. ~3!

Equations~1!–~3! are amenable to rigorous analytic sol
tion, but the result is quite complicated. In the relevant f
quency range, however,a21 does not exceed 200 nm, so th
h5H/K!a ~cf. the estimate ofh below.! In the limit of
negligible thermal conductivity toward the crystal (h50),
the solution simplifies to

q0~z!5
Fv

aKA2
S cosh@2a~d2z!#1cos@2a~d2z!#

cosh~2ad!2cos~2ad! D 1/2

.

~4!
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For an estimate ofq0(z), we consider, as a case in poin
an energy fluxFv5108 W/m2, such as provided by typi-
cally 100 mW of dye-laser power spread over a focus
about 20 mm radius. For gold at 300 K,K5318 W/m K
and CV52.53106 J/m3 K.15 Figure 2 then shows the tem
perature distribution calculated from Eq.~4! at frequencies of
1.5, 3.0, and 4.5 GHz for vanishing conductivity toward t
crystal (h50). Near the surface of the transducer, the te
perature modulation is found to be of order 30 mK, on
weakly dependent on the thickness as long asd.100 nm.
Also entered in Fig. 2, as the dashed curves, is the solu
for h→`, to show that differences inh only show up at
greater depths, whereq0(z) has already diminished.

If the laser beams strike the transducer from the back s
i.e., at the interface with the crystal instead of at the fr
surface, Eq.~2! should be appropriately modified. The osc
latory temperature then reads as Eq.~4!, except for the re-
placement ofd2z by z. From Eq. ~4! and this result the
temperature modulation is seen to be approximately
versely proportional to the square root of the modulat
frequency.

Inevitably, the dye-laser illumination also causes stea
state heating. As thermal conduction is two orders of mag
tude larger in gold than in the PbMoO4 substrate@KPbMoO4

51.5 W/m K ~Ref. 16!#, the steady-state temperature is v
tually uniform over the depth of the transducer. For an e
mate, we therefore assume that the incident energy is
plied evenly over the focal area and carried away
diffusive heat transport outward into the nonilluminated pa
of the Au film. From the appropriate Poisson equation,17 the
steady-state temperature then is found raised byDT
5F0w2/8dK averaged over the heated disk, wherew is the
focal radius andd is the film thickness. For our case in poin
i.e., F0'108 W/m2, w'20 mm, andd5440 nm, we find
DT;40 K. The crystal, on the other hand, is not apprec
bly heated, as is borne out by the near absence of a rise in
thermal Brillouin signal. If the steady-state heat were to d

FIG. 2. The amplitudeq0(z) of the oscillatory temperature in
side the 440-nm-thick gold transducer, as calculated from Eq.~4!
for various frequencies in the realistic limit of vanishingh. The
dashed curves apply to infinite conductivity into the depth of
crystal (h→`).
3-3
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fuse exclusively into the semi-infinite substrate, a similar c
culation would yieldDT58F0w/3pKPbMoO4

;1100 K. The
steady-state temperature rise so calculated is of course n
reached because of the predominantly lateral flow, but m
serve to quantify the thermal resistance across the interf
Balancing F0 to HDT gives H;105 W/m2K or h;6
3104 m21.

B. Acoustic wave

The temperature distributionq(z,t) makes the transduce
expand and contract along thez direction, thereby producing
a periodic thermal strainbq(z,t), whereb is the linear ther-
mal expansion coefficient. The stress thus amounts
s(z,t)5C@«(z,t)2bq(z,t)#,6 in which C is the relevant
elastic constant,«(z,t)5]u(z,t)/]z is the elastic strain,
u(z,t) is the atomic displacement, and the indices dist
guishing the components ofs, C, «, andu are omitted. Dis-
placement and stress satisfy the equation of mo
r ]2u(z,t)/]t25]s(z,t)/]z of an infinitesimal volume ele-
ment with mass densityr. Substitution ofs and the relation
v5(C/r)1/2 for the sound velocity, then leads to the wa
equation

]2u~z,t !

]z2
2

1

v2

]2u~z,t !

]t2
5b

]q~z,t !

]z
. ~5!

In solving Eq.~5!, we distinguish the transducer (z,d)
and the crystal (z.d), the latter of which is assumed free o
thermal strain. As is seen from Eq.~4!, q(z,t) is composed
of contributions of the formQe2gzeivt and their complex
conjugates, each of which adds two oppositely propaga
traveling waves and an evanescent wave decaying with
depth to the solution of Eq.~5! within the transducer. Con
nected to these waves is a traveling wave propagating
the depth of crystal. The amplitudes of the three, longitu
nally polarized, traveling waves are related toQ by the
boundary conditions, viz., the absence of stress at the
surface (z50), and matching of displacements and stres
at the transducer-crystal interface (z5d). That is,

]u1 /]zuz502bQeivt50,

u1uz5d5u2uz5d , ~6!

C1~]u1 /]zuz5d2bQe2gdeivt!5C2]u2 /]zuz5d ,

in which quantities pertaining to transducer and crystal a
when necessary, labeled with subscripts 1 and 2. By solv
for the wave amplitudes and summing overQ, we find for
the atomic displacement in the crystal

u2~z,t !5
bC1Fv

2aK S P
QD 1/2

sin~vt2q2z1w!, ~7!

in which
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P5cosh~2ad!1cos~2ad!12 cos~q1d!@cos~q1d!

22 cosh~ad!cos~ad!#, ~8!

Q52~114a4q1
24!@C1

2q1
2sin2~q1d!1C2

2q2
2cos2~q1d!#

3@cosh~2ad!2cos~2ad!#, ~9!

with q15v/v1 andq25v/v2 representing the moduli of the
wave vectors in the transducer and the substrate, andw de-
noting a phase angle. For the geometry with the laser be
incident at the back of the transducer, the solution is sligh
more complex. It reads as Eq.~7! except that

P521cos2~q1d!@cosh~2ad!1cos~2ad!#

24 cos~q1d!cosh~ad!cos~ad!14aq1
21sin~q1d!

3@sinh~ad!cos~ad!2cosh~ad!sin~ad!#

22aq1
21cos~q1d!sin~q1d!@sinh~2ad!2sin~2ad!#

12a2q1
22sin2~q1d!@cosh~2ad!2cos~2ad!#. ~10!

The amplitude of the elastic strain derived from Eq.~7! is
«5q2u0,2, with u0,2 the amplitude ofu2(z,t). Given the
strain, the acoustic power emitted per unit illuminated a
of the transducer is finally derived from

Pac5
1
2 r2v2

3«2, ~11!

in which the mass densityr2 and the longitudinal sound
velocity v2 pertain to the crystal. Note that the length sca
contained inPac, viz., the acoustic wavelengthl52pv/v
and the thermal skin deptha215(2K/vCV)1/2, have differ-
ent frequency dependences. Note furthermore thatPac is qua-
dratic in Fv . For Fv;108 W/m2, Pac amounts to a few
W/m2, i.e., a conversion efficiency of order 1028, in accor-
dance with earlier estimates.18

C. Experiments on thermomodulation

Experimental results of the Brillouin intensity versus t
transducer thickness are, for a selection of phonon frequ
cies, shown in Fig. 3 for front-side and Fig. 4 for back-si
laser-induced thermomodulation. The Brillouin detecti
was achieved at a distance close to the transdu
('0.1 mm). In between data points, the joint dye-laser
cus was moved from one transducer thickness step to
next by displacing the crystal transverse to the Brillou
scattering plane. The signal intensities are normalized to
intensity of thermal Brillouin scattering, so that a comparis
can be made from one thickness to the next. Also shown
Figs. 3 and 4, as the solid curves, are the theoretical res
for Pac derived from Eqs.~7!–~11!, where only vertical scal-
ing has been applied. While each individual panel in Figs
and 4 to some extent suffers from a scarcity of data poi
an impressive agreement is found when combining the
sults for all frequencies and the two geometries.

According to Eqs.~7!–~11! the acoustic intensity depend
on the thickness of the transducer. The intensity is in the fi
3-4
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instance maximal ford equal to a multiple of half the phono
wavelengthl. For longitudinal 2.5-GHz phonons in Au (v
53.24 km/s), we havel/25650 nm, close to thed
5660 nm used in the experiments. Similarly,l/2
5410 nm at 4.0 GHz, comparable tod5440 nm. For front
heating~Fig. 3!, the strongest signals are indeed measure
these values. The transducer thus acts as a ‘‘phonon inte
ometer’’ with one totally and one partly reflecting mirror. I
the time domain, a related experiment has been performe
Thomsenet al.,6 who used a picosecond laser to generat
pulsed strain. A series of equally spaced pulses was
served, corresponding to successive round trips of the ac
tic pulse in the film. If the transducer is illuminated at th

FIG. 3. The Brillouin intensity arising from longitudina
phonons generated by thermomodulation of the front surface
gold transducer deposited on a~001! surface of a PbMoO4 crystal.
The six panels differ in phonon frequency. The solid lines repres
the intensity calculated from Eqs.~7!, ~8!, ~9!, and~11!, with verti-
cal scaling according to 1/v. Experimental data for a particula
frequency are adjusted vertically to fit the theory.

FIG. 4. Same as Fig. 3, but excitation at the back side of
transducer. In calculating the solid lines Eq.~10! is used in lieu of
Eq. ~8!.
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crystal side~Fig. 4!, on the other hand, the acoustic intens
peaks at a significantly lower thickness, while at the sa
time the form of the resonance has become asymmetric.

Equations~7!–~11! furthermore predict that the acoust
power is proportional to the square of the incident la
power. This is confirmed by a separate experiment in wh
the Brillouin intensity is measured versus the incident la
power. The results are displayed in Fig. 5. In summary,
results in Figs. 3 and 4 for the thickness dependence c
bined with those in Fig. 5 for the laser-power dependen
confirm the adequacy of the above theoretical description
phonon generation by thermomodulation of a thin meta
transducer.

For an assessment, in retrospect, of which materia
choose as transducer, it is helpful to calculatePac in the limit
ad@1 and to rewrite the result in terms of the mater
properties15 and the frequency by the substitutionsa
5(vCV/2K)1/2, q15v/v1, andq25v/v2. Here, we have to
distinguish between, on the one hand, the caser2v2,r1v1
or C2q2,C1q1 and the caser2v2.r1v1 on the other. In the
former case, applicable to this paper, the condition of a n
at the interface,q1d5np, gives the best signal, whereas
the latter case an antinode,q1d5(n1 1

2 )p, is to be favored
@cf. Eq. ~9!#. For q1d5np we find thatPac5hFv

2 /8r2v2,
where v and the material constants of the transducer
collected into

h5
r1

2b2Kv

CV
3~11K2v2/CV

2v1
4!

, ~12!

so thath is a measure of the generation efficiency. Equat
~12! holds for both front- and back-side excitation. Th
maximumh5r1

2b2v1
2/2CV

2 is reached forvmax5CVv1
2/K or

q15aA2. Gold, for whichvmax/2p513 GHz, turns out to
be an excellent choice for the frequencies accessible by B
louin detection. Forq1d5(n1 1

2 )p and front-side excitation,
h is modified from Eq.~12! by a factor (r2v2 /r1v1)2. For
q1d5(n1 1

2 )p and back-side excitation,h should be multi-

a

nt

e

FIG. 5. The Brillouin intensity atv/2p52.5 GHz vs the inci-
dent laser power. The solid line represents the quadratic depend
of the acoustic power on the incident laser power@cf. Eqs.~7! and
~11!#.
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plied by (vmax/v)(r2v2 /r1v1)2 @cf. Eq. ~10!#, which makes
back-side excitation preferable belowvmax in case r2v2
.r2v1.

As to the temperature dependence of the generation
ciency, h changes only moderately when the sample
cooled despite the decline ofb and CV toward cryogenic
temperatures. The effects of cooling are apparently mitiga
by the fact that thermal expansion scales with the lat
energy,19 whenceb follows the temperature dependence
CV . A further circumstance reducing the temperature dep
dence is that the steady-state temperature prevailing be
the illuminated spot remains at some 40 K~cf. Sec. III A!, so
thatb, CV , andK do not attain their low-temperature limits
Furthermore,K is likely to be governed by impurity and
boundary scattering,20 differently from pure bulk metals
where dwindling anharmonic phonon processes first causK
to increase according toT22 before impurity scattering take
over.19 The weak sensitivity ofh on the sample temperatur
all the way down to the cryogenic regime considerably s
plifies matters when applying the present technique to
measurement of phonon decay versus the temperature.21

IV. PROPAGATION

A. Fresnel diffraction

For a quantitative description of the divergence of t
acoustic beam by diffraction, we consider a coherent w
emitted by the thermomodulated spot on the transducer
by analogy, resort to the physical optics of light pass
through a circular aperture. Wishing to calculate the d
fracted strain in the Fresnel as well as the Fraunho
regimes,22 we choose as starting point the generalized Kir
hoff integral for Dirichlet boundary conditions

«~x,y,z!5
1

2p i EEO«~x8,y8,0!
e2 iqR

R
qS 11

i

qRD
3

n•R

R
dx8dy8, ~13!

where, in the present context,«(x,y,z) is to be identified
with the strain in lieu of the optical electric field,q is the
modulus of the acoustic wave vector,n is the normal unit
vector, and the vectorR connects the surface eleme
dx8dy8 at position (x8,y8,0) on the transducer with the poin
of observation (x,y,z) in the crystal. Note thatq is con-
nected to the acoustic angular frequencyv through the an-
isotropic dispersion relationv(q). The Kirchhoff integral,
Eq. ~13!, indeed enables us to evaluate the strain at any
sition (x,y,z) in the crystal from a given distribution
«(x8,y8,0) in the planeO of the transducer (z50). As no
sources are present inside the crystal, it is considered j
fied to apply Eq.~13! to the individual components of
tensor such as the strain, although Eq.~13! has strictly speak-
ing been derived for a scalar field. Also, Dirichlet bounda
conditions are more convenient than the more comm
Kirchhoff boundary conditions or, for that matter, Neuma
boundary conditions, because no knowledge of¹«(x8,y8,0)
is required in addition to«(x8,y8,0).
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In comparison with a uniformly illuminated circular ape
ture in optics, however, the present situation is more co
plex. First, the acoustic intensity profile leaving the tran
ducer, which is proportional to the Gaussian-shaped opt
intensity distribution squared~cf. Fig. 5!, likewise is Gauss-
ian, yet with aA2 times smaller width. Second, the phase
the acoustic wave leaving the transducer is not necess
uniform over the illuminated area. It depends on the lo
phase of the optical modulation, which in turn depends
the phase profiles of the dye-laser wave fronts. Third,
group velocity generally deviates in direction from the wa
vector as a result of elastic crystalline anisotropy. This eff
is commonly known as phonon focusing. Prior to workin
out Eq. ~13!, we need to consider these complications
some detail.

The optical electric field in the focal waist of a laser bea
has been treated in terms of standard diffraction theory.23,24If
k is the wave vector of the laser light, propagating in t
positive z direction, and ifv l is its angular frequency, then
the amplitude of the optical electric field near the waist
given by

E~x,y,z!}
W0

W
e2r 2/W2

ei (v l t2kz2kr2/2L2c), ~14!

which depends onx andy only through the distancer 5(x2

1y2)1/2 from the optical axis;z is the distance along this axi
from the focal center. We further have

W~z,Ropt!5W0@11~z/Ropt!
2#1/2, ~15!

L~z,Ropt!5z@11~Ropt/z!2#, ~16!

andc5arctan(z/Ropt), with Ropt5
1
2 kW0

2 the Rayleigh range.
The quantityW represents half the 1/e waist diameter, with
W0 half the 1/e diameter at the narrowest point. The radi
of curvatureL of the wave front intersecting the optical ax
at z attains its minimum value 2Ropt for z5Ropt. In Eq.
~14!, it is assumed thatW!Ropt, whenceE(x,y,z) varies
only slowly with z.

Starting from Eq.~14! for a single laser beam, we mak
up the intensity distributionI (x8,y8,0) at the transducer as
result of the two interfering Gaussian beams. Position
the transducer atz50, we allow shifts of the two waists
along the optical axis to distancesd1 and d2 from the
transducer. We thus haveI opt(x8,y8,0)5uE1(x8,y8,d1)
1E2(x8,y8,d2)u2. Upon omitting terms leading to steady
state heating or a uniform phase shift, the optical intensity
the transducer amounts to

I opt~x8,y8,0!

}
W0,1W0,2

W1W2
e2(W1

22
1W2

22)r 82
ei [vt2(k1/2L12k2/2L2)r 82] ,

~17!

wherek1 , W0,1, W15W(d1 ,Ropt,1), L15L(d1 ,Ropt,1), and
their counterparts indexed by 2 refer to the two laser bea
r 85(x821y82)1/2, and adding the complex conjugate is im
plied. We henceforth drop the index tok, noting that k1
3-6
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5k2 for all practical purposes. Also note that the optical a
gular difference frequencyv5v12v2 may be of either
sign, but for convenience we adoptv1.v2.

The phase factor occurring in Eq.~17! has a circularly
symmetric radial dependence identical to the transmiss
function eiqr 82/2f of a lens of focal lengthf, where in the
present contextq is to be identified with the acoustic wav
vector.25 Accordingly, we may rewrite Eq.~17! as

«~x8,y8,0!5«0e2r 82/w0
2
ei (vt1qr82/2 f ), ~18!

placing an acoustic lens of focal length

f 5
qL1L2

k~L12L2!
~19!

at z50 and collecting into the constant«0 all prefactors
occurring in Eq.~17! as well as the proportionality consta
connecting«(x8,y8,0) to I opt(x8,y8,0) @cf. Eq. ~7!#. The
quantity w0, defined byw0

225W1
221W2

22, represents the
initial 1/e radius of the acoustic beam. Note thatf depends
linearly on v throughq. Only in caseL15L2 do we have
f→` and are the laser wave fronts of equal phase over
entire irradiated spot. In case the optical waists are equ
narrow, f reaches its smallest valueqRopt/k for d152d2
5Ropt @cf. Eq. ~16!#.

We next turn to the effects of phonon focusing on Fres
diffraction. Phonon focusing, or in the present case defoc
ing, is caused by the elastic anisotropy. Extensive exp
ments have been carried out, all confirming theory,8–10 in
particular with phonon imaging,26 using bolometers,27 tunnel
junctions,28 and scanning electron microscopy29 as phonon
detectors. Phonon focusing is best visualized in terms of
slowness surface, i.e., the locus inq space of the slownes
vector S(q)5q/v(q). Anisotropy makes the group velocit
vg(q)5¹qv(q), which points along the surface normal, d
fer in direction from the phase velocityvq5@v(q)/q#eq .

For small angles from a principal direction, the slowne
surface may be approximated by a paraboloid of revolut
and the focusing effect accommodated into a single mate
parameter changing the modulus ofq with the angle. That is,

q5qc~12puq
2!, ~20!

in which uq is the angle ofq from thec axis andqc5v/vc is
the modulus ofq along this axis. The focusing parameterp
may be expressed in the elastic constants by comparing
~20! with the relevant algebraic solution of the Christoff
equation.10,30 For longitudinal acoustic phonons propagati
in directions near a fourfoldc axis, this yields31

p5
C13

2 12C13C4412C33C442C33
2

2C33~C332C44!
. ~21!

The elastic constants of PbMoO4 are, in units 1011 N/m2 and
in the customary two-index notation,30 C1151.092, C33
50.917, C4450.267, C6650.337, C1250.683, C1350.528,
andC16520.136.16,32 The constantC33 is related to the ve-
locity vc of longitudinal sound along thec axis through
vc5(C33/r)1/253.63 km/s.16 These numbers yieldp
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510.176, i.e., defocusing. Equation~20! is adequate up to
several tens of degrees from thec axis. At uq520°, for ex-
ample, the true decrease ofq from qc is 1.9%, compared to
2.1% according to Eq.~20!.

At this stage, we combine diffraction with phonon focu
ing and the acoustic lens representing the laser irradia
profile by inserting Eqs.~18! and ~20! into Eq. ~13!, using
the identity uq5arctan$@(x2x8)21(y2y8)2#1/2/z% to express
uq in the planar coordinatesr5(x,y) within the ‘‘screen’’ of
observation andr 85(x8,y8) within the transducer. We sub
sequently expand all phase angles up to second order inx, y,
x8, andy8, but retain the remainder of the integrand in E
~13! to lowest order only. Introducing the abbreviationQ
5qc(122p)/2z, we then find for the diffracted strain in th
Fresnel approximation

«~x,y,z!5
qc«0

2p iz
ei (vt2qcz2Qr2)EE

O
e2r 82/w0

2

3ei [qcr 82/2 f 2Q(r 8222xx822yy8)]dx8dy8.

~22!

The experiments below only sense the modulus of the str
for which integration of Eq.~22! yields the simple expres
sion

u«~x,y,z!u5«0

w0

w
e2r 2/w2

. ~23!

Here, the quantities

w~z!5w0F S 12
z

f 8
D 2

1S z

R8
D 2G 1/2

, ~24!

R85 1
2 qcw0

2~122p!, ~25!

f 85 f ~122p! ~26!

represent the 1/e radius of the acoustic beam at distancez,
the elasticity-modified acoustic Rayleigh range, and
elasticity-modified focal length, respectively. Phonon focu
ing (p,0) or defocusing (p.0) thus turns out to stretch o
shrink all length scales by a factor of 122p. It is a simple
task to derive the equivalents of Eqs.~24!–~26! for phonon
focusing along other directions.

B. Experiments on the divergence

The divergence was measured at frequencies ranging f
1.2 to 4.0 GHz or acoustic wavelengths ranging from 3.0
0.9 mm. These wavelengths are sufficiently large in relati
to the generating spot to achieve diffraction angles of or
1° –4° to either side. No precaution was taken to equa
the phase distributions of the dye-laser beams, so that a fi
f is anticipated. Experiments in which, with the help of a
ditional optics, the phase difference is made uniform
maximal acoustic focusing is achieved are deferred to S
IV C.

The experiments entail measuring the lateral profile of
phonon beam at various distancesz from the generating spot
3-7



-
o
s
e
t.

ui

d

av
e

th
ng
te

tu
o
a

ign-

f
on

tic

d

tial

ith
ac-

o-
on
he
file,
oin-

cal
ndi-

ed
are

t 1
rge
the
ig.

the
are

,

no

h
am
lo
s-

DAMEN, DIELEMAN, ARTS, AND DE WIJN PHYSICAL REVIEW B64 174303
To derivew(z) from the measured Brillouin profiles, how
ever, corrections must be made for the finite detection v
ume, an elongate pencil completely traversing the acou
beam~inset to Fig. 6! and possessing a Gaussian cross s
tion defined by the focused primary Brillouin laser ligh
Brillouin scattering scales withu«(x,y,z)u2, which in the
present geometry drops as exp@22(x21y2)/w2# with increas-
ing distance from the acoustic axis (z axis!, while varying
only slowly along the acoustic beam@cf. Eq. ~23!#. Inte-
grated over the detection volume, the measured Brillo
profile thus is proportional to 2wwBwme2(y/wm)2

, in which
wB is the 1/e intensity radius of the Brillouin laser beam an
wm is given by

wm5~ 1
2 w21wB

2 !1/2. ~27!

Sets of lateral Brillouin profiles at various distancesz
were measured for 1.2, 1.7, 2.5, 3.3, and 4.0 GHz. To le
the Brillouin spectrometer undisturbed once tuned to a c
tain frequency, scanning along they axis was realized by
raising or lowering the dye-laser focus above or below
Brillouin-scattering plane via sideways shifts of the focusi
lens. In analyzing these data, first each profile is charac
ized by its measured widthwm through fits of a Gaussian
augmented with a small background. These backgrounds
out to compare with the Brillouin signal in the absence
thermomodulation and, accordingly, are due to therm
phonons only. Next, Eq.~27! with Eqs.~24!–~26! substituted
is fitted to allwm so obtained, to findw0 , f, andwB . Note

FIG. 6. The 1/e intensity radiusw(z) of the acoustic beam
corrected for the finite detection volume with the help of Eq.~27!,
as a function of the distance from the transducer for various pho
frequencies. The curves are fits ofw(z) according to Fresnel dif-
fraction. The inset depicts the Brillouin-scattering geometry. T
acoustic beam is viewed head-on, while the primary Brillouin be
enters from the side. The detection volume is pencil shaped a
thex direction and scanned in they direction to measure the acou
tic profile.
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that p and qc5v/vc are known. In the fits,f was taken to
scale with v @cf. Eq. ~19!#, whereas a universalw0 was
adopted. Because the Brillouin spectrometer requires real
ment from onev to the next, an independentwB was chosen
for each set ofwm versusz.

The results forw as a function ofz, i.e., the divergence o
the acoustic power corrected for the finite Brillouin detecti
volume, are shown in Fig. 6. The fitted parameters arew0
51961 mm and f 51.9460.20 mm at 4.0 GHz, whilewB
is in the range 2 –7mm. According to Eq.~19! the mini-
mum f amounts to 0.7 mm at 4.0 GHz, so that the acous
lens is relatively weak. The lower limit ofwB matches the
diffraction-limited 2-mm radius of the Gaussian-shape
Brillouin laser beam in the detection volume.23,24The curves
in Fig. 6 represent Eqs.~24!–~26! with the fitted parameters
inserted. They faithfully track the data over a substan
range of distances and frequencies for a uniquew0, thereby
showing how well the divergence of the acoustic beam w
due account of phonon focusing conforms to Fresnel diffr
tion from a circular spot.

C. Experiments on the acoustic lens

We next vary the radial phase distribution of the therm
modulation. In Sec. IV A we have shaped this distributi
into the form of an acoustic lens positioned just below t
transducer. We first consider the case of a flat phase pro
achieved by making the waists of the dye-laser beams c
cident with the transducer (d15d250). As these waists are
images of the intrinsic beam waists of the dye lasers,33 their
shifts can be effected by suitable modification of the opti
path lengths. Representative data taken under these co
tions atv/2p55.6 GHz are presented in Fig. 7~a!. Indeed,
no acoustic lens is found. The solid curve in Fig. 7~a! repre-
sents a successful fit of Eq.~24! with f set to infinity. Fitting
further yieldedw051761 mm, wB&5 mm, and a lower
bound of 8 mm forf.

In further experiments, one optical path was lengthen
and the other one shortened, so that the imaged waists
shifted to either side of the transducer surface by abou
mm. The acoustic beam now narrows at first, only to dive
at larger distances. A representative example, in which
initial narrowing is about the strongest, is presented in F
7~b!. As in the lens-free case, Fig. 7~a!, the solid curve rep-
resents a fit of Eq.~24!, now yielding f 51.060.2 mm and
w051961 mm. Note thatw0 is somewhat larger than in
Fig. 7~a! because the waists have shifted. From Eq.~24! the
initial dependence ofw(z) on z reads

w~z!5w0~12z/ f 8!, ~28!

which in Figs. 7~a! and 7~b! is indicated with thin straight
lines. Indeed, the short focal lengthf found in Fig. 7~b! cor-
responds, within the uncertainties, to the minimumf
5qRopt/k achievable according to Eq.~19! for d152d2
5Ropt. In an independent experiment, the 1/e radii of the
imaged dye-laser waists were determined by measuring
light intensity transmitted through pinholes. The results
W0,151562 mm andW0,251862 mm. Adopting the aver-
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GENERATION AND PROPAGATION OF COHERENT . . . PHYSICAL REVIEW B64 174303
age for W0, we find Ropt51.460.3 mm, and f 51.2
60.3 mm for the strongest possible acoustic lens at
GHz.

In comparing Fig. 7~a! to Fig. 7~b!, it is of interest to note
that the phase differences over the illuminated spot are q
limited. At a distancew0 from the center, for example, th
phase is onlyqcw0

2/2f '100° ahead, i.e., by less than half
period. Second, the condition of uniform phase as in F
7~a! not only results in the smallestw0, but also in minimum
divergence of the acoustic beam at larger distances. From
~24! it is readily seen that the asymptotic 1/e acoustic radius
reads

w~z!5w0

~ f 82 1R82 !1/2

R8
S z

f 8
2

R82

f 82 1R82D , ~29!

whose slope is indeed minimum forf 8→`. For a compari-
son, Eq.~29! has been entered as the dashed lines in Fig

D. Phonon decay

The decay of the Brillouin intensity with distance contai
information on the damping of the acoustic wave or, in t
terminology preferred in this context, the relaxation of t
phonons with time. The Brillouin intensity scales with th
local density of phonons sharing the detection volume, so
have to integrate the Brillouin intensity over the cross sect
of the acoustic beam to find the total number of phonons
at distancez. Note that phonons escape Brillouin detecti
once they have engaged in scattering. The detection vol
being pencil shaped, integration is implied in the horizon
direction. To compare the total number of phonons in

FIG. 7. The 1/e intensity radiusw(z) of the acoustic beam
corrected for the finite detection volume, as a function of the d
tance from the transducer at a phonon frequencyv/2p55.6 GHz.
For data set~a!, showing absence of focusing, the waists of the la
beams coincide with the transducer surface. For data set~b!, the
waists are positioned such that maximum focusing of the acou
beam is achieved@cf. Eq.~19!#. The solid lines represent Eqs.~24!–
~26! with f as indicated, the thin straight lines the correspond
initial dependence according to Eq.~28!, and the dashed lines th
asymptotic dependence according to Eq.~29!. The sample tempera
ture is 2.1 K.
17430
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acoustic beam from one position to the next, therefore,
integrate over vertical Brillouin intensity profiles such as t
ones measured in connection with Figs. 6 and 7. To elimin
drift in the detection sensitivity, the intensities were ca
brated with reference to the thermal background.

Brillouin intensity profiles of the acoustic beam have be
measured versus the distancez for a set of frequencies in the
rangev/2p51.2–4.9 GHz. For the representative examp
of 2.45-GHz phonons, their integrated intensities are d
played in Fig. 8. As anticipated, the Brillouin intensity drop
exponentially withz. In the detailed data analysis, the Bri
louin intensity is taken to depend on the timez/v elapsed
since the phonons left the transducer according to the sin
exponential decay

I 5I 0e2z/vt, ~30!

in which t is the relaxation time. With inclusion of a correc
tion accounting for incomplete integration over the widen
acoustic beam at largez, Eq. ~30! is indeed found to faith-
fully track the data points~solid curve in Fig. 8!. In the inset
to Fig. 8, the fitted results for the relaxation ratet21 are
displayed double logarithmically as a function of the phon
frequency and seen to follow a power law.

As to the question of what frequency dependence to
pect, Herring34 has argued that in real crystals, which a
elastically anisotropic, the relaxation is quite different fro
isotropic approximations. Applying topological and grou
theoretical considerations to the slowness surfaces, he in
ticular showed that the relaxation of longitudinal acous
phonons is dominated by wave-vector and energy-conser
processes in which the relaxing longitudinal phonon co

-

r

tic

g

FIG. 8. The Brillouin intensity integrated over the cross sect
of the acoustic beam in PbMoO4 at room temperature vs the dis
tancez. The main plot gives, as representative example, the res
for 2.45-GHz phonons. The solid curve is a single-exponential
cay @cf. Eq. ~30!#, corrected for incomplete integration overx at
higherz. The inset shows the relaxation ratet21 vs the frequency
v/2p, the straight line representing Eq.~31!.
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bines with a thermal slow transverse phonon to form a
transverse phonon. In the limit of small wave vectors,
associated relaxation rate should depend on the angular
quencyv and the temperatureT according to

t215BvaT, ~31!

provided the majority of the phonon modes have beco
thermally excited, i.e., at a sizable fraction of the Deb
temperature. For crystals havingC4h symmetry, such as
PbMoO4, Herring finds the asymptotic valuea52 for longi-
tudinal phonons traveling along the tetragonal axis (c axis!.
Returning to the results fort21 at T5295 K presented
in the inset to Fig. 8, we find Eq.~31! to conform with
experiment for a52.0560.10 and B5(5.160.5)
310217 sa21K21, the latter value exclusive of the erro
propagated froma. The present experimental results the
fore confirm Herrings’s theory for phonon relaxation in a
isotropic media.

E. Measurement of phonon focusing

Another experiment demonstrating that the optical ph
pattern is transferred to the phonon beam is to illuminate
transducer by a sideward moving grating, such as achie
when the interfering dye-laser beams are incident at a mu
angle. The moving optical grating induces a moving te
perature grating in the focal area. The associated transv
wave vector translates into a lateral component of the st
wave injected into the crystal, so that the acoustic beam
deflected away from thec axis. Note that the grating, owin
to its sinusoidal intensity distribution, fails to emit sid
maxima, as distinct from the grating formed by a transdu
made up of uniform stripes.35 A complication over standard
optics is that phonon focusing makes the group velocity
fer in direction from the phase velocity when the phon
beam deviates from thec axis. Brillouin scattering allows
independent measurement of these velocities, the phas
locity by tilting the crystal untilq lies in the Brillouin scat-
tering plane, and the group velocity by measuring the an
for which maximum intensity is observed.

If the optical wave vectors of the incident dye-las
beams,k1 andk2, are at anglesa1 anda2 from the surface
normal, the strain at the transducer«(x8,y8,0) is specified by
Eq. ~18!, yet multiplied by an additional phase factoreikyy8.
Ignoring the minute difference between the modulik1 and
k2, we have

ky5k~sina12sina2!. ~32!

Coincident beams thus produce no grating whatever t
angle of incidence and, therefore, no sideward propaga
of the acoustic beam. Already forua12a2u;1°, however,
the grating period 2p/ky is smaller than the 1/e diameter of
the focus ('40 mm!.

The experimental geometry is adapted to the experim
by tilting the crystal away from the Brillouin-scattering plan
and running the dye-laser beams in parallel at some dista
prior to focusing to a joint focus on the transducer~inset to
Fig. 9!. One dye-laser beam propagates along the optical
17430
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of the focusing lens~focal lengthF580 mm), and its angle
of incidencea1 therefore equals the angle over which t
crystal is tilted. The other beam is incident at an angleDa
5a12a2 from the former, whereDa derives from the dis-
tanceD between the laser beams throughDa5arctan(D/F),
apart from corrections up to 5% for longitudinal spheric
aberration. Further, to allow for divergence of the group a
phase velocities, the joint dye-laser focus is shifted by a d
tancey out of the Brillouin-scattering plane until the acoust
beam passes through the detection volume. In the exp
ments,a1 andy are repeatedly optimized to obtain maximu
Brillouin signal for a givenDa. The optimuma1 is to be
identified with the angleuq of the acoustic phase velocity
Results foruq as a function ofDa, the primary variable of
the experiment, are presented in Fig. 9 forv/2p53.1
60.1 GHz.

To expressuq in Da, we equate the wave vector of th
moving grating to the component of the acoustic wave vec
parallel to the transducer, i.e.,ky5q sinuq . This condition
results in an implicit equation foruq when substituted in Eq
~32! along withq according phonon focusing@Eq. ~20!# and
the optimized anglesa15uq anda25uq1Da. Treating the
leading term rigorously and expanding the remainder inDa,
we arrive at

uq52A@11 1
2 ~112p!A2#. ~33!

A5arctanS ~kvc /v!sinDa

122~kvc /v!sin2 1
2 Da

D . ~34!

Restricting Eq.~33! to the dominant linear term gives th
more transparent expressionuq52(kvc /v)Da. Equation
~33! is more detailed in that it includes corrections for t
geometry and phonon focusing upon rotatingq away from
the c axis. Returning to the experimental results foruq , we
insert Eq.~33! into Fig. 9. The comparison turns out to be

FIG. 9. The angleuq of the phase velocity as a function of th
angleDa between the dye-laser beams atv/2p53.160.1 GHz.
The curve represents Eq.~33! without adjustable parameters. Th
inset shows the geometry, withq lying in the Brillouin-scattering
plane.
3-10
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good quality despite the fact that all parameter values
known from other sources:v/2p53.1 GHz, k52p/l,
with l5580.060.1 nm the optical wavelength, an
vc53.63 km/s.

To arrive at an experimental value ofug , lateral Brillouin
intensity profiles have been collected at a series of distan
from the transducer. The results are displayed in Fig. 10
v/2p53.160.1 GHz, Da525.7°60.5°, and an opti-
mized a15uq511.5°. The maxima of these profiles tra
the course the acoustic energy travels into the crystal,
indeed the lateral displacement grows linearly with the d
tance~cf. inset to Fig. 10!. We thus findug515.7°60.4°,
inclusive of the corrections noted in connection with E
~33!. The experimental result is to be compared with t
angleug of the normal to the slowness surface at a givenuq
@cf. Eq. ~20!#. We find

ug5uq1arctanS 2puq

12puq
2D . ~35!

Equation~35! yields ug515.6°, in agreement with the ex
periment. Note thatug is 4.1° further out from thec axis than
uq511.5° pertaining to the relevantv and Da, signifying
defocusing. In terms of the focusing parameter, the dispa
betweenug and uq corresponds top510.1860.02, in ac-
cord with p510.176 derived from Eq.~21!.

FIG. 10. Lateral intensity profiles of the acoustic beam for va
ous distancesz below the transducer and a fixedDa525.7°
60.5°. The phonon frequency is 3.160.1 GHz. Thermal back-
ground has been subtracted. The lateral displacementy is measured
with reference to the illuminated spot. The solid lines are lea
squares-fitted Gaussians. The position of maximum intensity s
faster with increasingz than predicted by the phase velocity, ind
cating phonon defocusing. The inset showsy vs z, yielding ug

515.7°60.4° for the group velocity.
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V. CONCLUDING REMARKS

Coherent longitudinally polarized acoustic beams of gig
hertz frequencies have been generated in a solid med
(PbMoO4) by the use of periodic laser-induced heating o
thin metallic transducer. The mechanism of generation is
sentially based on the strain provided by thermoelastic
pansion synchronous with the optical difference frequen
in accordance with the observed acoustic resonances w
the transducer and the quadratic dependence of the aco
intensity on the laser power, as well as the overall intens
An obvious advantage of the method is the simple tuning
the acoustic frequency via the difference frequency of
interfering lasers. The method is furthermore applicable
cryogenic temperatures, despite the decline of thermal
pansion.

For the detection we have relied on Brillouin scatterin
which, however, is limited to frequencies up to, say, 15 GH
The generation mechanism, on the other hand, seems lim
by electron-phonon relaxation to several hundreds of gi
hertz, easily accessible by light modulation throu
interference.36 The usage of other phonon detection tec
niques, such as bolometers or superconducting tun
junctions,37–39 could therefore markedly extend the usef
frequency range.

We have further investigated some aspects related to
propagation of the acoustic beam, in particular its diverge
by diffraction, which appears governed by Fresnel diffracti
provided phonon focusing is taken into account. In t
Fraunhofer regime, the effects are to increase the diverge
by a factor 1/(122p).

By virtue of its monochromaticity and directionality th
generated phonon beam is particularly suited to meas
phonon decay versus the frequency. The beam further is
sponsive to the phase distribution of the laser heating o
the focal area. This allows one to manipulate the beam
various ways, such as by simulating acoustic lens just be
the emitting ‘‘orifice’’ or sweeping the beam by a sidewa
moving grating. Combined with Brillouin detection, whic
distinguishes between phase and group velocities, the la
option allows a direct measurement of phonon focusing.
finally note from further analysis of Fig. 10 that the acous
divergence seems to slightly increase upon going away f
the high-symmetryc axis, in keeping with the arguments b
Maris.40
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