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Gouy phase shift of single-cycle picosecond acoustic pulses
N. C. R. Holme, B. C. Daly, M. T. Myaing, and T. B. Norrisa)
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Ann Arbor, Michigan 48109-2099

~Received 20 June 2002; accepted 15 May 2003!

Ultrafast laser pulses are used to generate single-cycle picosecond acoustic pulses in thin metal films
on silicon. For small initial excitation spot sizes, propagation of the acoustic pulses across a 485-mm
Si crystal leads to significant diffraction effects. The temporal reshaping of the acoustic wave form
due to diffraction is investigated, and we demonstrate that the acoustic far field can be reached.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1590405#
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The generation of picosecond-duration acoustic pu
through the use of pico- or femtosecond lasers, and the
plication of these acoustic pulses to the study of mater
and thin-film structures, has become a powerful and wid
used technique.1–3 When an ultrashort optical pulse is use
to heat a thin transducer layer~such as aluminum! on a crys-
tal substrate, an acoustic pulse shorter than 10 ps ca
launched into the substrate. One of the principal applicati
of picosecond ultrasonics has been to characterize mate
and interfaces in multilayer systems.1–3 The basic concept is
time-domain reflectometry or one-dimensional imagin
where the reflection of the acoustic pulse from each interf
is measured; this yields information such as the film thi
ness, frequency-dependent acoustic attenuation, etc. In
work reported so far, the transverse width of the acou
source~determined by the laser spot size! has been large, o
the propagation length short, such that the acoustic prop
tion may be considered to be essentially that of a plane w

In this letter, we consider the case in which the exci
tion laser beam is tightly focused, and the acoustic puls
allowed to propagate a sufficiently long distance that
acoustic pulse diffracts; when the pulse has propagated to
far field, the pulse temporal profile becomes that of the te
poral derivative of the input pulse wave form as a result
the Gouy phase shift. The observation of propagati
induced pulse shape changes is important for understan
both linear and nonlinear picosecond ultrasonics appl
tions, in which diffraction cannot be neglected. More impo
tantly, it opens up the possibility of performing high
resolution two-dimensional acoustic imaging with sing
cycle pulses using reconstruction algorithms demonstra
elsewhere.4

In our experiments, a 15-nm layer of aluminum is dep
ited on a silicon substrate. When a short~100-fs! laser pulse
is incident on this layer, transient heating of the layer res
in the generation of a few-picosecond-duration acou
pulse, which propagates into the substrate. The initial sh
of the pulse is determined by the optical absorption len
and speed of soundv in the Al film.3 Due to the absorption
of very high frequency phonons, the acoustic pulse shape
be described to a good approximation by a function of
form uo(t)}te2t2/2, wheret5(t2z/v)/to is the local time

a!Electronic mail: tnorris@eecs.umich.edu
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normalized to the pulse width 2to , z is the longitudinal po-
sition, andv the velocity.

As this single-cycle acoustic pulse propagates into
substrate, diffraction causes the pulse shape to cha
Diffraction-induced pulse shape changes have been stu
in some detail for picosecond-duration electromagne
pulses: Ruffinet al.5 have observed that as a single-cyc
pulse propagates through a focus, the polarity of the pu
flips sign, and have shown that this is a manifestation of
Gouy phase shift.6 In general, the diffraction of a monochro
matic wave is accompanied by ap/2 phase shift between th
near-field and far-field wave forms; this is described ma
ematically by the2 iv/c factor that appears in front of th
Huygens–Fresnel diffraction formula.7 For broadband dif-
fracting fields, the Huygens–Fresnel diffraction formula m
be Fourier transformed to the time domain, with the res
that the time-domain far-field wave form is given by th
temporal derivative of the input wave form:8

u~P0 ,t !5E E
S

cosu

2pcr01

]

]t
uS P1 ,t2

r 01

c Dds. ~1!

To describe quantitatively the pulse shape changes w
occur on diffraction, we follow the treatment developed
Kaplan, describing the evolution of an initial pulse given

Ez50(r ,t)5Eote2t2/2e2r 2/2r o
2
.9 For a single-cycle pulse o

duration 2to and transverse beam size 2r o , the characteristic
diffraction length iszd5r o

2/vto . We define a normalized
propagation lengthz5z/zd . For this initial pulse shape, th
general form of the field on axis is

uon}e2t2/2~z1t2z2Ap/2e~t2z!2/2$11erf@~t

2z!/A2#%!. ~2!

When the propagation distance is much larger thanzd , that
is, z→`, so that the pulse is in the far-field limit, then th
pulse shape becomes essentially the temporal derivativ
the input: uon(t,z)→z21]uo(t)/]t. As discussed earlier
this change in shape is the result of thep/2 Gouy phase shift
that occurs in propagation from the near to the far field.

For ^111& silicon, with a longitudinal acoustic velocity
v59.43103 m/s, a single-cycle pulse of durationto52.5 ps
will have a spectrum with a peak wavelengthlpeak;120 nm
and a peak frequency of;80 GHz. For a spatial wais
r o53.25 mm the characteristic diffraction length iszd5450
© 2003 American Institute of Physics
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mm. Thus, if the pulse propagates across a 485-mm Si wafer,
z51.08, and thus the pulse shape should evolve from
single-cycle to nearly a derivative shape. The calcula
pulse shapes for this case and the case ofz50 ~near-field
limit ! are shown in Fig. 1. In order to observe the effects
diffraction on picosecond ultrasonic pulses, we measured
pulse shape after propagation across a fixed length of
mm. We varied the parameterz by adjusting the focal spo
size of the excitation laser beam, thereby changing the in
waist sizer o of the acoustic source.

The picosecond ultrasonic pulses were generated
measured using the femtosecond optical pump-probe s
shown in Fig. 2. The laser was a home-built mode-lock
Ti:sapphire oscillator operating at 830 nm, with a pulse d
ration of 100 fs and repetition rate of 86 MHz. The samp
was a double-side polished wafer of high-purity~nominally
undoped! ^111& Si, with 15-nm Al transducer layers depo
ited on front and back surfaces. The laser was split into pu
and probe beams, and the pump was acousto-optically m
lated at;1 MHz and focused onto the front surface of t
sample. The probe was sent through an optical delay line
focused onto the back surface, and the modulated reflect
monitored with a photodetector and lock-in amplifier; t
noise limit of the differential reflectivity measurement w
,1026. The sample was held at a temperature of 10 K i
cryostat to reduce the acoustic phonon losses.

Due to the large difference between the speed of so
and the speed of light, the acoustic propagation through
mm of Si requires an optical delay of 15 m; thus, in order
obtain arbitrary optical delays, a delay line as long as
laser cavity was built. Since the optical probe beam mus
aligned to be coaxial with the acoustic pulse with submic

FIG. 1. Acoustic wave forms as calculated from Eq.~2!. Results are shown
for ~a! the far field~z51.08! and~b! the near field~z50! of the source. The
calculation is plotted versus normalized timet5(t2z/v)/to as described in
the text.

FIG. 2. Experimental configuration. 100-fs optical pump and probe pu
were focused onto the front and back surfaces, respectively, allowing
propagation of the acoustic wave across the wafer to be measured.
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accuracy, a beam pointing stabilizer was built to maint
high alignment accuracy over the entire optical delay. T
sample and probe focusing optics were kept fixed to main
a small probe beam (r o52.5 mm!; the focusing lens in the
pump arm was axially translated in order to vary the pu
beam spot diameter and thus the acoustic source size, d
to a diameter 2r o of about 6.5mm.

In Fig. 3, we show the measured change in optical pro
reflectivity DR induced by the picosecond acoustic wa
forms which have propagated across the 485-mm Si wafer.
Figure 3~a! is the signal measured with the pump beam d
focused to give a waist of approximately 25mm; in this case
the probe transducer layer is in the acoustic near field of
source. Figure 3~b! is the signal obtained when the excitatio
beam waist radius is tightly focused, to aboutr o53.25 mm;
in this case diffraction-induced pulse reshaping is expec
to occur. In general, the optical signalDR does not directly
follow the strain field. Thus, the near-field signalDRnf(t) in

Fig. 3~a! is not a simplete2t2/2 function, but rather is a
convolution of the time-dependent strain field with the A
transducer-layer response function.3 Nevertheless, when the
strain pulse propagates to the far field so its shape is tha
the derivative of the near-field pulse, the observed opt
signal DRff(t) will also be reshaped and will appear as t
derivative of the near-field pulse ~i.e., DRff(t)
5]@DRnf(t)#/]t). Thus, the Gouy phase shift is clear
manifested for picosecond ultrasonic pulses generated
tightly focused laser beam.

While it is apparent from the data that the diffracte
wave form approaches the temporal derivative of the sou
there are additional effects that can be observed. The
shown in Fig. 3 display some ringing in the signal followin
the main pulse. This is most likely due to acoustic ringing
the pump transducer layer; this ringing also shows ap/2
phase shift between the near- and far-field wave form
Acoustic dispersion in the Si may also extend the tempo
profile of the pulse, but for a propagation length of less th
half of 1 mm these effects are expected to be small.10 Lastly,
at high excitation power, nonlinear pulse propagation a
soliton generation were observed very similar to those
ported in.11 Thus, it was imperative for us to verify that th
pulse-reshaping effects shown in Fig. 3 were due solely
diffraction and not due to acoustic nonlinearity. First, w
investigated the pulse shape as a function of excitation po

s
he

FIG. 3. Acoustic wave forms measured for weak~left! and tight ~right!
focusing of the excitation beam:~a! the signal on the left corresponds to th
near-field acoustic pulse shape~z50.04! and ~b! that on the right corre-
sponds to the far field~z51.08!.
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when the excitation beam was tightly focused~since it might
be possible that the effect observed is due to a chang
excitation power density as the spot size is changed, ra
than diffraction!. However, if the excitation power was kep
sufficiently low, the pulse shape was found to be independ
of power; this is the regime in which our experiments we
performed.

Finally, in order to observe the continuous change in
acoustic pulse shape as a function of initial beam waist,
obtained a set of data over a range of pump focusing p
tions; the data are shown in Fig. 4. For an initial beam wa

FIG. 4. Acoustic wave forms measured for various initial focusing con
tions.
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of 18 mm ~z50.04! the near-field acoustic pulse shape
observed. Atz51.08, the shape is close to that expected
the far field. The smooth evolution in the shape for interm
diate positions is evident. The ability to propagate picos
ond ultrasonic pulses to the far field may be important
interpreting experiments on nonlinear propagation and
persion effects with such pulses, and also opens up a rang
potential applications in novel imaging schemes.
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