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Gouy phase shift of single-cycle picosecond acoustic pulses
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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 acrosgm485-

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.
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The generation of picosecond-duration acoustic pulseaormalized to the pulse widtht?, z is the longitudinal po-
through the use of pico- or femtosecond lasers, and the agition, andv the velocity.
plication of these acoustic pulses to the study of materials As this single-cycle acoustic pulse propagates into the
and thin-film structures, has become a powerful and widelysubstrate, diffraction causes the pulse shape to change.
used techniqué&=® When an ultrashort optical pulse is used Diffraction-induced pulse shape changes have been studied
to heat a thin transducer lay&uch as aluminuion a crys- in some detail for picosecond-duration electromagnetic
tal substrate, an acoustic pulse shorter than 10 ps can lpilses: Ruffinet al® have observed that as a single-cycle
launched into the substrate. One of the principal applicationpulse propagates through a focus, the polarity of the pulse
of picosecond ultrasonics has been to characterize materiafips sign, and have shown that this is a manifestation of the
and interfaces in multilayer systerhis. The basic conceptis Gouy phase shift.In general, the diffraction of a monochro-
time-domain reflectometry or one-dimensional imaging,matic wave is accompanied bym2 phase shift between the
where the reflection of the acoustic pulse from each interfaceear-field and far-field wave forms; this is described math-
is measured; this yields information such as the film thick-ematically by the—iw/c factor that appears in front of the
ness, frequency-dependent acoustic attenuation, etc. In tiiéuygens—Fresnel diffraction formufaFor broadband dif-
work reported so far, the transverse width of the acoustidracting fields, the Huygens—Fresnel diffraction formula may
source(determined by the laser spot sizeas been large, or be Fourier transformed to the time domain, with the result
the propagation length short, such that the acoustic propag#at the time-domain far-field wave form is given by the
tion may be considered to be essentially that of a plane wavdéemporal derivative of the input wave forin:

In this letter, we consider the case in which the excita-
. o X _ cosf d loi
tion laser beam is tightly focused, and the acoustic pulse is U(Po,t):j f R —u( P, t— _>dg, (1)
allowed to propagate a sufficiently long distance that the 32mCro ot ¢
acoustic pulse diffracts; when the pulse has propagated to the 14 gescribe quantitatively the pulse shape changes which
far field, the pulse temporal profile becomes that of the temg .y on diffraction, we follow the treatment developed by

poral derivative of the input pulse wave form as a result ofgpjan, describing the evolution of an initial pulse given by
the Gouy phase shift. The observation of propagation-E (r.7)=E s~ 221229 Eor a single-cycle pulse of
induced pulse shape changes is important for understandind;ﬁaoﬁo'n 3 a;d transverse Beam size.2 the characteristic
both linear and nonlinear picosecond ultrasonics applicaa.ﬁ ’ °| th iszo—rZot. . Wi d° P lized
tions, in which diffraction cannot be neglected. More impor-C ' action 1€NgIN 1524=To/vl,. YVE CEline a nhormaiize

. * be neg . P propagation lengtli=2z/zy. For this initial pulse shape, the
tantly, it opens up the possibility of performing high- eneral form of the field on axis is '
resolution two-dimensional acoustic imaging with single-g
cycle pulses using reconstruction algorithms demonstrated Uon“e_72/2(§+ — 2 /w/Ze(T‘§>2’2{1+er1[(r
elsewheré.

In our experiments, a 15-nm layer of aluminum is depos- —I121)). 2
!te_d ona S|I|c0n.substrate. When a Shmo_fs laser pulse When the propagation distance is much larger thanthat
is incident on this layer, transient heating of the layer resultsIS {—o, 50 that the pulse is in the far-field limit, then the
in the ggneratlon of a .few-p|cosecond-duratlo.n' gcoustg:pulse shape becomes essentially the temporal derivative of
pulse, which propagates into the substrate. The initial sha &o input: Uy (7.8)— ¢ Lauy(n)/ar. As discussed earlier
= Hon ' (0] . )

. . . . i
of the pulse is determined by the optical absorption IengtqhiS change in shape is the result of té Gouy phase shift
that occurs in propagation from the near to the far field.

and speed of sound in the Al film.® Due to the absorption
of very high frequency phonons, the acoustic pulse shape can For (111) silicon, with a longitudinal acoustic velocity
v=9.4x10° m/s, a single-cycle pulse of duratiop=2.5 ps

be described to a good approximation by a function of the

form (7)< 7e” "2 wherer= (t—2/v)/t, is the local time will have a spectrum with a peak wavelength,~120 nm
and a peak frequency of80 GHz. For a spatial waist
dElectronic mail: tnorris@eecs.umich.edu ro,=3.25 um the characteristic diffraction length =450
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FIG. 1. Acoustic wave forms as calculated from E2). Results are shown
for (a) the far field({=1.08 and(b) the near field {=0) of the source. The

calculation is plotted versus normalized time (t—z/v)/t, as described in
the text.

FIG. 3. Acoustic wave forms measured for we@éft) and tight (right)
focusing of the excitation bean(g) the signal on the left corresponds to the
near-field acoustic pulse shage=0.04) and (b) that on the right corre-
sponds to the far field/=1.08).

pm. Thus, if the pulse propagates across a 485Si wafer,
{=1.08, and thus the pulse shape should evolve from a
single-cycle to nearly a derivative shape. The calculatetif
pulse shapes for this case and the cas&=o® (near-field
limit) are shown in Fig. 1. In order to observe the effects o ’ . :
diffraction on picosecond ultrasonic pulses, we measured thd small probe beamr@zZ.S pm); t'he focusing lens in the
pulse shape after propagation across a fixed length of 4gB!mp arm was axially translated in orde_r to vary th_e pump
um. We varied the parametgrby adjusting the focal spot beam spot diameter and thus the acoustic source size, down

size of the excitation laser beam, thereby changing the initial® & d|ameter B, of about 6.5um. , )
waist sizer , of the acoustic source. In Fig. 3, we show the measured change in optical probe

The picosecond ultrasonic pulses were generated anr&eflectivity AR induced by the picosecond aCOL_Jstic wave
measured using the femtosecond optical pump-probe seté]cﬁrms which have propagated across the 4@5-Si wafer.
shown in Fig. 2. The laser was a home-built mode-locked 19ure 3@ is the signal measured with the pump beam de-
Ti:sapphire oscillator operating at 830 nm, with a pulse dufocused to give a waist of approximately 2&n; in this case
ration of 100 fs and repetition rate of 86 MHz. The samplethe probe_ transduper Iaygr is in the_ acoustic near flel_d qf the
was a double-side polished wafer of high-puribominally ~ SOUrce. F!gure (.'l_%)) is th_e signal obtained when the excitation
undoped (111 Si, with 15-nm Al transducer layers depos- P&am waist radius is tightly focused, to aboyt=3.25 um;
ited on front and back surfaces. The laser was split into pumf? this case diffraction-induced pulse reshaping is expected
and probe beams, and the pump was acousto-optically modiR occur. In general, the optical sign&R does not directly
lated at~1 MHz and focused onto the front surface of the follow the strain field. Thus, the near-field signiR.(t) in
sample. The probe was sent through an optical delay line ankdig. 3@ is not a simplere™"'2 function, but rather is a
focused onto the back surface, and the modulated reflectivitgonvolution of the time-dependent strain field with the Al-
monitored with a photodetector and lock-in amplifier; thetransducer-layer response functibhevertheless, when the
noise limit of the differential reflectivity measurement was strain pulse propagates to the far field so its shape is that of
<10 8. The sample was held at a temperature of 10 K in &he derivative of the near-field pulse, the observed optical
cryostat to reduce the acoustic phonon losses. signal ARgk(t) will also be reshaped and will appear as the

Due to the large difference between the speed of sounderivative of the near-field pulse (i.e., ARg(t)
and the speed of light, the acoustic propagation through 485 d[ AR(t)]/dt). Thus, the Gouy phase shift is clearly
um of Si requires an optical delay of 15 m; thus, in order tomanifested for picosecond ultrasonic pulses generated by a
obtain arbitrary optical delays, a delay line as long as thdightly focused laser beam.
laser cavity was built. Since the optical probe beam must be  While it is apparent from the data that the diffracted
aligned to be coaxial with the acoustic pulse with submicrorwave form approaches the temporal derivative of the source,

there are additional effects that can be observed. The data
Al (111) Si Al shown in Fig. 3 display some ringing in the signal following
the main pulse. This is most likely due to acoustic ringing in
Pump Probe the pump transducer layer; this ringing also showsr/a

phase shift between the near- and far-field wave forms.
J\;—V Acoustic dispersion in the Si may also extend the temporal
profile of the pulse, but for a propagation length of less than

half of 1 mm these effects are expected to be sMalhstly,
at high excitation power, nonlinear pulse propagation and
soliton generation were observed very similar to those re-
Acoustic Pulse ported in'! Thus, it was imperative for us to verify that the
FIG. 2. Experimental configuration. 100-fs optical pump and probe pulse .ljlse_r.eShapmg effects shown in Flg. 3 \_Nere.due .SOIer to
were focused onto the front and back surfaces, respectively, allowing th:g'ﬁrac_tlorl and not due to acoustic nqnl'neamy- F_|rst, we
propagation of the acoustic wave across the wafer to be measured. investigated the pulse shape as a function of excitation power

ccuracy, a beam pointing stabilizer was built to maintain
igh alignment accuracy over the entire optical delay. The
fsample and probe focusing optics were kept fixed to maintain
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r =18um of 18 um ({=0.04 the near-field acoustic pulse shape is
M\/\/M«v—— observed. AtZ=1.08, the shape is close to that expected for
_’g‘ r =10um the far field. The smooth evolution in the shape for interme-
S —-—-—-—-—«/\/\/\n———si—— diate positions is evident. The ability to propagate picosec-
> /\ A f9=3um ond ultrasonic pulses to the far field may be important in
_g interpreting experiments on nonlinear propagation and dis-
€ AW re=10um persion effects with such pulses, and also opens up a range of
o potential applications in novel imaging schemes.
< w.w—“\/\/gﬂ\'w—i-'f&m
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FIG. 4. Acoustic wave forms measured for various initial focusing condi-
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