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Elimination of bandwidth effect in attenuation measurement with

picosecond ultrasonics

Atsushi Maehara, Nobutomo Nakamura∗, Hirotsugu Ogi, and Masahiko Hirao

Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan

We study the broadening effect of probing pulse light on the apparent attenuation of the Brillouin oscilla-

tion measured with picosecond ultrasonics. We observe experimentally that the attenuation of the Brillouin

oscillation is sensitive to the bandwidth, and the apparent attenuation coefficient increases as the band-

width increases, being far from the intrinsic attenuation coefficient. Theoretical calculation is performed to

reconstruct the observed oscillations, and it is confirmed that there are several factors affecting the apparent

attenuation in addition to the bandwidth. We finally propose equations that deduce the contribution of the

broadening to the apparent attenuation of the Brillouin oscillation.

1. Introduction

Acoustic attenuation originates from several factors such as scattering, dislocation

damping, and phonon-phonon interactions.1) Attenuation measurement has been, there-

fore, a powerful method for characterizing materials. Attenuation by scattering is ap-

plicable to the grain-size measurements of polycrystalline metals.2,3) The change in the

acoustic attenuation with the evolution of the dislocation structure is promising for use

in remaining-life estimation of fatigued materials.4,5) In the development of acoustic fil-

ters and sensors, the attenuation coefficient is a key factor; greater acoustic attenuation

of the constituent materials lowers the quality factor of the devices.

In the context of increasing importance of high-frequency acoustic devices, acoustic

attenuation at high frequencies is attracting attention. Among several photoacoustic

techniques, Brillouin oscillation caused by picosecond ultrasonics6,7) allows us to ex-

plore acoustic properties of transparent and translucent materials. It employs acoustic

phonons of frequency higher than 100 GHz, corresponding to wavelength smaller than

100 nm, and it has been applied to the measurement of elastic stiffness.8–10) This tech-

nique excites and detects acoustic phonons without contact with the specimen and thus

allows a measurement without the influence of the contact between the transducer and
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specimen. Therefore, it has also been used for the attenuation measurement.11–14) How-

ever, when the attenuation coefficient is determined from the damping of the Brillouin

oscillation, there is a concern. Brillouin oscillation is detected through the reflectivity

change in the probe light reflected from a specimen in which acoustic phonons are prop-

agating; the probe light is reflected at both the specimen surface and the acoustic pulse;

the latter occurs by backward diffraction. Damping of the observed reflectivity change

then reflects not only the attenuation of acoustic phonons but also the interference

among components of probe light of different wavelengths diffracted by the broad-band

acoustic pulse. Therefore, the attenuation coefficient measured with a wider bandwidth

of the probe light pulse becomes larger than the actual attenuation coefficient of a

specimen because of the interference. This contribution should be considered to ob-

tain a reliable value of the attenuation coefficient, but it has not been considered in

previous studies. We evaluate the contribution of the bandwidth to the attenuation

measurement through experiments. Reconstruction of the reflectivity change by theo-

retical calculations is then performed, and a significant effect of bandwidth variation

on the attenuation measurement is shown. We propose a simple and useful method for

estimating the bandwidth effect after comprehensive analysis.

2. Experimental procedure

Brillouin oscillation is observed in transparent materials using picosecond ultrasonics.

A metallic thin film is deposited on a specimen surface as a sound source. When a pump

light irradiates the metallic film, an acoustic pulse is generated in the film by the instan-

taneous thermal expansion-shrinkage process, and propagates in the normal direction

to the surface. When a probe light irradiates the specimen, a part of it transmits into

the specimen and is diffracted backward by the acoustic pulse because of a local change

in the dielectric constant in accordance with the photoelastic effect. The diffracted light

then interferes with the light reflected at the surface, and an oscillating intensity change

is induced in the interfered light while changing the delay time, reflecting the propaga-

tion of the acoustic pulse. This oscillation is called the Brillouin oscillation. Theoretical

models for the reflectivity change measured using the picosecond ultrasonics have been

established in the previous studies.7,8)

In this study, two optical systems with different probe light bandwidths are devel-

oped for measuring Brillouin oscillation. In both systems, two Ti-sapphire pulse lasers

are used for the pump and probe lights, and the fundamental design of the optics are the

2/13



Jpn. J. Appl. Phys. REGULAR PAPER

same, although there are minor differences. Figure 1 shows the optics of one of them.

One of the two Ti-sapphire pulse lasers, the so-called slave (Coherent Vitara), is syn-

chronized with another one, the so-called master (Coherent Mira), by the synchronizing

system (Coherent SynchroLock-AP) with a timing jitter less than 250 fs. For the syn-

chronization, the lights reflected at beam samplers (BSmps) are used. The pump light

with the center wavelength of 800 nm, the repetition rate of 80 MHz, and the pulse

width of 123 fs is modulated for lock-in detection by passing through the acousto-optic

modulator (AOM). Primary diffracted light is reflected at a dichroic mirror (DM) to

irradiate the specimen surface perpendicularly. The probe light with the center wave-

length of 800 nm, the repetition rate of 80 MHz, and the pulse width of 35 fs passes

through the second-harmonic-generation (SHG) crystal to generate second-harmonic

light with the center wavelength of 400 nm. Half of the light is used for the reference

light of the balanced detector and the other half passes through the DM to irradiate

the specimen with the same light axis as that of the pump light. The reflected light is

detected by the balanced detector. By a change in the length of the delay line by moving

the corner reflector, sub-picosecond time resolution is achieved. The time range changed

with the delay line is about 1300 ps. The power of the lights is changed by combining

the half-wavelength plate (λ/2) and polarized beam splitter (PBS). The probe beam

diameter is about 3 mm. The magnification of the objective lens is twenty and its nu-

merical aperture is 0.35. The optics of another system is described elsewhere.10) Details

of the typical pump-probe technique appear elsewhere.15) The bandwidth d, full width

at half maximum (FWHM), of the probe light is different for each system, and it is 2.3

and 7.1 nm. The intensity spectrum of the probe light measured using a spectrometer

with a resolution of 0.94 nm is shown in Fig. 2. The values of the center wavelength λ0

differ slightly from each other: 399.9 nm for d=2.3 nm and 400.7 nm for d=7.1 nm.

In the experiment, monocrystalline SrTiO3 was adopted for the negligible light ab-

sorption around 400 nm16) to eliminate the optical attenuation factor. The specimen

size is 4.7×3.7×0.5 mm3. The wavenumber k dependence of the refractive index n(k)

was measured by ellipsometry measurement. Pt film of 18 nm thick was deposited on

a (100) surface, and the acoustic pulse propagating in the ⟨100⟩ direction was inves-

tigated at room temperature. The film thickness was determined by X-ray reflectivity

measurement.17) The power of both the pump and probe lights was 20 mW (0.25 nJ per

pulse). Figures 3(a) and 3(b) show the measured intensity change for the two cases. The

background signal originating from heat dispersion has been extracted. For d=2.3 nm,
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Brillouin oscillation lasted for 600 ps, while for d=7.1 nm the oscillation disappeared at

around 300 ps. It is obvious that apparent attenuation behaviors differ from each other,

indicating that the acoustic attenuation in the specimen cannot be simply evaluated

from the attenuation in the Brillouin oscillation. Hereafter, the acoustic attenuation in a

specimen is called intrinsic attenuation, and the attenuation in the Brillouin oscillation

is called apparent attenuation.

3. Brillouin oscillation with broadening of probe light

Referring to the previous studies, we calculate the intensity change of the reflected probe

light considering the bandwidth effect. In the experiment, Pt film was deposited on the

(100) surface of SrTiO3 as a sound source, but the propagation of an acoustic pulse in

the film is neglected in the following calculation. When the probe light is reflected with

reflectivity coefficient r(k), the electric field of the reflected probe light is expressed as

Er =

∫ ∞

−∞
E(k)r(k)e−ik(ct+z)dk. (1)

Here, E(k) is the amplitude of the electric field of the incident probe light at k, and c is

the velocity of light in vacuum. We take the z axis parallel to the propagation direction

of the acoustic pulse to be normal to the surface. The origin is the specimen’s surface,

and the positive direction of the axis is toward the specimen. The reflectivity coefficient

from a vacuum to the specimen and that of backward diffraction by an acoustic pulse

in the specimen are given by

r01(k) =

√
ϵ0 −

√
ϵ(k)

√
ϵ0 +

√
ϵ(k)

, (2)

∆r1(k, t) =

∫ ∞

0

F (k)e−2inkzpη(t, z)dz, (3)

respectively. ϵ0 and ϵ(k) denote the dielectric constant in vacuum and that in the speci-

men, respectively, and n is the refractive index, n =
√

ϵ(k)/ϵ0. In ∆r1(k, t), transmission

of the light from a vacuum to a specimen, the backward diffraction, and transmission

from the specimen to the vacuum are taken into account. p = (∂ϵ(k)/∂η)/ϵ0 is the

piezo-optic constant. The sensitivity weight F and the strain field η are expressed by

F (k) = − ik

2n

(
1− r201(k)

)
, (4)

η(t, z) = −η0e
−αtexp

(
−|z − vt|

ζ

)
sgn(z − vt). (5)
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η0 is a positive constant. ζ is the spatial width of the acoustic pulse. v and α are

the acoustic velocity and the time-domain attenuation coefficient of the acoustic pulse,

respectively. The intensity of the probe light is proportional to the square of Er, and

I ≈ |Er|2 =
∫ ∞

−∞

∫ ∞

−∞
E(k)E(k′)r(k)r∗(k′)e−i(k−k′)(vt−z)dkdk′. (6)

r∗ is the conjugate of r. Considering that time average of the intensity is observed by

a detector, cross terms, e−i(k−k′)(vt−z) (k ̸= k′), becomes negligible,

I ≈
∫ ∞

−∞
E2(k)|r(k)|2dk, (7)

and the intensity change due to the acoustic pulse propagating in a specimen is expressed

as

∆I(t) ≈
∫ ∞

−∞
E2(k)|r01(k) + ∆r1(k, t)|2dk −

∫ ∞

−∞
E2(k)|r01(k)|2dk. (8)

4. Results and discussion

Our aim is the determination of α. We determine α by fitting Eq. (8) to the measured

intensity changes. Before the fitting, v is determined from the center wavelength of the

probe light, n at the center wavelength, and the oscillation frequency observed in the

fast-Fourier transform spectrum of the measured intensity change, assuming monochro-

matic probe light.8) The intensity profiles of the probe light used in the calculation are

plotted in Fig. 2. They were obtained by fitting the Gaussian function to the measured

optical spectra, and interference between them was considered. ζ is assumed to be the

same as the thickness of Pt film, 18 nm. At this time, α, the product of p and η0,

and the factor of proportionality between left and right sides of Eq. (8) are unknown

parameters. α was determined by fitting the intensity change. The fitted curve is shown

in the second row of Figs. 3(a) and 3(b), and it is compared with the measured curve

in Fig. 3(c). The fitted intensity change shows good agreement with the measured one,

and α is 2.8 and 2.1 ns−1 for d=2.3 and 7.1 nm, respectively. These are close to α= 2.0

ns−1 deduced from the reported decay time.18)

To evaluate the contribution of bandwidth and acoustic attenuation to the apparent

attenuation, intensity change was calculated for two cases: (i) considering the acoustic

attenuation and excluding the effect of bandwidth assuming a monochromatic probe

light, (ii) considering the effect of bandwidth and no acoustic attenuation (α=0). The

calculated intensity change is shown in Figs. 3(a) and 3(b). For d=2.3 nm, measured

intensity change shows a similar attenuation behavior to the one calculated with only the
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acoustic attenuation. In the case of d=7.1 nm, effect of bandwidth becomes a dominant

factor in the apparent attenuation. These results indicate that a narrow bandwidth of

probe light is important for accurate attenuation measurement, and the bandwidth of

7.1 nm around 400 nm is not sufficiently narrow for SrTiO3.

In the above discussion, we demonstrated that the proposed model reproduces the

measured Brillouin oscillation, and the fitting of the intensity change can deduce the at-

tenuation coefficient. We here consider another method for estimating the contribution

of bandwidth without fitting. To find regularity between the apparent attenuation and

intrinsic attenuation, the apparent attenuation coefficient αa is calculated with different

acoustic velocity v, refractive index n, center wavelength of the probe light λ0, and wave-

length dependence of the refractive index n′ using Eq. (8). The wavelength dependence

of the refractive index is defined by the slope in n(λ) = n′ [(λ− λ0) /λ0] +n(λ0). In the

calculations, the Gaussian function was assumed for the wavelength dependence of the

intensity profile of the probe light seen in Fig. 2, and the intensities at twenty-one wave-

lengths were used. Apparent attenuation coefficient αa is determined from the FWHM of

the FFT spectrum of the intensity change as shown in Fig. 4(a), αa = πf×FWHM/
√
3,

in which the window function is not used. In the calculations, input parameters are

v = 8000 m/s, n = 3, λ0 = 400 nm, and n′ = 0; one of the parameters was changed

[Figs. 4(b)-(e)]. The film thickness of the sound source, corresponding to the pulse width,

is assumed to be 10 nm. In each figure, the d dependence of αa is calculated at α=0, 2,

and 20 ns−1. In the calculation results, as d increases, αa increases, and increment ratio

varies with the value of the parameters. The bandwidth dependence of apparent attenu-

ation appear to be complicated. However, αa appears on a specific curve by normalizing

the vertical axis by α′ = αa/α and the horizontal axis by d1 = dvn(1− n′/n)/(λ2
0α) or

d2 = dvn(1−n′/n)/(λ2
0αa), as seen in Figs. 4(f) and 4(g), respectively. d1 and d2 denote

the relative bandwidth to the center wavelength, which were deduced by considering

that the relative bandwidth increases with decreasing center wavelength and increasing

absolute value of n′. Larger v increases the frequency of the Brillouin oscillation, and the

attenuation by the interference becomes greater as if the relative bandwidth increases.

In Fig. 4(f), at around d1 = 0, α′ gradually increases with d1, and it approaches a linear

function at larger d1. The trend is expressed as

α′ = 0.574 + 6.407d1 + 0.426e−14.935d1 . (9)

In Fig. 4(g), as d2 increases, α
′ gradually increases, and at around d2 = 0.15, α′ increases
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rapidly. An approximation curve is obtained as

α′ =
3.74× 10−3

(d2 − 0.116)2
− 7.60× 10−7

(d2 − 0.116)4
+

2.54× 10−10

(d2 − 0.116)6
+ 0.864. (10)

These equations give a comprehensive relationship between bandwidth and apparent

attenuation, and allow us to estimate the contribution of the broadening of the probe

light. For example, when the approximate value of α of a specimen is known, the

bandwidth effect can be estimated before measurement using Eq. (9). In the case of

SiO2, using the reported attenuation factor,12) velocity,12) and refractive index,19) α′ is

estimated to be 1.5, 2.9, and 5.2 at d=2, 5, and 10 nm, respectively, with the probe light

of λ0=400 nm. α′=2.9 means that the contribution of the bandwidth effect is almost

twice as large as the intrinsic attenuation. To make the contribution smaller than 10%, d

must be smaller than 0.7 nm. Thus, the bandwidth effect is estimated in advance using

Eq. (9) and known α, and the wavelength of the probe light that should be used for a

specific specimen is obtained. On the other hand, when α is unknown, Eq. (10) allows

us to estimate the contribution of the bandwidth effect after the measurement using α′

and other parameters. These two equations are helpful for evaluating the contribution

of the bandwidth effect.

5. Conclusions

Brillouin oscillation in SrTiO3 was investigated using the probe lights with different

bandwidths, and faster attenuation of the Brillouin oscillation was observed for the

probe light with broader bandwidth. The reconstruction of Brillouin oscillation consid-

ering the bandwidth variation allowed us to evaluate its effect on the attenuation of

the observed oscillation, and the intrinsic attenuation coefficient was obtained. After

comprehensive analysis, equations for determining intrinsic attenuation coefficient from

the apparent attenuation coefficient were proposed.
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Figure captions

Fig. 1 Schematic illustration of experimental apparatus.

Fig. 2 Intensity profile of the probe lights measured with an optical spectrometer. Solid

and dashed curves denote those of bandwidths of 7.1 and 2.3 nm, respectively. Solid

circles denote the intensity profile used in the calculation. They were obtained by fitting

the Gaussian function to the measured optical spectra.

Fig. 3 Measured and calculated Brillouin oscillation in SrTiO3 with bandwidths of (a)

2.3 nm and (b) 7.1 nm. Calculation was performed for the three cases of considering

both acoustic attenuation and bandwidth (BW) effect, only the acoustic attenuation,

and only the BW. (c) Dashed curve denotes the measured intensity change. Solid curve

denotes the calculated one with the acoustic attenuation and BW effect taken into con-

sideration.

Fig. 4 Attenuation coefficients calculated for various conditions. (a) Example of calcu-

lated intensity change. Inset shows the corresponding FFT spectrum. (b)-(e) Bandwidth

dependence of apparent attenuation coefficient with different parameters. In each fig-

ure, calculation was performed at α=0, 2, and 20 ns−1. Solid and open circles denote

the calculated values, and they are connected with solid and dashed lines, respectively.

(f), (g) Normalized attenuation coefficients appearing in (b)-(e) are plotted, except for

α=0 ns−1. Solid curve denotes the approximation.
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