N
N

N

HAL

open science

Contra-intuitive features of time-domain Brillouin
scattering in collinear paraxial sound and light beams

Vitali Goussev

» To cite this version:

Vitali Goussev. Contra-intuitive features of time-domain Brillouin scattering in collinear paraxial

sound and light beams. Photoacoustics, 2020, 20, pp.100205. 10.1016/j.pacs.2020.100205 .

03007597

HAL Id: hal-03007597
https://hal.science/hal-03007597
Submitted on 17 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03007597
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S2213597920300458

Manuscript_ed429bcca6fdb6c22f4840d5ae1224b0
1

Contra-Intuitive Features of Time-Domain Brillouin Scattering in Collinear

Paraxial Sound and Light Beams
Vitalyi E. Gusev

Laboratoire d’ Acoustique de I’Université du Mans, LAUM - UMR 6613 CNRS, Le Mans

Université, Avenue Olivier Messiaen, 72085 Le Mans cedex 9, France.
Corresponding author contact details
Official email address: vitali.goussev@univ-lemans.fr
Telephone numbers: +33 (0) 695407305, +33 (0) 953293624
Abstract

Time-domain Brillouin scattering is an opto-acousto-optical probe technique for the evaluation of
transparent materials. Via optoacoustic conversion, ultrashort pump laser pulses launch coherent
acoustic pulses in the sample. Time-delayed ultrashort probe laser pulses monitor the propagation of
the coherent acoustic pulses via the photo-elastic effect, which induces light scattering. A
photodetector collects both the acoustically scattered light and the probe light reflected by the
sample structure for the heterodyning. The scattered probe light carries information on the
acoustical, optical and acousto-optical parameters of the material for the current position of the
coherent acoustic pulse. Thus, among other applications, time-domain Brillouin scattering is a
technique for three-dimensional imaging. Sharp focusing of coherent acoustic pulses and probe
laser pulses could increase lateral spatial resolution of imaging, but could potentially diminish the
depth of imaging. However, the theoretical analysis presented in this manuscript contra-intuitively
demonstrates that the depth and spectral resolution of the time-domain Brillouin scattering imaging,
with collinearly propagating paraxial sound and light beams, do not depend on the
focusing/diffraction of sound. The variations of the amplitude of the time-domain Brillouin
scattering signal are only due to the variations of the probe light amplitude caused by light
focusing/diffraction. Although the amplitude of the acoustically scattered light is proportional to the
product of the local acoustical and probe light field amplitudes, the temporal dynamics of the time-
domain Brillouin scattering signal amplitude is independent of the dynamics of the coherent

acoustic pulse amplitude.
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1. INTRODUCTION

The applications of the optical pump-probe technique with ultrashort laser pulses for the
investigation of the coherent acoustic waves in the GHz frequency range are under development for
more than 35 years already [1-4]. To access the high acoustic frequencies range the technique
employs the laser pulses of picosecond down to femtosecond duration. The absorption of the pump
laser pulses launches coherent acoustic pulses (CAPS) in the medium, which are of picosecond
duration or contain fronts of picosecond duration [1-3,5]. Consequently, the spectrum of the CAPs
contains GHz acoustic frequencies, which efficiently induce Brillouin scattering of light [6,7]. Thus,
the propagation of the CAPs in transparent media can be followed via the acoustically induced
scattering of the time-delayed probe laser pulses. The amplitude of the scattered light is
proportional to the CAP amplitude and is commonly much smaller than the amplitude of the probe
light reflected at the sample surface and by other possible stationary features of the sample
structure. Thus, an essential part of the technique is optical heterodyning, achieved by directing the
probe light scattered by the CAPs and the probe light reflected by the sample surfaces/interfaces to
a common photodetector [1-3]. The photodetector monitors the interference of the weak light
scattered by the nearly transparent moving acoustical mirror and the light reflected by the stationary
optical inhomogeneities of the sample. As the delay between the phases of the scattered and the
reflected light changes in time due to CAP propagation, the signal of the photodetector contains an
oscillating part replicating in time the transition from constructive to destructive interference when
the CAP travels further and further through the medium. This ultrafast pump-probe technique was
initially called picosecond acoustic interferometry [2,3,8]. Recently the name time-domain Brillouin
scattering (TDBS), which highlights the fundamental physical phenomenon involved and the
difference from the classical frequency-domain Brillouin scattering [6,7] has become more common
[9]. In fact, the frequency of the coherent oscillation revealed by the TDBS technique in the
homogeneous medium is equal to the frequency shift of the Stokes and anti-Stokes light measured
by FDBS, i.e. to the Brillouin frequency (BF). The detected acoustically induced oscillation
revealed by the photodetector is called the Brillouin oscillation (BO).

One of the fundamental applications of the TDBS is the evaluation of the absorption of
phonons in the GHz —THz frequency range [2,8,10-17]. This is achieved by measuring the decay in
time of the BO amplitude. The pioneer research paper by Lin et al [8] contains the estimates of the
other physical factors that could cause the attenuation of the BO and should be either excluded
experimentally or properly taken into account to reveal acoustic absorption. Among them are the
coherence length of the probe laser pulses, the attenuation of the probe light in the medium and the

diffraction of both CAPs and the probe laser pulses. Particularly, the result of the theoretical
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analysis presented in Ref. [8] predicts, as it could be expected, that the characteristic spatial scale
for the influence of the diffraction phenomena is the Rayleigh range [18,19], also sometimes called
the diffraction length [20-22]. The Rayleigh range is proportional to the square of the wave beam
radius at 1/e? level and inverse proportional to the wavelength, zz~ma?/1 . However, the theory
was developed in Ref. [8] for equal radii of the acoustic and light beams, while the acoustic
wavelength in the considered backward Brillouin scattering is tightly related to the probe light
wavelength in the medium, Agcousticat = Aprove/2 . Consequently, it is impossible to disentangle
the roles of the acoustical and optical diffraction in the predicted decay of the BO amplitude. In
most of the subsequent research devoted to the evaluation of the acoustic absorption by the TDBS
the role of the diffraction phenomena was excluded experimentally by avoiding sharp focusing of
both the pump laser pulses, which controls the radius of the launched CAP beam [19], and of the
probe laser pulses. The Rayleigh ranges of both the CAP and the probe light were significantly

exceeding the acoustical absorption length.

The interest in the role of diffraction phenomena in TDBS has significantly increased quite
recently, mostly due to the development of three specific applications of the TDBS. TDBS was
applied to monitor the CAPs propagation in samples with characteristic dimensions smaller than a
couple of micrometers, which requires tighter focusing of laser pulses than in the sound absorption
measurements [15,23]. The technique was also applied to monitor the CAPs emitted by the
submicron and nanometer size objects (optoacoustic transducers) [15,24-26]. In this case the radius
of the launched CAP beam was controlled not by the radius of the pump laser focus but by the
dimensions of the laser-irradiated object, which could be much smaller in the case of the
nanoparticles or nanowires, for example [27-29]. Finally, TDBS was applied for the imaging in of
the spatial inhomogeneities in acoustical, optical and acousto-optic parameters of the transparent
media [9,27-29]. The depth resolution of imaging is commonly sub-optical, because the acoustic
wavelength in TDBS is twice shorter than the probe optical wavelength in the medium [17,30,31].
Theoretically, it is limited by the axial localization of the light scattering acoustic mirror, i.e. by the
length of the strain CAP or the width of the strain front in the CAP [9,24-26]. In applications of
three-dimensional imaging [17,30,31] the lateral spatial resolution is controlled by the focusing of
the pump and probe light. A rather sharp focusing of laser pulses is required to make lateral
resolution comparable to depth resolution. As the increased focusing leads to the diminishing of the
Rayleigh ranges of the acoustic and probe light beams [18-20], theoretical studies of the diffraction
role in the TDBS are required to understand the trade-off between the increased spatial resolution
and decreased depth of imaging. It is also worth mentioning that the decay in time of the TDBS

signal amplitude, limiting the depth of imaging, broadens the spectral width of the BO, thus
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influencing the frequency resolution of the TDBS in possible spectroscopic application for materials
identification. This provides additional motivation for the development of an analytical theory of

TDBS in diffracting sound and light beams.

The influence of the diffraction effects on the TDBS has been reported in several
experiments [15,32,33]. In all of them, the deviation in the temporal decay of the detected BO from
an exponential one was revealed with increasing propagation distance of laser-generated CAP from
the emitting opto-acoustic transducer. In Ref. [15] it was hypothesized that the revealed attenuation
of the BO, additional to acoustical absorption, was caused by diffraction of the coherent acoustic
waves emitted by a sub-micrometer contact between the transparent sphere and laser-irradiated
metallic surface. For the contact radius of 0.3 pm this hypothesis was supported by the estimates of
the characteristic diffraction length of the coherent acoustic wave at BF. The experiments reported
in Refs. [32] and [33] are directly addressing the trade-off between the lateral spatial resolution and
the depth and the spectral resolution of TDBS imaging by investigating the influence of the
focusing of the pump and probe laser pulses on the TDBS signal decay. The radii of the pump and
probe laser foci were modified using microscope objectives with different numerical apertures (NA)
[34]. Based on the estimates of the Rayleigh ranges, the decay in TDBS amplitude, additional to the

one caused by the acoustics absorption, was attributed in Ref. [32] mostly to the acoustic

diffraction, while in Ref. [33] to the diffraction of both CAPs, ~1/ \/ 1+ [Za (® /chous‘:ical]z, and

2
of the probe light, ~1/ \/ 1+ [24(t)/28°%°]" . Here z4(t) is the distance of the emitted

picosecond CAP from the common focus of the pump and probe light on the optoacoustic
transducer. z,(t) is the depth at which Brillouin scattering takes place after the photo-generation of
the CAP by the pump laser pulse at time t=0. The model used in [33] assumes that the TDBS signal
amplitude is proportional to the product of the local amplitudes of the CAP and the probe light field,

as it could be expected from the local law of the acousto-optic (photo-elastic) effect [3,4,6,7].

The analytical theory presented below provides opportunity to disentangle the roles of the
coherent sound and light diffraction in the TDBS experiments conducted with collinear paraxial
acoustical and probe optical beams. It contra-intuitively predicts that although the amplitude of the
light wave scattered by the CAP is proportional to the product of the probe light amplitude and the
CAP amplitude, the variation of the TDBS signal amplitude in time replicates the probe light spatial
distribution and is completely independent of the variations in time of the CAP amplitude. Thus, the
TDBS signal dynamics depends on the diffraction/focusing of the probe light and is independent of

the diffraction/focusing dynamics of the coherent acoustic field. Unexpectedly, the
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diffraction/focusing of the paraxial CAP beam has no influence on the depth of imaging and the
spectral resolution of the TDBS technique. The theory attributes the physical origin of the predicted
phenomenon to the heterodyne detection, which shapes in wavevector and frequency domain a
specific sensitivity function for monitoring of the coherent acoustic beams by Brillouin scattering.
This theoretical prediction provides new insights in the interpretation of the earlier TDBS
experiments [15,23,32,33] and in the possible optimization of the TDBS technique for nanoscale

imaging and spectroscopic applications in bio-medical and material sciences.

The manuscript is structured as follows. In Section II, the theoretical analysis of the probe
light beam TDBS by the CAP beam is presented, first, for the general case of arbitrarily shaped
paraxial co-focused beams. Second, it is specified for the case of Gaussian beams. Third, theoretical
predictions for the Gaussian collinear paraxial acoustic and light beams with different spatial
positions of their foci are given. In Section III, the theoretical predictions are compared with and are
used for the interpretation of known experimental results. The discussion in Section III is followed

by the Conclusions.

2. THEORY

In TDBS several different experimental configuration are possible. On one hand, they differ
by the position of the optoacoustic transducer for launching the CAPs and the internal
mechanical/elastic ~ structure of the sample, influencing the CAPs propagation
(reflections/refractions). On the other hand, they differ by the optical structure of the sample, which
is simultaneously creating an initial distribution of the optical field inside the sample for probing the
CAPs and a reflected optical field for the heterodyning of the light scattered by the CAPs. However,
all the experimental configurations based on collinearly propagating CAPs and probe laser pulses
are sharing the same underlying physical principles. In the presence of the CAPs the probe light
waves initially launched in the sample are additionally backward scattered independently of their
propagation direction relative to the CAPs propagation direction. This backward Brillouin
scattering is accompanied by the emission or the absorption of the acoustic phonons and,
respectively, by downshifting or upshifting of the scattered light spectral line. The scattered Stokes
and/or anti-Stokes light and the reflected probe light are collected by a photodetector for optical
heterodyne detection. These measurements of the light total energy reveal temporal oscillations at
the scattered and reflected light difference frequency (BF), which is equal to the frequency of the

acoustic phonon.



2.1. Arbitrary paraxial co-focused acoustic and light beams

A particular example of the experimental TDBS scheme presented in Fig. 1 comes from a
seminal publication [8]. The theory presented below extends the analysis conducted in Ref. [8] for
the collinear propagation of plane probe light and coherent acoustic pulses to the case of the

collinear propagation of the diffracting CAP and probe light beams.
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Figure 1. Schematic presentation of co-focused probe light and coherent sound fields contributing to time-
domain Brillouin scattering signal detection. a Initial probe light field, that could be created in the system in the
absence of the coherent acoustic field, is due to laser pulses incident from a light transparent medium z>0 on the sample
surface z=0 and the laser pulses reflected from this surface. b A coherent acoustic pulse 1(t, x,y, z) is launched in the
transparent medium z>0 due the absorption in the sample z<0 of the pump laser pulses (not presented) co-focused on
the surface z=0 with the probe laser pulses. When the pump laser pulses are incident on the sample before the probe
laser pulses, then the acousto-optic interaction between the coherent acoustic pulses and the initial probe light field
creates optical polarization sources of scattered light. Time-domain Brillouin scattering signal results from heterodyne
detection of the initially reflected and acoustically scattered probe light collected by the photodetector.
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Figure 1 (a) schematically presents a probe light laser beam focused in a transparent medium (in the
half space z>0) on the surface (z=0) of the sample (z<0). A superposition of the incident and
reflected probe light beams composes the initial light field distribution in the absence of CAPs.
Both beams at optical frequency w satisfy the Helmholtz equation for the electrical field component

of the laser radiation (E(t, x,y,z) = E(t, x, y, z)e'®?)

92 92 02
k?|E(x,y,2z) =0,
l(@xz + 3y + 622> + l (x,v,2)
(1
where k(w) = w/c denotes the optical wave number, c is the speed of light in the medium. The

solutions of the wave equation (1) can be obtained via classical decomposition of the three-

dimensional wave fields into propagating plane waves E (ky, k,,z) with the vector components

wm

kuky and k, = \JkZ—kZ—kZ (E(x,y,2) = [[".E (ky ky,2)e & dk, dk,), satisfying

the equation

52 z
| + k2| E (ks Ky 2) = 0. )

The transverse distribution of the plane wave amplitudes of both the incident and reflected light in

Fig. 1 (a) are linked at z=0 to the transverse distribution of the incident probe beam Eprobe (kx, ky)

via gvincident(kx, ky) = Egrobe(kx’ ky) ’ EiefleCted (kxl ky) — 7,.l’izvincident(kx’ ky) —

rEprobe (kx, ky), where the reflection coefficient of the probe light at the surface z=0 is denoted by

r. It is assumed that the probe light does not penetrate in the sample z<0. Thus, the solution of Eq.

(2) for the initial probe light field in Fig. 1(a) is:
E"initial(kx' ky; Z) — E’vgrobe (kx; ky )(re—ikzz + eikzz). (3)

When, in addition to the ultrashort probe laser pulse, an ultrashort pump laser pulse is focused on
the pump light absorbing sample (z<0), generation of the coherent acoustic waves via optoacoustic
conversion takes place [21,22,35]. In Fig. 1 (b) the diffracting strain CAP n(t,x,y,z) launched in
the medium z>0 is symbolically sketched for the case where the initial radius of the acoustic beam,
controlled by the pump laser focusing, is larger than the radius of the probe light focus. The
presence of the CAP in the medium induces via the acousto-optic interaction (photoelastic effect) a

nonlinear optical polarization and modifies Eq. (1)



oz , 92 | 2 2| & 2,2 P
[(ﬁ-l_a_yz-'_@) +k ]E(t,x,y,z) = —k*n°pn(t,x,y,z)E(t,x,y,z). 4)

In Eq. (4) n and p denote the refractive index and the photoelastic constant of the medium, while
n?pn(t,x,y,2)E(t,x,y,2z) = P(t,x,y,2) is the acoustically-induced nonlinear optical polarization
[36]. It is worth reminding here that the parametric dependence of the scattering process and of the
electric field amplitudes on time via the time dependent strain CAP in Eq. (4) is due to the several
orders of magnitude difference between the frequencies of light and acoustic waves. It is also worth
mentioning here that in Eq. (4), the acoustic strain, the optical refractive index and the photoelastic
coefficient are all approximated by scalars. This formulation is the most precise for liquids, where
scalar strain accompanies pressure waves (compression/dilatation acoustic waves), the refractive
index is scalar and the photo-elastic constant, characterizing the variations of scalar refractive index
caused by the variations in scalar strain, is a scalar as well. This approximation was applied for the
first time to the analysis of TDBS in diffracting beams in Ref. [8]. It is expected that the theory,
developed below for the paraxial diffracting beams, could be well suited for getting insight in
similar phenomena in isotropic solids, by replacing the scalar strain by the dominant component of
the strain tensor in the propagating coherent acoustic wave and modeling photoelastic process by a
single effective parameter, which describes the interaction of quasi-collinearly propagating strain
and probe light pulses. Because the acousto-optic interaction is weak, Eq. (4) can be solved in the
single-scattering approximation [37], where the initial “strong” light field creates nonlinear

polarization, which emits additional much weaker light waves in the medium

5 2 2 5 —~
[(aa? +a_yz +%) + kz] Escattered(t, X, Y, Z) — _kZPlnltlal(t, x,Y, Z). (5)

The light waves scattered by the CAP are symbolically presented in Fig. 1 (b). The equation for the

transverse distribution of the scattered light, which follows from Eq. (5), is
92 = 0 i .
[ﬁ + k?] Escattered(t' er ky; Z) — _kz ﬂ‘_oo Plnltlal(t' X, Y, Z)el(kxx+kyy)dxdy —
—k2pinitial (g e k., 7). )

At this point it is insightful to reveal the relation between the transverse spectra of the

polarization P™Mitial(t k. k., z), of the initial light field E™(w,ky,k,,z) in Eq. (3) and of the

acoustic beam. The wide-frequency spectrum acoustic strain beam can be presented as

1 (([ e .
n(tx%,3,2) = s ] f f M(% 4,y )e! @0V 107 d0d g, dqy, (7)




where qy,q, and q, =./q* —q% — q3 are the components of the wave vectors q = 2/v of the
acoustic plane waves composing the beam, 2 and v are acoustical frequency and velocity, respectively.
Note, that in order to capture the basic phenomena contributing to the TDBS it is sufficient to model
picosecond CAP with a characteristic duration T,qpystic = T, @S an infinitely short one (% (.Q, qx qy) =
FD7(qy, qy),n(t) = 6(t/714),7(2) =1, ) [8,9]. When the plane wave decompositions of the initial light
field

E’vinitial (x y Z)
1

oo
=— ‘T Egrobe(k)l“k{])e—i(k,’cx+k§,y) (re—ikéz + eikéz) dikLdk!,
and of the acoustic strain beam Eq. (7) are substituted in the polarization ﬁi"itial(t, X,y,z), the
integrations over the spatial coordinates in Eq. (6) reveal momentum conservation laws between the

projections of the light and sound wave vectors on the (X, y) plane
[ ellxe—ka=a)x gy = 28 (ky — ki — qy), = elly=ky+ay)y gy = 218(k, — ki) — qy),

demonstrating the relation of the polarization and the scattered light angular spectra to the

convolution of the angular spectra of the CAP and the initial light

=, ... 1 0 = [ —i Z
Pmltlal(t, k., ky; z) = nsza m [fff_oo n(qx, qy)elnte tqzz pprobe (kyx — Gy ky - qy) (8)
(re~tkz(k®z 4 otkz(b®2)d0dq,dq, |, k,(k,q) = Jk? — (ky — @)% — (ky — q,)2.

The solution of Eq. (6) for the angular amplitude of the scattered light propagating in the

positive direction of the z axis, which satisfies, the reflection boundary condition at z=0, is

ﬁicattered(t’ k, ky,Z > Za(t)) — %(_kz) f_oooo ﬁinitial(t’ k,, ky,Z,) (re—ikzz’ + eikzz’)dzr ) (9)

In the derivation of Eq. (9) it was assumed that the CAP is completely launched in the medium z>0,
i.e. that at time t of the observation the interface z=0 is not strained, n(t, x,y,z = 0) = 0, and, thus,
pimitial(t x, 9,7 < 0) = 0. The scattered field in Eq. (9) is evaluated at distances z > z,(t),
exceeding the distance z,(t) of the CAP penetration at the observation time t, and, thus,
pimitial( x,y,z > z,(t)) = 0. These two conditions provide an explanation for the integration

limits in Eq. (9). The second term of the sum in Eq. (9) is due to scattering by the CAP of the initial
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light in the positive direction of the z axis. The first term, of the sum in Eq. (9) is due to scattering
by the CAP of the initial light in the negative direction of the z axis. This scattered light contributes
to the total scattered light propagating in the positive direction of the z axis after the reflection at

z=0.

The substitution in Eq. (9) of the angular spectrum of the polarization Eq. (8) reveals the
momentum conservation law between the projections of the light and sound wave vectors on the z

axis:

%f {ei[kz(k,Qsz—tIz]Z + ,r[ei[kz(k,q)_kz_QZ]Ze—i[kz(k,q)_kz+qz]z] + rze—i[kz(k,q)+kz+qz]z}dz —

{ola, - k,Ge @) = k] + 7 (8]q, — ks @) + ] + 8| a, + ke (k) — k| ) + 726 |q, + & (k.q) + K, |}

The second and the third conservation laws apply to the forward light scattering. They require
acoustic phonons, propagating at large angles to the probe light axis, which are not available in the
acoustic beam propagating collinearly to the probe light. Thus, only the first and the fourth
conservation laws, which hold for backward light scattering, q, = +[k,(k, q) + k,], contribute to

the solution for the scattered field angular spectrum

watll}

iN 1 [ ([~ o
_.Is‘_cattered(kx, ky,Z > Za(t)) — _kznsza <2k )(27-[)3 f dz' fff ﬁ(CIxJ qy)elﬂte—lqzzr
z

E'Erobe(kx —q, ky _ qy){ei[kz(k’q)+k2]2'+T2e_i[kz(k’q)+k2]zl}d!2dqxdqy. (10)

In this solution the first term in the figure brackets is due to the backscattering by the CAP of the
probe light presented in Fig. 1 (a) as incident. This process is due to acoustic phonon absorption,
which leads to anti-Stokes scattered light. The second term in the figure brackets is due to the
backscattering by the CAP of the probe light presented in Fig. 1 (a) as reflected. This process is due
to phonon emission. The scattered Stokes light starts to propagate in the positive direction of the z

axis towards the photodetector only after the reflection at the interface z=0 [8].

The scattered light is of much smaller amplitude than the reflected light. The information
carried by the scattered light is revealed via optical heterodyne detection by mixing the acoustically
scattered light with the reflected probe light at the photodetector, of which the response is linear in
the absorbed light energy and hence quadratic in the amplitude of the light field. When the

photodetector collects all the light from the acoustically scattered and reflected beams, the energy at
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the photodetector can be found from the angular distributions of the scattered and probe light as

follows:

[oe]

Wdetected — Wreflected + Wheterodyned + Wscattered ~rT ff EETOIJE (er ky) (EETOIJE (kx' ky)) dkxdky +

—00

2Re { ff Eicattered (er ky) (rg"grobe (kx' ky)) dkxdky } ff Escattered (er ky) (”’ scattered (er ky)) dkxdky

Only the second term, providing the frequency mixing of the reflected and scattered light, is

relevant to the time-domain Brillouin scattering technique. With the use of Eq. (10) it takes the form

wheterotmed ey, im ([ dz [[%, dnda,da, 7 (q,, q.,) e e i (11)

1 spTObe ~pr0be
f f —E. (h—ak,—q)(r < (k, k, )) {etlkzlka)thzlz 2 =ilks (k@) thalz ) g i }

Here and in the following the parameters » and p of the medium were assumed real for the
compactness. Accounting for the complex-valued parameters is straightforward [8]. In Eq. (11) the
double integral over all possible probe light wave vector projections on the (x,y) surface, i.e. over

the distribution of the plane waves composing the probe light beam, defines the detection sensitivity
function H (k, q, qx» qy) of the optical heterodyne detection to particular wave vector components

and frequencies of the coherent acoustic beam

Wheterodyned ~k

1
NPT s Im{ f dz j f d0dq,day7 (,4,) e e H(k, 4,05, qy)} (12)
To get insight in the properties of the sensitivity function it is useful to shift the integration variables

q
ey = Ky = 2 ke > ky — .

H(k q, qx:qy) -U\/ 1 E’probe (kx_%' y qZY)( E’ robe (k +_ k +qzy)>*

k2 — (k, _q_x 2 _ (ky—qu)Z

. q . q 4y a dy
{el[\/kz—(kx—Tx)z—(k )2+\/k2 (kx+ )2 (ky+=5- )2] r 2e—L[\/kz—(kx—Tx)z—(ky—T)z+\/k2—(kx+7x)2—(ky+7)2]z} dkxdky

In the paraxial approximation of the diffraction theory [20], the projections of all the wave
vectors on the z direction are approximated in the description of the wave amplitude by the full

wave vectors, i.e. the transverse wave vector components are neglected. In the description of the
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phases, the first order corrections, proportional to the square of the transverse and axial components

ratio, are taken into account

1 (( z . .
H(q, 45 qy) = f f grrove (k, - qz—x, ky — qz—y) <rE£’“’"e (ks + %, k, + %))

kZ+k% q%+q5 kZ+k% q%+q3
i2k<1— ’;kzy—q’;kf}y>z 5 —i2k(1— ’;kzy—q’;k;’y>z
e +re dk,dk, . (13)

Important features of the sensitivity function of the heterodyning detection in Eq. (13) are the

a3+a3
4k

phases, +i ( )Z, which have the structure of the phases in the paraxial acoustic beams. Note,

that they depend only on the optical wave number k. They do not depend on the directions of the

plane electromagnetic waves in the probe light beam.

The integration over z coordinate in Eq. (12) couples all the projections of the wave vectors

on the zZ axis via the momentum conservation laws
_ ki+ky  q3+q3 . .
6 [qz + 2k (1 — _W)]‘ For the paraxial acoustic beam they take the forms [q (1 -

2+ 2 _ kZ +k2 2+ 2 . .
W) + 2k (1 - ’;kzy - %)] , which demonstrates that heterodyne detection deletes the
information on the possible diffraction of the CAP from the time-domain Brillouin scattering signal.

2+q3 L. . ) ) . .
qxzqqy ) z, which is responsible for the diffraction of the acoustic beam (7), is

The phase factor —i (

2 2
compensated/cancelled by the phase factors +i (qx:_qu) z of the heterodyning selectivity function

(13) under the backscattering condition q = +2k. In the paraxial approximation, the revealed

. N . . — ki+k3
momentum conservation along the z direction is equivalent to & [q + 2k (1 — ’;kzy )] =

k3+Kk3
2k?

vé [.(2 + 2kv (1 — )] This result indicates that in the paraxial approximation the non-

collinear, i.e., non 180°, photon scattering processes are contributing to the total TDBS signal,
however all the phonons are contributing to the TDBS equivalently independent on their (paraxial)

direction. The derived momentum conservation laws select the frequencies 2 = +2kv = +0, in

) ) — kZ+K2
the spectrum of the picosecond acoustic pulse and reconstruct phases +2kv (%)t =

2 2
1( x:ky ) z,(t), describing the diffraction of the probe light beam as a function of the CAP
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distance from the focus (vt = z,(t)). The formulated conclusions are confirmed by the following

presentation of Eq. (12):

Wheterodynedensza ﬁ Im{ff_u; dqxdqyﬁ(qx, qy)

kg +k3

, o = z T a(®)
[r*elﬂgt ff_w Efmbe(kx _ qz_x'ky _ qz_}’) (Elrrobe (kx + qz—x,ky + qz—y)> e L( k )Z dkxdky + (14)

© kZ+k%
. = *z i a(t
|r|2re-iost f f (Eerove (k, — q;" ke, — %y ) Errove (ky + %" k, + "Z—y) e‘< £ dkydk, ]}

2,2

. k3+k3

The factors e in TDBS signal in Eq. (14) indicate that the frequency of the
Brillouin oscillation would be finally time-dependent as a consequence of the contribution to the
total signal of the non-collinear scattering processes, which involve the acoustic frequencies lower
than the Brillouin frequency, i.e., lower than the frequency (2 defined for 180° photon scattering.
The theoretical result in Eq. (14) demonstrates that the compensation of the distance dependent
phase of the paraxial CAP, when its motion is monitored by collinear paraxial probe laser pulses via
heterodyne interferometry [2,3], is a general phenomenon independent of the transverse
distributions of the acoustic and probe laser fields at z=0. For the detection of the CAP motion, the
heterodyning creates a complex spectral sensitivity function H (k, q,qx qy) in wave vector
domain. For the backward Brillouin scattering process, the phase of this function contains a part,
which is conjugated to the paraxial phase of the CAP and cancels it. Consequently but contra-
intuitively, the TDBS signal amplitude variation with time does not depend on the variations of the
paraxial CAP amplitude in the diffraction process. The key origin of this phenomenon is the phase

sensitive process of the acoustically scattered and the reflected probe light interference.

2.2. Gaussian collinear and co-focused acoustic and light beams

_x2ty?

For a Gaussian distribution of the probe light field in the focus at z=0, E(x,y) = Eye a?’mbe,

. . = 2 _(M)Z(RZ.H(Z)
the transverse spectrum is also real and Gaussian, E (kx, ky) = Eo(Ttayrope)e 2 Y

Here the radius of the probe laser beam, apyope , is defined at 1/ e? level of the light intensity
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distribution. The spatial decay of the Gaussian laser beam complex amplitude is described in the

paraxial approximation by

~ )
E(x=0,y=0,2) = Fo Lo, AR , (15)

where zp = nafm,be /Aprove 1s the Rayleigh range of the probe light beam, while “+” stand for
the light waves propagating in negative and positive directions of the z-axis, respectively. The
function tan~1(z/zB) is the so-called Guoy phase shift [38]. For the Gaussian probe beam the

terms in the square bracket of Eq. (14) take the form

21 1 ) —itan~1 Za_gt) ) itan~1 Za_gt) _1(9probe 2 2, .2
az_[Eo(”azzarobe)]z—{r*em”e o ( ZR >+r*rze_‘93tel o ( ZR > e 2( 2 ) (a+ay) (16)
probe 2
14+ (Za(t))
ZR
In accordance with Egs. (14) and (16), in addition to above discussed cancellation of the paraxial
phase of the CAP beam, the heterodyne detection introduces a transverse filter,

_l(apTObE)Z(qz+qz) . . . .
~e 2\ 2 xTy 0 for the acoustic rays composing the CAP. The comparison of the time-

dependent part in Eq. (16) with Eq. (15) reveals the relation of the former to the spatial distribution
of the complex amplitude in the initial probe light field (Fig. 1 (a)). The dependencies on z,(t) of
the first and the second terms of the sum in Eq. (16) replicate the variations with z of the complex

amplitudes in the incident and reflected probe light beams, respectively.

In case of pump laser pulse absorption at the surface z=0, the distribution of the acoustic
strain at the surface is controlled by the power distribution in the Gaussian pump laser focus of
2P _2<9522;y2>
radius apymp [21,22], Lyymp(x,y) = ﬁe “pump/ Correspondingly, the transverse spectrum
of the strain CAP is also Gaussian

x24+y2

o 2= apump\?
ﬁ(CIx: qy) =1 ff_oooo e 2(“%ump>ei(Qxx+QyY)dxdy =10 (naiﬂ e‘%( pz p) (‘bzc*'sz/)’ (17)

where the acoustic strain amplitude 7, is related to the pump laser power via the coefficient of

. . 2P . . . .
optoacoustic conversion Coq, 7o = Cohq m’;ﬂ. The acoustic beam in real space is also Gaussian
pump

with a complex amplitude decaying in the positive direction of z axis following the law
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(g
Nx=0y=0z="T0 =T & (18)

-iZ 2
V4 z
SNEE)
R

2
ZEPump_ i< the Rayleigh range for the paraxial Gaussian beam and Agpyseic denotes

where zg =
acoustic

the wavelength of the acoustic wave.

It is worth noting that in the backward Brillouin scattering, under the current analysis, the

21

angular acoustic frequency is 2 = 1z = 2kv = 2( )v, while the acoustic wavelength is

probe

Aacoustic = Aprove/2. Consequently, the ratio of the Rayleigh ranges of probe light and coherent

acoustic beam does not depend on the wavelengths. It is controlled by the ratio of the radii of the

2

probe and pump laser beams, defined at the same level, zz/zg = a,,

robe/ Apump- For the Gaussian

acoustic beam the transverse spectrum filtering, imposed by the heterodyne detection of the TDBS

signal by Gaussian probe light, is described by

Aprobe

0 ~ 1 2 )
ff_oo ﬁ(qx, qy)e_E( 2 ) (q’zf+q32’)dqxdqy =1 (Tapump) 8T

2 2 :
2 [apump +aprobe]

For the reasons discussed in the previous section, the information on the decay of the acoustic
beam, revealed in Eq. (18) is absent in the TDBS signal. Substituting all the above-derived results

for the Gaussian beams in Eq. (14), the TDBS signal can be presented in the normalized form

wheterodyned _ 4-|T|(1—R)< la ) nzpcoaPpumP

1
wreflected R 2 2
[apump +aprobe] 1+<Za(f))
0

ZR

. —1 (2a(t)
=sin [QBt —@ —tan (X)] (19)

Aprobe

In the description (19) of the so-called Brillouin oscillation, [, = vt, denotes the characteristic
length of the picosecond CAP, ¢ is the phase of the probe light reflection coefficient at z=0 (r =
|r|e’®, rr* = |r|?> = R). Note, that Eq. (19) for the diffracting light and sound, reproduces for the
acoustic pulse travelling inside the Rayleigh range, i.e. in near field, of the probe light, z,(t) < zg,
the theoretical predictions for the plane waves from Ref. [8], in particular pteterodyned (1 — R),
The amplitude of the theoretically predicted Brillouin oscillation depends on the optical Rayleigh
range and does not depend on the acoustical one. At the same time, it is not that cumbersome to
prove analytically that in the Gaussian beams both the amplitude the acoustically scattered probe
light and the energy in the scattered beam depend on both optical and acoustical Rayleigh ranges

and are sensitive to the diffraction of the CAP. For example
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Evscattered(x — o’y =0, t)|~

1+ l( Za(t) )2 1+ <aprobe + apump>4 ( Za(t) )2

4 Zg + (Zg/z) Apump  Aprobe Zg + (25/2)

However, the TDBS signal amplitude obtained by the interferometric heterodyning is not
proportional to the amplitude of the scattered light. In accordance to Eq. (19), in the case of paraxial
sound and probe light beams, the diffraction of the CAP does not influence the TDBS signal decay.
Thus, it does not shorten the depth of the TDBS imaging and does not broaden the Brillouin line

and diminish the accuracy of frequency measurements by the TDBS microscopy [32,33].

2.3. Gaussian collinear paraxial acoustic and light beams with shifted foci

The above presented theory was developed for co-focused probe light and CAP beams (see
Fig. 1) just to avoid too lengthy formulas. The major result, on the independence of the TDBS
signal on the evolution of the CAP amplitude caused by the acoustical diffraction, is equally valid
as well in the case of the probe light and CAP beams focused in different spatial positions along the
z axis. In Fig. 2 the TDBS geometry, relevant to imaging inside the semi-infinite medium, z<0, by

the probe light and CAP beams launched from the surface z=0, is schematically presented.

\ / Eincident (kx ky )eikzoz
& Ftransmitted (kx’ ky )eikzz :

= = o
n(t x,y,z) i i _0 photodetector
ﬁicattered (kx' ky )e—ikzz I

—) - :
/" \ En—,:eflected (kx' ky )e_lkzoz

Figure 2. Schematic presentation of probe light and coherent sound field contributing to time-domain Brillouin

scattering signal detection when they are focused at different depths ZJ9 * Z}l inside the medium. The initial

probe light field, that could be created in the system in the absence of the coherent acoustic field, is due to the laser
pulses incident from the medium z>0 on the sample surface z=0 and transmitted into the TDBS tested medium z<O0,
which is transparent for the probe light. A coherent acoustic pulse 1(t, x,y, z) is launched in the tested media z<0 due
to the absorption there of the pump laser pulses (not shown) that are co-focused on the surface z=0 with the probe laser
pulses. When the pump laser pulses are incident on the sample before the probe laser pulses, then the acousto-optic
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interaction between the coherent acoustic pulses and the initial probe light field creates the optical polarization sources
of the scattered light. The time-domain Brillouin scattering signal is a result of the heterodyne detection of the initially
reflected and acoustically scattered probe light collected by the photodetector.

A part of the incident probe light transmitted across the interface of the first medium (z<0) and the
second medium (z>0), propagating in the negative direction of the z axis, creates the initial light
beam for monitoring the CAP. The probe light is scattered by the CAP only in the positive direction
of z axis. This backward scattered Stokes light beam after transmission across the interface z=0 is
heterodyned at the photodetector by a part of the incident probe light reflected at the interface (see
Fig. 2). From the mathematical analysis point of view, the only significant difference of the schemes
presented in Fig. 1 and Fig. 2 consists in the different positions of the probe light and CAP beams
foci on the z axis, Z}’ * Z]E‘ (see Fig. 2). The related modifications of the theoretical formulas of
Sections II.1 and II.2 are reduced to a decomposition of the acoustic and transmitted light beams
into plane waves it=i(axx+ayy) oldz(z-2f) g respectively, el@t=ilkxx+kyy Jetkz(z=2p)  with
different foci. The most important differences of the BO predicted for the scheme in Fig. 2 in
comparison with the BO described by Eq. (19) for the scheme in Fig. 1, are the following. In the
former there is only one Brillouin scattering process, because the initial light beam in the tested
medium is unidirectional. Thus, the disappearance of the Brillouin oscillation due to the destructive
interference of two scattering processes, described by the factor (1 — R) in Eq. (19), is impossible.

The dependence of the amplitude of the Brillouin oscillation on time replicates the amplitude

o\ 2
alt)—
distribution along the z axis in the probe light beam in the medium (~1/ |1 + (Z (z)" i ) ). The
R

Guoy phase shift in the scheme of Fig. 2 takes the form tan™! (@

. ), respectively. The acoustic
R

_1/%robe 2
waves filtering amplitude factor e 2( 2 ) (a3+a ), revealed in Eq. (16), acquires in the scheme of

s

Fig. 2 the additional phase multiplier e™ " sk (@¥+93) This results in the additional amplitude

factor, ;2, and the additional phase shift, ~tan~?! C’; :’;), in the BO. Although the last two
R R

o_.a
(2
(9] a
ZR+ZR

factors depend on the acoustical Rayleigh range, they are stationary factors controlled by the
constant distance between the optical probe and the acoustical foci. Consequently, the TDBS signal
in scheme of Fig. 2 is independent of the focusing/diffraction of the acoustic beam, as it could be

expected from the analysis of the fundamental Brillouin scattering and heterodyning processes
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discussed earlier in this section. Thus, in the case of paraxial sound and probe light beams, the

dynamics of the TDBS signal depends only the focusing/diffraction of the probe light pulses.

3. Discussion

3.1.Interpretation of the existing experimental observations

The theoretical predictions presented in Section II can be compared with the experimental
results presented in Ref. [23]. In Ref. [23] the CAPs were sharply focused on the axis of the sub-
micrometer diameter optical fiber while the probe light field was a weakly diffracting beam with a
focus approximately at a half distance between the cylindrical opto-acoustic transducer at the fiber
surface and the fiber axis (see Figs. 1 (a) and 7 in ref. 23). However, the variations of the
experimental TDBS signal [23] revealed no sign of the CAP focusing temporal dynamics, in

accordance with the above developed theoretical predictions.

The developed theory can be applied for the analysis of the experiments [15] where the
influence of the CAP diffraction on the attenuation of the BO amplitude was hypothesized. In Ref.
[15] the CAPs were launched in a spherical microcapsule of the 4 pm radius, composed of a glassy
polymer shell encapsulating a liquid perfluorinated core. The capsule was deposited on the metallic
substrate and both pump and probe laser pulses were focused through the capsule on the contact
between the capsule and the metal. The radius of the probe light beam was 1 pm, while the radius
of the pump was 2 um. However, the radius of the acoustic beam emitted in the capsule was
controlled not by the pump laser focus but by much smaller radius of a contact of the spherical
capsule with the substrate, which was estimated as a.ontqct = 0.3 pm. Note, that the contact radius
is also significantly smaller than the radius of the probe laser focus. Thus, based on the estimates of
the acoustic Rayleigh ranges, it was hypothesized [15] that the deviation of the BO decay law from
the exponential one, related to acoustic absorption, is due to the transition of the CAP from the near
to far field of the acoustic source. However, for the 0.3 um radius of the source and the

experimental acoustic Brillouin wavelength of about 0.15 pum, the half angle of the acoustic beam

Aa

divergence [19] is estimated as =~ (0.16 radians. So, the acoustic beam is paraxial and, in

TAcontact

accordance with above developed theory, its diffraction should not influence the dynamics of the
TDBS signal amplitude. We hypothesize here that in Ref. [15] either the radius of the contact was
overestimated and the propagation of CAP significantly deviated from paraxial one, or the contact
acted as an aperture on the probe light reducing the effective radius of the initial probe light beam

involved in the TDBS. In the latter case, the experimental observations [15] could be caused by the
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significant diminishing of the Rayleigh range for the probe light beam reflected from the contact
surface in comparison to the incident probe light. Of cause, potentially, the overestimations of both

the acoustic and probe beam effective radii are possible.

The authors of Refs. [32] and [33] discussed the roles of both acoustical and probe light
diffraction in the experimentally observed non-exponential decay of the TDBS signals detected at
different NAs of the microscope objectives. The NAs were varying from 0.1 up to 1.3. The
interpretation of the experimental signals [33] was based on the assumption that the TDBS signal is
proportional to the product of the local amplitudes of the paraxial Gaussian acoustical and probe
light beams, suggesting that both these diffraction phenomena should be accounted for the correct
extraction of the sound absorption coefficient from the TDBS signal decay. However, the analytical

theory presented in the Section II suggests that the applied intuitive assumption is not valid. The

) ) ) p)
estimates reveal that the photo-generated acoustic beams [32,33] are paraxial, — 2 — < 0.15, for
pump

all used NAs. The analytical theory predicts that such acoustic beams are not influencing the
temporal dynamics of the TDBS amplitude, at least when probing their propagation by collinear

paraxial probe light beams. In the case of the diffraction-limited focusing of light, the half angle of

the probe light beam divergence in glass, n = 1.46, is estimated as ;”r—(’be ~ 0.3-NA . So, in the
probe

experiments in [32,33] the influence of the acoustic diffraction on the TDBS amplitudes dynamics
could be expected only for NA > 0.5 due to stronger diffraction of probe light beam in comparison
with sound beam, and the deviation of the probe light rays from paraxial propagation. However, this
expectable influence is weak in comparison with the direct influence on the TDBS amplitude of the
inhomogeneous spatial distribution of the diffracting probe light. Note, that the paraxial
approximation holds very well for the acoustic beam generated by the pump light but could become
less accurate for probe light because in the experiments [32,33] the radius of the pump laser beam is

larger than the radius of probe laser beam.
4. Conclusions

The developed theory of the TDBS in collinear paraxial acoustical and optical beams
predicts that, contra-intuitively, the TDBS amplitude dynamics does not depend on the variations of
the coherent acoustic pulse amplitude that could be caused by the diffraction/focusing of the CAPs.
This theoretical prediction correlates with earlier reported experimental observations. The theory
provides explanations to some existing experimental observations, which are different from the
earlier suggested. Finally, the developed theory provides ideas for possible ways to the optimization

of the TDBS based imaging and spectroscopy. It predicts that, as far as the CAPs, photo-generated
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by the pump laser pulses, and the probe laser beam are paraxial, the lateral resolution of the imaging
could be enhanced by sharper focusing of the pump laser beam without diminishing the imaging
depth and the spectral resolution. The developed theory reveals earlier unexpected features in the
TDBS of the paraxial coherent sound and probe light beams that could be useful and advantageous
in the existing and future applications of the TDBS imaging and microscopy technique for the

fundamental and applied research in a variety of scientific branches.
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