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In this paper, we demonstrate the potential of laser picosecond acoustics for characterizing the averaged
mass of nanoparticles distributed on the surface of submicron-thin membranes. Specifically, we investigate
guided-wave (GW) propagation in thin membranes covered with silicon oxide nanospheres. By employing
picosecond acoustics, we excite and detect GWs, generating spatiotemporal maps of acoustic behavior that
visualize the GW dispersion curves. Such dispersion curves are also calculated using a computer model,
which implements a semianalytical Green’s-matrix-based solution to the corresponding boundary-value
problem. Based on these data, inverse problems are solved to determine the effective elastic parameters of
the membrane and the average mass of particles per unit surface. The method exhibits high sensitivity in
detecting masses as small as 200 femtograms per square micron. The wide field of view provided by the
picosecond technique enables efficient scanning of millimetric surfaces with the potential to detect mass
variations at the hundred-femtogram level over large areas.
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I. INTRODUCTION

The precise measurement of nanoparticle masses is
of paramount importance for advancing technologies in
materials science, nanotechnology, and biophysics. As
devices become increasingly miniaturized and nanostruc-
tures are more deeply integrated into functional materials,
the demand for accurate, noninvasive mass measurement
techniques has reached an unprecedented level. Tradi-
tional approaches to nanoparticle characterization, such as
transmission electron microscopy (TEM) [1] and energy-
dispersive X-ray spectroscopy (EDS) [2], are widely
employed but come with inherent limitations. TEM, while
offering high spatial resolution for structural imaging,
requires labor-intensive sample preparation and provides
only indirect mass estimates. Similarly, EDS effectively
quantifies elemental composition but struggles to accu-
rately determine nanoparticle mass, especially on complex
or heterogeneous surfaces. These constraints highlight the
necessity for more versatile and precise methodologies.

When dealing with uniform nanoparticle distributions,
techniques such as the quartz crystal microbalance [3]

*Contact author: olga.boyko@insp.jussieu.fr

2331-7019/25/24(5)/054021(8)

054021-1

or ellipsometry [4] provide reliable and efficient alter-
natives. Quartz crystal microbalance methods, rooted in
the Sauerbrey equation, have demonstrated considerable
potential for mass detection through the measurement of
frequency shifts induced by deposited particles. How-
ever, these methods are constrained by their dependence
on planar, homogeneous substrates and are less effec-
tive at resolving nanoscale mass distributions or complex
geometries.

Emerging acoustic methods, particularly those utiliz-
ing guided waves (GWs), such as surface acoustic waves
(SAWs) or Lamb waves, present a promising solution to
measure sparse nanoparticles distributed on a flat surface.
Guided waves are elastic waves, the propagation character-
istics of which are sensitive to variations in the medium’s
properties, e.g., surface mass distribution. This sensitivity
makes GWs particularly well suited for nanoscale charac-
terization. Deposition of nanoparticles on a substrate leads
to detectable changes in the GW velocity and dispersion.
These perturbations are harnessed to infer nanoparticle
mass with remarkable precision. Specifically, GW-based
devices exploit the relationship between wave propaga-
tion parameters—such as phase velocity, amplitude, and
frequency—and the added mass to deduce highly accu-
rate measurements. Thus, traditional GW devices [5,6]

© 2025 American Physical Society
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often rely on interdigitated transducers (IDTs) to generate
waves, which limits their applicability to specific materials
and device configurations. These limitations highlight the
pressing need for innovative techniques to overcome these
challenges, particularly in the realm of high-frequency
devices. Such advancements could enhance processing
speeds to handle significantly larger volumes of infor-
mation in data transmission systems, enable operations
in the quantum regime, or substantially improve sensor
sensitivity [7].

Building on the principles of GW-based sensing, laser
picosecond acoustics has emerged as a promising tool
for characterizing microparticle and nanoparticle systems.
Unlike traditional methods, it eliminates the need for com-
plex high-tech fabrication processes associated with IDTs,
making it a versatile and accessible option for laboratory
applications. This pump-probe technique uses ultrafast
optical pulses to excite and detect gigahertz SAWs over a
wide frequency range, enabling high-resolution spatiotem-
poral mapping of wave propagation [8]. Unlike conven-
tional devices that rely on physical transducers, picosecond
acoustics employs noninvasive optical methods, making
it ideal for studying nanoscale systems and fragile sub-
strates. By avoiding mechanical contact and offering high
temporal resolution, this technique achieves exceptional
sensitivity and versatility, advancing nanoparticle mass
characterization.

In this study, we apply picosecond acoustics to inves-
tigate the mass distribution of nanoparticles on thin mem-
branes. Specifically, we consider silicon oxide nanospheres
embedded on gold-coated silicon nitride membranes
(Fig. 1). Through the analysis of GW propagation in these
samples, we have found that their dispersion characteris-
tics are sensitive to the particle mass variation, allowing
their detection down to 200 femtograms per square micron.
This positions this method among the most sensitive tech-
niques available for nanoparticle mass measurement.

FIG. 1. (a) Schematic of Au/SizN4 bilayer micromembrane
with SiO; microspheres. (b) Scanning electron microscope
(SEM) image showing the distribution of SiO, microspheres on
the membrane surface, with a scale bar of 2 pm. (c) Side-view
SEM image of isolated SiO, microspheres, highlighting their
spherical morphology, with a scale bar of 200 nm.

Moreover, the findings presented in this work extend
beyond simple mass measurement. We highlight the poten-
tial of picosecond acoustics for probing mass gradients and
other nanoscale phenomena, offering a powerful approach
for advanced material characterization. This integration of
experimental precision with robust theoretical modeling
bridges the gap between fundamental acoustic principles
and practical applications, laying the groundwork for inno-
vative solutions in nanoscale mass characterization and
beyond [9—11].

II. PICOSECOND MEASUREMENTS

The noninvasive technique of picosecond acoustics is
a pump-probe method that enables contactless excitation
and detection of elastic waves in a broad frequency range
from megahertz to several gigahertz. A schematic of the
experimental setup is presented in Fig. 2(a). The experi-
ment employed an ultrafast pulsed laser (Chameleon Ultra
II, Coherent Inc.) capable of generating 140-fs pulses with
a central wavelength of 800 nm and a repetition rate of
80 MHz. The laser beam was split into two distinct paths:
one serving as the pump beam to excite GWs and the other
as the probe beam for detection. The splitting was achieved
using polarization optics, including a half-wave plate and
a polarizing beam splitter (PBS).

The pump beam was temporally modulated using an
acousto-optic modulator (AOM) operating at 1.6 MHz,
facilitating homodyne detection through a lock-in ampli-
fier (SR865A 4 MHz, Stanford Research Systems). After
modulation by the AOM, the pump beam was focused
into a B-barium borate (BBO) nonlinear crystal, where its
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FIG. 2. Gigahertz acoustic-wave generation with ultrashort
light pulses. (a) Experimental setup: A/2, half-wave plate; PBS,
polarizing beam splitter; DL, delay line; NPBS, nonpolarizing
beam splitter; AOM, acousto-optic modulator; A /4, quarter-wave
plate; OL, objective lens; DET, balanced photodetector; and
SHG, second-harmonic-generation crystal. (b) Surface displace-
ment map for a given delay time between the pump and the probe
pulses. The black line corresponds to the direction along which
we perform our spatiotemporal scans.
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wavelength was reduced to 400 nm by two-photon absorp-
tion. The beam was then focused onto the sample surface
using a high-numerical-aperture objective lens (Nikon CFI
Plan Achro Ncg 100x NA 0.9 WD 1.0 mm MRL03901).

The probe beam was used to detect surface displace-
ments induced by the GWs. After being split at the PBS,
the probe beam passed through a variable-length delay line
[8], which controlled the temporal offset between the pump
and probe pulses as they arrived at the sample. It was
then directed through a Sagnac interferometer, enabling
precise detection of minute variations in the real and imag-
inary components of the surface reflectivity [10], and then
focused onto the sample using the same microscope objec-
tive as for the pump beam. To facilitate surface scanning,
a two-axis mirror system (Fast Steering Mirrors FMS-300-
02, Newport) combined with a telecentric lens system was
used. This setup allowed for lateral scanning and the acqui-
sition of two-dimensional (2D) surface velocity maps at
arbitrary time intervals between consecutive pump pulses.
In this configuration, the effective positioning precision
at the sample surface is on the order of £100 nm. An
example of such a map is shown in Fig. 2(b), demonstrat-
ing GW propagation across the membrane surface with
dispersion-induced wavefront divergence. The reflection-
based geometry utilized in this experiment is simple and
particularly well suited for nontransparent samples, as both
the pump and probe beams interact with the sample from
the same side. This configuration broadens the range of
materials that can be studied using this approach.

The sample consisted of a silicon nitride (Si3N4) mem-
brane coated with a thin gold (Au) layer. The gold film
acted as an optoacoustic transducer, absorbing the pump
beam’s energy and generating GWs in the two-layer
Au/SizNy waveguide [Fig. 1(a)]. The SizN4 membranes
(500 nm thick) suspended on a frame were purchased
from Silson [12]. The membrane grown by chemical vapor
deposition floats in the air, surrounded by a wet-etched
Si frame. The substrate dimensions are 10 x 10 mm?,
with a frame size of 3 x 3 mm?. The 100-nm Au film
was deposited by a thermal evaporator on all membranes
to facilitate optoacoustic characterization. For mass mea-
surements, the membranes were sparsely decorated with
Si0, microspheres, each 500 nm in diameter. These micro-
spheres were synthesized using the well-established Stober
method [13], ensuring precise control over their size and
uniformity. To deposit the spheres onto the membrane sur-
face, a 0.01% (w/v) dispersion of SiO, in ethanol was pre-
pared. A volume of 100 1 of this dispersion was applied
via spin coating at 2000 revolutions per minute, achieving
an even and sparse distribution of the microspheres.

The measurements were carried out for increasing doses
of this nanoparticle dispersion. Below, we illustrate the
results by examples of measurements and numerical sim-
ulation for three membrane loading cases: free, slightly
loaded, and heavily loaded membrane [without particles,

one dose (two drops) of dispersion, and tens of doses,
respectively].

I11. GUIDED WAVES

The GWs generated by a pump pulse [see Fig. 2(b)] are
Lamb waves propagating in the Au/Si3N4 membrane (free
elastic bilayer guide). They are excited by a surface load
q resulting from the thermoelastic response to the laser
beam. To simulate the frequency spectrum u(x,f ) of the
generated displacement field u(x, 7), we use a semianalytic
solution to the corresponding boundary-value problem
(BVP) for a forced steady-state time-harmonic oscillation
ue " of the elastic layered structure considered; here,
w = 2nf is the angular frequency, / is the frequency,
the coordinate plane (x,y) coincides with the membrane
surface z = 0, and the z axis is its outward normal.

Since measurements are performed along a line, we con-
sider a 2D BVP for the in-plane displacement u = (u,, u.),
X = (x,z), and the line of measurements coincides with the
x axis. In this case, a Green’s-matrix-based integral repre-
sentation of the BVP solution detailed in Ref. [14] takes
the form of a onefold inverse Fourier path integral [15]:

u) = 77U = - /r K@ 2)Q@e ™ da. (1)

Here K = Z.[k(x)], Q = Z,[q(x)], and U= %, [u] =
KQ are Fourier symbols in the wave number-frequency
domain («,f); %, is the Fourier transform operator with

respect to the horizontal coordinate x; and k(x) = (k; : k)
is the 2 x 2 Green’s matrix. Its columns k; are the dis-
placement solution vectors corresponding to the surface
point loads q = 8(x)i; applied along the basic coordinate
vectors i} = (1,0) and i, = (0,1), j = 1,2; § is Dirac’s
delta function. The integration path I" goes in the complex
plane « along the real axis rounding the real poles ¢, of
the matrix K elements in accordance with the principle of
limiting absorption.

The residue technique reduces the integral in Eq. (1) to
a sum of guided waves:

N
ux) = Y a,(2)e + 0™ mNHY), x>0, o
n=1

a, = —iresK|o=—,Q(=2,), x> 1.

Here N is the number of terms retained in the expansion.
It includes the contribution of all real poles ¢, and, pos-
sibly, several complex ones close to the real axis; ¢ is a
characteristic wave number. These terms describe source-
generated GWs, with the poles ¢, being their wave num-
bers. Accordingly, ¢, = w/Re ¢, are their phase velocities,
and 8, = 27 Im ¢, /Re ¢, are the logarithmic decrements of
attenuation.
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FIG. 3. Level-line image of the |wK3|| magnitude in the wave

number-frequency plane («, /) computed for the restored effec-
tive parameters of the free membrane specified in Table I.

The poles ¢, are zeros of the common denominator
of K elements. They can be obtained as roots of the
transcendental equation

Ki'(e,f)=0, ij=1lor2, ©)

being, actually, a GW characteristic equation that gives
the same dispersion curves f = f,(«) [or vice versa o =
£, (f)] as those obtained in the framework of the conven-
tional modal analysis. These curves can also be visualized
by level-line images of |Kj; | in the wave number-frequency
plane (e.g., |wK>;| in Fig. 3). The narrow dark bands that
follow their ridges visually show them in the plane (o, f).

To estimate the mass of nanoparticles, it is first neces-
sary to quantify the dispersion characteristics of the excited
GWs from the measured data.

IV. MEASUREMENT DATA PROCESSING

Probing beam measurements yield records of transient
signals v(x,?) = u,(x,f) (velocities of the normal com-
ponent of surface displacement) stored in arrays v; =
v(x;,4;). The signals v;(f) = v(x;,#) are acquired at the
N, + 1 receiving points x; = xo + iAx, i =0,1,2,..., N,
spaced along the x axis with a step Ax. The signals are
recorded with a time increment At t; =ty +jAt, j =
0,1,2,...,N,. Inthe following examples, Ax = 0.416 pum,
N, =255, At =98.4 ps, and N; = 127.

The discrete Fourier transform over time ¢ and dis-
tance x applied to the arrays v; yields a so-called H-
function that approximates the Fourier symbol V(«,f ) =
Fulv(x, )] = —iwU,(a,f) of the signal field v(x, ¢) in the
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FIG. 4. The H-functions for the data acquired at the free (a)
and heavily loaded (b) membranes.

wave number-frequency plane («, /) [15,16]:

Ny N

H(a, f)=2Ax At Z Z vjei cosax;|.  (4)

i=0 j=0

Figure 4 provides examples of the H-functions obtained
for the free and heavily loaded membrane samples under
study. It can be seen that, with the rather modest number
of measuring points given above, these images are not as
sharp as the theoretical scalogram in Fig. 3. The experi-
mental dispersion curve points (&, ", /") needed for the
goal function used to identify effective parameters of the
measured sample can hardly be quantified using these data
with discernible accuracy. To achieve higher accuracy, we
additionally apply the matrix pencil method (MPM) to the
data processing [17,18].

Based on the expansion in Eq. (2), the signals’ frequency
spectra v;(f ) can be written in the form

N
vi=Y bk, i=01,... N, — 1,
n=1

where A, = 2%, b, = —iwa,e*, and a, = a,,(0).
Moving from v;_; to v; at the next point x; = x;_; + Ax
is equivalent to multiplying its terms by A,. Accordingly,
the matrices Vy and V; of size (N, — L) x L, which enter
the matrix pencil eigenequation

V) =V —AVy =0, (5)

are composed of v; values at successive L points x; with
a unit shift of the starting point index in each subsequent
row; so L: N <L <N, —L is a pencil parameter. For
more details on the specific MPM implementation, see
Ref. [15].

The complex wave numbers ¢, = log(},)/(iAx) are
expressed through the eigenvalues A, of Eq. (5) and are
therefore specified in the range |Re¢,| < w/Ax. Obvi-
ously, the experimental data are imperfect, containing
noise, reflected waves, and wave interference. Moreover,
some GWs are poorly excitable, so that fewer than N
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FIG. 5. MPM points obtained using the same measurement
data as for the H-functions in Fig. 4 (dark markers). The solid
lines in panel (a) are theoretical dispersion curves calculated with
the restored effective parameters of the free membrane given in
Table I.

correct eigenvalues can be found, while the remaining
roots are induced by noise. To filter them, we first use
a double-sided MPM scheme proposed in Ref. [18]. It is
based on the fact that the eigenvalues p,, of the matrix pen-
cil ¥V — Vy must be equal to 1/A,. The extra roots associ-
ated with the noise are unstable, and we discard those from
An that do not satisfy the condition (A, — 1/tm) /Al <6
for all m with some threshold level § providing adequate
accuracy. We also tried other root selection methods, such
as those based on singular-value decomposition or on addi-
tional filtering using the H-function. They gave roughly
the same results.

These rather strict conditions allowed only a few points
@& ?, £5P) to be selected, but they proved sufficient to
identify the effective material parameters of the free mem-
brane, as well as the average mass of particles deposited on
it. Figure 5 gives examples of such MPM-obtained points
for the free and heavily loaded samples.

The averaged areal mass m in the sample loaded with
nanoparticles can now be estimated by fitting the theoret-
ical dispersion curves with the experimental points, e.g.,
MPM points in Fig. 5(b). However, the effective input
parameters of the free membrane itself must be determined
first. According to the previously developed technique
[15,19], they are determined by minimizing the objective
function

F(Cop.h) =YK @, £,70)] (6)

by varying its parameters (the arrays of elastic moduli C,
densities p, and thicknesses / of the bilayer membrane
waveguide). The elements of matrix K are calculated here
at the points (¢, ", f,"") extracted from the experimental
data. In accordance with the dispersion equation (3), the
magnitude of these elements tends to zero as the varied
parameters approach the effective parameters, providing
the same calculated GW characteristics as in the measured
wave field. To identify the effective parameters of the free

TABLE 1. Effective input parameters of the free membrane

bilayer.

k Sublayer Ek Mk Pk hk
(GPa)  (GPa)  (10°kg/m’)  (um)

1 Au 78.9 27.8 19.3 0.0993

2 Si3Ny 437 250 3.23 0.527

membrane, the points shown in Fig. 5(a) were taken as K;;
arguments in the goal function in Eq. (6).

In the present case, the two densities and the mechanical
parameters of the first sublayer (Au) were taken from the
literature, so we only varied the thicknesses A, £k = 1,2,
Young’s modulus E;, and shear modulus w, of the sec-
ond sublayer (SizN4). The complete set of effective input
parameters determined in this way is given in Table I.

To assess the average mass of surface particles, a model
is needed that takes into account their response to surface
displacement and, as a consequence, their influence on the
GW dispersion characteristics.

V. EFFECT OF NANOPARTICLE MASS

Mathematical models of GW propagation use the free-
surface boundary condition t|,—y = 0, where T = (t,;, 0;)
is the stress vector on a horizontal surface. Because of
Newton’s second law, the force response of surface-bound
nanoparticles to surface displacement is F = Ma, where
M is the total mass of particles on an elementary sur-
face area S, and a is the averaged acceleration vector of
its points. With the steady-state time-harmonic oscillation,
a = —w’u, and dividing Newton’s law formula by the area
S, this leads to the modified surface boundary condition

T|z:0 + ma)Zu =q (7)

where m = M /S is the averaged areal mass density
(pg/nm?). The use of Eq. (7) instead of the conventional
boundary condition |,—¢9 = q, occurring at m = 0, leads
to a small modification in the algorithm [14] for the matrix
K calculation. In other respects, the representations in
Egs. (1) and (2) remain the same. The effect of the areal
mass m on the GW propagation is illustrated by the theoret-
ical dispersion curves f = f, («) calculated for the unloaded
(m = 0) and loaded (m = 1,2, 4) samples (Fig. 6).

This model makes it possible both to study the effect
of the areal mass m on the SAW dispersion curves, as in
Fig. 6, and, conversely, to restore the value of m by fitting
the theoretical curves to the points (¢, ", f; ") experimen-
tally obtained for the samples with particles. In the latter,
the effective parameters of the reference free membrane are
used for the two-layer waveguide, while the areal mass m is
the only parameter varied. For the heavily loaded sample,
this resulted in a mean value of m = 3.57 pg/um?.
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FIG. 6. Effect of surface mass on the GW dispersion curves

calculated for m =0, 1, 2, and 4 pg/um? (4o, Sy, and A,
modes—blue, red, and green lines, respectively).

In Fig. 7, the dispersion curves calculated with such
m are drawn over the image of the corresponding H-
function [see Fig. 4(b)]. One can see that, unlike the free
membrane [Fig. 5(a)], only the mode Sy is detected in
such a heavily loaded waveguide with an amplitude suf-
ficient to be distinguishable in Fig. 7. This behavior can
be explained by the different natures of the two guided
modes. When the surface of the membrane is loaded with
an increasing mass of nanoparticles, the effective areal den-
sity of the system rises. The flexural (antisymmetric) A
mode, whose dynamics are governed primarily by bend-
ing rigidity, is particularly sensitive to such added mass.
As a result, its oscillation amplitude decreases much more

3.0

ml=3!57,
2.5 A,

20

frequency f (GHz)

0 1 2 3 4
wave number o (1/pm)

FIG. 7. Dispersion curves calculated for the averaged mass
m = 3.57 pg/pwm?> MPM-obtained from the experimental data
for the heavily loaded membrane; the curves are put on its
H-function [Fig. 4(b)].

1.5¢
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S .
~
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Q
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& 051
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0.0 L L L L L ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0
wave number « (1/um)
FIG. 8. Dispersion curves of the 4y fundamental mode (solid

lines) drawn through the MPM-obtained experimental points
&2 ?, 5P (markers) for the free (blue) and slightly loaded (red)
membranes.

rapidly than that of the Sy mode, which is dominated by
in-plane stretching and therefore less affected by surface
loading. Consequently, the 4o mode becomes undetectable
once its amplitude falls below the sensitivity threshold
of the measurement setup, even though it still propagates
with dispersion characteristics consistent with theoretical
predictions.

Obviously, the model cannot directly give the exact
mass of discrete particles without some calibration, tak-
ing into account the average number of particles in one
dose of dispersion, and a series of measurements with var-
ious doses. Nevertheless, already now the variation of the
areal mass m obtained from the data of picosecond mea-
surements can indicate changes in the number of particles.
Consequently, successive measurements over small local-
ized areas make it possible to estimate a spatial gradient of
particle density.

To assess the mass resolution provided by this method,
we compared the MPM points for the free and slightly
loaded samples, the H-functions of which looked almost
identical. Nevertheless, the MPM points of these sam-
ples turned out to be sufficiently different to be able to
distinguish the dispersion curves and estimate the areal
mass of nanoparticles on the slightly loaded membrane as
m = 0.155 pg/um? (Fig. 8).

VI. CONCLUSIONS

The developed method of mass characterization of
nanoparticles on micron-thin membranes includes the fol-
lowing stages.

(1) Application of the laser picosecond acoustics tech-
nique to obtain the dispersion characteristics of sur-
face acoustic waves propagating over a reference free
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membrane and a membrane with surface-distributed
nanoparticles. Discrete Fourier transform of the mea-
surement data from the space-time domain to the wave
number-frequency domain, and application of an improved
MPM scheme to get stable experimental points of GW
dispersion curves.

(2) Green’s-matrix-based semianalytical simulation of
GW propagation in free and mass-loaded bilayer elastic
waveguides.

(3) Restoration of effective parameters of the free mem-
brane by minimizing the objective function in Eq. (6),
which fits the calculated GW characteristics to the experi-
mentally obtained points.

(4) Estimation of the effective areal mass by fitting
the calculated GW characteristics to the experimentally
obtained points for the mass-loaded membrane.

The measurement method, which has the advantage of
studying a large field of view, is also indirectly influenced
by the materials: the membranes are quite expensive and
the quality of their surface plays a significant role in the
accuracy of measurements. However, in this method, the
particles whose mass needs to be estimated can also be
deposited on the nonmetallized side of the membrane. In
this way, the test laser does not come into contact with
the particles and scattered surface waves, facilitating the
reception of a clearer acoustic signal.

It should also be noted that the application of the devel-
oped theoretical model is not limited to the considered case
of a freely supported waveguide (a free bilayer waveg-
uide). Since it works in the general case of a multilayer
plate or half-space with arbitrarily anisotropic sublayers
[14], the method can be used to estimate the average
mass of nanoparticles on samples with different structure,
including those placed on an elastic or rigid substrate. Test
calculations show the same degree of particle mass influ-
ence on surface waves excited in a multilayer half-space
or a bottom-clamped layer as in a free waveguide, e.g., as
shown in Fig. 6.

In summary, this picosecond acoustic technique ensures
sample integrity, facilitates the analysis of delicate mate-
rials, and expands its applicability to a diverse array of
systems. The method combines experimental precision
with advanced mathematical modeling, offering a versa-
tile, noninvasive tool for nanoscale characterization. The
study also underscores the importance of integrating the-
oretical models with innovative experimental methods to
bridge gaps in nanoscale research, opening new possibili-
ties for studying mass measurements and other nanoscale
phenomena.
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