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Introduction

Since the early days of acoustic cavitation, it became ev-
ident that the presence of oscillating bubbles in intense
sound fields in liquids creates a variety of acoustic emis-
sion features, perceived as ”cavitation noise”. Since the
phenomenon is still neither fully understood nor fully ex-
ploited, here it is tried to give a brief overview of vari-
ous aspects of acoustic cavitation emissions from the au-
thors’ present point of view. Some early works on this
phenomenon are highlighted, including in particular the
contributions by Werner Lauterborn. The origin of sub-
harmonic emissions is discussed in more detail, and new
results on apparently synchronized subharmonic domains
within double layer cavitation bubble structures are pre-
sented.

Spectral features

Acoustic cavitation noise and its emission spectrum can
have different characteristics in detail since cavitation it-
self is a sensitive multi-parameter phenomenon that is
influenced by many factors. However, several features
are typical and common for many acoustically cavitat-
ing systems [1, 2, 3], see Fig. 1. In a standard setup,
the liquid is driven by a (more or less) fixed single fre-
quency, and thus the driving frequency (the fundamental
fo) is strongly present as a line in the spectrum. Along
with the fundamental come several to many harmonics,
i.e. multiples of the fundamental f,, = n - fy. Further,
subharmonics can occur, causing lines at simple frac-
tions of the fundamental f,, % - fo. As characteris-
tic for nonlinear systems, combination frequencies of all
these can occur as well, i.e. ultraharmonics of frequencies
Jam = =+ fo with n,m > 1 and coprime [4]. In some
cases, also subharmonics potentially being irrational mul-
tiples of the fundamental have been reported [5]. Fi-
nally, broadband "noise” appears, i.e. a floor of continu-
ous frequencies of variable contribution. The noise typi-
cally appears both in the subharmonic and the harmonic
region, and it decays beyond some high threshold fre-
quency. Partly maxima and minima of the noise can be
discerned, and typically it rises with increased acoustic
driving power. Broadband noise and first subharmonic
are frequently considered as indicative for the presence
of cavitation, and the levels of both can be used for cav-
itation strength assessment [6, 7]. The generating mech-
anisms of the spectral features are partially straightfor-
ward, while some are more subtle and not fully clear. A
not necessarily complete list is given in the following.
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Figure 1: Demonstration of a typical spectrum acquired by
a hydrophone recording in a larger ultrasonic cleaning bath
(80L, 45kHz, 1kW). Raw data processed by Welch psd esti-
mation. Typical features are indicated with color.

Potential mechanisms

The fundamental is of course due to the primary irradi-
ation of a periodic sound wave, but also to reflected and
scattered waves thereof. Spatial modulations of the fun-
damental component occur generically in resonators due
to wall and surface reflections, and also in focused fields.

Harmonics emerge already for any non-sinusoidal driving
signal (e.g. rectangular source waves), non-linear am-
plification (distortion factor, saturation/clipping), non-
linear transducer characteristics, or non-linear container
wall oscillations. At higher pressure amplitudes, also the
scattering of sound from bubbles (if present) contributes
to harmonics, since bubbles are intrinsically nonlinear os-
cillators. When seen as a ”homogeneous medium”, as in
some approximations, a bubbly liquid leads to non-linear
sound propagation, transferring energy from the funda-
mental into harmonics along the propagation path. Typ-
ically an “asymmetrical “ sound signal emerges with less
tension (negative going pressure) than (positive going)
overpressure [8].

There exists a variety of potential causes of subharmon-
ics in the emission spectra, but a full clarification is still
missing; the next Section will try to contribute addi-
tional aspects to this problem. First, the nonlinearity of



oscillating bubbles can generate additional frequencies,
and in particular bubbles driven at twice their (linear)
resonance frequency can considerably emit the subhar-
monic, as experimentally seen by Neppiras [5]. How-
ever, it can be questioned if sufficiently large bubbles
are really always present in the cavitation zone. Then,
Akulichev found that bubbles can be ”overexpanded”
when driven sufficiently strong, which delays their col-
lapse over one or several more driving periods [3]. The
mechanism should work also for small bubbles, and at
least for (large) bubbles attached to a sonotrode tip [9]
and for laser seeded bubble clusters [10], a similar effect
can generate strong subharmonics. In his seminal pa-
per analyzing driven bubble oscillators [4], Lauterborn
numerically found period-doubled solutions and also ap-
parently non-periodic (later called ”chaotic”) oscillation
behavior. This mechanism works also for smaller bubbles
close to nonlinear resonance sizes via period doubling
bifurcations into chaos. A less viable process for sub-
harmonics seems to be the excitation of surface modes,
since their radiated power is quite small. Recently, also
a ”translation-induced” period doubling has been ob-
served, relying on bubble deformations during collapse
that cannot be fully restored during one oscillation pe-
riod [11]. Further, nonlinear wave propagation in bubbly
liquids can not just generate harmonics, but also subhar-
monics. These signals could additionally be resonantly
amplified in suitable resonator geometries [12]. Since all
bubbles would be forced subharmonically by the main
field, this idea corresponds to a ”top-down” model of
subharmonic generation. Alternatively, a ”bottom-up”
approach might be involved where period-doubled indi-
vidual bubbles synchronize to form an extended subhar-
monic oscillating domain. Indeed, the strongly fluctuat-
ing subharmonic signal as reported for instance by Nep-
piras [5] suggests a rather "local” origin, i.e. bottom-up.
On the other hand, it has been shown by Lauterborn and
Koch that full cavitation clouds can oscillate in subhar-
monic fashion [13]. The coupling of subharmonic emis-
sion and bubble structures has further been found by
Krefting et al. [14]. Up- and down-ramping of driving
pressure with synchronous observation of bubbles uncov-
ered the synchronous emergence of subharmonic sound
and a double layer bubble structure. We explore the
subharmonic oscillation of such structures in more detail
below.

To explain broad band noise (or continuous frequency
distributions) in the spectra, one needs an aperiodic com-
ponent in the signal. Note that even ”broadband” emis-
sions like shock wave peaks merely result in a lot of har-
monics if they appear periodically in time. Thus the ori-
gin was primarily sought in sources of fluctuations. Bohn
[2] discusses the effect of statistical jitter in phase or/and
amplitude (and width) of otherwise periodically emitted
sound signals from the driven bubbles, both leading to
a continuum floor in the spectrum. In more detail, such
fluctuations might origin from bubble lifetime and bubble
number effects [15], non-periodic transient or afterbounce
oscillations, bubble interactions, collisions and splitting,
or bubble translation (Doppler effect). Also intrinsi-
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cally chaotic (broad band) dynamics can occur, even for
driven single spherical bubble oscillations [4, 16] which is
an intriguing fact that might explain part of the noise.
However, as with Neppiras’ hypothesis of larger bubbles
driven at a multiple of their linear resonance frequency,
it remains to be shown that appropriate bubble popu-
lations that answer chaotically are indeed present in the
real systems. In any case, Lauterborn and coworkers have
shown experimentally a specific route to cavitation noise
via subharmonics in the spectra of up-ramped driven cav-
itation [17, 18], termed ”acoustic turbulence” or ”acous-
tic chaos”. The scenario strongly resembles the generic
route to chaos via period-doubling bifurcations, although
also subharmonics apart from fo/m can be involved in
cavitation. Ramp-up experiments had already been con-
ducted by Neppiras [5] in limited frequency bands, and he
also saw in some cases first the 1/2 subharmonic rise and
then broadband noise. We note that the transition from
low to high broadband noise (and the earlier emergence
of the subharmonic) also appears during the degassing of
water over several minutes, which corresponds in a way
to an amplitude up-ramp, see [7].
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Figure 2: Sketches of the measurement setups (not to scale).
Setup I: 2x25kHz transducer, 1.2 L. water volume. Setup II:
20x 45 kHz transducer, 80 L. water volume.

Subharmonic bubble structure oscillations
Motivated from high-speed recordings of double layer
cavitation structures and synchronous hydrophone mea-
surements [19, 20], we re-inspected some video data for
synchronized sub-domains of bubbles. Additionally, new
recorded material from cavitation in a large ultrasonic
cleaning tank was processed in the same way. The exper-
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imental setups are sketched in Fig. 2. The old data from
[19] was recorded in Setup I, which is a 14x7x13cm3
transparent PMMA cuvette driven with two bottom
glued transducers at 25 kHz and observed from the side
with a Photron high-speed camera against a cw LED ar-
ray. The recordings were synchronous with the sound

field, i.e. with 25kfps, and exposure time was limited
to 2.5 us via the camera shutter. In Setup II, an 80L
ultrasonic bath was imaged from the side via transpar-
ent glass walls. Illumination was done via a synchronous
LED flash of about 1 us flash duration. The sound field
was amplitude modulated with 100 Hz in this case, as
usual in cleaning applications.

Figure 3: Three subdomains (violet, green, blue) and a cross
section (red) of a high-speed recording of the upper part of
a double layer bubble structure in Setup I (image width ap-
prox. 1.5cm).
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Figure 4: Pseudo-streak images of the red cross sectional
field in Fig. 3: each movie frame contributes a horizontal
strip, time increments downwards. Top: Initial anti-phase
blinking of left (violet) and middle (green) domains, indicated
by shifted arrows that point to darker phases (larger bubbles).
Bottom: Later, stronger in-phase blinking occurs.

In Setup I, the sound field was applied continuously,
and the recording of an emerging double layer bubble
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structure showed a certain ”blinking” effect since bubbles
were oscillating partly in subharmonic (period-2) oscilla-
tions. However, not the entire structure was blinking
in phase, but certain subdomains apparently pulsated in
anti-phase to each other. To further analyze and to vi-
sualize this phenomenon, the recorded field was sliced to
produce pseudo-streak images, and three regions of inter-
est (ROIs) were defined, somehow covering the blinking
domains (see Fig. 3). Anti-phase and in-phase oscilla-
tions are illustrated in the pseudo-streaks (Fig. 4 and in
the subdomains’ averaged grey levels vs. time (Fig. 5).
The size and the phase of the synchronized subdomains
change in time, reflecting a complicated pattern of appar-
ent interplay between domains. In the example shown,
this culminates in an overall in-phase synchronization of
all three domains, amplifying the subharmonic modula-
tion strongly within just a few periods (Fig. 5 top, last
frames to the right, and bottom plot).
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Figure 5: Top: Averaged grey levels (a.u.) of the indicated
ROISs vs. driving periods (image frames) in an observed time
interval of 277 periods @25kHz (11ms total). Middle and
bottom: Magnified details. In-phase and anti-phase oscil-
lations of the domains relative to each other can be found,
partly switching. At the end of the time trace, all domains
synchronize and the subharmonic modulation increases.

In an attempt to visualize the temporal fluctuations of
domains, a simple algorithm has been tried: All pixels
that increase their brightness (beyond a threshold) in the
following frame get a green color, and all that become
darker get a red color. Black domains do not show clear
changes. Then a new sequence is created using only every
second frame of the recording (to avoid color blinking).
Thus, green and red regions can roughly represent in-



phase and anti-phase oscillating domains. Some frames
from the new sequence are shown in Fig. 6. Localized
domains of medium size persist over a while, but with
fluctuating boundaries, and sometimes they switch their
phase. In the end of the sequence, essentially the full
bubble layer is entrained to the green phase. This cor-
responds to the synchronization of ROI-domains at the
end of the grey level time trace in Fig. 5.
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Figure 6: Colored bubble domains of different relative phase
over time in the bubble layer shown in Fig. 3. Labels represent
arbitrary but subsequent times).

Part of a high-speed recording from Setup II, exposed
synchronously to the 45kHz driving, is shown in Fig. 7.
The section contains two already formed bubble clusters
in the upper part of a double layer, approximately dur-
ing the maximum of the driving pressure modulation.
Though less clear than in the larger layer in Setup I
at 25kHz, one can discern phase shifted or anti-phase
subharmonic oscillations of the two clusters, as well as
(mostly) in-phase subharmonic pulsations: every sec-
ond image of the clusters appears brighter (or darker).
This shows that the phenomena of subharmonic oscilla-
tions of whole bubble structures and phase shifted do-
mains within the structures can also appear at higher
frequency and in larger containers. Further experiments
might show if subharmonic synchronization effects can
also occur on one higher level, i.e. between distinct dou-
ble layer structures.
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Figure 7: Sequence of synchronously recorded frames of the
upper part of a double layer structure in Setup II, time from
left to right and top to bottom. The red regions mark ap-
proximate anti-phase and in-phase oscillations of the left and
right domain. Frame width approx. 6 mm.
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Conclusion

We have given a brief overview of spectral components
of acoustic cavitation noise and potential sources. With
respect to the 1/2 subharmonic, we have resolved anti-
phase subdomains of subharmonically oscillating bubble
structures. We conclude (i) that the subharmonic can
be generated via strong coupling of neighboring bub-
bles within subdomains (”bottom-up”), (ii) that domains
themselves interact and potentially synchronize in-phase,
which (iii) can lead to a ”second appearance” of the sub-
harmonic component in form of a significant amplifica-
tion. This was noted in some observations [5, 14, 20].
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