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This paper describes a key stage in the process for developing a new device for the
measurement of gas bubbles in sediment. The device is designed to measure gas bubble
populations within the top 2 m of marine sediments, and has been deployed at inter-tidal sites
along the South coast of England. Acoustic techniques are particularly attractive for such
purposes because they can be minimally invasive. However they suffer from the limitation that
their results can be ambiguous. Therefore it is good practice to deploy more than one acoustic
technique at a time. The new device does just this, but it is designed with the practical economy
that the task is accomplished with the minimum number of transducers. One of the measurement
techniques relies on insonifying the sediment with two frequencies. This paper outlines how the
bubble size distribution is inferred through inversion of the signals detected when two
frequencies are projected into the sediment. The high attenuation of the sediment makes this
interpretation far more difficult than it would be in water. This paper outlines these difficulties
and describes how they can be overcome.



INTRODUCTION

A new device has been designed to measure gas bubble populations within the top 2 m of
marine sediments, and has been deployed at inter-tidal sites along the South coast of England.
Acoustic techniques are particularly attractive for such purposes because, unlike the acquisition
of core samples, they are non-invasive (apart from any effect the sound field itself might have on
the bubble population [1], or unintended disturbance of the site by the physical presence of the
transducers and supports). However they provide ambiguous results, since for almost all acoustic
bubble detection techniques, more than one type of acoustic bubble interaction can generate the
signal under consideration [2]. Care is therefore required in performing the acoustic inversion
which estimates the bubble size distribution. This paper describes the considerations required for
inverting two-frequency information from gassy sediment.



Fig.1 Image generated through CT scanning of a vertical core through bubbly gel (described in reference
[3]), used for validation purposes during the construction of the device described in this paper. In the
image, the host gel near the edges of the quadrant has been clipped back to show the presence of the

bubbles. For scale, the largest bubble visible has a diameter of ~ 1mm



Populations of bubbles (mainly methane) occur at many locations [4, 5], and the ability to
make such measurements is of increasing interest [6-38]. This is, first, because of the impact
those bubbles have on the structural integrity and load-bearing capabilities of the sediment [39,
40]; second, because the presence of bubbles can be indicative of a range of biological, chemical
or geophysical processes (such as the climatologically-important flux of methane from the seabed
to the atmosphere) [41]; and third, because of the effect which the bubbles have on any acoustic
systems used to characterise the sediment.
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Fig.2 The combined bubble size distribution obtained from the sample shown in Figure 1 (including those

bubbles which cannot be seen because they are within the opaque host gel) and two other samples. See
reference [3] for details

There exist several options for measuring the populations of gas bubbles in sediment, each
with their commensurate advantages and disadvantages. Many of these techniques are limited in
terms of what can be deployed in the field, the invasiveness of the technique (in terms of
disturbing the sample that is being measured), and the compromise between the side-effect that
the ‘field of view’ (or equivalent) tends to decrease as the ‘magnification’ is increased to decrease
the minimum size of bubble that can be detected. The latter is particularly critical with marine
bubble populations, where sample volumes of the order of 1 m® may be required for a statistically
significant sample, a volume which can contain tends of millions of micron-sized bubbles [42].
The use of CT scanning of cored sample is a particularly direct method (Figures 1 and 2),
although acquisition, transport and storage of the core can disturb the sample to a greater or lesser
extent.



Acoustic techniques can suffer less than many of the alternatives with respect to these
criteria. However unlike optical or other techniques based on EM-signals, acoustic measurements
tend to be indirect. As such, there is often an inherent ambiguity in any acoustic measurement of
a bubble population, and as a result it is often good practice to deploy more than one acoustic
technique [2, 43-45]. In this way, the limitations of one method may be compensated for in the
deployment of another, and a measured population may be validated through comparison with an
independent measurement of the same population, or one closely-related in time and space to the
first population [2, 44-47]. One combination of techniques that has proven to be particularly
promising is that of attenuation along an array with a combination-frequency system, since this is
efficient in the number of transducers it deploys, and brings together complementary linear and
nonlinear aspects with which to interrogate the bubble population [48, 49]. The linear aspect is
represented in the apparatus by the so-called ‘attenuation’ technique, which involves inversion of
the measured attenuation and sound speed as a sequence of tones (or an appropriate alternative
signal) propagates along a hydrophone array. Whilst this is a familiar technique for use in water,
an appropriate model for propagation in gassy sediments needs to be developed for it to be
applied there [35]. The nonlinear aspect of the new device is represented by the ‘two frequency’
technique. In the past, two-frequency insonification of bubbles has been used successfully to
determine bubble size distributions in water [50, 51]. This appears in two forms [52]: if the two
frequencies are close together, it is usually assumed that the scattering at the difference frequency
is due to bubbles which are resonant at that difference frequency. This is termed the ‘combination
frequency’ technique. However if one frequency (the ‘imaging’ frequency) is very much higher
than the other (the ‘pump’ frequency), then scattering at the difference frequency is taken to be
due to bubbles which are resonant at the pump frequency. This is termed the ‘modulation
frequency’ technique [52].

These common and simple assumptions will now be tested through simulation to determine
their validity for use in water. This critical analysis is required, because the paper then tests how
the same assumptions perform when the bubbles are present in sediment. There are two
differences with sediment which need to be taken into account. The first, which will not be tested
in this paper but rather investigated in a later paper, involves the results of using a model which
properly reflects the different dynamics in sediment as opposed to water: the required model is
currently under development [35] (and is also required for inversion of the ‘linear’ technique,
described above). The second difference is a practical one, and arises because of the likely
circumstance that, in gassy marine sediments, the attenuation will be so great at high frequencies
that the ‘imaging’ signal cannot be at a frequency which is very much greater (say 2 orders of
magnitude greater) than the frequency used for the ‘pump’ wave. As such, the simple
assumptions employed when O(MHz) imaging frequencies are used in water no longer apply: the
situation is neither that found in the limit of the ‘combination frequency’ technique or the
‘modulation frequency’ technique. In this ‘mixed frequency’ regime, more than one bubble
interaction can generate the required signal, and the inversion must take this into account.



1. APPARATUS

The new device deploys two acoustic techniques and, after the cessation of the tests, a
core sample is taken for CT analysis. For the ‘attenuation’ technique described in the previous
section, compressional wave attenuations were measured from 30 kHz to 100 kHz through the
analysis of propagation signals transmitted from a variety of sources to a buried co-linear
hydrophone array. These attenuations are then inverted to estimate the bubble size distribution
along the array. Until the development of the new model has been completed [35], these
inversions currently treat the host medium as though it were water (future papers will describe
how that deficiency is removed). In addition ‘two frequency’ system (the one which is described
as representing nonlinear techniques in the preceding section) provides a second estimation of the
bubble population. One of the two frequencies is the same as that used in the ‘attenuation’
technique, so that the device makes economic savings by using the transducer responsible for that
wave for two purposes (and indeed the wave can in principle be used for both purposes
simultaneously, although that is not done here for practical deployment purposes). This signal
ranges from 30 to 100 kHz, and interacts with a second acoustic field (fixed at 220 kHz).

Although this paper will not report any new developments in the ‘attenuation technique’, it
is useful to consider how this technique has evolved. This is because the ‘two-frequency
technique’ is currently at a similar stage to that occupied by the ‘attenuation’ technique in the
1980s, and needs to undergo a similar process of evolution.

Over the past few decades, the inversion by which the bubble population is inferred in the
‘attenuation’ technique has evolved from a stage, in the 1980s, when only resonant bubbles were
considered to be responsible for attenuation. The hardware associated with the method of
estimating bubble populations from the effect that those bubbles have on the attenuation (and
sometimes sound speed) of the measured signal as it propagates along an array, has barely
changed over the decades since it was introduced (except for increases in bandwidth and array
size) [52-63]. What has changed is the sophistication of the algorithm used to infer the bubble
population from the measured attenuation: the earliest interpretations assumed that only resonant
bubbles contributed [54, 64], whilst later methods included the contribution of off-resonant
bubbles [65] and later still the analysis was adapted to account for the nonlinear effects that will
occur when high acoustic pressures are used to ensure adequate signal-to-noise ratios despite
large attenuations [66]. Furthermore there has been a recognition that this technique can give
misleading results if only a single receiver is used, as bubble-induced variations in sound-speed,
beam pattern etc. (particularly in the near field) can be misinterpreted as contributions to bubble-
induced attenuation [67].

It is now timely to ask whether a similar evolution is required in the sophistication given to
the interpretation of the signals from two-frequency insonification, which has traditionally relied
on the assumption that only one type of bubble motion at a time is responsible for the detected
nonlinear frequency generation.

The estimation of bubble populations from two-frequency insonification tends to fall into
two distinct categories, although both are associated with quadratic nonlinearities terms in the
bubble pulsation [68-82]. In the first, the bubbles are driven at two frequencies which are close
together, and the signal at the different frequency is, to first order, taken to arise at bubbles whose
pulsation resonances occur at that difference frequency. This will here be termed the
‘combination-frequency’ technique, as described above [83]. Alternatively, in the ‘modulation



frequency’ technique, one of the sources is assumed to drive the bubbles to pulsate at the ‘pump’
frequency’, whilst a much higher ‘imaging frequency’ is scattered from the bubbles: that
component of the imaging frequency which is modulated at the pump frequency is interpreted as
arising through scatter of the imaging frequency off bubbles which are resonant at the pump
frequency [84]. It is more difficult to realize this latter idealized situation in the sediment than it
Is in the water column, since the attenuations in the gassy seabed as so high as to preclude using a
very high imaging frequency, which may tend to be closer to the pump frequency than the
idealized explanation above implies. Hence in the sediment, the interpretation of the generation
of scattered spectra in response to two-frequency insonification of a bubble population will
require a modeling of how all of the bubbles in that population respond to whatever two
frequencies are incident upon them, rather than the simple idealized distinction and explanation
given above.

2. SIMULATION OF SCATTERING FROM SINGLE BUBBLES

Simulations were undertaken using the Rayleigh-Plesset equation with enhanced viscosity
for the pulsations of air bubbles in water when insonifed by two primary fields of frequencies f;

and f,:
(X+ 300+ 15X + i X — (1 poR3) (1.5 (3x +1)(p, + 20/ Ry )~ 20/ Ry ) X° 1)

+28, (X+x%) = -1/ p,RY)P(t).

where x is the normalised perturbation of the time-dependent bubble radius R about the
equilibrium value R, :

R=R,(1+x). (2)

In equation (1), the undamped natural frequency for bubble pulsations is

@y =3 (Py +20/Ry) 20/ R,) | pyR? (3)

where p, is the equilibrium liquid density, « is the polytropic index of the gas, p, is the static
pressure in the liquid at the bubble wall, and o is the surface tension on the bubble wall. In equation

(1), the driving pressure field is:

P(t) = P, cos(27 f,t) + P, cos(27 f,t) (4)

The absorption coefficients accounting for the viscous, radiation and thermal loss mechanisms
(Bus Beas » B ) are added together to form a total equivalent coefficient g, that accounts for all

losses [85, 86]:



ﬂtot = ﬂvis + rad +ﬂth ) (5)

The losses resulting from acoustic radiation and thermal dissipation are incorporated by a linear
enhancement of S, , such that the viscous loss coefficient is:

__2p (6)
Po R02

ﬂvis

where g is the shear viscosity of the liquid. The radiation loss coefficient is:

5o - o’ R, (7)
rad 200 '

where ¢, is the sound speed in the liquid in the linear limit. The ‘driving frequency’ @ is simple to

interpret when the bubble is oscillating in steady state in response to single-frequency driving, but for
two-frequency insonification we will use the frequency which contains the most energy when the
wall pulsation time history in the steady state is spectrally analysed. The linearized thermal loss
coefficient is:

b (8)
ﬂth =%|m® .
Po-@- Ry

The complex function @® depends on the D, thermal diffusivity of gas bubble through the
parameter X [58]:
D (9)

X=—2
w-R;

The first simulation set examines the assumptions of the ‘combination-frequency' technique
using numerical solutions of equation (1) using Matlab ode45 solver: A single air bubble was
assumed to undergo small amplitude pulsations in fresh water of 14°C, at a depth of 2 meters
under a two frequency insonification. Both acoustic waves have pressure amplitudes of 15 kPa
(0-peak amplitude). Figure 3 shows the predicted power spectra of the pressure scattered at one
meter using the equation when insonification by a frequency f,=1 MHz and f,= 1.01 MHz. For

these predictions the bubble was assumed to emit as a monopole source according to:

P(r,t) =%(2RF’22 +R%R), (10)

where t'denotes the retarded time and rthe radial distance from the bubble centre. It is
recognised (see Section 3) that, in fact, a form factor may be required to account for non-



monopole scattering from larger bubbles [87], but for this simple demonstration monopole
scattering will be assumed for all bubble sizes. In the simulations of figure 3 the bubble sizes are

selected such that the bubble is resonant at: (a) f, — f,=10 kHz, i.e.R, =350 um, (b) f, and f,

i.e.R, #3.5um, and (c) f,+f=2.01 MHz, i.e.R, =1.75 um. This tests the ‘combination’

frequency assumption that only bubbles resonant at the difference frequency are contributing to
the scattered signal. As already revealed from previous works [88], there is a monotonic
relationship between the scattered pressure and the bubble size only when the bubbles which are
resonant at the insonification frequencies are neglected. Figure 3 shows that the signal at the
difference frequency is much stronger when bubbles are resonant with the frequency of the
primary field (Figure 3 (b)) than when bubbles are resonant with the difference frequency (Figure
3(a)), whereas resonances at the sum of the primary field give a negligible signal (Figure 3(c)).
Therefore this technique requires very high insonification frequencies and an a priori knowledge
that very small bubbles (order of magnitude of a few of microns) are not present.
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Fig.3 Power spectra (with a common dB normalisation) of scattered pressure form a single bubble of size
resonant at: (a) f, — f, =10 kHz (the 10 kHz peak is circled), (b) f, =1 MHz and (c) f, + f,=2.01 MHz.
Both waves have 15 kPa 0-peak pressure amplitudes

The second set of simulations (Figure 4) shows the scattered pressure spectra of a single
bubble under a set of insonification frequencies used for the apparatus described in this
paper: f, =30 kHz and f,= 220 kHz. The field pressures and the simulation conditions are the
same as the ones used for the simulations of the first set. As opposed to the first simulation set,
here the bubble sizes resonant at each of the primary frequencies are distinguishable. The
simulations of Figure 4 show the scattered power spectra for bubble sizes resonant at: (a)

f,— f,.=190 kHz, i.e.R, =185 um, (b) f =30 kHz ie. R, =116 um, (c) f,= 220 kHz
i.e.R, =16 um, and (c) f,+ f,=320kHz, i.e. R, =14 um.
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Fig.4 Power spectrum (with a common dB reference) of scattered pressure form a single bubble of size
resonant at (a) f, — f, =190 kHz, (b) f, =30 kHz (c) f, =220 kHz and (d) f, + f,= 320 kHz. Both waves
have pressure amplitude of 15 kPa (0-peak)

The numerical simulations of bubble dynamics for this type of insonification lead to the
generation of a series of harmonics and combination frequencies between the pump and the
imaging frequency (e.g. 21, 2f,, f,—f,f,+f, f,—-2f, f, +2f etc. [89]). Hence the
technique is actually neither of the idealized types, i.e. it is neither purely ‘combination-’ nor
‘modulation-’ frequency, but rather is a ‘mixed-frequency’ method. As shown in Figure 4, if a
range of bubble sizes is present in the bubble population, there is no simple one-to-one mapping
between a single bubble size and the energy scattered at a single frequency. For example, the
single bubble that is resonant at the difference frequency (Figure 4(a)) does not overwhelmingly
dominate the detected signal, compared to, say, the scattering from a resonant bubble at the pump
or imaging frequencies or even at the sum frequency. No monotonic relationship between the
difference frequency and the resonant bubbles exists. However, even in such circumstances, an
inversion can still carried out by monitoring the difference frequency, as the following section
explains.

3. THE INVERSION

An inversion was carried out using the 'mixed- frequency' method by predicting the emitted
pressure from all the possible bubble sizes present in the insonification volume. The predictions
were for every frequency pair used for the experiments, with the simulations described at the
previous section. Using these predictions the difference frequency pressure spectral component
was monitored and stored in a matrix. This is explained further in the next paragraph.
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Fig.5 Three dimensional representation of the inversion matrix corresponding to the tank experiments
undertaken with the 'mixed-frequency' device. The pressure emitted at difference frequency (vertical axis) was
computed for bubble sizes ranging form 1 to 120 micron using one micron bins and for pump frequencies
ranging from 30 kHz to 100 kHz with increments of 5 kHz

For the experiment described in this paper to test the 'mixed-frequency’ device, the first
insonification frequency ( f,, the pump frequency) varies from 30 to 100 kHz in 5 kHz

increments whereas the second ( f, , the imaging frequency) was kept constant at 220 kHz. Both

pressure signals have amplitudes (0-to-peak) of 15 kPa at the centre of the region where the two
primary beams intersect with each other. This region is common with the receiver sensing
volume and that intersection point is 0.25 m distant from the receiver's surface (see Figure 6;
more details will follow when the device is described in Section 4). Assuming monopole
scattering (see below), under these conditions the scatter at difference-frequency was computed
for bubble sizes from 1 to 120 micron with 1 micron increments i.e. 1 micron bins. This leads is a
matrix formulation: each row of this matrix gives the contribution of each bubble bin size at the
difference frequency under consideration whereas each column of this matrix gives the
importance of a certain bubble size for the difference frequencies (f,—f,) used in the

experiments. A three dimensional representation of this matrix is shown in Figure 5 using linear
axes in all dimensions. The vertical axis shows the scattered pressure from a single bubble,
whereas every point of the grid of the horizontal plane represents the bubble size/pump frequency
combinations for which the computations were carried out. Hence the surface represents the
weighting factors for the inversion.

As shown in Figure 5, there is not a one-to-one mapping between the difference-frequency
spectral component and the bubble size for every pump frequency. Although greater peaks occur
for bubble sizes resonant at the difference frequency f,— f, (these peaks form the backbone of

the curve) the other peaks cannot be ignored for the inversion as they have the same order of
magnitude.



It is worth commenting on the potential for compromising the assumption of monopole
radiation. The largest bubble in the inversion has a radius of R; =100 #zm. The highest

frequency of relevance to the simulation would be the sum frequency 220 kHz + 100 kHz,
although in fact if (as is the case here) the highest frequency involved in inverting the difference
frequency to obtain bubble size in formation would be 220 kHz — 30 kHz = 190 kHz. Depending
on the exact value used for c,, the speed of sound in gassy sediment at the frequency in question,

this gives the largest values of @R, /c,to be less than 0.2. Because of this, the monopole

assumption is used in this first attempt at an inversion. This is one way in which the low value of
the imaging frequency is advantageous in sediment. Of course, it is highly likely that bubbles

larger than R, =116 um (the size resonant with the lowest pump frequency) are present in the

population, and this has serious consequences when considering the inversion based on the
‘attenuation” method [67]. However the implications for the two-frequency technique are perhaps
not so serious, as such bubbles will not pulsate and will therefore not contribute to the generation
of any nonlinearities. If of course the lowest pump frequency were to be reduced such that
significant departures from monopole scattering are seen, then correction for this not difficult
because the orientation of the high frequency receiver and transmitter are fixed, so that the
scattering angle is well known, as described by Phelps and Leighton [87]. One might worry that,
since the lower imaging frequency takes us out of the realm of the idealized ‘modulation-
frequency’ model then the direction of the incident beam cannot be rigorously identified with the
direction of the imaging field, but the fact that the pump has been lowered to take us out of the
monopole scattering regime self-corrects for this.

4. TANK TESTS: MEASUREMENTS

The apparatus for the ‘mixed-frequency’ technique is shown in Figure 6. The high frequency
transmitter and receiver (A and C in the photograph) have a common focus point where their
acoustic axes intersect each other at 90°, their axes being 45° either side of the axis of the pump
transmitter (which is also the axis of symmetry of the device). The apparatus was tested in a
fresh water tank with dimensions 8 m x 8 m x 5 m (deep) in order to test out the inversion
procedures and cross-check these against other methods of measuring the bubble size
distribution. Bubbly water was pumped via a hose at the bottom of the tank. The rig was placed
horizontally at a depth of 2 m, and the bubbles allowed to rise through the measurement volume.
The advantage of this configuration is that there is a small and well defined scattering volume for
all pump frequencies using a frequency ranges suitable for sediments. It is practical for
deployment of the instrumentation on the surface of the mud.



Fig.6 The combination-frequency apparatus: the three devices, the high (imaging)
frequency transmitter (A) , the pump source (B) and the high (imaging) frequency
receiver (C) are mounted on a rig so that the devices have a common focus point. The
imager and the receiver have equal angular distances (45°) from the pump axis

It is important to calculate the size and location of the measurement volume because the
bubble count needs to be converted to a bubble concentration, and therefore its volume needs to
be known. This is defined by the 3 dB limits of the overlap of the f, imager field and the high

frequency receiver. There are some subtleties in this. First, although the 3 dB overlap beam
pattern may appear to be a somewhat arbitrary choice, it reflects the chosen 3 dB limit for the
requirement placed on bubble to be counted as ‘resonant’ at a particular frequency.

Second, the sensing volume of this device, which is located in the far field of all
transducers, changes with frequency. Whilst the beam pattern for the high frequency transmitter
needs to be calculated at the imaging frequency, the relevant beam pattern of the receiver is that
which is calculated at f, — f,. Beam pattern calculations computed the sensing volume to have a

minimum value of ~9x10°m®and a maximum of ~1.6x10°m?®. Noting that error bars on
bubble size distributions are typically much greater than this variation, for this first trial of this
method of inversion, the calculations presented here use a ‘typical’ value of that volume
(10°m?®). It would however not be difficult to correct for the frequency-dependence of the
sensing volume when the formal inversions are calculated in later papers.



5. TANK TESTS: RESULTS

For the first tank test with this device, the imaging frequency, f, was kept constant at 220
kHz and the pump frequency f, varied from 30 kHz to 100 kHz in increments of 5 kHz. The

acoustic sources were adjusted such that, at focus point, the pressure was constant at 15 kPa
(zero-to peak amplitude) for all frequencies. A 2 ms square pulse was generated for each
combination frequency and the scattered signal was recorded using an acquisition card with a
sampling frequency of 2 MHz. Figure 7 shows the mean spectrum obtained from two sets of 10
consecutive pulses for each a pump frequency of 30 kHz (Figure 7(a)), 60 kHz (Figure 7(b)) and
70 kHz (Figure 7(c)), when gas bubbles rose through the whole sensing volume.
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Fig.7 Mean-square spectra (with a common dB reference) of the measured pressure at the receiver, for
imaging frequency of 220 kHz and pump frequency of (a) 30 kHz, (b) 60 kHz and (c) 70 kHz. Here
spectral frequencies between 20 kHz and 310 kHz are shown



As expected from the numerical simulations, many other nonlinear generated components
exist between the pump and the imaging frequencies. However this is not a limitation for the
inversion as long as the contribution to the difference-frequency spectral component generated by
each size of bubble at each insonification pair is known (see graph in Figure 5). These
contributions are weighting factors that reflect the amount of bubbles present with the certain
bubble size. Multiplication of this matrix with the weighing factors with the measured pressure at
the difference frequency (Figure 8) gives a first estimate of the bubble population present in the
measurement volume (Figure 9). It should be noted, when considering this inversion, that this
matrix is ill conditioned and therefore the results depend on the matrix regularisation. For the
inversion shown in Figure 9, the matrix was inverted using the Moore-Penrose pseudoinverse

method. The authors are currently undertaking studies to cross-validate these results with another
inversion method.
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Fig.8 Spectral level of the pressure signal at the difference frequency (as measured at the receiver

and expressed on a dB scale), plotted at a function of the varying pump frequency
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Fig.9 An estimate of the number of bubbles per cubic metre of bubbly water, per micron radius
bin, is plotted as function of bubble radius inferred from the tank measurements
The inversion was implemented assuming incoherent scattering although, owing to the device
configuration, the pressure measured at the receiver is scattering with both coherent and
incoherent parts [90]. Since the wavelength in bubble-free water at 220 kHz is around 7 mm, and



the size of the dimensions of the measurement volume is 3-4 times greater, this assumption can
give accurate results for experiments in water exhibiting a high variability of bubble
concentration in time because the coherent component can be estimated through averaging over
many measurements at each insonifying frequency and subsequently subtracted. However in
mud, this approach may not be applied because the bubbles are expected to have much less
variability with the measurement time, and therefore a rather sophisticated algorithm has to be
applied in order to correct for the coherent scattering. This will be explained in a later paper.

6. CONCLUSIONS

In this paper a 'mixed-frequency' nonlinear inversion method and the corresponding device are
described. This method uses two acoustic frequencies which are suitable for application in
sediments. The device is also designed for non invasive field measurements. Here the first tests in
a water tank with air bubbles were presented; followed by an inversion of bubble population.
These results proved the feasibility of this new method.
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