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1. Introduction
This master’s thesis is largely based on a published study conducted in our lab by Veira
Canle, Kekkonen et al. [1] called “Practical realization of a sub-λ/2 acoustic jet”. As I
was responsible for conducting the lab experiments for our study, this contribution will
focus on the practical realization of the test set-up, data analysis, and the experimental
results.

The resolution of an optical or acoustic system is limited by diffraction. According to the
research by Abbe and Rayleigh [2, 3], the maximum lateral resolution one can obtain in
the far-field is the wavelength of the measured signal divided by two (λ/2). In essence,
this means that if two point sources emitting or reflecting waves at a certain frequency
are less than λ/2 apart from each other, the two points cannot be distinguished as separate
points. This also means that in the far-field, one cannot focus wave energy to a focal spot
narrower than λ/2. When referring to the width of a signal in this contribution, I mean the
full width at half maximum (FWHM) of a gaussian pulse.

In this contribution, I am interested in improving the lateral resolution of an acoustic
microscope used for non-destructive evaluation of a sample. The advantage of acoustic
microscopy over optical microscopy is that it enables one to evaluate the mechanical
properties and detect features beneath the surface of the sample. On the other hand, the
main disadvantage of acoustic microscopes compared to their optical counter parts is their
longer operating wavelengths. As the smallest detectable feature is proportional to
wavelength, one can typically achieve better focus with optical systems. For nondestructive, beneath-the-surface evaluation of a sample, circumventing the λ/2 limit
would be highly beneficial as smaller samples could be evaluated using acoustic devices.
In the past years, there have been several attempts to circumvent the λ/2 limit in the
acoustics realm as listed by Maznev et al. [4]. These methods include near field hot spots
at the expense of large sidelobes, using sub-λ/2 focusing structures such as apertures or
optical antennas, and increasing the effective numerical aperture of the lens by using
metamaterials [5-8]. Other approaches include using acoustic resonators to create sub-λ/2
focusing [9].

1

Regarding microscopy, the near field hot spots are not practical as the operating distance
of the microscope would become too small. Also, the large side lobes demonstrated by
Maznev et al. [4] would make this kind of design very difficult to use as the signal
reflected from the focal point would be lost under the noise from the side lobes. As for
the sub-λ/2 focusing structures, while it is possible to have a sub-λ/2 focal point, e.g. at a
tip of an antenna, the tip itself would act as a point source offering little benefit for
microscopic imaging. Due to these shortcomings, I am most interested in the metamaterial
lenses. It is important to note that using a metamaterial lens does not “break” the
diffraction limit when taking all the material interfaces inside the lens into account.
Instead, it effectively circumvents the λ/2 limitation when comparing the incident wave
coming to the lens and the focused wave coming out of the lens [4].

Theoretically, one could insert a spherical lens with modified effective numerical aperture
in between a commercial microscope and the sample to improve the resolution of the
microscope [10]. Previous studies in acoustics have shown that an approximately λ/2 wide
focal spot can be achieved [11-13] experimentally using this approach. In this
contribution, I show that with right material combinations, lens shape, and frequency, one
can focus acoustic waves to a focal spot narrower than λ/2.

The idea for this experiment emerged from optical research in our lab [14], and from the
optics paper of Chen et al. [15]. Chen et al. have shown that by using a sphere immersed
in liquid, they can achieve super resolution (sub-λ/2 focusing) of light by adjusting the
lens size and the refractive index ratio between the lens and the surrounding medium.
According to their study, the optimal lens size is 20-30 wavelengths in diameter and the
refractive index of the lens should be approximately 1.7 times that of the surrounding
medium [15]. This means the speed of light inside the lens must be lower than in the
medium:
𝑛𝑙𝑒𝑛𝑠 ~ 1.7𝑛𝑚𝑒𝑑𝑖𝑢𝑚 →

𝑐
𝑣𝑙𝑒𝑛𝑠

~

1.7𝑐
𝑣𝑚𝑒𝑑𝑖𝑢𝑚

→ 𝑣𝑙𝑒𝑛𝑠 ~

1
𝑣
1.7 𝑚𝑒𝑑𝑖𝑢𝑚

In theory, the photonic jet should be transferable to acoustics by choosing the materials
so that the speed of sound ratio between the lens and the medium matches that of the
optical study by Chen et al. [10, 15].

2

In this contribution, I present a proof-of-concept experiment where I use a plastic cylinder
immersed in a liquid as the focusing lens. Using a cylinder instead of a sphere creates a
line focus instead of a jet (point focus). Essentially, I conducted the experiment in 2D to
see whether the theoretical acoustic jet could be realized in practice. This 2D-approach
was chosen to make the experiment easier to conduct and the set-up easier to construct.
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2. Methods
Pre-experiment measurements
Before the main experiment, I needed to measure the density, and the speed of sound for
all the liquids to be used in the main experiment (Table 1). The speed of sound was
measured with a simple pulse-echo experiment. I placed a beaker on top of a contact
transducer (Karl Deutsch S 24 HB 0,3-1,3) and sent a delta spike with a pulser
(Panametrics 5072PR) to the body of liquid and measured the arrival time of the surface
echo. To get multiple data points, I varied the amount of liquid in the container for each
studied liquid (Figure 1).

Figure 1. Speed of sound measurement results for the four liquids used in the acoustic jet
experiment: ion exchanged water, olive oil, 99.6 % ethanol, and perfluorinated oil. The slope
of the fitted line is the speed of sound. The error bars represent the thickness of the markings
on the beaker multiplied by two.
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Density was measured by placing a beaker filled with the studied liquid on top of a
precision scale (Precisa 410AM-FR). Again, I varied the volume in the beaker to get
multiple data points (Figure 2). The density was measured for finite element (FEM)
simulations supporting the experiment.

Figure 2. Density measurement results for the four liquids used in the acoustic jet experiment.
The reciprocal of the slope of the fitted line is the density. The error bars represent the volume
uncertainty of the beaker describer by the manufacturer.

Density (kg/m3)

Water

Olive oil

Ethanol

Perfluorinated oil

1002±9

914±51

791±21

1888±16

1418±24

1107±21

707±10

Speed of sound (m/s) 1452±33

Table 1. Measured densities and speeds of sound in the studied liquids. The errors are
calculated from the line fits in Figures 1 & 2 and correspond to two standard deviations.

5

Test set-up
My experimental set-up featured a 3D-printed polylactide acid (PLA) chamber glued on
top of an acrylic delay line with epoxy (Araldite extra strong). I designed a pyramid
pattern on the chamber walls to minimize wall reflections. The pyramid height is 2 mm
while the wavelength in water for 800 kHz frequency is approximately 1.9 mm. This
should scatter the waves hitting the wall relatively effectively, however, this was never
explicitly tested.

I fitted a plastic cylinder (outer diameter 30 mm, 1 mm wall thickness, Electron
Microscopy Sciences, model 64240-05) filled with perfluorinated vacuum oil (Fomblin
YL-VAC 25-6) through the chamber and filled the rest of the chamber with surrounding
liquid (ion exchanged water, olive oil, or ethanol 99.6%). I used an L-shaped plastic tube
to ensure the part inside the experiment chamber did not have any air bubbles inside
(Figure 3b). This whole construct was set to rest on top of a contact transducer (Karl
Deutsch S 24 HB 0,3-1,3). Here, I used a 3D-printed holder to assure the experiment
chamber would always be centered to the transducer (Figure 3a). A hydrophone
(Precision Acoustics SN 2151) was hanged from a translation stage (Isel: Isert Electronic)
so that the tip of the hydrophone was barely touching the plastic cylinder (Figure 3c). I
also 3D-printed a reference chamber that is identical to the experiment chamber, except
it does not have the plastic cylinder inside (Figure 3b). This was used to measure that the
incident wave is a plane wave at the height where the cylinder will be in the actual
experiment, i.e. that the acrylic delay line is long enough to form a plane wave.
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Figure 3. a) The experimental set-up, 1) hydrophone hanging from a translation stage, RX,
2) measurement chamber, 3) plastic cylinder filled with perfluorinated oil acting as a
metamaterial lens, 4) acrylic delay line, 5) contact transducer, TX. b) Reference chamber (left)
without the metamaterial lens used for confirming the incident wave is a plane wave, and the
measurement chamber (right) used for the acoustic jet experiment. c) The hydrophone tip (1)
is not touching the metamaterial lens (3). The rectangular hole on the bottom of the
measurement chamber (2) ensures a direct contact between the acrylic delay line and the
medium of study.

As for the electrical circuit (Figure 4), at the transmitting side, I used a signal generator
(Digilent: Analog Discovery 2) with a custom-made amplifier. The signal is sent through
the contact transducer mentioned above. On the receiving side, I used the hydrophone and
a 60 dB amplifier (Panametrics 5660C). The Digilent: Analog Discovery 2 doubled as an
oscilloscope.
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Figure 4. Schematic of the circuit used in the experiment. The acoustic signal travels
counterclockwise in this schematic (from TX to RX). Figure by courtesy of Tuomas Puranen.

Measurements
For each measurement cycle, I placed the hydrophone at certain coordinates in the x-zplane (Figures 3 & 4) and sent a 5-cycle acoustic burst into the system with 164 V
amplitude. The signal is picked up by the hydrophone and saved for analysis.

After this procedure, the hydrophone is moved one step in the x-z-plane and the cycle is
repeated. The step length was 100 µm in x- and 50 µm in z-direction. A 2D plane
perpendicular to the cylinder’s axis was scanned above the cylinder. The size of the
scanned area varied slightly between iterations (from 4 mm x 1 mm to 6 mm x 6 mm).
For controlling the hydrophone movement (the translation stage), and the signal
generation, I used a custom-made LabView script.

In addition to a 2D-matrix, I conducted an experiment where I kept the distance from the
lens at 100 µm and varied the excitation frequency. This too generates a 2D data matrix,
but this time the vertical axis represents the frequency instead of distance.
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Data analysis
For each data point in the 2D-matrix (A-line), I extracted the first wave packet arriving
to the hydrophone (ballistic wave) (Figures 5 & 6a). That data was squared and a time
integral was calculated over two cycles in the middle of the wave packet (Figure 6b). This
value is proportional to the acoustic power at specific coordinates in the 2D-matrix.
Iterating over the whole matrix, I plotted a surface plot representing the power distribution
in the measured 2D-plane. In Figure 6c, I show that no higher frequency components
were present in the analyzed signal.

Figure 5. Example of a measured A-line. For this A-line, x = 0 mm and z = 2 mm, x being the
horizontal offset from the cylinder center and z being the vertical distance between the
cylinder and the hydrophone. I used a two-cycle time window (orange) taken from the middle
of the ballistic wave for our analysis to minimize the noise.
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Figure 6. Analyzed data from the A-line presented in Figure 5. a) Zoom-in to the 5-cycle
ballistic wave. b) Square of the 5-cycle ballistic wave. A time integral was calculated over the
orange line and used as a value for a single pixel in Figures 8, 9 & 11. c) Fourier transform
of the ballistic wave (a), which shows that there are no significant second harmonics present
in the signal.
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Lastly, I calculated the width of the focus as a function distance from the lens (or
frequency) by plotting a gaussian to each x-directional line in the 2D data matrix and
calculating the FWMH of that gaussian (Figure 7). I plotted the gaussian only to the
middle of the signal to ignore all noise on the edges. (Appendices 1-3)

Figure 7. Example of a gaussian fitted to one x-directional line. As I am interested in the width
of the middle peak, the gaussian is fitted only to the blue data points. In this example, I have
ethanol at 700 kHz 0.2 mm away from the cylinder.
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Uncertainty analysis
For the phase velocity experiments (Fig. 1), I estimated the uncertainty of the velocity as
the slope uncertainty of the linear fit:
𝜎(𝑣) = 𝜎(𝑎)
where 𝜎(𝑎) is the uncertainty of the linear fit presented in Figure 1.

For the density measurements (Fig. 2), as the density is the reciprocal of the slope, I used
the following formula to calculate the uncertainty:
𝜎(𝜌) =

𝜎(𝑏)
𝑏2

where 𝑏 and 𝜎(𝑏) are the slope and the uncertainty of the linear fit presented in Figure 2
respectively.

The ultrasonic phase velocity in a medium is defined as follows:
𝑣 = 𝜆𝑓
where 𝜆 is the wavelength of the acoustic wave and 𝑓 is the frequency of the acoustic
excitation.

I estimated the uncertainty for the frequency to be negligible as I could accurately control
it. Thus, the uncertainty for the wavelength is calculated as follows:
𝜎(𝜆) =

𝜎(𝑣)
𝑓

When calculating the uncertainties for the FWHM/λ-values (Figs. 10 & 11), I consider
the width uncertainty of the gaussian fit (Fig. 7, Appendix 3) and the uncertainty of the
wavelength:
𝑦 = 𝐹𝑊𝐻𝑀/𝜆
𝜎(𝑦) =

1
√𝜎 2 (𝐹𝑊𝐻𝑀) + 𝑦 2 𝜎 2 (𝜆)
𝜆
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3. Results
Following the procedure described above, I conducted a series of experiments using
different liquids as the surrounding fluid as well as different sonication frequencies. First,
I conducted the experiment with water and olive oil at 430 kHz (Figures 8 & 10). The
speed of sound ratio of water-vacuum oil -combination is 2.1, and for the olive oilvacuum oil -combination, it is 2.0. These values are higher than the 1.7 used by Chen et
al. [15], but as these materials are non-toxic and readily available, they were good
candidates for the first tests.

Second, I used ethanol-vacuum oil -combination at 700 kHz and 800 kHz (Figures 9 &
10). The speed of sound ratio between these liquids is 1.6, which is close to the 1.7 target.
As such, this combination was predicted to yield the best results (narrowest focal spot)
out of these three candidates.

Lastly, I conducted the frequency sweep test, where I fixed the hydrophone z-coordinate
and scanned x-directional lines varying the frequency from 300 kHz to 1 MHz for ethanol,
and from 200 kHz to 1 MHz for olive oil (Figure 11). For olive oil, I had to use a different
contact transducer (Karl Deutsch S 24 HB 0,1-0,3) for frequencies below 300 kHz, hence
the discontinuity in the plot.

In addition to the experiments, we conducted a series of FEM simulations in our lab (by
courtesy of Joni Mäkinen) to compare to the experimental results (Figures 8 & 9). These
simulations were conducted before the experiments and helped determine which material
combinations and frequencies would yield the optimal results.
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Figure 8. Comparison between acoustic intensity maps measured experimentally (left) and
simulated intensity maps (right) for water (top row) and olive oil (bottom row). Here, I used
430 kHz.
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Figure 9. Comparison between acoustic intensity maps measured experimentally (left) and
FEM simulated intensity maps (right) for ethanol with 700 kHz acoustic wave (top row) and
with 800 kHz acoustic wave (bottom row).
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Figure 10. Experimentally measured full width at half maximum (FWHM) divided by
wavelength as a function of distance from the cylindrical lens for different immersion media.
Water and olive oil experiments were conducted at 430 kHz while the ethanol experiments
were conducted at 700 kHz and 800 kHz. The λ/2 limit is marked with a purple line.
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Figure 11. Experimentally measured frequency dependency of the acoustic focus. a & b)
Intensity profile of the acoustic jet in ethanol (a) and in olive oil (b) at 100 μm from the
cylindrical lens. c & d) Full width at half maximum (FWHM) as a function of acoustic
frequency for ethanol (c) and olive oil (d). For the olive oil, we used two different transducers
to extend the bandwidth. The λ/2 limit is marked with an orange line.
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4. Discussion
With a suitable speed-of-sound-ratio between the lens and the surrounding medium, I was
able to achieve sub-λ/2 focusing (Figure 10). As predicted by our FEM simulations and
the optics paper by Chen et al. [15], the ethanol-vacuum oil -combination, which had the
speed of sound ratio closest to 1.7, was the best one out of the three candidates. At 700
kHz, the width of the focused beam is narrower than λ/2 for 1 mm (Figure 10) meaning
that if this lens were to be used to enhance an acoustic microscope, the system’s operating
distance would be around 1 mm. As such, I was able to demonstrate that the basic
principle of optical jets created by spherical lenses can be translated into the acoustic
realm. In addition, I demonstrated that this system can be used also for broad band signals
(Figure 11).

As this was the first proof-of-concept study, I used a cylinder instead of a sphere,
effectively conducting the experiment in 2D. Additionally, the scale of the set-up was
relatively large. As the lens size is proportional to the frequency, using higher frequencies
would require smaller lenses. For example, using 10 MHz would require the lens to be
about 1/20th in diameter compared to my current set-up. As existing high frequency
acoustic transducers can reach even 1 GHz range, for my sub-λ/2 focusing technique to
offer advantage to existing microscopes, the lens would need to be much smaller.
According to the simulations, scaling down the set-up should be possible if the speed-ofsound-ratio and the frequency band to lens size -ratio are kept constant.

In my more recent work [16], I continued this study by translating this phenomenon to
3D and scaling it down for a higher frequency transducer (about 2 MHz). The biggest
practical problem with the downscaled version was that the length of the focused beam is
also scaled down shortening the operating distance of the microscope set-up. Further
research is needed to scale the acoustic super resolution system down while keeping the
operating distance long enough for practical use.
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The intrinsic advantage of acoustic focusing is the ability to evaluate the mechanical
properties of the sample. As opposed to optical methods that can only see the surface of
the sample, acoustic methods can detect features beneath the surface. The sub-λ/2
focusing demonstrated in this contribution would allow for high-resolution
characterization or modification of mechanical samples. I also demonstrated that sub-λ/2
focusing can be achieved using non-toxic immersion media (water and olive oil), which
makes characterization of biological samples possible.
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5. Conclusions
I showed a method to replicate the sub-λ/2 previously studied in optics in the acoustic
realm by cleverly choosing the speed-of-sound-ratio between a cylindrical lens and the
surrounding medium as well as the diameter of the lens. Out of the three studied
immersion media, pure ethanol proved to yield the best results (the narrowest focus). The
next step is to conduct the experiment in 3D and scale down the size for a tighter focus.
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Appendices
Appendix 1
Python 3 code used for analyzing the raw data:
import os ; os.system('clear')
import sys
import numpy as np
import math
import scipy.io
import pylab as pl
from scipy import signal

testing = False
saving = True
t_saving = False
z_size = 60
y_size = 1
x_size = 60

z_set = np.arange(0, z_size, 1)
y_set = np.arange(0, y_size, 1)
x_set = np.arange(0, x_size, 1)
frequency = 700000.0
sampling_rate = 10000000.0
# samples per second
z_step = -0.00010
time_step = 1/sampling_rate
# s
speed = 1144
# m/s
T_x = 2.0/frequency
# time of x periods
samples_per_window = math.floor(T_x * sampling_rate) + 1
print('samples per window ' + str(samples_per_window))
start_index = 800.0
end_index = 1200.0
window_starts = np.arange(start_index, end_index, samples_per_window)
window_ends = np.arange(start_index+samples_per_window, end_index+samples
_per_window, samples_per_window)
windows = len(window_starts)
print('number of windows ' + str(windows) + '\n')

#_______________ not used _____________________
def average_along_y(z, x, y_set):
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x_sum = np.zeros((len(y_set), len(y_set[0])))
for y in y_set:
file_name = 'scan_' + str(z) + '_' + str(x) + '_' + str(y)
file = scipy.io.loadmat('scan_0/' + file_name)
x_line = file[file_name] * file[str(file_name) + '_VerGain']
x_sum = x_sum + x_line
averages_along_y = x_sum / len(y_set)
return averages_along_y
#______________________________________________
def read_data(z, x):
# y is 0 for now
file_name = 'scan_0_' + str(z) + '_0_' + str(x) + '.txt'
amplitude = np.loadtxt('scan_180130_700kHz/' + file_name, delimiter =
',', usecols = (1,))
return amplitude

def window_data(data, min, max):
windowed_data = []
for index in range(len(data)):
if min <= index and index < max:
windowed_data.append(data[index])
return windowed_data

def square(data):
squared_data = []
for index in range(len(data)):
squared_point = data[index]**2
squared_data.append(squared_point)
return squared_data

def integrate(data):
sum = 0
for index in range(len(data)):
sum = sum + data[index]
# *10**(7), niin saadaan yksikoksi V^2s (palkin leveys)
return sum

def plot_window(t_saving, data, windowed_data, window, window_starts, win
dow_ends, z, x):
pl.figure('windowed data ' + str(window))
pl.title('z = '+str(z)+' x = '+str(x))
t_fit = np.arange(0, len(data), 1)/10.0
t_fit_windowed = np.arange(window_starts[window], window_ends[window]
, 1)/10.0
pl.plot(t_fit, data, '-r', label='hydrophone signal')

23

pl.plot(t_fit_windowed, windowed_data, '-b', label='current window')
pl.xlabel('time $(\mu s)$')
pl.ylabel('voltage $(V)$')
pl.legend()
if t_saving:
#np.savetxt('a_line_z'+str(z)+'_x'+str(x)+'.txt', [t_fit, data])
np.savetxt('a_line_z'+str(z)+'_x'+str(x)+'.csv', np.column_stack(
(t_fit, data)), delimiter=",")
pl.savefig('data_z'+str(z)+'_x'+str(x)+'_w'+str(window)+'.png')
pl.show()
pl.close()

def plot_square(t_saving, windowed_data, v_squared, power, window, window
_starts, window_ends, z, x):
pl.figure('squared data ' + str(window))
pl.title('integer of squared data is ' + str(power) + '\nz = '+str(z)
+' x = '+str(x))
t_fit_windowed = np.arange(window_starts[window], window_ends[window]
, 1)/10.0
pl.plot(t_fit_windowed, windowed_data, '-b', label='data')
pl.plot(t_fit_windowed, v_squared, '-g', label='data squared')
pl.xlabel('time $(\mu s)$')
pl.ylabel('voltage $(V)$')
pl.legend()
if t_saving:
pl.savefig('squared_data_z'+str(z)+'_x'+str(x)+'_w'+str(window)+'
.png')
pl.show()
pl.close()

def calculate_power(t_saving, testing, window, window_starts, window_ends
, data, z, x):
windowed_data = window_data(data, window_starts[window], window_ends[
window])
v_squared = square(windowed_data)
power = integrate(v_squared)
if testing and z >= 0 and x == 0:
plot_window(t_saving, data, windowed_data, window, window_starts,
window_ends, z, x)
plot_square(t_saving, windowed_data, v_squared, power, window, wi
ndow_starts, window_ends, z, x)
sys.stdout.write('.')
return power

for window in range(1):
window = 5
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zero1 = ''
if window < 10:
zero1 = '0'
print('window ' + zero1 + str(window))
outdata = []
for z in z_set:
power1D = []
dynamic_window_starts = window_starts - z*(z_step/speed)*sampling
_rate
dynamic_window_ends = window_ends - z*(z_step/speed)*sampling_rat
e
zero2 = ''
if z < 10:
zero2 = '0'
sys.stdout.write('layer ' + zero2 + str(z) + ' ')
for x in x_set:
data = read_data(z, x)
power = calculate_power(t_saving, testing, window, dynamic_wi
ndow_starts, dynamic_window_ends, data, z, x)
power1D.append(power)
outdata.append(power1D)
sys.stdout.write('\n')
#print(outdata)
if saving:
scipy.io.savemat('scan_180130_700kHz/ethanolOilOutdata'+zero1+str
(window)+'.mat', {'outdata': outdata})
print('')
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Appendix 2
MATLAB code used for plotting Figures 8 & 9 from the analyzed data:
clear ; clc
size = 8;
x = [-2.95 2.95];
% Pitää muuttaa käsin
z = [0.1 6.0];
% Pitää muuttaa käsin
sameScale = [0, 1];
% Pitää muuttaa käsin
wStart = 800;
% Pitää muuttaa käsin
windowCount = 9;
% Pitää muuttaa käsin
samplesPerWindow = 47;
% Pitää muuttaa käsin
wEnd = wStart + samplesPerWindow * (windowCount - 1);
timeStep = 1/1;
windowStarts = linspace(wStart, wEnd, windowCount);
windowEnds = linspace(wStart+samplesPerWindow, wEnd+samplesPerWindow, win
dowCount);
%disp(windowStarts);
%disp(windowEnds);
outdataList = [ ];
maxValue = 0;
colormap('gray');
for window = 3:3 %(windowCount-1)
zero = '';
if window < 10
zero = '0';
end
index = int2str(window);
windowStart = int2str(windowStarts(window+1));
windowEnd = int2str(windowEnds(window+1));
fileName = ['ethanolOilOutdata', zero, index, '.mat'];
imageName = ['ethanolOilDynamicWindows', zero, index, '.png'];
titleName = ['window number ', index, ' [', windowStart, ', ', window
End, ']'];
title2 = ['window number ', index];
joinedFile = join(fileName, '');
joinedImage = join(imageName, '');
joinedTitle = join(titleName, '');
simpleTitle = join(title2, '');
currentFolder = pwd;
%pwd should work
disp(joinedFile);
load(fullfile(currentFolder, 'outdata', joinedFile));
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if max(outdata(:)) > maxValue
maxValue = max(outdata(:));
end
%disp(outdata)
image = imagesc(x, z, outdata/0.1340, sameScale);
c = colorbar('FontSize', size);
c.Label.String = 'Normalized intensity';
%'squared voltage integrat
ed over time [10^{-7}V^2s]';
xlim([-3 3]);
ylim([0.1 3.05]);
set(gca,'FontName','Helvetica','XTick',[3:3],'YDir','normal', 'FontSize', size); % for flipped image 'reverse'
%title(simpleTitle, 'FontSize', size);
xlabel('x [mm]', 'FontSize', size);
ylabel('z [mm]', 'FontSize', size);
%saveas(image, joinedImage);
%waitforbuttonpress;
end
disp(maxValue);
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Appendix 3
MATLAB code used for plotting Figure 10 from the analyzed data:
clear ; clc
size = 8;
saving = true;
movie = false;
vInWater = 1461;
vInEthanol = 1097;
vInOlive = 1413;
freq = 700000;
startZ = 0.1;
endZ = 6.0;
zCount = 60;
zStep = 0.1;
zList = linspace(startZ, endZ, zCount);
x = linspace(2.95, 2.95, 60); %(alku, loppu, montako askelta) yksikkönä mm
xFit = linspace(-2.95, 2.95, 600); %Yksikkönä mm
load('ethanolOilOutdata05.mat');
figure;
h = surf(x,zList,outdata/max(max(outdata)));
set(h,'linestyle','none');
xlabel('x (mm)');
ylabel('z (mm)');
zlabel('Normalized intensity');
set(gca,'FontName','Helvetica','FontSize',8);
view(0, 90);
if saving
saveas(h, 'x_z_intensity_surf_ethanol700.png');
end
widthList = [ ];
errorList = [ ];
ratioList = [ ];
ratioErrorList = [ ];
for z = 1:zCount
lambdaW = 1000*vInWater/freq;
lambdaE = 1000*vInEthanol/freq; %Yksikkönä mm
lambdaO = 1000*vInOlive/freq;
dataLine = outdata(z,:);
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% Middle lobe
middleData = [ ];
middleX = [ ];
for index = 1:length(dataLine)
if index >= 26 && index <= 38
middleData = [middleData, dataLine(index)];
middleX = [middleX, x(index)];
end
end
gauss = fit(middleX(:), middleData(:), 'gauss1');
a = coeffvalues(gauss);
error = confint(gauss);
width = a(3) * 2*sqrt(log(2));
widthError = (a(3) - error(5)) * 2*sqrt(log(2));
if movie
gaussFit = a(1)*exp(-((xFit-a(2))/a(3)).^2);
maxIndex = find(gaussFit == max(gaussFit));
offset = xFit(maxIndex);
scatter(x, dataLine/max(max(outdata)), 30, 'filled', 'k');
hold on;
scatter(middleX, middleData/max(max(outdata)), 30, 'filled', 'b')
;
plot(xFit, gaussFit/max(max(outdata)), '-b');
hold off;
ylim([0 1]);
title(['f = ' num2str(freq/1000) ' kHz']);
xlabel('x [mm]', 'FontSize', size);
ylabel('Normalized intensity', 'FontSize', size);
%waitforbuttonpress;
end
ratio = width/lambdaE;
ratioError = widthError/lambdaE;
widthList = [widthList, width];
errorList = [errorList, widthError];
ratioList = [ratioList, ratio];
ratioErrorList = [ratioErrorList , ratioError];
end
figure;
image = scatter(zList, ratioList, 30, 'filled', 'b');
hold on;
%errorbar(fList, ratioList, ratioErrorList, 'LineStyle', 'none');
hold off;
xlabel('z (mm)', 'FontSize', size);
ylabel('FWHM / \lambda', 'FontSize', size);
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if saving
saveas(image, 'FWHM_to_z_ethanol700.png');
save('fwhm_vs_z_ethanol700.mat', 'zList', 'widthList', 'errorList');
end
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