UNIVERSITAT
;) POLITECNICA
DE VALENCIA

Design, modelling, characterization
and implementation of acoustic lenses
for modulation of ultrasound beams.

Ph.D.

November 2020

Author: Daniel Tarrazo Serrano

Advisors: Dr. Antonio Uris Martinez
Dra. Constanza Rubio Michavila






iii



v

Agraiments

En primer lloc, agrair a tots i totes aquells que m’heu ajudat
durant aquest llarg viatge. Una part de la culpa d’aplegar fins act
la tenen Joan FEscriva Arlandis i Abel Soler Calatayud; canyeta,
peixet i la cassalla a colpets. També agrair a la meua germana,
la meua mare i el meu pare, per tot el seu afecte i suport (a més
de la paciéncia infinita). Als meus directors, Antonio i Constanza
pel seu temps i ajuda, no només en la part técnica, sind en la que
transcendeiz més enlla en escriptura d’una tesi. Gracies Pilar
Candelas per haver confiat en mi per complir amb els objectius de
la investigacio, sense ella no hauria pogut accedir a un contracte
predoctoral. José Miguel Fuster, gracies per estar en el grup i ha
estat un plaer treballar amb tu al teu costat. De la mateiza man-
era, Sergio Castineira Ibdnez ha estat un company fonamental per
arribar a aquest punt. Juan Carlos Melgarejo i la seua parella han
donat un cop de ma amb la revisio de l’anglés a més de passar uns
mesos compartint casa i vaizell. L’Holandés sempre ha de tenir
un capita. Amb Sergio Pérez Lopez he compartit hores de despatz,
congressos i patiments diversos. A aquells i aquelles del Departa-
ment de Fisica Aplicada de la Universitat Politécnica de Valéncia
que m’heu dipositat la vostra confianca. Especialment a Paco Bel-
mar, director de el Centre de Tecnologies Fisiques que ha estat el
mestre de la gestio. Tampoc m’oblide d’aquells que m’han ajudat
a mantindre el seny al llarg d’aquests anys. Perqué compartir el
saxo i moments de comboi amb 'equip fusta, un trompeta que mo
pot torrar 1 un guitarrista polifacétic i les seues parelles, en el fons
ha estat fonamental per no abandonar aquest projecte.

I per descomptat, a tu, la meua vida i el meu amor, Cuca
Ndcher.

Ars longa, vita brevis.



Abstract

The ability to control and modify energy beams has been the subject of research
by the scientific community for a long time. In the acoustic field, this energetic
control of mechanical waves has numerous applications. From industrial, food,
pharmaceutical applications, et cetera, to biomedicine. This thesis is based
on the ultrasound control and focal modulation applications. It is possible
to modulate and control the ultrasound focii in different ways. In this case,
flat lenses were developed based on the principle of diffraction to focus the
beams. The advantages of using flat focusing lenses allow them to be easily
implemented in machining and drilling processes and even through 3D printing.
It was proposed to use planar transducers that when emitting on an acoustic
lens, controlled characteristics of focal conformation were produced. The lens
known as Fresnel Zone Plane (FZP) was chosen as the implementation design
basis for the different solutions that manage to fulfill the objectives set.

By applying modifications to an FZP it was possible to go from a lens with
extraordinary focusing capabilities to a lens that was capable to control lateral
resolution, depth of focus and even improving the gain. The final objective
application was the use in high intensity ultrasound transducers known as
HIFU. Improving the ability to resolve makes it possible to develop better
cancer therapies that represent a higher rate of success in the fight against
cancer. In the present thesis, a novel FZP lens based on phase change has also
been proposed that can be a before and after in biomedical applications. It
has not only been possible to improve the efficiency of an FZP, but it has also
been possible to implement it in materials compatible with magnetic resonance
imaging.




Numerical models based on the finite element method were developed for em-
ulating the involved physics. Measurements were carried out under controlled
conditions by a high precision robotic system. All the results obtained and pub-
lished were developed numerically and experimentally, validating the working
method and giving consistency to the proposed solutions.
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Resum

La capacitat de controlar i modificar els feixos d’energia ha sigut motiu d’investigacio
per part de la comunitat cientifica des de llarg temps arrere. En el camp de
I’actstica, este control energétic de les ones mecaniques té nombroses aplica-
cions. Des de les aplicacions industrials, alimentaries, farmacéutiques, etcétera
fins la biomedicina. Esta tesi es basa en l'aplicacié del control i modulacié
focal dels ultrasons per a 1'is en este ultim camp. Es pot modular i controlar
els focus d’ultrasons de diferents formes. En este cas, s’han desenvolupat lents
planes que utilitzen el principi de la difraccié per a aconseguir focalitzar els
feixos. Els avantatges de 1'us de lents planes de focalitzacié permeten ser im-
plementades de forma senzilla en processos de mecanitzacié i incliis per mitja
d’impressié 3D. Es proposa utilitzar transductores plans que a ’emetre sobre
una lent aciistica, es produisca una conformaci6 focal de caracteristiques con-
trolades. La lent coneguda com a lent de Fresnel (FZP) ha sigut triada com a
base de disseny en la implementacié de les diferents solucions que aconseguixen
complir amb els objectius marcats.

Per mitja de 'aplicacié de modificacions en una FZP es pot aconseguir passar
d’una lent amb capacitats extraordinaries de focalitzacié a una lent capag de
controlar la resolucié lateral i la profunditat de focus i inclis millorar el guany.
L’objectiu final d’aplicacié és 1'ts en transductores d’ultrasons d’alta intensi-
tat coneguts com HIFU. Millorar la capacitat de resolucié fa que es puguen
desenvolupar millors terapies oncologiques que suposen un index major d’éxit
en la lluita contra el cancer. En la present tesi s’ha proposat, a més, una
nova lent FZP basada en el canvi de fase que pot resultar un abans i un de-
sprés en aplicacions biomédiques. S’ha aconseguit no sols millorar ’eficiéncia
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d’una FZP, sindé que s’ha aconseguit implementar en materials compatibles
amb ressonancia magnética.

S’han desenvolupat models numérics basats en el métode dels elements finits
que emulen la fisica involucrada. Les mesures han sigut realitzades en condi-
cions controlades per un sistema robotitzat d’alta precisié. Tots els resultats
obtinguts i publicats han sigut desenvolupats de forma numeérica i experimen-
tal, validant-se el métode de treball i donant consisténcia a les solucions pro-
posades.
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Resumen

La capacidad de controlar y modificar los haces de energia ha sido motivo de
investigacion por parte de la comunidad cientifica desde largo tiempo atras. En
el campo de la actstica, este control energético de las ondas mecanicas tiene
numerosas aplicaciones. Desde las aplicaciones industriales, alimentarias, far-
macéuticas, etcétera hasta la biomedicina. Esta tesis se basa en la aplicaciéon
del control y modulacién focal de los ultrasonidos para el uso en este tltimo
campo. Se puede modular y controlar los focos de ultrasonidos de diferentes
formas. En este caso, se han desarrollado lentes planas que utilizan el prin-
cipio de la difracciéon para lograr focalizar los haces. Las ventajas del uso de
lentes planas de focalizacién permiten ser implementadas de forma sencilla en
procesos de mecanizacion e incluso mediante impresién 3D. Se propone utilizar
transductores planos que al emitir sobre una lente actustica, se produzca una
conformacion focal de caracteristicas controladas. La lente conocida como lente
de Fresnel (FZP) ha sido escogida como base de disefio en la implementacion
de las diferentes soluciones que logran cumplir con los objetivos marcados.

Mediante la aplicacion de modificaciones en una FZP se puede lograr pasar
de una lente con capacidades extraordinarias de focalizacién a una lente capaz
de controlar la resolucién lateral y la profundidad de foco e incluso mejorar
la ganancia. El objetivo final de aplicacién es el uso en transductores de ul-
trasonidos de alta intensidad conocidos como HIFU. Mejorar la capacidad de
resolucién hace que se puedan desarrollar mejores terapias oncolégicas que
supongan un indice mayor de éxito en la lucha contra el cancer. En la presente
tesis se ha propuesto, ademés, una novedosa lente FZP basada en el cambio
de fase que puede resultar un antes y un después en aplicaciones biomédicas.
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Se ha conseguido no solo mejorar la eficiencia de una FZP, sino que se ha
conseguido implementar en materiales compatibles con resonancia magnética.

Se han desarrollado modelos numéricos basados en el método de los elementos
finitos que emulan la fisica involucrada. Las medidas han sido realizadas en
condiciones controladas por un sistema robotizado de alta precision. Todos los
resultados obtenidos y publicados han sido desarrollados de forma numérica
y experimental, validandose el método de trabajo y dando consistencia a las
soluciones propuestas.
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Chapter 1

Background and objectives

1.1 Background Introduction

Biomedical research has aroused interest in recent years in the scientific com-
munity. Engineering and medical science union has been a before and after in
the history of medicine. One of the most common diseases with a relatively
high mortality rate in advanced societies of this century is cancer. This thesis
began in 2016. This project was presented to the Ministry of Economy and
Competitiveness with the figures associated to the Spanish Society of Medical
Oncology (known by its acronym in Spanish as SEOM) report at that moment.
That figures estimated an incidence of 210,000 new cancer cases per year in
the Spanish population (Cruz 2013). Current SEOM report estimates that
cancer continues to be one of the main causes of morbidity and mortality and
that diagnosed cases will reach slightly more than 277,000 (REDECAN 2020).
The most common cancers diagnosed in Spain are breast cancer, followed by
colon and rectum, lung, prostate and urinary bladder cancers (Figure 1.1).
Therefore, cancer continues being a disease that causes millions of deaths in
the world. The morbidity and mortality 2018 record rate in the world was 18.1
million (WHO 2020a; TARC 2020). It is reckoned that in the next 20 years the
incidence will increase to 29.5 million (WHO 2020b). Studies have shown that
cancer causes about half of deaths in middle-aged people (Karim-Kos et al.
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2008). These data justify that public research should invest resources in the
development of diagnostic and treatment systems of such desease.

Estimated number of incident cases and deaths Europe, Spain, both sexes, all ages

Breast,

100000 200000

Figure 1.1: Cancers with the highest prevalence comparison between the number of cases
and deaths in Spain.

It is known that a crucial factor to overcome the disease is an early diagno-
sis. Development of tools that have better sensitivity and detection capabil-
ities contribute to achieve this goal. Cancer currently has multiple forms of
treatment. Some treatments are more invasive than others (Doroshow 2016;
Doroshow 2016; Institute 2019). Over the years, treatments have been devel-
oped for being more effective and more efficient as well as less patient invasive
and harmful (Fetting et al. 1996). Surgery is the most common invasive treat-
ment for various types of cancer. This system is based on the surgical removal
of the tumor. Other treatments that do not involve admission into an oper-
ating room are chemotherapy, radiation therapy and targeted therapy. These
procedures also cause collateral damage to the patient.

Chemotherapy uses drugs that attack and destroy tumor cells. It can be
an intravenously or orally treatment. One of the cons of using these treat-
ments is the indirect damage caused on the patient. Additionally, cancer cells
that survive to a treatment develop immunity. This immunity is replicated in
the new cells. Treatment known as radiation therapy is often combined with
chemotherapy. Radiation affects much more to those cells with higher activity.
Cancer cells have a higher growth rate and energy consumption than a healthy
cell. Therefore, they absorb more radiation and this prevents their division
and growth. More current treatments such as targeted therapy are based on
chemotherapy. The difference is found in adding to the drug a molecule (an-
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tibody, enzyme, etc.) that manages to detect and attack only cancer cells.
Another type of process is hormonal therapy. Hormones are used to slow
growth in cancers that affect the reproductive system or breasts. Some cur-
rent therapies such as laser therapy, photodynamics or cryotherapy cause less
secondary damage to the patient. Laser therapy uses the precision and resolu-
tion of the beam light to seal lymphatic vessels, burn body outside tumors or
inside tumors through catheters, etc. This treatment is combined with other
treatments such as those mentioned above. Photodynamic therapy bases its
operation on introducing drugs with light reaction molecules. Using laser or
infrared, the drug attached to tumor cells reacts killing these cells. This thesis
is based on the devices development that help with treatments based on tem-
perature change. In this case, it is not about cryotherapy, which is based on
sufficiently cooling cancer cells, but about hyperthermia treatments. Hyper-
thermia is a treatment that destroys a cancer cell by adding heat to it. One
of the advantages of this treatment is that it can be used to treat any part
of the body either any size. Hyperthermia treatment can be performed using
a device that is inserted into the body or from outside the body. One of the
most widespread hyperthermia treatment systems with the highest clinical ex-
perience is the High Intensity Focused Ultrasound known as HIFU (Kennedy
2005).

Ultrasounds are mechanical waves that dissipate their energy in heat energy
when they pass through a medium. Energy dissipation can raise the tempera-
ture enough to cause damage to the cell wall and therefore destroy the cancer
cell when several ultrasound beams are focused on a specific area. Tempera-
ture increasing can be due to two factors, the dissipated energy accumulation
or cavitation phenomenon. It is important to obtain a controlled coagulative
necrosis. For this purpose, it is necessary to have a temperature between 60°
C and 100° C. It is dangerous to overcome 100° C due to it would bring the
tissue to the boiling point (Kennedy, Ter Haar, and Cranston 2003). The ca-
pacity with which the temperature is able to increase in the tissue depends
on multiple factors: the shape of the tissue, the absorption coefficient and the
exposure duration. Neither the shape nor the absorption coefficient of the tis-
sue can be modified. Therefore, this work has focused on duration of exposure
controlling. The fundamental idea is achieving the temperature increase in the
affected area in the most precise way possible and in the shortest time. If the
treatment lasts for a long time, the heat can dissipate to the adjacent areas to
the treatment area, affecting healthy cells.

There are several advantages using HIFU proceeding. This treatment involves
less risk to the patient. The time reduction in hospitalization reduces the noso-
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cominal infections risk (Wenzel 1995). In addition, this technique can be used
in older patients or with other health problems due to the technique does not
have secondary damages that could affect the rest of the body. This proce-
dure has a wide margin for improvement, as has been seen in recent years and
throughout the development of this doctoral thesis. Current commercial sys-
tems serving HIFU treatments use ultrasonic transducers with concave-convex
geometric shapes. Some of them are attached to probes that are introduced
rectally, for example, to treat prostate cancer using HIFU. The hypothesis is to
develop passive systems that focus the ultrasound beams with flat transducers.
The fact of having a passive targeting system in a planar transducer means
that a single HIFU transducer can be used for several treatment objectives.

There is the half wavelength spatial resolution limitation if concave-convex
transducers are used. To achieve higher resolutions, as could be seen the case
of optics (Zhu et al. 2011), the use of subwavelength structures is required.
The objectives set out in this thesis involve the use of this type of structures
for ultrasound focusing. Subwavelength are structures that modulate acous-
tic beams through structures smaller than the wavelength. These structures
base their modulation capacity on diffractive effects. Gain and resolution im-
provements can be obtained by creating different geometric paths, enhancing
constructive interferences and blocking destructive ones. In this way, they can
achieve high resolutions that allow getting smaller targets and improving pre-
cision. Gain enhancement reduces the input power of the HIFU. By reducing
the power it is possible to cause less damage to adjacent tissues, a shorter
treatment duration, etc.

Flat structures that can occupy the least possible space and that are also
easy to mechanize and implement are very interesting. In this way, these
structures can be used by coupling them directly to the transducer. The devices
that have been developed in this thesis do not rely heavily on resonances.
Other studied subwavelength structures are highly dependent on Fabry-Perot
resonances, Lamb modes, and periodicity (Estrada et al. 2008; Estrada et al.
2009; Gomez-Lozano et al. 2014). In this case, the use of Fresnel lenses (FZP)
provides an extraordinary transmission that meets the objetive requirements
(Moleron, Serra-Garcia, and Daraio 2014). FZPs are binary structures that are
distributed to focus achieving at a given focal point for a given wavelength.
More detail on these structures will be found in subsequent chapters (chapter 3,
chapter 4, chapter 5, chapter 6, chapter 7).
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1.2 Objectives

The objectives of this doctoral thesis are based on those projects included in
the TEC2015-70939-R project (MINECO / FEDER). Before listing the ob-
jectives, it must be considered which characteristics are relevant and where
improvements can be made in a HIFU based treatment. On one hand, it
might be possible to make changes to the piezoelectric design by completely
modifying the transducer. On the other hand, using the same transducer, it is
possible to introduce passive elements that achieve the same objective without
having to use different transducers for each objective. This thesis objectives
are aimed at the development of passive elements that are able to modulate the
ultrasound beams to achieve this purpose. Therefore, they have been divided
into general and specific objectives. Two general objectives were determined
with one sub-objective each and three specific objectives.

General Objectives
1. Increasing resolution capacity in tumor ablation with HIFU transducers.

1.1 Study and design of new HIFU transducers using subwavelength
structures based acoustic lenses to achieve the configuration of the
focal zone (control of the ablation volume improvement).

2. Decreasing patient exposure time to HIFU therapy.

2.1 Study and design of extraordinary transmission subwavelength struc-
tures that increase focal gain in 3 dimensions.

Specific Objectives

1. Thoroughly study the main characteristic parameters of HIFU transduc-
ers.

2. Developing and analyzing models based on proposed acoustic lenses using
Finite Element Method (FEM) that describe the sound beams propaga-
tion considering the physics involved.

3. Numerical results experimental validation.
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1.3 Document structure

Chiefly, I want to acknowledge the following public funding sources that have
made possible this research.

e Grant BES-2016-077133 (Ministerio de Ciencia, Innovaciéon y Universi-
dades de Espana).

e Project TEC2015-70939-R (MINECO/FEDER).

e Tomsk Polytechnic University within the framework of Tomsk Polytech-
nic University Competitiveness Enhancement Program.

In this thesis, five scientific articles have been included. The first three articles
are interrelated and were realized in collaboration with researchers from Tomsk
Polytechnic University. It was used a concept so-called reference radius/phase
in FZP lenses. The study of its influence on acoustic lenses had never been
done before. It was discovered that the introduction in the lenses construction
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Chapter 2

Experimental Measurements

Due to the characteristics of the acoustic experiments that are carried out in
an immersion situation, it was necessary to develop a completely automated
data acquisition system that allows the attainment of pressure data at any
point in the space of the immersion tank. Through these results, it is pos-
sible to characterize the behavior of the different acoustic devices developed
by the group. The name of the complete acquisition system is Archimedes.
Archimides system allows the movement and acquisition of acoustic parameters
in the three spatial dimensions as well as its remote control in an automated
way. Archimedes can be divided into 3 fundamental parts: the robotic sys-
tem with its motion control, the data acquisition system, and the transducers
and amplifiers that are used for the generation, transmission and reception of
ultrasonic waves.

The robot was built based on the size of the immersion tank where the tests
are carried out, which contains distilled water (demineralized and deionized)
and is 0.5 meter wide by 0.5 meter high by 1 meter long. These dimensions
assume that the immersion tank must contain around 200 liters of distilled
water to be functional and to allow both the transducers and the devices to be
completely submerged, and to avoid reflections due to changes in impedance
caused by a medium change.



Chapter 2. Experimental Measurements

The parts that make up the robot (Figure 2.1) are: the holding structure or
frame, three Cartesian arms, the sampling arm and the manual sensor arm.
Archimedes allows to control the Cartesian and sample arms. The sampling
arm also has a servo motor to rotate the transducer (in azimut). The Cartesian
arms allow for the control and automation of the positioning in the 3 spatial
dimensions (x, y, z). Each of the arms oversees the movement in one of the
three axes. The sampling arm, despite having the rotation servo motor, allows
manual adjustment along the x and z axes to be able to place the sample at
the desired distance and height. Finally, the transducer arm of the sensor
is completely manual. This allows the position of emitting transducer to be
adjusted in any tank position, although without the freedom to change its
position during measurements.

Sampling Arm Transducer Arm

Cartesian
Z-Axis

Cartesian
X-Axis

Cartesian
Y-Axis

Figure 2.1: Archimedes structure scheme. The robot is mounted on the immersion tank.

The operation of the robot is as follows: each one of the servomotors is con-
nected to a controller that regulates the current supply to them and regulates
the movement pace. The minimum step the sampling arm is able move in
each of the axes is 0.005 mm. In the case of the servomotor that controls
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the azimuth, the spatial resolution can be transferred to an angular resolu-
tion of 0.144°. The controllers are in turn connected to a model board PCI-
7330, from National Instruments, which is responsible for directing the robot’s
movements. The movement of the arms with servo motors is controlled by
Archimedes control software. This program allows the design and automation
of the experimental measurements, since planes or measurement volumes can
be established configuring the movement of each of the positioning axes. As
safety measures added to the mechanical system, there are limit switches that
prevent one arm from colliding with another and avoid any damage caused
by a programming error. Additionally, there is an emergency stop button
that immediately stops the movement of the robot. Once the robot is turned
on and the 3DReAMSUltra control program starts, a system self-calibration
is performed. This calibration is based on placing the Cartesian arm at the
coordinate origin and leaving the sample arm at an azimuth of 0°.

Finally, it should be noted that the robot is built in accordance with the direc-
tives and regulations that govern industrial safety. The directives 2006/42/CE
on machinery; the directive 73/23/CEE modified by the 2006/95/CEE of low
tension, the directive of electromagnetic compatibility 92/31/CEE modified by
the 93/68/CEE and 2004/108/CE. In addition to the harmonized standards
UNE-EN 1050, UNE-EN 418, UNE-EN 954 and UNE-EN 60204-1 that reg-
ulate the safety of machinery, risk assessment, emergency stops, design and
electrical equipment respectively.

The data acquisition system consists of the NI PCI-7330 motion control card,
the PicoScope 3224 digital oscilloscope and the Archimedes control software
for data acquisition, developed at LabVIEW. The NI PCI-7330 card controls
the robot as its dual processor architecture processes up to four axes of coordi-
nated movement in real time. This card calculates the instantaneous position
and controls the acceleration and speed of the axis movement to the marked
position. A PicoScope 3224 digital oscilloscope connected to the computer via
USB is used to obtain the signals. The oscilloscope has two channels and takes
samples with a resolution of 12 bits. It has a dynamic range of 72 dB and a
bandwidth of 10 MHz. Both the control board and the oscilloscope are con-
trolled by the Archimedes control software installed on the acoustic laboratory
computer.

One of the most important elements for the measurement of acoustic planes is
the hydrophone. The CTF features a Precision Acoustics hydrophone, model
1.0mm Needle Hydrophone (Figure 2). This hydrophone is capable of measur-
ing high frequencies, even if their signal level is very weak. The hydrophone
sensitivity is 850 nV / Pa (-241.4 dB @ 1V / uPa) with a tolerance of +/- 3
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Chapter 2. Experimental Measurements

dB. The frequency response is flat +/- 2 dB between 3 and 12 MHz and + /-
4 dB between 200 kHz up to 15 MHz. The bandwidth ranges from 5 kHz up
to 15 MHz. Figure 2.2 shows the experimental set-up and different acoustic
devices measured during the research.

Figure 2.2: Archimedes measurement system and different experimental set-ups.
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3.1 Abstract

The manipulation of focal patterns of acoustic underwater Soret Zone Plate
lens in far fields, such as manipulation (optimization) of Sidelobe Level and
the design of long depth of focus by selecting the simple free parameter called
reference radius (phase) has been demonstrated.Two effects have been studied
by means of numerical simulations. Regarding the first effect, simulations
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radius/phase effect

demonstrate diffraction limited focal spot (0.47 wavelength) and 3 dB reduction
of the first Side Lobe Level using Soret ZP with an optimal reference radius
and without causing neither main lobe broadening or gain reduction. In the
second effect, by using numerical simulations an increasing of depth of focus,
more than 2 times, in comparison with classical Soret ZP with high numerical
aperture (F/D = 2.5), was observed.

3.2 Introduction

A lens is a device that can manipulate waves by taking advantage of both their
refractive and diffractive properties to produce wave focalization. Acoustic
lenses have attracted the attention of scientists around the world for their appli-
cation in multiple areas of industry, engineering, acoustic tweezers, biomedicine
and for other applications requiring low-cost acoustic focusing lenses (Vilkhu
et al. 2008; Albu et al. 2004; Li et al. 2003; Illing et al. 2005; McCann and
Forde 2001; Calvo et al. 2015b; Amemiya et al. 1997; Hon et al. 2010; Tu,
Chen, and Hwang 2016; Schonbrun, Rinzler, and Crozier 2008), to mention
a few. This explains why their design is subject of much research nowadays.
One of the effects of these lenses is their capability of focalization, which it can
be obtained by means of different types of methods and techniques.

Acoustic lenses based on phononic crystals have been designed and fabricated
(Cervera et al. 2001). Other types of acoustic lenses are those designed with
a refractive index that varies throughout the medium continuously. These are
the so-called Gradient-Index (GRIN) lens, and the variation of the refractive
index is achieved by forming labyrinthine structures (Li et al. 2012; Welter
et al. 2011; Peng, Xiao, and Wu 2014). Acoustic metamaterials (Guenneau
et al. 2007) and acoustic resonators Moleron, Serra-Garcia, and Daraio 2014)
have also been used in the design of acoustic lenses.

There are also acoustic devices that focus sound through the phenomenon of
diffraction. Acoustic lenses based on constructive interferences of diffracted
fields, such as Fractal Lenses or Fresnel Zone Plates (FZP), are a good alter-
native to refractive lenses. FZP lenses have advantages in situations where
size, weight, system complexity and fabrication are important O’Shea et al.
2004; Zhang, Yin, and Fang 2009). The classic FZPs that are implemented
alternating transparent to opaque Fresnel zones are called Soret Zone Plates
(SZP) (Soret 1875). This work is focused on this type of Fresnel’s lenses.

In Clement, Nomura, and Kamakura 2015 the authors study a lens formed by
slits of different thickness located at r,, while in the present work rigid scat-
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tered located at r,(r, a radius of n-th Fresnel zone) has been used. Following
Babinet’s principle considerations, both approaches can be considered equiva-
lent. Recently Calvo et al. (Calvo et al. 2015a) fabricated and characterized an
underwater acoustic SZP lens with alternating transparent and opaque zones
made of soft silicone rubber. Calculations shown some reduction of the first
Side Lobe Level (SLL), but with a main lobe broadening.

Although the diffraction of the acoustic field produce a maximum pressure field
in the axis, the focal point shows some miss-definition due to the existence of
secondary lobes Bashford et al. 1997; Kanevsky 1977; Shimizu, Chubachi,
and Kushibiki 1989). In such a way, the relationship between the main and
secondary lobe, known as SLL, is one of the main problems that SZPs can
exhibit (Minin and Minin 2008).

Even though the maximum energy is obtained at the Focal Length (F}), the
SLL are not high enough with SZP lenses for applications where high precision
is required. In this regard, a new technique used in biomedicine such as High
Intensity Focused Ultrasound (Aubry et al. 2013; Escoffre and Bouakaz 2015),
both in acoustical printer (Amemiya et al. 1997) or in acoustical particle ma-
nipulations (Tu, Chen, and Hwang 2016) requires very precise targeting area
so it is desirable to be able to control the lobes of the transmitted signal.

In other fields of physics, such as electromagnetism, this problem has already
been raised. Igor V. and Oleg V. Minin (Minin and Minin 1990) studied the
possibility of altering the energy distribution function in a predetermined focus
area. Recently, the authors themselves have shown that by choosing a radius
of the first zone or a reference phase, non-standard values of the SZP radii
can be obtained which improve the performance of the antennas and add a
new application to the antennas zone plates (Minin and Minin 2011b) add and
in communications to preferentially suppress the clutter return relative to the
desired main beam signal (Webb, Minin, and Minin 2007).

The present study investigates numerically an alternative SZP design to reduce
or manipulate the lobes of the transmitted acoustic signal for an underwater
SZP. A \/6, where A is the wavelength, thin SZP and 15 Fresnel zones width is
thereby obtained in simulation showing different phenomena such as side lobe
corrections and ultra-wide beam pattern. The simulations have been carried
out using the Finite Element Method (FEM) (Chan et al. 1995; Zienkiewicz
et al. 1977).
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3.3 Theorical analysis and simulation

A SZP is structured in concentric circular sections known as Fresnel Regions.
Each Fresnel Region has the same surface and makes the same contribution
to the focusing procedure. Consecutive Fresnel Regions have a 180° phase
shift between them and they interfere destructively. Among other, the main
SZP design parameters to deal with are F, that is the location, in the axial
coordinate, where the acoustic pressure field is focused; the Number of Fresnel
Zones (N) which include both opaque and transparent circular sections; the
Design Frequency (f), it is the frequency at which the lens is expected to
focus at the (see Figure 3.1a). Once the design values have been set, the radial
distances of the implemented lens can be obtained using the Equation (3.1)
which depends on all the previous design parameters and is valid for plane

wave incidence.
2
T = \/n)\FL + <n2)\> (3.1)

On the other hand, in the earliest work was recognized the existence of a free
parameter in the design of zone plates,where the radius of the central Fresnel
zone were treated. This radius is known as the reference radius (Minin and
Minin 1990) and it is the new free parameter. It should be noted that the
choice of the first zone as the reference is arbitrary. From the point of view
of geometrical optics, the introduction of a reference radius does not change
the properties of the zone plate. However, in the wave approximation this is
not so. This reference radius is equal to introducing a variable reference phase
(Minin and Minin 2011b).

In other words, another parameter that can be varied in calculating the mod-
ulation function of a zone plate is a permanent phase shift. The quasi-Fresnel
radii can be displaced by adding an initial phase shift to the phase function
of the SZP. This means in fact that the zone is divided not by starting at
the extremum of the transmission phase function but at an arbitrary value
of transmission (Minin and Minin 2011b). In this case for binary zone plate
the quasi-Fresnel radii will be defined by the Equation (3.2) (Minin and Minin
2011b):

2
Tn:\/n/\\/Ff-i-r%—l-(n;\) + 72 (3.2)
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Figure 3.1: (a) FEM Scheme. In blue, the boundary of the Incident Pressure Wave (IPW),
in green radiation condition boundaries and in red axis of rotation. SZP zones are considered
rigid. (b.1) SZP with 7o = 0, (b.2) Amplitude mask of SZP with ro < r1, (b.3) Amplitude
mask of SZP with ro > r1. Note that for visual information the picture (b.2) is not in
scale.(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

In order to study the physical phenomena involved in the interaction between
the ultrasound waves and the lenses, it has been necessary to implement a
mathematical model that replicates the characteristics of the system. Com-
mercial FEM software COMSOL Multyphysics (Multiphysics 2012) has been
used to determine the distribution of acoustic pressure and how the generated
sources remain once the waves interact with the lens and diffract, causing the
interference phenomena. FEM provides an approximate numerical solution of
the model. This method performs a discretization of the model and solves
the Helmholtz Partial Differential Equation (PDE) described in the equation
Equation (3.3).

v <—1Vp> _ (3.3)
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All the SZP lenses (including or not radius/phase reference) are axisymmetric,
the model has been simplified by implementing a half-lens and applying a
rotation with its central axis as the center for its complete generation. This
facilitates the reduction of the degrees of freedom necessary to obtain the
results of the numerical simulation and thus reducing the calculation time and
its complexity. In this work, underwater acoustic transmission is considered.
To solve the Helmholtz equation Equation (3.3), typical values of water such
as density of the medium (p = 1000 kg/m?®) and sound propagation velocity
(¢ = 1500 m/s) have been taken. The working frequency (f) of both lenses
was 250 kHz. Therefore the wavelength (\) was 6 mm. It can be found
at Equation (3.3) by its relationship with the angular velocity (w). Finally,
p corresponds to the acoustic pressure. The initial conditions of the model
were the following: Initial pressure (py) was zero and the thickness of the
lenses was 1 mm which was despicable with respect to the wavelength of the
incident pressure wave. The defined boundary conditions were: the lenses were
considered infinitely rigid marking the contours of the elements applying the
Newmann condition (the sound velocity in the contour was zero); the contours
of the model were defined as wave radiation condition boundary to emulate an
infinitely large medium and therefore the Sommerfeld condition was satisfied;
the axis of rotation was defined as axis of axisymmetry to simulate the 360°
rotation that makes up the SZPs in 3D. The geometry of the mesh used was
triangular. A maximum element size of A\/8 and a minimum of \/14 was
established to avoid numerical dispersion in the simulations. In Figure 3.1 the
scheme of the model implemented in FEM is shown.

3.4 Results

The Numerical Aperture (NA) of the lens design must be taken into account.
NA is defined as Fy, divided by the diameter of the lens (D). It is well known
that the Rayleigh resolution is determined by the numerical aperture of the
lens and the wavelength of the radiation used. The smaller the NA, the better
is the resolution of the lens. Taking into account that it must be designed
with a small numerical aperture, a value NA of 0.214 has been selected for
simulation. By selecting a focus position at 27 mm in axis of symmetry, a
maximum lens diameter of 126 mm is obtained that complies with the chosen
NA.

Therefore, the design of the SZP will comply with these characteristics imple-
mented in the construction equation Equation (3.1), taking into account that
A was 6 mm for the case of the host medium is water. To design the SZP
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with radius/phase reference, two cases are considered. Given the construction
equation Equation (3.2), a reference radius must be chosen for each case. The
first one, is that 7y is smaller than the first radius (r;) of the original SZP
(ro < r1). The second case occurs when ry is bigger than ry (1o > 7).

The results are expressed as a function of the Intensity Level (IL), that is
defined as the ratio, in dB, between the downstream intensity (/) and the
incident intensity (I;,.).

I
IL =10log (I ) (3.4)

SLL reduction

In the first case, a reference radius smaller than the first radius of a classical
SZP has been taken. The numerical results are shown below. In Figure 3.2a
longitudinal section is shown for the optimal case compared with the original
SZP. It can be seen the position of the F has not been modified regardless
of the ry chosen. In Figure 3.3 a cross section at the F} position is made, in
other words a cut in R axis is made. In this case, it can be seen that there is
a modulation of the secondary lobes. An SLL increase of approximately 3 dB
is produced. By the conservation energy law, a displacement of this energy is
caused towards other lobes. Further, the energy in Fp, is conserved. It is also
followed from Figure 3.3 that FWHM for both cases is almost the same and
equal to 0.47X, which is near the diffraction limit.

In Table 3.1, a comparison is shown for different cases that meet the condition
ro <K r1. As ry decreases, SLL increases until a limit value is obtained. There-
fore, 7o = r1/10 has been selected as the optimum value since the SLL cannot
be improved for selected values of NA.

Focus expansion

In the second case, values are taken above the first radius of the classical SZP.
A longitudinal cut has been made in the same way as in the previous case that
corresponds to the Z axis. It can be seen that despite maintaining the position
of the maximum energy in the F7, as ry increases, an energy expansion in the
longitudinal axis is caused. In Figure 3.4, several higher reference radii than
7, can be observed.
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Figure 3.2: Numerical results of the Intensity Level (in dB) along Z axis. Comparison
between classical SZP and SZP with reference radius ro (ro = 1.308mm) being ro < 1. The
results are shown for f = 250 kHz.

It could be noted that by selecting the reference radius, it may be controlled
not only the first sidelobes (Figure 3.3) but also the main beamwidth to form
ultra wide main beam. In Table 3.2, the value of the FLHM along the Z
axis and the focal shift have been shown.The focal shift in SZP is completely
dependent on the Fresnel number (Np), which is determined by (Li and Wolf
1981).

D2
T AN,

Np (3.5)

As it can be seen from Figure 3.1 and formula Equation (3.5), increasing the
effective lens size (D), or reducing the focal length (Fp) or decreasing the
working wavelength will increase the Fresnel number Equation (3.5), and thus,
reduce the focal shift. Also in our design of SZP the focal shift increases with
reference radius increasing. This effect was not previously observed.

For a reference radius of ry = 50.20 mm, the intensity referred to the incident
intensity (I/I;,.) at the focus and at two points of half intensity drop (FLHM)
along Z axis is shown in Figure 3.5. The inset of the figure shows an I/I;,.
map. White discontinuous line point out the R axis cut which corresponds to
FLHM points.
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Figure 3.3: Numerical results of the Intensity Level (in dB) along R axis. Comparison
between classical SZP and SZP with reference radius ro (ro = 1.308mm) being ro < r1. The
results are shown at the Focal Length (F) for f = 250 kHz.

3.5 Discussion and conclusions

A numerical study of the characteristics of the acoustic SZP with radius/phase
reference has been carried out. Two cases have been studied in which two dif-
ferent phenomena are caused. As expected, a SLL reduction has been achieved
when 7 is minor than r;. This is due to the control of constructive interference
of diffracted waves from circular zones array. By changing the reference radius,
the spatial frequency of the Fresnel zones has been changed. Having control
over spatial frequency means being able to obtain a much finer focus, which in
the case of applications such as HIFU, is of great interest as it allows to obtain
a more precise foci.

In the case of being ry bigger than r;, an expansion of the focus along the
longitudinal axis is caused. This is due to 2 effects: one is the same as in the
first case and the second one is amplitude apodisation effect. The latest is
due to geometrical effect interpretation of central apodisation (obturation) on
background sound, as the focus at the first diffraction order is in the shadow
of the obturation for all other diffraction orders. Acoustic wave from negative
orders is divergent and acoustic wave from positive orders above one, is rejected
far from the center of the SZP (Vanderbei, Spergel, and Kasdin 2003). That
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Table 3.1: Numerical values of Side Lobe Level (SLL) and Full Width Half Maximum
(FWHM) for different values of the reference radius. Note that ro = 0 corresponds to SZP
and the FWHM is obtained along R axis.

ro (mm)  SLL (dB) FWHM ())

0 9.9 0.460.12
6.540(r /2) 11.8 0.4740.12
4.359(r, /3) 12.4 0.4740.12
2.615(r,/5) 12.8 0.4840.12
1.308(r;/10)  13.0 0.4840.12
0.654(r1/20)  13.0 0.4840.12
0.436(r,/30)  13.0 0.4840.12

Table 3.2: Numerical values of Full Length Half Maximum (FLHM), Focus Shift and max-
imum Intensity referred to incident Intensity (Imaa/Iinc) for different values of the reference
radius along Z axis. Numerical value obtained for SZP designed F corresponds to 4.65\.

ro(mm) FLHM(A) Focus Shift (A)  ILnaw/Line

0 1.53 0 170
36.00 () 2.56 +0.30 118
50.20 (710) 3.48 +0.55 86
60.23 (7r13) 4.16 +1.05 73

is, a small fraction of the first order radiation is shifted to the higher order
lobes.

To the best of our knowledge, the two designed and characterized focusing
properties in this work, regarding the reference radius had been never studied
previously in acoustics SZP lenses, making this work a great contribution to the
field. Having these tunable properties will allow Fresnel lenses to be improved
and further research to be made, given their possible applications in situations
where better precision is required. For instance, the prospect of these results
are important in some medical applications, where depending on the tumor or
target area it is desirable either to have a finer focus, or an expansion of the
focus.
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Figure 3.4: Numerical results of the Intensity Level (in dB) along Z axis. Comparison
between classical SZP and SZP with reference radius ro that accomplish ro > rq for f = 250
kHz.
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Figure 3.5: Intensity the intensity referred to the incident intensity (I/Iinc) at the focus
(Z=4.78X) and two points of half intensity (FLHM). Red dashed line corresponds to Z=6.95A
and blue dotted line to Z=3.50\. The inset shows an I/I;,. map and the cut lines of FLHM
for a SZP with a reference radius of 7o = 50.20 mm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

24



Chapter 4

Design of Acoustical Bessel-Like
Beam Formation by a Pupil

Masked Soret Zone Plate Lens

Authors: Tarrazé-Serrano, D., Castineira-Ibdnez, S., Minin,
0. V., Candelas, P., Rubio, C., & Minin, 1. V.
Journal: Sensors
Year: 2019
Volume: 19(2)
Article number: 378
Impact Factor: 3.275
Rank (Instruments & Instrumentation): 15/64 (Q1/T1), JIF
77.344

4.1 Abstract

The image performance of acoustic and ultrasound sensors depends on several
fundamental parameters such as depth of focus or lateral resolution. There are
currently two different types of acoustic diffractive lenses: those that form a
diffraction-limited spot with a shallow depth of focus (zone plates) and lenses
that form an extended focus (quasi-Bessel beams). In this paper, we investigate
a pupil-masked Soret zone plate, which allows the tunability of a normalized
angular spectrum. It is shown that the depth of focus and the lateral resolution
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can be modified, without changing the lens structure, by choosing the size
of the pupil mask. This effect is based on the transformation of spherically-
converging waves into quasi-conical waves, due to the apodization of the central
part of the zone plate. The theoretical analysis is verified with both numerical
simulations and experimental measurements. A Soret zone plate immersed in
water with D/2F = 2.5 and F = 4.5\ changes its depth of focus from 2.84\ to
5.9\ and the lateral resolution increases from 0.81A to 0.64)\ at a frequency of
250 kHz, by modifying the pupil mask dimensions of the Soret zone plate.

4.2 Introduction

The necessity of manipulating waves has been one of the main objectives of the
scientific community. Lenses are devices that achieve, through different physi-
cal phenomena such as refraction or diffraction, beam focusing and modulating
effects. In the acoustic field, lenses have been developed for different areas such
as biomedicine, engineering, and industry. One of the reasons why lenses are
used in different fields is to reduce costs, since the use of lenses prevents the
manufacture of new transducers (Pignoli et al. 1986; Amemiya et al. 1997; Mc-
Cann and Forde 2001; Li et al. 2003; Albu et al. 2004; Illing et al. 2005; Vilkhu
et al. 2008; Schonbrun, Rinzler, and Crozier 2008; Hon et al. 2010; Calvo et al.
2015b; Tu, Chen, and Hwang 2016). Due to the interest that these lenses have
gained, their design and improvement is currently a research subject. One type
of acoustic lens changes the refractive index between media, known as gradient-
index lenses, using labyrinthine structures (Welter et al. 2011; Li et al. 2012;
Peng, Xiao, and Wu 2014). Phononic crystals (Cervera et al. 2001), acous-
tic metamaterials (Guenneau et al. 2007), and acoustic resonators (Molerén,
Serra-Garcia, and Daraio 2014) have also been used in the implementation of
acoustic lenses. Further, another type of acoustic lens, which is proposed to be
used in High Intensity Focused Ultrasound (HIFU) techniques, bases its design
on a double foci to maintain the aperture of a transducer while reducing the f-
number and the depth of focus. In this way, tissue coagulation can be induced
in a smaller volume (Jang and Chang 2016). It is also important to consider
the Side Lobe Level (SLL) parameter in ultrasound beamforming, because this
parameter influences the image resolution. Regarding this parameter, a new
type of lens called a super-oscillatory acoustic lens has been developed. This
type of lens is proposed for image diagnosis due to the fact that it can focus at
great distances and can minimize the SLL parameter, achieving an improved
resolution (Hyun et al. 2018).
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A Fresnel Zone Plate (FZP), as a simple example of an acoustic lens, has
been used in this study due to its dimension and its fabrication advantages
(Farnow and Auld 1974; O’Shea et al. 2004; Zhang, Yin, and Fang 2009).
FZPs are constructed alternating opaque and transparent acoustic rings and
use the diffraction phenomenon to modulate and focus acoustic waves. These
classic FZPs are also called Soret Zone Plates (SZPs) (Soret 1875). Calvo et al.
developed and characterized an SZP for underwater ultrasounds, alternating
opaque and transparent zones made of soft silicone rubber (Calvo et al. 2015a).
Results showed a main lobe widening, but also a small reduction on the first
side lobes. Other studies show that acoustic field diffraction produces a max-
imum pressure field along the longitudinal axis. Nonetheless, secondary lobes
can produce focal point resolution ambiguity (Bashford et al. 1997; Kanevsky
1977; Shimizu, Chubachi, and Kushibiki 1989).

In the ultrasound imaging technologies that require high resolution at the
focus, the -3 dB main lobe width (R,,;) and the Depth of Focus (DoF') are
the main factors that affect the quality of the image. In order to improve the
lateral resolution (Ry.;), it is necessary to increase the SLL, concentrating the
energy at the focus and increasing the resolution. SZP lenses have a reduced
DoF because they concentrate the energy in a much reduced zone along the
longitudinal axis (Minin and Minin 2008). This can be a drawback in some
applications, where a wider DoF' is required. Moreover, SLL is rather poor
in SZP lenses and could also be improved. For an arbitrary circular aperture
at the focus, simplified expressions for lateral resolution, Ry, and (DoF') are
given by (Born and Wolf 2013):

F
Ry = a/\fL = a\f* (4.1)

DoF = B\ (%)2 = BAf#? (4.2)

where « is the light gathering angle, 3 is light diffraction angle, A corresponds
to the wavelength, F is the focal length, D is the diameter of the lens, and f#
is the f-number, defined as the ratio of the focal length to the lens diameter.
The B parameter is typically two in these lenses (Born and Wolf 2013; Minin
and Minin 2004). Equation (4.1) is also valid in the focal area for a focused
lens with a high numerical aperture (Minin et al. 2007). One could see that
depending on the choice of frequency and f#, the lateral resolution can vary
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over several orders of magnitude. Combining Equations (4.1) and (4.2), a
relation between R;,; and DoF' is obtained:

Dok — 2Rz (4.3)

aZ)

If conventional lenses are used, it is impossible to increase the DoF and the
lateral resolution at the same time, as follows from Equation (4.3). For this
reason, many papers investigated acoustic Bessel beams. The central core spot
size of the Bessel beam is determined by the zeros of a Bessel function. If Bessel
beam-based lenses are used, DoF and R,;,; become independent parameters,
as shown in Equations (4.4) and (4.5).

2.4048 | 2.4048

= 4.4
lat kr )\ 27_[_6 ( )
D
DoF =7 = — 4.
o mazx 2tan6 ( 5)

Thus, the R;,; does not depend anymore on the lens diameter. On the other
hand, DoF' depends on the diameter of the lens and the diffraction angle
(McGloin and Dholakia 2005).

A flat acoustic lens with an aperiodical structure that transforms a divergent
beam into a Bessel-like beam has been reported in (Xu et al. 2017). Bessel
beams of sound waves have also been reported (Hsu, Margetan, and Thomp-
son 1989; Jian-Yu Lu and Greenleaf 1994). However, they are not as broadly
applied in acoustics as in optics, which is perhaps related to the lack of con-
venient formation techniques of such a kind of acoustic wave. Acoustic Bessel
beams have been excited using acoustical axicons (Katchadjian et al. 2010),
in analogy to the optical case. In any case, the most convenient way to form
acoustic Bessel beams is by using annular transducer arrays (Masuyama et al.
1999; Masuyama and Mizutani 2006). The formation of an acoustic Bessel-like
beam by using an axisymmetric grating of rigid tori was reported in (Jiménez
et al. 2014). It could be mentioned that if Babinet’s principle is considered,
both approaches (SZP and rigid tori scatterers) are considered equivalent.

This work is based on the study carried out by Minin et al. in the field of
electromagnetism (Minin and Minin 1990) (see Equation (4.7)). In that study,
a modification of the distribution of the energy at the focus was proposed.
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The authors showed that by choosing a reference radius smaller than the first
FZP radii, the SLL ratio was improved (Webb, Minin, and Minin 2007; Minin
and Minin 2011b). These results have been transferred to the ultrasonic field
(Tarrazo-Serrano et al. 2019). Besides, the concept of the reference radius was
independently used in acoustics (Clement, Nomura, and Kamakura 2015), but
without analyzing the image quality. When a reference radius is larger than
the first radii of the SZP equal to the equivalent design, this can be expressed
as an SZP lens with a pupil mask, with the radius length equal to the reference
radius (7).

The present work proposes and proves a new technique for acoustic quasi-
Bessel beam formation using a planar structure based on SZPs (Soret 1875)
by adding a Pupil mask to the SZP (PSZP). This PSZP presents an elongated
focus while improving the Rj,; simultaneously. Although SZPs in general and
PSZP in particular are designed for a specific operating frequency, it has been
demonstrated that SZP can also work at a range of different frequencies around
the design frequency. In this case, there is a linear dependence between the
focus location and the operation frequency (Fuster et al. 2017). Therefore,
they could be used for imaging and therapeutic applications. It can be affirmed
that, under specific conditions, part of a diffracted wave collimates, producing
an elongated focus. Numerical calculations using the Finite Element Method
(FEM) of acoustic waves propagating through such lenses were used to observe
the complete acoustic field.

4.3 Mathematical Method and Simulations

SZPs are based on ring sections known as Fresnel regions. The purpose of
the opaque rings is to block the destructive contributions to the focus. SZPs’
building parameters are the focal length (Fp), the number of Fresnel zones
(N), and the wavelength of the signal (A). The following equation provides
the Fresnel lens radii for plane wave incidence (Calvo et al. 2015a):

2
Ty = \/n)\FL + <n2/\> n=123..,N (4.6)

In order to design the size of the pupil, the reference radius (ry) has been
introduced in the construction equation of the Fresnel lens. This is arbitrarily
defined, taking into account that, from the point of view of geometrical optics,
the properties of the zone plate are not modified (Minin and Minin 1990).
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Nevertheless, this parameter is equivalent to modifying the reference phase in
the wave approximation (Minin and Minin 2011b) and introduces the quasi-
Fresnel radii concept. These radii are defined, for incident plane waves, by the
following equation:

NE
rn:\/n)\\/FLQ—l—r%—l—(T;) +r2n=1,23..N (4.7)

The study of the physical phenomena involved in the interaction between the
lenses and the wave front requires a mathematical model that considers the
boundary conditions of the problem. In the present work, FEM has been imple-
mented using the commercial software COMSOL Multiphysics (Multiphysics
2012) to calculate the acoustic pressure distribution. This method generates a
numerical solution by discretizing the model and solving the Helmholtz partial
differential equation:

V- (-r) - L2 (48)

Po poc?

where pg is the host medium density, ¢ is the ultrasound velocity, w is the angu-
lar frequency, and p is the acoustic pressure. One of the problems with the use
of FEM, is the extensive usage of memory resources, and axisymmetric models
have been considered to optimize these limitations. The axisymmetric model
takes into account the problem geometry, simplifying the model and reducing
the computational time. Underwater transmission was considered with sound
speed propagation (¢ = 1500 m/s) and water density (p, = 1000 kg/m?). The
wavelength of the signal (\) was 6 mm, which corresponds to a design fre-
quency (f) of 250 kHz. This A has been selected to ease the mechanization of
the lenses in the experimental setup. Lenses have been modeled as fully rigid
considering the Neumann condition, which specifies that the sound velocity at
the boundary was zero. The exterior contours of the model emulate the Som-
merfeld condition. This boundary condition avoids internal reflections. Mesh
geometry was fixed in triangles with a minimum element size of A\/14 and a
maximum element size of A\/8 to prevent numerical dispersion.

In the current paper, lenses with high numerical aperture (NA) have been
selected (NA= 1/2f# = D/2FL = 2.5). The focusing profile of this device
(Fr, = 4.5)\) presents a very compact beam with a short working distance.
Figure 4.1 shows the normalized intensity maps and the axial focusing pro-
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files for an SZP and a PSZP. Axes have been normalized with respect to the
wavelength.
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Figure 4.1: Self-normalized intensity maps to the maximum with the R-axis and the Z-axis
normalized to A for (a) a Soret Zone Plate (SZP) and (b) an SZP with amplitude Pupil mask
(PSZP). Normalized intensity level focus transversal cuts from intensity maps (red dashed
line) are compared to the Bessel J¢ function (black solid line) for (c) SZP and (d) PSZP.

It can be observed from Figure 4.1a,b that the SZP and PSZP lenses present fo-
cusing profiles with different focal lengths and shapes. As expected, the PSZP
has a more extensive focus area (larger DoF’') than the SZP. Moreover, the
PSZP has a characteristic structure similar to quasi-Bessel beams with inten-
sity profiles that closely resemble the ideal J3 transverse-intensity distribution
of Bessel beams (Figure 4.1d), while SZP does not show this behavior.

The normalized intensity distributions along the longitudinal axis (Z-axis) and
the radial axis (R-axis) are presented in Figure 4.2. It can be observed that
a maximum normalized intensity value is obtained in the SZP case, the PSZP
maximum value being equal to 0.76.
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Figure 4.2: Numerical normalized intensity results for (a) the R-axis cut and (b) the Z-axis
cut. The black solid line corresponds to classical Soret Zone Plate (SZP). The dashed-dotted
red line corresponds to the amplitude pupil masked Soret Zone Plate (PSZP). Black and red
arrows mark the DoF and R4 limits for SZP and PSZP, respectively.

Table 4.1 shows DoF' at -3 dB and R;,, at -3 dB for both SZP and PSZP
lenses. As can been observed from Table 4.1, DoF' in PSZP is larger than in a
classical SZP, while the resolution for point objects in the PSZP is better since
the central maximum is narrower and it has a little more energy in the outer
rings of the diffraction pattern compared to the central maximum. Therefore,
the PSZP generates quasi-Bessel beams increasing the DoF' and reducing the
diameter of the central spot when the pupil mask becomes larger. It is worth
mentioning that a paraxial study of this phenomenon in the optical field was
performed (Born and Wolf 2013). In the PSZP case, when the pupil becomes
larger and more Fresnel zones are covered, the focus sharpens further in the
radial direction, and the relative side lobe intensity is increased. Thus, the
central zones play an important role in reducing the SLL, while the outer zones
cause the central peak to sharpen. The diameter of the central maximum at
the focal spot is less than the equivalent Airy disk. The DoF at -3 dB is the
Full Length Half Maximum (FLHM) in the longitudinal axis, while R;,; at -3
dB is equivalent to the FLHM along the transverse axis.

The effects of extended DoF' with a quasi-Bessel structure for PSZP may be
described (to simplify the problem) as presented in Figure 4.3. The SZP lens
consists of concentric dielectric rings, which can be treated as quasi-periodic
gratings with different local grating constants at different radii. For single-
point focusing, the normal incident wave is diffracted towards the designed
focal point by these local gratings. The diffraction angles corresponds to the
different radii and ensure the formation of a focal spot (Figure 4.3a). The

32



4.3 Mathematical Method and Simulations

Table 4.1: Numerical values of Side Lobe Level (SLL) and Full Width Half Maximum
(FWHM) for different values of the reference radius. Note that o = 0 corresponds to SZP
and the FWHM is obtained along R-axis.

DoF at -3 dB (\) Ry at -3 dB ()

SZp 2.84 0.81
PSZPp 5.94 0.64
Bessel J¢ - 0.64

normalized radial spatial frequency k,/k is related to the angle 8 as k,./k =
sin 8, where k, is the radial component of the wave vector k and ( is the angle
between the wave vector and the longitudinal axis. For an ideal Bessel beam,
the values of k, and B are the same for all contributions. The range of the
diffraction angle corresponds to the normalized angular spectrum bandwidth.

Figure 4.3: Beam formation scheme of (a) SZP and (b) PSZP.

A PSZP can also be described as diffraction gratings because the Fresnel zones’
widths are almost identical. Thus, the local gratings diffract the incident waves
towards different points on the longitudinal axis for a small range of diffraction
angles (Figure 4.3b). The interference pattern is a 2D Bessel function of the
first kind, located at the focal distance. Therefore, the local grating constant
d(r) at radius r can be obtained using the grating equation, d(r)sin f(r) = A,
where A is the incident wavelength. Thus, the original SZP angular spectrum
is controlled by the pupil mask size. It should be noted that the acoustic lens
is immersed in water, producing a compressed angular spectrum according to
the refractive index of a medium.

The focused wave is diffracted from the outer rings, and the first-order diffrac-
tion beams form the acoustical needle, which is similar to the formation of a
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quasi-non-diffracting beam with conical lenses. It should be noted that in the
optical case, the pupil mask method was used to block the light in the point-
focusing super-oscillatory lens to achieve a DoF as high as 5\ to 20\. However,
the achieving of such an extended DoF was at the expense of a degradation
in the focus lateral resolution (Qin et al. 2015; Roy et al. 2014).

4.4 Experimental Results

The purpose of this work is to prove that an SZP with a Pupil mask (PSZP)
is able to increase the DoF’, reducing at the same time the R,;,;. To carry out
the implementation of both lenses, Equation (4.6) and Equation (4.7) have
been considered for SZP and PSZP, respectively. The material selected for
their construction was brass due to its low transmission coefficient. A reduced
transmission factor allowed the lens rings to behave as a material opaque to
sound. The SZP was mechanized applying construction conditions previously
mentioned (Figure 4.4a). To construct the PSZP, Equation (4.7), which intro-
duces the reference radius (rg), was applied. The selected 7, corresponds to
the pupil radius, which blocked three Fresnel zones. As shown in Figure 4.4b,
to ease the mechanization procedure, the PSZP was not built in two different
parts (lens and pupil mask). Instead, the PSZP was mechanized as a single
piece including the radius pupil ry, which blocked three Fresnel zones.

(a)

Pupil Mask

Figure 4.4: Implemented lenses in brass for the experimental results; where (a) corresponds
to the experimental classical Soret Zone Plate (SZP) and (b) corresponds to the implemented
Pupil masked Soret Zone Plate (PSZP).

All measures were done using an automated full-precision measurement system
in order to validate and compare both lenses. This system consisted of a fixed
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ultrasonic transducer and a 3D positioned hydrophone (Rubio et al. 2017),
which granted precise and reliable results with 1 x 1 mm? scanning. The
transducer used in this experiment was a 250 kHz Imasonic piston with 32 mm
of active diameter, and the needle hydrophone was an MPM1/1 from Precision
Acoustic Ltd. made of polyvinylidene fluoride with a diameter of 1.5 mm. A
flat transfer function between 0.2 and 15 MHz provided the accuracy of the
measurements.

Figure 4.5 shows the experimental self-normalized intensity maps for the SZP
lens (Figure 5a) and the PSZP lens (Figure 4.5b). It can be seen that the pupil
mask effect elongated the focus due to the diffraction grating lens behavior. In
the SZP lens, as shown in Figure 4.5a, the focus was located at the designed
Fy. In the PSZP case, the maximum energy was located at the same F}, as in
the SZP case, but the energy was distributed along the longitudinal axis with
a needle shape. The PSZP focused beam was also narrowed with respect to
the SZP case.

0.9
08
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0.4
03
0.2

0.1

Figure 4.5: Experimental self-normalized intensity map results for the implemented lenses;
where (a) corresponds to the experimental classical Soret Zone Plate (SZP) and (b) corre-
sponds to the implemented Pupil masked Soret Zone Plate (PSZP).

The longitudinal and axial cuts for both lenses were obtained from intensity
maps. The intensity cuts were normalized with respect to the maximum value
and are shown in Figure 4.6 in order to highlight the differences in levels and
energy distribution in both lenses. Figure 4.6a corresponds to the radial or
R-axis cut. It can be observed that the decreasing of the secondary lobes was
more similar to a Bessel function in the PSZP case than in the SZP case.
Figure 4.6b corresponds to the longitudinal cuts of both lenses along the Z-
axis. Here, it can be observed that the pupil mask generated a longitudinal
energy distribution as opposed to the SZP behavior.
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0

Figure 4.6: Experimental normalized intensity results for both implemented lenses. The
axial and longitudinal axis are shown, where (a) corresponds to the R-axis cuts and (b)
corresponds to the Z-axis cuts at the F, position

Table 4.2 shows the experimental data obtained for the DoF at -3 dB and R,
at -3 dB for both lenses. When DoF' values were compared, an increase of
2.21\ was observed. Therefore, an expansion of the focus in the longitudinal
axis was achieved. In the case of the R4, the PSZP achieved a narrower beam.
The use of the pupil mask increased the resolution by 0.12)\. By comparing
experimental and numerical values (see Table 4.1 and Table 4.2), it can be
observed that there was a good agreement between them. The discrepancies
found between Figure 4.2 and Figure 4.6 could be explained by the fact that the
ultrasound transducer did not emit plane waves. In such a way, the wavefront
arriving at the lens was not a completely plane wave.

Table 4.2: DoF at -3 dB and R, at -3 dB, comparison of the experimental results.

DoF at -3 dB (\) Ry at -3 dB (\)

Experimental SZP 3.51 0.79
Experimental PSZP 5.72 0.67
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4.5 Conclusions

In this work, we have proposed an improvement over a classical SZP intro-
ducing a pupil mask. The design of a quasi-non-diffracting beam with a sub-
wavelength transverse size was achieved using a PSZP. This design has been
verified using numerical models and experimental measurements in controlled
conditions. When an amplitude pupil mask was used, a quasi-Bessel beam was
obtained instead of a diffraction spot focus. This effect was produced by mod-
ifying the spherically-converging waves into quasi-conical waves. Therefore, a
quasi-Bessel beam distribution was obtained when a PSZP was used.

With the PSZP proposed in this paper, a spatial resolution enhancement from
0.81X to 0.64X was accomplished. In addition, DoF increased from 2.84)\ to
5.94)\ compared with the classical SZP. The experimental results were in good
agreement with the numerical simulations. The obtained results allowed the
modulation of the acoustic beam without modifying the lens. Therefore, the
same SZP could be used for different targets by changing the pupil mask, and
these results confer great versatility to SZP lenses. This type of PSZP has
applications in different areas where a compromise between DoF and lateral
resolution is required. As an example, in 3D imaging, ultrasonic sensors with
a long depth of focus eliminate the need for depth scanning, making this tech-
nique considerably faster.
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5.1 Abstract

In acoustical lenses both resolution and depth of focus are determined by
diffraction and the smaller the lens aperture the worse the resolution and the
greater the depth of focus. Diffraction-limited resolution has a Soret Zone
Plate, but a long depth of focus has an axicon. Nevertheless, these are two
different devices each of which requires its own independent design. In this
paper, we have shown that the transition from focusing to a diffraction limited
spot to a quasi-diffraction free beam can be realized in the same focusing device
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without changing its topology. It has been shown that using a classical planar
Soret Zone Plate lens made of a concentric array of circular aperiodical rings
with an amplitude pupil mask placed closely to the surface of lens allows to
form a quasi-Bessel beams under specific conditions, part of a diffracted wave
collimates, producing an elongated focus. Experiments were performed in wa-
ter tanks in order to verify the simulation results. Experimental verification
shown that the depth of focus of a pupil-masked Soret Zone Plate increases
1.63 times and resolution increases 1.2 times (with minimal beam waist about
of 0.67 of wavelength and depth of focus about 5.72 of wavelength). By dy-
namically controlling the size of the amplitude pupil mask, it is possible to
quickly control the depth of focus of an acoustic lens.

5.2 Introduction

Different ways for focusing and modulation of wavefronts have been researched
by scientist and engineers because of its possibilities and applications in differ-
ent physic areas. The applications of ultrasonic sensors are very varied ranging
from their use to verify trees in poor condition, being a non-invasive technique
(Goh et al. 2018), even to produce microfluidic movement by means of slightly
focused acoustic waves (Zhu and Kim 1998). Zone Plates are one of these de-
vices based on both refraction and diffraction mechanisms which can achieve
wave focusing.

Zone Plates, which consist of alternating opaque and transparent Soret Zone
Plates (SZP) or phase reversal Fresnel Zone Plates (FZP) rings (Rayleigh 1899;
Soret 1875; Wood 1898; Fresnel 1996), are based on the diffraction phenomenon
to modulate and focus acoustic waves, and as a simple example of acoustic
lens has a long history (Yamada and Shimizu 1982; Yamada and Shimizu
1991; Farnow and Auld 1974) Acoustic Zone Plates have been used in different
applications due to their flat surface, dimension and fabrication advantages
(Schonbrun, Rinzler, and Crozier 2008; Amemiya et al. 1997; Minin and Minin
2011a). For example, self-focused acoustic ejectors using the double Fresnel
Zone Plate were investigated (Hon et al. 2010). SZP for underwater ultra-
sounds alternating opaque and transparent zones made of soft silicone rubber
was developed (Calvo et al. 2015b; Calvo et al. 2015a). Results had shown
a main lobe widening but also, a small reduction of the first Side Lobe Level
(SLL). Zone plate with fractal structures was studied (Castineira-Ibanez et al.
2016). Acoustic Zone Plate lenses with extraordinary transmission based on
Fabry-Perot resonances were investigated (Molerén, Serra-Garcia, and Daraio
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2014). Modification of Zone Plate, which operates with piston emitters, was
studied (Pérez-Lopez et al. 2018).

However, relative small Depth of Focus (DoF’) is one of the problems that
SZP lenses have. To increase the depth of focus and spatial resolution many
papers investigated so-called acoustic Bessel beams due to the central core spot
size of the Bessel beam, which is defined from the properties of the zeros of a
Bessel function. For example, with the help of an axicon, it is possible to form
a Bessel beam of zero order (Kalosha and Golub 2007), whose central spot
diameter at the half-wave intensity (Full Width at Half Maximum, FWHM) is
equal to:

0.36A

FWHM, =
WHM, NA

(5.1)

The resulting focusing spot will be about 30% smaller than the size of the Airy
disk, formed by a lens with the same numerical aperture (NA):

0.36\

FWHM, = NA

(5.2)

Stratton originally proposed these Bessel beams in 1941 (Stratton 2007). Acous-
tic Bessel beams have been excited using refractive acoustical axicons (Burck-
hardt, Hoffmann, and Grandchamp 1973; Nagai and lizuka 1982), in analogy
to the optical case. Bessel beams of sound waves were also reported (Hsu, Mar-
getan, and Thompson 1989; Katchadjian et al. 2010) and have been studied
for realization with two-dimensional acoustic arrays (Jian-Yu Lu and Greenleaf
1994). In contrast to refractive axicon, diffractive flat axicon (Dyson 1958) has
the same advantages as a flat Soret or Fresnel Zone Plates.

For example, a flat acoustic lens with aperiodical structure to transform a
divergent beam into a Bessel like beam was reported (Xu et al. 2017). However,
the most convenient way to form acoustic Bessel beams is by using annular
transducer arrays (Jian-Yu Lu and Greenleaf 1994; Masuyama et al. 1999).
Recently, the acoustic Bessel-like beam by means of an axisymmetric periodical
grating of rigid tori was also reported (Jiménez et al. 2014), but it could be
mentioned if Babinet’s principle (Babinet 1837) is considered, both approaches
(SZP and rigid tori scatterers) are considered equivalent. Thus, today acoustic
diffraction flat lenses and axicon are successfully used in different applications.
Nevertheless, these are two different devices each of which requires its own
independent design.
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In this paper, we propose and demonstrate that the transition from focus-
ing to a diffraction-limited spot (lens with aperiodical structure) to a quasi-
diffraction-free beam (axicon with periodical structure) can be realized in the
same focusing device without changing its topology. We show a technique
for acoustic Bessel-like beam formation using a classical planar Soret Zone
Plate lens made of concentric array of circular aperiodical rings with ampli-
tude pupil mask placed closely the surface of SZP. We show that, under specific
conditions, part of a diffracted wave collimates, producing an elongated focus.
Numerical calculations using Finite Element Method (FEM) of acoustic waves
propagating through such a lens were used to observe the complete acoustic
field. Finally, the experimental verification of quasi-Bessel beam formation by
two type of SZPs is reported.

5.3 Methodology

To simplify the problem without loss of generality, geometrical optics interpre-
tation is considered (Figure 5.1).
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Figure 5.1: Ray-tracing for SZP (a) and PSZP (b). Combination of pupil-mask and SZP
(©).

As it well-known binary SZP lens consists of concentric ring, which can be
treated as a quasi-periodic grating with different local grating constants at dif-
ferent radii. For point focusing, the normal incident wave is diffracted towards
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the designed focal point by these local gratings. The diffraction angles change
in order to ensure the formation of a focal spot (Figure 5.1a). In this content
SZP with pupil mask (PSZP) may be also considered as ring gratings because
of the widths of transparent zones are almost constant while the pupil is block-
ing a central part of SZP. Thus, the local gratings diffract the incident waves
towards different points on the optical axis with a small range of diffraction
angle (Figure 5.1b).

For axicon (Dyson 1958) due to the diffraction angle () of the ring grating
and the grating period (P) are related by the Bragg’s law: (Bragg and L.
1913) P - sin(f) = mA, where m is the diffraction order and A is the incident
wavelength of acoustic wave, it produces Bessel beam. In the case of SZP with
pupil mask, whose local periods P; are not regular, we block those rings that
can not be considered as periodic, and we may write that local P; = Ar;, where
Ar; is a width of i-th transparent zone and due to Ar; is almost constant, and
thus diffraction angles (6;) also almost constant, such pupil-masked SZP also
will produce a quasi-Bessel beams.

When choosing the size of the pupil mask there is a compromise. On the one
hand, the period and size of the slits should be as close to the periodic as
possible. On the other hand, it is necessary to leave as many zones as possible
on a fixed diameter of the lens in order to provide a sufficient length of focus.
We settled on the criterion when the differences between neighboring zone
width (Ar;11 + Ar;) is less than the A/5 (Figure 5.2).

To verify the above-mentioned idea and simulate the acoustic pressure dis-
tribution in axisymmetric models of SZP we used the commercial software
COMSOL Multiphysics with FEM method (Multiphysics 2012). Underwater
transmission is considered with typical water values of sound speed propaga-
tion (¢ = 1500 m/s) and density (p = 1000 kg/m?). Design frequency (f)
is 250 kHz, therefore wavelength (\) is 6 mm. Lenses were defined full rigid
considering Neumann condition. Mesh geometry was selected in triangles with
minimum element size of A\/14 and maximum element size of A/8 to prevent
numerical dispersion.

The SZP lenses with high NA = 2.5 was selected (the NA is determined by
both the diameter of the lens and the specified primary focal length as NA
= D/2F};) due to focusing of this device with F;, = 4.5\ leads to a very
compact beam with a short working distance. It could be noted that we can’t
use the well-known equations for NA due to small focal distance where the
paraxial approximations are not valid. Analysis of the simulations shown that
the focused field in the cases of PSZP (Figure 5.3b) insted of classical SZP
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Figure 5.2: Zone width vs. number of transparent zones for different NA varying of focal
length. Dash-dotted line is located at the value where the difference of zone width is less
than A\/5.

(Figure 5.3a) has a characterisic structure for quasi-Bessel beams with intensity
profiles that closely resemble the ideal J3 transverse-intensity distribution of
Bessel beams (see the inset in Figure 5.3b). FWHMs for these acoustical lenses
are as follows: SZP 0.84)\, Bessel beams 0.64\. Accordingly, the DoF's are:
for SZP 2.84X and for PSZP 5.94 ).

5.4 Experimental Results

In order to carry out the experimental measurements, the SZPs were imple-
mented in brass using a mechanization process. The material selected for its
construction is brass because it has a relatively low transmission coefficient
and behaves as an opaque sound material as shown in Figure 5.4. All the
measures were done using an automated full precision measurement system in
order to validate and compare the proposed lenses. This system consists of a
fixed ultrasonic transducer and a 3D positioned hydrophone (Rubio et al. 2017)
as shown in Figure 5.4. This system grants precise and reliable results with
1 mm X 1 mm scanning. The transducer used is a 250 kHz Imasonic piston
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Figure 5.3: Acoustic intensity distributions near the focus of SZP (a) and PSZP (b).
Inset in (b) shows axial comparison between J§(black) and pupil mask (dashed line). (For
interpretation of the references to color in text/this figure legend, the reader is referred to
the web version of the article.)

with 32 mm of active diameter and the needle hydrophone is a MPM1/1 from
Precision Acoustic Ltd. made of polyvinylidene fluoride with a diameter of 1.5
mm.

To ensure the far field condition, the distance between the transducer and the
Zone Plate Lens was 0.4 m. Flat transfer function between 0.2 and 15 MHz
provides accuracy on the measurements. Figure 5.5 shows the normalized by
the maximum intensity planes for SZP and PSZP respectively. Experimen-
tal results are in good agreement with the numerical predictions. As it seen
from the Figure 5.5b, the consideration of a ppil mask generates a distribution
of energy along the longitudinal axis narrowing the beam and generating a
quasi-Bessel beam distribution. Analysis of simulations and experimental in-
vestigations show that by adding an amplitude pupil mask shielding the central
part of the lens, the focusing properties of the Soret lens dramatically change
the field structure in the focusing region becomes close to the Bessel beam.

Experimental verification confirm that the depth of focus increase to 1.63 times
and resolution increase to 1.2 times (with minimal beam waist about of 0.67\
and depth of focus about 5.72)). It could be noted that in optical band
central pupil mask method was used to block the light through the central
part in the point-focusing super-oscillatory lenses to achieve a DoF more than
5\; however, the realization of such an extended DoF' was at the expense of
degradation in the focus transverse size (Roy et al. 2014; Qin et al. 2015).
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Figure 5.4: Experimental set-up. Assembly placed in a water tank for using the ultrasonic
immersion transmission technique.

5.5 Conclusion

In this paper, it is shown that the focusing properties of an acoustic binary
Zone Plate can be controlled without changing the structure of the zones by
introducing an amplitude pupil mask. In this case, diffraction by a quasi-
periodic ring lattice formed by peripheral Fresnel zones leads to the formation
of an elongated focus corresponding to the structure of a quasi-Bessel beam.
The depth of focus is determined by both the size of the pupil mask and the
diameter of the acoustic lens. Therefore, circular gratings based on pupil-
masked SZP, will enable an intense quasi-Bessel beam with diffraction limit
waist and much extended DoF. By dynamically changing the size of the
amplitude pupil mask, it is possible to quickly control the depth of focus of
the acoustic Soret lens.

Experimental verification shows that the depth of field increases to 1.63 times
and resolution increase to 1.2 times (with minimal beam waist about of 0.67\
and depth of focus about 5.72)\). Such systems can find wide application
in nondestructive devices, acoustic microscopy, imaging systems and control
of nano and micro particles. The extremely easy generation of these beams
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Figure 5.5: Experimental normalized by the maximum intensity 3D planes for (a) SZP and
(b) PSZP.

using pupil binary mask proposed here can handle high wave powers, thus is
particularly suitable for applications in plasma channel generation, nonlinear
optics, and X-ray or microwave beam manipulation. Moreover, this approach
can also be directly applied to light and matter waves.
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6.1 Abstract

Zone plate lenses are used in many areas of physics where planar geometry
is advantageous in comparison with conventional curved lenses. There are
several types of zone plate lenses, such as the well-known Fresnel zone plates
(FZPs) or the more recent fractal and Fibonacci zone plates. The selection
of the lens material plays a very important role in beam modulation control.
This work presents a comparison between FZPs made from different materials
in the ultrasonic range in order to use them as Magnetic Resonance Imaging
(MRI) compatible materials. Three different MRI compatible polymers are
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considered: Acrylonitrile butadiene styrene (ABS), polymethyl methacrylate
(PMMA) and polylactic acid (PLA). Numerical simulations based on finite
elements method (FEM) and experimental results are shown. The focusing
capabilities of brass lenses and polymer zone plate lenses are compared.

6.2 Introduction

The development of modulating and focusing energy systems has been a field
of study of great interest for scientist and engineers. The lens is a devices that
is able to perform this energy modulation. Lenses allow beam forming, control
propagation and focusing the energy that impinges on them. These effects are
produced by refractive and diffractive phenomena. Transmission efficiency is
one of the most important aspects, particularly when low impedance contrast
is presented between the lens and the host medium. Due to the wide versatility
of the lenses, they have been used in different areas. For example, they have
been applied in sonochemistry (Li et al. 2003) , construction (McCann and
Forde 2001) and the pharmaceutical industry (Albu et al. 2004).

The acoustic lenses, depending on the physics involved in the beam formation,
can be divided into different groups, including refractive lenses and diffractive
lenses. One example of lenses based on the refraction phenomenon are sonic
crystal lenses made of periodic distributions of rigid cylinders (Cervera et al.
2001). Due to the subsonic sound speed inside the crystal, these lenses act
similar to those in optical systems. Another example of this typology of acous-
tic lenses are those which modify the refractive index using labyrinths. These
type of lenses are the so-called Gradient-Index lenses (Li et al. 2012; Welter
et al. 2011; Peng, Xiao, and Wu 2014).

The other subtype of lenses, based on the diffractive phenomenon, conducts its
behavior on the constructive interferences of the pressure field. An example of
these types of lenses is the fractal lenses, which are able to generate different
foci depending on their fractal geometrical properties (Castineira-Ibanez et al.
2018). Fresnel Zone Plates (FZP) have an improved focusing capacity. Among
the different ways to implement FZPs, one of the most common and easiest is
to alternate transparent and blocking zones, which results in a Soret type FZP
(Soret 1875). To obtain these blocking areas, materials that are opaque to
sound are required. This fact is accomplished by selecting materials that have
a high impedance contrast with the host medium. There are studies that have
implemented Soret FZP (SZP) by ultrasounds based on these type of lenses
(Calvo et al. 2015a).
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A material that has a high impedance with respect to water and that allows
for the creation of opaque zones to achieve a Soret type lens is brass. However,
this type of material has limitations, especially when used in fields such as
bioengineering. The use of acoustic lenses in medicine for high intensity focused
ultrasounds (HIFU) treatment is one of the current lines of research. Magnetic
Resonance Imaging (MRI) is the technique that is most used for guiding HIFU
treatment (McDannold et al. 1998).

MRI is a technique used for soft tissue structure imaging in a non-invasive way.
The image is obtained by aligning and relaxing the magnetic moments of the
atoms of the introduced elements in the MRI. Tissues are exposed to a strong
external time-independent magnetic field. Thus, metallic elements cannot be
introduced in the resonance zone due to their interference in the image and
because they could damage MRI-systems. To avoid interaction with the elec-
tromagnetic field, non-metallic materials should be used in the construction of
lenses. One of these materials is polylactic acid (PLA) (Drumright, Gruber,
and Henton 2000). The MRI environment requires materials such as PLA for
medical instruments and patient supports. Recently, PLA has been used for
this purpose and its reliability has been shown (Herrmann et al. 2014). The
HIFU transducer is embedded within a specially designed table that fits into
the MRI device. This integrated system, has a degassed water bath where the
transducer is located. The patient lies over this system on (Kohler et al. 2009).
Although the transducer and the lens must be immersed in this water bath,
degradation of the PLA will occur over long-term immersion. PLA degrades in
water after a period ranging from months to a year (Rocca-Smith et al. 2017).
Therefore it must be taken into account that, in MRI systems, the lens and the
transducer are not permanently submerged. After 20 to 25 min, the system
is extracted from the water bath, and for this reason, the time of degradation
due to being immersed in water can be prolonged considerably.

In this work, three lenses with three types of compatible materials with MRI en-
vironments are compared. In this sense, acrylonitrile butadiene styrene (ABS),
polymethyl methacrylate (PMMA) and polylactic acid (PLA) materials are
used. Furthermore, a SZP built in brass is compared. Although, this material
is not MRI compatible, it is the nearest to the ideal SZP that can be imple-
mented in real projects. In the comparison, a not compatible with MRI lens
built in brass and an ideal Soret lens will be added. Results are obtained and
compared both numerically and experimentally. Numerical results have been
obtained using the commercial software COMSOL Multiphysics 4.3a by COM-
SOL Inc. (Sweden) (Multiphysics 2012). In this work, it has been verified that
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the ratio of the transmission capacity that is related to the ratio of impedances
of the medium and the lens, directly influences the focusing capacity.

6.3 Methodology and Theoretical Analysis

Fresnel zone plates are circular concentric structures, which are known as Fres-
nel regions. Every consecutive region has a 7 phase shift between them. This
fact makes a coherent contribution to obtain high intensity levels at focal length
(F'.), which is the location in the axial coordinate where the focus is placed.
The number of Fresnel regions is defined as N, this includes both opaque and
transparent acoustic sections. The working frequency is defined as f and radial
distances (r,,) of each Fresnel zone can be obtained using Equation (6.1) valid

for plane wave incidence.
A\ 2
r, = \/n)\FL + (2) (6.1)

In this work, underwater transmission is considered and lenses are designed
for ultrasound applications. Therefore, piston sources have to be considered
when FZPs are implemented. Due to spherical wave incidence consideration,
Equation (6.2) has been used where d is the separation between the point
source and the lens.

ni
d+FL+7=\/d2+r%+\/F£+T3 (6.2)

The acoustic wave has to propagate through the host medium, then cross Fres-
nel regions and afterwards continue through the host medium. A three-layer
configuration has to be considered (Figure 6.1). Acoustic impedance (Z) is
defined as the product of the medium density (p) and the sound propagation
velocity (c) in it. Therefore, it is necessary to consider the input (Z;,) and out-
put (Z,,:) acoustic impedance and the transmission pressure coefficients must
be calculated (¢). This coefficient is a clear indicator of the blocking capacity of
the elements of the FZP. Hence, t is defined as the relation between the trans-
mitted field and the incident field. Density (p), sound propagation velocity (c)
and acoustic impedance (Z,,,;) values have been shown in Table 6.1 . Using
these values in Equation (6.3), Z;,, could be obtained (Kinsler et al. 1999).
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Zout + jZmat tan kmatd

Zin = Zma -
! Zmat + ]Zout tan kmatd

(6.3)

Where k,, is the wave number, defined as k,, = w/c. Considering w = 27/ f.
Once Z;,, is obtained, reflection coefficient is defined in Equation (6.4).
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Figure 6.1: Transmission diagram of the implemented lenses.

The equation that relates the field balance as a function of the impedance
and reflection coefficient of the system is defined in Equation (6.5) and gives t
values depending on the material.
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Table 6.1: Density and sound speed values. Acrylonitrile butadiene styrene (ABS), poly-
lactic acid (PLA), and polymethyl methacrylate (PMMA).

Material p (kg/m?®) ¢ (m/s) Zpar (Rayls) Zpat/Zwater

ABS 1050 2250 2.4-10° 1.58
PLA 1240 2220 2.8-10° 1.84
PMMA 2690 1191 3.2:106 2.14
Brass 8400 4700 39.5-10° 26.32
PLA-Air-PLA 398 944 3.6-10° 0.25

Considering the transmission coefficient values obtained (0.23 for brass, 0.51
for PLA-Air-PLA and more than 0.95 for ABS, PLA and PMMA), it can be
affirmed that full implemented MRI compatible material lenses will focus less
energy at the Fj if it is compared to brass FZP or ideal SZP. Therefore, one
solution is proposed to obtain the desired impedance contrast. A FZP that
includes an air chamber inside the structure has been implemented by using a
3D-printer. Thus, both lenses, full-PLA and air-chamber, have been compared.

6.3.1 Numerical Model

The finite elements method (FEM) was used to obtain a numerical solution
of the physical problem. The finite elements method allows us to study the
physical phenomena involved in the interaction of waves with FZPs. There-
fore, a mathematical model that replicates the conditions of the problem was
implemented. This method also allows us to determine the pressure distri-
bution of the diffracted fields generated by the FZP when there is a piston
emitter, causing interference phenomena. From the mesh generated by FEM,
a partial differential equation solution was obtained for each node (Zienkiewicz
et al. 1977). In this case, acoustic Helmholtz equation is considered (Equa-
tion (6.6)). To solve the Helmholtz equation, standard values of water such
as density of the medium (p = 1000 kg/m?) and sound propagation velocity
(¢ = 1500 m/s) have been considered. The working frequency of the FZPs
was 250 kHz and it can be found by its relation with the angular velocity (w).
Finally, p corresponds to the acoustic pressure.
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If a 3D model is considered, this will require high computational resources.
To simplify the model and reduce this computational cost, as shown in pre-
vious works (Castineira-Ibafiez et al. 2016; Tarrazo-Serrano et al. 2019), the
geometrical properties of the model were used taking advantage of its axisym-
metry. Therefore, the model was simplified by implementing a semi-lens only.
A complete solution is obtained by rotating it from its symmetry axis. This
procedure achieves a reduction of the degrees of freedom necessary to obtain
the results of the numerical simulation and thus significantly diminishing the
calculation time.

The boundary conditions defined in the numerical models were explained below
as seen in Figure 6.2. The contours of the model were defined as wave radiation
condition boundary to emulate an infinitely large medium and therefore the
Sommerfeld condition was satisfied. Acoustic impedance domain definition
were used for all opaque Fresnel regions for each lens. In the case of the
SZP lens, the contours were considered infinitely rigid, applying the Neumann
condition (the sound velocity in the contour is zero).
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Figure 6.2: Scheme of the finite element method (FEM) conditions.
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6.4 Experimental Set-Up

It is required to validate the results obtained from the theoretical models with
other solutions such as numerical models and experimental measurements. In
this sense, obtaining experimental results is fundamental to validate the nu-
merical models. A complex measurement and acquisition system is needed to
perform the experiments given the technical difficulties to control the under-
water devices. The Center for Physics Technologies: Acoustics, Materials and
Astrophysics of the Universitat Politécnica de Valéncia has a robotized and
automated system for high precision ultrasound measurements. The robot is
built based on the size of the immersion tank where the tests and experiments
are carried out, which contains distilled and degassed water, with dimensions
of 0.5 m wide by 0.5 m high by 1 m long. These dimensions suppose that the
immersion tank must contain around 200 L of distilled water to be functional,
and allow both transducers and devices to be completely submerged, and avoid
reflections due to the impedance changes produced by the change medium.

The measurement system is composed by a fixed emitter and a hydrophone
coupled to the robotic system. This system obtains reliable and precise re-
sults that allow for the evaluation of the acoustic phenomena involved in these
types of lenses. A plane immersion piston transducer built by Imasonic with
250 kHz of central working frequency and an active diameter of 32 mm has
been used as the emitter. Also, a Precision Acoustics hydrophone, model 1.0
mm Needle Hydrophone is used as the receiver. This hydrophone is capable
of measuring high frequencies, even if they have a very weak signal level. The
sensitivity of the hydrophone is 850 nV /Pa (-241.4 dB 1/uPa) with a tolerance
of +3 dB. The frequency response is flat +2 dB between 3 and 12 MHz and
+4 dB between 200 kHz and 15 MHz. The bandwidth ranges from 5 kHz to 15
MHz. Figure 6.3 shows an experimental set-up in a measurement. Two types
of different configurations are used to generate and amplify the signals. The
first one is to use an external function generator connected to a high power
amplifier. The second configuration is to use a pulse generator (5077PR of
Panametrics) with integrated amplifier. This generator and amplifier allows
generating pulses with frequencies between 100 kHz and 20 MHz, a pulse rep-
etition frequency (PRF) from 100 Hz to 5 kHz and a pulse amplitude between
100 and 400 V.

All the results shown below were obtained for a working frequency of 250 kHz.
For the experimental comparison, three lenses were implemented, two made of
PLA and one of brass. Every lens considered in this work was designed with
11 Fresnel zones and an outer radius of 83.8 mm. The thickness of the brass
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Figure 6.3: Experimental set-up.

lens was 1 mm. For manufacturing reasons, the rest of the lenses had a total
thickness of 5 mm. Figure 6.4 shows both PLA and brass lenses. Both PLA
lenses were identical, the only difference being an inner air chamber to achieve
a higher impedance contrast. As described in the previous section, it is not
possible to differentiate them by the naked eye.

(a)

(7 ﬁm\\\\\

\\\\\\ J//

Figure 6.4: Implemented lenses, (a) PLA and (b) brass.
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6.5 Results

Intensity gain for longitudinal axis cuts and maps have been calculated to com-
pare all the lenses coherently. One parameter, which can be used to evaluate
the focusing capacity of a lens is the intensity gain (G). The intensity gain is
related with the intensity with both the intensity with lens (I) and intensity
without lens (Ip), as shown in Equation (6.7).

G(dB) = 10 - log,, (/1) (6.7)

Intensity gain values have been calculated from Equation (6.7). Figure 6.5,
shows the intensity gain for longitudinal cuts on the Z axis for both, numer-
ical and experimental results. It can be seen from Figure 6.5a, that higher
impedance contrast, as in the case of the ideal SZP or brass FZP lens, gives
rise to a higher gain levels. As expected, the lower gains are obtained with those
materials with impedance contrast values between 1 and 2 and for impedance
contrast values lower than 1, the intensity gain increases. ABS, PLA, PLA-
Air-PLA, and PMMA polymers, according with the values showed in Table 6.1,
are not able to achieve enough intensity gain as brass FZP. By comparing the
experimental results obtained for brass and PLA (see Figure 6.5b) with nu-
merical ones (see Figure 5a) it can be seen that there is a good agreement.
From Figure 6.5b, it is observed that the air chamber PLA lens has higher
intensity gain than full PLA lens. This fact can be explained by the intro-
duction of an air layer. This layer, due to its low acoustic impedance, can
block the transmission of the ultrasonic waves approaching its behavior to an
ideal SZP. Nevertheless, a focal length displacement of 1.66\ is observed in
the FZP lens built with air chamber and PLA. In this case, the displacement
is due to the new three-layer configuration (PLA-Air-PLA). The resolution of
the 3D-printer and the wall width needed to avoid porosities means that there
is an interface between the host medium and the air chamber.

Figure 6.6 shows four intensity gain maps, the first three obtained experimen-
tally and the fourth numerically. The experimental ones correspond to PLA,
PLA-Air-PLA and brass, while the numerical one has been obtained using an
ideal SZP. It has been verified how the results obtained with brass resembles
the ideal SZP. This is due to the rigidity of the material. On the other hand, in
PLA lens results, a diminishing intensity gain is observed. This intensity gain
level can be improved using a PLA-Air-PLA lens. All the lenses are designed
with a focal length located at 8.33) for a working frequency of 250 kHz. When
the lens is able to block destructive interference, it is possible to locate the
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Figure 6.5: Intensity gain longitudinal cuts for (a) FEM results and (b) experimental
results.

focus in Fy,. This occurs in brass and the ideal SZP case. Resulting from the
lack of blocking capability, the full PLA FZP could not impede the incident
pressure wave transferal generating aberrations in the F}.
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Figure 6.6: Intensity gain maps for experimental measurements and ideal SZP numerically
obtained (FEM).

6.6 Conclusions

Non-metallic materials can be used for the construction of acoustic lenses.
Three alternative materials, compatible with magnetic resonance, have been
proposed instead of brass lenses. It has been possible to verify that the higher
the impedance contrast of the materials, the higher the intensity gain levels.
The PMMA lens has higher intensity level than ABS and PLA ones, because it
has a slightly higer impedance contrast value than ABS or PLA. However, the
use of an air chamber inside the PLA lens increases the intensity gain levels,
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due to the fact that values of impedance contrast less than one means blocking
of the waves. PLA is a biocompatible material and is cheaper than PMMA.
3D printers give open field of new lens design MRI compatible. Moreover,
since PLA is a biodegradable material, it is a environmental friendly material.
This point is important in procedures that generate waste. Nevertheless, the
manufacture of PLA lenses require great care because of microporosities that
could appear. The appearance of pores can cause water to enter into the lens,
drastically reducing the blocking capacity. In addition, polymers such as PLA,
ABS or PMMA are more affordable than metal plates. This will lower the
costs in the production of HIFU treatment devices based on acoustic lenses.
For this reason, PLA is proposed as an MRI compatible material with great
potential for therapeutic applications of ultrasound focusing.
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7.1 Abstract

The development of flat acoustic lenses for different applications such as biomed-
ical engineering is a topic of great interest. Flat lenses like Fresnel Zone Plates
(FZPs) are capable of focusing energy beams without the need of concave or
convex geometries, which are more difficult to manufacture. One of the possi-
ble applications of these type of lenses is tumor ablation through High Inten-
sity Focused Ultrasound (HIFU) therapies with real time Magnetic Resonance
Imaging (MRI) monitoring. In order to be MRI compatible, the FZP material
cannot have electromagnetic interaction. In this work, a Phase-Reversal FZP
(PR-FZP) made of Polylactic Acid (PLA) manufactured with a commercial 3D
printer is proposed as a better, more efficient and MRI compatible alternative
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to conventional Soret FZPs. Phase-Reversal lenses, unlike traditional FZPs,
take advantage of all the incident energy by adding phase compensation regions
instead of pressure blocking regions. The manufactured PR-FZP achieves 21.9
dB of focal gain, which increases the gain compared to a Soret FZP of its
same size by a factor of 4.0 dB. Both numerical and experimental results are
presented, demonstrating the improved focusing capabilities of these types of
lenses.

7.2 Introduction

One of the most important issues in the acoustics field is sound focusing due to
its multiple applications. This focalization phenomenon is produced by acous-
tic lenses, which are devices capable of concentrating acoustic energy in a
specific area. Acoustic lenses are used in many applications of different nature,
ranging from medical applications for the diagnosis and/or treatment of med-
ical pathologies, to non-destructive testing or food industry (Chen, Sharma,
and Mudhoo 2011; Minin and Minin 2011a). This wide range of applications of
acoustic lenses makes these devices a hot topic among the scientific community.
Sound focusing can be achieved through diffraction or refraction phenomena.
Thus, in the last decades, different designs of acoustic lenses have been devised,
such as acoustic lenses based on phononic crystals (Cervera et al. 2001), gradi-
ent acoustic lenses that use space-coiling in their designs (Peng, Xiao, and Wu
2014; Wang et al. 2014) acoustic lenses that use Helmholtz resonators or meta-
material based split-ring type resonators in their designs (Yang et al. 2015) or
acoustic lenses based on Fabry-Perot resonances in apertures (Lin et al. 2014).
Now, the geometry and efficiency in the optimal design of an acoustic lens are
crucial parameters for its subsequent application to different fields. An optimal
design would be one in which the lens had a small size, flat geometry and great
energy efficiency. In this sense, recent studies have developed small size and
high transmission efficiency flat ultrasound lenses based on sandwiched layers
of silicone and resin (Xia et al. 2018).

Acoustic lenses focus sound in the same way than optical lenses focus light,
because the underlying theory is applicable to both mechanical and electro-
magnetic waves. The research and the devices obtained for the case of elec-
tromagnetic waves can be extended to acoustic waves. One of these devices,
that originally was conceived to focus electromagnetic waves and that was later
transferred to the acoustics field, is the Fresnel Zone Plate (FZP) lens. FZP
lenses are formed by a set of concentric rings with decreasing width. Each ring
constitutes a Fresnel region, and between two consecutive regions there is a m
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phase difference. Based on this fact, two types of lenses can be distinguished:
Soret type FZPs and Phase-Reversal FZPs (PR-FZPs). Soret type FZPs Soret
1875 alternate transparent with pressure blocking regions that reflect the pres-
sure contributions that are in phase opposition with those of the transparent
regions. Blocking regions are implemented with materials that have either a
high impedance contrast with the host medium or a high attenuation constant,
which ensures a high reflection and a low transmission coefficient, respectively.
PR-FZPs Park et al. 2009 replace blocking regions with phase reversal regions
that correct the phase of the pressure contributions by adding a 7 phase change
that generates a constructive interference at the focal distance. This means
that, unlike FZPs, with PR-FZPs all the regions of the lens and not only the
transparent ones contribute constructively to the focal area, which ideally in-
creases the lens efficiency and focal intensity by a factor of 4, as twice the
pressure is focused into the focal distance.

In general, FZP lenses can be used for acoustic focusing in both air and water.
In this sense, Shindel (Schindel, Bashford, and Hutchins 1997) and Welter
(Welter et al. 2011; Welter et al. 2012) designed and presented experimental
results on FZP lenses for their use in air. Subsequently, the concept of coiling
up space, this is labyrinthine channels, was applied to the focusing of sound
waves in air. Moleron et al. (Molerén, Serra-Garcia, and Daraio 2014) and Li
et al. (Li et al. 2015) increased the efficiency of FZP lenses using labyrinthine
channels in the opaque rings. In the case of underwater acoustic focusing, Calvo
et al. (Calvo et al. 2015a) proposed a FZP lens with alternating transparent
and opaque zones made of soft silicone rubber. Recently, studies about the
influence of the reference radius or phase in the FZPs design have been carried
out. Using this parameter in the implementation of FZP lenses, their focus
properties can be modified (Castineira-Ibanez et al. 2019). Moreover, side-lobe
levels can be improved to obtain a better spatial resolution (Tarrazé-Serrano
et al. 2019). Generally, when FZP lenses are used in air or water, these are
manufactured using materials with a large impedance mismatch with the host
medium, which is the main reason why metals are generally used for their
implementation. One of the main uses of acoustic lenses in the medical field is
tumor ablation through High Intensity Focused Ultrasound (HIFU) therapies.
These therapies are usually guided in real time using MRI monitoring systems,
which can provide an image of the temperature rise in the targeted cancerous
tissue (Marsac et al. 2012). However, MRI systems are not compatible with
metallic devices, which makes FZP implementations more difficult to achieve.
Many of the compatible MRI commercial devices use PolyLactic Acid (PLA) as
material (Herrmann et al. 2014). PLA is an Aliphatic Polyester derived from
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100% renewable resources, versatile and biodegradable with reduced costs, and
it is used in biomedical applications (Drumright, Gruber, and Henton 2000).

Commercial HIFU devices are either based on phased arrays or geometrically
focused transducers (Ebbini and Cain 1991; Uchida et al. 2006). On the one
hand, phased arrays offer high flexibility with dynamic control of the focal
distance and beam width, although these devices are usually very expensive.
On the other hand, focused transducers have lower cost compared to phased
array solutions, but there is a lack of control in the focal distance, which
can not be practical in some therapeutic situations. In this sense, FZPs are
simpler options that allow to control both the focal distance and the beam
width. The focal distance of FZPs can be dynamically shifted by tuning the
working frequency (Fuster et al. 2017), while the number of Fresnel regions
selected at the design stage of the lens controls the beam width.

Nowadays, acoustic FZPs are based on Soret type implementations, which fo-
cusing efficiency is low because half of the incident energy is reflected at the
blocking regions. In this paper, we design, manufacture and experimentally
validate a PR-FZP lens, which design is inspired in a phase-reversal zone plate
(Rayleigh 1888). The PR-FZP, originally developed for electromagnetic waves,
has been used as an antenna in the range of microwave and millimeter wave
regions (Black and Wiltse 1987; Huder and Menzel 1988), and more recently as
THz sieves for optical focusing applications (Machado et al. 2018). Knowing
that we can extend the results obtained for electromagnetic waves to acoustic
waves, an acoustic PR-FZP has been designed to increase the energy efficiency
compared to conventional FZPs. In addition, it is made of a MRI compat-
ible material, which makes the PR-FZP suitable for therapeutic ultrasound
focusing applications. The acoustic PR-FZP has been manufactured using a
commercial 3D printer and PLA. Both numerical and experimental results in-
dicate excellent performance, obtaining gains at the focal region above 21.9
dB. Furthermore, due to it its low manufacturing cost and low weight, the
designed PR-FZP offers great flexibility, becoming an appealing alternative to
conventional HIFU devices.
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When a piston transducer is used as emitter, spherical wave incidence on the
lens has to be considered. In the far field, the piston can be described as a point
source emitter with a given directivity pattern, D(#) (Kundu et al. 2010). The
design equation of the FZP radii can be obtained considering a \/2 increase
between the pressure propagation paths of two consecutive regions, which is
equivalent to a m phase increase. Thus, the radii can be calculated using the
following expression (Calvo et al. 2015a; Pérez-Lopez et al. 2018):

" _
)

d+ F; + V2 +d?2 4+ /12 + F2 (7.1)

Where d is the distance between the point source and the FZP, F} is the
focal distance, A is the wavelength, r, is the radius of each region and n =
1,2,3,..., N, being N the total number of Fresnel regions.

Once the different radii are calculated using Equation (7.1), the FZP is ob-
tained by alternating transparent regions with either pressure blocking (Soret
FZP) or phase-reversal regions (PR-FZP). If a PR-FZP implementation is se-
lected, the thickness of the phase-reversal regions has to be such that the phase
difference introduced compared to transparent regions is an odd multiple of .
The phase difference is given by A# = |k,, — ko|t,, where t, is the thickness
of the lens and k,, = 27/\,, and ko = 27w /)\g are the wave numbers of the lens
material and the host medium, respectively. Therefore, the thickness of the
lens can be calculated as

o q . q AOAm
th = T

b — kol 2[Xo — A

(7.2)

Where ¢ = 1, 3,5, ... is a design parameter that determines the thickness of all
Fresnel regions.

Figure 7.1 shows a scheme of a PR-FZP placed at a distance d from a directional
piston transducer. As it can be observed, the lens material introduces a phase
shift to the incident pressure, which generates a constructive interference at
the focal distance. Ideally, the pressure generated at the focal distance by a
PR-FZP is twice the pressure generated by a conventional FZP because every
Fresnel region of the lens contributes constructively at the focus. However,
as depicted in Figure 7.1, in a practical case some of the incident energy is
reflected at the lens material due to the impedance mismatch between the
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material and the host medium, which means that the pressure at the focal
distance, and therefore the lens efficiency, will be reduced compared to the
ideal case. The impedance mismatch can be evaluated using the reflection
coefficient, defined as I' = p,./p;, with p, and p; being the reflected and the
incident pressure, respectively. In the situation described in Figure 7.1, the
reflection coefficient can be calculated using the following expression:

B jtan(k,tp)(Z2 — Z2)
22,70+ tan(k‘mth)(an + Z3)

(7.3)

Where Z,, = p.c, and Zy = pocy are the characteristic acoustic impedances
of the lens material and the host medium, respectively. pg, pm, co and ¢, are
the densities and sound propagation speeds of the lens material and the host
medium.
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Figure 7.1: Schematic diagram of the Phase-Reversal Fresnel Zone Plate (PR-FZP)

The transmission coefficient, defined as 7 = |p;|/|p:|, where p; is the transmit-
ted pressure, can be calculated from the reflection coefficient as 7 = /1 — |T'|.
A low transmission coefficient would reduce the lens focusing capability. Thus,
there are two design factors regarding the implementation of the phase-reversal
regions: the lens material and its thickness. The lens material has to be selected
in order to minimize the reflection coefficient, which maximizes the transmit-
ted pressure through the phase-reversal regions. Once the material is selected,
its thickness can be directly calculated using Equation (7.2), which provides
the phase-reversal condition. In this sense, Figure 7.2a shows a comparison
between the squared transmission coefficient of a lens made of PLA (blue line)
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and a lens made of brass (red line) as a function of the material thickness. The
host medium is water, and the working frequency is fixed to 1 MHz. Table Ta-
ble 7.1 shows the acoustic properties of the considered materials. Figure 7.2b
depicts the phase difference between transparent and phase-reversal regions
for both materials. The horizontal black line represents the A6 = 7 condition,
while vertical dashed lines represent the thicknesses which fulfill the phase-
reversal behaviour. As it can be observed, for the brass material, the m phase
shift occurs at the thickness of 1.286 and 3.854 mm, when the energy trans-
mission coefficient is 0.016 and 0.051, respectively. This means that, although
the phase-reversal condition is met, more than 94% of the incident energy will
be reflected due to impedance mismatch between water and brass. This is the
main reason why brass is usually employed to implement the pressure blocking
regions of Soret FZPs. In contrast, if the lens is implemented in PLA, the 7
phase shift occurs at a thickness of 2.313 mm, when the squared transmission
coefficient is higher than 97%. This fact makes PLA a suitable material for
implementing PR-FZPs in underwater focusing applications, as its acoustic
impedance is similar to the water impedance.

L (mm)

Figure 7.2: (a) Energy transmission coefficient as a function of the lens thickness and (b)
phase difference between the host medium and the material. Blue lines correspond to PLA
and red lines correspond to brass.

In order to demonstrate the improved acoustic focusing performance of 3D
printed phase reversal lenses over conventional brass lenses, numerical sim-
ulations and experimental measurements have been carried out. Numerical
simulations have been computed using COMSOL Multiphysics, which uses the
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Table 7.1: Acoustic properties of water, PLA and brass.

p (kg/m?) ¢ (m/s) Z (MRayl) I

Water 1000 1500 1.5 N/A
PLA 1240 2220 2.753 0.17
Brass 8400 3600 30.24 0.99

Finite Element Method (FEM) to solve the wave equation in the different me-
dia. Experimental measurements have been developed using an automated 3D
underwater positioning system. A needle hydrophone fixed to a programmable
robotic arm is employed as receiver, while a directional piston transducer con-
nected to a Pulser is employed as transmitter. The separation distance between
lens and transducer is d = 340 mm, which is not enough to consider plane wave
incidence and therefore the spherical wave design approach must be used. Ad-
ditional details of the FEM model and the experimental set-up can be found
at the Methods section.

Two different lenses have been manufactured, being one of them a conventional
Soret FZP made of brass and the other a 3D printed PR-FZP made of PLA.
Figure 7.3 shows both lenses, where Figure 7.3a corresponds to the FZP and
Figure 7.3b corresponds to the PR-FZP. The PLA thickness is ¢, = 2.313
mm, which provides the phase-reversal behaviour, as mentioned above. The
brass thickness is ¢, = 0.5 mm, which ensures a high reflection coefficient and
therefore a good pressure blocking behaviour. For both lenses, the working
frequency is 1 MHz, the focal distance is F;, = 50 mm and the number of Fresnel
regions is N = 16, considering a source separation distance of d = 340 mm. As
it can be observed from Figure 7.3 , both lenses have been manufactured with
a central transparent zone instead of a central blocking/phase-reversal region.
This design choice is selected as a consequence of the piston transducer, because
with a central blocking region the main energy contribution of the transducer
would be reflected, and with a phase-reversal region the energy transmission
coeflicient would be reduced.

Figure 7.4 shows acoustic intensity maps normalized to the global maximum,
which is achieved in the PR-FZP case. Figure 7.4a and Figure 7.4b corre-
spond to simulation results, while Figure 7.4c and Figure 7.4d correspond to
experimental measurements. As it can be observed, numerical and experi-
mental results agree very well, and the PLA PR-FZP lens (Figure 7.4b and
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(@)

Figure 7.3: Manufactured lenses: (a) FZP made of brass and (b) PR-FZP made of PLA.

Figure 7.4d) achieves a higher focal intensity compared to the conventional
brass FZP (Figure 7.4a and Figure 7.4c). The differences found between both
lenses, in addition to those already mentioned above, are found in the size of
the focus and the energy surrounding it. In the case of the conventional FZP,
almost all the energy is concentrated in the focal area for both experimental
and numerical results, while in the case of the PR-FZP the experimental mea-
surements show that the focal area is increased compared with the numerical
results. This fact is due to the effect of the cross-shape structural support
of the PR-FZP, which is not included in the simulation model. This support
introduces a m phase change at transparent Fresnel regions that generates a de-
structive interference at the focal distance, which increases the size of the focus
in both longitudinal and radial directions, and therefore decreases the focusing
efficiency of the lens. For the conventional FZP, the cross-shape structural
support does not interfere destructively at the focal distance as the pressure
is reflected at the brass, and therefore the focal area is not increased as in the
PLA case.

Figure 7.5a and Figure 7.5b depict radial and longitudinal intensity cuts for
both numerical and experimental results, respectively. Once again, the results
are normalized to the maximum intensity value. An additional parameter to
evaluate the focusing improvement factor of PR-FZPs over conventional FZPs
can be defined as the ratio between the focal intensity of the PR-FZP and the
focal intensity of the conventional FZP. Thus, as it can be seen in Figure 7.5a
and Figure 7.5b, a considerable improvement factor of 220% is achieved when
using the Phase-Reversal lens. Figure 7.5a also depicts an almost absence of
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Figure 7.4: Measured intensity maps: FZP simulated (a) and measured (c), PR-FZP
simulated (b) and measured (d).

secondary lobes for both lenses. This fact is due to the influence of the piston
directional transducer, as its directivity pattern has an effect similar to the FZP
apodization effect achieved through efficiency decreasing regions (Takeuchi,
Uesugi, and Suzuki 2017), which reduces the secondary lobes. Focusing profiles
of Figure 7.5b show that both lenses focus at the designed F;, = 50 mm focal
distance, which means that the spherical wave incidence design approach works
when using piston transducers.

One interesting parameter that can be used to characterize the focusing perfor-
mance of a lens is the focusing efficiency. In this case, the focusing efficiency,
Nr, is defined as the ratio between the energy at the focal area and the incident
energy at the lens. The focal area is given by the focal radius, which is the
radial distance which contains the main focusing lobe. Additional explana-
tion of focusing efficiency calculations can be found in the Methods section.
If an ideal model is considered, theoretical maximum focusing efficiencies of
12.2% and 42.1% are obtained for the conventional FZP and the PR-FZP, re-

70



7.3 Results
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Figure 7.5: (a) Normalized radial intensity and (b) normalized longitudinal intensity for
PR-FZP made of PLA (blue) and FZP made of brass (red). Solid lines correspond to
experimental results, while dashed lines correspond to simulation results.

spectively. These values are indicators that, ideally, a PR-FZP could reach
approximately four times the energy efficiency of a conventional FZP.

Table 7.2 shows a comparison between numerical and experimental results of
the main focusing parameters of both lenses. The focal gain has been calculated
as the ratio between the intensity achieved with the lens and the intensity
measured in absence of the lens. As it can be observed, the manufactured
PR-FZP achieves a focal gain of 21.9 dB, which results in an increase of 4.0
dB over the conventional FZP. The measured FLHM is 5.174\ for the FZP
case and 5.87\ for the PR-FZP case, while the FWHM measured values are
0.87A and 1.27X for the FZP and PR-FZP case, respectively. This means
that, as explained above, the focal area is increased in terms of both FLHM
and FWHM when the PLA lens is employed instead of the brass lens. On
the other hand, the focusing efficiency achieved with the PR-FZP is 30.20%,
which results in more than twice the focusing efficiency achieved with the
FZP (11.33%). If numerical and experimental results are compared, good
agreement between FEM and measured parameters is observed. However, a
slight difference between the FWHM value obtained from the FEM model
and the experimental measurement can be found for the conventional FZP
case. This phenomenon could be caused by the limitation in resolution of the
experimental set-up. As explained in the Methods section, the experimental
set-up has a spatial resolution of 1 x 1 x 1 mm?®. At the working frequency of
the lens (1 MHz), the host wavelength is A = 1.5 mm, which is very close to the
spatial resolution of the measurement system and therefore limits the accuracy
of the measured FWHM values, which is approximately FW HM = \.
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Table 7.2: Simulated (FEM) and measured (Exp.) focusing characteristics of the FZP and
PR-FZP.

Gain (dB) FLHM (\) FWHM (A) np (%)

FZP (FEM) 18.59 5.155 1.02 12.10
FZP (Exp.) 17.90 5.174 0.87 11.33
PR-FZP (FEM) 22.44 5.480 1.01 32.40
PR-FZP (Exp.) 21.90 5.870 1.27 30.20

7.4 Discussion

In this work, the design process and focusing properties of acoustic PR-FZP
lenses have been analyzed. Simulation and experimental results are presented,
and they show that 3D printed PR-FZPs made of PLA can achieve higher
focusing efficiency and focal intensity gain than conventional Soret FZPs, with
an improvement in both factors over 200%. The simulation results are exper-
imentally validated, showing a good agreement between the FEM model and
the measured intensity maps.

PR-FZPs implemented in PLA grant affordable acoustic lenses with high fo-
cusing efficiency. The 3D printing technology allows a reduction of the man-
ufacturing costs compared to metal implemented lenses. In the medical field,
acoustic lenses manufactured using 3D printing techniques result very useful
due to their flexibility, since this type of lenses can be designed and built
specifically for each treatment in a few hours. Moreover, these lenses could
also be used in MRI environments due to its manufacturing material. PLA is
a biocompatible material without electromagnetic interaction that has already
been used in medical environments due to its structural qualities. Therefore,
these PR-FZP lenses could be used in ultrasound focusing therapies with MRI
real time monitoring with the characteristic of being able to be easily designed
and manufactured in situ.
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7.5.1 Focusing Efficiency

Diffraction is a phenomenon that occurs when an acoustic wave front impinges
on an obstacle with an aperture or border. The acoustic intensity generated
by a lens when the field is diffracted at its apertures can be calculated using
the non-paraxial diffraction integral, which is given by:

2

/ / —e IR dl (7.4)

Where pi(r’ ) is the incident pressure at the lens, ¢(7’) is the pupil function of
the lens, 7’ is the radial axis at the surface of the lens, ry is the external radius
of the lens and R = /12 + 24 22 = 2rr' cos p, belng i the rotation angle
at the surface of the lens. The pupil function describes the geometry of the
lens. For an ideal Soret lens, the pupil function is 1 at transparent regions and
0 at pressure blocking regions, while for an ideal phase reversal lens the pupil
function at phase reversal region is -1, which models the 7 phase shift.

)\2

As stated in Results section, the focusing efficiency can be defined as the
ration between the energy at the focal area, Wr, and the incident energy at
the lens, Wy. In this case, the focal area is defined as the region of the focal
plane which contains the main focusing lobe, as depicted in Figure 7.6. Thus,
the focusing efficiency can be calculated as

Wp 0% o 1(z=F,ryrdrdp [, I(z = F,r)rdr
N = W
0

= TN ) 75
o o Io(z = 0,7)rdrde oY To(z = 0,7r)rdr (5)

0

Where I(z = F,r) represents the focal intensity, Io(z = 0,r) represents the
incident intensity, rn is the outer radius of the lens and r is the focal radius.

When plane wave incidence is considered, the incident pressure can be ex-
pressed as p; = ppe’™ and therefore the incident intensity is given by:
|1170|2

Iy(z=0,r) = 57
0

(7.6)
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Figure 7.6: Scheme of the focusing efficiency calculation: (a) intensity at the focal plane
and (b) radial intensity cut. The white dashed line marks the limit of the focal area.

Being po the amplitude of the incident wave. With Equation (7.6), the incident
energy can be directly calculated as:

2

27 TN 2
Wp = / / Io(z = 0, r)rdrde — 27T (7.7)
0 0 27,

In contrast, when a directional piston transducer placed at a distance d from
the lens is used as emitter, the incident pressure can be expressed as

k 2 . P Pl
IEDOY D (r)eikVFE (7.8)

P =y @

Where py is the pressure at the surface of the piston, a is the piston active
radius and D(r) is the piston directivity pattern, which is given by:

D(r) = 2Jy (kar /1% + d?)
B kar//r? + d?

, (7.9)

Being J; the first kind and first order Bessel function.
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Therefore, for the piston transducer case the incident energy can be calculated
by numerically the following expression:

W, — Pl me / Y <kaT >2dr (7.10)
o A o T ' 72 + d? . .

The focal intensity generated by the lens can be calculated by numerically
computing Equation (7.4). Once the focal intensity is obtained, the energy at
the focus, Wg, can be computed by integrating the result over the focal area.
Subsequently, the focusing efficiency can be calculated using Equation (7.7)
and Equation (7.10) for the plane wave and piston transducer case, respectively.
Table Table 7.3 shows a comparison between the focusing efficiency values of
an ideal FZP and an ideal PR-FZP with N = 16 regions and F' = 50 mm. The
ideal FZP implements perfect pressure blocking regions with |I'| = 1, while the
ideal PR-FZP implements perfect phase-reversal regions with |I'| = 0. Both
lenses have a transparent central region and a working frequency of 1 MHz.
For the piston transducer case, a separation of d = 340 mm between lens and
emitter and an active radius of ¢ = 6.35 mm have been considered. As it can
be observed from the results shown in Table 7.3, the PR-FZP achieves higher
focusing efficiency than the conventional FZP in both the plane wave incidence
case and the piston transducer case. Moreover, it is worth noting that in the
piston transducer case both FZPs reach higher efficiency values compared to
the plane wave case. This fact can be explained by the directional behaviour
of the piston transducer, which concentrates the main energy contributions on
the central regions of the lens.

Table 7.3: Focusing efficiency (nr) comparison between plane wave and piston transducer
case.

Plane wave (%) Piston transducer (%)

FZP 9.9 12.2
PR-FZP 37.0 42.1

The experimental value of the focusing efficiency can be obtained by carrying
out two different measurement steps. The first step is performed with the lens,
and it consists of the measurement of the radial intensity at the focal plane,
that is, I(z = F,r). The second step is performed without the lens, and it
consists of the measurement of the incident intensity at the lens, Iy(z = 0, 7).
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In this measurement, the radial intensity is measured at the position where
the lens was placed at the first step. Finally, the focusing efficiency can be
calculated by numerically computing Equation (7.5).

The experimental value of the focusing efficiency can be obtained by carrying
out two different measurement steps. The first step is performed with the lens,
and it consists of the measurement of the radial intensity at the focal plane,
that is, I(z = F,r). The second step is performed without the lens, and it
consists of the measurement of the incident intensity at the lens, Io(z = 0,r).
In this measurement, the radial intensity is measured at the position where
the lens was placed at the first step. Finally, the focusing efficiency can be
calculated by numerically computing Equation (7.5).

7.5.2 FEM model explanation

The numerical model is shown in Figure 7.7 and it can be observed that only
a half-plane of the lens has been considered to take advantage of the axisym-
metric condition. This approach reduces the number of degrees of freedom and
therefore the computational burden of the problem. The piston transducer has
been modeled as a pressure condition of 1 Pa placed at a distance d = 340 mm
from the lens. In order to avoid reflections, a radiation condition has been set
at the outer boundaries in order to emulate the Sommerfeld condition. The
acoustic properties of the different materials considered can be found in Table
7.1 of Results section.

th
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Figure 7.7: Scheme of the geometry and boundary conditions of the Finite Element Method
model.

76



7.5 Methods

The study of the physical phenomena involved in the interaction between the
lenses and the wave front requires a mathematical model that considers the
boundary conditions of the problem. In the present work, the commercial
software COMSOL Multiphysics (Multiphysics 2012), which implements the
FEM method, has been used to calculate the acoustic pressure distribution
generated by the lens. This method obtains a numerical solution by discretizing
the model depicted in Figure 7.7 and solving the Helmholtz Partial Differential
Equation:

v. <—;(Vp)> _ kif’. (7.11)

7.5.3 Experimental set-up description

In order to validate numerical results, experimental measures have been carried
out. To perform the experimental measurements, a high-precision underwater
measurement system of the Centro de Tecnologias Fisicas (Universitat Politéc-
nica de Valéncia) has been used. The measurement robot is installed in an
immersion tank filled of distilled water, which dimensions are 0.5 x 0.5 x 1 m?.
This system consists of a fixed emitter and a receiver coupled to programmable
robotic arms, which can measure with a spatial resolution of 1 x 1 x 1 mm3.
A plane immersion piston transducer built by Olympus with 1 MHz of central
working frequency and an active diameter of 12.7 mm has been used as emitter
and a Precision Acoustics needle hydrophone is used as receiver. The transmit-
ted signal is generated using a Panametrics Pulser, while the received signal is
digitized using a Digital Oscilloscope from Pico Technology. The measurement
process is automated and controlled using a LabView program installed on a
PC. Figure 7.8 shows the experimental set-up in a measurement.
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Figure 7.8: Experimental set-up.
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Chapter 8

Discussion

The overall objective (General Objective 1) was to improve tumor resolution
capacity with HIFU transducers for tumor ablation. The idea was to imple-
ment acoustic lenses based on subwavelength structures (General Objective
1.1) that allow the characteristics of the focal area to be controlled. There-
fore, the main parameters with which these improvements in resolution can be
achieved were studied (Specific Objective 1). The characteristics to improve
are the depth of focus (DoF’) and the lateral resolution (R;,:) that are linked to
the FWHM and the FLHM. All the proposals developed throughout this thesis
have started from numerical models that have been analyzed using the finite
element method (FEM) as specified (Specific Objective 2). FEM models are
created that accurately reproduce the diffractive processes to which an acous-
tic field is subjected as it passes through sub-wavelength structures. These
models are experimentally validated in controlled situations (Specific Objec-
tive 3). The lenses that have been developed and analyzed in this thesis comply
with the hypotheses proposed, that is, that they are capable of reducing the
time of exposure of a patient to HIFU therapy, improving the gain (General
Objective 2) and achieving better longitudinal and axial resolution, therefore
improving energy distribution (General Objective 2.1). That said, we can en-
compass the objectives in 3 blocks: Improving gain, improving the resolution
and compatibility with MRI systems. First, a Fresnel lens (FZP) was selected
as the starting system. The characteristic of this lens typology, as mentioned,
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is its high focusing capacity, its flat geometry and the ease of implementation
in different systems. From this moment, improvements have been applied to a
19th century design, transferring concepts of optics and electromagnetism and
relying on the knowledge acquired in the study of acoustics.

One of the first improvements was made by modifying the classical construc-
tion equation and introducing the reference radius / phase concept. This study
was published in the first article of the doctoral thesis entitled "Manipulation
of focal patterns in acoustic Soret type zone plate lens by using reference ra-
dius / phase effect". Through this modification, two phenomena were found
based on the values of r; and ry. In the event that r; was less than r, there
was an improvement in the SLL. This phenomenon is due to the control of
the constructive interferences of the diffracted waves from the circular zones.
By changing the size of the reference radius, the spatial frequency of the FZP
changes as well. This phenomenon allows the creation of a much finer focus,
therefore improving lateral resolution. At this point, we realized that choosing
a reference radius r; greater than rq causes another effect related to apodiza-
tion. When this occurs, it can be affirmed that the effect occurs in the same
way as if we introduced a pupil mask, leading us to carry out two pieces of
work that would end in two articles.

The articles "Design of Acoustical Bessel-Like Beam Formation by a Pupil
Masked Soret Zone Plate Lens" and "Tunable depth of focus of acoustical
pupil masked Soret Zone Plate" focus on the study of the effect of the pupil
mask. The first of these focuses on the design, using the pupil mask, of a
quasi-non-diffracting transverse sub-wavelength beam. What is happening on
a physical level is the conversion of the converging spherical waves into quasi-
conical waves. This generates an improvement in spatial resolution of 21% and
a beam length expansion of 209% compared to a classic FZP lens. In the second
article, a comprehensive study of the effect of the pupil mask is performed. The
size of the DoF is related to both the size of the pupil mask and the diameter
of the lens and its numerical aperture. Therefore, very extended foci (which
implies a very high DoF’) can be achieved due to the circular grids that generate
the quasi-Bessel beam. In summary, the application of the pupil mask leads
to a compromise between lateral resolution and beam length.

Once the objective of improving the resolution, that is, being able to modify
the R;,; and the DoF of a lens, was covered, it was pending that it could be
used in MRI environments. The key was to be able to implement a lens using
materials that had no electromagnetic interaction. In previous works, brass had
been used as a material with ease of machining, high contrast of impedances
with water, and therefore, to make the first approximation models, it was an
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excellent material. One of the needs in HIFU applications is the fact that the
guidance is through MRI. In the article "MRI Compatible Planar Material
Acoustic Lenses" 3 materials that do not have electromagnetic interaction are
compared: Polymethylmethacrylate (PMMA), acrylonitrile butadiene styrene
(ABS) and polylactic acid (PLA). It is shown that for the Soret condition to
be fulfilled in the implementation of a FZP, the impairment contrast must be
the highest possible. In this case, the use of a lens constructed with PLA is
proposed, the rings of which have an air chamber. It is concluded that PLA is
one of the ideal materials for the construction of compatible MRI lenses and
that it is possible to build lenses that meet this condition. The possibility of
implementing lenses through 3D printing opens the door to new possibilities,
with PLA being a relatively cheap and biocompatible material (unlike PMMA).
In any case, it happens that over time, PLA degrades and can form micropores
on the surface. In the end, this will cause the water to gradually enter the lens
reducing the contrast and therefore reducing the efficiency of the lens. At this
point, the last paper that brings the thesis to a climax is proposed.

So far, using an FZP distribution, it has been possible to improve its resolution
properties and add a control of DoF and R;,; using a pupil mask. Furthermore,
it has been possible to build an FZP in materials that are MRI compatible.
These enhancements have been implemented using a Soret-based construction
of the FZP, that is, the rings block destructive contributions to focus. To
achieve the objective of improving the gain, the hypothesis of achieving that
all the rings contribute constructively to the focal conformation is proposed.
For this reason, a lens made entirely of PLA is modeled, thereby removing
the need for air chambers to achieve the impedance contrast. In the article
"Acoustic Focusing Enhancement in Fresnel Zone Plate Lenses" it is possible
to build a lens based on the phase inversion of an FZP that improves efficiency
and gain by 200% compared to a traditional FZP. With all this, it is proposed
that the lenses to be used in HIFU treatments can be implemented in a few
hours or even minutes depending on the capabilities of the 3D printer ad-hoc.
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Conclusions

. It is possible to increase the spatial resolution in ultrasound transducers
for HIFU purposes. Thus, acoustic lenses based on subwavelength struc-
tures were developed and implemented. The use of pupil-masks in FZP
improve focal zone energy control.

. Improving the focusing capacity will result into HIFU treatments expo-
sure time for future implementations.

. The new Phase-Reversal FZP typology allows extraordinary transmis-
sion that improves focal gain in 3 dimensions by up to more than 200%
compared to a Soret FZP.

. Acoustic lenses improve HIFU transducer parameters as R;,;, DoF and
gain. In addition, construction of acoustic lenses using non-metallic ma-
terials is possible. Therefore, it is possible to build lenses using biocom-
patible materials. The fact of using materials that can be used by 3D
printers will allow acoustic lenses ad hoc implementation.

. FEM-based models have been developed that have been validated through
experiments. Therefore, it is possible to predict the behavior of an acous-
tic lens by replicating the behavior of the physics involved.
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