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Study on Needle Hydrophone for Low Frequency Photoacoustic Imaging

Xiaofeng Fan

Department of
Interdisciplinary Program of Biomedical Mechanical & Electrical Engineering
The Graduate School,
Pukyong National University

Abstract

The low frequency photoacoustic imaging system usually uses several MHz
ultrasound signals. In order to detect the signals, several kinds of ultrasound
transducers including needle hydrophones have been developed so far. However,
the sensitivity and frequency bandwidth of those transducers are still not enough
to detect very small photoacoustic signals from specimen with low thermoelastic
effect, such as biological tissues.

In this paper, a design and fabrication of a new type of needle hydrophone
with high sensitivity and wide bandwidth in the range of 1~10 MHz is described
in detail. The piezoelectric material of the hydrophone is lead magnesium
niobate-lead titatnate (PMN-PZT) which has very high electromechanical
coupling coefficient ( > 0.9 ). The sensing part of the hydrophone is small

6



(0.5x0.5 mm?) and has two matching layers on the tip of the needle. Construction
and performance are compared with other types of needle hydrophones. The
receiving frequency responses of the hydrophones are simulated by the
PiezoCAD program based on the KLM equivalent circuit model. It was
characterized to be more sensitive than PVDF needle hydrophones of the similar
structure, and it was confirmed by experiment. Furthermore an Acoustic Needle
Imaging System for low frequency photoacoustic imaging was established using
this fabricated PMN-PZT needle hydrophone to get some images of specimens.
The images of the ICG specimen and human hair obtained by the established
system have high resolution and high contrast. Conclusively, it is shown that the

hydrophone is very useful in photoacoustic imaging.



Ch. 1. Introduction

1-1. Backgrounds

In recent years, diagnostic and therapeutic ultrasound is widely used in
physical inspection and treatment of diseases, such as lithiasis and some kinds
of cancers [1]. In the usage, the ultrasound is generated by a transducer which is
usually made by piezoelectric materials, and it forms an acoustic field in medium
of human body. Occasionally, the intensity of the field is very high and harmful
so that the requirements of quantitative measurement of the spatial and temporal
characteristics of the field are increasing. The requirements promote the
development of a good needle hydrophone with high sensitivity and wide
bandwidth.

A needle hydrophone is designed adequately through the simulation of
receiving sensitivity for desired fields of application, such as medical imaging,
and it is made by using piezoelectric materials. The piezoelectric materials are
classified by three kinds, such as single crystal, ploy crystal and polymer
materials. So far, piezoelectric polymer of Polyvinylidene fluoride PVDF and its
copolymer of poly(vinylidenefluoride-co-trifluoroethylene) P(VDF-TrFE) are
widely used as sensing materials for the hydrophone in the frequency range over
1 MHz. They have similar acoustic impedances with water or biological tissues
and low mechanical quality factors so that they are useful to make a wideband
transducer as well as a hydrophone without any matching layer. However, their
electromechanical coupling factors are too low (< 0.3) to make a high sensitive

transducer [2].



The PZT stands for the piezoelectric poly crystalline material. It has not
only relatively high electromechanical coupling coefficient (~ 0.6) and high
permeability, but also very good stability on temperature variation. And, it is
easy to make various type transducers by using the PZT because of its good
machinability. It has been most widely used as the piezoelectric material of
ultrasound transducer until the relaxor-based piezoelectric single crystal was
developed in 1980s.

The piezoelectric single crystal of PZN-PT (Pb(Zn1/sNb2:3)O03-xPbTiO3) and
PMN-PT (Pb(Mgw3Nb23)O3-PbTiO3) was developed on 1981 and 1989,
respectively [3, 4]. These single crystals have extremely high electromechanical
coupling coefficients (> 0.9). It means the electromechanical energy conversion
efficiency is higher than 80 %. Recently, there is a trend towards the use of this
single crystal to fabricate high performance ultrasound transducers. Thereafter,
some modified piezoelectric single crystals, such as lead magnesium niobate-
lead titanate PMN-PZT( (1-x) Pb ( Mg13Nb2s3) O3—xPb ( Zross Tio.a7) Oz) have
been developed by changing the composition of relaxor [5, 6].

On the other hand, photoacoustic imaging (PAI) has the potential to image
animal or human organs, such as the breast and the brain, with high spatial
resolution and high contrast [7, 8]. The photoacoustic (PA) or optoacoustic effect
is the physical basis of the imaging. It refers to the generation of acoustic waves
by absorption of electromagnetic energy of light. In order to obtain this effect
the light intensity must vary, either periodically (modulated light) or as a single
flash (pulsed light). Alexander Graham Bell first reported the observation of
sound generated by light in 1880 [9]. In the last decade, works on PAI have

demonstrated many valuable achievements in the fields of biomedical
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application [10, 11]. Non-ionizing waves, such as short laser pulses, are often
used to excite ultrasound waves which is called as PA signals.

PAI systems are classified by photoacoustic microscope (PAM) and
photoacoustic tomography (PAT). The frequency of the PA signal for the system
is between several MHz and about one hundred MHz. Conventional PAI systems,
especially conventional PAMs, use several MHz PA signals. Here, it is called as
a low frequency PAI system.

In order to obtain the PA images with high resolution and high contrast, the
ultrasound transducer or needle hydrophones to detect the PA signals should
have high sensitivity and wide frequency bandwidth. Taking into consideration
of the characteristics, the PMN-PZT could be a candidate material to design and

fabricate a needle hydrophone with high sensitivity for the low frequency PAI.

1-2. Purposes

The first purpose of this study is to design and fabricate a needle
hydrophone with high sensitivity in the range of 1~10 MHz. For the purpose, the
single crystal PMN-PZT is used as piezoelectric material and two matching
layers are selected through the computer simulation of receiving impulse
sensitivity. A copper (Cu) wire is used as its backing material. The size of the
sensing area is 0.5x0.5 mm?. The design and fabrication method of this miniature
hydrophone is developed and described in this paper. The characteristics of the
fabricated hydrophone are confirmed by comparison of the performances with a
commercialized hydrophone.

The second is to establish a PA system for obtaining images of specimens
10



including biological tissues by using the fabricated needle hydrophone. Here, it
iIs called as the Acoustic Needle Imaging System for low frequency
photoacoustic imaging. Using the system, the images of the ICG specimen and

human hair are obtained.
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Ch. 2. Peizoelectric materials and photoacoustic imaging (PAI)

2-1. Piezoelectric materials for needle hydrophones

In order to have good performances, the needle hydrophone is required to
have high, stable, and flat sensitivity over a wide bandwidth and also have high
signal-to-noise ratio (SNR) and a suitable size for giving spatial resolution [12].
For these concerns, a couple of properties of the piezoelectric materials used to
fabricate needle hydrophones are required and they can be summarized as
follows: First, to obtain high sensitivity, the piezoelectric materials should have
high piezoelectric constants. Second, high dielectric constants are needed to
make it much easier for electrical matching with impedance. Third, in order to
get low noise generation, the material should have low dielectric loss [13, 14,
15].

The piezoelectric materials have electric charges which are accumulated in
response to applied mechanical strain and vice versa, it is deformed under the
external electric field. The electromechanical effect, which is called
piezoelectricity, is intimately related to the crystallographic structure of the
materials and it cannot exist in the materials with the center of symmetry. Since
Pierre Curie and Jacques Curie [16] firstly demonstrated the piezoelectricity in
1880, many piezoelectric materials have been discovered. Those are classified
by three kinds, such as polymer, ceramic and single crystal, and each kind of

them contains plenty of specific materials and properties.
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2-1-1. Piezoelectric polymers

Several kinds of crystallized Polymers such as PVDF, P(VDF-TrFE),
Polyvinylidene Fluoride-Tetrafluoroethylene (P(VDF-TeFE)) and nylon have
piezoelectricity. Those materials are called piezoelectric polymer or
piezoelectric copolymer. These kinds of materials are flexible and have low
density, low acoustic impedance and relatively high piezoelectric constants. Due
to these advantages, piezoelectric polymers attract worldwide attentions and they
are applied widely in development of ultrasound transducers. Besides, the
piezoelectric polymers have been used to make pressure sensors (strain sensor),
electrets-microphones, tactile sensors and so on.

In 1969, Kawai and his colleague Fukada reported the discovery of a large
remnant polarization in oriented films of PVDF [17]. Since the discovery, many
new piezoelectric and ferroelectric polymers have been studied in great detail
[18, 19]. The PVDF film can be obtained from the melt solution. But this kind
of PVDF is non-polarized a-phase form. To be rendered piezoelectric, it should
be converted to the polarized p-phase form by stretching the film into
approximately 4 to 5 times of its original lateral dimensions. Because the
stretching cannot convert all of the a-phase to B-phase, the obtained PVDF film
IS composite-like in structure with both o and p phases. Nowadays, both
uniaxially stretched and biaxially stretched piezoelectric PVDF films are
commercially available, and have been used successfully for high frequency
ultrasonic devices [20].

Ferroelectric copolymers of PVDF, which can possess significantly higher
remnant polarization than PVDF, were discovered in the 1980s. The P(VDF-
TrFE), P(VDF-TeFE) and P(VDF-TrFE-CFE) are the available piezoelectric

13



copolymers which have been studied and reported extensively. Among them,
P(VDF-TrFE) is the most successful commercial ferroelectric copolymer
because of its superior piezoelectric properties. Although other piezoelectric
polymer materials remain under investigation for their feasibility for high
frequency acoustic devices, none of them can achieve the same piezoelectric

properties as commercially available PVDF or P(VDF-TrFE).

2-1-2. Piezoelectric ceramics

Piezoelectric ceramics are multi-crystalline ferroelectric materials with
high dielectric constants. Lead ZirconateTitanate (PZT), Barium Titanate (BT),
Lead Titanate (PT) and Lead Metaniobate (PN) are the usual piezoelectric
ceramics. The piezoelectric ceramics have strong piezoelectricity and can readily
be cut into various sizes and shapes. However, their small mechanical quality
factor, high electric loss and poor stability were the disadvantages in the early
stage.

Between 1941 and 1947, a series of studies on barium oxide-titanium oxide
compositions conducted independently in the USA, the USSR and Japan. Most
of their studies conclude the discovery of good piezoelectric properties of poled
ferroelectric Barium Titanate (BaTiOs) ceramic. This was the beginning of the
remarkable development in polycrystalline ceramic materials which has
continued to the present days. Its basic characteristic is the ferroelectricity of the
single crystals consisted in the polycrystalline. By applying an external electrical
field, the spontaneous electric moment in the crystal can orient to a preferred
direction. This process makes the ferroelectric material become piezoelectric. In

addition, this material presents a high dielectric constant, which results in a low
14



electrical impedance, generally useful for ultrasonic transducer. This discovery
opened up the field of piezoelectric ceramics and their application to ultrasound
transducer. After BaTiOs, PZT was found by Jaffect et al. [21] in 1954. The PZT
marked a milestone in the development of piezoelectric ceramics because of the
strong and stable piezoelectric characteristics. Thereafter the PZT and its related
materials have constituted the domain piezoceramics and have been used most

widely in ultrasonic transducers.

2-1-3. Piezoelectric single crystals

The piezoelectric single crystals include Quartz (SiOz), Lithium Niobate
(LiNbO3), Zinc oxide (ZnO), and Lead Magnesium Niobate-Lead Titanate
(PMN-PT), Lead Zinc Niobate-Lead Titanate (PZN-PT), lead magnesium
niobate-lead titatnate (PMN-PZT) and so on. Table 1-1 shows their physical
properties. The PMN in PMN-PT and the PZN in PZN-PT role as relaxors so
that they are called as relaxor-based piezoelectric single crystals.

The SiO2 is one of the most widely used piezoelectric single crystals for
oscillators, and it belongs to crystal class 32 (or D3). During the World War I ,
people made the first transducer by a thin SiO2 crystal plate, and it was the main
piezoelectric material in the next several years.

The ferroelectric property of LiNbO3 was first discovered in 1949 [22]. It
was synthesized into single crystal form and its property was investigated in
detail at Bell Laboratory [23]. The LiNbOz belongs to a trigonal crystal group
(R3c) and it has large piezoelectric, pyroelectric and photoelectric coefficients.
It is well known as piezoelectric material in surface acoustic wave (SAW)

devices for use as delay lines, filters, and ultrasound transducers. Knapik et al.
15



used a 15-30 um thickness LiNbOs3 single crystals to make the transducers which
could provide resonances in the range from 100 to 200 MHz successfully [24].
Nowadays, due to the advanced synthesis method and dicing technology, it is
possible to obtain the nano-scale LiNbOgz single crystals to make ultra-high

frequency (UHF) transducers.

Table 2-1. Physical properties of piezoelectric single crystals [25-29]

Parameters LiNbO; | SiO, | PMN-PT | ZnO | PZN-PT | PMN-PZT
Density: p (g/cm3) 4.64 2.65 8.00 6.33 8.35 7.35
Longitudinal velocity:

7.34 5.97 4.61 5.68 1.06 4.25
vi (km/s)
Relative permittivity: & 39.0 3.75 797 10.2 1000 1030
Mechanical quality

10000 | 2000 31.0 1500 39.5 100
factor: Qm
Electromechanical

. B 0.49 0.09 0.58 0.28 0.53 0.62

coupling coefficient: ki
Curie temperature: T
(0) 1150 573 131 >27 160 216

High quality single crystal ZnO film is required for many applications, such
as in acoustic microscope, SAW device, photoluminescence and so on. Because
of high electromechanical coupling coefficient and low insertion loss, Ito et al.
made a 100-MHz ultrasound linear transducer array by using a 10 um thick ZnO
film sputtered on a sapphire substrate [30]. Martin et al. deposited Aluminum
Nitride (AINOz3) and ZnO thin film by reactive magnetron sputtering and made
the ultrasound transducer in 100-300 MHz range [31].

The relaxor-based piezoelectric single crystals are most recently developed.

The PMN-PT and PZN-PT single crystals with the ultrahigh longitudinal
16



piezoelectric strain coefficient dzs (>2000 pC/N) and electromechanical coupling
factors kasz (>0.9) suggest higher sensitivity, wider bandwidth and higher source
level in ultrasonic transducer applications. These merits are promising for a
broad range of electromechanical applications.

With the outstanding electrical properties, the PMN-PT single crystal has
been used as the active element of high frequency bio-medical sensors and
transducers. S.T.LAU designed a piezoelectric PMN-PT fiber hydrophone for
ultrasonic transducer calibration with the element size as small as 0.25mm in
diameter [32]. And Qifa Zhou fabricated a high frequency PMN-PZT ultrasonic
needle transducers for pulsed-wave Doppler application [33].

Single crystals of the PZN-PT have been investigated to improve device
performance through increased electromechanical coupling and decreased
acoustic impedance. Kuwata et al. observed the ks3 values and reported the ultra-
high electromechanical coupling coefficient of PZN-PT single crystals by [34].
Modeled bandwidths of over 120% were predicted for array transducers
incorporating these materials. Saitoh et al. in 1998 demonstrated improved
performance and superior imaging with 128 channel phased array probes
incorporating PZN-PT single crystals [35].

The PMN-PZT single crystals is a promising candidate for applications in
electronic and microelectronic devices. It exhibits a high dielectric constant, high
electromechanical coupling coefficient, low sintering temperature and a broad
dielectric maximum just below room temperature [36]. Its excellent dielectric
and piezoelectric properties make them the best candidates for transducers,
actuators, and single crystal-polymer composites.

Although piezoelectric single crystals have very good stability and high

17



mechanical quality factors, they are fragile and the dielectric constant is not
enough to generate high power acoustic waves. So, piezoelectric single crystal
materials are usually used to make standard frequency control oscillators or high

selective SAW filters with narrow frequency band.

2-2. Photoacoustic Imaging (PAI)

PALl is also called optoacoustic or thermoacoustic imaging. In PAI, acoustic
transient waves, that is photoacoustic waves, are generated by using pulsed laser
radiation. The photoacoustic waves are then detected by a transducer, such as a
needle hydrophone, and used to form an image of spatial distribution of optical
absorption. Such absorption leads to local heating and thermoelastic expansion,
which can produce megahertz ultrasonic waves in materials. Since different
biological tissues have different absorption coefficient, by measuring the
acoustic signals with ultrasonic transducers, one can rebuild the distribution of
optical energy deposition and ultimately obtain images of the biological tissues.

The PAI is a non-invasive imaging modality which allows structural,
functional and molecular imaging. The method relies on the PA effect which is
conversion between light and acoustic waves due to absorption of
electromagnetic waves and localized thermal excitation. The principle is
depicted in Fig. 2-1. Short pulses of electromagnetic radiation, mostly short laser
pulses, are used to illuminate a sample. The local absorption of the light is
followed by rapid heating, which subsequently leads to thermal expansion.
Finally, broadband acoustic waves with short duration are generated. By

recording the propagating ultrasonic waves with adequate ultrasonic transducers
18



at outside of the sample, the initial absorbed energy distribution can be calculated
and then an image is reconstructed. Thus, PAI is a hybrid technique using the
effects of optical absorption and ultrasonic wave propagation. Thereby the
advantages of both techniques related to the two effects are combined to give the

high contrast of optical imaging and the high resolution of ultrasonic imaging.

=
-#-8

laser | _ absorotioll— thermal |__ [ acoustic |_ |ultrasound | | image
pulse 2 expansion waves detection formation

Fig. 2-1. Principle of photoacoustic imaging.

It is known that optical absorption is closely associated with physiological
properties, such as hemoglobin concentration and oxygen saturation. As a result,
the magnitude of the ultrasonic emission (i.e. photoacoustic signal), which is
proportional to the local energy deposition, reveals physiologically specific
optical absorption contrast. 2D or 3D images of the targeted areas can then be
formed.

In the last decade, works on PAI have demonstrated many valuable
achievements in biomedical applications [37]. Possessing many attractive

characteristics such as the use of non-ionizing electromagnetic waves, good
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resolution/contrast, portable instrumentation, as well as the ability to quantitate
the signal to a certain extent, photoacoustic techniques have been applied for the
imaging of cancer, wound healing, disorders in the brain, gene expression,
among others. As a promising structural, functional and molecular imaging
modality for a wide range of biomedical applications, photoacoustic imaging
systems can be briefly categorized into two types: photoacoustic tomography
(PAT) and photoacoustic microscopy (PAM).

In PAT a semitransparent sample is illuminated by an expanded laser beam,
thus illuminating the whole sample volume (Fig. 2-2(a)). The spatial varying
local absorption leads to generation of ultrasonic waves which are recorded by
an ultrasonic transducer (Fig. 2-2(b)). By moving the transducer around the
sample, or by using an array of transducers, a dataset of pressure curves is
acquired. By using adequate reconstruction algorithms the absorption of light
within the sample (that is, image information) can be reconstructed. The
resolution of PAT is determined by the duration of the excitation laser pulse and

the bandwidth of the transducers, and is typically below 100 pm.

expanded laser pulse

Transducer
/

(@)

Fig. 2-2. Schematics of photoacoustic tomography (a and b)
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Optical waves, instead of electromagnetic waves at other wavelengths, are
used in photoacoustic imaging because of their desirable physical properties
such as deeper tissue penetration and better absorption by contrast agents. The
combination of high ultrasonic resolution with good image contrast due to
optical absorption is quite advantageous for imaging purposes [38]. When
compared with optical imaging, in which the scattering in tissues limits the
spatial resolution with increasing depth, PAI has higher spatial resolution and
deeper imaging depth since scattering of the ultrasonic signal in tissue is much
weaker. When compared with ultrasound imaging, in which the contrast is
limited due to the mechanical properties of biological tissues, PAI has better
contrast which is related to the optical properties of different tissues. In addition,
the absence of ionizing radiation also makes PAI safer than other imaging
techniques such as computed tomography and radionuclide-based imaging
techniques.

Given that optical absorption can reveal various physiological parameters
such as hemoglobin, melanin, water, ion concentration and oxygen saturation in
living subjects, PAI is a promising structural, functional and molecular imaging

modality for a wide range of biomedical applications.

2-3. Needle hydrophones for photoacoustic imaging (PAI)

In PAI, three steps are included to obtain an image: laser pulses illuminate
a sample, ultrasound transducers detect the acoustic waves and data processing
for image construction. Among the three steps, detecting the acoustic waves is

of much more importance, and the resolution and quality of the constructed
21



image is associated with the performance and characteristics of the ultrasound
transducer. Thus, only with high sensitivity and broad bandwidth of the
transducer can build a good PAI system.

The most often used ultrasound detectors in PAI are piezoelectric based.
They have low thermal noise and high sensitivity and can provide a wide band
of up to 100 MHz. YANG Di-Wu obtained PA images of animals with an annular
transducer array whose central frequency and bandwidth are 7.5MHz and 75%,
respectively [39]. And Diwu Yang established a fast full-view PAI system by
combined scanning with a linear transducer array of 7.5 MHz resonance
frequency [40]. Shriram Sethuraman established an intravascular PAI system
by using a single-element, high-frequency (40 MHz), unfocused intravascular
ultrasound imaging catheter (2.5 F, 0.83-mm diameter) [41].

Generally, the ultrasound transducers used for PAI are divided into high
frequency range (> 30 MHz) and low frequency range (< 30 MHz). In this study,
the low frequency (lower than 10 MHz) transducers are focused. In order to get
high sensitivity and broad bandwidth of the transducer, a new piezoelectric

single crystal PMN-PZT as the sensing material is selected.
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Ch. 3. Design and simulation of needle hydrophones for PAI

In this experiment, piezoelectric single crystal PMN-PZT (Ceracomp Co.,
Ltd.) was used as the sensing material of the needle hydrophone. Fig.3-1 shows
the plates of the PMN-PZT single crystal with the size of 0.5x0.5 mm?2.
Compared with conventional piezoelectric materials, such PVDF, which has
long been used as the sensing material of hydrophones, the single crystal PMN-
PZT has several advantages. For example, PMN-PZT has ultra-high
piezoelectric properties. Needle hydrophones made of PMN-PZT especially
have high sensitivity in the frequency range of 1~10 MHz. Its excellent dielectric
and piezoelectric properties make them the best candidates for transducers,

actuators, and single crystal-polymer composites.

Fig.3-1. PMN-PZT single crystals used to fabricate the needle hydrophone

Table 3-1 shows the comparison of the material properties between PVDF

and PMN-PZT. Because of small acoustic impedance of PVDF, the matching
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layer is not necessary for water or biological tissues. However, compared with
water or biological tissue, the acoustic impedance of the PMN-PZT is much
higher. Thus, in order to reduce the interface reflection of sound waves, one or

two matching layers are required.

Table 3-1. Comparison of the material properties between PVDF and PMN-PZT.

PMN-PZT PVDF
K. 0.62 0.2
£2a/80 1030 11
a [dB/mm/MHz ] 0.01 0.5
vV [mis] 4249 2200
o [kg/m?3] 7350 1800
Z [Mrayl] 31.2 3.96

3-1. Simulation and Design

3-1-1. Simulation

The piezoelectric single crystal PMN-PZT needle hydrophone was
designed using the one-dimensional Krimholtz-Leedom-Matthae (KLM) model
software PiezoCAD (Version 3.03 for Windows, Sonic concepts, Wood-in-ville,
WA). Three main components are involved including active element, backing

layer and matching layer. The single crystal PMN-PZT with an active area of
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0.5>0.5 mm? and a thickness of 0.31 mm was used as the active element of the
needle hydrophone. In the design, we considered the structure of Cu (41.6 Mrayl)
backing and two matching layers (Comico_11 and Comico_10, KoMiCo
company) bonded together with the PMN-PZT plate for the needle hydrophone.
The two matching layers were bonded together onto the front surface of the
needle hydrophone with the single crystal PMN-PZT active element by using the
conductive sliver epoxy (EPO-TEK H20). According to DeSilets etal. [42], the
acoustic impedance of the matching layer is Z; = 8.49 Mrayl, Z> = 2.31 Mrayl,
for the thickness of A/4 (A is the wavelength), respectively.

Receive Impulse Resporse - W(Rx)/FPascals)
. T . . T -10.000

50.000

Yol

Yol

ri/MPa de

£0.000

50.000 . . . . . .
0.000 Time in usec 1932

0.000 Frequency in bHz 15.000

Fig.3-2. Simulated receiving impulse responses of PMN-PZT needle

hydrophones
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Fig.3-3.Simulated receiving impulse responses of PVDF needle hydrophones

Fig.3-2 and Fig.3-3 show the simulated receiving impulse of PMN-PZT and
PVDF needle hydrophones. In order to compare the differences of the simulated
receiving impulse responses of these two different kinds of needle hydrophones,
Fig.3-4 and Fig.3-5 clearly shows the comparison of receiving impulse response

and spectrum between PMN-PZT and PVDF needle hydrophones. Here, the
thickness of sensing material PVDF is 80 gm, which was calculated

corresponding to the thickness of PMN-PZT plate. As shown in Fig.3-4, the
voltage of the received signal by the PMN-PZT needle hydrophone is about 37
mV at the peak value which is More than 7 times higher than that received by
the standard commercial PVDF needle hydrophone which is about 5 mV at the

peak value. Also, in the frequency domain, as shown in Fig.3-5, the PMN-PZT
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needle hydrophone shows more flat and wider bandwidth in the frequency range
of 0~13 MHz. These simulated results fully illustrated the potential excellent
performances of the PMN-PZT needle hydrophone and that needle hydrophones
made of PMN-PZT especially have high sensitivity and stability in the frequency
range of 1~10 MHz.
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27



— PMN-PZT
—PVDF

-10

T —
i
o

-60

Vo/ Pi [dB]

-70

8% 5 10 15

Frequency [MHz]

Fig.3-5. Simulated receiving impulse responses of PMN-PZT and PVDF
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3-1-2. Design

Fig.3-6 shows the structure of the PMN-PZT needle hydrophone. The size
of the rectangular single crystal PMN-PZT plate is 0.5>0.5 mm? in area and a
thickness of 0.31 mm. Two matching layers (0.063 mm and 0.05 mm in thickness,
respectively), which were used to reduce the interface reflection of sound waves
and improve the sensitivity of the PMN-PZT needle hydrophone, were bonded
in front of the single crystal PMN-PZT plate. The copper (Cu) wire (®==0.7 mm)
which was coated with Teflon and inserted into the stainless iron tube is used as
the baking layer of the needle hydrophone. The Teflon ensured that the iron tube
and copper wire were separated from each other, thus making them to be the two

electrodes of the needle hydrophone.
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Fig.3-6 Structure of the PMN-PZT needle-type hydrophone
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Ch. 4. Fabrication and characteristics evaluation of needle

hydrophones

4-1. Fabrication

In our experiment we selected the main part of the hypodermic needle
(Imm in diameter) as the tube of the needle hydrophone. We cut the tip and end
of the hypodermic needle first, thus making it to be an iron tube only. And then
polished the two sides of the iron tube and made them plane. The copper wire,
which was coated with Teflon ahead of time and polished flat in the surface of
one end, was inserted into the iron tube slowly. The copper wire is about 2 or
3mm longer than the iron tube at one end (called end A). The Teflon ensured that
the iron tube and copper wire were separated from each other, thus both of them
would be the positive and negative electrodes of the needle hydrophone. In order
to make the copper and the iron tube to be a unit, an adhesive layer of non-
conductive epoxy (EPO-TEK 301) was used to bond them together at the
interfaces.

One surface of the piezoelectric single crystal PMN-PZT plate (thickness
of 0.31mm, and 0.5x0.5 mm? in area) was bonded together with the copper wire
at end A by using the conductive silver epoxy (EPO-TEK H20). The single
crystal PMN-PZT plate was parallel to the flat surface of the copper wire. If they
were not parallel to each other, the amplitude of the receiving signal would be
decreased, thus affecting the receiving response performance and decreasing the
sensitivity of the needle hydrophone. Then the tube with copper wire and single

crystal PMN-PZT plate were moved into a 40°C heater machine to reduce the
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epoxy cure time. When the epoxy had cured, the copper and single crystal PMN-
PZT plate were strongly bond together.

An adhesive layer of the non-conductive epoxy (EPO-TEK 301) was
smeared around the copper wire at the junction of the single crystal PMN-PZT
and copper wire. Since the copper wire is 2 mm long and the thickness of single
crystal PMN-PZT plate is 0.31 mm, be careful enough not smearing the non-
conductive epoxy on the other surface of the single crystal PMN-PZT plate. If
the surface was smeared with the non-conductive epoxy, the positive electrode
of the needle hydrophone would be failed, thus could not receive signals after
fabricating. Since the size of the copper wire and the single crystal PMN-PZT
were too small, the help of microscopy (I Cam Scope) was needed, including the
next step. Several minutes after the non-conductive epoxy was dry, an adhesive
of the conductive silver epoxy (EPO-TEK H20) was smeared from the surface
of the PMN-PZT plate to the iron tube. Thus the two electrodes of the needle

hydrophone had been made.

Table 4-1. Acoustic parameters of the matching layers used in fabrication.

Z1 [Mrayl] VP [mfs] o [kg/md] o [dB/mm/MHz] t [mm]

1st layer 8.60 2375 3621 2.07 0.063

2nd layer 2.85 2015 1413 0.01 0.05

Then the two matching layers (Comico_11 and Comico_10, KoMiCo
Company) bonded together with the single crystal PMN-PZT plate. The acoustic

parameters of the matching layers used in the manufacture is shown in Table 4-
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1. The acoustic impedance of first matching layer is Z; = 8.60 Mrayl, Z, = 2.85
Mrayl, which are quite close to the values in theory according to DeSilets et al.
The two matching layers was bonded together with piezoelectric single crystal
PMN-PZT by using epoxy (EPO-TEK 301).

Finally, the needle-head was connected to a 50 coaxial cable for
transmitting the signal to an amplifier. As the hydrophone was used under water,
the connection between the needle-head and the coaxial cable was covered by

silicone rubber to prevent ingression of water.

4-2. Characteristics evaluation

4-2-1. Receiving pulse-echo response

The performance of the PMN-PZT needle hydrophone was evaluated in a
water tank. The experiment setup is shown in Fig.4-1. The PMN-PZT needle
hydrophone was first characterized by examining its receiving response by using
a plane transducer transmitting pulses. The PMN-PZT needle hydrophone was
placed in a water tank of degassed water with the plane transducer placed at its
bottom. The plane transducer was then excited with a function waveform
generator (EZT DDF3010).

The PMN-PZT needle hydrophone was positioned for maximum received
signal in the plane perpendicular to the transducer axis and measurements were
made with the transducer excited by a 20-cycle tone burst with driving voltage
in the frequency range of 0~10 MHz. The hydrophone output signal was

measured over the region of the tone burst for which a voltage waveform of
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constant amplitude was observed using an oscilloscope (LeCroy wave runner)

and amplified with the Gain = 20 dB.

PMN-PZT/ PVDF
needle hydrophone

K Amplifier
(Gain=28dB)
Function generator \i
(EZT DDF3010)
Oscilloscope
(LeCroy wave runner)

£

Plane
transducer

Fig.4-1. Schematic diagram of the setup for evaluation of the PMIN-PZT needle
hydrophone

In order to evaluate the performance of the fabricated PMN-PZT needle
hydrophone, we made a comparison of the receiving waveforms and sensitivity
with a standard commercial PVDF needle hydrophone (Precision Acoustic Ltd.)
with the diameter of 0.2 mm. This time, two NDT transducers (Olympus) with
the center frequency of 5.0 MHz and 7.5 MHz respectively were used as
projectors for transmitting ultrasonic waves in the water. Since the system of the
commercial PVDF needle hydrophone has an inherent Gain=8 dB, as a
comparison, we used the PMN-PZT needle hydrophone placed at the same
position and using the same procedure to measure the amplitude of the receiving

signal with a matched amplifier (Gain = 8 dB).
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Fig.4-2. xyz rectangular coordinate system and the transducer

In this work, the acoustic field is analyzed with the help of xyz rectangular
scanning system. As shown in Fig.4-2, the vertex of the concave is supposed as
the origin point 0 and the xy plane is parallel to the circle plane of the transducer.
So the wave is propagating along the z-axis. The positionsin calculations and

figures are related to this coordinate system.
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Figure 4-3. Wave graphs of the PMN-PZT without and with two matching
layers (Attenuation=0, Gain=20dB)

As shown in Fig.4-3, the amplitude of the signal received by the PMN-PZT
needle hydrophone with two matching layers is about 2 times higher than that
received by the PMN-PZT needle hydrophone without matching layer. After
adding the two matching layers (Comico_11 and Comico_10 with the acoustic
impedance Z; = 8.60 Mrayl and Z, = 2.85 Mrayl, respectively), the surface
reflection of the ultrasonic waves is greatly decreased. Thus increasing the
ultrasonic intensity received by the PMN-PZT needle hydrophone. While
without matching layers, since the existence of the mismatch of the acoustic
impedance between water and single crystal PMN-PZT, some of the ultrasonic

intensity is reflected on the surfaces. That is why small amplitude of the signal
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is received.
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Fig.4-4 Wave graph of the PMN-PZT needle hydrophone without an amplifier
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Fig.4-5. Wave graph of the PMN-PZT needle hydrophone with an amplifier

Fig.4-4 and Fig.4-5 show the receiving response of PMN-PZT needle

hydrophones without and with an amplifier, respectively. In Fig.4-4, the peak-
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to-peak amplitude of the signal is about 50mV, while in Fig.4-5 the peak-to-peak
amplitude is amplified to about 550 mV with an amplifier (ZFL-500-BNC, Mini-
circuit) showed in Fig.4-6. The Gain of the amplifier is about 20dB when the
input voltage is 15V. And Fig.4-7 shows the receiving response of the PVDF
needle hydrophone with an amplifier. The peak-to-peak amplitude is only about

19 mV, much shorter than the PMN-PZT needle hydrophone.

Fig.4-6 The mini-circuit ZFL-500-BNC amplifier
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Fig.4-7.Wave graph of the PVDF needle hydrophone with an amplifier
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Fig.4-8. Comparison of waveform of typical signals for the PMN-PZT and
PVDF needle hydrophones. (Attenuation=0, Gain=8dB)
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Fig.4-9. Comparison of amplitude variation according to frequency for the

PMN-PZT and PVDF needle hydrophones. (Attenuation=0, Gain=8dB)

As an example, Fig.4-8 shows the waveform and spectrum of the received
signals when the projector is a plane transducer with the center frequency of 5
MHz. From the waveform, we can see that the amplitude of the signal received
by the PMN-PZT needle hydrophone is much bigger than that received by the
standard commercial PVDF needle hydrophone. Fig.4-9 shows the comparison
of the amplitude of measured signals according to different frequencies of
transmitting ultrasonic signals. From 1~6 MHz, the projector is a plane
transducer with the center frequency of 5 MHz, while after 6 MHz, the projector
is a plane transducer with the center frequency of 7.5 MHz. It is shown that,
compared with the standard commercial PVDF needle hydrophone, the
fabricated PMN-PZT needle hydrophone has much higher sensitivity in the
frequency range of 1~10 MHz.

Fig.4-10 shows the photograph of the fabricated needle hydrophone. The
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iron probe of the needle hydrophone is about 2.5 cm long and the diameter of
the thick copper tube is 1 cm. The single crystal PMN-PZT and the two matching
layers locate to the tip of the iron probe. Because of the small size (0.5x0.5 mm?

in area), they could not be seen clearly.

Fig.4-10. Photograph of the fabricated PMN-PZT needle hydrophone

4-2-2. Discussion

The results of the comparison between the fabricated PMN-PZT needle
hydrophone and the standard commercial PVDF needle hydrophone adequately
illustrate that single crystal PMIN-PZT has ultra-high piezoelectric properties and
will promote the development of the needle hydrophone when used as the
sensing material.

However, it should be recognized that the sensitivity of the fabricated PMN-

PZT needle hydrophone in the range of 0~10 MHz is not as stable and flat as the
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result obtained from the piezoCAD simulation. This may result from the
fabrication process, such as there is a small angle between the PMN-PZT single
crystal plate and the copper tube surface, etc. The problems will found out and

solved in the future work.
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Ch. 5. Photoacoustic imaging by the fabricated PMN-PZT

needle hydrophone

5-1. Photoacoustic imaging system

5-1-1.Indocyanine green (ICG) specimen

Indocyanine green (ICG) is a cyanine dye used in medical diagnostics. It is
used for determining cardiac output, hepatic function, and liver blood flow, and
for ophthalmic angiography. It has a peak spectral absorption at about 800 nm.
These infrared frequencies penetrate retinal layers, allowing ICG angiography
to image deeper patterns of circulation than fluorescein angiography. ICG binds
tightly to plasma proteins and becomes confined to the vascular system. ICG has
a half-life of 150 to 180 seconds and is removed from circulation exclusively by
the liver to bile juice.

ICG, atricarbocyanine dye with peak absorption at almost 800 nm, has been
used as a diagnostic aid for measuring blood volume, cardiac output, or hepatic
function. Noninvasive photoacoustic angiography of animal brains has been
reported with ICG [43]. When it is injected into the circulation system of a rat,
ICG significantly enhances the absorption contrast between the blood vessels
and the background tissues. Because near-infrared light can penetrate deep into
brain tissues through the skin and the skull, the vascular distribution in the rat
brain was successfully reconstructed from the photoacoustic signals with high
spatial resolution and low background. Subsequently, it was reported that PAT

could image objects embedded at depths of up to 5 cm at a resolution of <1 mm
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with a sensitivity of <10 pM of ICG in the blood [44]. The resolution was found
to deteriorate slowly with increasing imaging depth.

In this experiment, the ICG was mixed together with some water to make
ICG solution. And then the ICG solution was insulted into a silicon tube with the
outer diameter of 2mm. Fig.5-1 shows the ICG specimen fixed on a rectangular

plastic. The center part of the silicon tube was scanned with the PAI system.

lcm

4

Fig.5-1 ICG specimen

5-1-2.Photoacoustic imaging system

In our US-based integrated photoacoustic imaging system (Fig.5-2), the
pulsed Q-switched Nd:YAG laser was used as the PA signal excitation source.
The free space laser output was focused by an objective lens and coup led into
an optical fiber for delivery. The light delivery system was combined with the
fabricated PMN-PZT needle hydrophone and they were fastened on the XY
moving stage controller and moved at the same time when scanning the ICG

specimen. The ICG sample was immersed and fixed in the bottom of a water
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tank. The circumferential scanning (B-scan) was accomplished by the X-Y
direction moving stage controller. The laser pulse and PMN-PZT needle
hydrophone unit were used to generate US pulses and receive PA waves,
respectively. For each rectangular B scan, 200 time-resolved PA signals (A-lines)
was recorded. The received PA signals was amplified by 20 dB through an
amplifier (ZFL-500-BNC, Mini-circuit), and then digitized and processed by a
NI PXI-10420 (National Instruments). At last, after data processing with

MATLAB, the PA image of ICG specimen was acquired.

Fig.5-2. PAI system
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5-2. PAI results

Fig.5-3 PA signal of PMN-PZT needle hydrophone without an amplifier
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Fig.5-4 PA signal of PMN-PZT needle hydrophone with an amplifier (20dB)
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Fig.5-5 PA signal of PVDF needle hydrophone with an amplifier (Gain=34dB)

Fig.5-3 and Fig.5-4 show the received photoacoustic signals of the PMN-
PZT needle hydrophone without and with an amplifier (Gain=20dB),
respectively. In Fig.5-3, the peak-to-peak amplitude of the photoacoustic signal
is about 50mV, while in Fig.5-4, with the amplifier, the peak-to-peak amplitude
is about 1.8V. In order to evaluate the characteristics of the PMN-PZT needle
hydrophone, the amplitude of the photoacoustic signal is compared with a
commercial PVDF needle hydrophone under the same condition. And in Fig.5-
5, the peak-to-peak amplitude of the photoacoustic signal received by the PVDF
needle hydrophone is about 1.4V with the Gain=34dB. From the comparison, it
is concluded that the PMN-PZT needle hydrophone has much higher sensitivity
than the commercial PVDF needle hydrophone. And the results confirmed the
simulation results of the peizoCAD.

Fig.5-6 and Fig.5-7 show the PA image of the ICG and human hair

specimens, respectively. The golden line in the graph are the ICG solution and
46



human hair. The PA images of ICG and human hair specimens show high
resolution and high contrast. This demonstrate that the fabricated PMN-PZT
needle hydrophone has a high sensitivity and can be used as ultrasound probes

for PA.
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Fig.5-6 Photoacoustic image of ICG specimen
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Fig.5-7 Photoacoustic image of human hair specimen
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Ch. 6. Conclusions

In this thesis, we have designed and fabricated a new type of needle
hydrophone with high sensitivity and wide bandwidth in the range of 1~10 MHz
is described in detail. The sensitive part is a small size (0.5x0.5 mm?) lead
magnesium niobate-lead titanate (PMN-PZT) single crystal material with two
matching layers on the tip of the needle. The experiment result shows that the
amplitude of the signal received by the PMN-PZT needle hydrophone with two
matching layers is about 2 times higher than that received by the PMN-PZT
needle hydrophone without matching layer.

Construction and performance of the PMN-PZT needle hydrophone are
compared with other types of needle hydrophones. The receiving frequency
responses of the hydrophones are estimated by the PiezoCAD program based on
KLM model. The PMN-PZT needle hydrophone has been characterized to be
more sensitive and has much more flat and stable frequency bandwidth than a
PVDF needle hydrophone of the similar structure, and it is confirmed by the
experiment.

Furthermore, using this fabricated PMN-PZT needle hydrophone, we
established an Acoustic Needle Imaging System for low frequency
photoacoustic imaging to get some images of specimen. It is shown that the
photoacoustic images of the ICG specimen obtained by the system have high
resolution and high contrast.

In conclusion, compared with conventional piezoelectric materials, Lead
magnesium niobate-lead titanate (PMN-PZT) single crystal has ultra-high

piezoelectric properties and extremely good dielectric and piezoelectric
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properties as a result of enhanced polarizability arising from the coupling
between two equivalent energy states. This single crystal can be used to fabricate
high performance needle hydrophone and ultrasound transducers used for low

frequency photoacoustic imaging.
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