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1 Abstract: The image performance of acoustic and ultrasound sensors depends on several fundamental
>  parameters such as depth of focus or spatial resolution. There are currently two different type
s of acoustic diffractive lenses: those which form a diffraction-limited spot with a shallow depth
«  of focus (zone plates) and lenses which form an extended focus (quasi-Bessel beams). In this
s Ppaper, we investigate a pupil-masked Soret zone plate which allows the tunability of a normalized
s angular spectrum. It is shown that the depth of focus and the spatial resolution can be modified,
»  without changing the lens structure, by choosing the size of the amplitude pupil mask. This effect
e is based on the transformation of spherically converging waves into quasi-conical waves, due to
o  the apodization of the central part of the zone plate. The theoretical analysis is verified with both
1o numerical simulations and experimental measurements. A Soret zone plate immersed in water
u  with D/2F=2.5 and F=4.5A, changes its depth of focus from 2.84A to 5.9A and the spatial resolution
12 increases from 0.81A to 0.64A at a frequency of 250 kHz, by modifying the pupil mask dimensions of
13 the Soret zone plate.

12 Keywords: ultrasonic lens; apodization; Soret zone plate

s 1. Introduction

=

16 The necessity of manipulating waves has been one of the main objectives of the scientific
1z community. Lenses are devices that achieve, through different physical phenomena such as refraction
s or diffraction, beam focusing and modulating effects. In the acoustic field, lenses have been developed
1o for different areas such as biomedicine, engineering, industry and those applications which require a
20 reduced cost of acoustic lenses [1-11].

21 Due to the interest that these lenses arose, their design and improvement is currently a research
22 subject. One type of acoustic lenses are those which change the refractive index among the medium
23 known as Gradient-Index (GRIN) lenses using labyrinthine structures [12-14]. Phononic crystals [15],
2¢ acoustic metamaterials [16] and acoustic resonators [17] have also been used in the implementation of
25 acoustic lenses.

26 Fresnel Zone Plates (FZP), as a simple example of acoustic lens, have been used in this study due
2z to their dimension and fabrication advantages [18-20]. FZPs are constructed alternating opaque and
2s transparent acoustic rings and use the diffraction phenomenon to modulate and focus acoustic waves.
2e  These classic FZPs are also called Soret Zone Plates (SZPs) [21].

30 Calvo et al. developed and characterized a SZP for underwater ultrasounds, alternating opaque
s and transparent zones made of soft silicone rubber [22]. Results shown a main lobe widening but
sz also, a small reduction of the first Side Lobe Level (SLL). A zone plate based on fractal structures was
33 studied in [23].
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3a Acoustic field diffraction produces a maximum pressure field located in the central axis,
s nonetheless the secondary lobes produce miss-definition on the focal point [24-26]. SLL and Depth of
ss Focus (DoF) are one of the problems that SZP lenses have [27]. Although energy is concentrated at
sz the Focal Length (Fp), SLL levels in SZP lenses are not sufficient if the target application requires high
s precision.

30 This work is based on the study carried out by Minin et al. in the field of electromagnetism [28].
s In that study, a modification on the distribution of energy modification at the focus was proposed.
a1 The authors showed that by choosing a radius or phase reference in the first SLL radii, the SLL ratio
2 was improved [29,30]. These results can be transferred to the ultrasonic field. Later the concept of the
a3 reference radius was independently used in acoustics in [31], but without analyzing the image quality.
" The quality of the image is determined by the beam distribution (lateral resolution, R;,;;) and
s axial resolution, R,y. For an arbitrary circular aperture at the focus, simplified expressions for lateral
s resolution, Rj,, and (DoF), are [32]:

F
Rigt = ad 55 = aAf* 1)
r\2
DoF = BA (D> = BAf*2 ()
a7 Here, the ratio of the focal length to the diameter is the f-number f # From Equations (1) and (2) it
s is followed that [33]:
DoF = %Rfm @)
a9 Equation (1) is valid also in the focal area for a focused lens with a high numerical aperture [34].

5o One could see that depending on the choice of frequency and f#, the resolution can vary over several
s orders of magnitude.

52 To increase the depth of focus and spatial resolution many papers investigated acoustic Bessel
ss  beams due to the central core spot size of the Bessel beam, which is defined from the properties of the
s¢ zeros of a Bessel function and is given by:

Ry = 2.4048/k, 4

ss where k, is a radial wave vector [35].

56 For example, a flat acoustic lens with an aperiodical structure to transform a divergent beam into
sz a Bessel like beam was reported in [36]. Bessel beams of sound waves were also reported in [37,38].
ss However, they are not as broadly applied as in optics, which is perhaps related to the lack of convenient
so techniques of formation of such kind of acoustic waves. Acoustic Bessel beams have been excited
e using acoustical axicons [39], in analogy to the optical case. In any case, the most convenient way to
e form acoustic Bessel beams is by using annular transducer arrays [40,41]. The acoustic Bessel-like
s2 beam by means of an axisymmetric grating of rigid tori was reported in [42]. It could be mentioned
es that if Babinet’s principle is considered, both approaches (FZP and rigid tori scatterers) are considered
es equivalent.

o5 The present work proposes and demonstrates a new technique for acoustic quasi-Bessel beam
e formation using a planar structure based on SZPs [21]. Two concepts for a diffraction lens design are
ez considered: based on the reference phase method and the amplitude pupil mask. It can be affirmed
es that, under specific conditions, part of a diffracted wave collimates producing an elongated focus.
eo Numerical calculations using Finite Element Method (FEM) of acoustic waves propagating through
7 such lenses were used to observe the complete acoustic field. Finally, the experimental verification of
= quasi-Bessel beam formation by two types of Soret Zone Plates is reported.
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72 2. Mathematical Method and Simulations

73 SZPs are based on ring sections known as Fresnel Regions. The purpose is to block the destructive
za contributions to the focus. Therefore, consecutive Fresnel Regions have a 7t phase shift between zones.
7 SZP’s building parameters are F;, the Number of Fresnel Zones (N) and the working frequency (f).
76 The radii are obtained from the following Fresnel construction equation,

rn =y [NAFL + (?) (5)

7 The reference radius is defined arbitrarily, on account that the properties of the zone plate are
zs not modified from the point of view of geometrical optics [28]. Nevertheless, this reference radius is
7 equal to modify the reference phase in the wave approximation [30]. This phase shift introduces the
so quasi-Fresnel radii concept. These radii are defined, for the plane incident wavefront, by the following
a1 equation,

A2
rn:\/n/\,/l—“f—y-r%—i—(nz) + 73 (6)

82 The study of the physical phenomena involved in the interaction between the lenses and the
e wave front requires a mathematical model that considers the boundary conditions of the problem.
s« In the present work, the FEM method has been used through the commercial software COMSOL
es  Multiphysics [43] to calculate the acoustic pressure distribution. This method generates a numerical
ss solution by discretizing the model, solving Helmholtz’s Partial Differential Equation,

1 w’p
Vol ——(\V =—5 7
(o vm) =2k ”
87 One of the problems with the use of FEM, is the extensive usage of memory resources. To

ss avoid them, axisymmetric models have been considered. This design, simplifies the calculation when
e considering that half-lens generates the rest of the model by turning 27t. Therefore, the degrees
% of freedom needed to obtain the numerical solution are reduced, decreasing the computation time.
o1 Underwater transmission is considered, and to solve Equation (7) typical water values of sound speed
o2 propagation (c = 1500 m/s) and density (o = 1000 kg/m3) are taken. Design frequency (f) is 250 kHz,
o3 therefore wavelength (1) is 6 mm. Lenses were defined as full rigid considering Neumann condition
ea that specifies sound velocity in the boundary is zero. The exterior contours of the model emulate the
os Sommerfeld condition. This boundary condition turns into an infinitely host defining these contours
s as radiation boundaries. Mesh geometry was fixed in triangles with minimum element size of A /14
oz and maximum element size of A /8 to prevent numerical dispersion.

o8 In the current paper, the lenses with high numerical aperture (N A) were selected (D/2F = 2.5).
oo Focusing of this device (F = 4.5A) leads to a very compact beam with a short working distance. Below
10 it has been considered and compared three types of SZPs based on acoustic lenses: classical SZP, zone
11 plate with amplitude pupil mask (PSZP) and zone plate based on reference phase concept (RSZP).
102 The simulation results are presented in self-normalized intensity maps with normalized axis to the
103 wavelength as shown in Figure 1. Also, normalized intensity radial and longitudinal cuts along the R
10s  and the Z axis are shown in Figure 2, respectively.

105 From Figure 1 it is clear that the structures of focused acoustic fields in the focal area are different
106 and in the cases of PSZP and RSZP have an extended focus. Moreover, from Equation (5) and Equation
w07 (6) it is followed that if 7y in Equation (6) equal to r,, from Equation (5), the Fresnel radii for classical
s Equation (5) and Reference phase SZP Equation (6) are equal above rg. Thus, such PSZP and RSZP
100 Will give equal results for the focal area formation. The focused field in the cases of PSZP and RSZP
1o has a characteristic structure for quasi-Bessel beams with intensity profiles that closely resemble the
11 ideal ](2) transverse-intensity distribution of Bessel beams (Figure 1(d)).
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Figure 1. Self-normalized intensity maps to the maximum with R and Z axis normalized to A for (a)
Soret Zone Plate (SZP), (b) Reference radius Soret Zone Plate (RSZP) and (c) Pupil Mask Soret Zone
Plate (PSZP). (d) Black solid line is the Bessel ]3 function and dashed red line is the axial cut for PSZP
lens at different positions: (d.i) corresponds to (i) line in Figure 1c, (d.ii) to (ii) line and (d.iii) to (iii)
line respectively. The normalized Intensity Level (IL) in dB is represented abscise axis for all the cases.
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Figure 2. Numerical normalized intensity results for (a) R axis cut and (b) Z axis cut. Black solid line
corresponds to classical Soret Zone Plate (SZP), blue dotted line corresponds to Reference Radius Soret
Zone Plate (RSZP) and dash-dotted red line corresponds to the amplitude pupil masked Soret Zone
Plate (PSZP).

Table 1. FLHM and FWHM comparison between numerical and experimental results.

FLHM (\) FWHM (\)

szpr 2.84 0.81
RSZP 3.67 0.60
PSZP 5.94 0.64
Bessel ]5 - 0.64
FZP13Z7 (Experimental SZP) 3.51 0.79
PM13Z4 (Experimental PSZP) 5.72 0.67
112 The normalized intensity distributions along optical axis are presented in Figure 2. It can be

us  observed that a maximum normalized intensity value is obtained for the SZP case. Normalized
ua  intensity values for RSZP and PSZP are 0.94 and 0.76, respectively.

115 As the central zones for PSZP are covered, the central peak sharpens further. However, the
ue relative side lobe intensity is increased. Thus, the central zones play an important role in reducing the
ur background, while the outer zones cause the central peak to be sharpen. The diameter of the central
us maximum at the focal spot is less than the equivalent Airy disk, partly because the open areas are
ue  smaller than the corresponding Fresnel zones (see Table 1). In this Table it is compared the Full Length
120 Half Maximum (FLHM) and Full Width Half Maximum (FWHM) of each lens. FLHM is defined as the
121 distance along the longitudinal axis where the energy is reduced to the half. FWHM is equivalent to
122 the FLHM but considering the transversal axis.

123 Compared to a classical SZP, an acoustic PSZP has the following main characteristics. Focus
12 depth is larger than classical SZP; its resolution is better for point objects since the central maximum is
125 narrower and it has a little more energy in the outer rings of the diffraction pattern (compared to the
126 central maximum).

127 As it was mentioned above that PSZP and RSZP generate quasi-Bessel beams as shown in Figure
12s 1. As for RSZP, in general, it can be mentioned that effectively, by increasing the diameter of the
120 amplitude pupil, the diameter of the central spot is reduced, and the depth of focus is increased with
130 the relative amplitude of the secondary lobes is increased. It is worth mentioning that in [32] a paraxial
131 study of this phenomenon in optics was made in contrast to our study made for acoustic lens with
132 high NA.

133 The effects of extended depth of focus with quasi-Bessel structure both for PSZP and RSZP may
13« be described (to simplify the problem) as presented in Figure 3.
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Figure 3. Beam formation scheme of (a) SZP and (b) PSZP.

135 The binary SZP lens consists of concentric dielectric ring, which can be treated as a quasi-periodic
136 grating with different local grating constants at different radii. For single-point focusing, the normal
137 incident wave is diffracted towards the designed focal point by these local gratings. The diffraction
13s  angles has a large range of different radii to ensure the formation of a focal spot (Figure 3a). The
139 normalized radial spatial frequency k; /k is related to the angle 6 as k, /k = sin 8 where k; is the radial
140 components of wave vector k, and 6 is the angle between the wave vector and optical axis. For an ideal
11 Bessel beam, the values of k;, and 0 are the same for all plane waves consisting of the beam. The range
12 of the diffraction angle (6;) corresponds to the normalized angular spectrum bandwidth.

143 SZP with pupil masked central part and reference phase FZP with first reference radius equal to
12 pupil mask dimension may be also considered as circular gratings. Due to the widths of zones are
1es  almost constant so PSZP and RSZP lenses are similar to ring diffraction grating. Thus the local gratings
s diffract the incident waves towards different points on the optical axis with a small range of diffraction
1z angle (Figure 3b).

148 The interference pattern is a 2D Bessel function of the first kind, located at the focal distance.
e Therefore, the local grating constant d(r) at radius r can be obtained by the grating equation,
10 d(r)sin@(r) = A, where A is the incident wavelength. Thus, the angular spectrum of the acoustic lens
151 based on the SZP is controlled by the selection of the pupil mask size. It could be noted that due to
12 acoustical lens is immersed in water the angular spectrum is compressed according to refractive index
13 of a medium.

154 Most of the focused wave is diffracted from the outer rings and the first-order diffraction beams
15 intercept the optical axis and form the acoustical needle, which is similar to the formation of a
16 quasi-non-diffracting beam with conical lenses.

157 It could be noted that in the optical band, the pupil mask method was used to block the light
1ss through the central part in the point-focusing super-oscillatory lenses to achieve a DoF as long as
10 5A-20A. However, the realization of such an extended DoF was at the expense of degradation in the
160 focus transverse size [44,45].

11 3. Experimental Results

162 In order to carry out the experimental measurements, the SZP and the PSZP have been
163 implemented in brass using a mechanization process. The material selected for its construction
16s is brass because it has a relatively low transmission coefficient and behaves as an opaque sound
1es material as shown in the Figure 4.

166 All the measures have been done using an automated full precision measurement system in order
1z to validate and compare the proposed lenses. This well-know system consists in a fixed ultrasonic
1es  transducer and a 3D positioned hydrophone [46]. This systems grants precise and reliable results with
10 1 x 1 mm? scanning. The transducer used is a 250 kHz Imasonic piston with 32 mm of active diameter
170 and the needle hydrophone is a MPM1/1 from Precision Acoustic Ltd. made of polyvinylidene fluoride
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i1 with a diameter of 1.5 mm. Flat transfer function between 0.2 and 15 MHz provides accuracy on the
172 Mmeasurements.

Figure 4. Implemented lenses in brass for experimental results. Where (a) corresponds to the
experimental classical Soret Zone Plate (FZP13Z7) and (b) corresponds to the implemented amplitude
Pupil Masked Soret Zone Plate (PM13Z4).

173 Figure 5 shows the experimental self-normalized intensity maps for Figure 5a implemented
17a  SZP (FZP13Z7) and Figure 5b implemented PSZP (PM13Z4). The axial and longitudinal normalized
15 intensity cuts are shown in Figure 6. Figure 6a corresponds to axial or R-axis cut and can be seen that
1ze  the consideration of a pupil generates a distribution of energy along the longitudinal axis narrowing
177 the beam and generating a quasi-Bessel beam distribution. Experimental results are in good agreement
17e  with the presented numerical results.

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0

R ()

Figure 5. Experimental self-normalized intensity maps results for implemented lenses. Where (a)
corresponds to the experimental classical Soret Zone Plate (FZP13Z7) and (b) corresponds to the
implemented amplitude Pupil Masked Soret Zone Plate (PM13Z4).


http://dx.doi.org/10.20944/preprints201809.0181.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2018 d0i:10.20944/preprints201809.0181.v1

8 of 10

—FZP1327|
----PM1324 |

(a)1 ﬂ e (b)1

--=-PM1324
08| 0.8

o
[
o
)]

o
~

Normalized Intensity
o
>

Normalized Intensity

0.2 0.2

Figure 6. Experimental normalized intensity results for both implemented lenses. Axial and
longitudinal axis are shown, where (a) corresponds to R-axis cuts and (b) corresponds to Z-axis
cuts.

17o 4. Conclusion

180 In this work, we have proposed an improvement over a classical SZP introducing an amplitude
1e1  pupil mask. The idea of a normalized angular tunable acoustic spectrum has been verified. The design
12 Of a quasi-non-diffracting beam with sub-wavelength transverse size is achieved using a pupil-masked
13 or reference phase SZP. This design has been verified using numerical models and the experimental
1es measurements in controlled conditions. When an amplitude pupil masked is used, a quasi-Bessel beam
15 instead of a diffraction spot focus is obtained. This effect is produced by modifying the spherically
186 converging waves into quasi-conical waves. Therefore, a quasi-Bessel beam distribution is obtained
1z when an amplitude pupil masked SZP is used.

188 With the amplitude pupil masked SZP proposed in this paper, a spatial resolution enhancement
10 from 0.81A to 0.64A is accomplished. In addition, depth of focus is increased from 2.84A to 5.94A
1o compared with the classical SZP. The experimental results are in good agreement with the numerical
11 ones. The obtained results allows to modulate the acoustic beam without changing the lenses.
102 Therefore, the same SZP could be used for different targets by adding an amplitude pupil mask.
103 In consequence, these results confer great versatility to SZP lenses. This type of PSZP could have
1wa applications in different areas where compromise between DoF and partial resolution is needed. As
15 happens in 3D imaging, ultrasonic sensors with long depth of focus eliminates the need for depth
106 scanning making this technique considerably faster.
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