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Abstract

High-frequency focused ultrasonic technology offers distinct advantages in microstructural inspection and high-resolution imaging owing to its short wavelength and superior acoustic field-focusing capability. Accurate determination of focused acoustic field characteristics is essential for reliable defect evaluation and image quality. This study proposes a precise method for calibrating the effective radius of high-frequency focusing ultrasonic transducer and −6 dB beamwidth of its acoustic field – two key parameters that directly affect the spatial resolution and focusing accuracy. A theoretical acoustic field model was established based on the Rayleigh integral, and the computational efficiency was enhanced using the Fresnel approximation. A hydrophone-based experiment was designed: the iterative method was employed to invert the geometric focal length and effective radius by analyzing the extrema (maximum and minimum values) of the on-axis acoustic pressure distribution, while the −6 dB beamwidth was determined by incorporating a spatial averaging correction into the analysis of the focal plane pressure profile. The experimental results demonstrate that the determined beamwidths agree with the measured values to within 3% across a frequency range of up to 100 MHz, thereby confirming the accuracy, robustness and practical applicability of the proposed calibration approach.
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1 Introduction
With the continuous advancement of modern industrial manufacturing and intelligent inspection technologies, increasingly stringent requirements have been imposed on real-time and high-precision evaluation of material properties and structural integrity, particularly in high-tech fields such as aerospace [1], microelectronic packaging, and biomedical devices. The demands for spatial resolution, penetration depth, and adaptability to multi-physical coupling environments in inspection technologies have exhibited exponential growth trends [2–4]. Traditional nondestructive testing (NDT) methods, such as radiographic testing [5] and eddy current testing [6], present notable limitations in detecting micro-defects, identifying inner-layer defects in complex structures, and multi-physical field coupling scenarios. These limitations may include insufficient resolution, limited penetration capability, and poor sensitivity to variations in the material properties.
In contrast, ultrasonic testing has emerged as a mainstream NDT technique in modern industry, because of its non-invasiveness [7], excellent time-domain resolution, high sensitivity [8] to deeply embedded defects, and ease of integration into real-time monitoring systems. Notably, high-frequency focusing ultrasound exhibits distinct advantages in applications such as hydrophone calibration [9], microstructural evaluation, high-resolution imaging (e.g., ultrasonic microscopy), and inspection of integrated circuit packages, owing to its short wavelength and superior acoustic field focusing capability. As the core component of an ultrasonic inspection system, the transducer directly determines the detection sensitivity and the spatial resolution of the system. The quantitative characterization of its acoustic field parameters not only influences the reliability of defect evaluation, but is also critical for verifying compliance with international standards such as ASTM [10] and ISO [11].
In ultrasonic NDT, accurate modeling of acoustic field and precise calibration of key parameters of the transducer form the foundation for system design optimization, imaging algorithm development, and quantitative defect assessment. Among these, the beamwidth and effective radius are key indicators for evaluating the performance of focusing transducers. These parameters directly affect the spatial resolution and focusing precision. Even slight deviations can significantly influence defect characterization, potentially resulting in false positives or missed detections. Knowledge of these parameters can also be applied to perform spatial averaging corrections in hydrophone calibration [12–15]. Therefore, the development of reliable measurement and calibration techniques is vital.
The beamwidth is typically defined as the full width at the −6 dB level (i.e., the half-maximum) of the acoustic pressure amplitude or intensity distribution at the focal plane, and serves as a measure of the transducer’s lateral resolution [16]. However, high-frequency focusing transducers exhibit considerably shorter wavelengths than their low-frequency counterparts. Conventional measurement techniques, such as hydrophone-based acoustic pressure acquisition, are increasingly affected by the spatial averaging effect [17, 18], particularly when the hydrophone’s aperture is comparable to or larger than the beamwidth. Under such conditions, the hydrophone can no longer be approximated as an ideal-point receiver, leading to significant errors in the field characterization. The effective radius, representing the actual emitting area contributing to the acoustic field distribution [19], is a critical input parameter for theoretical modeling methods, such as Rayleigh integral and Fresnel approximation. As the frequency increases, the signal-to-noise ratio (SNR) decreases, particularly in the pre-focal range, where the fluctuating characteristics of the acoustic field are difficult to measure accurately. This limitation reduces the applicability of certain calibration algorithms, such as the two-axial-node method [20], and significantly constrains available calibration methods under high-frequency conditions. Moreover, high-frequency acoustic field measurements suffer from additional challenges, including hydrophone positioning errors [21, 22] and bandwidth limitations of the transducer, further complicating the reliable determination of the acoustic field parameters.
To address these challenges, this study proposes an iterative inversion method to reconstruct the geometric focal length of the transducer, thereby enabling the calibration of the effective radius and determination of the −6 dB beamwidth. By integrating theoretical modeling with experimental validation, the key acoustic field characteristics of high-frequency focusing ultrasonic transducers are determined precisely. First, the focused acoustic field was theoretically modeled based on the Rayleigh integral, with computational simplification achieved through a series expansion and application of the Fresnel approximation. This resulted in an acoustic pressure distribution model tailored to high-frequency focused transducers. Subsequently, a hydrophone-based calibration experiment was designed and implemented. To resolve notable discrepancies encountered when employing the acoustic focal length in the effective radius calibration method, an algorithm was developed to iteratively invert the geometric focal length by analyzing the maxima and minima of the on-axis acoustic pressure distribution. This enabled the accurate calibration of the effective radius. Furthermore, the −6 dB beamwidth was determined by incorporating the spatial averaging effect into the analysis of the pressure distribution within the focal plane. This approach allows for a comprehensive and quantitative evaluation of acoustic focusing performance. The experimental results show close agreement up to 100 MHz, providing essential technical support for acoustic field modeling, transducer parameter optimization, and enhanced accuracy of ultrasonic imaging algorithms.
2 Theory
This study analyzes the radiated acoustic field characteristics of focusing ultrasonic transducers under the framework of the linear acoustic theory, based on the following fundamental assumptions:

	
(a) 
The propagation medium is treated as an ideal, inviscid fluid;



	
(b) 
The medium is initially homogeneous and stationary;



	
(c) 
The acoustic waves satisfy the small-amplitude vibration condition.





The focusing ultrasonic transducer is modeled as a circular piston source mounted on an infinite rigid baffle, characterized by radius a, geometric focal length F, and spherical cap height h. The transducer surface is assumed to oscillate uniformly with a constant velocity amplitude V. To prevent the propagation of Lamb waves in the transducer emitting surface, the transducer element is fabricated using a piezoelectric composite material [23].
As illustrated in Figure 1, a three-dimensional Cartesian coordinate system is defined with origin O located at the center of the transducer surface. The acoustic axis aligns with the positive z-axis, and the geometric focus is denoted as point R. Let q represent a radiation point on the transducer surface. The angle between the line connecting q, the focal point R and the acoustic axis is defined as θ0. Within the plane containing the radiation point q and parallel to the XY plane, the angle between the line connecting the intersection of this plane with the acoustic axis and point q and the x-axis is defined as φ. The semi-aperture angle of the focusing transducer is given by β = arcsine(a/F). At the receiving end, a hydrophone with radius b is positioned in a plane perpendicular to the acoustic axis at a distance r from the transducer. The lateral offset between the hydrophone center O′ and the acoustic axis is denoted by x. The receiving point Q is defined on the hydrophone surface, with the radial distance from the hydrophone center expressed as η. The angle between this line and the x-axis is denoted by ϕ. The distance between the radiation point q and the receiving point Q is represented by r′.
	[image: thumbnail]	Figure 1 Measurement of the acoustic field of a focusing transducer using a needle hydrophone.



The acoustic pressure at the receiving point Q is expressed as follows [24]:
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In the above integral expression of acoustic pressure, the influence of secondary diffraction on the focal plane is neglected.
The average acoustic pressure measured by the hydrophone is:
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where A

b
 denotes the effective area of the hydrophone.
The distance between radiation point q and receiving point Q is
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2.1 On-axis acoustic pressure distribution
Along the acoustic axis, r = z, θ = 0. Equation (3) can be simplified to
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Substituting equation (4) into equation (2) yields an exact expression for the on-axis acoustic pressure of the focusing transducer as measured by the hydrophone. To simplify the radiation integral, Fresnel approximation is applied. Specifically, the distance r′ in the denominator is approximated by z and the exponential term is expanded using a Taylor series, retaining only the first two terms. This leads to the following simplified form:
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In addition, by exploiting the periodicity of the cosine function, the integration over angle φ is eliminated. Consequently, under the Fresnel approximation, the average acoustic pressure measured by the hydrophone is simplified as:
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Figure 2 presents the numerically computed on-axis acoustic pressure distributions of the focusing ultrasonic transducers when measured with needle hydrophones of varying diameters. Simulations were conducted for the following transducers: (a) an Olympus 30 MHz focusing transducer (V375) with a nominal radius of 0.125 inch and a focal length of 0.75 inch; (b) a NIM 75 MHz focusing transducer (NO.4550377) with a nominal radius of 1.5 mm and a focal length of 12 mm. The normalized distance z/F is used as the abscissa to ensure that geometric focal length is always represented at 1. As shown in Figure 2, increasing the hydrophone diameter leads to a pronounced reduction of the measured acoustic pressure amplitude. When the hydrophone diameter exceeded a critical threshold, the on-axis pressure distribution deviated substantially from the ideal reference curve, exhibiting significant distortion owing to the spatial averaging effect.
	[image: thumbnail]	Figure 2 On-axis acoustic pressure distribution of focusing transducers measured by different hydrophones. (a) Focusing transducer at 30 MHz (nominal radius 0.125 inch). (b) Focusing transducer at 75 MHz (nominal radius 3 mm).



2.1.1 Calibration of effective radius
In this study, a theoretical acoustic field model is constructed based on surface integral formulations over the radiating aperture of a focusing ultrasonic transducer, enabling the simulation of its spatial acoustic pressure distribution. For a spherically focusing transducer, the acoustic field characteristics are predominantly governed by the effective emission area that actively contributes to acoustic radiation. Therefore, the accurate calibration of the effective radius a
eff is crucial, as it serves as a key input parameter in Rayleigh integral formulations or their approximations.
Notably, a
eff often deviates from the geometric or nominal radius provided by the manufacturer. This deviation arises from factors such as non-ideal vibration boundaries, inhomogeneous acoustic impedance across the piezoelectric surface, and frequency-dependent response characteristics. Because the direct determination of a
eff from manufacturing parameters is typically infeasible, this study proposes a parameter inversion method that integrates acoustic field measurements with theoretical fitting. Specifically, the transducer is driven by burst excitation, and the on-axis acoustic pressure distribution is measured in water. The effective radius a
eff is then calibrated and extracted by leveraging the functional relationship between the on-axis acoustic pressure in the theoretical model and the effective radius of the transducer. Combined measurement and modeling approaches were also used in high intensity focused ultrasound applications to determine the effective radius of transducers, which then in turn was used as input parameter for non-linear field modeling [25, 26].
Further examination of the on-axis acoustic pressure distributions presented in Figure 2 reveals pronounced periodic oscillations in the pre-focal range adjacent to the transducer. These oscillations are characterized by alternating local maxima and minima resulting from the combined effects of acoustic interference and diffraction, which dominate the spatial behavior of the focused field in this region. Notably, when the physical dimensions of the hydrophone’s sensing surface are of the order of the acoustic wavelength, the spatial averaging effect significantly compromises the measurement accuracy, causing the measured acoustic pressure distribution to deviate from theoretical expectations.
To analyze the on-axis acoustic field characteristics of the focusing transducer more accurately, an ideal-point receiver model is introduced. This model assumes that the spatial dimension of the receiver approaches infinitesimal, enabling it to truly reflect the acoustic pressure value at each spatial point without being affected by the probe size or response characteristics. Under this assumption, the on-axis acoustic pressure distribution of a spherical focusing transducer has a well-defined analytical expression. The corresponding expression for the pressure field received by the ideal point receiver is given as [24]:
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where B(z) is the distance from the point receiver on the acoustic axis to the spherical edge of the focusing transducer, as shown in Figure 3. According to the geometric structure of the focusing transducer, the following can be obtained that:
	[image: thumbnail]	Figure 3 Schematic diagram of geometric structure of focusing transducer.
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According to equation (8), the positions of the on-axis acoustic pressure minima are at
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Solving for z, a series of positions of the minimum points denoted as z

n
 is obtained as follows:
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where “+2n
λ” in the denominator corresponds to the minimum points located before the transducer’s geometric focus F, while the “−2n
λ” corresponds to those after the geometric focus F. As n increases, these positions become progressively farther from the geometric focus F.
Owing to the severe attenuation of high-frequency signals during propagation in the medium, the signal-to-noise ratio is significantly reduced. Experimental observations revealed that distinguishable fluctuations in the acoustic field are difficult to observe in the pre-focal range adjacent to the transducer. Typically, only the first pressure minimum near the focal length and subsequent secondary maximum can be clearly identified. Accordingly, by considering the minimum pressure closest to the geometric focus F on the transducer side (n = 1), its axial position can be expressed as:
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The parameter h can be approximated as:
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where the geometric focal length F is much greater than the radius a (F ≫ a). For ultrasonic transducers employed in non-destructive testing, particularly high-frequency focusing transducers, the wave number k is typically large. Under this condition, an approximate expression for the effective radius can be derived from equation (11) in a simplified form: this approximation is adopted as the effective radius a
eff and is expressed as follows:
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It can be inferred from equation (13), which measures only the on-axis pressure minimum position z
min, is insufficient for determining the effective radius a
eff of a spherically focusing transducer. This is because a
eff also depends explicitly on the transducer’s geometric focal length F (i.e., radius of curvature of the spherical surface). Any deviation in the value of the focal length F directly affects the effective radius inverted from the theoretical model, thereby compromising the overall precision and repeatability of the acoustic field calibration.
An observation of the on-axis pressure distribution curves shown in Figure 2 reveals that the location of the actual acoustic focus, defined as the point at which the on-axis acoustic pressure reaches its maximum, does not exactly coincide with the geometric focus of the transducer. The analysis of the on-axis acoustic pressure expression shown in equation (7) reveals that the acoustic pressure magnitude is governed by the combined effect of an amplitude modulation term and phase modulation term. For convenience in subsequent calculations, according to equation (8), z can be expressed as [27]:
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By substituting equation (14) into equation (7), the following expression is obtained:
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where [image: equation]. According to the Taylor series expansion of the sine function:
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Equation (15) can be expanded as:
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Although the amplitude term in the on-axis acoustic pressure distribution is frequency independent, it can be expressed in terms of k
h, k
δ and k
F, as shown in equation (17). Therefore, the on-axis acoustic pressure distribution can be regarded as a function of k
δ, and the positions of its maximum points coincide with the roots of P
a′(k
δ)=0:
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At the geometric focal length F of the transducer, z = F = B(z), δ(z)=0, P

a
′(k
δ)=2ρ
c
V
N ≠ 0 is clearly not the location of the maximum acoustic pressure. The k
δ
max corresponding to the acoustic pressure maximum point is the smallest positive root of the equation P
a′(k
δ)=0, which can be approximated as
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Substituting into equation (14), the corresponding z
max is obtained as:
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The maximum point of the on-axis acoustic pressure is typically located slightly anterior to the geometric focal length F of the transducer, and its location is primarily governed by the dimensionless parameter k
h. Consequently, the actual acoustic focus is influenced not only by the excitation frequency f, but also by the structural parameters of the transducer. As k
h increases, the axial maximum pressure position z
max gradually converges toward the geometric focus F of the spherical focusing transducer. For high-frequency focusing transducers, although the wave number k is inherently large, the geometric parameter h is often small, owing to the structural limitations of compact transducer designs. As a result, the product k
h cannot always be considered sufficiently large, and the correction term associated with the actual focal position becomes non-negligible. This term often introduces positional deviations of the order of several percent. Given that the focal length and −6 dB beamwidth of high-frequency transducers typically fall within the millimeter or even sub-millimeter range, such small deviations may lead to substantial errors in the inversion of the effective radius. Therefore, these corrections must be carefully considered for precise acoustic field determination.
In experimental measurements, the position of the on-axis acoustic pressure maximum z
max can typically be obtained with relatively high accuracy, whereas the geometric focal length F of the transducer cannot be directly measured. The geometric focal length is usually specified and labeled by the transducer manufacturer during production, and may be indicated in the factory inspection report or device housing. If an accurate geometric focal length F of the focusing transducer is available, the effective radius can be calibrated by simply measuring the position of the minimum point z
min. However, there is no unified standard for labeling specifications across manufacturers – some nominal “focal lengths” refer to the actual maximum acoustic pressure position rather than the geometric focus. Moreover, the actual transducer structure often deviates from the ideal: installation errors in wafer positioning, inconsistencies in backing layer thickness, and long-term aging of piezoelectric materials can all introduce deviations in geometric parameters, such as the radius of curvature, resulting in discrepancies between the labeled and actual values.
In most experimental scenarios, researchers can readily obtain the positions of the on-axis acoustic pressure maximum z
max and first minimum z
min. These two characteristic points can be expressed as functions of a
eff and F using equations (13) and (20), respectively. In theory, combining the information from these two measurements allows for analytical inversion of a
eff. However, this leads to a transcendental equation involving F that precludes the derivation of a closed-form solution. To address this issue, this study proposes an iterative optimization algorithm as an approximate solution. Based on equation (13), the initial geometric focal length is set as the measured acoustic pressure maximum zmax, and the actual effective radius a
eff is obtained through numerical iterations. The detailed iterative process is presented in Figure 4.
	[image: thumbnail]	Figure 4 Iterative algorithm flowchart for effective radius calibration.



This process ensures that the back-calculated z
max and z
min values based on the iteratively updated effective radius are consistent with the experimental observations, thereby enabling high-precision inversion of the transducer’s effective radius. This method does not rely on the direct measurement of the geometric focal length, making it applicable to transducers lacking focal length calibration data and enhancing the reliability of high-frequency focused acoustic field modeling.
2.1.2 Tone burst excitation mode
The theoretical models employed in this study are based on the acoustic field characteristics generated by the continuous-wave (CW) excitation of the transducers. Accordingly, equations (6), (7), and related expressions are derived under the assumption of CW excitation. However, to facilitate acoustic field measurements and mitigate the risk of potential damage to high-frequency transducers under prolonged CW excitation, experimental studies typically adopt tone-burst excitation instead of true continuous waves. Burst waves, also referred to as “quasi-continuous waves”, are distinct from pulse excitations because they consist of multiple sinusoidal cycles with a defined envelope. A schematic illustration of the burst waveform is shown in Figure 5.
	[image: thumbnail]	Figure 5 Waveform generated by tone burst excitation of the focusing transducer. (a) Tone burst. (b) Steady state.



When a focusing transducer is driven by burst excitation, the radiated acoustic field can be regarded as a modulated wave train composed of a series of pulses. As this wave propagates to any spatial location, it generates a transient response signal resulting from the superposition of multiple acoustic pulses that arrive sequentially. Assuming that the vibration velocity across the radiating surface of the transducer is temporally synchronized (i.e., the vibration mode exhibits spatial uniformity), the contributions of different regions to the overall signal can be analyzed using the acoustic pressure waveform measured at the observation point. Typically, the leading edge of the signal is dominated by the direct wave emitted from the central region of the transducer, whereas the trailing edge is mainly influenced by edge waves radiating from the transducer’s periphery. In the intermediate portion of the signal, the pulses overlap to form a quasi-steady-state region, where the acoustic pressure amplitude remains relatively stable, as shown in Figure 5. Under these conditions, neglecting nonlinear distortion effects, the acoustic pressure amplitude at the field point exhibits an approximately linear relationship with the excitation voltage amplitude applied to the transducer. This steady-state signal can thus be considered a good approximation of the acoustic field distribution under continuous-wave (CW) excitation and is particularly suitable for representing the steady-state response of high-frequency transducers driven by CW signals.
Because the theoretical model calculates the acoustic pressure through surface integration over the transducer’s effective emission area, the integral outcome can only accurately represent the spatial acoustic pressure distribution when the individual pulses emitted by the transducer sufficiently overlap in the time domain and reach a stable superposition. Therefore, in the experiments, it is necessary to ensure that the burst excitation duration is sufficiently long to capture the complete acoustic pressure response in the steady-state region at the measurement point. The tone-burst excitation duration (denoted as τ in Fig. 5) determines the number of cycles in the excitation signal. To obtain a valid steady-state response, this duration should include at least several complete cycles, typically no fewer than 3 to 5, to guarantee that coherent superposition conditions are met as the acoustic field propagates to each spatial location. Additionally, the pulse repetition frequency (PRF) of the burst excitation must be appropriately set with an upper limit to avoid interference from reciprocal reflections in the measurements.
2.2 Acoustic pressure distribution in the focal plane
The acoustic characteristics at the focal plane of a focusing transducer represent key parameters for evaluating its performance. Within the focal plane of the focusing transducer, the spatial coordinates satisfy rcosθ = F and rsinθ = x. Similarly, by applying Fresnel approximation, the average acoustic pressure measured by the hydrophone in the focal plane can be expressed as:
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Figure 6 shows the lateral acoustic pressure distributions of the focusing transducers in the focal plane, calculated and compared using needle hydrophones with different diameters. The focusing transducers selected are the same as those used in the above simulations: 30 MHz and 75 MHz transducers.
	[image: thumbnail]	Figure 6 Lateral acoustic pressure distributions in the focal plane of the focusing transducers. (a) Focusing transducer at 30 MHz (nominal radius 0.125 inch). (b) Focusing transducer at 75 MHz (nominal radius 3 mm).



It can be observed that the non-negligible spatial averaging effect of hydrophones in high-frequency acoustic field measurements primarily manifests as a systematic underestimation of the acoustic pressure amplitude and overestimation of the beamwidth in the focal plane. This effect stems from the finite size of the hydrophone’s sensitive surface: when its dimensions are comparable to or larger than the cross-sectional area of the sound beam, the recorded signal represents a spatially averaged acoustic pressure over the sensitive region, significantly reducing the hydrophone’s ability to resolve fine structures within the actual acoustic field distribution.
By comparing the measurement results obtained using an ideal-point receiver model with those from a real hydrophone of a finite aperture in the same transducer focal plane, the −6 dB beamwidth of high-frequency transducers can be accurately determined. In conjunction with the calibration of the effective radius, this approach yields acoustic field parameters that offer a more accurate representation of real-world conditions relative to relying on the transducer’s nominal parameters, thereby providing a more reliable basis and technical support for applications such as high-resolution ultrasonic nondestructive testing and material microstructure imaging.
2.3 Acoustic pressure distribution of focusing transducers in attenuating media
Up to here, this analysis was conducted under the assumption of negligible attenuation in the propagation medium. When considering attenuation, the wave number k can be replaced by a complex wave number k

c
:
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where the imaginary part α represents the acoustic attenuation coefficient of the medium, which exhibits a quadratic frequency dependence in liquid media (e.g., water), with units of dB/(m⋅MHz2).
For ultrasonic transducers excited by continuous-wave (CW) or burst signals, the operating frequency is typically a single frequency point. Therefore, in the theoretical derivation, a complex wave vector can first be adopted for the generalized treatment, where k

c
 is explicitly expressed at the final calculation stage to quantify the influence of acoustic attenuation on the acoustic pressure distribution. Specifically, in equation (6), which describes the on-axis acoustic pressure distribution of the focusing transducers; and equation (21), which describes the lateral acoustic pressure distribution in the focal plane, the original wave number k is replaced by the complex wave vector k

c
. This substitution retains the mathematical structure of the original formulations while enabling the parametric analysis of attenuation effects in subsequent numerical simulations.
Figure 7 illustrates the variations in the on-axis and focal plane acoustic pressure distributions of a focusing transducer under different acoustic attenuation coefficients α. The transmitting transducer used is the previously mentioned V375, which has a nominal radius of 0.125 inch and a nominal focal length of 0.75 inch. As shown in Figure 2bluea, when the axial acoustic pressure is measured using a hydrophone with a 0.2 mm diameter, the amplitude difference between the minimum and maximum acoustic pressures is already significantly reduced, indicating a pronounced spatial averaging effect. Upon further consideration of the influence of acoustic attenuation, the fluctuation amplitude becomes even weaker and may become indistinguishable. Therefore, a needle hydrophone with a diameter of 40 μm is selected for the simulation to ensure a sufficient resolution.
	[image: thumbnail]	Figure 7 On-axis and focal plane acoustic pressure distributions of focusing transducer under various acoustic attenuation conditions. (a) On-axis acoustic pressure distribution. (b) Lateral acoustic pressure distribution in focus plane.



Similar to the spatial averaging effect induced by hydrophones, acoustic attenuation in the propagation medium results in a reduction in the measured acoustic pressure amplitude. However, unlike the underestimation of the amplitude caused by spatial averaging, the attenuation-induced reduction in the amplitude reflects the actual physical loss of acoustic energy and therefore requires no correction. Further analysis of Figure 7 reveals that variations in the attenuation coefficient barely affect the spatial locations of the maximum and minimum acoustic pressure values along the acoustic axis, due to the very short focal length of the high-frequency focusing ultrasonic transducer. Similarly, in the focal plane, the positions of the acoustic pressure zero-crossing points remain unchanged, and the beamwidth is unaffected by acoustic attenuation. These observations indicate that, under the current theoretical model, acoustic attenuation primarily influences the amplitude of the acoustic pressure field rather than its spatial distribution characteristics. This outcome arises from the Fresnel approximation, which uniformly replaces the exact distance r′ from each radiating point to the receiving point with geometric focal length F in the integral term.
3 Experimental result
The system used to calibrate the effective parameters of the focusing ultrasonic transducer is shown in Figure 8. In this system, a computer interface with a motor control unit drives a three-axis stepper motor stage, enabling the three-dimensional scanning of the acoustic field. A needle hydrophone was fixed at a designated position to receive the ultrasonic signals radiated by the transducer. During the experiment, a sinusoidal burst signal was generated using a signal generator (Agilent Technologies 81150A) to excite the focusing transducer. An appropriate number of excitation cycles was selected to approximate the continuous-wave (CW) excitation, as assumed in the theoretical model. Ultrasonic signals were acquired using a Tektronix MDO34 digital oscilloscope, featuring a maximum sampling rate of 2.5 GSa/s and a bandwidth of 500 MHz. To minimize the significant spatial averaging effect in high-frequency acoustic field measurements, a 40 μm diameter needle hydrophone (SN253) manufactured by Precision Acoustics (UK) was employed as the receiver.
	[image: thumbnail]	Figure 8 Schematic diagram of the acoustic field scanning system.



3.1 Frequency measurement
Before calibrating the effective acoustic parameters of a focusing ultrasonic transducer, it is essential to calibrate its actual operating frequency to select an appropriate frequency for burst excitation. Because a piezoelectric transducer functions as a damped oscillatory system with inherent resonant characteristics [28], it is capable of responding to excitation signals over a certain frequency range. To comprehensively evaluate the acoustic response of the transducer across different frequency components, broadband pulse excitation was employed. In this study, a focusing piezoelectric transducer (NIM) with a nominal center frequency of 70 MHz was selected. The time-domain acoustic signal was acquired at the focal point of the transducer, and its frequency spectrum was obtained via Fourier transform. The resulting spectral distribution is shown in Figure 9.
	[image: thumbnail]	Figure 9 Time-frequency analysis of a 70 MHz focusing transducer at the focal point under pulse excitation.



Spectral analysis confirmed that the dominant response frequency (i.e., center frequency) within the focal region under broadband excitation closely corresponded to the nominal frequency of the transducer. Consequently, in subsequent calibration procedures, burst signals centered at this frequency are employed as the excitation source to enhance the signal-to-noise ratio and facilitate a more accurate characterization of the spatial acoustic pressure distribution.
Although the transducer’s nominal center frequency is 70 MHz, the thickness-mode resonant frequency of its internal piezoelectric ceramic element is typically higher. The approximate relationship between the resonant frequency and thickness is given by
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where f is the thickness-mode resonant frequency, v is the longitudinal wave velocity of the material in the thickness direction, and d is the thickness of the piezoelectric plate. When ultrasonic waves propagate through a medium, high-frequency components are more strongly attenuated owing to frequency-dependent absorption. This results in a downward shift of the spectral centroid during propagation, causing the measured center frequency to be lower than the actual resonant frequency along with a certain degree of frequency bandwidth broadening.
Although broadband pulse excitation has been widely utilized in high-resolution ultrasonic nondestructive testing, ultrasonic microscopy, and related fields, the spatial distribution characteristics of the acoustic field generated by focusing transducers under such excitation conditions have not been widely studied. In particular, under non-steady-state broadband excitation, it is challenging to accurately characterize the effective acoustic parameters of a transducer. Therefore, this study uniformly adopts burst excitation to enable a clearer analysis of the transducer’s acoustic characteristics near the center frequency. This approach provides a more reliable experimental foundation for the extraction of effective acoustic parameters and modeling of focused acoustic fields.
3.2 On-axis measurement
Before performing axial scanning, it is crucial to ensure precise alignment between the central axis of the focusing transducer and hydrophone. Therefore, the scanning path must be carefully inspected and adjusted prior to digitizing and storing waveform data. At the beginning of each axial scan, preliminary alignment of the transducer and hydrophone is conducted in the post-focal range, followed by fine adjustments during the scanning process [29–31]. Ideally, the beam profile should remain perfectly symmetrical, obviating the need for further alignment correction. However, in practice, minor adjustments are occasionally necessary to maintain the measurement accuracy.
When scanning the on-axis acoustic pressure distribution in the pre-focal range, the waveform recorded by the oscilloscope deviated significantly from a sinusoidal pulse train with uniform amplitudes and exhibited notable morphological changes. As previously analyzed, the central portion of the waveform arises from the coherent cancellation of signals, representing the integral of the acoustic pressure contributions from each point on the transducer surface, as described in the theoretical model. This phenomenon is illustrated by the signal acquired in the pre-focal range region using a 30 MHz focusing transducer (V375, Olympus), as shown in Figure 10. Therefore, prior to further processing, it is necessary to truncate the on-axis acoustic pressure signal appropriately to extract the stable components contained within it.
	[image: thumbnail]	Figure 10 Pressure waveform of the transducer acquired in the pre-focal range by the oscilloscope.



In this study, focusing transducers operating at four representative frequencies within the 30–100 MHz range, commonly used in high-frequency nondestructive testing and ultrasonic microscopy, were selected to verify the feasibility and effectiveness of the proposed theory. In particular, Figure 11 shows the following:
	[image: thumbnail]	Figure 11 Measurement of on-axis acoustic pressure distribution for different focusing transducers. (a) 30 MHz focusing transducer. (b) 50 MHz focusing transducer. (c) 75 MHz focusing transducer. (d) 100 MHz focusing transducer.




	
(a) 
A 30 MHz focusing transducer with a nominal radius of 3.18 mm and nominal focal length of 19.05 mm (Olympus, V375);



	
(b) 
A 50 MHz focusing transducer with a nominal radius of 3 mm and nominal focal length of 12 mm (NIM, NO. 4546346);



	
(c) 
A 75 MHz focusing transducer with a nominal radius of 2 mm and nominal focal length of 12 mm (NIM, NO. 4550377);



	
(d) 
A 100 MHz focusing transducer with a nominal radius of 2 mm and nominal focal length of 8 mm (NIM, NO. 4547473);




According to the experimental results presented in Figure 11, the on-axis acoustic pressure distributions of the focusing ultrasonic transducers at various frequencies, as measured by hydrophones, enabled the accurate identification of the maximum point z
max and the minimum point z
min. By integrating the theoretical framework described earlier with equation (13), an iterative algorithm was implemented in MATLAB to inversely calibrate the geometric focal length F, thereby allowing calculation of the transducer’s calibrated effective radius a
eff. In the simulation section, the iteratively obtained values of F and a
eff were used as inputs to generate the theoretical prediction curves (shown as blue solid lines). The results demonstrate a good agreement between the experimental measurements and theoretical simulations near the focal region, confirming the reliability and applicability of the proposed inversion method within this zone. However, the degree of agreement diminished at positions farther from the focus. This discrepancy can be primarily attributed to the following factors:

	
(1) 
At positions far from the focal region, the signal amplitude becomes low, resulting in a poor signal-to-noise ratio (SNR), making the measurements vulnerable to environmental noise interference.



	
(2) 
The acoustic beam generated by high-frequency focusing transducers is extremely narrow, and axial positioning errors have a pronounced impact on the acoustic pressure far from the focal region, even slight deviations can introduce significant measurement errors.



	
(3) 
Systematic errors may arise from limitations in the hydrophone positioning accuracy and scanning step size.



	
(4) 
A deviation of the real transducer from the radial symmetry assumed in the theory. Such deviation may disturb the on-axis pressure minima.





Table 1 summarizes the geometric focal lengths F and effective radii aeff calibrated via experimental iteration and inversion for each transducer across different frequencies and compares them with the nominal radius a specified by the manufacturer. It is evident that, under high-frequency operating conditions, the effective radius of the focusing transducers is generally smaller than their nominal values, which demonstrates a consistent trend across multiple frequency bands. Such discrepancies can result in substantial differences between the experimentally measured beamwidths and theoretical predictions, which must not be overlooked. To validate the accuracy and applicability of the calibrated effective radius aeff, subsequent experiments measure the −6 dB beamwidth in the focal plane and compared it with the theoretical acoustic field distribution after applying the calibration.
Table 1 
Analysis of on-axis acoustic pressure measurement results for different focusing transducers using a 40 μm hydrophone.

3.3 Focal plane measurement
This section investigates the acoustic pressure distribution characteristics of the transducers in the focal plane. The transducers mentioned above were used, and the scanning results are shown in Figures 12–15.
	[image: thumbnail]	Figure 12 Scanning results of 30 MHz transducer using a 40 μm diameter needle hydrophone. (a) Field visualization in focal plane. (b) Pressure distribution in focal plane.



	[image: thumbnail]	Figure 13 Scanning results of 50 MHz transducer using a 40 μm diameter needle hydrophone. (a) Field visualization in focal plane. (b) Pressure distribution in focal plane.



	[image: thumbnail]	Figure 14 Scanning results of 75 MHz transducer using a 40 μm diameter needle hydrophone. (a) Field visualization in focal plane. (b) Pressure distribution in focal plane.



	[image: thumbnail]	Figure 15 Scanning results of 100 MHz transducer using a 40 μm diameter needle hydrophone. (a) Field visualization in focal plane. (b) Pressure distribution in focal plane.



Based on the aforementioned theory, the spatial averaging effect theoretical models for the axial and focal plane of the focusing transducers can fully reconstruct the true acoustic field distribution. To verify the effectiveness of the calibration, we performed theoretical calculations of the transducer’s acoustic field distribution under three different parameter settings and systematically compared them with the experimental measurements, as detailed in Table 2. The three comparison schemes are as follows:
Table 2 
Comparison of −6 dB beamwidth for different focusing transducers under three parameter schemes.



	
(a) 
Using only manufacturer-provided nominal parameters: Acoustic field simulations were performed using the nominal focal length and transducer radius as specified by the manufacturer.



	
(b) 
Calibrating only the focal length F: The effective radius a
eff remained set to the nominal value, whereas the focal length was corrected based on the experimental results.



	
(c) 
Simultaneously calibration of both F and a
eff: The experimentally derived true values of the focal length and effective radius were both incorporated into the theoretical model for full calibration.





From the results presented in Table 2, it is evident that directly using the nominal parameters marked on the transducer housing for acoustic field modeling results in significant discrepancies between the theoretical calculations and experimental measurements. The error between the simulated and measured acoustic fields can be effectively reduced by experimentally measuring the on-axis acoustic pressure distribution and iteratively calibrating geometric focal length F. As shown in Table 2, this calibration decreases the relative error by approximately 50% compared with the uncalibrated model, significantly enhancing the prediction accuracy. Further calibration of the transducer’s effective radius a
eff yields additional improvements in the simulation accuracy. Specifically, after the simultaneous calibration of both parameters, the relative error in the −6 dB beamwidth is reduced to within 3%, demonstrating a strong agreement between the theoretical model and experimental data. This confirms the effectiveness and reliability of the spatial averaging and parameter inversion approaches. This deviation may be attributed to the relatively high background noise during hydrophone scanning, which increases the uncertainty in sound pressure measurements, thereby affecting the measurement accuracy of the effective radius and focal length of the focusing transducer, ultimately resulting in errors in acoustic field calculations.
As discussed earlier, the spatial averaging effects become more pronounced with increasing hydrophone diameter. Therefore, selecting a hydrophone with a small sensitive element size that matches the beamwidth is crucial for ensuring the measurement accuracy during high-frequency transducer calibration. By combining the calibrated transducer parameters with the spatial averaging correction model presented in this study, real-time correction of acoustic pressure measurements during scanning is achievable, significantly enhancing the accuracy of the acoustic field reconstruction. This provides a more robust theoretical and experimental basis for the performance characterization and application of high-frequency focusing transducers.
4 Conclusion
The characterization of the acoustic field of focusing transducers operating at tens of megahertz remains a challenge due to the combined effects of low signal-to-noise ratio, high attenuation and highly focused directivity. A substantial body of prior research has primarily relied on theoretical models with limited experimental validation against actual transducer performance, thereby largely confining calibration efforts to low-frequency transducers.
To address the technical challenges in determining the acoustic field parameters of high-frequency focusing ultrasonic transducers, this study adopted a method that integrates theoretical modeling with experimental calibration. A sound field distribution model was established based on the Rayleigh integral, and the key parameters were inverted using hydrophone measurement data. The results indicated that the effective radius of high-frequency focusing transducers is generally smaller than the nominal value, and the direct application of nominal parameters can lead to calculation errors exceeding 10% in the −6 dB beamwidth. In contrast to studies that were confined to single-parameter calibration, this study simultaneously calibrated the geometric focal length F and effective radius aeff using an iterative algorithm. The size of the hydrophone significantly affects the spatial averaging effect, and a 40 μm needle hydrophone effectively reduces measurement distortion. In comparison with prior studies, the present study takes into account the combined influence of the transducer’s effective radius and the hydrophone’s spatial averaging effect. The errors between the measured and theoretical beamwidth values can be reduced to within 3%, significantly enhancing the accuracy of the acoustic field parameter characterization. This approach offers critical technical support for optimizing the design of high-frequency ultrasonic testing systems and the development of imaging algorithms, which is of great importance for precise micro-defect detection in aerospace, microelectronics, and other advanced fields. Future work may extend this methodology to acoustic field modeling and parameter calibration under broadband pulse excitation, further advancing the engineering applications of high-frequency focusing ultrasonic technology.
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f/MHz
	
z
min/mm
	
z
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F/mm
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eff/mm
	a/mm
	
δ
a/ a





	Olympus
	30
	16.67
	20.54
	20.74
	2.908
	3.175
	8.4%



	NIM
	50
	9.11
	12.33
	13.01
	1.341
	1.500
	10.6%



	NIM
	75
	8.14
	11.66
	12.84
	0.937
	1.000
	6.3%



	NIM
	100
	6.48
	8.31
	8.57
	0.887
	1.000
	11.3%
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	f/MHz
	Theoretical
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	a
	b
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	a
	b
	c





	30
	208.8 μm
	224.4 μm
	246.2 μm
	240.4 μm
	13.1%
	6.7%
	2.4%



	50
	166.8 μm
	181.2 μm
	202.8 μm
	205.2 μm
	18.7%
	10.6%
	1.2%



	75
	168.5 μm
	176.0 μm
	190.8 μm
	185.7 μm
	9.3%
	5.2%
	2.7%
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	84.0 μm
	90.1 μm
	101.5 μm
	98.9 μm
	15.1%
	8.9%
	2.6%
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