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H I G H L I G H T S

• A contactless method for characterizing high-power ultrasonic fields is required.

• Fizeau interferometry is applied for rapid quantitative 2D characterization.

• Sound-induced refractive index modulations are measured interferometrically.

• Fizeau interferometric sound field visualizations are compared with Schlieren images.

• Quantitative interferometric results are validated using an optical microphone.
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A B S T R A C T

The accurate characterization of air-coupled high-power (sound pressure level SPLmin > 120 dB) ultrasonic fields 

is essential for advancing the development and control of ultrasonic transducer arrays. Conventional characteri­

zation methods often fail to provide both contactless visualization and a quantitative sound pressure distribution 

without the need for time-consuming point-by-point scanning. Acoustic pressure variations modulate the refrac­

tive index of the medium, e.g., ambient air, and thereby change the optical path length, which can be measured 

interferometrically. In this paper, Fizeau interferometry is systematically compared with Schlieren imaging and 

optical microphone measurements. The results show strong agreement with these reference methods and con­

firm the reliability of the interferometric approach. The key contribution of this study is the demonstration that 

Fizeau interferometry enables simultaneous contactless two-dimensional field visualization and rapid, quantita­

tive sound pressure mapping. In contrast to conventional methods, the proposed approach combines a full-field 

(∅sample = 2′′) acquisition within 40 ms without scanning at a high spatial resolution of 23 µm and quantitative ca­

pability. Consequently, it provides a rapid tool for characterizing ultrasonic fields in applications such as acoustic 

levitation or sono-photonic systems.

1 . Introduction

Air-coupled ultrasonic fields play a fundamental role in numer­

ous applications, ranging from industrial use cases such as contactless 

material testing [1,2] and acoustic levitation [3–5] to medical tech­

nology [2,6]. Developments have demonstrated that intense ultrasonic 

fields can even be used to control, modulate, and deflect high-power 

optical beams [7]. To understand, control, and optimize these often 

complex and non-stationary ultrasonic fields, effective characterization 

methods are required.

Traditional, non-optical approaches using acoustic microphones are 

physically limited in spatial resolution [8] due to their aperture sizes 

(ca. 1 mm to 10 mm [9,10]). This indicates that, particularly for ul­

trasonic frequencies (𝑓sound > 20 kHz), achieving sufficient spatial 

resolution for sound field characterization is impractical. However, 

∗ Corresponding author.

 Email address: regina.schuster@hs-aalen.de (R. Schuster).

https://doi.org/10.1016/j.optlastec.2026.115538

Received 26 February 2026; Received in revised form 17 April 2026; Accepted 12 May 2026

Optics & Laser Technology 203 (2026) 115538 

Available online 20 May 2026 
0030-3992/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

http://www.sciencedirect.com/science/journal/0030-3992
https://www.elsevier.com/locate/JOLT

${\textrm {SPL}}_{\text {min}} > {120}~\text {dB}$


$\emptyset _{\text {sample}} = {2}{''}$


${40}~\text {ms}$


${1}~\text {mm}$


${10}~\text {mm}$


$f_{\text {sound}} > {20}~\text {kHz}$


${0.5}~\text {mm}$


$\textrm {SPL}$


\begin {align}{\textrm {SPL}}(x,y) = {20}~\text {dB} \cdot \log _{10} \left (\frac {\vert p_{\text {sound,rms}} (x,y)\vert }{p_{{\text {ref}}}} \right ). \label {eq:SPL}\end {align}


${\textrm {SPL}}_{\text {max}} = {130}~\text {dB}$


${\textrm {SPL}} _{\text {required}} \approx {150}~\text {dB}$


$x,y,z$


$x,y$


${\textrm {SPL}}_{\text {min}} > {120}~\text {dB}$


${\textrm {SPL}}_{\text {max}} \lesssim {155}~\text {dB}$


$c_{\text {light}} \gg c_{\text {sound}}$


$8 \times 8$


${40}~\text {kHz}$


${20}~\text {V}$


$w_{\text {aperture}} = {33}~\text {mm}$


$f_{\text {sound}} = {40}~\text {kHz}$


${\textrm {SPL}} = {145}~\text {dB}$


${0.3}~\text {m}$


$w_{\text {aperture}}$


$L$


$w_{\text {sound}}$


$w_{\text {sound}}$


$w_{\text {aperture}}$


$w_{\text {aperture}}$


${20.6}\,{^{\circ }\text {C}}$


$c_{\text {sound}}=343.7~\text {m/s}$


$\lambda _{\text {sound}} = \frac {c_{\text {sound}}}{f_{\text {sound}}} = {8.6}~\text {mm}$


$x$


$p_0$


\begin {align}p_{\text {prop}}(x,t) = p_0 \cdot \cos {\left [ \left (\frac {2 \pi }{\lambda _{\text {sound}}} \cdot x\right ) - \left ( 2 \pi f_{\text {sound}} \cdot t\right ) \right ]}. \label {eq:p_prop}\end {align}


$L \approx q \cdot \frac {\lambda _{\text {sound}}}{2}$


$q = 11$


$p_{\text {stand}}(x,t)~\hat {=}~p_{\text {sound}}(x,t)$


\begin {align}p_{\text {stand}}(x,t) = 2 p_0 \cdot \cos {\left ( \frac {2 \pi }{\lambda _{\text {sound}}} \cdot x \right ) } \cdot \cos {\left ( 2 \pi f_{\text {sound}} \cdot t \right ) }. \label {eq:sound_pressure}\end {align}


$t$


\begin {align}n_{\text {sound}} = \left ( n_{\text {air}} - 1\right ) \cdot \left ( \frac {\Delta p}{p_{\text {air}}} + \frac {\Delta T}{T_{\text {air}}} \right ). \label {eq:Delta_n_pT}\end {align}


\begin {align}p_{\text {sound}}(x,y) = \frac {n_{\text {sound}}(x,y)}{n_{\text {air}} - 1} \cdot p_{\text {air}}. \label {eq:Delta_p}\end {align}


${\textrm {SPL}} = {145}~\text {dB}$


$OPD(x,y)$


$n_{\text {sound}}(x,y)$


$w_{\text {sound}}$


$\varphi $


$\lambda _{\text {laser}}$


\begin {align}\label {eq:OPD} OPD(x,y) = n_{\text {sound}}(x,y) \cdot w_{\text {sound}} = \frac {\lambda _{\text {laser}}}{2\pi } \cdot \varphi (x,y).\end {align}


$n_{\text {sound}}(x,y)$


$OPL = \left ( n_{\text {sound}}(x,y) + n_{\text {air}}\right ) \cdot w_{\text {sound}}$


$x$


$z$


$w_{\text {sound}}$


$z$


$w_{\text {sound}}$


$w_{\text {sound}}$


$w_{\text {aperture}}$


${90}^\circ $


$n_{\text {sound}}(x,y) = n_{\text {sound}}(x,z)$


$w_{\text {sound,y}}(x) = w_{\text {sound,z}}(x)$


$w_{\text {FWHM}}$


$\varphi (x,y)$


$w_{\text {FWHM}}$


$w_{\text {eff}}(x_i,y_j)$


$w_{\text {sound}}$


$w_{\text {eff}}(x_i, y_j)$


\begin {align}\label {ieq1} n_{\text {sound}} (x,y) = \frac {OPD(x,y)}{w_{\text {eff}}(x_i,y_j)}.\end {align}


$\frac {\Delta p}{p_{\text {air}}}$


$\frac {\Delta T}{T_{\text {air}}}$


$n_{\text {air}}$


$T_{\text {air}} = {20.6}\,^{\circ }\text {C}$


$\Delta p = p_{\text {sound}}$


$\nu _{\text {laser}} \gg f_{\text {sound}}$


$(x,y)$


$p_{\text {sound,rms}} (x,y) = \frac {p_{\text {sound}}(x,y)}{\sqrt {2}}$


$p_{{\text {ref}}} = {20}~{\upmu }\text {Pa}$


$\emptyset _{\text {sample}} = {2}{''} = {50.8}~\text {mm}$


$d_\text {z} = {15}~\text {cm}$


$\emptyset {15}~\text {mm}$


$\leq \frac {\lambda _{\text {laser}}}{20}$


$\geq \emptyset {45.72}~\text {mm}$


$\leq \frac {\lambda _{\text {laser}}}{10}$


${633}~\text {nm}$


$\lambda _{\text {laser}} = {632.8}~\text {nm}$


$\left (f_1' = {10}~\text {mm}\right .$


$\left .\emptyset _1 = \frac {1}{4}\,\text {''}\right )$


$f_2' = {500}~\text {mm}$


$\emptyset _2 = {4}{''}$


$R \approx 4\%$


$f_2' = {500}~\text {mm}$


$f_3' = {75}~\text {mm}$


${4096}~\text {px} \times {2160}~\text {px}$


$d_{\text {px}} = {3.45}~{\upmu }\text {m}$


${23}~{\upmu }\text {m}$


$z$


$\varphi (x,y)$


$\lambda _{\text {laser}}$


$w_{\text {eff}}(x_i,y_j)$


\begin {align}\label {eq:n=f(w_sound)} n_{\text {sound}} (x,y) = \frac {\lambda _{\text {laser}}}{2\pi \cdot w_{\text {eff}}(x_i,y_j)} \cdot \varphi (x,y).\end {align}


$n_{\text {sound}} \approx 10^{-6}$


$p_{\text {sound}}(x,y)$


${30}~\text {s}$


${40}~\text {ms}$


$f_{\text {sound}} = {40}~\text {kHz}$


$t_{\text {frame}} = {40}~\text {ms}$


${352}~\text {mm} \times {269}~\text {mm}$


${816}~\text {px} \times {624}~\text {px}$


${431}~{\upmu }\text {m}$


${5}~\text {mm}$


${10}~\text {Hz} < f_{\text {bandwidth}} < {1}~\text {MHz}$


${100}~\text {dB}$


$y$


$z=0$


$x=0$


$\Delta y = {2}~\text {mm}$


${1}~\text {GSa/s}$


${70}~\text {MHz}$


${5}~\text {ms}$


${200}~\text {mV}$


$t_{\text {exposure}} = {37.5}~\text {ms}$


$t_{\text {frame}} = {40}~\text {ms}$


$N = 1$


$t_{\text {on, FI}} = {200}~\text {ns}$


$t_{\text {on, Schlieren}} = {500}~\text {ns}$


$N = 1$


${431}~{\upmu }\text {m}$


${23}~{\upmu }\text {m}$


$p_{\text {sound}}(x,y)$


$xy$


$y = {0}~\text {mm}$


${431}~{\upmu }\text {m}$


$\frac {\partial n_{\text {sound}}(x,y)}{\partial x}$


${23}~{\upmu }\text {m}$


$(x_i,y_j)$


${\pm }{50}~\text {Pa}$


$y$


$x$


$f_{\text {sound}} = {40}~\text {kHz}$


$18$


$p_{\text {sound}}$


$p_{\text {sound}}$


$y$


$z$


$z_\text {center} = {0}~\text {mm}$


$x$


$x_\text {center} = {23.6}~\text {mm}$


$q = 11$


$x_\text {center}~\hat {=}$


$|p_{\text {sound}}(x_\text {center},y, z_\text {center})|$


$y$


${\pm }{10}~\text {mV}$


$1\%$


$y$


$x_\text {center} = {23.6}~\text {mm}$


$z_{\text {center}} = {0}~\text {mm}$


$N = 20$


$|p_{\text {sound}}(x_\text {center},y, \int dz \cdot z)|$


$z$


${37.5}~\text {ms}$


${30}~\text {min}$


$z$


\begin {align}I_{\text {integral}} (x_i,y_j) = \int {p(x_i,y_j,z) dz} \approx \sum _{}^{Nz}{p(x_i,y_j,z) \cdot \Delta z}. \label {eq:p_integral}f\end {align}


\begin {align}w_{\text {eff}} (x_i,y_j) = \frac {I_{\text {integral}}(x_i,y_j)}{p_{\text {max}} (x_i,y_j)}. \label {eq:w_eff}\end {align}


${90}^\circ $


$y = z$


$y$


$\Delta \varphi < {2}\%$


$x_\text {center} = {23.6}~\text {mm}$


$y = {0}~\text {mm}$


$\frac {\partial n_{\text {sound}}(x,y)}{\partial x}$


$n_{\text {sound}}(x,y)$


$5\,\mathrm {mm}\times 38\,\mathrm {mm}$


$40\,\mathrm {ms}$


$>1\,\mathrm {h}$


$40\,\mathrm {ms}$


$p_{\mathrm {sound}}$


$431\,\mu \mathrm {m}$


$2\,\mathrm {mm}$


$23\,\mu \mathrm {m}$


$n\_{\text {sound}}(x,y)$


$p\_{\text {sound}}(x,y)$


$z$


${40}~\text {kHz}$


$\emptyset _{\text {sample}} = {50.8}~\text {mm}$


${6.8}~\text {kHz}$


$\Lambda _{\text {min}}$


$d_{\text {px}} = {3.45}~{\upmu }\text {m}$


$d_{\text {chip}} = {7.452}~\text {mm}$


$d_{\text {px}} \cdot \frac {\emptyset _{\text {sample}}}{d_{\text {chip}}}$


$2$


$10$


$3x3$


$90\%$


\begin {align}\label {ieq2} f_{\text {sound}} \leq \frac {c_{\text {sound}}}{\Lambda _{\text {min}}} = \frac {c_{\text {sound}}}{2 \cdot 10 \cdot d_{\text {px}} \cdot \frac {\emptyset _{\text {sample}}}{d_{\text {chip}}}}\end {align}


${730.7}~\text {kHz}$


$N = 100$


${\textrm {SPL}}_{\text {min}} = {120}~\text {dB}$


$H(f)$


$N = 1$


${\textrm {SPL}} \gtrsim {155}~\text {dB}$


\begin {align}M_\text {a} = \frac {v_{\text {particle}}}{c_{\text {sound}}} \ll 1, \label {eq:Mach_number}\end {align}


$v_{\text {particle}}$


$p_{\text {sound}}$


$\rho _{\text {air}}$


$v_{\text {particle}} = \frac {p_{\text {sound}}}{(\rho _{\text {air}} \cdot c_{\text {sound}})}$


$p_{\text {sound,max}} \approx {1100}~\text {Pa}$


$\rho _{\text {air}} = {1.2}~\text {kg/m}^3$


$M_\text {a} = 0.008$


$\pi $


$p_{\text {sound}} \not \ll p_{\text {air}}$


$\Delta {\textrm {SPL}} \approx {1}~\text {dB}$


$w_{\text {aperture}}$


$w_{\text {FWHM}}(x_i)$


$x$


$w_{\text {eff}}(x_i,y_j)$


$p(x, y, z)$


$8\times 8$


$x$


$xy$


$p(x_i,y_j,z)$


$z$


$p_{\text {max}} (x_i,y_j)$


$z$


$p_{\text {max}} (x_i,y_j)$


$w_{\text {aperture}}$


$w_{\text {sound}}$


$w_{\text {eff}}(x_i, y_j)$


$x$


${90}^\circ $


$p_{\text {sound}}(x,y)$


$n_{\text {air}}$


$p_{\text {air}}$


$\lambda _{\text {laser}}$


$w_{\text {eff}}(x_i,y_j)$


$\varphi (x,y)$


$N = 20$


$k=2$


${\pm }{40}~\text {Pa}$


$w_{\text {eff}}(x_i,y_j)$


$\sim 75\%$


$\varphi (x,y)$


$\sim 23\%$


$n_{\text {air}},~p_{\text {air}},~\lambda _{\text {laser}}$


$1\%$


$k=2$


${\pm }{80}~\text {Pa}$


$y$


$N = 3$

https://orcid.org/0009-0004-0266-8335
https://orcid.org/0000-0001-9807-6641
https://orcid.org/0009-0000-6957-5177
https://orcid.org/0000-0003-0075-3371
mailto:regina.schuster@hs-aalen.de
https://doi.org/10.1016/j.optlastec.2026.115538
https://doi.org/10.1016/j.optlastec.2026.115538
http://creativecommons.org/licenses/by/4.0/


R. Schuster, M. Foith, J. Helge Dörsam et al.

alternative approaches for smaller ultrasonic microphones exist, such 

as the miniature ferroelectret microphone [11]. It is characterized by 

a broadband ultrasonic frequency range, high sensitivity, and a diam­

eter of 0.5 mm. Standard microphones are additionally restricted in 

their upper limit of sound pressure level SPL (see Eq. (7)) with a typ­

ical acoustic overload point of SPLmax = 130 dB [12]. This is often 

not high enough for characterizing acoustic levitators or high-power 

ultrasonic fields (SPLrequired ≈ 150 dB). Even when using special high-

level microphones [13], the transducers to be measured are typically 

operated at a reduced voltage to avoid saturation and nonlinearities of 

the microphone [14]. This configuration often does not correspond to 

the actual application to be investigated. As microphones are placed 

directly within the sound field, disturbing feedback effects, scatter­

ing, or absorption will occur. One of the most significant challenges 

of microphone-based techniques is the restriction to measure only a 

single point, necessitating a scanning process to reconstruct the sound 

field. Consequently, point-by-point acoustic microphone scans are not 

only time-consuming; they are often scientifically inadequate. Moreover, 

in certain setups, such as modern transducer array geometries [15] or 

specific high-pressure environmental conditions [16], even an ideal mi­

crophone becomes practically unusable due to its design, accessibility, 

or field geometry.

Another technique is using optical microphones, e.g., from 

Xarion [17]. They measure the pointwise sound pressure level based 

on refractive index changes using a Fabry-Pérot interferometer. Here, a 

scanning process can be used to obtain an approximate 2D slice from a 

3D sound field (𝑥, 𝑦, 𝑧).

In general, optical methods have gained attention due to their po­

tential to provide high-resolution imaging without direct interaction 

with the sound field. A well-known method to map ultrasonic fields 

is laser Doppler vibrometry [18,19]. In this approach, the laser beam 

propagates through the acoustic field and is subsequently reflected by 

a stationary mirror rather than a vibrating surface. This configuration 

enables the projection of the three-dimensional acoustic field onto a 

two-dimensional (𝑥, 𝑦) plane, thereby obtaining the quantitative sound 

pressure.

The laser Doppler vibrometry, along with other conventional or 

optical microphones, faces a significant limitation: The pointwise mea­

surement techniques require sequential scanning of the field, which is 

time-consuming. In practice, this poses a significant downside, as the 

field distribution of non-stationary air-coupled ultrasound can change 

over time due to various factors. The reasons include heating of 

the transducer, acoustic streaming, drift, detuning, and environmental 

changes. Real-time data is imperative for measuring the transient de­

velopment of a resulting sound field, particularly when working with 

transducer arrays or acoustic levitators. For this reason, there is a need 

for alternatives, such as reducing the number of measurements and 

reconstructing the sound field [19] or using a non-scanning full-field 

implementation [20].

However, Schlieren imaging enables real-time and 2D visualization 

of ultrasonic fields in a non-contact way [21]. This is a simple method to 

visualize a two-dimensional projection image of sound-induced refrac­

tive index gradients, although in general, it does not directly provide 

quantitative data. Another method, the thermal camera-based charac­

terization of ultrasonic fields, also allows direct 2D imaging and even 

quantitative sound pressure measurements, but it requires placing a 

mesh in the sound field, which leads to a not entirely contactless 

technique [22].

This gap motivates research into a contactless technique that enables 

high-resolution, two-dimensional, rapid imaging (ideally single-shot) 

for realistic ultrasonic “high-power” applications in combination with 

quantitative sound pressure data.

Note: The definition of “high-power” in the context of this study is 

SPLmin > 120 dB and it is not exclusively associated with nonlinear 

acoustic phenomena. The primary scope of this work is the character­

ization of acoustic fields at elevated pressure levels, while remaining 

within the regime where linear acoustic approximations are valid (on 

the order of SPLmax ≲ 155 dB). However, at particularly high sound 

pressure levels, acoustic nonlinearities are to be expected. A compact in­

troduction to nonlinear acoustic effects and their impact on the proposed 

measurement method can be found in Appendix A.

In this paper, an interferometer is investigated, the so-called Fizeau 

interferometer, which is usually used to determine the surface roughness 

of high-end glass workpieces after robot polishing [23]. The setup gen­

erates a 2D projection image of the optical path difference depending 

on the surface of the workpiece. Since the ultrasonic pressure modu­

lation also changes the refractive index of air, the data obtained are 

proportional to the integral of the sound pressure along the propaga­

tion direction of the laser. By pulsing this laser synchronized to the 

ultrasonic frequency, with a controllable time delay, the interferometer 

can be used to measure temporally oscillating sound pressure modula­

tions. The significant difference in propagation velocity between light 

and sound waves (𝑐light ≫ 𝑐sound) in air enables the acquisition of basi­

cally any oscillation state of the acoustic wave. With this modification, 

the Fizeau interferometer is employed for contactless 2D visualization

at a high spatial resolution, and rapid quantitative characterization

of air-coupled high-power ultrasonic waves.

This study demonstrates the capabilities of a Fizeau interferometer 

(Section 2.2) and successfully validates its performance by comparing 

the results against two established methods. These techniques repre­

sent the current state-of-the-art for qualitative and quantitative analysis, 

respectively: Schlieren imaging (Section 3.1) and Xarion microphone 

measurements (Section 3.2).

2 . Methodology

2.1 . Ultrasonic source

The acoustic field for all experiments was generated using an ul­

trasonic phased array [24] consisting of 8 × 8 transducers (MA40S4S, 

Murata, Kyoto, Japan) and controlled by an FPGA (Zynq 7000 SoC, 

AMD, San José, USA). The transducers are driven by an ultrasound 

pulser chip (HV7355, Microchip Technology Inc., Arizona, USA), provid­

ing a rectangular signal with a frequency of 40 kHz and a peak-to-peak 

voltage of 20 V. The emitted sound waves are concentrated into a smaller 

acoustic aperture by a 3D-printed waveguide structure with a total out­

put aperture width of 𝑤aperture = 33 mm (cf. Fig. 1). In the following, this 

system, including the array of ultrasonic transducers and the waveguide 

structure, is called the transducer array. The transducer array operates 

at a sound frequency of 𝑓sound = 40 kHz and achieves a sound pressure 

level of SPL = 145 dB measured with a microphone in the main lobe at 

a distance of 0.3 m, if all transducers are in phase [25].

The ambient temperature during the experiments was 20.6 ◦C, result­

ing in a speed of sound 𝑐sound = 343.7 m/s and a corresponding acoustic 

wavelength 𝜆sound = 𝑐sound
𝑓sound

= 8.6 mm.

The time-dependent sound wave, propagating in the 𝑥 direction can 

be described by its pressure amplitude 𝑝0 as follows [26]:

𝑝prop(𝑥, 𝑡) = 𝑝0 ⋅ cos
[(

2𝜋
𝜆sound

⋅ 𝑥
)

−
(

2𝜋𝑓sound ⋅ 𝑡
)

]

. (1)

The corresponding coordinate system is indicated in Fig. 1. In order to 

increase the sound pressure, a standing wave is generated by placing 

an acoustic reflector parallel to the transducer array. With this sim­

ple arrangement, it should be possible to achieve an increase in sound 

pressure by a factor of 2. Therefore, the reflector is positioned at the 

distance of maximum overall sound pressure, which is at 𝐿 ≈ 𝑞 ⋅ 𝜆sound
2 , 

where 𝑞 = 11 is an integer [27–30]. The resulting standing sound field 

𝑝stand(𝑥, 𝑡) =̂ 𝑝sound(𝑥, 𝑡) is described, in linear approximation, by [26]:

𝑝stand(𝑥, 𝑡) = 2𝑝0 ⋅ cos
(

2𝜋
𝜆sound

⋅ 𝑥
)

⋅ cos
(

2𝜋𝑓sound ⋅ 𝑡
)

. (2)

In this configuration, the antinodes of the standing wave oscillate 

over time 𝑡 between their minimum and maximum pressure values. It 
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sound

Reflector

aperture aperture

b)

Laser

Circuit 

board

a)

Transducer
array

y

z

x

Fig. 1. A) Side view of the ultrasonic system to be measured. The arrangement consists of the transducer array, including a circuit board and a 3D-printed waveguide 

structure with an acoustic output aperture width 𝑤aperture. An ultrasonic reflector is positioned at a distance 𝐿 to generate plane, standing sound waves (indicated by 

purple shading) with a sound field width 𝑤sound. The sound field width 𝑤sound can be approximated by the aperture width 𝑤aperture. The coordinate system indicates 

the orientation of the arrangement, with sound waves propagating mainly in the x-direction and the laser propagating in the z-direction in the interferometric setup. 

B) Perspective view of the transducer array with the output aperture width 𝑤aperture indicated. 

should be noted that the subsequent interferometric method does not 

require the use of a reflector. Applying the “synchronized mode” (see 

Section 2.2.1) enables imaging of propagating waves. Additionally, the 

increase in sound pressure induced by the reflector is not a critical factor 

regarding the lower sound pressure limit (see Section 4.1) of the Fizeau 

interferometer. When the sound pressure becomes exceedingly high, 

thereby inducing nonlinear acoustic effects, such as waveform steepen­

ing, the sound waves deviate from their sinusoidal nature. Consequently, 

the linear approximation (Eq. (2), Eq. (5), and Eq. (6)) becomes in­

adequate for the quantitative analysis of sound pressure. Nonlinear 

phenomena are addressed in more detail in Appendix A.

2.2 . Fizeau interferometer

The hypothesis is that an ultrasonic field with an SPL = 145 dB
(Section 2.1) can be both visualized and quantified using interferometry.

This is confirmed by other techniques that either make acoustic 

changes visible with an interferometer [31,32] or measure quantitative 

sound pressure data [33,34]. An interferometer measures an optical path 

difference (OPD) and in the scope of this paper, the OPD is caused by a 

modulation of an ultrasonic field in air. When the interferogram is cap­

tured with a camera, a two-dimensional 𝑂𝑃𝐷(𝑥, 𝑦) is obtained, which 

depends on the refractive index modulation 𝑛sound(𝑥, 𝑦), the sound field 

width 𝑤sound, the sound-induced phase shift 𝜑 and the laser wavelength 

𝜆laser:

𝑂𝑃𝐷(𝑥, 𝑦) = 𝑛sound(𝑥, 𝑦) ⋅𝑤sound =
𝜆laser
2𝜋

⋅ 𝜑(𝑥, 𝑦). (3)

Here, 𝑛sound(𝑥, 𝑦) is the change in the refractive index due to 

sound. The corresponding absolute optical path length is 𝑂𝑃𝐿 =
(

𝑛sound(𝑥, 𝑦) + 𝑛air
)

⋅ 𝑤sound. In the experimental setup, the sound waves 

propagate in the 𝑥 direction and the laser beam in the 𝑧 direction. In 

practice, it is challenging to measure the width of the sound field 𝑤sound
along the 𝑧 direction. Thus, there are several methods to determine the 

sound field width 𝑤sound. Three of them are discussed here. A graphical 

overview and more details are given in the Appendix B.

I.: In first approach, the sound field width 𝑤sound can be approxi­

mated as constant [35] using the width of the output aperture 𝑤aperture of 

the waveguide structure. This represents a simple and straightforward 

approach.

II.: The second method is based on experimental data, making it a 

more accurate representation of reality. It is built on the assumption, 

that the sound field is rotationally symmetric by 90◦ steps. This im­

plies that 𝑛sound(𝑥, 𝑦) = 𝑛sound(𝑥, 𝑧) and furthermore, the values for the 

sound field width are identical: 𝑤sound,y(𝑥) = 𝑤sound,z(𝑥). The sound field 

width 𝑤FWHM is determined by calculating the full width at half max­

imum (FWHM) from the interferogram’s phase shift data 𝜑(𝑥, 𝑦). This 

approach can easily be implemented in the evaluation processing of 

the interferometric data, but requires that the sample area exceeds the 

width 𝑤FWHM of the sound field.

III.: The third method employs a simulation (angular spectrum ap­

proach [36]) and is additionally used for the validation of Method II. 

The result of the simulation is a pixel-dependent effective sound field 

width 𝑤eff(𝑥𝑖, 𝑦𝑗 ). A detailed explanation of the simulation can be found 

in Appendix B.1.

In general, the sound field width acts as a scaling factor for the 

quantitative sound pressure level.

From now on, 𝑤sound is replaced with the effective sound field 

width 𝑤eff(𝑥𝑖, 𝑦𝑗 ), but another kind of width determination could also 

be applied. Thus, the sound-induced refractive index modulation is 

obtained:

𝑛sound(𝑥, 𝑦) =
𝑂𝑃𝐷(𝑥, 𝑦)
𝑤eff(𝑥𝑖, 𝑦𝑗 )

. (4)

Note that, in general, the refractive index depends on parameters such as 

temperature, pressure, etc., described by the modified Edlén equations 

[37,38]. An approximation is applied in which only influences resulting 

from deviations from normal pressure (
Δ𝑝
𝑝air

) and ambient temperature 

( Δ𝑇
𝑇air

), as well as the refractive index of air 𝑛air (at 𝑇air = 20.6 ◦C), are 

considered. In this case, the pressure deviation Δ𝑝 = 𝑝sound corresponds 

to the sound-induced changes:

𝑛sound =
(

𝑛air − 1
)

⋅
(

Δ𝑝
𝑝air

+ Δ𝑇
𝑇air

)

. (5)

For adiabatic conditions (laser frequency 𝜈laser ≫ 𝑓sound), the influ­

ence of temperature can be neglected [39] and the following linear 

approximation can be used:

𝑝sound(𝑥, 𝑦) =
𝑛sound(𝑥, 𝑦)
𝑛air − 1

⋅ 𝑝air. (6)

This equation assumes that the entire change in refractive index 

is caused by sound pressure modulations. Thus, measuring two-

dimensional interferograms enables the quantitative estimation of the 

sound pressure at a certain position (𝑥, 𝑦).
In order to enable a more straightforward comparison of sound pres­

sure, in Eq. (7) the logarithmic relationship to the sound pressure level is 

provided. Therefore, using the effective value 𝑝sound,rms(𝑥, 𝑦) =
𝑝sound(𝑥,𝑦)

√

2
for sinusoidal waves and the hearing threshold as the reference sound 

pressure of 𝑝ref = 20 µPa [26], it follows that:

SPL(𝑥, 𝑦) = 20 dB ⋅ log10

(

|𝑝sound,rms(𝑥, 𝑦)|
𝑝ref

)

. (7)
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2.2.1 . Fizeau interferometer setup

For this study, an adapted replica of the Fizeau interferometer Zeiss 

DIRECT 100 NT [40] is used. The main advantage of the Fizeau principle 

over other interferometric imaging techniques [41] is that it operates 

as a common path interferometer. The reference and sample beams 

share nearly identical optical paths, which minimizes sensitivity to 

environmental noise compared to Michelson or Mach–Zehnder inter­

ferometers. Only within the sample area, the beams differ, allowing 

an optical path difference to be detected with subnanometer preci­

sion in air [23,40]. The sample area is defined by the size (∅sample =
2′′ = 50.8 mm) and distance (𝑑z = 15 cm) of the reference and the 

sample plates. The overall quality of the measurements is limited by 

the properties of the optics used, such as surface flatness. The refer­

ence and sample plates (WW12012, Thorlabs, Bergkirchen, Germany) 

have a surface flatness over the central (∅15 mm) of ≤ 𝜆laser
20  and over 

the entire clear aperture (≥ ∅45.72 mm) of ≤ 𝜆laser
10  at a wavelength of

633 nm.

The setup (see Fig. 2) employs a helium–neon laser (05 LHP 071-2, 

Mells Griot, Bonn, Germany) with a wavelength of 𝜆laser = 632.8 nm, 

which is expanded using a lens L1 
(

𝑓 ′
1 = 10 mm , ∅1 =

1
4 ”

)

 and a 

collimator L2 (𝑓 ′
2 = 500 mm, ∅2 = 4′′). A motorized diffuser rod 

(DG20-1500-H2-MD, Thorlabs, Bergkirchen, Germany) destroys the spa­

tial coherence to reduce speckles (not shown). The reference beam is 

reflected at a wedged reference plate (𝑅 ≈ 4%), while the sample beam 

passes twice through the sample area. The ultrasonic field to be in­

vestigated modulates the refractive index. This modification changes 

the wavefront of the sample beam, thereby generating an optical path 

difference between the reference and sample beams. The resulting in­

terference pattern can be acquired using a camera (U3-3090SE-M-GL 

Rev.1.2, IDS, Obersulm, Germany). The magnification of the lenses L2 

(𝑓 ′
2 = 500 mm) and L3 (𝑓 ′

3 = 75 mm, LA1608-633, Thorlabs, Bergkirchen, 

Germany) and the camera’s 4096 px×2160 px with a size of 𝑑px = 3.45 µm
enable a spatial resolution of 23 µm in the sample area. The spatial res­

olution achieved significantly exceeds that of the Schlieren setup (cf. 

Section 2.3). This effect mainly, but not exclusively, arises from the bet­

ter camera properties in the interferometric setup. In this setup, even 

with identical camera specifications, the spatial resolution of the Fizeau 

interferometer is expected to be better. Even when compared to other 

methods, such as the reconstruction of sound fields from laser Doppler 

vibrometry measurements [19], the spatial resolution of Fizeau inter­

ferometry stands out. In general, the use of a laser as a light source 

in an interferometer benefits from spatial coherence, less chromatic 

aberration, and higher sensitivity in 𝑧 direction.

The fringe data evaluation is based on spatial carrier frequency 

analysis implemented in Python. The carrier frequency is generated 

by tilting the sample plate with respect to the reference plate. The 

spatial carrier frequency analysis and the simultaneous phase-shifting 

method [43] belong to the interferometric single-shot approaches. These 

techniques have an advantage over temporal phase-shifting interferom­

etry since only a single interferogram is sufficient for reconstruction: 

A Fourier transform extracts the spectral components, a bandpass filter 

isolates the carrier, and demodulation provides the phase. Aberrations 

are suppressed by removing Zernike modes [44] using “High Contrast 

Imaging for Python” (HCIPy) [45], ensuring independence from im­

perfections of optical components [23]. In addition, the background 

is subtracted, and the data are divided by two (because of the dou­

ble beam passes through the sound field). Using the extracted phase 

shift 𝜑(𝑥, 𝑦), quantitative evaluations can be performed, such as deter­

mining the sound frequency. Furthermore, with this phase, the optical 

wavelength 𝜆laser, and the effective width of the sound field 𝑤eff(𝑥𝑖, 𝑦𝑗 ), 
the refractive index modulation is calculated as:

𝑛sound(𝑥, 𝑦) =
𝜆laser

2𝜋 ⋅𝑤eff(𝑥𝑖, 𝑦𝑗 )
⋅ 𝜑(𝑥, 𝑦). (8)

The estimated refractive index modulation due to the ultrasonic field is 

on the order of magnitude of 𝑛sound ≈ 10−6. Finally, to obtain the two-

dimensional sound pressure distribution 𝑝sound(𝑥, 𝑦) from the refractive 

index, Eq. (6) is applied.

The total processing algorithm of the interferograms requires less 

than 30 s and has not yet been specifically optimized for computational 

speed, still remaining significantly faster than conventional scanning-

based methods.

A major benefit of the Fizeau interferometer is the scanning-free 

recording of the entire acoustic field within a single acquisition (40 ms) 
event of the camera. The rapid data acquisition of the entire sound 

field is intended to prevent significant temperature-induced changes in 

the ultrasonic field from occurring during the measurement process. 

However, due to the temporal oscillation of ultrasound, synchronization 

is required. Since the camera exposure exceeds the ultrasonic period, 

the laser (continuous wave) is pulsed with an acousto-optic modu­

lator (632FSAOM-80-1.0, AeroDIODE, Bègles, France) with its driver 

(RFAOM-T-80, AeroDIODE, Bègles, France) and triggered by the sound 

frequency of the transducer array (𝑓sound = 40 kHz). A delay tool 

(24E10 121, AeroDIODE, Bègles, France) adjusts pulse width and phase 

delay. This procedure ensures that the ultrasonic field is always illumi­

nated at a consistent temporal oscillation state throughout the entire 

Reference Mirror

Camera 

Beam stop

AOM

Sample area 

(Ø ≈ 2ʺ) with 

transducer array

Synchronisation

Laser

L3

L2

L1
BS

Interferogram

Phase

Spatial carrier 

frequency analysis

y

x

z

Fig. 2. Schematic representation of the Fizeau interferometer setup to visualize ultrasonic fields. The laser is expanded and collimated with the lenses L1 and L2. 

Refractive index modulations in the sample area cause modulations of the sample wavefront and thus an optical path difference between the sample beam (red) 

and the reference beam (orange). The acousto-optic modulator AOM is used to pulse the laser and synchronize it to the ultrasonic frequency. The beam splitter BS 

(BSW16, Thorlabs, Bergkirchen, Germany) directs the interfering beams through an eyepiece L3 onto a camera. There, the interferogram is captured and then digitally 

processed to obtain the phase modulation caused by the ultrasonic field. Modified representation based on [42].

Optics and Laser Technology 203 (2026) 115538 

4 



R. Schuster, M. Foith, J. Helge Dörsam et al.

Point light 

source

Spherical mirror (f´)

Camera with

objective

Razor blade 

= aperture

y

x

z

Fig. 3. Schematic representation of the Schlieren setup; the refractive index gradients in the sample area cause light deflection, which leads to brighter and darker 

regions on the camera due to the aperture (razor blade). Modified representation based on [47].

exposure time of the camera. In this way, the resulting refractive index 

modulation is prevented from being averaged out due to continuous 

illumination. This operation mode is referred to as “synchronized mode”.

Systematic errors, temperature drifts, or vibrations can be reduced 

by background subtraction and averaging. As the transducer array heats 

up during operation, temperature changes are carefully monitored, 

ensuring stable quantitative measurements [40].

The current setup allows full control of camera parameters, provid­

ing flexibility for different applications. This is an improvement over 

the approach described in [46], where the camera parameters are not 

directly accessible.

2.3 . Schlieren imaging

The Schlieren technique [21] serves as a typical method for con­

tactless visualization of the sound field. Fig. 3 shows the schematic 

representation of the Schlieren setup. A point light source is focused 

onto an aperture (a razor blade). Sound waves and the corresponding 

refractive index gradients in the sample area deflect parts of the light 

beam, causing them to be either blocked or passed by the aperture. This 

creates a pattern of bright and dark regions on the camera, effectively 

generating an image of the gradient of the sound field [21].

The camera (U3-31A0SE-C-HQ Rev.1.2, IDS, Obersulm, Germany) 

operates with a single acquisition event. This cannot be considered a 

typical single-shot measurement, since the exposure time exceeds one 

acoustic period. Nevertheless, only one camera frame (𝑡frame = 40 ms) is 
captured, allowing for rapid single-frame acquisition despite the tem­

poral averaging of the signal. The light source (pulse-driven LED) is 

triggered by the ultrasonic frequency to prevent the signal from being 

integrated over different oscillation states of the sound field. The spatial 

resolution in the sample area (field of view: 352 mm × 269 mm) with the 

camera (816 px × 624 px) used is 431 µm.

A disadvantage of the Schlieren method is that gradients in the 

direction of the aperture edge cannot be detected, and if spatial res­

olution is an issue, Schlieren imaging is often not the best choice. 

Moreover, in its conventional implementation, this technique provides 

only a qualitative impression of the sound field but no quantitative 

results. However, there are alternative approaches that address this 

issue [4,48,49]. Nevertheless, these approaches still have some disad­

vantages. The razor blade in the Schlieren setup works as an aperture 

and blocks some of the light. This reduces the brightness of the light 

source, which can lead to complications in cases that are close to the de­

tection limit. The limited electrical modulation bandwidth of the LED 

makes synchronization between the light source and the sound field 

difficult for higher ultrasound frequencies.

2.4 . Xarion optical microphone

To provide a quantitative measurement for sound pressure 

measurements, the Xarion optical microphone (Eta 100 Ultra, XARION 

Laser Acoustics GmbH, Vienna, Austria) [17] is used. Its working princi­

ple is based on a Fabry-Pérot interferometer that detects sound-induced 

modulations of the refractive index of air within its cavity. This opti­

cal detection results in an electrical signal proportional to the sound 

pressure amplitude (rms value). The microphone head has a diameter 

of 5 mm. Since it is an optical method, it features no moving parts, en­

abling a wide frequency bandwidth (10 Hz < 𝑓bandwidth < 1 MHz) and a 

large dynamic range (100 dB), making it a highly sensitive and precise 

instrument [50].

However, the primary limitation of this method is its localized, point-

by-point nature, which necessitates a time-consuming scanning process 

to characterize a two-dimensional field. In our setup, line scans along 

the 𝑦-axis (at 𝑧 = 0, 𝑥 = 0, which is the center between the transducer 

array and reflector) were performed manually using a linear stage with a 

step size of Δ𝑦 = 2 mm. The electrical voltage was measured with an os­

cilloscope (DS1074Z, Rigol Technologies, Suzhou, China; sampling rate: 

1 GSa/s, bandwidth: 70 MHz, horizontal div.: 5 ms, vertical div.: 200 mV) 

and converted to sound pressure using a sensitivity factor of 0.26 mV/Pa, 

as specified in the test report. Even though it is a membrane-free opti­

cal microphone, the microphone, including its mount, is inserted into 

the ultrasonic field, which can cause disturbances and measurement 

feedback.

3 . Results

3.1 . Ultrasound visualization: Fizeau interferometer vs. Schlieren setup

A comparison is made between the sound field visualization acquired 

with the Schlieren setup (cf. Section 2.3) and the Fizeau interferometer 

(cf. Section 2.2). The two images (in Fig. 4) both show an acoustic field 

generated by the same transducer array. The acquisition time of the two-

dimensional images is 𝑡exposure = 37.5 ms with a frame rate corresponding 

to 𝑡frame = 40 ms. In both methods, the data is acquired in a “single 

acquisition mode”: since the exposure time is larger than the inverse 

sound frequency, hardware-based averaging (of #1500) is unavoidable 

within one camera frame (𝑁 = 1). The pulse duration of the illumination 

was 𝑡on, FI = 200 ns at the Fizeau interferometer and 𝑡on, Schlieren = 500 ns
(minimum possible pulse duration of the LED) at the Schlieren setup, 

applied in synchronized mode.

The Schlieren image (Fig. 4 a) directly displays the grayscale im­

age of the camera without any post-processing. The spatial resolution is 

431 µm. As already explained, it provides a simple and qualitative rep­

resentation of the refractive index gradients 
𝜕𝑛sound(𝑥,𝑦)

𝜕𝑥  caused by sound 

pressure modulations.

The resulting image (Fig. 4 b) from the interferometric method 

presents the retrieved sound pressure data as a deviation from nor­

mal air pressure with a spatial resolution of 23 µm. The raw data from 

the interferogram at the camera chip are processed as described in 

Section 2.2. The standard deviation for the interferometric sound field 

measurements for each pixel (𝑥𝑖, 𝑦𝑗 ) exhibits a clear spatial dependence. 
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Fig. 4. Visualized measurement data of a standing ultrasonic wave, with the position of the transducer array output indicated schematically in a). The data is 

acquired in single acquisition (𝑁 = 1) with a) the Schlieren setup (lateral resolution: 431 µm) and b) the Fizeau interferometer (lateral resolution: 23 µm). The 

interferometric representation displays the projection of the sound pressure amplitude 𝑝sound(𝑥, 𝑦) on the 𝑥𝑦 plane as a deviation from the normal air pressure in false 

colors, retrieved from the raw data of the optical path difference. The Schlieren image represents the sound-induced refractive index gradients. Below the images, a 

profile of the 2D representations at 𝑦 = 0 mm can be seen. The normalized measurement data (green dots) is compared with an ideal theoretical cosine curve (black 

dashed line) according to Eq. (2). For additional information regarding the measurement uncertainty of the interferometric sound field measurement, see Appendix C.

The average standard deviation over the region of interest is ±50 Pa. 

Further information regarding measurement uncertainty can be found 

in Appendix C.

The two images in Fig. 4 show the same acoustic wavelength, de­

spite the underlying physical phenomena responsible for enabling the 

visualization of sound fields being different. The ultrasonic wave has 

an almost planar acoustic wavefront (along 𝑦 axis). The pressure distri­

butions are approximately cosine-shaped in the 𝑥 direction, as can be 

seen in the (green solid) profile. This indicates the negligible presence 

of nonlinear acoustic effects in this dataset confirming the reliability 

of linear approximations. The interferometric measurement data profile 

aligns closely with the (black dashed) theoretical curve, thus indicating 

the expected sound frequency of 𝑓sound = 40 kHz.

Using Fizeau interferometry compared to the Schlieren technique has 

several advantages: The interferometric phase images feature better spa­

tial resolution. The Fizeau images from this experiment demonstrate 

a resolution enhancement by a factor of 18 relative to the Schlieren 

images. However, this phenomenon is also, but not only, attributed 

to the use of different camera models. Furthermore, the laser beam 

of the Fizeau interferometer is collimated in the sample area. In com­

parison with the Schlieren method, the Fizeau interferometer provides 

additional quantitative data but requires a more complicated evaluation 

procedure.

3.2 . Quantitative measurements: fizeau interferometer vs. xarion 

microphone

The Fizeau interferometer data contain the quantitative phase in­

formation necessary for retrieving the sound pressure 𝑝sound. Subsequent 

analyses involve a comparison of these interferometric results with those 

obtained from an alternative measurement methodology for quantitative 

sound pressure data. Therefore, the sound pressure was measured with 

the Xarion optical microphone (cf. Section 2.4).

Fig. 5 illustrates the profile of the sound pressure amplitude 𝑝sound
as a function of 𝑦 position. Here, the absolute values are presented. The 

𝑧-position is set to the center of the transducer array (𝑧center = 0 mm), 

while the 𝑥-position is centered between the transducer array and the 

reflector, resulting in a distance of 𝑥center = 23.6 mm from the sound 

source (𝑞 = 11; 𝑥center =̂ max. amplitude). The Xarion sound pressure 

data|𝑝sound(𝑥center, 𝑦, 𝑧center)| shows three repeated scans over the 𝑦 direc­

tion. These data fluctuate with approx. ±10 mV which corresponds to 

less than 1% in total. The data sets themselves vary from each other due 

to temporal fluctuations of the acoustic field.

To obtain the Fizeau data, the interferometric sound pressure data 

|𝑝sound(𝑥center, 𝑦, ∫ 𝑑𝑧 ⋅ 𝑧)| are taken, and the amplitude is extracted at the 

corresponding measurement position of the Xarion slices.

The comparative analysis of the data indicates a clear correlation. 

However, there is a physical key difference between the two mea­

surement methods. The Fizeau interferometry provides an integrated 

measurement of the optical path length in the 𝑧-direction, representing 

an estimate of the acoustic pressure at a specific point in space. Whereas 

the optical microphone yields a localized, almost pointwise pressure sig­

nal. Thus, the laser can be influenced by distorting signals, leading to an 

impact on quantitative results. This phenomenon is particularly notable 

when the acoustic wavefronts are no longer perfectly planar, but not for 

pointwise measurements taken by the optical microphone. On the other 

hand, the optical microphone is inserted into the sound field. This can 

also cause disturbances which, in turn, can give rise to deviations in the 

measured quantities. Further discrepancies can be attributed to the rela­

tively high measurement uncertainty, which is discussed in more detail 

in Appendix C.

The method of using the Fizeau interferometer instead of a micro­

phone to characterize ultrasonic fields has the advantage of not causing 

interaction with the field itself and, more importantly, no scanning is 

needed. In this single acquisition mode the data over the entire image is 

acquired simultaneously in 37.5 ms. It can even be accelerated by adjust­

ing the camera settings accordingly (or for higher ultrasonic frequencies 

by applying another method, such as frequency division multiplexing 

for temporal super-resolution [51]). This is, in general, a significant 

improvement over all scanning-based methods, such as acoustic and op­

tical microphones or laser Doppler vibrometers. This allows averaging to 

eliminate random errors while keeping measurement durations low and 

enables applications that require the current status of the sound field. 

For example, when performing long-term measurements (every 30 min) 

to observe any drift in the sound field, or when direct feedback is needed 
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Fig. 5. The quantitative measurement of sound pressure amplitude was compared in terms of magnitude using two methods: the Fizeau interferometer (green data 

points) and the Xarion optical microphone (triangles: blue, red, orange). Therefore, the data were acquired over the 𝑦 direction (at 𝑥center = 23.6 mm, 𝑧center = 0 mm). 

The Fizeau interferometry (FI) data were averaged over 𝑁 = 20 measurements. The vertical error bars (green) were added only at intervals of 50 pixels (for better 

visibility purposes) according to the standard deviation.

while changing the emitting angle of the transducer array. With standing 

sound waves, especially for applications in the field of acoustic levita­

tion, it is of great importance that the distance to the reflector is precisely 

adjusted. With the Fizeau interferometer, the resonance condition can 

be directly monitored and accordingly corrected.

Moreover, the interferometric approach provides only an approx­

imation of the local acoustic pressure distribution. This limitation 

arises from the integration of refractive index modulations along the 

optical axis 𝑧. Thus, the extracted pressure amplitudes cannot be di­

rectly compared one-to-one with point-like microphone measurements. 

Consequently, the local pressure values should be regarded as estimates 

rather than absolute quantities. Nevertheless, by applying the model for 

calculating the effective sound field width (cf. Eq. (B.11) and Eq. (B.12)), 

the interferometric data can be related to the acoustic field with suffi­

cient fidelity. This provides a meaningful approximation of the sound 

pressure distribution generated by the transducer array.

Assuming this sound field is rotationally symmetric by 90◦ steps 

(𝑦 = 𝑧), an alternative method for data matching can be proposed. 

Therefore, a numerical integration of the Xarion measurements over the 

𝑦 direction is performed. Subsequently, the refractive index and the op­

tical phase shifts can be retrieved for one specific point in space. These 

results show good agreement Δ𝜑 < 2% (e.g., for Xarion measurement 3, 

cf. Fig. 5) with the phase value obtained with the Fizeau interferom­

eter (data set shown in Fig. 4) at the corresponding spatial position 

(𝑥center = 23.6 mm, 𝑦 = 0 mm). This analysis not only provides a consistent 

validation of the quantitative Fizeau measurements, but also indicates 

that acoustic pressure modulations outside the measurement range of 

the Xarion optical microphone have only a negligible impact on the 

resulting interferometrically measured phase shift.

In general, the Fizeau interferometer is a reliable contactless method 

for rapidly characterizing ultrasonic fields in 2D. The visualization and 

the quantitative results obtained demonstrate a satisfactory outcome. 

Although the Fizeau interferometer still has room for improvement, 

this method integrates the advantages of both alternatives into a single 

measurement technique.

4 . Discussion and outlook

This study demonstrated that the Fizeau interferometer is a power­

ful contactless method for both 2D rapid visualization and quantitative 

characterization of ultrasonic fields. Operating the Fizeau interferome­

ter in synchronized mode extends its use beyond the main application of 

surface roughness measurements and demonstrates its suitability for the 

Table 1 

Relative comparison of characterization methods for ultrasonic fields.

Criterion Schlieren 

Imaging

Xarion 

Microphone

Fizeau 

Interferometer

Invasivity non-contact inserted optical 

mic.: 5mm ×
38mm

non-contact

Measurement 

dimension

2D (projection) 0D (local) 2D (projection)

Acquisition time 

(2D)a

fast (40ms) slow (> 1 h) fast (40ms)

Quantification normally no 

(but possible)

yes (SPL) yes (estimated 

𝑝sound)
Spatial resolutiona 431𝜇m 2mm 23𝜇m

a
 The exact value depends on the camera used and its settings. It can be 

improved by using a better or faster camera.

characterization of ultrasonic fields. As the laser of the interferometer is 

pulsed with the ultrasonic frequency, this approach allows for the visu­

alization of both standing waves (see Fig. 4) and propagating acoustic 

waves (without a reflector).

In comparison, Schlieren imaging measures the refractive index gra­

dients 
𝜕𝑛sound(𝑥,𝑦)

𝜕𝑥 , while Fizeau interferometry measures the refractive 

index modulations 𝑛sound(𝑥, 𝑦) directly. However, this advantage comes 

with a more complex setup and evaluation process. Compared to Xarion 

microphone measurements, Fizeau interferometry offers a 2D estima­

tion of the sound pressure data within a single acquisition event of the 

camera, thus avoiding the need for time-consuming scanning. Table 1 

provides a short overview of the three investigated methods.

The results highlight the contribution of this comparative study: 

Fizeau interferometry (operating in synchronized mode) combines qual­

itative imaging with the estimation of quantitative sound pressure values 

in a single acquisition event.

4.1 . Limitations

The quantitative determination of sound pressure is based on the as­

sumption that refractive index modulation 𝑛_sound(𝑥, 𝑦) (cf. Eq. (5)) fully 

accounts for 𝑝_sound(𝑥, 𝑦). While temperature effects were estimated to 

be negligible, future studies should examine them in greater detail.

Regarding the permitted acoustic wavefront shape it is imper­

ative to acknowledge that the quantitative Fizeau data represent a 

two-dimensional projection integrated along the 𝑧 axis. This involves 
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using an appropriate estimation method (I., II., or III., see Appendix B 

for the sound field width. This approximation becomes critical when 

the sound field deviates from the planar wavefronts of a basic standing 

or propagating wave. Other wavefront shapes and non-stationary fields, 

including e.g., spherical waves, amplitude modulation, or beam steer­

ing, can be visualized with this Fizeau interferometer. However, for the 

quantitative analysis a more complex evaluation approach is required. A 

potential enhancement could be achieved through the implementation 

of a three-dimensional reconstruction of the acoustic field. For rotation­

ally symmetric acoustic fields, this can be performed using the Hankel 

Fourier algorithm [19]. In the case of non-rotationally symmetric trans­

ducer arrays, a more complex method must be considered. However, 

the objective may be achieved using physics-informed neural network 

approaches [52,53].

The supported ultrasonic frequency range of the Fizeau interfer­

ometer depends on the lateral resolution of the optical system. Within 

the scope of this study, the interferometer was designed to support sound 

frequencies of 40 kHz and thus to cover the lower ultrasonic region. The 

lower frequency limit of this proposed setup is primarily determined by 

the size of the investigated sample area ((∅sample = 50.8 mm)). If at least 

one full acoustic wavelength is to be imaged, the lowest possible acous­

tic frequency can be estimated to be 6.8 kHz, which is within the audible 

range.

The upper limit of the sound frequency range is related to the min­

imal resolvable acoustic wavelength Λmin. Thus, the spatial resolution 

can be estimated using the diameter of the sample area, the pixel size 

(𝑑px = 3.45 µm), and the chip size (𝑑chip = 7.452 mm) of the camera: 

𝑑px ⋅
∅sample
𝑑chip

. Additionally two factors have to be taken into account. The 

first factor (of 2) considers the Nyquist criteria and the second factor (of 

10) is due to the spatial carrier frequency analysis. This loss in spatial 

resolution (for 3𝑥3 kernels) with respect to the temporal phase shifting 

technique is in order to achieve 90% signal height [42].

𝑓sound ≤
𝑐sound
Λmin

=
𝑐sound

2 ⋅ 10 ⋅ 𝑑px ⋅
∅sample
𝑑chip

(9)

Therefore, ultrasonic frequencies up to 730.7 kHz can be characterized 

with this Fizeau interferometer.

Furthermore, the ultrasonic transducers to be measured must pro­

vide a sound pressure level SPL high enough to be detectable with an 

interferometer. To experimentally determine the lower sound pressure 

limit of this interferometer, the number of active acoustic transducers in 

the transducer array is reduced to one. This causes the acoustic field 

to change from a plane wave to a spherical wave. Nevertheless, the 

investigation provides a meaningful indication of the interferometer’s 

detection limit. Under the condition that the measurements are averaged 

(e.g., 𝑁 = 100 acquisitions) even the sound field of a single transducer 

(SPLmin = 120 dB) can be visualized. Consequently, at lower sound pres­

sure levels, the number of measurements must be increased to enhance 

the signal-to-noise ratio and thereby enable the measurement of these 

fields.

The upper sound pressure limit for obtaining quantitative pressure 

data is defined as the threshold beyond which acoustic nonlinear­

ities (see Appendix A) become dominant. Nonetheless, observations 

indicate that the visualization technique itself extends beyond this 

threshold. Future experiments with resolution test targets will investi­

gate the accessible frequency and dynamic ranges of the interferometer. 

A detailed analysis of the instrument transfer function, and thus the 

frequency-dependent impulse response 𝐻(𝑓 ), will be an optional addi­

tional research project and very valuable for calibration and correction

processes [54,55].

Real-time imaging of the acoustic field using a Fizeau interferome­

ter is not yet possible, even though the acquisition of the interferogram 

occurs within a single camera frame. The data analysis is currently 

performed offline. In general, the evaluation method, based on spatial 

carrier frequency analysis, requires only one acquisition (see Fig. 4, 

where 𝑁 = 1) and therefore offers the potential for live imaging 

of ultrasonic fields. Optimizing the evaluation code for speed could 

further enable real-time characterization, as in the Fizeau interferom­

eter Zeiss DIRECT 100 NT [40,46]. The pixel-level Lissajous figure and 

ellipse fitting [56] represent a promising approach for enhancing the 

evaluation in future studies. This allows for investigations of transient 

dynamic behavior, e.g., of acoustic levitators. Alternatively, evaluating 

interferometric video sequences may offer a practical approach.

Furthermore, an acousto-optic modulator is implemented to modu­

late the interferometer’s laser source. This is attributed to the hardware-

based frame rate limitations of the camera. By using a high-speed 

camera, the proposed approach could be implemented even without an 

AOM. It is imperative to note that the maximum attainable frame rate 

must be at least equal to the ultrasound frequency being measured.

Additionally, the application of this interferometric technique is not 

limited to air as the sample medium. An alternative future approach 

would be to consider these Fizeau measurements with a water con­

tainer inserted into the sample area [57–60]. This could significantly 

expand the range of applications towards water-coupled ultrasonic 

measurements.

5 . Conclusion

In conclusion, this paper introduces an experimental approach and 

comparative study for interferometric visualization and quantitative 

characterization of air-coupled ultrasonic fields. The results demonstrate 

that the Fizeau interferometer enables reliable quantification of ultra­

sonic waves, and future research will further establish its potential as a 

versatile method for characterizing ultrasonic fields.
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Appendix A . Nonlinear acoustic effects

At exceedingly high sound pressure amplitudes (on the order of 

SPL ≳ 155 dB in air), nonlinear acoustic effects become significant. In 

this regime, the relationship between acoustic pressure and density can 

no longer be approximated as linear, but is governed by a nonlinear 

equation of state. The local propagation speed of sound depends on the 

density of the medium, which is modulated by the sound pressure itself. 

Therefore it becomes amplitude-dependent. This leads to faster propaga­

tion of compression phases compared to rarefaction phases, resulting in 

waveform distortion, progressive wave steepening, and the generation 

of higher harmonics.

The transition between linear and nonlinear acoustic regimes is 

gradual and depends on several parameters, including the propagation 

distance, sound frequency, and medium properties. According to the rec­

ommendation of the “Deutsche Gesellschaft für Akustik” (DEGA [61]), 

linear acoustics is a valid approximation as long as the acoustic Mach 

number remains small:

𝑀a =
𝑣particle

𝑐sound
≪ 1, (A.10)

where 𝑣particle denotes the particle velocity. For plane waves in the lin­

ear regime, this can be related to the acoustic pressure 𝑝sound and the air 

density 𝜌air using 𝑣particle = 𝑝sound
(𝜌air⋅𝑐sound)

. This condition is met for the inves­

tigations of this work (using 𝑝sound,max ≈ 1100 Pa, and 𝜌air = 1.2 kg/m3; 

𝑀a = 0.008). For larger amplitudes, this condition becomes violated, and 

the linear wave equation (cf. Eqs. (1) and (2)) is no longer sufficient. A 

more accurate description requires nonlinear wave equations such as the 

Westervelt equation [62].

Regarding the proposed method for characterizing ultrasonic fields, 

it is important to distinguish between physical limitations, qualitative 

visualization, and quantitative pressure evaluation. The interferomet­

ric approach itself is not inherently restricted to linear acoustic fields 

and can be applied to visualize high-power ultrasonic fields exhibiting 

nonlinear effects, such as waveform steepening. Indeed, there is a limita­

tion regarding the avoidance of phase jumps in the phase shift retrieved 

from the interferogram, which are induced by nonlinear acoustics and 

exceed a value of 𝜋. However, in this paper, the retrieval of quantita­

tive sound pressure data relies on linear relations between refractive 

index variations and acoustic pressure (cf. Eqs. (5) - (7)). In the non­

linear regime (𝑝sound ≪ 𝑝air), these relations become invalid or require 

appropriate nonlinear corrections, and neglecting these effects may lead 

to systematic errors in the estimated pressure field.

Appendix B . Methods to determine the sound field width

Fig. B.6 provides a graphical overview of the three methods discussed 

in Section 2.2. A comparative analysis was performed to evaluate these 

methods in the context of cross-validation. The results show that the 

deviations remain within ΔSPL ≈ 1 dB, which is on the same order 

of magnitude as the intrinsic sound pressure fluctuations. This demon­

strates that, even though the selected method does have an impact on 

the quantitative results, the influence is constrained.

B.1 . Simulation to compute the effective sound field width

The effective width of the sound field can be determined using a 

simulation (Method III), as outlined in the following:

Therefore, a three-dimensional simulation was developed using the 

propagation of the sound field 𝑝(𝑥, 𝑦, 𝑧) based on the angular spectrum 

approach [36] to obtain quantitative width values as described in the 

following. The input aperture for this simulation method corresponds 

to the real aperture of the transducer array, described in Section 2.1 

(8 × 8 single ultrasonic sources). Then, the Fourier transform is used to 

calculate the sound pressure field along its propagation direction 𝑥. For 

each pixel in the 𝑥𝑦 plane, there is a pressure distribution 𝑝(𝑥𝑖, 𝑦𝑗 , 𝑧) over 

𝑧 with a local maximum 𝑝max(𝑥𝑖, 𝑦𝑗 ). The numerical integral:

𝐼integral(𝑥𝑖, 𝑦𝑗 ) = ∫ 𝑝(𝑥𝑖, 𝑦𝑗 , 𝑧)𝑑𝑧 ≈
𝑁𝑧
∑

𝑝(𝑥𝑖, 𝑦𝑗 , 𝑧) ⋅ Δ𝑧.𝑓 (B.11)

over 𝑧, together with the maximum 𝑝max(𝑥𝑖, 𝑦𝑗 ), is used to calculate an 

effective sound field width for each pixel:

𝑤eff(𝑥𝑖, 𝑦𝑗 ) =
𝐼integral(𝑥𝑖, 𝑦𝑗 )
𝑝max(𝑥𝑖, 𝑦𝑗 )

. (B.12)

While this is still an approximation, it improves the calculation com­

pared to using 𝑤aperture of Method I by considering the location-

dependent characteristics of the sound field width. In Section 2.2

𝑤sound is replaced with the effective, pixel-dependent sound field width 

𝑤eff(𝑥𝑖, 𝑦𝑗 ) from the simulation.

When using this simulation, it is important to apply a sufficiently 

large initial calculation domain, as inadequate dimensions result in the 

effective sound field widths being dependent on the calculation domain. 

However, this simulation has several advantages and is a suitable ap­

proach, if the sound field width changes in the 𝑥 direction, e.g., for 

spherical waves. Furthermore, it can represent width values for sound 

fields that are not rotationally symmetric by 90◦ steps. This method 

should also be selected in cases where spatially extended sound fields 

cannot be fully projected onto the sample area. Due to the integral na­

ture of interferometric laser measurement, this method, which is based 

on numerical integrals, is appropriate for evaluating the experimentally 

determined width values.

sound , , max ,

III. Simulation (Angular Spectrum Approach)

eff ( , )

sound(z)

aperture

I. Aperture Width

sound , = sound ,

FWHM

II. Experimenal Phase Evaluation

1

0.5

Fig. B.6. These graphs illustrate three different methods for determining the sound field width. Method I defines the sound field width as a constant and equal to the 

aperture output of the transducer array (𝑤aperture). Method II uses an experimental approach in which the sound field width is defined as the full width at half maximum 

(FWHM) of the interferometrically acquired phase data (𝑤FWHM(𝑥𝑖)). If the sample area is large enough, this value can be determined depending on the 𝑥 direction. 

In Method III the sound field width is obtained using a simulation based on the angular spectrum approach (𝑤eff(𝑥𝑖, 𝑦𝑗 )). This is further explained in Appendix B.1.
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Appendix C . Measurement uncertainty according to GUM

The measurement uncertainty of the Fizeau interferometry data was 

evaluated following the guidelines of the Guide to the Expression of 

Uncertainty in Measurement (GUM) [63]. In this context, the measurand 

is the sound pressure amplitude 𝑝sound(𝑥, 𝑦). The corresponding mea­

surement equation is obtained by substituting Eq. (8) into Eq. (6). The 

quantities refractive index of air 𝑛air, ambient pressure 𝑝air, laser wave­

length 𝜆laser, and effective sound field width 𝑤eff(𝑥𝑖, 𝑦𝑗 ) were considered 

as Type B input variables. The phase shift 𝜑(𝑥, 𝑦), on the other hand, 

was treated as a Type A contribution, with its uncertainty estimated 

from the standard deviation of the mean of repeated measurements 

(𝑁 = 20). These standard deviations are shown as error bars (at in­

tervals of 50 pixels for better visibility purposes) in Fig. 5 and also serve 

as indicators of measurement repeatability. It should be noted that vari­

ations in the ultrasonic field itself are also reflected in the phase shift 

statistics. These could be due to slow temperature drifts caused by the 

heating of the transducer array during continuous operation.

The resulting GUM analysis yields an expanded uncertainty (cov­

erage factor 𝑘 = 2) of ±40 Pa for the reconstructed sound pressure 

amplitude. A sensitivity analysis reveals that the effective sound field 

width 𝑤eff(𝑥𝑖, 𝑦𝑗 ) contributes the largest share to the uncertainty (∼ 75%), 

followed by the phase shift  𝜑(𝑥, 𝑦) (∼ 23%). The remaining quantities 

(𝑛air, 𝑝air, 𝜆laser) have only a marginal influence of less than 1% each.

For the Xarion microphone measurements, the GUM evaluation re­

sults in an expanded uncertainty (coverage factor 𝑘 = 2) of ±80 Pa. Here, 

the main contribution is the oscilloscope voltage measurement, which 

is treated as a Type A quantity. Despite the limited number of measure­

ments for the Xarion data per 𝑦 position (𝑁 = 3), the fluctuations of the 

acoustic field are included in the estimated measurement uncertainty.

Data availability

Data will be made available on request.
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