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Abstract: This study examines the feasibility of using Microhollow Cathode (MHC) plasma
transducers as contactless, broadband sources for air-coupled ultrasonic nondestructive testing
(NDT). To improve the detection of small or weakly bonded defects, the approach integrates
Local Defect Resonance (LDR), which amplifies flaw responses at their natural vibrational
frequencies.
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Introduction
Ultrasonic nondestructive testing (NDT) is crucial
for assessing material and structural integrity with-
out compromising functionality. It is extensively used
in aerospace, civil engineering, and manufacturing,
where early defect detection ensures safety and dura-
bility. Conventional ultrasonic methods rely on piezo-
electric transducers requiring direct contact and cou-
pling media such as water or gel, limiting their appli-
cation on delicate, rough, or complex surfaces.
To address these limitations, air-coupled ultrasonic
techniques have gained interest. Notably, Microhol-
low Cathode (MHC) plasma transducers offer a novel,
compact alternative by generating pressure waves via
pulsed plasma discharges in air. This enables high-
frequency, broadband excitation without contact or
coupling layers [1], making MHCs ideal for inspecting
advanced materials like composites, polymers, and
3D-printed structures that are incompatible with tra-
ditional methods.
Concurrently, nonlinear ultrasonic techniques have
enhanced sensitivity to subtle flaws. Local Defect
Resonance (LDR) leverages defects natural vibra-
tional frequencies, producing localized amplified re-
sponses detectable with high spatial resolution [2].
This frequency-selective approach improves detec-
tion of small defects often missed by conventional
reflection-based methods.
This paper presents the integration of MHC plasma
transducers and LDR into a fully air-coupled ul-
trasonic inspection system. Utilizing the broadband
MHC emission and LDRs frequency sensitivity, the
approach aims to improve flaw detectability while
preserving non-contact benefits. The concept is val-
idated through simulations and experimental results

on polymer samples measured with laser Doppler vi-
brometry.

Micro-Hollow Cathode Plasma Transducers
Micro-Hollow Cathode (MHC) plasma transducers
operate by initiating a pulsed discharge in a confined
gas volume between closely spaced electrodes, typi-
cally separated by a gap. When a high-voltage pulse is
applied across the gap, a stable glow discharge forms
within the microcavity, rapidly heating the surround-
ing gas and producing ion movement that drives ionic
wind, both of which contribute to localized pressure
waves. This localized heating results in sudden ther-
mal expansion, generating an acoustic pressure wave
that propagates through air as a broadband ultrasonic
pulse [1].
The electrical breakdown mechanism responsible for
plasma formation is governed by Paschen’s Law,
which relates the breakdown voltage VBD to the prod-
uct of the gas pressure p and the gap distance d, i.e.,
VBD = f(pd). This empirical relationship assumes
a uniform electric field between parallel-plate elec-
trodes and does not explicitly account for electrode
geometry.
A commonly used form of Paschen’s Law is given by:

VBD =
B · p · d

ln(A · p · d)− ln
[
ln

(
1 + 1

γse

)] , (1)

where A and B are gas-specific empirical constants,
and γse is the secondary electron emission coefficient.
While originally derived for idealized parallel-plate
configurations, this expression provides useful insight
into breakdown behavior in a variety of geometries.
Micro hollow cathode (MHC) designs typically oper-
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ate near the Paschen minimum, enabling stable dis-
charge at relatively low voltages [3].
The discharge current within the cavity follows spatial
patterns governed by the Helmholtz equation:

∇2j + k2j = 0, (2)

leading to self-organized current density distributions
that resemble acoustic mode shapes. The combined
effects of thermal expansion and ionic wind con-
tribute to acoustic emission. The ion velocity, which
influences the strength of the acoustic wave, scales
with discharge parameters [4] as

vion ∝ A

√
ε0
ρ0

· UHV

dg
, (3)

where ε0 is the vacuum permittivity, ρ0 is the gas
density, UHV is the applied voltage, and dg is the
gap size.

Concept of Local Defect Resonance (LDR)
Local Defect Resonance (LDR) enhances ultrasonic
flaw detection by targeting the natural vibrational
frequencies of structural defects. These frequencies
emerge due to local variations in stiffness and mass
that arise from discontinuities such as voids, delami-
nations, or inclusions. When the structure is excited
near one of these frequencies, the defect responds
with significantly amplified, localized vibrations that
can be detected remotely [5].
For instance, a cavity embedded in an elastic medium
introduces a region of reduced stiffness, causing it to
respond more dynamically to external excitation. Pla-
nar defects such as delaminations or disk-like cracks
exhibit even greater changes in vibrational behavior
due to their asymmetry and size. This resonance-
based response provides a clear acoustic signature
that enhances detectability, especially in composite or
layered structures where traditional amplitude-based
reflection techniques may fail.
The advantage of LDR lies in its frequency-selective
sensitivity. By focusing on the resonant behavior of
defects, it offers high contrast between defective and
intact regions, improving localization and reducing
false positives.

Analytical Modeling of Local Defect Resonance
Frequency
To predict the resonance behavior of defects, analyt-
ical models based on classical plate theory are em-
ployed. A flat-bottom hole (FBH), commonly used
as a model defect, is approximated as a circular,
clamped thin plate. The natural frequency of this
plate-like region can be expressed as:

fLDR =
1

2π

√
Keff

meff
, (4)

where Keff and meff are the effective stiffness and
mass of the defect region. Under idealized conditions,
this can be further simplified to:

fLDR =
α

2π

h

R2

√
E

ρ(1− ν2)
, (5)

where h is the thickness of the plate, R its radius, E
is Young’s modulus, ρ the density, ν Poisson’s ratio,
and α a dimensionless parameter dependent on the
boundary conditions [6].
The value of α varies depending on how the edges
of the defect are constrained. Clamped edges yield
higher frequencies and larger α, while simply sup-
ported or free boundaries reduce stiffness and lower
the resonant frequency. Real defects seldom conform
exactly to those predicted under idealized conditions
of a homogeneous, isotropic material. While classi-
cal plate theory provides analytical estimates of res-
onant behavior based on simplified assumptions [7],
accurate determination of the resonance parameter
α often necessitates numerical modeling or empirical
calibration to account for material anisotropy, geo-
metric complexity, and boundary effects.
Despite their simplifications, these models offer valu-
able insights and enable pre-selection of excitation
frequencies for LDR testing. They do, however, ne-
glect damping, material anisotropy, and interaction
with surrounding structures, all of which can affect
the actual vibrational response. Therefore, analytical
predictions are best used in conjunction with experi-
mental or numerical methods.

Conceptual Framework for the Hybrid
Technique
The integration of MHC plasma transducers with
LDR forms a hybrid ultrasonic inspection method
that combines the strengths of both technologies.
MHC devices serve as compact, contactless, and
broadband acoustic sources capable of exciting a wide
range of frequencies. When these frequencies overlap
with the natural resonance of a defect, the LDR mech-
anisms amplify the local response.
This synergy enables air-coupled excitation and the
detection of defect-specific vibrations without the
need for mechanical coupling, physical contact, or fre-
quency tuning. A single broadband MHC pulse can
stimulate multiple vibration modes within the test
sample. If a defect resonance lies within the exci-
tation spectrum, it will respond with a measurable
increase in vibration amplitude, detectable using non-

DOI 10.5162/Ultrasonic2025/C9-a4



2025 ICU PADERBORN
9th International Congress on Ultrasonics - ICU

221

contact sensors like laser Doppler vibrometers or air
microphones.
By combining MHCs efficient broadband genera-
tion with the frequency-selective sensitivity of LDR,
the system offers enhanced detection capabilities for
small, subsurface, or weakly bonded defects. It is
especially advantageous for inspecting composites
or 3D-printed parts where traditional contact-based
methods may be impractical.

Results
Three MHC plasma transducers with different geo-
metrical configurations were employed in this study,
differing in hollow diameter and electrode gap. For
each configuration, the approximate high-voltage
level required to ignite the plasma was determined
experimentally. An overview of the geometries and
corresponding ignition voltages is provided in Tab. 1.

Tab. 1: Geometrical configuration and ignition volt-
age of the three MHC plasma transducers.

hollow diameter (mm) electrode gap (mm) ignition voltage (kV)
1.0 1.6 ∼4.2
0.5 1.6 ∼7.5–9.0
0.5 1.0 ∼4.2

To characterize the acoustic behavior of the MHC-
based transducers, a thin membrane was used as
the target object, featuring a mass per unit area of
0.0163 kg

m2 . Plasma-induced pressure waves generated
by the MHCs excited mechanical vibrations in the
membrane, which were measured using laser Doppler
vibrometry (LDV). Surface velocity measurements of
the membrane were recorded with a Polytec OFV-505
sensor head combined with an OFV-5000 controller.
The schematic measurement setup is shown in Fig. 1.

Fig. 1: Schematic setup for LDV-based characteriza-
tion of MHC transducers.

Fig. 2 presents the membrane velocity signals for one
representative MHC transducer. The plot consists of
the time-domain response (top) and the correspond-
ing frequency spectrum (bottom). The time-domain
plot shows the velocity response of the membrane
in µm

s over time in milliseconds (ms), while the fre-
quency spectrum illustrates the membrane velocity

in µm
s as a function of frequency in kilohertz (kHz).

The distance between the membrane and the MHC
transducer was 40 mm.

Fig. 2: Membrane response for one representative
MHC transducers (1 mm hollow diameter 1.6 mm
electrode gap) at 40 mm distance between membrane
and transducer.

All transducers demonstrate broadband excitation
with spectral content up to approximately 150 kHz.

This section presents an experimental study of a
PMMA (polymethyl methacrylate) sample exhibiting
a local defect resonance (LDR) near 7.6 kHz. This
sample was selected due to its clear resonance behav-
ior observed during preliminary tests.

The study aimed to identify and validate the reso-
nance characteristics of two flat-bottom holes (FBHs)
in the PMMA plate measuring 217mm × 30mm ×
4mm. Each FBH had a diameter of 20mm and a
depth of about 3.6mm. The local defect resonance
around 7.6 kHz was the focus.

A MHC transducer with a 1.6mm electrode gap and
1mm hollow diameter served as the excitation source.
To avoid thermal overload during scans longer than
five minutes, a transducer with reduced DC power
consumption was used.

Initial vibrational responses of both FBHs were
recorded using a 1D LDV following the setup
shown in Fig. 1. Subsequent 3D scanning vibrometer
measurements confirmed these findings. Frequency-
domain analysis allowed comparison of resonance fre-
quencies and evaluation of measurement consistency.
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Fig. 3: PMMA sample (7.5 kHz), measurement with
1D laser doppler vibrometer

In both cases, a resonance frequency of 7.5 kHz was
identified (see Fig. 3). This result was consistent
across the two defects, indicating a reliable and re-
producible detection of the LDR.
In order to verify the measurements obtained with
the 1D LDV, additional scans were performed using
a 3D scanning laser vibrometer. The resonance fre-
quency of one FBH recorded from this method is
shown in Fig. 4.

Fig. 4: PMMA sample, first FBH, LDR at 7.648 kHz
(3D scanning vibrometer)

A resonance frequency of 7.648 kHz was detected at
the first FBH, while the second FBH exhibited a res-
onance at 7.703 kHz.
Compared to the 1D LDV result (7.5 kHz for both
FBHs), the relative deviation is 1.97 % for the first
FBH and 2.71 % for the second FBH. These differ-
ences are within an acceptable range and confirm the
accuracy of the initial 1D LDV measurements. Thus,
the 3D vibrometer measurements serve as a support-
ing validation of the LDR frequency identified using
the 1D system.

Conclusions
Experiments on PMMA samples with flat-bottom
holes confirmed resonance frequencies near 7.6 kHz
using both 1D and 3D laser Doppler vibrometry,
closely aligning with analytical predictions. This vali-
dates the hybrid method’s ability to reliably identify
localized defects.
The synergy of MHCs broadband excitation and
LDRs frequency-selective sensitivity improves defect
detectability and spatial resolution, offering advan-
tages for materials and geometries challenging for
conventional contact-based ultrasonics.
Future work will extend this approach to diverse de-
fect types and materials and optimize MHC trans-
ducer design for enhanced acoustic output and spec-
tral control.
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