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Abstract. This work is a part of an ongoing global effort aimed at humanitarian demining.
Its purpose is to develop a laser-acoustic method for detecting buried landmines and other
explosive devices as well as to create a domestic system capable of detecting various types
of mines, including plastic ones. In this work, a laboratory stand, which included a single-
beam laser Doppler vibrometer operating in the stop-stare measurement mode and a model
of a minefield were created. The acoustic responses of three types of plastic simulants of
explosive devices, namely anti-personnel landmines IIMH-2 and IT®M-1 as well as a
grenade ITIPO-5T, buried in sand and a substrate, were detected. The difference in the
acoustic characteristics of the investigated soil-mine systems was identified. The effect of
sand moisture on the amplitude and resonance frequency of the vibrations was
demonstrated. The obtained results give hope for high potential of the used laser-acoustic
method for detecting plastic explosive devices. The results of the work are expected to be

useful for humanitarian demining of the territory of Ukraine.

Keywords: buried landmine detection, laser Doppler vibrometer, humanitarian demining.

https://doi.org/10.15407/spqe027.04.472
PACS 42.79.Jq, 42.79.Qx, 43.60.+d, 81.70.Cv

Manuscript received 04.10.24; revised version received 19.10.24; accepted for publication
13.11.24; published online 06.12.24.

1. Introduction

For decades, the problem of detecting and disarming
landmines and other explosive objects buried in soil
existed all over the world [1]. With the beginning of the
Russia’s military aggression against Ukraine, this problem
became relevant for our country as well. According to the
State Emergency Service of Ukraine, about one-third of
the country’s total area (156,000 km?) is contaminated
with dangerous items, and clearing this area from mines
and explosive war remnants will require decades and tens
of billions of USD. Demining territories is a prerequisite
for a safe and normal life for millions of Ukrainians who
suffered from the consequences of the war. This difficult
task covers not only detecting and eliminating mines, but
also restoring infrastructure and agriculture.

Landmines are usually categorized into antiper-
sonnel (AP) mines designed to injure, maim and Kill
humans, and antitank (AT) mines intended to immobilize
or destroy vehicles and their occupants. The AT mines
are typically 30 cm or larger, weigh several kilograms
and are buried at depths of up to 30 cm below the
surface. The AP mines are usually 10 cm or smaller,
weigh a few hundred grams and are laid on the surface or
buried at a depth of 4...50 mm below the ground surface.

More than 650 AP mine types exist around the world. As
was mentioned in [1], the production cost of an AP mine
is roughly between 1 and 30 USD, while the cost rate of
clearing one mine ranges between 300-1000 USD
depending on the mine infected area and the number of
generated false alarms.

Currently, there are several methods of detecting
landmines: biological, electromagnetic, optical, nuclear,
acoustic and mechanical [2]. Each of these methods is
effective under certain conditions depending on the type
of mine, explosive material and soil.

The most common non-contact mine sensor is a
metal detector, which uses the electromagnetic induction
phenomenon. Such mine detectors exist both in manual
execution [3-5] and fixed on air [6, 7] or ground [8]
mobile systems with different degrees of autonomy. Use
of drones makes it possible to increase the speed and
safety of detecting explosive devices [6, 7]. However, all
the electromagnetic mine detectors, regardless of
modification, have a major common drawback, namely
they are ineffective for detecting plastic mines due to the
small metal content. Attempts to increase their sensitivity
usually lead to high false alarm rates due to the large
number of metal objects, such as shrapnel, casings, etc.,
scattered across the minefields [3].
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To solve the problem of finding non-metallic explo-
sive devices, new methods of detecting mines, including
plastic ones, have been developed, such as infrared (IR)
thermography [9], detecting by using quadrupole reso-
nance of nuclear energy [10] and neutron logging [11].

For example, a possibility of detecting mines by
analyzing thermal images of the surface has been
investigated in [12-14]. Due to the fact that the area of a
soil with a buried landmine has different thermophysical
parameters from those of the surrounding environment, it
can stand out on the thermal image. Despite the
laboratory success of this method, it was established that
the reliability of its results is strongly influenced by such
factors as the depth of the landmine, presence of
vegetation on the surface, and the time of day when the
images are taken. Moreover, the type of the soil, its
moisture content and density also have a significant
impact on the ability to detect mines.

In recent years, close attention has been paid to the
development of the laser-acoustic method, which makes
it possible to detect explosive devices of various types
[15-18]. The method consists in exciting vibrations of
the soil and measuring the vibration characteristics of its
surface at several points using a laser Doppler vibrometer
(LDV). The advantages of this method are high detection
probability and very low false alarm rates. The com-
plexes that use such method are still under development
and are not commercially available. However, they have
a huge potential for development.

A laser Doppler vibrometer based on heterodyne
processing of a scattered signal was created at the
V. Lashkaryov Institute of Semiconductor Physics of the
National Academy of Sciences of Ukraine. This device
was successfully used for precise measurements of dust
particle vibrations [19] and displacements of biological
objects [20]. The purpose of this work is to study the

possibility of an LDV to detect the landmines, including
the plastic AP ones, buried in soil, for further creation of
an LDV based laser-acoustic mine detection complex.

2. Methodology
2.1. Experimental setup

The setup of a laboratory stand of a laser-acoustic mine
detection complex is shown in Fig. 1. It includes an
LDV, a control and information processing unit and a
model of a minefield with a source of sound waves.

The radiation of a He-Ne laser 1 with a wavelength
of 0.63 um falls on a beam splitter 2. Via optical
elements, the reflected radiation is formed into a probing
beam, which is directed by a mirror 8 onto the ground
surface in the minefield model Ill. The radiation that
passes through the beam splitter 2 is formed into a beam
of an optical heterodyne. A part of the radiation scattered
from the soil reaches the surface of a splitter-mixer 9,
where it intersects with the heterodyne radiation. Inter-
ference of these waves produces an alternating current of
a photodetector 13 at an intermediate frequency, which is
an information signal. This signal is sent sequentially to the
input of an A/D converter 14, a digital receiver 15, and
one of the computers of the block II, where its amplitude
and spectral characteristics are processed and analyzed.

When the area is irradiated with acoustic waves from
a source of sound waves 18, the energy is coupled into a
seismic motion in the subsurface of the ground. Interaction
of a landmine buried in the soil with the elastic ground
waves causes its vibration. As a result of mechanical reso-
nances and greater mechanical elasticity of the buried
object to the neighboring soil, the amplitude of the soil vib-
rations directly above the landmine at resonant frequencies
exceeds the vibration amplitude of the surrounding area.
An object hidden in the soil is revealed by the amplitude-
spectral differences of the vibrations of the surface abowve it.

l
L

Fig. 1. Setup of the laboratory stand of a laser-acoustic mine detection complex. | — laser Doppler vibrometer, Il — control and infor-
mation processing unit; 111 — model of a minefield. Designations in the figure: 1 — laser, 2 — beam splitter, 3 — mirror, 4,5 — acousto-
optic modulators, 6, 7 — beam expanders, 8 — mirror, 9 — light splitter-mixer, 10 — lens, 11 — light splitter, 12 — television camera,
13 — photoreceiver, 14 — A/D converter, 15 — digital filter/receiver, 16 — ground, 17 — buried object, and 18 — source of sound waves.
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2.2. Theoretical justification of the methodology

Measurements of oscillations or displacements carried
out by laser interferometric devices as the devices that
compare the displacement of an object with the laser
radiation wavelength, are of a primary nature, i.e. they do
not require comparing with other standards. The methods
of determining the movement parameters (oscillations or
movements) of a scattering object using a laser hetero-
dyne meter are based on measuring the characteristics of
the spectral components of the intermediate frequency
signal. A detailed theoretical description of these
methods is given in [21]. Here, we briefly present
theoretical justification of the method used in this work.
Interference of the radiation of the optical
heterodyne with the radiation scattered by the surface of
the object under study produces an alternating current of
the photodetector described by the following equation:

i(t)=K COS[((Dh ~ Ogcat )t] : (1)

Here, K is the parameter that slightly changes over time
and depends on the power of the local-dyne radiation, the
power of the received scattered radiation, the quantum
efficiency of the material of the photoreceptor sensitive
plane, etc., and o, and o, are the circular frequencies
of the heterodyne radiation and the radiation scattered by
the object, respectively.

When the object under study moves, the frequency
of the scattered radiation changes relative to the
frequency of the incident radiation by the value
determined from the Doppler frequency shift:

ve () =2(v, +F)V, (t)/c, 2

where V, (t) is the radial component of the object speed

relative to the radiation receiver, vy, is the frequency of
the heterodyne radiation, Fs is the frequency of the
acousto-optic modulators 4 and 5 (see Fig. 1), and c is
the speed of light, respectively. Since v,>>F, the
expression (1) can be simplified in the following form:

va(®) =2V, O/, ©)

where A is the heterodyne radiation wavelength. Hence,
the frequency of the radiation scattered by the moving
object is determined by the following expression:

Vscat(t)zvh +Fs+2\/r(t)/7" . 4

The phase change of the scattered radiation due to the
movement of the object has the following form:

Ad(t) =%jv, (1)dr . ®)

Introducing circular intermediate
o, = 2n(F, — F,) turns the expression (1) into

frequency

i(t) = K cos mit+%£vr(r)dr . (©)

It can be seen from Eq. (6) that the photodetector current
carries information about the speed of the object.

3. Experiments on detecting buried landmines

Fig. 2 shows an actual view of the LDV (a) and the
minefield model (b). The LDV and the minefield model
were placed on separate massive vibration-resistant bases
without direct mechanical contact between them. The
distance between them was at least 2 m. The control and
information processing computers also had no
mechanical contact with the units I and I11.

-

Fig. 2. Photos: a — laser Doppler vibrometer; b — minefield model.
For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.

Fig. 3. Photos of the simulants used in the experiments:
1, 2 — reduced plastic models of AP mines TIMH-2 and TI®M-1,
respectively, 3 — training simulation grenade TTIPO-5T".
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Fig. 4. Frequency dependences of soil vibrations measured above the simulant buried at 16—20 mm: a — dry sand; b — wet sand, and
¢ — dry substrate; 1 (black) — soil without the simulant; 2 (red) — soil with the simulant of a landmine TIMH-2; 3 (green) — soil with
the simulant of a landmine II®M-1; 4 (blue) — soil with the training simulant of a grenade ITIPO-5T". The frequency dependences
measured above the different simulants are shifted along the ordinate axis for better clarity. The marked resonance amplitudes are

given in the arbitrary units.

In order to assess the noise level of the experimental
setup, a test object — a massive metal cylinder with a
reflectivity approximately equal to the reflectivity of the
soil — was installed at the place of the object under
investigation (hidden object in the soil). The noise level
measured with a sound level meter was 39 dB near the
cylinder and 42 dB near the LDV.

The acoustic response of the simulants of explosive
devices placed in natural (non-cleaned and non-sieved)
sand and a substrate consisting of a mixture of high-
quality peat, sand, limestone material and fertilizers was
investigated. The following objects were studied:
reduced plastic models of AP mines IIMH-2 and [1®M-1
(petal) as well as a training simulation grenade ITIPO-5I"
(imitation of a grenade of the soviet model PT/I-5).
These objects are shown in Fig. 3. Selection of the
objects for the research was defined by their geometric
similarity to real explosive devices, their materials of
manufacture (metal and plastic) and dimensions, which
had to correspond to the size of the minefield model.

Acoustic waves were emitted by an audio speaker
(see Fig. 2), which received a sound signal in the form of
white noise from a personal computer. The sound volume
near the surface was 92...94 dB.

Fig. 4 presents the results of the measurements of
surface acoustic vibrations spectra of dry and wet sand as
well as dry substrate without the simulant (empty) and
with the simulant. The thickness of the soil layer above
the simulant was 16...20 mm. As can be seen from Fig. 4,
the vibration spectra of different soils (curves 1) have a
number of acoustic resonances in the frequency range
below 1 kHz. These resonances may be due to the small
size of the soil pile used in the experiment (Fig. 2b). The
vibration amplitude in the resonances is higher for the
dry sand and dry substrate as compared to the wet sand.

This agrees well with the results presented in [22].
It has been supposed that introduction of moisture results
in soil consolidation and increase of the soil shear
stiffness. Therefore, the resonance frequency shifts
upward and the vibration velocity (amplitude) decreases.
In the presence of a mine simulant, the amplitude and
frequency of the acoustic resonances changes depending
on the types of soil and simulant. These changes in the
vibration spectra are caused by both higher mechanical
stiffness of the landmine simulant compared to the soil
and its own acoustic resonances. At the same time, some
resonance maxima significantly exceed the amplitude of
oscillations of the empty soil surface.

Thus, by comparing the amplitude of soil vibrations
at multiple points of the investigated surface, it is
possible not only to detect a buried object, but, if a
database is available, to determine its type and brand.

4. Conclusions

In this work, laboratory studies of the possibility of
detecting mine simulants buried in soil using a laser-
acoustic complex based on the laser Doppler vibrometer
developed at the V. Lashkaryov Institute of Semicon-
ductor Physics of the National Academy of Sciences of
Ukraine were carried out. A laboratory stand was created.
The stand included both the LDV and a model of a
minefield — a pile of soil (sand or substrate) with or
without the simulants of explosive devices placed inside.
Analysis of the obtained results showed that when
acoustic vibrations of the soil surface are excited, their
spectra differ significantly depending on the presence and
type of a buried object as well as on the soil moisture.
This indicates that the used laser-acoustic method provides
a high capability for detecting both metal and plastic AP
landmines and other explosive devices buried in soil.
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Further scientific and technical activities will be

focused on increasing the sensitivity and reliability of the
information obtained by the complex. This will include
transition to a multi-beam probing scheme for surface
scanning, increasing the power of laser and acoustic
excitation, etc. It is expected that the developed laser-
acoustic system will be possible to use for humanitarian
demining on the territory of Ukraine.
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BusiBieHHsl NMPHXOBAHWX y IPYHTI MiH Ta iHIIMX BHOYXOBHX HPHCTPOIB 3a JONOMOIOKI OJHONPOMEHEBOI0
J1a3epHOro A0MIUIepiBCbKOro BidpomeTpa

JI.B. bopkoBcbka, B.I1. Kucauii, B.O. Mopo:xenko, €.0. Couosiios, 10.I'. Cepboxkin, B.M. Hactiu

Anoraunis. [Jana po60Ta € 4aCTHHOIO IMOOATBHUX 3YCHJIb, CIIPAMOBAHUX HA TyMaHiTapHE PO3MiHyBaHHs. 11 MeToIO €
PO3po0OKa JTa3epHO-aKyCTHYHOTO METO/1Yy MOUIYKY IMPUXOBAaHMX MIH Ta IHIIMX BUOYXOHEOE3NeUHHX MPEMETIB, a TAKOX
CTBOPEHHSI BITYM3HIHOTO KOMIUICKCY, SIKHH JIO3BOJISIE BHSBJISATH MIiHM PI3HOTO THIy, B TOMY YHCJI IUIaCTUKOBIL. B
po0oTi OyII0 CTBOPEHO JTA0OPATOPHUI CTEHI, SKUH MICTHUB Ja3epHUH JONIUICPIBCHKUI BIOPOMETP Ta MaKEeT MIHHOTO
noJisi. BusiBleHO aKkyCTHYHI BIATYKM TPHOX THIIIB MakKeTiB IJIACTHKOBMX BUOYXOBHX HPHUCTPOIB, a caMe HMPOTHITIXOTHUX
Mmid [IMH-2 ta T[I®M-1, a takox rpanar [1IPO-5T, 3aHypeHnX y miCOK Ta cyOcTpaT. BUSBICHO PI3HUIO B aKyCTHYHIX
XapaKTepUCTUKaX JOCHKYBaHUX CHUCTEM IpyHT-MiHa. [IpogeMOHCTpOBaHO BIUIMB BOJIOTM Ha aMIUINTyAy Ta
PE30HAHCHY 4YacTOTy KoJMBaHb. OTpUMaHi pe3ylbTaTH JO3BOJISMIOTH CIOMIBATHCS HAa 3HAYHI MEPCIEKTHBH JIA3€PHO-
aKyCTHYHOTO METOJy JUIsl BUSIBJIEHHS IUTACTUYHMX BUOYXOBUX NPUCTPOiB. OUiKyeThCs, 10 pe3ynbTaTd poOoTH OyayTh
KOPHCHI JUIsi TYMaHITapHOTO PO3MiHYBaHHS TEPUTOPii YKpaiHu.

Kiro4oBi ciioBa: BUSBICHHS 3aKOTIAHUX MiH, JTa3epHIHA JOMIUICPIBCEKUN BiOpOMETp, TyMaHITapHE PO3MIiHyBaHHS.
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