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M The worldwide proliferation of land mines leads to thousands of civilian

casualties each year and threatens military forces who patrol hostile territories. To

reduce these casualties, military and humanitarian organizations seek methods

to detect the large variety of mines being deployed. Many mine detection systems

currently under development can detect only metal or a specific mine feature,

have limited standoff range, or are impractical for field operations. A promising

approach uses acoustic waves to induce mechanical vibrations in both plastic

and metal mines. The vibration field above these mines can then be measured

remotely with a laser Doppler vibrometer. This article describes a method to

advance acoustic land-mine detection by increasing standoff range from the

minefield and by developing a more practical lightweight system. We take a

novel approach to excite mines by using a parametric acoustic array (PAA) source

to transmit a highly directive sound beam from a safe distance. We discuss the

standoff system concept, the process of PAA wave generation, and the coupling

of acoustic waves to the ground to excite mines. A proof-of-concept system,

built at Lincoln Laboratory, deploys a commercial PAA and a commercial laser

vibrometer. We tested the system at a land-mine facility and measured distinct

vibration signatures from buried anti-personnel mines. The overall concept shows

promise. The PAA tested in these experiments, however, was developed for home

entertainment and has marginal power for land-mine detection, even at close

range. A system suitable for standoff detection requires more acoustic power

and substantial modification. We estimate that power gains up to 50 dB may be

achievable, and we discuss alternatives to the commercial PAA design.

HE PROLIFERATION OF LAND MINES throughout

the world has become an enormous problem for

both civilian populations and military person-
nel. An estimated sixty to seventy million land mines
are in place in seventy countries; these mines kill or
maim 26,000 people each year [1]. All too often these
casualties occur to those noncombatants who unknow-
ingly encounter an uncleared minefield well after the
war in their country has ended. Most of these casualties
are civilians, of which about half are children under the

age of sixteen. The United States is currently involved
in several foreign conflicts where troops are in constant
danger from land mines and mine-like traps set along
roads and in fields. Fatalities and injuries are reported
almost daily. The current crises in Iraq, Afghanistan,
and other countries, and the ongoing need to remedi-
ate minefields from previous conflicts, clearly motivate
the development of reliable methods that quickly locate
land mines, unexploded ordnance, and other mine-like
targets.
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FIGURE 1. Acoustic-to-seismic wave-coupling approach to detect buried land mines. Acoustic
sound waves penetrate the soil surface to generate seismic waves within the soil. These seismic
waves cause the mine to vibrate and resonate, producing a displacement velocity field at the ground
surface above the mine. This displacement can be measured by a laser vibrometer or UHF radar.

Most land-mine detection relies on careful searches
of mined areas with handheld metal detectors. Conse-
quently, mine detection and removal are dangerous and
labor-intensive activities. Furthermore, plastic and non-
metallic mines have been developed as a countermeasure
to metal detectors, and are now used on a global scale.
Because of the small contrasts in electrical properties
between soil and nonmetallic mines, the most widely
used methods of electromagnetic induction (handheld
metal detectors) and ground-penetrating radar are not
always effective. In contrast, the mechanical properties
of plastic and metal mines vary significantly from those
of soil, which may make acoustic excitation a more re-
liable mechanism to detect mines. Acoustic-to-seismic
techniques are currently being researched and have
shown promise as a method of detecting mines made of
many materials buried in a variety of soils [2—8].

These techniques rely on the permeability of soil and
the penetration of controlled sound waves into the first
few inches of soil. The penetrating sound waves gener-
ate a series of seismic waves within the soil, including
seismic slow P-waves that can have speeds slower than
sound in air and wavelengths close to the size of mines.
These slow P-waves can cause land mines to vibrate and
resonate differently from the surrounding soil, which
produces an anomalous displacement velocity field at
the ground surface just above the mine. This vibration
can literally lift and drop the thin cover of soil above the
mine. This soil motion can be measured spatially by a
laser Doppler vibrometer [2—6] or by a UHF radar [7,
8], and can be used to map the mine location. Figure
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1 illustrates the acoustic-to-seismic approach to mine
detection.

The acoustic-to-seismic method is particularly attrac-
tive because it provides a high probability of detection
with a low false-alarm rate [9]. The low false-alarm rate
can be attributed to the difference in the mechanical
compliance of the land mine versus that of soil, rocks,
sticks, and other buried objects. The compliance is de-
fined as the strain response (change in object shape)
for a given stress (load imposed by an acoustic wave),
and can also be thought of as the acoustical equivalent
of electrical capacitance [10]. Mine membranes and
plungers are designed to depress and detonate the mine
when a person or vehicle encounters the mine. As a
consequence, these membranes and plungers are highly
compliant and can vibrate in response to sound, caus-
ing the mine to act as a passive radiator when excited
by the appropriate acoustic frequencies. Rocks, sticks,
bricks, and other solid objects buried in the soil are rela-
tively stiff, or noncompliant, and produce much smaller
vibrations than mines.

Challenge of Standoff Detection

A standoff distance of thirty meters or more between
the detection system and the mine provides a safety
zone critical to the operators in the event a mine deto-
nates. In addition, search speed, system size and weight,
and covertness are key factors that are highly desirable
for an operationally feasible system that may be used
by the military. Delivering the acoustic power required
to excite buried mines at a distance of thirty meters is
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a difficult challenge. A single loudspeaker is unlikely
to deliver the needed power at this range. An array of
speakers could achieve the acoustic power requirements,
but the massive size and weight of the array would be
impractical for operational use. In addition, the sound
level close to an array of speakers would be well above
the hearing threshold of pain, thus reducing safety and
comfort for the operator and others nearby.

A parametric acoustic array (PAA) source may pro-
vide a practical means to deliver the necessary level of
acoustic power in air to the mine while minimizing
system size and weight, and reducing the sound level
imposed on personnel close to the source. A PAA differs
from a loudspeaker in the manner in which sound is
created. The loudspeaker radiates audible sound directly
from a diaphragm that vibrates at some frequency, and
it is the vibration of the diaphragm that emits sound
at the same frequency into the air. The radiation pat-
tern of a loudspeaker is typically broad to cover a wide
listening area. The PAA, in contrast, has two sources of
sound. One source is high frequency, and is generated
directly from one or more high-frequency transduc-
ers. The other source is low frequency, and is generated
from nonlinear effects in the volume of air in front of
the transducers.

For our purposes, the PAA exploits the nonlinearity
of the air to generate audible frequencies from inaudible
ultrasound, resulting in an extremely directive acousti-
cal source. Commercial PAAs developed for loudspeak-
er applications [11] can transmit audible sound over
a distance of a hundred meters, and weigh only a few
pounds. The critical question is whether a PAA can de-
liver the acoustic power and bandwidth required to ex-
cite mines at a reasonable standoff range, thus enabling
mine detection. This article examines the potential of
using a PAA and a commercial laser vibrometer to de-
tect buried land mines at range.

Acoustic-to-Seismic Coupling

When acoustic waves come in contact with the ground,
most of the energy reflects back into the air. A small per-
centage of these waves, however, couples to the ground,
causing ground motion that transmits a series of seismic
waves. These seismic waves consist of a surface wave (the
Rayleigh wave) that travels at the air/soil interface, and
body waves that travel in the soil (a shear wave and two

compressional waves). The Rayleigh wave, the shear
wave, and one of the compressional waves, called the fast
P-wave, propagate within the solid granular matrix in
soil at speeds typically greater than several hundred me-
ters per second. At these speeds, and over much of the
audible bandwidth, the associated seismic wavelengths
are considerably larger than land-mine dimensions. The
second compressional wave, called the slow P-wave, ex-
hibits speeds slower than the other seismic waves and is
controlled by the void space in soil (which determines
porosity and permeability) and the fluid content (both
air and water) in soil pores. Some slow P-waves are ob-
served to travel significantly more slowly than the speed
of sound in air, thus producing wavelengths at the scale
of the size of land mines.

Seismic Wave Characteristics

The equations describing acoustic-to-seismic wave cou-
pling and wave propagation in soil are mathematically
complicated, and are not discussed in detail here. A
more detailed description can be obtained from M.A.
Biot, who developed the theory of elastic wave propa-
gation in porous media [12]. Y.F. Sun also developed
complex expressions, derived from Biot’s fundamental
equations, to determine the fast and slow P-waves and
the shear-wave velocities in porous media [13]. Equa-
tions 1 through 3 describe the velocity dependence on
the mechanical properties of soil and on the wave prop-
agation frequency:
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FIGURE 2. Comparison of modeled propagation characteristics of fast and slow seismic compressional waves (P-waves) in
soil. The fast P-wave exhibits a constant phase velocity and a small increase in attenuation with increasing frequency. The
slow P-wave exhibits a phase velocity and attenuation that increase with frequency. For the slow P-waves, the increased at-
tenuation is attributed to the effects of fluid drag that increases in soil pores as frequency increases.

soil pore fluid compressibilities, p;, and py are the soil
grain matrix and soil pore fluid densities, and f'is the
frequency. The quantity G is the soil rigidity, or shear
modulus, which can support shear stresses only in a sol-
id. Thus shear waves do not propagate in a fluid. Equa-
tions 1 and 3 are forms of the standard equations of the
fast P-wave and the shear wave [10]. Equation 2 is based
on a mixture model we developed to explain simply the
characteristics of the slow P-wave.

Figure 2 compares the modeled propagation charac-
teristics of fast and slow P-waves in soil, as shown by
J.M. Sabatier [14]. The fast P-wave exhibits a constant
phase velocity and a small increase in attenuation with
increasing frequency. These effects are attributed to the
non-dispersive nature of the solid portion of the soil ma-
trix, which easily transmits elastic waves over the audible
band with low loss. In comparison, the slow P-wave dis-
perses with frequency and exhibits a phase velocity and
attenuation that each increase with frequency. Com-
pressibility of the fluid (air and water) contained in the
soil pores retards the wave speed. As the frequency of
the wave increases, viscous forces stiffen the fluid, thus
decreasing its compressibility and increasing the wave
velocity. Table 1 summarizes the predicted seismic com-
pressional wavelengths of fast and slow P-waves. Even
at lower seismic frequencies, the slow P-wave has wave-
lengths approaching the size of land mines, which are
on the order of 5 to 10 cm for anti-personnel mines and
up to 30 cm for anti-tank mines.
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Seismic Wave Attenuation

The attenuation is orders of magnitude larger for the
slow P-wave than for the fast P-wave. The increased at-
tenuation is attributed to the work required by the slow
P-wave to oscillate and drag fluid in the soil pores, thus
expending wave energy. The larger number of wave cy-
cles, or oscillations, of higher-frequency waves expends
more energy per unit distance than lower-frequency
waves, and gives rise to the increased attenuation with
increasing frequency.

Soil permeability causes dispersion that allows low-
er-frequency waves to penetrate more deeply into soil
while higher-frequency waves attenuate rapidly. The
dispersive nature of soil to acoustic-to-seismic coupling
was observed in sandbox measurements conducted at
Lincoln Laboratory. Figure 3 shows the results of these

Table 1. Predicted Seismic Compressional
Wavelengths

Frequency Fast P-wave Slow P-wave
(Hz) wavelength (cm) wavelength (cm)
250 104 32
1000 26 13
2000 13 8
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FIGURE 3. Measured one-way acoustic power loss in soil
as a function of microphone depth and tone frequency. At-
tenuation is less than 5 dB at shallow depths, but signifi-
cantly greater as the depth increases, particularly at high-
er frequencies. Mines are typically placed between one and
three inches below the soil surface. Attenuation makes the
deeper mines more difficult to detect.

experiments. A microphone was buried at different
depths in dry sand to measure acoustic tones played
by a loudspeaker in the air above the sand. Each tone
played by the loudspeaker had the same amplitude and
was broadcast for the same time duration. The micro-
phone depths were similar to those which might be en-
countered in a minefield. Anti-personnel mines are typ-
ically buried less than one inch deep, and the observed
one-way propagation power loss is less than 5 dB for

P-waves

4?\ Mine location

Impedance

v

Depth

frequencies below 300 Hz. Anti-tank mines, however,
are typically buried three inches deep, and at that depth
the observed one-way propagation loss approaches 20
dB at a tone frequency of 268 Hz. This power loss at
268 Hz agrees with the modeled slow P-wave calcula-
tions, as shown by the green dot in Figure 2.

Impedance Contrast

Although the fast P-wave exhibits a smaller attenuation
over frequency compared to the slow P-wave, the fast
P-wave has significant limitations in mine detection.
These limitations depend on the impedance contrast,
which is the difference in mechanical properties be-
tween soil and the mine, and which control backscat-
ter and mine vibration. Mechanical properties such as
the density and elastic moduli of the solid matrix of the
soil are comparable to those of plastic and metal mines,
which results in a small impedance contrast. Thus the
backscattered return off a mine would be small for fast
P-waves at any frequency, which negates any advantage
the fast P-wave might have to excite buried mines. Fig-
ure 4 illustrates this phenomenon; the dashed lines in
the graph on the left show the notional impedance con-
trast between soil and a mine as a function of depth.
The solid lines shows the impedance contrast due to
soil compaction with depth. Clearly, the slow P-wave
shows a significantly larger peak in impedance contrast
at the mine location.

Soil void space
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FIGURE 4. Comparison of characteristics of fast and slow P-waves in soil. The dashed lines in the
graph on the left show the normalized impedance contrast between the soil and a buried mine as a
function of depth for fast and slow P-waves. The solid lines show the impedance contrast caused
by soil compaction. The limited contrast differences between the soil and a buried mine restrict the
ability of fast P-waves to excite mines. For slow P-waves, the significant contrast differences in im-
pedance between the soil and a mine can be exploited for more effective detection. The solid line
in the graph on the right shows how porosity of the soil decreases with depth, but the porosity of a
mine is essentially zero, as shown by the dashed line, which is responsible for a strong impedance
contrast that greatly affects slow wave propagation and can lead to detection.

VOLUME 15, NUMBER 1, 2005 LINCOLN LABORATORY JOURNAL 7



e HAUPT AND ROLT
Standoff Acoustic Laser Technique to Locate Buried Land Mines

The impedance contrast of the slow P-wave depends
on the soil porosity, which is a measure of the void space
in soil. Because of soil compaction, porosity in soil de-
creases with depth, as shown by the solid line in the
graph on the right in Figure 4. The porosity of soil can
vary from nearly zero to almost 90%), while the porosi-
ty of a metal or plastic mine is essentially zero, as shown
by the dashed line. This difference in porosity produces
a large impedance contrast in the slow P-wave between
the mine and soil, which causes the slow P-wave to
backscatter and promotes vibration of the mine.

While the effects of permeability (the interconnected
pore space in soil) rapidly attenuate the energy of the
slow P-wave, reasonable propagation still occurs within
the top several inches of soil where most anti-person-
nel and anti-tank mines are buried. Acoustic-to-seismic
wave coupling is most effective in exciting anti-person-
nel mines within an inch of the soil surface, where high-
er frequency wavelengths can be used, and propagation
power losses in the slow P-wave are minimized.

Standoff Acoustic-to-Seismic
Land-Mine Detection System

The standoff distance at which a mine can be detected
depends on the generated power of the acoustic source
and the sensitivity of the laser vibrometer or radar vibra-
tion sensor. Current proof-of-concept systems operate
within a few meters from the mine. Sabatier, N. Xiang,
D.M. Donskoy, and M.S. Korman [2—6] have dem-
onstrated the acoustic-to-seismic technique to detect
and map buried mines with a system that employs one
or two large loudspeakers and an acoustically isolated
scanning laser vibrometer. Both source and sensor are
down-looking on the order of one meter above the mine
target. Although these experiments show that the tech-
nique has merit as a mine detection and mapping tool,
these detection systems have limited standoff range.
They are also large in size and weight, and therefore
may not be practical for operational deployment.

A PAA source and a laser sensor are potentially suit-
able for development as a standoff land-mine detection
system that is operationally feasible for ground vehicle
or helicopter platforms, or in a man-pack configuration.
The PAA exploits the process of self-demodulation that
promotes the conversion of a narrow sonic (or ultrason-
ic) beam to create an extremely directive lower-frequen-

8 LINCOLN LABORATORY JOURNAL VOLUME 15, NUMBER 1, 2005

Air

Soil Mine

Narrow beam
of sound

FIGURE 5. Concept of a truck-mounted standoff land-mine
detection system using a directed narrow-beam parametric
acoustic array (PAA) sound source and a laser-vibrometer
seismic detector. The sound source penetrates the ground,
causing the mine to vibrate. The laser vibrometer measures
the vibrations at the ground surface.

cy sound that would otherwise require an enormous
array of audible-frequency transducers or loudspeakers.
It is this difference frequency that has the ability to pen-
etrate the ground and excite the mine. The ultrasonic
frequency by itself, however, attenuates too rapidly in
air or in ground to excite the mine directly.

Figure 5 shows the conceptual elements of such a
system. The PAA generates a directed narrow beam of
sound. The sound waves couple and penetrate into the
ground, causing a mine to vibrate. The laser vibrometer
measures the resultant vibrations at the ground surface.
The objective is to develop a system that can search for
mines in an area in front of a stationary or moving ve-
hicle, and map the locations of these mines, from a safe
range of thirty meters or greater.

Parametric Acoustic Array Source

Previous PAA research has focused on applications in
sonar [15] and in directive and beam-like sound in air
for commercial loudspeaker systems [11, 16, 17]. In his
1963 paper, P.J. Westervelt introduced the term “para-
metric acoustic array” [18], and provided the math-
ematical framework for much of the later work in non-
linear acoustics and parametric sound sources.

The parametric acoustic array was named for its
similarity to the parametric amplifier, which combines
two RF signals, a pump and an input, together with
nonlinear mixing to form a modulation product. The
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modulation product is an RF wave that is translated (up
or down) in frequency from the pump frequency. The
pump signal provides the input energy for the amplifier
and is modulated in amplitude by the input signal.

The PAA combines pump acoustical signals, typical-
ly ultrasonic, at two different frequencies, @, and ®,, to
form a modulation envelope. The modulation envelope
undergoes natural mixing to generate new frequency
components in the modulation product because of the
nonlinear behavior of the fluid; this process is called
self-demodulation. The useful part of the modulation
product for the PAA is always the difference frequency
@,, where @, = |@, — w,|; the signal amplitude at this
difference frequency grows progressively with propaga-
tion. Full or partial amplitude modulation of a single-
tone pump acoustic wave can also produce a modula-
tion product.

The PAA is an end-fire-steered, continuously dis-
tributed volume of difference-frequency sources created
during the self-demodulation process. This volume is
confined within the main-radiation-axis near field of
the pump. The near-field difference-frequency sources
are cumulative in strength. They have amplitudes that
grow progressively with range from the pump source,
and can be thought of as being coherently stimulated
in a traveling-wave end-fire sense by the pump carrier.
Hence the PAA borrows the terminology, and in some
sense the physics, of the parametric amplifier in RF
practice, end-fire arrays from antenna theory, and the
pump and coherent stimulation found in lasers.

Linear versus Nonlinear Acoustics

Generally speaking, all acoustic waves are nonlinear.
However, in more common applications of acoustics,
such as in speech, nonlinear effects are negligible. Non-
linear effects become significant when the initial sound
is very loud. This is illustrated in the nonlinear acoustic
wave equation for fluids (i.e., for gases and liquids),

82]7, ) Z/, ) azp/
=21+ gLl
at ¢, o’

4)

Equation 4 is a simplified form of a one-dimensional
nonlinear acoustic wave equation, in an x-¢ space-time
coordinate system, where p”is the acoustic pressure, c,
is the ambient sound speed, v is the acoustic particle
velocity, and S is the coefficient of nonlinearity for the
fluid. The nonlinearity arises due to the pressure-den-
sity dependence of the fluid. The ratio of v7/c, is called
the acoustic Mach number. Because the wave speed ¢, is a
constant, the wave equation becomes linear as v/, ap-
proaches zero. The linear wave equation satisfies super-
position and homogeneity, which results in undistorted
wave motion. When Bv’/c, is significantly larger than
zero, the effective wave speed becomes ¢, + fv”, which—
depending on the sign and strength of v“—leads to cu-
mulative distortion during wave propagation.

Figure 6 illustrates this cumulative distortion by
showing a single cycle of a sine wave traveling to the
right. The points 2 and & on the x-axis represent the
locations where the magnitude of the particle velocity v

Co+ﬁvb’

FIGURE 6. One-dimensional example of linear (left) and nonlinear (right) progressive acoustic waves. The
positions a and b indicate the locations of the peaks in fluid particle velocity at an initial time. For very small
values of the acoustic Mach number v’/c,, where V" is the acoustic particle velocity and c, is the ambient
sound speed, the acoustic wave equation becomes linear, resulting in uniform wave motion. As the acous-
tic Mach number increases, cumulative nonlinear distortion alters the wave motion, resulting in a sawtooth
shape. Compression regions (shown in red) and rarefaction regions (shown in blue) are determined by the
amplitude and sign of the phase speed ¢, + v, where B is the coefficient of nonlinearity for the fluid.
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FIGURE 7. The self-demodulation process forms an audible difference frequency w,, which is used to detect land
mines. An acoustic source radiates two pump tones at nonaudible frequencies @, and w,, forming a modulation en-
velope. For linear acoustics (i.e., low sound levels), the frequency spectrum at all distances yields only the two initial
pump tones. For nonlinear acoustics (i.e., loud sound levels), other tones and harmonics appear in the spectrum.
The acoustic field near the source shows a progressive increase in the strength of the audible difference-frequency
signal w, with range. Far from the sound source, the natural low-pass attenuation of the air reduces the high-fre-
quency pump tones and the associated harmonics, leaving only the audible difference-frequency signal.

is a maximum. For linear acoustics, the effective wave
speed for these locations, as well as for the three zero
crossings shown, is ¢,. At a time Az later, the peaks have
traveled coherently to new locations, preserving the
original wave shape, as shown in the graph on the left
in Figure 6.

For nonlinear acoustics, the sine wave distorts during
travel into a sawtooth shape, as a result of the ampli-
tude- and sign-dependent phase speed ¢, + Bv”. Positive
values of v” result in compression of the wave (shown in
red in the figure), while negative values of »” result in
rarefaction (shown in blue). In other words, compres-
sions travel faster than ¢, while rarefactions travel more
slowly than ¢,, and wave distortion is always the result.
The dashed line in the graph on the right in Figure 6
illustrates this sawtooth distortion. Common examples
of sounds produced by nonlinear acoustics include
thunder, sonic booms, and gunfire.

Self-Demodulation Process

For the PAA, the waveform is clearly more complicated
than a single cycle of a sine wave, but the amplitude-
dependent distortion effects are the same. As illustrated
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in Figure 7, an acoustic source radiates two pump tones
at frequencies w; and ,. These tones form the modula-
tion envelope that depicts beating waves traveling away
from the source. The tones decrease symmetrically in
amplitude via absorption along the x-axis as the wave
propagates. In linear acoustics, for small sound levels
(Bvlc, << 1), the measured spectrum at any location in
the sound field (near or far) shows the two pump tones
at o, and o,, as illustrated in the frequency spectrum in
the upper part of Figure 7.

In nonlinear acoustics, where the pump amplitudes
are large, the acoustic field near the source shows a
progressive increase in the strength of the difference-
frequency signal with range (as limited by Westervelt’s
equation). As shown previously in the example of non-
linear behavior of a single sine wave, sawtooth-shaped
waves appear, but the modulation envelope pre-warps
the waves first, as shown in the lower part of Figure 7.
The pre-warping is followed by wave distortion, which
either sharpens or smooths each part of the wave in an
unequal manner, depending on the sign of the wave
(compression, rarefaction) and on the location (rising,
or falling, part of the envelope). This combination leads
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to asymmetrical absorption of the wave envelope, and
results in the difference-frequency modulation product.
Asymmetric nonlinear effects on acoustic absorption
and the modulation envelope are discussed in more de-
tail by K.D. Rolt [19]. Measured far from the sound
source, natural low-pass filtering attenuation in air re-
duces the high frequency levels of w; and w, and their
harmonics (20, 2w,, ...) so that only the lower dif-
ference frequency @, remains. The difference frequency
and the higher harmonics are illustrated in the frequen-
cy spectrum in the lower part of Figure 7.

End-Fire Volumetric Array
The PAA generates the audible difference-frequency

sound in an end-fire volumetric array. This end-fire ar-
ray results from the coherent stimulation of the differ-
ence-frequency wave as it propagates and builds in am-
plitude. Thus the volume of air in front of the PAA can
be thought of as a virtual loudspeaker. The upper part
of Figure 8 depicts the end-fire volumetric array, where
ultrasonic transducers form and maintain the acoustic
beam. The pump modulation envelope is generated
in a narrow beam within the near field of the trans-
ducer array. As the modulation envelope propagates, a
nonlinear interaction occurs with air, causing acoustic
self-demodulation. An audible difference frequency is
produced and, under optimum design conditions, the
narrow beam shape of the pump is maintained. Within
the near field, the nonlinear reaction builds to a range
where the difference-frequency sound pressure achieves
a maximum. When the modulation envelope reaches
the end of the near field of the transducer array, it at-
tenuates rapidly as a result of geometric spreading, and
the nonlinear self-demodulation effectively ends. The
audible difference frequency, however, generated in the
near field and generated as an end-fire array, continues
to propagate as a linear acoustic wave. Eventually, the
audible difference frequency also loses power from the
effects of attenuation and geometrical spreading with
distance.

The self-demodulation process of the PAA is inef-
ficient because only a small percentage of the initial
pump energy is converted to the difference-frequency
wave. Typically, this loss can be on the order of 20 to
80 dB, as depicted in the graph in Figure 8. Although

this loss is quite large, the PAA can convert a narrow
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FIGURE 8. PAA source radiation, generated by an end-fire
volumetric array, is created by coherent stimulation of the
difference-frequency wave as it propagates and accumu-
lates with range. Because the difference-frequency wave
amplitude increases with range, the volume of air in front of
the PAA is considered a virtual loudspeaker. Under optimal
conditions, the end-fire volumetric array preserves the nar-
row signal beam of the difference-frequency wave into the
far field, where it propagates as a linear acoustic wave. The
graph illustrates the relative inefficiency of the PAA as a
source of the difference frequency wave. The power level of
the difference frequency is often 20 to 80 dB below the origi-
nal pump tones, and diminishes still more in the end-fire far
field because of spherical divergence and attenuation.

ultrasonic beam into an extremely directive lower-fre-
quency sound. This conversion would otherwise require
an enormous array of loudspeakers. When properly de-
signed, a PAA can generate a difference-frequency wave
that maintains the narrowness of the high-frequency
pump beam at a considerable range.

Estimation of Difference-Frequency Pressure

An important artifact of the self-demodulation process
is that power drops several orders of magnitude con-
verting from the ultrasound to the audible difference
frequency. Although this drop is large, it still may be
possible to generate sufficient acoustic power at range to
excite buried mines. The difference-frequency pressure

VOLUME 15, NUMBER 1, 2005 LINCOLN LABORATORY JOURNAL 11



e HAUPT AND ROLT
Standoff Acoustic Laser Technique to Locate Buried Land Mines

P,can be estimated as a function of range by using a
form of the Westervelt equation shown below.

B BPowj 5)
“ 8z2pct R ’
where
L = min i,@,i . (6)
o, A, Pek;

Table 2 defines the variables used in the Westervelt
equation. All of the terms in the equation are straight-
forward, except for the length L of the end-fire array.
The value of the length L represents the range at which
the pump wave amplitude becomes too weak to gen-
erate energy at the difference frequency. We write L as
the minimum of three characteristic lengths—A4,, R;,
and S,—where A, is the pump attenuation effective
distance 1/e;, R; is the Rayleigh distance for the pump
frequencies \/ESO /A;, and S, is the pump saturation
distance 3/(Bek;). The saturation distance occurs when
the strongest part of the wave forms a sawtooth shape,
as shown in the right side of Figure 6. The pump can
lose strength from ordinary sound attenuation (e;), or
from geometric spreading (propagation beyond the near

Table 2. Variables in the Westervelt Equation

Properties of air
B Coefficient of nonlinearity
Po Air density
c, Wave speed
Power
P; Pump pressure amplitude
ay Difference frequency
R Measurement range (R > L)
Aperture
L End-fire array length
S Pump aperture area
o Pump attenuation
k; Pump wave number
A Pump wavelength
v’ Acoustic particle velocity
€ Mach number (v//c,)
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field, or Rayleigh distance), or from saturation attenu-

ation (when ¢, >> ;). Each of these three terms

saturation
is wavelength dependent, and one (the saturation dis-
tance) is pump-amplitude dependent. The varied wave-
length dependence of the three parameters suggests an
optimal solution for the length Z, which is discussed in

more detail later in this article.

Acoustic-Laser System Measurements

We built an acoustic-laser system at Lincoln Labora-
tory to test the potential of the PAA to excite buried
land mines. The system was constructed from commer-
cially available components, including a 24-in diameter
Audio Spotlight ultrasonic transducer array (the PAA
source) and processor/amplifier, both purchased from
Holosonics Research Labs, Inc., and a PDV-100 laser
vibrometer purchased from Polytec, Inc. An 800-W,
15-in-diameter commercial JBL, Inc., subwoofer was
used as a wide-beam conventional acoustic source for
comparison purposes. A sixteen-channel data-acquisi-
tion system simultaneously recorded the laser vibrom-
eter, microphone, and geophone receivers. The system
was tested and refined during a series of indoor sand-
box experiments. Outdoor tests were also conducted
on mock mine targets to better refine the measurement
technique in preparation for measurements at a land-
mine facility.

The system was next used to test the potential of the
PAA to excite mines 77 situ at a government land-mine
facility. A variety of anti-personnel and anti-tank mines
are buried at the actual depths of operation. The mines
are fully configured with explosives and have been bur-
ied in place for two years. The mine firing mechanisms
were removed to ensure safety and to enable access into
the facility.

Acoustic-Laser System Setup

Figure 9 shows the acoustic-laser system setup at the
land-mine facility and the commercial ultrasonic trans-
ducer array used to create the PAA. The transducer ar-
ray and the laser vibrometer were placed three meters
from the land mine; both were aimed at a down-look-
ing angle of about 45°. Because the PAA is highly di-
rective, a microphone was used to measure the emitted
acoustic signal strength on the ground to ensure the la-
ser measurement position was in the center of the acous-
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ultrasonic
transducer
‘

FIGURE 9. The Holosonics 162-element ultrasonic transducer array (left) and the acoustic-laser system configuration at the
outdoor land-mine facility (right). The transducer array drives the PAA that directs acoustic energy toward the buried land
mine, and the laser vibrometer measures the seismic displacement of the soil above the mine. The transducer array weighs
four pounds, and has a maximum power of 100 dB and a maximum audible range of two hundred meters. The PDV 100 laser vi-
brometer has a noise floor of 0.05 um/sec. A JBL subwoofer was used to duplicate responses found by other researchers.

tic beam. The transducer array amplifier was driven by
a laptop computer with linear frequency modulated
(FM) chirp functions at frequencies from 500 to 3000
Hz. The bandwidth was previously determined in out-
door experiments at Lincoln Laboratory that produced
measurable responses from mock mine targets.

Laser measurements at the land-mine facility were
taken in separate trials at points directly above the mine
(ie., on the mine) and at points adjacent to the mine po-
sition (i.e., off the mine). We found that using a pinhead
spot size of ground glass placed on bare ground in the
laser-vibrometer measurement location greatly improved
the signal-to-noise ratio of the laser vibrometer and thus
reduced signal integration time. This technique, which
was used consistently for all measurements on and off
the mine, allowed us to overcome sensitivity limitations
of the laser vibrometer.

Measurements and Data Processing

Figure 9 shows the configuration of the laser vibrom-
eter and the PAA setup. Figure 10 shows the cross-cor-
relation time-series laser response on and off the mine,
using the commercial PAA. We used the microphone as

a reference to verify and record the direct acoustic wave
at the ground surface adjacent to the buried mine. Pulse
compression was used to generate a short-pulse time se-
ries by cross-correlating the laser and microphone chan-
nel chirp time series for a single acoustic sweep over the
chirp bandwidth. The example shows the response of a
VS50 anti-personnel mine buried a half-inch deep.

Laser on mine
Laser off mine |

Amplitude
o =

|
N

:4— Estimated time of mine-return first arrival
| | |

-2

0 0.005 0.01 0.015 0.02
Time (sec)

FIGURE 10. Time series measurements of a VS50 antiper-
sonnel land mine at the outdoor land mine facility, using the
commercial PAA. The signature response is clearly differ-
ent when the laser vibrometer measures the movement of
the soil over the land mine. The first arrival of the return can
be used to estimate the depth of the mine in soil.
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The time-series measurements clearly show that there
is a distinct signature difference on and off the mine.
Very little response is observed off the mine, while large
amplitudes are observed over the mine. Also, the first
break in the time-series signal over the mine, as shown in
Figure 10, can be used to estimate the depth of the
mine, if we have an estimate of the wave speed in soil.
In a true standoff system, a microphone placed in the
mine vicinity would not be practical for this measure-
ment; however, a reference laser position could accom-
plish the task remotely.

Land-mine measurements were also performed by
using the JBL subwoofer instead of the commercial
PAA. We performed these measurements with the sub-
woofer to duplicate the land-mine responses found by
other researchers. Sabatier and others [2—6] observed
mine resonance signatures from 100 to 500 Hz for a
variety of anti-tank and anti-personnel mines.

Acoustic particle velocity
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FIGURE 11. Removal of subwoofer acoustic signature from
ground velocity. (a) The subwoofer signature as measured
with a microphone; (b) the ground-velocity signature over
the mine, as measured with the laser vibrometer; (c) the de-
convolved source signature removed from the laser-vibrom-
eter ground-velocity signature.
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A consequence of using the subwoofer is that the
speaker power varies with frequency over the FM
chirp. The subwoofer acoustic signature was measured
with the microphone on the ground surface next to
the mine. Figure 11(a) shows this acoustic signature.
The subwoofer exhibits a large peak at approximately
1100 Hz and a trough at 500 Hz. These fluctuations
in acoustic velocity tended to affect the resonance sig-
nature observed by the laser vibrometer, as shown in
Figure 11(b). The fluctuations can be removed by us-
ing deconvolution methods. This result of the decon-
volution was accomplished in the frequency domain by
dividing the laser signal by the microphone signal, as
shown in Figure 11(c). It is important to note that the
microphone has a flat spectral response in the frequency
band of interest, and should not contaminate the ob-
served direct airborne acoustic signature.

Land-Mine Signatures

Figure 12 shows the signatures for anti-tank and anti-
personnel mines, which were generated by using the
subwoofer. In these examples, the caremounted sub-
woofer was positioned approximately three meters
from the mine, and radiated a linear FM chirp from
50 to 1500 Hz. We observed that the subwoofer power
dropped dramatically above 1500 Hz, which is con-
sistent with the manufacturer’s design. Laser measure-
ments were taken on and off the mine. Several tests
were performed to observe if the subwoofer imposed vi-
brations (through the cart) that had a seismic influence,
but none were observed. The black curves in the figure
show the responses off the mine, and the red and green
curves show the responses on the mine.

In all cases, the on-mine signature amplitudes were
significantly larger than those off the mine. Large am-
plitude resonances were observed for the anti-personnel
mines from 400 to 600 Hz. Smaller amplitude reso-
nances were observed for the anti-tank mines at 150 to
400 Hz. The resonance signatures were also repeatable
for the same mine on different days, and we were able
to produce similar signatures for the same type of mine
at other locations in the land-mine facility. Note that a
resonance appears in all the off-mine measurements at
approximately 900 Hz. This resonance can be attrib-
uted to the laser measurement apparatus, either from
the laser itself, or from the tripod stand. In all measure-
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FIGURE 12. Low-frequency land-mine resonance measurements, using a subwoofer as the acoustic source,
over a frequency range of 50 to 1500 Hz. Resonances from anti-tank mines, which are typically buried about
three inches deep, are shown on the left. Resonances from anti-personnel mines, which are typically buried
within ainch of the surface, are shown on the right. The signature amplitudes on the mine were clearly larger

than those off the mine for all examples.

ments, the laser was not acoustically isolated from the
subwoofer, and the tripod length varied slightly with
setup over different mines.

The anti-tank and anti-personnel mines were also ex-
amined with the commercial PAA. The PAA produced
a flat sound spectrum over the frequency band exam-
ined and did not require deconvolution processing. Sig-
natures were observed for the anti-personnel mines (but
not the anti-tank mines) at frequencies above 1000 Hz.
Below 1000 Hz, the commercial PAA did not have am-
ple acoustic power to sufficiently excite buried mines.
This fall-off was attributed to the increasing power drop
as the difference frequency became smaller. Figure 13
shows signatures on and off the anti-personnel mines.
In both cases, resonances on the mines were observed
over 2000 Hz, while no resonances were observed off
the mines.

For all trials with this acoustic source, no signatures
were observed for the anti-tank mines. We believe that
the commercial PAA did not have enough acoustic
power to penetrate the ground and produce a measur-

able response. This limitation is a topic of discussion in
the next section.

Parametric Acoustic Array Power Analysis

The measured data show that the commercial PAA was
able to excite buried anti-personnel mines and produce
signatures that could be measured by the laser vibrom-
eter at frequencies greater than 1000 Hz. However, the
acoustic power of the commercial PAA was observed to
drop with a decreasing difference frequency. Equation 5
shows that the difference-frequency pressure varies pro-
portionately to the square of the difference frequency.
Thus the pressure drops significantly as the difference
frequency become smaller. For example, the acous-
tic power drops 40 dB when the difference frequency
changes from 1000 to 100 Hz.

The sound pressure level (SPL) was measured with a
microphone at the ground surface in the vicinity of the
mine as a function of frequency for the PAA and the
subwoofer. Figure 14 shows the measured SPL of both

acoustic sources over the frequency range of our ex-
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FIGURE 13. High-frequency anti-personnel land-mine resonance measurements, using the commercial PAA
from 1000 to 3000 Hz. Resonances for these mines were clearly observed at frequencies over 2000 Hz. At fre-
quencies below 1000 Hz, this acoustic source did not have sufficient power to excite any buried mines.

periments. A dashed line plotted at an SPL value of 77
dB (re 20 uPa) represents the observed acoustic power
threshold that must be delivered to the ground surface
above the mine to produce a sufficient vibration detect-
able by the PDV 100 laser vibrometer at three meters
range. This threshold was determined by using acoustic
sources independently over a frequency range of 50 to
3000 Hz and by observing a mine response with the la-
ser vibrometer 3 dB above the laser noise floor. In these
experiments, the threshold depended on the power of
the commercial PDV 100 laser vibrometer and on the
ground-glass spot applied to the measurement location
used to enhance the signal-to-noise ratio. We anticipate
that this threshold will vary if measurements are made
with different laser vibrometers, with and without a dot
of ground glass, and for different soil conditions.

The black curve shows the SPL generated by the
commercial PAA at a distance of three meters. The
curve appears relatively flat over frequency. This behav-
ior is attributed to the commercial PAA power ampli-
fier, which attempted to equalize the power level over
a wide band of audible frequencies. Note that the Ho-
losonics transducer array that forms the PAA was devel-
oped to produce quality sound with low distortion for
music and other audio applications, while maintaining
a relatively flat frequency response in the audio band.
Below 800 Hz, the commercial PAA was unable to gen-
erate a mine response that was measurable with the laser
vibrometer. Equation 5 predicts the SPL power decrease
below 800 Hz, which rolls off at a rate of 12 dB per oc-
tave and is represented in the figure by the green dashed
curve extensions.
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The blue curve shows the SPL generated by the JBL
subwoofer, which has a much higher power level than
the commercial PAA at lower frequencies, especially
below 1000 Hz, where Sabatier and others observed
mine resonances [2—6]. We estimate that the subwoofer
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FIGURE 14. Power analysis of the PAA. The black dashes
indicate the measured mine detection threshold at three
meters. The dotted line indicates the power needed to ex-
cite mines at thirty meters. The black curve shows the
sound pressure level (SPL) forthe commercial PAA at max-
imum power three meters from the buried mine. This PAA
has only marginal power for mine detection. The green
dashes illustrate how quickly the power of the commercial
PAA falls off at frequencies below 800 Hz. The blue curve
shows the SPL for the JBL subwoofer at maximum power,
which is higher at lower frequencies. The red dashes indi-
cate the estimated 50-dB improvement in SPL that may be
possible by redesigning the commercial PAA used in these
experiments.
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has marginal power to excite mines thirty meters away.
Although these results offer some encouragement for
improved land-mine detection, the JBL subwoofer still
produces sound levels close to and above the threshold
of pain, which is an important consideration in opera-
tor safety. At frequencies above 1000 Hz, the subwoofer
power drops 20 to 30 dB and is comparable to that of
the commercial PAA.

At three meters from the target, the commercial
PAA appears to be marginal at best, even at frequencies
above 1000 Hz. In its current configuration, the com-
mercial PAA would be ineffective at thirty meters. We
must remember, however, that the Holosonics commer-
cial PAA was designed to produce sound for indoor au-
dio use, with quality sound production well below the
threshold of pain, and to maintain public user safety
standards.

Designing the PAA for Land-Mine Detection

We have analyzed the capabilities of the commer-
cial PAA, and we estimate that we can achieve up to
a 50-dB gain in acoustic power by taking a different
approach in the design of the PAA. The difference-fre-
quency power of the PAA can be increased by choosing
a lower pump frequency, increasing the input electrical
power, improving the ultrasonic transducer efficiency,
and increasing the size of the transducer array, com-
pared to those features of the commercial PAA used in
these tests. However, the selection of different PAA fea-
tures requires net power tradeoffs, and thus an optimi-
zation design approach is appropriate. We developed a
mathematical model to estimate the difference-frequen-
cy pressure profile over range for a PAA. Our model
adds terms to the Westervelt equation to determine the

PAA end-fire array length.

Tradeoffs between Characteristic Lengths

The difference-frequency pressure amplitude at range
can be maximized by maximizing the length of the
end-fire array established by the PAA. The resultant
end-fire array length depends on three characteristic
lengths, each controlled by the following three vari-
ables: pump wave attenuation, the PAA aperture, and
acoustic saturation of the air. These terms are described
in Equation 5, where the end-fire array length L is ap-
proximated by the minimum of the three characteristic

lengths, which were previously described in Equation
6. Figure 15 illustrates the three characteristic lengths
and the resultant end-fire array length as a function of
pump frequency.

The attenuation characteristic length 4, depends on
the attenuation effects of air o with pump frequency o,
where

1
o) o
Lower pump frequency waves attenuate less over range
than higher frequency waves, and the attenuation char-
acteristic length becomes smaller with increasing fre-
quency, as illustrated by the green curve in Figure 15.
The aperture characteristic length R, (the Rayleigh
distance) of the PAA is a function of the end-fire array
cross-sectional area S, and the pump frequency wave-
length 2;, where

V25,

A.

7

R, = -
The aperture characteristic length occurs at the range
where all transducer element beams of the PAA com-
bine to provide their maximum in-phase sum contribu-
tion to the sound beam. Beyond this length, the acous-
tic strength falls off from geometrical spreading. The
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FIGURE 15. Three characteristic lengths of the PAA—at-
tenuation, saturation, and aperture—as a function of pump
frequency (top). The end-fire length of the PAA is the mini-
mum of these three characteristic lengths (bottom). The
PAA maximum difference-frequency pressure occurs at
the end-fire array length.
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transducer element beamwidth depends on frequency,
where lower-frequency transducers have wider beam
spreads than higher-frequency transducers and overlap
with neighboring transducers at a closer range. Thus
lower-frequency pumps have shorter aperture character-
istic lengths than higher-frequency pumps, as illustrated
by the blue curve in Figure 15.

The saturation characteristic length occurs at the
range where the modulation envelope distortion that
gives rise to the difference-frequency product cannot be
increased with increased pump frequency power. Un-
der these conditions, the pump wave has become a full
shock wave (a sawtooth-shaped wave). Increasing the
pump power beyond the saturation limit only results in
additional harmonic frequency power with no net gain
to the difference-frequency pressure. The saturation
distance S, , which can be described in terms of air and
pump-wave properties, is given by

_ 3 e
Bek  BPo;

~

1

L P
For a given pump pressure P;, the saturation distance
becomes shorter with an increase in the pump fre-
quency @;, as illustrated by the red curve in Figure 15.
The end-fire length at each pump frequency is thus the
minimum of each of these three characteristic lengths,
as shown by the black curve in Figure 15.

Figure 16 illustrates the saturation effect that occurs
with increasing electrical input power to the PAA. The
red curves show that the 60-kHz pump-frequency SPL
flattens at electrical powers above 100 W. The corre-
sponding difference-frequency SPL also flattens, in-
dicating that additional electrical power results in no
additional difference-frequency power. Lower pump
frequencies at 15 kHz and 24 kHz are not significantly
affected by saturation in the range of electrical power
examined in these calculations.

End-Fire Array Length

The effective end-fire array length L results from the
competing effects that define the characteristic lengths.
Consequently, L is approximately the minimum of the
three competing characteristic lengths—A;, R,;, and
§;—and is shown by the black curve in the bottom plot
of Figure 15. The end-fire length is small for low pump

frequencies and increases to a maximum of fifteen me-
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FIGURE 16. Effect of electrical power on pump power and
difference-frequency power. At60 kHz, the pump power and
the difference-frequency power, shown in red, flatten out as
electrical power increases, indicating that additional pow-
er saturates the PAA. Lower pump frequencies of 15 and 24
kHz, however, do not result in saturation.

ters, which corresponds to a pump frequency of 15 kHz
for a PAA diameter of 24 inches. Below a pump fre-
quency of 15 kHz, the PAA aperture controls the end-
fire array length. Above 15 kHz, acoustic attenuation
controls the end-fire array length, which falls off with
increasing pump frequency.

Figure 17 gives the resultant difference-frequency
pressure at 1000 Hz as a function of range for three
different pump frequencies. The 15-kHz pump fre-
quency produces the largest end-fire array length and
difference-frequency pressure with range, compared to
higher pump frequencies. Our model predicts that a
pump frequency of 15 kHz provides a 26-dB gain in
the difference-frequency power, while a 24-kHz pump
exhibits a 21-dB improvement, compared to a 60-kHz
pump frequency at a fifty-meter range.

Land-Mine PAA Optimization

Optimization of the end-fire array length can be accom-
plished by choosing a pump frequency, PAA cross-sec-
tional area, and input electrical power to produce mini-
mal characteristic lengths that are approximately the
same for two or three competing effects. For example,
the longest end-fire array length occurs for the 15-kHz
pump frequency where the aperture and attenuation
lengths coincide at the same range at fifteen meters, as
depicted in Figure 15. In turn, the difference-frequency
pressure amplitude increases to its maximum at fifteen
meters, where it then falls off because of the effects of
spherical spreading and attenuation.
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FIGURE 17. Difference-frequency SPL at 1000 Hz as a func-
tion of range for three different pump frequencies. The 15-
kHz pump frequency produces the largest end-fire array
length and the highest difference-frequency SPL for rang-
es beyond fifteen meters, but the pump frequency is au-
dible and painful at these power levels. The 24-kHz pump
frequency has a shorter end-fire array length but a differ-
ence-frequency SPL thatis only 5 dB less for ranges greater
than thirty meters. The 24-kHz pump frequency is inaudible
and would have minimal effects on an operator.

Our approach is to design a land-mine PAA that em-
phasizes operational constraints. A 15-kHz pump fre-
quency is in the audible frequency band and would have
an SPL that approaches 160 to 170 dB, which would
be dangerous to people without heavy-duty hearing
protection. In contrast, a pump frequency in the ultra-
sonic band would have minimal effects to the operator
and others in the vicinity of the equipment and mine.
Choosing a pump frequency just above the audible
band, such as 24 kHz, would result in a decrease in the
end-fire array length, compared to the 15-kHz pump
frequency. However, the net loss in the difference-fre-
quency pressure power would be only 5 dB and would
still provide ample power to excite a mine at a reason-
able standoff range.

Figure 18 compares the performance of the commer-
cial PAA with the performance that results from lower-
ing the pump frequency and increasing the input elec-
trical power. In the left plot, the difference-frequency
pressure power is shown as a function of standoff range.
The land-mine PAA used a 24-kHz pump frequency,
twenty-four-inch-diameter end-fire array, and 1 kW
of electrical power. We estimated that the Holosonics
transducer array we purchased uses a 60-kHz pump
frequency and operates at 200 W of electrical power.
Modifying these parameters in the land-mine PAA pro-

vided a 27-dB gain in the difference-frequency power,
compared to the power of the unmodified commercial
PAA.

In the right plot of Figure 18, the difference-frequen-
cy power is plotted as a function of range and frequency
for the land-mine PAA. The largest power is observed at
a range between five and ten meters, which corresponds
to the end-fire array length of a 24-kHz pump frequen-
cy. The output difference-frequency power falls from
high frequency to low frequency and is proportional
to the square of the difference frequency, as shown in
Equation 5. These results indicate that the land-mine
PAA can produce acceptable difference-frequency pow-
er levels above the mine detection threshold at frequen-
cies approximately 500 Hz and higher, and at ranges up
to thirty meters from the transducer array.

Additional difference-frequency power gains can
be achieved by other modifications. The acoustic ef-
ficiency of the ultrasonic transducer can be improved,
and we estimate a 10-to-20-dB gain over the commer-
cial PAA. Increasing the land-mine PAA diameter from
twenty-four to thirty-six inches can add an additional
4 dB. Summing the gains from each of these contribu-
tions—lowering the pump frequency, increasing electri-
cal power, increasing the PAA end-fire array diameter,
and enhancing ultrasonic transducer efficiency—could
yield a net power gain approaching 50 dB over the cur-
rent commercial PAA used in these tests.

PAA Application to Land Mines

Sabatier and others [2—6] and our own findings show
that 100 to 300 Hz is a critical frequency band that
can excite primary resonances in anti-tank mines. An
acoustic frequency band from 200 to 600 Hz is typi-
cally used to excite the primary resonances in anti-per-
sonnel mines. We have observed additional resonances
at frequencies above 1 kHz, but higher-frequency reso-
nance magnitudes are significantly smaller than those
of the primary resonances.

Our modeling results for a PAA show that it could
be difficult to generate sufficient acoustic power at 100
Hz at safe standoff ranges. However, the PAA is likely
to deliver the needed power at frequencies above 200
Hz, which would be useful in exciting resonances in
anti-personnel mines and some anti-tank mines. Pulse-
compression methods can be used to exploit higher-fre-
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FIGURE 18. (left) Predicted performance of the land-mine PAA and the commercial PAA. The land-mine PAA simulates
a 24-kHz pump frequency at 1 kW of electrical power for a 24-in transducer array. The commercial PAA simulates a 60-kHz
pump at 200 W for a 24-in transducer array. The black dashed line shows acoustic threshold required for land-mine detec-
tion. Modifications to the land-mine PAA yield approximately a 30-dB power gain over the commercial PAA. (right) Simu-
lated audible difference frequency for the land-mine PAA as a function of frequency and range. The dashed black lines indi-
cate the location of the 600 Hz and 1000 Hz performance curves for the land-mine PAA.

quency backscatter returns for detection of both anti-
tank and anti-personnel mines.

Several researchers observe their best detection results
with loudspeakers and a laser vibrometer one meter di-
rectly above the mine. Xiang showed that the mine res-
onance amplitude depends on the laser vibrometer view
angle relative to the ground where the mine resonance
has a strong vertical component [2]. Resonance ampli-
tudes are largest at a laser down-look angle (normal to
the ground) over the mine, and they drop significantly
at lower measurement angles. This result suggests that
resonance detection by a forward-viewing laser vibrom-
eter could be difficult.

The PAA has the ability to produce relatively higher
power sound levels at frequencies above primary mine
resonances. Despite the drop in higher-frequency mine
resonance magnitudes, a large backscattered return off
the mine is possible, as we observed in our land-mine
facility experiments. The percentage of backscattered
return is expected to increase as the acoustic and seis-
mic wavelengths become smaller and approach the size
of the mine. In addition, experimental results show that
the backscattered return may not depend on viewing
angle as strongly as the resonant returns, and thus may
permit forward viewing with a laser vibrometer appro-
priate for standoff detection. N. Toksoz suggests that, at
higher frequencies, slow seismic interface waves can be
generated between the soil and mine [20]. These waves
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can scatter and interfere with mines in their path and
produce horizontal and vertical motion components
at the ground surface. In some cases, strong horizontal
motion can dominate the interface wave particle orbit.

Conclusions

The acoustic-to-seismic method shows promise as a
useful tool to detect and map buried land mines. Sev-
eral researchers have shown that the method can detect
metal and nonmetallic mines with low false-alarm rates
and low missed-target rates [2-9]. Even though work
has been conducted to better understand the phenom-
enology of the technique, there is much to be done to
develop a practical and operational method. System
standoff range, operator safety, size, weight, speed of op-
eration, and other parameters are key factors that need
to be addressed. Developing a powerful, lightweight,
and small acoustic source to excite mines in place would
greatly advance this method. With this goal in mind,
we believe the PAA is a worthwhile choice to test and
evaluate.

We developed a proof-of-concept acoustic-laser sys-
tem at Lincoln Laboratory to test the potential of using
a PAA source to excite buried land mines for detection
with a laser vibrometer. The system was built from off-
the-shelf commercially available equipment. Unfor-
tunately, much power is lost in the selfdemodulation
process from ultrasound to the audible frequency band
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that excites mines. These experiments demonstrated,
however, that a commercial parametric source could
deliver sufficient power to excite buried anti-personnel
mines. The source was unable to excite mines at lower
frequencies typically examined by other researchers, but
it had promising responses at higher frequencies. The
reduced power at lower frequencies can be attributed to
a predicted drop in power as the difference frequency
becomes smaller in the self-demodulation process.

Although the commercial PAA produced only mar-
ginal power at close ranges to the mine, it is possible to
redesign a parametric array to compensate for the losses
in acoustic power observed in this experiment. By us-
ing a primary frequency just above the audible range,
we can optimize the end-fire array length and design a
customized PAA that is potentially suitable for standoff
mine detection. The PAA also presents an opportunity
to exploit frequencies higher than those currently being
investigated by other researchers, and at ranges farther
than those currently possible with conventional loud-
speakers. The PAA has the added benefit of a direction-
al beam-like sound pattern, which improves operator
safety and comfort. Inside the beam the sound is pain-
ful, while off to the side but near the source the sidelobe
leakage is minimal and well below the threshold of pain
or discomfort. In addition, the weight and size of the
PAA offer a clear advantage in portability over other
acoustic source options.
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