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Abstract

Although the existence of dark matter is supported by a variety of strong observational evidence, very little is known about
its nature. The COUPP (Chicagoland Observatory for Underground Particle Physics) experiment attempts to detect dark matter by
analyzing bubbles caused by particle collisions in a superheated liquid. Lead Zirconate Titanate (PZT) piezoelectric acoustic
transducers are used to record acoustic emissions from the bubbles, which are used to identify the particles involved in the collisions.
However, radioactivity of the PZT in the sensors also contributes to background which becomes dominant as COUPP detectors
become more sensitive. If the design of these sensors can be improved, the number of sensors and the PZT mass per sensor needed to
discern collisions can be minimized. The purpose of this project was to improve the sensitivity of COUPP’s acoustic transducers by
creating a matching layer with acoustic impedance between that of the fused silica quartz jar containing the superheated fluid and the
PZT of the acoustic transducers. Cylindrical samples were made from various proportions of tungsten carbide powder and epoxy, and
the density and speed of sound were measured and used to calculate each sample’s acoustic impedance. A layer was cut from the
sample with the correct acoustic impedance and its effect on acoustic transducer sensitivity was tested. Although current test results
show that the matching layer damped the signal rather than amplifying it, there are several possible explanations for this outcome, and

further testing is required.
Introduction

This report details a project to improve acoustic
sensors used in the COUPP (Chicagoland Observatory for
Underground Particle Physics) dark matter detection
experiment at Fermilab. First, I will provide some background
information to explain the significance and key concepts of
my project. I will include sections regarding evidence for the
existence of dark matter, attempts to detect dark matter (with a
specific focus on the COUPP experiment), sound waves, why
the acoustic sensors used in the COUPP experiment need to be
improved, and how this can be done with a matching layer. |
will then provide a detailed account of the procedure and data
taken throughout the project.

Evidence for the Existence of Dark Matter

Humans are extremely visually-oriented beings: for a
great deal of us, seeing is believing. This may explain many
astronomers’ skepticism when Swiss astronomer Fritz Zwicky
discovered dark matter within the Coma cluster in 1933 [1,2].
However, the vast majority of scientists have come to accept
the existence of dark matter as more recent studies have
backed it with a plethora of evidence. Observations involving
mass discrepancies in galaxies and clusters, cosmic
background radiation, the structure of the universe, and the
impact of big bang nucleosynthesis on baryon density all
support the existence of dark matter.

Galactic mass-to-light ratios can be calculated using
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the orbital velocity law (M = % where M is the mass an

object is orbiting, r is the orbital radius of the orbiting object,
v is the object’s velocity, and G is the universal gravitational
constant) and the luminosity-distance formula (L = 4rr?b,

where r is the distance of the galaxy and b is the apparent
brightness of the galaxy) and have led to the conclusion that
galactic matter is mostly dark and does not contribute
luminosity.

To calculate a galaxy’s luminosity, the galaxy’s
apparent brightness and distance from Earth are needed. A
galaxy’s apparent brightness is calculated by simply
measuring how bright it appears in the sky, and its distance
can be determined from its velocity using Hubble’s law
(v = Hr, where v is the galaxy’s velocity, H is Hubble’s
constant, and r is the distance of the galaxy). The velocity can
be calculated by analyzing the Doppler shifts of its light
emissions: a redshifted spectrum indicates that the galaxy is
moving away from us, a blueshifted spectrum indicates that
the galaxy is moving toward us, and the magnitude of the
spectral shift determines the magnitude of the galaxy’s
velocity [1].
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Figure 1: Arotation curve for the Milky Way galaxy. As the
distance from the galactic center increases, the rotation speed
slightly increases rather than decreases [3].



Because it gives the mass contained within an
object’s orbit, using the orbital velocity law to calculate the
mass of a galaxy requires scientists to measure the velocity
and orbital radius of the farthest objects orbiting the galaxy.
The outskirts of spiral galaxies are comprised of hydrogen gas,
and Doppler shifts in the spectra of hydrogen gas can be
analyzed to determine the gas’s velocity. Because the outskirts
of spiral galaxies are very dark, the gas does not appear to
orbit much more mass as its orhital radius increases.
Therefore, its velocity should decrease as its orbital radius
increases. However, this is not the case: even as the radius
grows, the velocity of the gas remains roughly constant (see
Figure 1). This indicates that even in the dark outskirts, farther
objects orbit significantly greater the amounts of mass [1].
Galactic mass-to-light ratios as high as 50 solar masses per
solar luminosity imply there is a greater amount of mass in
galaxies than can be accounted for by luminous matter.

Figure 2: An Einstein Ring photographed by the Hubble space
telescope [5].

Another method used to determine the mass of
objects in space is gravitational lensing. Gravitational lensing
occurs when gravity forces light to bend around a massive
object, and the amount of light distortion can be used to
calculate the light-bending angle. Since the light-bending
angle depends on the strength of the gravitational force
bending the light, and gravitational force depends on mass, the
light-bending angle can be used to calculate the mass of the
lensing object.

There are several types of gravitational lensing that
can be used to for this purpose, such as strong lensing, weak
lensing, and flexion. Strong lensing occurs when clusters and
galaxies bend light to such an extent that it follows multiple
paths around the lensing object. For example, an “Einstein
Ring” forms when the background light comes from directly
behind the gravitational lens (see Figure 2), and the radius of
the ring is proportional to the square root of the mass of the
lens. Even if the background light source is slightly off, the
locations and distortions of the light can still be used to
calculate the lensing object’s mass. Weak lensing is caused by
large-scale structures and although the light deflection is
minimal, circular galaxies are often distorted enough that they
appear as ellipses. The magnitude of distortion can be used to
determine the total mass between the structure and the

observer (many different clouds of dark matter contribute to
the weak lensing effect, not just a single lens). Flexion is
caused by substructure and the outer areas of halos, and its
amount of light distortion falls between that of strong and
weak lensing. Although light is not deflected enough to make
use of strong lensing mass calculation techniques and the
observed area is on too small of a scale for weak lensing mass
calculation techniques, there is a known relationship between
mass and flexion distortion that can be used to mass the
gravitational lens. Recent studies hold the mass-luminosity
ratio calculations in accord with those derived from the orbital
velocity law [1], providing more significant evidence for the
existence of dark matter.

Figure 3: Five Year Microwave Sky by WMAP. The color
differences represent temperature fluctuations in cosmic
background radiation [6].

A careful analysis of local antimatter can provide
evidence for the existence of dark matter as well, since many
dark matter candidates are capable of pair-annihilating. The
resulting radiation [7] can be detected by cosmic ray detectors
such as the Pamela telescope, which observed more positrons
than initially expected in cosmic radiation, and the Fermi
Large Area Telescope, which discovered an even larger excess
[8]. The Fermi Gamma Ray Space Telescope detected unique
gamma ray emissions coming from our galactic center, and the
Wilkinson Microwave Astronomy Probe (WMAP) discovered
higher levels of microwave radiation near the center of Milky
Way as well [9]. These discoveries of radiation may be
attributed to pair-annihilation, which could point toward dark
matter.

Additionally, WMAP discovered temperature
fluctuations of 0.0002 Kelvin in cosmic background radiation
[10] (see Figure 3), which indicates differences in
temperatures [11] and densities [12] of clumps of matter in
early universe. Using such fluctuations, scientists were able to
conclude that the ratio of nonbaryonic matter to baryonic
matter in the universe is approximately 6 to 1 [11].

Dark matter also plays an indispensable role in the
structure of the universe. Although the universe is expanding,
the space within galaxies tends to remain constant [1]. If
baryonic matter had been the only type of matter, it would
have been too hot to for these gravitationally bound systems to
form in the time they did [13]. The gravity of dark matter
would have been necessary to bring expanding matter together
in this amount of time. It would have collected the first gas



clouds, which would have condensed to form stars within the
dark matter halos, thereby explaining the constant velocities of
objects orbiting increasingly farther from the center of
galaxies and clusters. The process would have then repeated
with galaxies to form clusters, and it is expected to repeat with
clusters to form super-clusters. This matches what we see in
the universe, and scientists have evidence that super-clusters
are already beginning to form [1].
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Figure 4: The abundance of elements created during the big
bang is related to the density of ordinary matter in the universe
[14].

Lastly, dark matter is supported by the well-tested
and largely accepted theory of big bang nucleosynthesis.
According to the theory, the big bang produced large amounts
of helium-4 and smaller amounts of deuterium, helium-3, and
lithium-7. Deuterium was not produced often after the big
bang because it is weakly bonded and is easily blasted apart by
gamma rays, so the current amount of deuterium must be the
lower limit to the amount of deuterium produced by the big
bang. Knowing the cosmic background radiation temperature
and that deuterium production during the big bang depended
on the total amount of baryonic matter [15] (see Figure 4), big
bang nucleosynthesis predicts that baryonic matter accounts
for 4% of the universe’s critical density [16]. Since then,
scientists have found that the total mass density of the
universe is about 30% of the critical density [17]. This leaves
a large amount of mass unaccounted for, which forms the
basis of the Lambda-CDM model’s assertion that dark matter
constitutes about 25% of the universe’s critical density [18].

Everywhere astronomers look, there is evidence for
dark matter. Mass discrepancies in galaxies and clusters,
cosmic background radiation, the structure of the universe,
and big bang nucleosynthesis’s impact on baryon density all
reveal that although we can’t directly see it, dark matter exists.

Detecting Dark Matter

Although the existence of dark matter is supported by
a variety of strong observational evidence, very little is known
about its nature. Several plausible dark matter candidates have
been proposed, but their weak interactivity with normal matter
makes them extremely difficult to detect. For this reason, the
only known way to directly detect dark matter is to detect
nuclei scattered by collisions and rule out all sources of
nuclear recoils from known particles. Experiments such as
XENON [19], CDMS [20], PICASSO [21], and COUPP [22]
have attempted to detect and discriminate nuclear collisions
using two-phase noble gas chambers, cryogenic detectors,
liquid Freon droplet detectors, and bubble chambers.

The first step to identifying dark matter candidates
was to determine whether the collisions are caused by
baryonic matter or nonbaryonic dark matter. Baryonic matter,
or “normal” matter, includes objects composed of quarks and
leptons, the building blocks of atoms. The most likely
baryonic candidates for dark matter, MACHOs (short for
Massive Compact Halo Objects), can be faint red stars, brown
dwarfs, or other Jupiter-size objects that don’t emit large
amounts of light [23]. They can be detected by gravitational
microlensing, which occurs when a MACHO gravitational
lens passes in front of a luminous object. The MACHO bends
the background light, brightening distant stars for a short time
[24]. Although MACHOSs have been detected, there are not
nearly enough to account for the mass of dark matter [23].

Unlike baryonic matter, nonbaryonic matter consists
of particles we hawe yet to discover. In the past, the most
considered nonbaryonic dark matter candidate was the
neutrino. Neutrinos exhibit many of the characteristics
displayed by dark matter—they are neutral and incapable of
emitting electromagnetic radiation, and they only interact
through the gravitational and weak forces [23]. However,
being “hot,” they move too quickly to clump into dark matter
halos. This led to the proposal of WIMPs, or weakly
interacting massive particles, which exhibit the
aforementioned characteristics but are “cold” and move slowly
enough to clump [23]. The most studied WIMP candidate is
the neutralino, which is predicted by supersymmetry, a
theoretical extension of the Standard Model that hypothesizes
a heavier counterpart for every known particle. Neutralinos are
plausible candidates for dark matter because they are heavy
and neutral, emit no electromagnetic radiation, do not collide
often, and are stable since they are the lightest supersymmetric
particles [25].

Numerous dark matter searches attempt to directly
detect WIMPs, and they all follow the same principle of
creating a particle-scattering detection system and ruling out
collisions due to known particles to discern dark matter. This
is done by minimizing background radiation and utilizing a
variety of methods to discriminate particle collisions. For
example, cryogenic detectors use thermistors to measure



temperature changes which may be attributed to collisions
between WIMPs and target nuclei, scintillation detectors
analyze scintillation light which is emitted when electrons
excited by collisions relax to lower energy states [26],
ionization detectors detect charged ions formed by particle
collisions, and bubble chamber detectors detect bubbles that
form when a particle hits a nucleus of a superheated liquid and
the recoiling nucleus loses kinetic energy as heat to the
surrounding liquid [27]. Because so little is known about dark
matter and the sensitivity required to detect it [28], it is
essential that dark matter detectors are as sensitive as possible.

An excellent example of a dark matter search that
pairs scintillation and ionization detecting techniques is
XENON, which uses two chambers containing liquid xenon
and gaseous xenon as a means to detect particle collisions.
Such collisions can excite electrons in the xenon atoms, and
the electrons emit scintillation light when they return to their
original states [26]. Photomultipliers placed above the gas and
below the liquid [30] then amplify the light to detectable
levels [29]. Sometimes, if the collision is energetic enough,
electrons are freed from their nuclear orbits. Although such an
event does not emit light, an applied voltage mowes the
unbound electrons toward the xenon gas [29] where their
charges can be detected. The charge-to-light ratio of an event
is then used to determine whether it is an electronic recoil
(from electrons or photons) or a nuclear recoil. To prevent
radiation contamination, the xenon is continuously
recirculated and purified [31]. Data from XENON100’s 225
day collection has placed strict limits on dark matter
characteristics [30], and the XENON collaboration plans to
launch an improved detector, XENONLT, in 2015 [32].

In the Soudan Underground Laboratory in Minnesota
[20], CDMS (the Cryogenic Dark Matter Search) attempts to
detect WIMPs by detecting phonon and ionization signals
within a detector crystal. When a particle collides with a
nucleus in the detector, vibrations known as phonons
propagate through the crystal and reach aluminum collector
fins. The energy from the phonors is transferred to the
aluminum electrons, which travel to and change the resistance
of tungsten strips. This change in resistance can be amplified
to make a detectable pulse. In addition to creating phonons,
particle collisions in the detector can also result in ionization
and free electrons. An applied voltage moves the electrons
toward the crystal surface, where they are detected by a charge
amplifier [33]. Cosmic radiation is suppressed by CDMS’s
underground location [20], and recoils are discriminated by
the amount of ionization they produce and the shapes of the
resulting phonon pulses [33]. CDMS has not been able to
detect dark matter yet, but it has succeeded in setting more
constraints on dark matter characteristics. Its most current
experiment is SuperCDMS, which will eventually be moved 2
kilometers underground in SNOLAB to improve cosmic
background suppression [20].

Launched in 2000 [25], PICASSO (Project in
CAnada to Search for Supersymmetric Objects) searches for
dark matter particles using millions of 50-100 micrometer
liquid Freon droplets. These droplets are superheated so that
the kinetic energy from particle collisions initiates bubble
formation in the droplets. When the bubbles become large
enough, they cause the droplets to pop. Although PICASSO’s
underground location and water cube barrier block much of
the cosmic and neutron radiation, there is still some
background that has to be accounted for. One method of
discrimination involves analyzing the acoustic emissions when
the droplets burst. Piezoelectric sensors are used to detect the
emissions [28], and the type of particle involved in each
collision can be determined from the amplitude of the
resulting acoustic signal [34]. Another technique used to
discriminate background radiation involves adjusting the
temperature and pressure of the Freon droplets to adjust the
bubble nucleation threshold, or the energy and length the
energy needs to be released over to form a bubble [28]. Alpha
particles are detectable above 15°C, neutralinos above 30°C,
and gamma rays and other minimum ionizing particles above
50°C. To take advantage of this, the detector operates at
different temperatures ranging from 20-47°C. Although
PICASSO has not found evidence for any dark matter
collisions, it has gathered enough information to help narrow
down the characteristics of these mysterious dark matter
particles [28].

Like PICASSO, the COUPP experiment
(Chicagoland Observatory for Underground Particle Physics)
also employs explosive phase transition in superheated liquid.
However, the COUPP experiment takes a slightly different
approach. Rather than Freon droplets, COUPP uses
superheated liquid CF;l as a target for the collisions. The CF;l
is located in a fused silica bell jar in a pressure vessel
surrounded by propylene glycol for pressure balancing. The
kinetic energy transferred to C, F, or I nuclei in the collisions
causes bubbles to form in the CF;1 [35].

The testing period begins with decompression for 5
seconds, which allows the CF;l to superheat. Then, the
pressure is stabilized for 30 seconds before the vessel enters a
500 second waiting period. If a bubble forms during this
interval, the vessel is compressed for 30 seconds to keep it
from expanding uncontrollably. If no bubbles are detected,
compression occurs for 30 seconds at the end of the 500
second waiting period, and the cycle repeats [27].
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Figure 5: Dependence of bubble formation on total energy and

stopping power [36].

In order to identify the bubbles caused by WIMP
collisions, background has to be limited and recoils of known
particles have to be identified. Background limitation is
achieved by adjusting the temperature and pressure of the
vessel [27] so only particles with large stopping power (energy
deposition per unit length) (see Figure 5) are capable of
fulfilling the bubble nucleation threshold and triggering
bubbles [37]. COUPP’s location 6800 feet underground (at
SNOLAB near Sudbury, Ontario, Canada) provides a
measurement area mostly free of cosmic ray background, but
alpha emissions due to the radioactivity of some of the
materials surrounding the CF;l and in the rock walls still
contribute to background radiation [27]. To discriminate the
events, multiple characteristics of the bubbles are analyzed
such as bubble location, the number of bubbles, and the
acoustic emissions from the bubbles.

(cm?)
°
i

|
»
=

-
o

44

-independent nucleon cross-section
o

-
ov
&
%
|

1

10

Spin

WIMP Mas;?-GeV)
Figure 6: WIMP limits from recent dark matter searches [38].

Like XENON100, CDMS, and PICASSO, COUPP
has not found evidence for dark matter collisions but has
succeeded in setting new WIMP limits (see Figure 6) and
plans to launch new and improved experiments [36].

Sound Waves

Wavwes are produced when elastic restoring forces and
inertia cause vibrating atoms to oscillate, forming waves.

Because atoms can vibrate in a variety of different patterns,
waves can take many forms.
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Figure 7 and Figure 8: The motion of longitudinal waves (top)
[39] and shear waves (bottom) [40]

Longitudinal waves occur when the particles oscillate
in the same direction as the wave, and they can propagate
through both solids and liquids. Longitudinal waves (see
Figure 7) are also known as “density waves” because they
result in particle density fluctuations, or “compression waves”
because they involve compression and rarefaction (expansion).
In shear waves, the particles oscillate perpendicular to the
direction of the wave (see Figure 8). These waves are weaker

than longitudinal waves and can only propagate through
solids.
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Figure 9: The motion of Rayleigh waves [41]

Surface waves, or Rayleigh waves, contain particles
which mowve in symmetrical elliptical orbits (see Figure 9).
They travel along the surfaces of solid materials, and the
elliptical motions of the particles decrease with increasing
depth. Lastly, plate waves travel parallel to the surfaces of
materials only a few wavelengths thick. They propagate
through the entire material and can be either symmetric or
asymmetric (see Figure 10). Since wawve oscillations can be
described by Hooke’s law, the speed of sound depends on the



medium of propagation, not the amplitude of the wave.
Precisely, the square of the wave’s velocity is equal to the
elastic constant of the material divided by the density of the
material [42].

Symmetric

Asymmetric

Figure 10: Asymmetric and symmetric waves [43].

There are many ways sound waves can interact with
other objects and each other. Reflection, the cause of echoes
[44], occurs when a sound wave passes from one medium to
another and some of the sound reflects rather than passing
through the boundary [42]. The amount of reflection depends
on a medium’s acoustic impedance, a measure of a material’s
resistance to sound propagation [44] which is equal to the
product of the density of a material and the speed of sound
through the material. Since the percent reflection (R) due to a
change in medium is given by R = (ﬂ)z where z; and z,

ZZ+Zl
are the acoustic impedances of the two mediums, a greater
acoustic impedance mismatch results in a larger amount of
energy reflected [42]. Reflection also depends on the angle of
incidence, or the angle between the wave and the
perpendicular to the surface of the medium. Maximum
reflection occurs at a 90° (normal) angle of incidence, and the
percent reflection decreases as the angle of incidence becomes
more oblique [44].
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Figure 11: Frequency vs. attenuation in water with varying
concentrations of CuSO,[45]. As frequency increases,
attenuation increases. Increasing density causes increasing
attenuation as well.

Attenuation occurs when a sound wave’s intensity
and amplitude decrease as it travels through a medium [44].
20% of the lost energy is attributed to scattering, a reflection
of sound in other directions [42] caused when a sound wave
contacts a rough or irregular surface. Absorption, or the
conversion of sound energy to other forms of energy (usually
heat), accounts for the remaining 80% of the lost energy.
Since a wave’s frequency determines how fast its particles
vibrate and particle vibrations release energy in the form of
heat, attenuation increases as a wave’s frequency increases
(see Figure 11). This explains why low-frequency sounds
(bass) travel more effectively than high-frequency sounds
[44].

Unlike attenuation, focusing occurs when refraction,
the bending of sound waves, redirects the waves in a way that
increases their intensity and amplitude. Refraction happens at
the boundary of two mediums when there is an oblique
incident angle and different speed of sound in the two
mediums. The oblique incident angle allows onre part of the
wave to enter the second medium before the rest of the wave,
and the different speed of sound in the second medium either
accelerates or slows down the wave. The combination of these
two effects causes the wave to change direction [46].

Other effects of sound include diffraction and
interference. Diffraction is the tendency of sound waves to
bend around small objects and spread out beyond small
openings. Interference occurs when waves traveling in the
same medium line up. When waves are in phase, their
amplitudes add, resulting in constructive interference. When
waves are out of phase, their amplitudes subtract, resulting in
destructive interference [46].

Figure 12: A sample Fourier analysis [47]. This sound wave
has the most power at 332 Hz and 1258 Hz and has the least
power at frequencies near 0 Hz.

Sounds can be measured and analyzed in a number of
different ways. The intensity of a sound is its power per unit
area [48], and it is determined by the sound’s amplitude.
Intensity is often measured in decibels (dB), with the

P,

difference in decibels equal to 10 log (P—) dB, where P, and
1



P, are the power measurements of two sounds and P; < P,. In
terms of wolts, the difference in decibels is equal to

20log (g) dB, provided V; < V, [51]. Often, decibel

measurements are taken relative to 1 Volt.

Using Fourier analysis, a sound can be analyzed by
its frequency content. This is done by decomposing a sound
waveform into sine and cosine waves with a Fast Fourier
Transform and comparing the amplitudes of each harmonic
[48] (see Figure 12).

Improving COUPP’s Acoustic Transducers

A common tool used to detect sound is the acoustic
transducer, which converts acoustic waves into electronic
waves and vice versa. The most-used acoustic transducer is
the piezoelectric type, which makes use of the piezoelectric
effect to convert between electrical and mechanical energy
[49], and the most common material used in these transducers
is lead zirconate ceramics [42]. When pressure is applied to a
piezoelectric material, the charges separate to form small
dipoles and produce an electric field [49]. Alternatively, when
an unstressed piezoelectric material is subjected to an electric
field, dipoles form in the polarized material. This causes the
unit cells to become slightly elliptical rather than spherical and
results in deformation or “electrostriction” of the material
[42].

The efficiency of a transducer is judged by the
closeness of its input and output energies [50], and couplants
and matching layers can be used to improve efficiency. Since
air is a gas, its acoustic impedance drastically differs from
those of solids and liquids, so a couplant is used to replace the
air between two mediums. It minimizes the acoustic
impedance mismatch, thereby reducing the amount of energy
lost to reflection [42]. A matching layer has an acoustic
impedance between those of the two mediums and a thickness
of one-fourth the desired wavelength, and it is placed on the
surface of the transducer to further minimize the acoustic
impedance mismatch and reduce the amount of energy lost to
reflection.

COUPP uses Lead Zirconate Titanate (PZT)
piezoelectric acoustic transducers epoxied to the exterior of
the quartz jar containing the CF;I to record bubbles’ acoustic
emissions [27], and they have been shown to discriminate
events induced by alpha decay from those caused by nuclear
recoils to at least 99.3% purity. However, as COUPP detectors
grow larger (COUPP aims to increase its sensitivity with a 500
kilogram detector [36]), the acoustic sensors themselves
become potential sources of background radiation [38], so the
number of acoustic sensors must be minimized. This can be
done by improving the design of the transducers to minimize
acoustic signal loss. Acoustic impedance mismatches between
the fused silica quartz and the PZT manufactured by Virginia
Tech cause much of the signal to be reflected rather than
transmitted to the PZT transducers, and in order to maximize

the sensitivity of the acoustic transducers, an intermediate
material with acoustic impedance between that of the quartz
and the PZT can be placed between the quartz and transducer.
This layer will ensure that that less reflection occurs and more
of the signal is able to travel to the transducers.

Purpose

This leads to the purpose of my project: to create a
matching layer which has an acoustic impedance between
fused silica quartz and the PZT transducers made for COUPP
by Virginia Tech. Samples with different acoustic impedances
were made from varying amounts of MAS epoxy and tungsten
carbide. The equation for acoustic impedance isZ = pV, and
having more or less tungsten carbide in the sample changes
both pand V. The density and speed of sound through each
sample were measured, and these measurements were used to
determine each sample’s acoustic impedance. A thin wafer
was cut from the sample with the correct acoustic impedance,
and it was tested to see if it improved the acoustic transducer
sensitivity.

Calculating the Goal Acoustic Impedance

The percent reflection from a medium of acoustic
impedance Z, to a medium with acoustic impedance Z, is

given by
_(%-7)\?
Riz = (Z2+Z1) :

and the total percent reflection across both barriers is then
given by

Rigtai = RistRap — Ry3Rsp

The total percent reflection is minimized when the acoustic
impedance of the intermediate layer is equal to the geometric
mean of the acoustic impedances of the surrounding media:

73=./2,Z,,

where Z, and Z, are the acoustic impedances of the media
surrounding the layer on each side. Since the acoustic
impedance of the fused silica quartz used in the COUPP
experiment is about 13 MRayl and the acoustic impedance of
the PZT transducers made for COUPP by Virginia Tech is
about 18 MRayl, the target acoustic impedance for a matching
layer for the COUPP transducers was v13 * 18 = 152971~
15 MRayl. However, this was first simulated with transducers
and glass on hand in the laboratory which had different
impedances from those used in the COUPP detector.



Calculating the Densities of the Tungsten Carbide Powder
and MAS Epoxy Mixture

The densities of the MAS epoxy and tungsten carbide
powder were calculated to allow for conversions between
volume and mass later in the experiment and to check whether
a percent tungsten carbide by mass or a percent tungsten
carbide by volume should be used, since air pockets in the
powder may significantly contribute to its volume.

Calculating the Density of the Tungsten Carbide Powder

To calculate the density of the tungsten carbide
powder, a graduated cylinder was filled with tungsten carbide
powder, and the mass of the tungsten carbide powder was
calculated by subtracting the mass of the empty graduated
cylinder from that of the filled graduated cylinder. The mass
of the tungsten carbide powder and the volume of the tungsten
carbide powder were then used in the tungsten carbide powder
density calculation, which yielded 10.4 +0.1 g/cm® (see
Tables 5 and 6).

Measured Quantity Measurements Awverage
Mass of empty 41199,41.189,41.18¢g; | 41.18
graduated cylinder all £0.01 g +0.01 ¢

Volume of tungsten 100 40.1 cm’ 100
carbide powder +0.1¢cm?
Mass of filled 145.08 g, 145.09 g, 145.08

graduated cylinder 14508 g; all £0.01 g +0.01 g

Table 5: Volume of tungsten carbide powder and masses of
filled and empty graduated cylinder.

Calculated Expression Result
Quantity
Mass of mass of filled graduated cylinder 103.90
tungsten mass of empty graduated cylinder +0.02 g

carbide powder

Density of mass of tungsten carbide powder 104 +0.1

tungsten volume of tungsten carbide powder g/cm3

carbide powder

Table 6: Mass and density calculations for tungsten carbide
powder.

The density calculations of 10.4 +0.1 g/cm®, which
fell below the accepted values of 11.25 g/cm® for tungsten
carbide powder and 15.8 g/cm? for solid tungsten carbide (not
powder). This means that air pockets occupied a significant
amount of volume in the powder (the company made the
powder settle more before they measured its volume). Because
the air pockets contributed strongly to the volume of the
powder but had a negligible mass contribution, the percent

tungsten carbide in the samples was first calculated as a
percent by mass instead of a percent by volume.

Calculating the Density of the MAS Epoxy Mixture

The density of the MAS epoxy mixture (two parts
resin, one part hardener) was calculated using two different
methods to ensure accuracy. First, a pure MAS epoxy sample
was massed with a scale and the volume of the sample was
calculated by observing how much water it displaced in a
graduated cylinder (see Figure 14 and 15 and Tables 7 and 8).
The density of the MAS epoxy mixture was calculated by
dividing the mass of a pure epoxy sample by its volume (see
Table 9).

Figure 14 (left) and Figure 15 (right):Measuring the mass and
volume of a pure epoxy sample.

Water Initial Final Sample Volume
Displacement | Volume | Volume | final volume
Test — initial volume
1 60.6 769 16.3+0.2 cm’
+0.1¢cm® +0.1cm®
2 54.3 706 16.3+0.2 cm’
+0.1c¢cm® +0.1cm?
3 50.0 665 165 +0.2 cm®

+0.1cm® +0.1cm?

Table 7: Water displacement measurements for the pure epoxy
sample.



Measured Quantity

Mass of pure epoxy | 1837 ¢,18.379,18.37¢g; & 1837
sample all +001g +0.01 g

Volume of pure | 16.3 cm’, 16.3cm® 16.5 164
epoxy sample cm®; all 0.2 cm? +0.2cm?

Table 8: Mass and volume measurements and averages for the
pure epoxy sample.

Measurements Awerage

Calculated Calculation Result
Quantity

Density of | mass of pure epoxy sample 1.12 +0.01

pure epoxy |volume of pure epoxy sample g/em?

sample
Table 9: Density calculation for the pure epoxy sample.

The second method used to calculate the density of
the MAS epoxy mixture involved a calculation using the
densities listed on the labels of the resin and hardener
containers (see Tables 10 and 11).

Substance Density Found on Container
MAS Epoxy Resin | 9.2 Ib/gal = 1.10 g/cm® (at 77 deg. F)
MAS Epoxy Hardener 1.08 g/cm’ (at 77 deg. F)

Table 10: Densities listed on the resin and hardener containers.

Calculated Calculation Result
Quantity
Density of pure 2 . . 1.1
— (density of
epoxy sample 3 (density o resin) glem®

1
+ 3 (density of hardener)

Table 11: Density calculation for the pure epoxy sample.

The calculations from the two different methods were
extremely similar - equivalent, actually, when rounded to 2
significant figures. The result of 1.1 g/cm® was used as the
density for the pure epoxy mixture.

Making the Samples
First, molds were created for each sample. A plastic

tube was cut to 12 cm, the ends were filed, and rubber
stoppers were placed in each end (see Figure 16).

- |
Figure 16: An empty sample mold

The required masses of MAS epoxy resin, MAS
epoxy mold, and tungsten carbide powder were measured out
in plastic cups using a scale that was zeroed to each cup (see
Table. 12). The required masses were calculated in excess to
ensure that there would be enough mixture to fill each sample
mold.

Mass of Mass of Epoxy | Mass of Percent
Epoxy Resin Hardener Tungsten Tungsten
Carbide |Carbide by Mass
36+lg 18+1¢g 0g 0%
20+1g 10+1g 45+1¢ 60 +4%
20+1g 10£1g 70+1g 70 3%
20+1g 10+1g¢g 120+1g 80.0 £2.3%
20+1g 10+1g 2704+1g | 900 +1.2%
12419 6+lg 198+1g¢g 917 £1.8%
12+1g 6+1g 304+1g | 944 +1.2%
12419 6+lg 342+41g 950 £1.1%
12419 6+1g 382+1g 955 +1.0%

Table 12: Masses of resin, hardener, and tungsten carbide used
in each sample, followed by each sample’s percent tungsten
carbide by mass.

Next, air dissolved in both the epoxy resin and epoxy
hardener was removed using a bell jar evacuation chamber
(see Figure 17). The cups and contents were placed in the bell
jar evacuation chamber, the cover was secured, and the bell jar
evacuation chamber was operated. Air bubbles began to rise to
the surface of each liquid (see Figure 18 and 19), and when the
bubble density began to decrease, the bell jar evacuation
chamber was stopped. Then, the valve was opened to allow
the interior of the bell jar evacuation chamber to return to
atmospheric pressure, the cover was removed, and the cups
and contents were removed.



Figures 17,18, and 19 Ieft to right): The bell jar evaéution
chamber, bubbles forming in the epoxy resin, and bubbles
forming in the epoxy hardener.

The tungsten carbide powder was then poured into
the epoxy resin, and the contents were stirred until they were
completely mixed. The epoxy hardener was then added to the
tungsten carbide powder and epoxy resin mixture, and the
contents were again stirred until completely mixed. Then,
before the hardening reaction began, the mold was uncovered
at one end and the mixture was poured out into the mold until
the mold was full. Because the 95% and 95.5% tungsten
carbide by mass mixtures were so thick, the stirrer was used to
overfill and pack the mixtures in their molds to ensure that
there were no air pockets. Then, the rubber stopper was
reinserted into the end of the mold. The sample was then
clamped into a custom-made rotator (see Figure 20), and the
rotator was operated until the sample hardened. The rotator
was used to prevent the tungsten carbide powder from settling
out before the sample hardened.

Figure 20: A sample rotating in the custom-made rotator

When the sample was completely hardened, it was removed
from the rotator. The rubber stoppers were removed from the
ends, and plastic tube exterior was slit with a blade and
removed from the sample. The edges of each sample were
buffed until approximately level, and the sample was then
labeled with its percent tungsten carbide by mass. This
procedure was repeated for each sample.

Measuring the Density of Each Sample

The density of each sample was required to calculate the
acoustic impedance of each sample. To measure each sample’s
density, each sample’s mass and volume had to be measured.
The mass of each sample was measured by massing each
sample twice on a scale and using the average reading (see
Table 13). The volume used for each sample was the volume
of water it displaced in a graduated cylinder (see Tables 14
and 15). This volume measurement was double-checked with

each sample’s volume calculated by its dimension
measurements (see Table 13). A caliper was used to measure
each sample’s dimensions, and three measurements of each
dimension were taken at different parts of the sample. The
average of the three measurements was used for each
dimension. Then, each sample’s mass was divided by its
volume to calculate its density (see Table 15 on next page).



Percent Mass Awverage | Diameter Measurements Average Length Measurements | Average Length
Tungsten Measurements, Mass Diameter
Carbide by
Mass
0% 229,249, | 23+1¢g 1.799 cm, 1.805cm, |1.791 +0.001 cm 8.527 cm, 8.532 cm, 8.585 |8.548 +0.001 cm
all+1g 1.768 cm; all £0.001 cm cm; all £0.001 cm
60+4% |529,52¢g;all 52+1g¢g 1.836.cm, 1.808cm, |1.818 +0.001 cm (8.492 cm, 8.486 cm, 8.488 |8.489 +0.001 cm
t1g 1.811 cm; all £0.001 cm cm; all £0.001 cm
70+3% |649,64¢0;all 64+1g 1.803cm,1.810cm, |1.807 £0.001 cm 8.323 cm, 8.364 cm, 8.331 |8.339 £0.001 cm
t1g 1.808 cm; all £0.001 cm cm; all £0.001 cm
80.0+2.3% 989,98 ¢g;all | 98+1g¢g 1.802cm,1.850cm, |1.818 +0.001 cm (8.261 cm, 8.271 cm, 8.248 | +0.001 8.260 cm
t1g 1.801 cm; all £0.001 cm cm; all £0.001 cm
900+1.2% | 1409,140¢g; |140+1g| 1.814cm,1.796cm, 1.801 £0.001cm 8.271cm, 8.252cm, 8.273 | +£0.001 8.265 cm
all+1g 1.793 cm; all £0.001 cm cm; all £0.001 cm
91.7+1.8% | 152 g,152¢9; |152+1g| 1.811cm,1.803cm, |1.801 +0.001 cm [8.029 cm, 8.043 cm, 8.048 |8.040 +£0.001 cm
al+1g 1.789 cm; all £0.001 cm cm; all £0.001 cm
944 +1.2% | 1889,188¢g; |188+1g | 1.810cm,1.806cm, |1.807 +0.001cm 8.127 cm,8.136cm, 8.121 |8.128 +0.001 cm
al+1g 1.804 cm; all £0.001 cm cm; all £0.001 cm
950+1.1% | 204 9,204 g; | 204+1g| 1.803 cm,1.804cm, 1.803 +0.001 cm 8.668 cm, 8.655 cm, 8.669 | 8.664 +0.001 cm
al+1g 1.803 cm; all £0.001 cm cm; all £0.001 cm
955+1.0% | 228 9,228 ¢g; | 228+1g| 1.810cm,1.804cm, 1.806 +0.001 cm 8.548 cm, 8.343 cm, 8.458 | 8.450 +0.001 cm
al+1g 1.805 cm; all £0.001 cm cm; all £0.001 cm

Table 13: Mass, diameter, and length measurements for each sample.

Percent Tungsten Carbide by Mass Initial water level Final water level

0% 609 +0.1cm® 825+0.1cm’

60 +4% 59.1 +0.1 cm® 809 +0.1cm®
70 +3% 69.0 +0.1 cm® 90.1+0.1cm®
80.0 +2.3% 450+40.1 cm® 66.1 +0.1 cm®
90.0 +1.2% 606 +0.1 cm® 815+0.1cm’
917 +1.8% 61.040.1cm’ 816+0.1cm’
944 4+1.2% 557 +0.1 cm® 76340.1cm’
950 +1.1% 599 +0.1 cm® 8204+0.1cm’
955 4+1.0% 580 +0.1 cm® 798+0.1cm®

Table 14: Initial and final water levels for each sample’s water displacement test.
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Percent Tungsten Dimension VVolume

Displacement Volume

Density

Carbide by Mass " (di%eter)z * length

0% 2153 +003cm®

60 +4% 22.04 +0.03cm®
70 +3% 21.39 +£0.03cm’®
80.0 +2.3% 2143 +0.03cm’®
90.0 +1.2% 21.06 +0.03cm’®
91.7 £1.8% 2048 +0.03cm’®
944 +1.2% 20.84 +0.03cm’®
950 +1.1% 2213 +0.03cm’®
955 +1.0% 21.65 +0.03cm’®

(final water level —
initial water level*cm.3mL

216+0.02cm’
21.8 40.02 cm®
21.140.02 cm®
21.140.02 cm®
209 40.02 cm®
206 +0.02 cm®
20.6 +0.02 cm®
221 40.02 cm®
218 40.02 cm®

average mass kg *( m )3
displacement volume 103g  \10%cm

1.06 +0.06 x10° kg/m®
2.39 +0.07 x10° kg/m®
3.03 +0.08 x10° kg/m®
4,64 +0.09 x10° kg/m®
6.70 +0.11 x10° kg/m®
7.38 +0.12 x10° kg/m®
9.13 +0.14 x10° kg/m®
9.23 +0.13 x10° kg/m’
105 40.14 x10° kg/m®

Table 15: Dimension volume, displacement volume, and density calculation for each sample.

Densities of Samples
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Figure 21: A graph of the densities of the test samples. As
expected, a larger percent tungsten carbide by mass yielded a
greater density.

Measuring the Speed of Sound through Each Sample

The speed of sound through each sample was also
required to calculate the acoustic impedance of each sample. It
was measured with an oscilloscope and a custom made “sono
clamp,” a clamp which had a pulse-emitting transducer at one
end and a pulse-receiving transducer at the other end (see
Figure 22).
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Figure 22: An aluminum sample being tested in the sono
clamp.

To test a sample, coupling grease was spread on both
ends of the sample, and the sample was inserted and secured
into the sono clamp. A signal was sent to the emitting
transducer, which converted the signal into a pulse. The pulse
then traveled through the sample and to the receiving
transducer, which converted the pulse back into a signal. The
transducers were wired to the oscilloscope, and the signals
were displayed on the oscilloscope screen (see Figure 23). The
time interval on the oscilloscope was adjusted so it began
when the emitting transducer sent the pulse, which was
located at the zero of the largest fluctuation in the emitting
transducer signal (purple), and ended when the receiving
transducer received the pulse, which was located at the point
where the slope of the receiving transducer signal (green)
began to decrease. This time interval represented the time it
took for sound to travel through the sample. The sample’s
length (measured earlier) was then divided by the sample’s
time interval to calculate the speed of sound through the
sample.



Figure 23: The oscilloscope reading when the 70% tungsten
by mass sample was tested in the sono clamp.

Checking the Sono Clamp

First, the sono clamp was tested with an aluminum
sample with a known speed of sound to make sure it was
working properly. The length of the sample was measured
with a caliper and divided by time interval to calculate the
speed of sound through the sample. Then, the calculated speed
of sound was compared to the known speed of sound. Since
the percent error was so small, and the known speed of sound
in aluminum fell within the uncertainty for the calculated
speed of sound in the aluminum sample, the sono clamp was
shown to be working properly. (See Table 16). The accuracy
of this method was also tested by a previous student (Emily
Grace 2011) who used it to measure the speed of sound in
materials such as brass, aluminum, copper, acrylic and air. The
device measures the speed of sound in these materials in
agreement with accepted values with an uncertainty of 1%.

Sample Time Sample |Calculated | Known |Percent
Interval Length | Speed of |Speedof| Error
Sound Sound
Through | Through
Sample | Sample
Aluminum | 23.72 14960 | 6307 54 @ 6320 |0.2070
+0.20 ps |£0.001 cm m/s m/s %

Table 16: Speed of sound calculation for the aluminum
sample.

Measuring the Speed of Sound through the Test Samples

The test samples were then tested with the sono
clamp (using the same procedure as for the aluminum sample)
to measure the time it took for the acoustic pulse to pass
through each test sample (See Table 17).
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Percent | Time Interval | Awverage Length Speed of
Tungsten Sound Through
Carbide by Sample
Mass length of sample
time interval
0% 41.72 £0.20ps | 8.548 £0.001 cm | 2049 £10 m/s
60 +4% |49.72 £0.20us |8.489 £0.001 cm | 1707 7 m/s
70+3% 51.72 +0.20us | 8.339 +£0.001 cm | 1612 +6 m/s
80.0 +2.3% |57.72 +0.20us | 8.260 +£0.001 cm | 1431 £5 m/s
90.0 +1.2% |61.72 +0.20us | 8.265 +£0.001 cm | 1339 +5 m/s
91.7 +1.8% |52.92 +0.20us | 8.040 +£0.001 cm | 1519 +6 m/s
944 4+1.2% |51.12 +0.20us | 8.128 +£0.001 cm | 1590 +6 m/s
95.0+1.1% |53.72 +0.20us | 8.664 +£0.001 cm | 1613 +6 m/s
955 41.0% 5052 +0.20us | 8.450 +£0.001 cm | 1673 £7 m/s

Table 17: Speed of sound calculations for each sample.

Speed of Sound in Samples

2200
3 2000 -
E 1
g 1800 -
2 ] O
73 1 [ )
% 1600 o S
3 ] o
81400 - L
v 1 o

1200 +—+—++t+rrt

0% 20% 40% 60% 80% 100%
Percent Tungsten Carbide by Mass

Figure 24: A graph of the speed of sound in the test samples.
The shape can be explained by the formula v = \E’ where v

is the speed of sound through a medium, E is the elastic
modulus (a measure of the “stiffness” of the medium), and p is
the density of the medium. The speed of sound initially
decreases with increasing percent tungsten by mass because an
increase in percent tungsten by mass causes an greater
increase in density than stiffness. Later, howewer, the speed of
sound increases with increasing density. This is probably
because the tungsten particles begin to touch inside the
mixture, greatly increasing the sample’s stiffness.

Calculating the Acoustic Impedance of Each Sample

Each sample’s acoustic impedance was calculated by
multiplying its density by the speed of sound through the
sample (see Table 18). As seen in Table 18 and Figure 25, the
95% tungsten by mass sample had an estimated acoustic
impedance just 0.1 MRayl below the goal of 15 MRayl, and



the goal of 15 MRayl was included in the range when
uncertainty was taken into account.

Percent Density of Speed of
Tungsten Sample Sound
Carbide by 2v8Ma% Through
Mass displ.volume Sample
—_— kg Sample
10%g length
( m )3 time
10%cm % m
10%2¢cm
10%us
*
S
0% 1.06 x10° 2049 +10 m/s
kg/m®
60 +4% | 2.39 x10° | 1707 +7 m/s
kg/m®
70+3% | 3.03x10° | 1612 +6 m/s
kg/m®
80.0+2.3% 4.64 x10° | 1431 +5 m/s
kg/m®
900 +1.2% 6.70 x10° | 1339 +5 m/s
kg/m®
917 +1.8% 7.38 x10° | 1519 +6 m/s
kg/m?
944 +1.2%  9.13 x10° | 1590 +6 m/s
kg/m®
950+1.1% 9.23 x10°® | 1613 +6 m/s
kg/m®
955+1.0% 105 x10° | 1673 +7 m/s
kg/m®

Acoustic

Impedance
(density) *

(speed) < Rf_gyl> *
mZ2s
(

MRayl )
106Rayl

2.18 £0.13
MRayl

4.07 £0.13
MRayl
4.8940.14
MRayl
6.65+0.16
MRayl
8.97 £0.18
MRayl
112 £0.23
MRayl
145 +0.28
MRayl
149 +0.27
MRayl

17540.31
MRayl

Table 18: Acoustic impedance calculation for each sample

AcousticlImpedances of Samples
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Figure 25: A graph of the acoustic impedances of the test
samples. As expected, a higher percent tungsten carbide by
mass resulted in a greater acoustic impedance.
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Converting to Percent Tungsten by Volume

In keeping with standard methods, the percent
tungsten carbide by mass was conwverted to percent tungsten by
volume (see Table 19, and Figures 29, 31, and 31) using y v =

Lixrm
15.8—14.7 YTy

, Where yr, is percent tungsten carbide by volume

and y 1, IS percent tungsten carbide by mass.

Derivation of tungsten carbide volume fraction in terms of
tungsten carbide mass fraction:

Vr
X = — =
VT Ve mg/ps

_ mr/pr _

X1tMPs _ XM
Pr Pr
XTMPE

(

PrPE )
Xru (g — pr) + pr

B Xrmu(Pe — pr) + pr

With p, = 15.8 g/cm® and p = 1.1 glem’®, y 1y =

Llxyrm
158-14.7 x7Mm

Percent Tungsten Carbide by | Percent Tungsten Carbide by

Mass Volume
0% 0%
60 +4% 9.54+1.5%
70 £3% 14.0 £2.0%
80.0 +2.3% 218 +2.7%
900 £1.2% 385 +3.5%
917 £1.8% 43.516.4%
944 +1.2% 540 +£6.2%
950 £1.1% 56.9 +£6.1%
955 +1.0% 59.6 £5.9%
Table 19: Percent tungsten carbide by volume for each
sample.
Densities of Samples
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Figure 26: A graph of the percent tungsten carbide by volume
of the samples vs. the density of the samples.
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Figure 27: A graph of the percent tungsten carbide by volume
for each sample vs. the speed of sound through each sample.
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Figure 28: A graph of the percent tungsten carbide by volume
for each sample vs. the acoustic impedance for each sample.

The relationship between impedance and volume
fraction appeared to be linear, so a linear regression was used
to determine a relationship between acoustic impedance and
percent tungsten carbide by volume. This relationship was
used to determine the proportion of tungsten carbide to epoxy
mixture needed to create a sample with any desired acoustic
impedance.

The acoustic impedance of the laboratory pz-27
transducer was 23.5 MRayl, and using the same method as for
the samples, the acoustic impedance of the laboratory glass
was measured to be 8.26 MRayl. The goal impedance was

then v23.5 * 8.26 = 13.9 MRayl.

Making the Wafer for the Matching Layer

Because the 93.9% tungsten carbide by mass (51.9%
tungsten carbide by volume) sample had an acoustic
impedance of 13.9 MRayl using the linear regression, a wafer
was cut from the sample and tested to see whether it improved
transducer sensitivity.
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Determining the Correct Thickness

In order for the wafer to couple correctly to the
transducer, its thickness needed to be one fourth the
wavelength of the propagated sound wave. Because the
transducer was chosen so that its resonant frequency matched
the frequency of the bubbles’ acoustic emissions, the resonant
frequency of the transducer was used to calculate the
wavelength of the propagated sound (see Table 21). To
measure the resonant frequency of the transducer, a Welch
Power Spectrum graph was created for the selected transducer.

The Welch Power Spectrum, like a Fast Fourier
Transform, plots the power of a signal over a range of
frequencies. To create a Welch Power Spectrum for a
transducer, the transducer was tested in the “sound detonator,”
a box with an air source. The transducer was connected to the
oscilloscope and placed on a sponge block so it was lewel to
the air source (see Figure 29). The sound detonator was then
closed, and the air valve was opened to let pressurized air
blow on the transducer. The oscilloscope settings were
adjusted so the wave was as large as possible without
“clipping,” or exceeding the top or bottom edges of the
display. The waveform was saved on the oscilloscope, and the
wave data was used to create a Welch Power Spectrum in
MATLAB.

Figure 29: The sound detonator setup for a transducer (a
different transducer was actually used when data was taken)

To make sure the Welch Power Distribution method
was accurate, Welch Power Distributions were created for a
copper sample and an aluminum sample. The length of each
sample was measured with a caliper, and since the speeds of
sound through copper and aluminum are known, the length
and speed of sound through the sample were used to calculate
the resonant frequency of the sample. This calculated resonant
frequency was compared to the resonant frequency indicated
by the peak on each sample’s Welch Power Distribution (see
Figure 30 and Table 20). A 50% tungsten carbide by volume
sample from a different experiment was also tested because it
had a known resonant frequency.
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Figure 30: The Welch Power Spectrum of the copper sample
and transducer (green) and the transducer by itself (blue).

Sample Speed of | Length Calculated Peak
Sound of Resonant on
Through | Sample Frequency | WPD
Sample
Copper 4600-4700 | 0.1488 15-16 kHz 15
m/s m kHz
Aluminum | 5000-6500 | .150 m 16-22 kHz 165
m/s kHz
50% - - 12 kHz 12
Tungsten (different kHz
carbide by experiment)
mass

Table 20: Calculated resonant frequency and frequency peak
on Welch Power Distribution for each sample
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Figure 31: The Welch Power Spectrum of the transducer. The
resonant peak is seen at 111 kHz.

Calculated Calculation Result
Quantity
Goal A1 speed of sound 3.4 mm
thickness 4~ 2" Tesonant frequency

Table 21: Calculation of the goal thickness for the wafer.

16

Cutting the Wafer

The wafer was cut using a saw in a plastic apparatus
which ensured the cut was straight. Then, the wafer was
sanded to the correct thickness. The thickness of the wafer was
3.440.1 mm.

Testing the Wafer

To test the wafer, a WPD was first conducted for the
transducer with a layer of glass using the same procedure as
for the transducer alone. The wafer was then placed between a
layer of glass and the selected transducer (transducer #403).
Glacier grease was used to couple the mediums, and tape was
used to hold the media together (see Figures 32,33, and 34). A
WPD was then created for the transducer, wafer, and glass.

Surprisingly, inserting the wafer between the glass
and the transducer severely damped the signal rather than
amplifying the resonant frequency of the transducer. To test
whether this result could have been caused by the type of glass
used, two other glass squares of different thicknesses were
tested with the transducer as well (see Figure 35). Since the
WPDs for all three glass squares were very similar near the
resonant frequency of the transducer (see Figure 36), the type
of glass used could not account for the dampened signal.

Figures 32, 33, and 34 (left to right): The matching layer and
transducer #403, the transducer coupled to the glass outside of
the sound detonator, and the transducer coupled to the glass
inside the sound detonator.

Figure 35: Three glass squares, each of different thickness.
From left to right, the thicknesses are 3.15mm, 5.70mm, and
9.40mm.



Power Spectra 2
T T 1 - — Gt i

noglass Welch: Nfft = 1024
glassheaderpiezo: Welch: Nfft = 1024
glass9mm Welch: Nfit = 1024
glass5mm Welch: Nfft = 1024
glass3mm Welch: Nfft = 1024

80}

90

-100 ,

0 1 2 3 4 5 6
Frequency x 105

Figure 36: Welch Power Distributions for the transducer alone
(green), the transducer with a layer of glass and the wafer
(grey), the transducer with the 9.40mm glass square (blue), the
transducer with the 5.70mm glass square (red), and the
transducer with the 3.15mm glass square (violet). The
resonant frequency of the transducer is at 111 kHz, and all the
glass samples seem to have similar curves near the 111 kHz
area. Howeer, the addition of the wafer caused the signal to
lose a lot of power.

Making the Larger Wafer

Another reason for the dampened signal could be that
the wafer did not completely cover the transducer. To test this
explanation, a larger 95% sample was made. The procedure
was the same as for the smaller samples, except that a pill jar
was used rather than a plastic tube in order to make the
diameter of the sample larger.

myw

[ &A‘ y
‘“ ;‘-j@i‘c:: o

Figure 37: The unhardened 95% saﬁwple in the bell jar
evacuation chamber.

Testing the Larger Wafer

The larger wafer was tested using the same procedure
as for the smaller wafer. As seen in Figure 38, the effect of the
larger wafer was very similar to that of the smaller wafer:
rather than amplifying the transducer’s resonant frequency of
111 kHz, the wafer resulted in damping.
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Figure 38: Welch Power Distributions for the transducer alone
(blue), the transducer with the 9.40mm glass square (green),
the transducer with the small wafer and the 9.40mm glass
square (red), and the transducer with the large wafer and the
9.40mm glass square (grey). Like the smaller wafer, the larger
wafer caused the signal to lose a lot of power.

Conclusions

One possible reason that the tungsten carbide powder
and epoxy composite attenuated the sound wawe is that there
may have been tiny air pockets in the composite. Even though
dissolved air was removed from the mixture with the bell jar
gas evacuation chamber, air may have been reintroduced into
the mixture when it was packed into the mold. Air pockets
would have created density fluctuations, which would have led
to acoustic impedance fluctuations, resulting in significant
reflection and scattering.

Another possible explanation for the damped signal is
that the tungsten carbide powder and epoxy composite used in
this project may not be effective as a matching layer. Although
the effective speed of sound through a tungsten carbide
powder and epoxy sample is known, there are actually many
variations due to the fact that the sample is a mixture. An
effective matching layer might require a structured crystalline
lattice rather than tiny flakes of tungsten carbide suspended in
epoxy. To address this, one should attempt to make a
matching layer using a metal with an acoustic impedance close
to 13.9MRayl.

Although the tungsten carbide powder and epoxy
composite used in this project might not be an ideal matching
layer material, its attenuating properties do have other
applications. The composite will be used for a backing layer
for the acoustic transducers in the COUPP experiment. A
backing layer is used to decrease transducer ringing by
absorbing sound once it has already traveled to the transducer,
thereby improving resolution.
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