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ABSTRACT

ROBERT EVANS HEITHAUS: Abnormal Group Velocities of Ultrasonic Pulses in
Aqueous Suspensions of Polymer Microspheres.
(Under the direction of Dr. Joel Mobley)

In this project acoustic waves were employed to measure dispersion properties of
two suspensions of polymer microspheres that were believed to support superluminal
group velocities. Broadband ultrasonic pulses were first used to study a suspension of
microspheres with a mean diameter of 160 microns. The validity of the data was verified
using Kramers-Kronig relations, and the attenuation, phase, and group velocity spectra
were published (Mobley, 2007a). During the second phase of the project a pulse
consisting of broadband and narrowband components were propagated through the same
160 micron sample. The data are depicted in the Results section. Phase II studied several
different bandwidths for each center frequency of the narrowband portion of the pulse.
Finally, for Phase III the 160 micron suspension was replaced with a 100 micron
suspension. A different range of center frequencies and bandwidths were employed for
the narrowband portion of the pulse. As in Phase II the pulses contained both broadband
and narrowband components. At each phase of the project attenuation, phase velocity,
and group velocity were all examined and compared. Superluminal (i.e., faster than light)
group velocities were calculated for certain frequency bands in each suspension.

Although the group velocity was found to exceed the speed of light, relativity was not

violated.
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INTRODUCTION

An acoustic wave can generally be defined as a mechanical wave which occurs as
the result of a disturbance created through vibrations imparted to a medium. In the case
of this experiment these disturbances are created by a device known as a transducer. The
transducer creates sound through the use of a piezoelectric element which converts
electrical signals into vibrations and vise versa. In the experiments described in this work
the transducer is immersed in a water bath and generates pressure fluctuations at the
water-transducer interface resulting in a sonic pulse propagating through the host medium
(i.e. water) at a speed characteristic of that medium (Kinsler, 2000). For water, the speed
of sound is governed by the temperature of the water, and this speed is roughly 1.5
mm/ps at 20 °C (approximately 1 mile per second). Acoustic waves, like electromagnetic
waves (e.g., light, x-rays, microwaves), can be characterized by a frequency f and a
wavelength A. The frequency and wavelength are related through f = v/4 where v is the
speed of sound.

Acoustic waves can be classified according to their frequency, resulting in what is
known as the acoustic spectrum. The measured acoustic spectrum can be divided into
several sections, three of which are shown in Figure 1. Acoustic waves with frequencies
ranging from 20 Hz to 20,000 Hz fall within the sonic band familiar to us because it is the
region of human hearing. Waves with frequencies falling below 20 Hz are in the
infrasonic band. Infrasound is usually produced through large scale events such as

explosions or earthquakes. Waves with frequencies at the upper end of the spectrum are




in the ultrasonic band. Ultrasound has proven to be extremely useful in various scientific
and industrial applications. Ultrasound used in this project contains frequencies which
range from 2 MHz to around 20 MHz or higher. The low MHz region of the ultrasonic
spectrum is sometimes called the biomedical region since this includes the range used for
diagnostic imaging and in some therapeutic applications. Unlike sonic and infrasonic
waves, ultrasound is primarily studied in liquids and solids. The host medium in this
project is water. Ultrasonic waves propagating in water with frequencies ranging from 2

to 20 MHz have wavelengths ranging from about 0.75 to 0.075 mm.
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Figure 1: Three sections of the acoustic spectrum. Waves in the central section with
frequencies ranging from 20 Hz to 20,000 Hz fall in the sonic band. Waves with
frequencies falling below 20 Hz are in the infrasonic band, and those with frequencies
above 20,000 Hz are in the ultrasonic band.

The focus of this project is the dispersive properties of ultrasonic waves
transmitted through a suspension of scatterers. Dispersion refers to the variation in the
properties of a wave, such as a wave speed, as a function of frequency. These

suspensions can be strongly dispersive, greatly altering the wave's speed as a function of



frequency. Waves propagating in dispersive media can be described by up to five
different velocities, each velocity describing a specific aspect of the wave (Brillouin.
1960). Of these. the most fundamental is the phase velocity. It represents the speed of
the peaks or nadirs of a continuous sine wave as it travels through a medium. The phase

velocity ¢, is defined by the relation

“r (1
where o is 2m times the frequency and k=27/2 is the real part of the complex wave
number Kk which is defined as

K=Kk +1a (2a)

=2n f/ ¢p +ia (2b).
The quantity « is the attenuation coefficient (discussed below) is another intrinsic
property of the bulk medium. As illustrated by equation 2b, the phase velocity and the
attenuation coefficient are the fundamental components expressing the material
properties in the complex wave number. In this project the phase velocity (as well as the
group velocity) is reported in millimeters per microsecond (mm/us) where the reference
velocity—the speed of sound in water—is approximately 1.5 mm/ps.

Another aspect of signal propagation that plays an important role in this project is
attenuation and the associated material parameter, the attenuation coefficient.
Attenuation is a measurement of the energy redirected and/or absorbed from a forward
directed propagating wave. The attenuation indicates how much of the original signal’s

energy is lost to, and redirected by, the medium through which the signal propagates.




The attenuation coetticient is especially important in this project because it provides for
an alternate method of determining the phase and group velocities.

The second type of wave velocity studied in this project is the group velocity.
The group velocity is unique because it can take on extreme and/or unusual values. It can
be arbitrarily large and its magnitude can even go negative; alternatively it can also be
extremely slow relative to the phase velocity. Generally speaking, an “abnormal™ group
velocity occurs when ¢ is unusually large (e.g., ¢, >>¢,) or when the speed it represents
becomes negative. In this project we report on the results of several experiments in
which we attempted to directly measure and observe these extreme values for the group
velocity.

In physics, the group velocity has been associated with the speeds of waves in
various systems. In the case of quantum mechanics, where particles can also exhibit
wavelike behavior, the group velocity has been associated with the speed of a group of
particles. In the conlegt of our work, the physical embodiment of the group velocity is
with the speed of the envelope that describes the shape of a localized pulse of ultrasonic
waves. But it is more complicated than this implies, as it only corresponds to the more
general “envelope speed”™ under specific circumstances. The concept of a propagating
wave group can be visualized by constructing a wave packet with multiple frequency
components. An envelope can be drawn around this wave packet, and under the right
conditions the speed of the envelope is described by the group velocity. The
mathematical definition of the group velocity shown in equation 3,

0 _dk i

c. dw
1Y



A simple visualization of these wave envelopes is shown in Figure 2.

Gaussian Shaped Pulse Signal Envelope

N\ S

Figure 2: An illustration of the Gaussian windowed narrowband pulse and the signal
envelope (in red) drawn around that pulse.

The group velocity can be derived from the phase velocity alone or from the
attenuation coefficient using Kramers-Kronig techniques (Mobley, 1998). Although it
can be visually observed by drawing envelopes over wave packets, the group velocity is
defined mathematically through an expansion in a Taylor series of the real part of the
complex wave number. The group velocity ¢, is related to the phase velocity ¢, by the

following definition:

! e (@
I | @ de, (@) ).
c (o) ¢, (W) ¢, (W) dw

The properties described earlier (phase velocity, group velocity, and attenuation
coefficient) can be measured in many different ways. In this project we used two

different types of acoustic waves—broadband and narrowband—for the required



measurcments.  Time-localized (broadband) pulses are narrow in the time domain but
broad in the frequency domain. Narrowband pulses are broad in the time domain but
narrow in the frequency domain. Figure 3 illustrates the difference between a broadband
and a narrowband pulse in both the time and the frequency domain (Note the difference
in the horizontal scales of each pulse and its associated Fourier spectrum). Signals in
this project are designated broadband because their bandwidths are large relative to the
attenuation bands of the medium under study. The word “band™ refers to a continuous
range of frequencies in the acoustic spectrum. Thus the prefixes “narrow™ and “broad™
refer to the width of the acoustic spectrum occupied by the Fourier transform of the wave.
The Fourier transform is a mathematical tool which effectively decomposes a signal into
a collection of sine waves of different frequencies. Each sign wave component has its
own amplitude and phase. The original signal can be reconstructed by adding together
the sine waves with the amplitudes and phases determined by the Fourier transform.
Fourier transformation is used in physics because it can simplify the analysis of the

signals and the interpretation of the data for linear processes.
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Figure 3: An illustration of the difference between a broadband and a narrowband pulse.
The top two boxes display the signal in the time domain. The bottom two boxes show the
Fourier spectrum of the respective signals. Broadband signals are narrow in time but
broad in frequency. The opposite applies to narrowband signals. Note the difference in
horizontal scales of each graph.

The experimental technique employed to acquire the necessary signals is similar
for cach type of signal (although there is a difference in signal processing steps for the
narrowband and broadband methods). The measurements are performed using a simple
substitution method where one signal is captured from propagation through a reference
medium alone, and then the sample is substituted for some portion of the reference
medium and a second signal is captured. The broadband and narrowband parts of the
signals are then isolated and processed separately by time gating to obtain the group and
envelope velocities respectively. In processing the broadband data, the gated broadband
signals are Fourier transformed. The resulting Fourier transforms of the through-sample

and reference signals are then compared in order to obtain the attenuation coefficient o




and the phase velocity ¢, The group velocity can then be calculated from the attenuation
coetficient or the phase velocity.

For the narrowband data a signal envelope is determined from which the velocity
of the peak of the envelope is derived. In some cases, we expect the narrowband
envelope to move with the group velocity, but this will not be the case in general. To
obtain the envelope velocity. signal envelopes are calculated using a Hilbert transform
(Bracewell. 1986). The signal envelopes are then compared directly in order to obtain
both signal loss (related to the attenuation coefficient) and the time delay between the
signal peaks. This time delay can then be inserted into equation 5 to obtain the envelope
velocity,

¢

e &)

('r(‘f
1— " At
h

(‘['t'nlk =

where At is the time delay between the signal peaks and /i is the sample thickness.

In order to obtain group velocities that were arbitrarily large or negative we had to
select a sample that was sufficiently dispersive. Dispersion refers to the variation in the
sample’s phase velocity with respect to frequency (this is why we commonly write phase
velocity as ¢, (w) ). Apart from being sufficiently dispersive, the suspensions under study
were selected because their ultrasonic properties closely match those predicted by an
existing theoretical model (Mobley, 1999). The spheres were studied in solids volume
fractions of approximately 3% in the suspensions. This volume fraction has been
determined to be sufficient in order to create dispersive bands in the spectrum which
exhibit the abnormal group velocities described earlier. The suspension is of special

interest due to the fact that it exhibits multiple resonances in its scattering Cross section




within the measurement bandwidth of our system. The resonance features are essential in
obtaining abnormal group velocities which. in some cases, can become superluminal.

The word “superfuminal™ refers to speeds that are faster than the speed of light in
vacuum. In order to adequately understand the physical manifestation of a superluminal
group velocity it is necessary to understand that a velocity that is faster than light implies
that it takes less time for a point of reference on a wave to appear at two different
locations than it takes light to travel the same distance in vacuum. With this in mind it is
sometimes easier to interpret data using the propagation times (i.e., group delays) rather
than the group velocity. The group delay is simply the inverse of the group velocity, and
it can be interpreted as “time of flight™ per unit distance. This allows for negative
speeds—or as we interpret through the data, negative delays. The idea of superluminal
group velocities is not a new one. Since the early 1980's a variety of systems have been
producing superluminal group velocities, although in most cases it was done with
electromagnetic waves (e.g., microwaves, light) (Mobley, 2007a). It's important to note
that the existence of superluminal velocities does not contradict Einstein’s theory of
relativity which forbids the transmission of energy or information faster than the vacuum
speed of light. Although these waves achieve superluminal velocities, it has been shown
that inherent limitations of the phenomenon mean that information cannot be transferred
at these speeds.

The remainder of this thesis will describe the details of the experiments, including
construction and set up hardware, data acquisition and analysis. Additionally it will
describe data for project Phases I, II, and 111, and it will give a brief discussion of the

wave properties revealed through the data.
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MATERIALS AND METHODS

Project Phases

The project occurred in three phases. The Phase I employed the use of broadband
techniques in order to identify a sample able to support superluminal group velocities.
Phase 1T employed narrowband techniques to directly observe abnormal group velocities
as well as broadband techniques to confirm narrowband measurements. Both Phase I and
Phase 11 studied a sample of microspheres with a mean diameter of 160 um. Phase III of
the project employed both broadband and narrowband techniques in order to study a
second sample of microspheres with a mean diameter of 100 pm. All three phases of the
experiment used the substitution technique mentioned earlier to obtain the signal data.
Microsphere Suspensions

The samples studied were composed of microspheres (Duke Scientific
Corporation, Palo Alto, CA) made of polystyrene and/or polystyrene divinylbenzene
suspended in an aqueous solution. The microspheres used NIST-traceable size standards
and are typically used for the calibration of particle sizing systems because of their
uniformity (the individual particle diameters only vary within a few percent of the mean).
The aqueous solution in which the spheres were suspended contained a dispersant in
order to prevent the microspheres from agglomerating. The microspheres were studied in
suspensions with a 3% volume fraction—a volume fraction adequate for providing the

dispersion necessary for the existence of the abnormal velocities (Mobley, 2007a).
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Apparatus

The sample was placed in a specially constructed chamber—pictured below in
Figure d4—which created a region of containment for the microspheres. The sample
chamber’s windows were constructed using Saran Wrap approximately 25 um thick
(Mobley, 1999). The Saran Wrap was used because it has been determined to be nearly
acoustically transparent when using the through transmission technique. At first a
standard lab wrap from Fisher Scientific was used for measurements: however, it was
soon discovered that the lab wrap did not provide a sufficient seal to contain the

microspheres for a long period of time in the sample chamber.

Figure 4: Photograph of one face of the custom sample chamber.

The sample chamber was modified from the specifications in *Appendix X.

Larger screws for each of the two side panels were used to obtain a better seal around the



o-rings. A 1/8 inch hole was bored in the sample chamber screw cap. and a small section
of Tygon tubing (Cole-Parmer. Vernon Hills, IL) was inserted through the hole. The
tubing was attached to a 200 pL pipette through a standard plastic disposable pipette tip.
The tubing was extended through the screw cap and immersed into the aqueous solution
containing the microspheres.  The sample was mixed continuously during waveform
acquisition using a 200 pL pipette. Earlier work had determined this mixing method to
be adequate for measuring ultrasonic properties of polymer microsphere suspensions
(Mobley. 1999 & Hall. 1996).

Data Acquisition

In Phase 1 of the experiment broadband signals were generated using a
Panametrics 5800 broadband pulser/receiver unit. These signals were transmitted from
the pulser/receiver unit to one of two Panametrics PVDF focused transducers (2 in. focus,
0.25 in. active diameter). The transducers were mounted in specially constructed mounts
connected to a rail-mounted system that utilized three micrometer Stages and one
rotational stage to achieve four degrees of freedom. This mounting technique was used
because it allowed both gross and fine adjustment of transducer alignment. Because the
transducers were focused, the alignment was critical for achieving maximal signal
transmission during data acquisition.

The transducers, along with the sample chamber were submerged in a tank of
degassed water. Because the velocity of sound in water varies with temperature, the tank
water temperature was recorded at the beginning and end of each data acquisition session.
Once the excitation signals were transduced into ultrasonic waves at the transmitting

transducer, the wave packets propagated through the water, across the sample chamber,
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and they were transduced back to electrical signals by the receiving transducer. The

experimental setup is depicted in Figure 5

A Reference Acq.

| Transmit —> | Receive

B Thru Sample Acq.
Pp| Transmit | —> | Receive —>
—+'h "'_

Water Tank

Panametrics 5800P/R |«

|

CompuScope 12400

Figure 5: A schematic depicting the experimental set up for the through sample (B) and
the reference (A) acquisition steps as well as the electronics used to acquire the data.
This set up was used for Phase I of the project. Both measurements are performed under
water. The only difference between the two acquisitions is the presence or absence of the
sample.

L

b — e o P oS P

Figure 6: A photograph of the water tank (illustrated earlier in Fig. 5(B)) with the
transmit and receive immersion transducers. The sample chamber is in place between the
two transducers.



The waves collected by the receiving transducer were then amplified using the
Panametrics 5800 broadband pulser/receiver unit. The data was digitized using a
CompuScope 12400 (Gage Applied Technologies) PCI card running in 12-bit single
channel mode at a sample rate of 400 x 10° samples/s. During each acquisition many
wave forms were averaged (ranging from several hundred to several thousand), and the
resulting average was saved to a file. Data were then analyzed by reading the data from
the files into Matlab using custom written software.

In order to determine all the necessary parameters four different waveforms had to
be acquired. The reference waveform was taken with the sample chamber in place.
During reference measurements the microspheres in the sample chamber were left
undisturbed, allowing the microspheres to settle to the bottom of the chamber and out of
the region of acoustical transmission (note: this region was small due to the focusing
properties of the transducers). This reference measurement was later used in calculations
in which the through sample waveform was compared with the reference waveform.

In addition to the reference waveform two pulse echo waveforms were taken to
measure the sample thickness. These pulse-echo waveforms were acquired utilizing the
pulse-echo function of the Panemetrics 5800 broadband pulser/receiver unit. The pulse-
echo technique is a method in which a pulse of ultrasound is both transmitted and
received by the same transducer. An ultrasonic pulse is sent out of a transducer, and it is
reflected off of the near wall of the sample. Once the pulse is reflected the echo wave
travels back to the transducer. The propagation times of the reflections for each sample
boundary and the through-transmission reference waveform, along with the velocity of

sound in water (governed by the temperature), can be used to measure distances. The



pulse-echo si gnals taken from each transducer can determine the distance between each
transducer and cach wall of the sample chamber. Those two parameters can be
subtracted from the total distance (determined by a through transmission reference wave)
to determine the sample thickness /.
Narrowband Signals

The experimental procedure for Phase II and Phase III was modified in order to
include the acquisition of narrowband signals. Signals containing both narrowband and
broadband components were generated using a CompuGen 4300 (Gage Applied
Technologies) arbitrary waveform generator controlled by a personalized script running
in Matlab (Math Works. Cambridge, MA, USA Version R2007a). These signals were
used o excite the transmitting transducer, and the waves followed the same path as

before. The modified experimental setup is depicted below in Figure 7.
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Figure 7: A schematic depicting the experimental set up for both the through sample and
the reference acquisition steps as well as the electronics used to acquire the data. This set
up was used for Phase II and Phase IIL

During Phase II combinations of narrowband and broadband pulses were used in
conjunction. The waves sent through the 160 pum diameter microsphere suspensions
contained both a leading narrowband component and a separate trailing broadband
component (depicted in Figure 8). The center frequency of the narrowband signal was
varied from 7.90 MHz to 8.30 MHz in increments of 0.10 MHz. Four different
bandwidths were applied at each frequency. The bandwidths were 0.07, 0.10, 0.40 and
1.60 MHz leading to 20 different narrowband signals. These waveforms were collected,

and the average of 2000 waveforms of each combination was saved for later analysis.
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Figure 8: An example of the signal used for Phase Il and Phase III. The signal has two
components. The left portion of the signal contains the narrowband component, and the
right portion of the signal contains the broadband portion of the signal.

Phase 111 involved not only a different sample but also a different set of signals.
As mentioned earlier the sample was changed to a suspension containing 100 pm
diameter microspheres. A different set of frequencies and bandwidths were used. The
center frequency of the narrowband signal was varied from 8.6 to 9.0 MHz and from 9.8
to 10.4 MHz in increments of 0.10 MHz. Two different bandwidths were applied at each
center frequency leading to a total of 24 different narrowband signals. The two
bandwidths were 0.10 and 0.40 MHz. The waveforms were acquired, and the average of
5000 waveforms of each combination was saved for later analysis.
Data Analysis

In terms of the experimental variables determined in our project, the group

velocity relation can be written as



| 1dAa®)
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¢

v.ref
where AD =d —@, . the @'s are the phases of the Fourier transforms of the through

sample and reference pulses, /1 is the thickness of the sample under study, and cgr is the
reference velocity of the waveform while propagating through the host medium alone
(water) without the dispersive medium present (Mobley, 2007a). Attenuation is
calculated by directly comparing the Fourier transforms of the reference wave and the
wave that has passed through the dispersive medium. Equation 7 is the equation
employed for the calculation of the attenuation coefficient, an inherent property of a bulk
media, for each frequency that comprises the pulses.

A
Alhru (a)) (7)

h

In(

(W) =

The quantity « is the attenuation coefficient which is a function of frequency , and /1 is
the sample thickness. The quantity Ay, is the amplitude spectrum of the Fourier
transform of the signal from the through-sample acquisition and Ay is the amplitude
spectrum of the Fourier transform from the reference acquisition (Mobley, 2007a).
Attenuation is sometimes reported in the dimensionless unit called the decibel (dB), and
the attenuation coefficient is reported in dB per unit distance. This project reports the
attenuation coefficient in nepers (Np) per unit distance. The neper is a dimensionless unit
like the decibel; nepers utilize natural logarithms whereas decibels are defined in terms of

base-10 logarithms.



RESULTS

The results of Phase 1 are shown in Figures 9-12 (figures adapted from Mobley
2007). The attenuation coefficient and phase velocity spectra are shown in Figure 9 and
Figure 10 respectively. The spectra show nine sharp peaks in the attenuation coefficient,
the most prominent occurring near 4.5 MHz. The attenuation spectra vary from 0.03
Np/mm up to 1.07 Np/mm. The phase velocity exhibits behavior that is consistent with
the attenuation spectra in the Kramers-Kronig sense. Near the region of 4.5 MHz the
phase velocity drops to approximately 1.47 mm/ps. The velocity increases rapidly when
moving higher in frequency to a region that corresponds to a low attenuation band seen in
Figure 9. The phase velocity increases by 0.074 mm/us through this region. The group
delay spectrum is shown in Figure 11. The group delay exhibits three extreme delays
occurring below 10 MHz. Near the region of 4.5 MHz there is an extreme drop in the
group delay exhibiting a negative delay approaching -0.4 (mm/ps)”'. This region is
shown in more detail in Figure 12. The second portion of Figure 12 is a logarithmic plot
of the magnitude of the group delay versus the frequency. The magnitude of the group
velocity exceeds the speed of light reaching 4.34x10° mm/us at one point. In the region
surrounding 4.5 MHz the delay curve actually crosses zero indicating that the group
velocity has the capability of exhibiting arbitrarily large values at the frequencies near the

point where the delay curve crosses zero (Mobley, 2007a).
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Figure 9: The attenuation spectrum of the 160 um microsphere suspension used in Phase
I of the project. The spectrum shows nine peaks, the most prominent occurring near
4.5MHz (figure adapted from Mobley 2007).
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Figure 10: The phase velocity spectrum of the 160 um microsphere suspension used in
Phase 1 of the project (tigure adapted from Mobley 2007).
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Figure 11: The group delay spectrum of the 160um microsphere suspension used in
Phase | of the project. The region exhibiting negative delay appears near 4.5 MHz
(figure adapted from Mobley 2007).
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The group velocity is plotted logarithmically revealing a maximum velocity of 4.34 X 10’
mm/ps at 4.46 MHz (figure adapted from Mobley 2007).




The data for Phase 11 is shown in Figures 13-15. Figure 13 shows the signal loss
(i.e. attenuation) for the broadband portion of the pulse. The spectra show a prominent
attenuation peak near 4.5 MHz along with several other peaks of lesser intensity. The
phase time delay data is shown in Figure 14. From Kramers-Kronig relations, one
expects that certain features in the attenuation coefficient spectra will be accompanied by
certain structures in the phase velocity data. This is very similar to the relationship
between magnitude and phase for a simple damped harmonic oscillator. Figures 16, 17
and 18 show the curve for the broadband data, and the diamonds located along each curve
indicate the different center frequencies of the narrowband signals. The signal with a
center frequency of 7.9 MHz falls in a region of low attenuation, and the signal with a
center frequency of 8.3 MHz falls in a region of high attenuation. The attenuation of the
frequencies in between varies, increasing as the frequency increases. For the group delay
time the lower center frequencies fell in a region where the group delay was at a

minimum.
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Figure 13: The signal loss spectrum for Phase II of the project. This signal loss spectrum
exhibits a similar attenuation to that illustrated by Figure 8. This was anticipated due to
the fact that the microsphere sizing was the same in both phases of the experiment.
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Figure 14: The phase time delay spectrum for Phase II of the project. The phase time
delay spectrum exhibits behavior consistent with the signal loss spectrum.
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Figure 15: The group time delay spectrum for Phase II of the project. This figure is a
comparison with the reference velocity of sound in water. The zero line does not indicate
zero velocity; rather it is the delay of a reference pulse. These calculations do not
indicate negative delays and subsequently superluminal velocities. Instead they depict
group velocities that are slower than the reference velocity.
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Figure 16: The portion of the signal loss spectrum in which narrowband signals were
employed. The diamonds indicate the center frequencies of each narrowband signal
where data was acquired. The diamonds appear at 7.9, 8.0, 8.1, 8.2, and 8.3 MHz.
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Figure 18: The portion of the group delay spectrum in which narrowband signals were
The diamonds indicate the center frequencies of each narrowband signal

cmployed.

where data was acquired. The diamonds appear at 7.9, 8.0, 8.1, 8.2, and 8.3 MHz. The
lower three frequencies occur in a region indicating slow group velocities, and therefore
we should expect our narrowband data to reveal slower than normal group velocities.




Figures 19-22 show the data for Phase 11 of the experiment, the phase in which
the 100 micron spheres were emploved. The attenuation spectrum depicted in Figure 19
contains tive peaks with the three most prominent peaks occurring near the regions of
approximately 7. 10 and 13.5 MHz. The phase velocity spectrum is shown in Figure 20.
Near the region of 7 MH7z the phase velocity drops to nearly 1.44 mm/ps. As frequency
increases the phase velocity rapidly increases corresponding to the first attenuation peak
of the spectrum of Figure 19. This behavior is apparent several more times for the rest of
the spectrum. The group delay spectrum is shown in Figure 21. The group delay exhibits
three negative delays occurring below 14 MHz. In the region just above 10 MHz there is
an extreme drop in the group delay exhibiting a delay greater than (more negative than) -
1.0 (mm/ps) . Another extreme negative delay appears between 13 and 14 MHz. This
delay is not as extreme as the one occurring just above 10 MHz, but the delay does
approach -1.0 (mm/us)'. The broadband spectra for attenuation, phase velocity, and
group delay show clear differences (shape. size and position of peaks) between the 160

pum and 100 pm diameter sphere suspensions.
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Figure 19: The attenuation spectrum for the 100 micron suspension taken in Phase I1I.
The spectrum reveals five attenuation peaks with the most prominent three peaks
occurring bellow 14 MH~z.
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Figure 20: The phase velocity spectrum for the 100 micron suspension taken for Phase
III of the project. Near the region of 7 MHz the phase velocity drops to nearly 1.44
mm/ps. As frequency increases the phase velocity rapidly increases corresponding to the
first attenuation peak of the spectrum of Figure 19,
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Figure 21: The group delay spectrum for Phase 1T of the project. The group delay

exhibits three negative delavs occurring near 7. 10 and 13 MHz with the most extreme
- |
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Figure 22: A comparison of the group velocity and phase velocity of the broadband
component of the signals employed in Phase 111 of the project. The vast difference
between the phase velocity (lighter shaded line) and the group velocity (darker line) are
seen.




The data for the narrowband results are reported in Figures 23-25. Both
bandwidths show agreement with the broadband data from 8.6 to 9.0 MHz in the
attenuation spectrum. The data from 9.8 to 10.4 MHz shows a greater variation. Both
bandwidths show a similar trend. but the signals with a bandwidth of 0.10 MHz show
greater agreement with the broadband  spectrum.  The group and phase velocity
comparisons are depicted in Figures 24 and 25. From 9.0 to 10.4 MHz the 0.1 MHz
bandwidth data show a greater increase in the group velocity where as the 0.4 MHz
bandwidth data show only a slight increase in the group velocity of this range of
frequencies. When moving to the region of frequencies between 8.6 and 9.0 MHz the 0.4
MHz bandwidth data shows a higher level of agreement with the broadband data than

does the 0.1 MH~ bandwidth data.
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Figure 23: A comparison between the broadband and narrowband attenuation

measurements for the Phase 11 data. The diamonds denote the center frequencies of the
narrowband signals with a bandwidth of 0.10 MHz, and the dots denote the center
frequencies  of those signals with a bandwidth of 0.40 MHz. A high level of
correspondence among the data is seen in the region between 8.6 and 9.0 MHz.
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Figure 24: A comparison between the broadband and narrowband attenuation

measurements for the Phase 11 data. The diamonds denote the center frequencies of the
narrowband signals with a bandwidth of 0.10 MHz, and the dots denote the center
frequencics of those signals with a bandwidth of 0.40 MHz. The 0.10 MHz bandwidth
data reveal a greater increase in velocity as well as correspondence with the broadband
values at frequencies between 10.0 and 10.4 MHz.
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Figure 25: An cxpanded look at the group velocity data. The diamonds denote the center
frequencies of the narrowband signals with a bandwidth of 0.10 MHz, and the dots
denote the center tfrequencies of those signals with a bandwidth of 0.40 MHz. When the

graph is zoomed in on the region between 7 and 11 MHz the deviation of the 0.10 MHz
bandwidth data from the broadband data becomes apparent.
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DISCUSSION

The narrow size distribution of microspheres along with the resonances exhibited
by the spheres across their scattering cross-sections account for the large dispersion
observed in all of the measurements. From earlier work (Mobley, 2007a), calculations
indicate a variation in the scattering-to-geometric cross section of the 160 pm spheres
from 0.1 at 2 MHz to 3.8 at 4.5 MHz. The region near 4.5 MHz shows a correspondence
between the negative delay and a Q factor of 10. The first phase of the project verifies the
prediction that negative group delays could exist in suspensions of similar volume
fractions (Mobley. 2005). These measurements also verify that the suspension is
significantly dispersive, even at a volume fraction of only 3%. The attenuation bands
from this Phase [ data are such that they can be easily identified experimentally while still
varying by an order of magnitude across the region of interest. (Mobley, 2007a)

One issue that must be addressed is the fact that in Phase I of the project only
broadband signals were used to make the measurements of attenuation and velocity.
With broadband pulses there exists no directly observable feature in the time-domain that
would point to the fact that the group delay became negative at any point. Directly
observable time-domain features in narrowband pulses that indicate that the group delay
is negative should exist, and investigating the directly observable time-domain features
related to abnormal group velocities is the purpose for Phases Il and 111

One aspect of data analysis that has been incorporated into earlier work is the use

of Kramers-Kronig relations which allow for the verification of consistency between the




dispersion and attenuation data extracted from the signals.  Kramers-Kronig relations
provide a mecans of calculating the group velocity directly from the attenuation
coefficient. and have been shown to provide accurate predictions for microsphere data
(Mobley 2005). Figure 26 shows the group delay of both the data and the predicted
Kramers-Kronig spectrum. This spectrum shows the high level of agreement between the
theoretical predictions and the actual measured spectrum verifying the Kramers-Kronig

consistency of the experimental results of Phase 1 of the project.
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Figure 26: A comparison of the group delay spectrum of Phase [ of the project with a

Kramers-Kronig prediction using the attenuation coefficient for the input. The Kramers-
Kronig prediction matches the data with a high level of agreement.
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In Phasce I a high level of consistencey between the broadband data and the earlier
Phase 1 result are observed.  The same attenuation spectrum is observed with the most
prominent pceak occurring near 4.5 MHz. Additionally the phase delay time and the
group delay time show agreement with carlier Phase 1 results.  The narrowband results
yield a trend that was anticipated. namely that the more narrowband the signal the closer
the time-domain enyelope amplitude and velocity will correspond to those measured by
the broadband technique.  In the case of the attenuation data, a high level of agreement is
seen between the narrowband and broadband data across all the frequencies for the lower
bandwidths. As bandwidth increases there is a greater deviation in attenuation values as
the frequencies are changed.  This trend is illustrated in Figure 27 which shows the
agreement between the broadband and narrowband measurements. The higher the level
of agreement. the closer the ratio falls to 1. For the bandwidth of 0.07 MHz nearly all of
the frequency measurements have ratios that fall near 1 where as the higher bandwidths
do not. The same idea can be seen in Figure 28 which compares the fractional
differences between the narrowband and broadband results. The fractional difference is

calculated using equation 8.

a(f . )lulrn wband a(f ¢ )hrmnllmml

(8)
o ( .f. )I»rc wadband

The closer the data falls near the zero line indicates a higher level of agreement between
the broadband and narrowband measurements. The fractional differences shown in

Figure 28 illustrate the high level of agreement across all frequencies at lower

bandwidths.
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Ficures 20 and 30 <show the inconsistencey of the group velocity of the broadband

and narrowband sionals \cross cach bandwidth there is a varying level of agreement

between the narrow band yvelocity and the accepted broadband velocity.
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Figure 27: A ratio comparison of narrow band and broadband attenuation data of the 160
micron suspension for cach tfrequency and bandwidth combination employed in Phase 11
of the project. The closer the ratio comes to | the higher the level of agreement between
the broadband and narronw band yalues. A higher level of agreement across all the center
frequencies is scen for lower bandwidths,
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Figure 28: A fractional difference comparison of narrowband and broadband attenuation
data of the 160 micron suspension for each frequency and bandwidth combination

employed in Phase T ot the project. The closer the values fall to zero the higher the level
of agrcement. )
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Figure 29: A rutio comparison of narrowband and broadband group velocity data of the
160 micron suspension for cach trequency and bandwidth combination employed in
Phase I of the project. A high level of agreement across all of the frequencies for the
lower bandwidths is not scen as much as in the attenuation data.
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Figure 30: A fractional difference comparison of narrowband and broadband group
velocity data of the 160 micron suspension for each frequency and bandwidth
combination employed in Phase 11 of the project. The low level of broadband-
narrowband agreement is depicted by the various differences displayed across the center
frequencies of all of the bandwidths.
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The broadband spectra are slightly difterent for Phase 111 due to the difference in
diameter ot the microspheres under study.  Although the different sample displays
different spectra. the general features of the data are the same. Notice that, as before, in
regions of high attenuation the phase velocity decreases and then rapidly increases
moving into regions of low attenuation. Additionally, the regions where the group delay
becomes negative correspond to regions of high attenuation as was seen in the previous
data. The details of the attenuation spectrum are difterent for this sample in that it shows
several regions ot higher attenuation than the lowest trequency band. Also the group
delay curve becomes negative at a greater number of frequencies in this data than it does
in the previous data.

The results of the group velocity measurements for both the broadband and
narrowband data are summarized in Figures 31 and 32. Figure 31 depicts the data for the
frequencies ranging from 8.6 to 9.0 MHz. The data show some agreement over that
range of frequencies. Interestingly at the lower frequencies the 0.40 MHz bandwidth data
shows a slightly higher level of agreement with the broadband data than does the 0.10
MHz bandwidth data. At 9.0 MHz the difference between the two bandwidths and the
broadband values is small. Figure 32 shows a comparison of the narrowband and
broadband data for the frequencies between 9.8 and 10.4 MHz. The data for the lower
frequencies show a high level of agreement. At 10.2 MHz there is a drastic change in the
agreement, and the lower bandwidth data (0.1 MHz) shows a higher level of agreement

with the broadband data. This frequency falls in a region of high attenuation.
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Figure 31: A comparison  of the broadband and narrowband group velocity
measurcments of the TOO micron suspension of Phase 111 of the project. Frequency range:
8.6 10 9.0 MH/. The data show a higher level of agreement as frequency increases.
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Figure 32; A comparison  of the broadband and narrowband group velocity
measurcments of the 100 micron suspension of Phase I of the project. Frequency range:
9.8 to 104 MH/. The data display a high level of agreement at lower frequencies but
begin to vary greatly around 10.2 My (a band of high attenuation).
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One Final Note

We hnow that even though our data show abnormal group velocities we are not in
violation of Einstein's special theory of relativity that states no information can be
transferred taster than the vacuum speed of light. The key to reconciling relativity and
superluminal acoustic velocity lies in the understanding of the nature of the shaped
acoustic pulses that we propagate. The signal can be thought of as a continuous sine wave
of constant amplitude and is the substance of the wave (it physically exists). The
envelope multiplies this and can be thought of as a shape that rides on top of the sine
wave. The sine wave is cut off in time and travels at (or near to) the phase velocity. The
envelope can travel at whatever speed it wants, but it can only exist when riding on top of
the sine wave pulse because it has no physical existence of its own. So if it tries to outrun
the sine waves it rides on, it ceases to exist.

Einstein’s relativity states that information cannot travel faster that c, the speed of
light in vacuum. We can think of the wave packet as a finite train of sine waves (the
carrier) with some envelope (i.e.. shape) imposed upon it. In the experiment our pulse
can be thought of the signal that contains information encoded in the envelope, and the
leading edge of the pulse determines the ultimate speed at which we can transfer this
information. The pulse envelope (which effectively encodes some information onto its
carrier) would have to somehow pass the leading edge in order for the information to be
transmitted faster than our carrier wave. This, however, is not the case. When the wave
propagates through the sample nothing can pass the leading edge of the wave packet that
supports the envelope and travel faster than ¢, otherwise the principle of relativity will be

violated. Although the cnvelope may be traveling at extreme speeds, it never actually
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passes the leading cdge of the wave. For the data that show the speed of the pulse
envelope 1o be abnormally large and even greater than ¢ no portion of the envelope
actually ever passes the leading edge of the wave packet. When the envelope attempts to
outrun the carrier. attenuation dampens it out effectively preserving the causal nature of
the process. The envelope cannol travel bevond the carrier pulse that supports it, and
therefore no information is actually transmitted faster than light. The edges of the pulse

propagate at an ordinary acoustic velocity, and the laws of relativity are obeyed.
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CONCLUSION

In this project acoustic waves were used to measure dispersion properties of two
suspensions that were shown o support superluminal group velocities. The suspension
used in the first two phases of the project had a mean particle diameter of 160 microns,
and the suspension used in the third phase had a mean particle diameter of 100 microns.
In Phasc [ the suspensions were studied using broadband pulses with bandwidths from
around 2 to 20 MH/. The group delay spectrum revealed that the suspensions do in fact
support superluminal group velocities.  These velocities occur near the negative delay
region found ncar 4.5 MHz. The resuits of Phase 1 were also verified using Kramers-
Kronig relations.  During Phase 11 and I narrowband methods were used in order to
obtain directly obscervable time domain measurements of abnormal velocities. The results
of both phases showed a variation between the broadband and narrowband data. At
certain frequencies and certain bandwidths the narrowband calculations have varying
levels of agreement with the broadband results. None the less, the data do show

abnormal group velocities.
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