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Abstract

The Earth is regularly vibrating with energy from seismic waves, which can
be caused by natural tectonic movement or through high energy events on the
surface. Studying these events with seismometers can be incredibly useful, but the
instruments can be very expensive, especially the goal is to measure submarine
seismic waves. The goal of this project is too examine how Michelson interferometry
could be combined with existing fiber cables that run through the ocean in order
to construct a useful seismometer. The project was able to show which properties
of a Michelson interferometer could be useful in seismology and which needs the
interferometers would be filling.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Seismic Waves
Seismic waves are waves that propagate through the solid medium of Earth. They

range in frequency from as low as 0.1 Hz to around 100 Hz [8]. The waves behave
in a similar way to most waves, propagating outwards from a source, and undergo
properties such as reflection, refraction, and diffraction [21] [24]. The vibrations are
used to study the Earth’s surface, its interior [3], and unknown properties associated
with Earth’s seismicity [5]. The most popular area of study in seismology is the
study of earthquakes, which occur when the Earth’s lithosphere suddenly releases
energy in the form of seismic waves.

There are two major types of seismic waves: body waves and surface waves.
Body waves travel inside the medium of the Earth. There are two forms of body
waves: compression waves and shear waves. Compression waves (also known as
P-waves) are the fastest wave type, and operate through compression and expansion
of the Earth. Shear waves (also known as S-waves) are transverse waves that vibrate
perpendicular to the direction of the wave. These waves are slower than P-waves
and are unable to travel through fluid mediums such as air, water, or molten rock
[16]. Surface waves are also broken into two categories: Rayleigh waves and Love
waves. Rayleigh waves cause surface vibration in an elliptical pattern, whereas Love
waves move earth horizontally in a direction perpendicular to the direction of motion.
Love waves are faster than Rayleigh waves, but all surface waves generally have
slower velocities than body waves. Among other factors, the velocities of all seismic
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CHAPTER 1. INTRODUCTION

waves depend greatly on the density of the medium through which they travel.
When measuring earthquakes, P-waves are the first to arrive due to their high

velocity. The largest waves upon arrival are the surface waves. Since their prop-
agation is not only slower, but also limited to just the surface, they have more
energy and higher amplitudes than body waves [10]. Hence, P-waves provide the
first detection, and surface waves become the largest contributor to the destruction
caused by Earthquakes.

1.2 Earthquakes
Many of the world’s most destructive natural disasters are a result of seismic

activity. This activity is what causes earthquakes and tsunami, as well as often
triggering volcanic activity. These events are triggered by natural tectonic movement.
While anthropogenically induced seismicity has been confirmed to happen from
events such as explosions, the effects are almost exclusively low magnitude, and are
not the major concern of this study.

Figure 1.1: Fatalities as a result of natural disasters [15]

Seismically triggered natural disasters are responsible for tens of thousands of
lives being lost each year, the global loss of tens of billions of US dollars annually,
and are known to disproportionately affect poverty-stricken communities [23]. Figure
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CHAPTER 1. INTRODUCTION

Figure 1.2: Global economic cost of natural disasters [15]

1.1 shows that as floods and droughts have become less fatal in recent decades,
seismic events have become the most deadly natural disaster.

Due to this enormous cost, both financial and in the toll of human lives, many
resources have been invested into earthquake seismology. To this day, scientists have
never been able to predict a major earthquake before it happens. However, with
continued study, more can be learned about the process, signals, and properties
associated with earthquakes.

1.3 Seismometers
The measuring of seismic waves is done with seismographs. In a seismograph,

a seismometer is used to record the ground motion which is then analyzed and
combined with other data to produce a seismogram [21]. This study focuses on the
seismometer component of seismographs.

Most seismometers operate using the principle of inertia. A mass on a spring
hangs within a frame in such a way that the mass has a very high inertial mass.
Two magnets are often used to create a magnetic field around the mass. As the wave
passes through the earth, it moves the frame a great deal more than the interior
mass, allowing the wave to be measured using the movement of the mass relative to
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CHAPTER 1. INTRODUCTION

the frame [14] [9].

1.3.1 Experiment Outline

The vast majority of seismometers exist on land, but there do exist seismometers
developed to study underwater seismic waves. These are called Ocean-Bottom
Seismometers (OBS) and are currently deployed in areas across the globe [6]. There
is also a theory of using existing fiber cables in an interferometer to act as an
ocean seismograph, which has been well studied [22] [25] [4] [12]. The goal of
this project is to examine the type of interferometer that could be used in an
interferometric seismometer and analyze the potential usefulness of this type of
ocean seismometer. In Chapter 2 we detail the experimental interferometer, the
data collected, and discuss further adjustments that could make it a more effective
seismometer. Chapter 3 contains a study of implementation possibilities and we
then compare to current seismometers. Lastly, the findings are summarized and
discussed in Chapter 4.
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Chapter 2

Michelson Interferometer

2.1 Basic Michelson Interferometer
Interferometers combine multiple wave sources to create an interference pattern

that can be used for analysis. The devices traditionally use beams of light and have
become highly important due to the precise measurements that can be made based
on the interference pattern produced. Of the numerous different types of optical
interferometers, the Michelson interferometer is one of the most common and most
popular. Created by the physicist Albert Michelson in 1887, this interferometer
creates an interference pattern from a single source beam. The basic layout of a
Michelson interferometer can be seen in Figure 2.1

M₂

M₁

BS

Laser

Detector

L₁

L₂

∆L

Figure 2.1: A simple Michelson interferometer. BS: Beamsplitter, M:Mirror.
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CHAPTER 2. MICHELSON INTERFEROMETER

The single beam emitted by the source is split by the 50/50 beamsplitter. Two
beams then travel to two mirrors, which reflect the beams back to where they
recombine and get detected. The idea of a Michelson interferometer is that the
length of the two legs over which the split beam travels determines the interference
pattern. The energy of the first beam is

E1 = E0

2 e2ikL1 (2.1)

and the energy of the second

E2 = E0

2 e2ik(L2+∆L) (2.2)

where k = 2π
λ

and E0 is the amplitude of the original beam. These equations assume
that the beamsplitter has perfect 50/50 transmission/reflection and the mirrors have
perfect reflection. In this simple Michelson interferometer, we can also assume that
the legs are of equal length L1 = L2 = L. This allows us to combine equations
Equation 2.1 and Equation 2.2 to form the equation

Eout = E0

2 e2ikL(1 + e2ik∆L) (2.3)

This output equation is what determines the interference in the simple Michelson
interferometer.

2.2 Experimental Setup
The experimental setup built for this project is very similar to the basic Michelson

interferometer. Using a free-space optical beam, the setup has a layout that can be
seen in Figure 2.2.

A 1550 nm laser was used to produce the light beam. This places the interferom-
eter in the Infrared region of the light spectrum. To control the length of the second
leg of the beam, and therefore control the path difference, the mirror M2 was placed
on a movement stage. Another addition was the third mirror, M3. This was added
to grant an extra degree of freedom to the setup. The ability to adjust M3 to alter
the beam’s path grants the user more control, and therefore more precision when
positioning the beam.
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CHAPTER 2. MICHELSON INTERFEROMETER

M₂

M₁

BS

Laser

Camera

M₃

Analyzer

∆L

Figure 2.2: A Michelson interferometer with an added camera to capture the output
beam

Figure 2.3: Circular fringes caused by
interference of the beams Figure 2.4: Camera images are blurred

2.2.1 Interference Pattern

This interferometer created the interference pattern that can be seen in Figure 2.3
and Figure 2.4. Well-aligned beams will create a fringe pattern similar to Figure 2.4,
with alternating rings of light and dark fringes that correspond to constructive and
destructive interference. Ideally, the pattern would have stricter fringes, possibly
of the spacing seen in the corners of Figure 2.4. The blurred nature of the above
figures is likely due to the intensity of the beam being too high for the camera which
result in saturation of the pixels.
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The pattern of the fringes is dependent on the path difference in the interferometer.
Constructive interference occurs when

2k∆L = mπ (2.4)

for some m ∈ Z+. Destructive interference happens when

2k∆L = (2m + 1)π (2.5)

2.2.2 Fringe Analysis

The distance between fringes can be measured by observing the fringe pattern.
Taking a line profile of Figure 2.3can show the fringe spacing across a vertical
or horizontal line. This vertical line profile can be seen in Figure 2.5 The profile
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Figure 2.5: Circular fringes caused by interference of the beams

shows the total intensity at each x-coordinate of the image. This intensity is not a
measurement of the maximum intensity for the interferometer however, as the beam
strength was reduced to preserve the effectiveness of the camera. The camera used
to capture the image was a Xenics Bobcat 320 Series. The specifications of this

8
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device exhibit 320 x 256 pixels and a fringe distance of 20 µm. The fringe distance
is defined as the distance from the center of one pixel to the next, hence it shows
the size of the pixel. Using the pixel size and vertical line profile, we can calculate
the distance between consecutive dark fringes to be approximately

when

m2 − m1 = (128 − 82)20µm = 920µm (2.6)

We find this value to be slightly less than one millimeter.
The vertical line profile can more clearly show patterns that are present in the

image. For example, one can see that the two deepest minima in the graph, present
at the blue and red lines, have very similar intensities. This could suggest that
the maximum in between the two is the center of the pattern and a bright spot.
However, one can see from Figure 2.4 that the center of the fringe pattern is dark.
This implies that the central red line shows the center dark fringe, and the left blue
line is showing the first destructive interference fringe outside the center. The reason
the two have such similar intensities is because, as observable in the image, the
fringe pattern is asymmetric and stronger towards the left side.

2.3 Experimental Data
Once the interference pattern was observed, the camera was then switched out

of the setup to be replaced by a photodiode. As seen in Figure 2.6 this photodiode
collected infrared light and transmitted the information to an oscilloscope for analysis.
The photodiode converts the light collected into an electric current, and it then
relays this current to the oscilloscope. The oscilloscope receives a voltage which
it can then use to determine properties of the interferometer beam such as the
frequency or power amplitude, then display this information.

In this experiment the oscilloscope was used to examine the relationship between
the stage movement and the output power of the beam.
It can be shown that the output power depends on the phase difference [22] such
that

Pout = Pin

2 (1 + cos(ϕd)) (2.7)
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M₂

M₁

BS

Laser

PD

OscilloscopeM₃

∆L

Figure 2.6: The final setup replaces the camera with a photodiode to capture the
output beam

where ϕd = 2k∆L.
From this equation, it can be seen that varying the leg length at a constant rate

will result in a sinusoidal curve of the output power [11]. The peaks of this curve
would represent constructive interference of the beam, and the troughs destructive
interference. The experimental measurement of this effect can be seen in Figure 2.7.
This waveform was captured by moving the stage at a constant rate and observing
the data on the oscilloscope. We can see that the wave is fairly smooth, showing
little effect of noise on the measurement. Another element of Figure 2.7 to note
is how the troughs of the curve do not reach the x-axis. If completely destructive
interference were happening in the photodiode this value should be periodically
reaching zero.
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Figure 2.7: Voltage varying as the stage knob is turned at a constant rate

2.4 Noise
When dealing with a precision instrument such as an interferometer, it is im-

portant to address the noise involved when taking measurements. From observing
Figure 2.7, a reader could assume that there is little noise involved when collecting
data. If the noise did prove to be an issue in a seismometer version of this interfer-
ometer, a second photodiode could be introduced to measure the initial intensity
of the beam, as was done by Watchi et al. [1]. It is true that this interferometer
collects precise data on the desired scale, however it also was quite susceptible to
environmental disturbance. Figure 2.8 shows the measurement of the stationary
interferometer when the table on which it rests is being tapped. Each tap resulted
in a voltage spike that is quite significant relative to the amplitude range of the
interference. This is a factor that did not cause issues in this experiment, but
would need to be addressed were this setup to be converted into an interferometric
seismometer.
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Figure 2.8: Noise produces by regular taps on the table

2.5 Heterodyning the Interferometer
To make an effective seismometer, the Michelson interferometer setup could be

altered to form a heterodyne phasemeter as it was in previous work [22]. The first
adjustment would be switching to a fiber setup, and adding a long fiber to one
leg. Next steps would involve swapping the mirrors for faraday mirrors to increase
sensitivity, adding an acousto-optic modulator (AOM) to shift the frequency, which
would enable us to add an I/Q demodulator to finally heterodyne the setup. There
could also be additions of another photodiode to reduce intensity noise and an
isolator to reduce frequency noise. Since noise will no doubt be a factor in a large
setup such as this, the analysis should also include a noise-correction algorithm to
correct for frequency and temperature noise [7].

The I/Q demodulation is done to determine the direction of the disturbance. This
is done by splitting the beam in two and performing synchronous demodulation [13].
If the power going into the modulator is

P = Pin

2 (1 + cos(2Ωt + ϕd)) (2.8)

where 2Ω is the shift from the AOM and ϕd is the optical phase, we can isolate ϕd

by modulating one beam with a cosine function and the other with a sine function.
For example, to modulate with cosine we would use simple trigonometric identities
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to isolate a term with ϕd

P = Pin

2 [1 + cos(2Ωt)(cos(ϕd) − sin(ϕd)sin(2Ωt))]cos(2Ωt) (2.9)

One could then distribute the cosine and through more arithmetic obtain the
equation:

P = Pin

4 [2cos(2Ωt) + cos(ϕd) + cos(2Ωt + ϕd)] (2.10)

Modulating with sine uses a similar process and results in a similar equation. They
can then be passed through a low-pass filter to get rid of all functions with the Ω
term. This successfully isolates ϕd, and results in equations

I = Pin

4 cos(ϕd) (2.11)

Q = −Pin

4 sin(ϕd) (2.12)

We can then combine equations (2.11) and (2.12) to solve for ϕd

Q = −I

cos(ϕd)sin(ϕd) (2.13)

−Q

I
= tan(ϕd) (2.14)

ϕd = arctan(−Q

I
) (2.15)

Through I/Q demodulation, the optical phase term has been isolated outside of the
cosine. This heterodyne phasemeter would be a functional addition to the simple
Michelson interferometer, giving it the important ability to determine the exact
value of the differential phase.
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Chapter 3

Ocean Seismometers

3.1 State of Ocean Seismometers
The goal of altering this simple Michelson interferometer into a seismometer

using existing fiber would have the greatest benefit in measuring oceanic seismic
waves. While the theory could be used with land cables, there is a much greater
need for seismic measurements in the ocean. Existing fiber cables could provide
seismologists the opportunity to more accurately measure substantial areas that are
currently sparsely populated with seismographs.

In the present day, roughly 1900 seismometers are deployed in the ocean, com-
pared to about 11,500 on land [20]. This implies that less than 15% of seismometers
are oceanic. This is understandable due to the relative ease of land seismometers,
but evidence suggests that Earth’s most important seismic activity is occurring
underwater. 71% of Earth’s area is covered by water. An estimated 72-82% of
tsunami are caused by underwater earthquakes [2] [19]. Additionally, the majority
of the area in the Ring of Fire subduction zones is underwater, as seen in Figure 3.1:

. This area is responsible for the majority of Earth’s volcanoes and an estimated
90% of earthquakes occur there [10]. For this reason, a great deal of ocean seis-
mometers are deployed along coasts in this area. However, there is still a great deal
of ocean that is poorly mapped by seismometers. Due to the large surface area and
expensive nature of ocean seismometers, this is a difficult task to accomplish.
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Figure 3.1: Subduction zones in the Ring of Fire (also known as the circum-Pacific
belt) [17]. Subduction zones are plate boundaries in which one plate is being pushed
down into the mantle by another.

3.1.1 Ocean-Bottom Seismometers

The majority of ocean seismometers are known as Ocean-Bottom Seismometers
(OBS). They operate much in the same way that land seismometers do, but at a
much higher cost. OBS often require expensive hydrophones (OBH) to accompany
them. The cost of maintenance and deployment is higher due to lack of access and
shorter life span. With all of those costs excluded, an OBS still costs roughly 5
times what a land-based seismometer would [20].

3.1.2 Floating Seismometers

A more inexpensive option compared to OBS is the floating seismometer. Floating
seismometers were developed as a more cost-efficient alternative to OBS. Today, a
network of devices known as MERMAID (Mobile Earthquake Recording in Marine
Areas by Independent Divers) has about 50 devices deployed in the field [18]. The
instruments are about a third of the price of an OBS, and float beneath the surface
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automatically until they sense seismic activity and rise to the surface to transmit
data. Trading ease for accuracy, the MERMAID network is much less precise
than OBS. Recall that S-waves cannot propagate through fluids, which makes the
MERMAID network completely unable to detect this type of wave.

3.2 Michelson Interferometer as an Ocean Seis-
mometer

The basic Michelson interferometer would need to be altered and tested much
further in order to serve as a functional seismometer. It can be seen from Figure 2.8
that the interferometer is incredibly sensitive to environmental noise, something
that would need to be addressed when adjusting the setup. An ideal Michelson
interferometer would have complete interference when the path lengths are equal.
By observing figure Figure 2.7 one can see that the experimental interferometer
had a minimum potential difference of about 0.1 V, which implies that the beams
are slightly misaligned. It is important that the beams be well aligned in the
interferometric seismometer so that every frequency of wave can be observed.

Other than those issues, however, the setup does function as a working inter-
ferometer. It is likely that with adjustments specified in Chapter 2, it could be
converted into a working seismometer. Based on the data from previous experiments
[22] [25] [4] [12] this is a feasible task, and a promising option for an ocean seismome-
ter. With minimized noise and high enough precision, this type of interferometer
could prove very effective at measuring both low frequency P-waves and higher
frequency surface waves.

Further improvement is possible if this becomes a popular seismometer type. If
the device becomes active across multiple fiber paths, a localization technique could
be deployed using the different paths to determine the source [4].

Potential drawbacks to the device include difficulty implementing on existing
cables, a high cost associated with the interferometer, and difficulty determining the
exact behavior of the displacement wave.
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Chapter 4

Conclusion

In this project, we constructed a simple Michelson interferometer designed to
test infrared light. This included making minor alterations to a basic Michelson
interferometer, constructing a photodiode circuit, and collecting data with a camera
and oscilloscope.

Further, the data obtained from this interferometer setup was used to examine
the possibility of a Michelson interferometer being used as a seismometer when
combined with marine fiber cables. This was compared to the current state of marine
seismometers and properties of seismic waves. We found that there is a definite need
in the field for affordable instruments to measure seismic waves in marine areas, and
the Michelson interferometric seismometer has the potential to fill that need.
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