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I. ABSTRACT

Cosmic Explorer (CE) is a concept for a future, third-generation gravitational wave observatory
comprising two widely separated, large scale interferometers, up to 40 km in length, situated in North
America. CE will be 10 times larger than the current Laser Interferometer Gravitational Wave
Observatory (LIGO). Potential CE sites must have low environmental noise including seismic, acoustic,
and electromagnetic backgrounds. In order to assess the suitability of potential Cosmic Explorer locations,
we performed a series of initial tests of seismic, acoustic, and magnetic instrumentation and hardware.
Tests were carried out at LIGO Hanford Observatory and at nearby offsite locations. The overarching goal
of this project is to create a portable kit containing the necessary site-assessment instrumentation, such as
a seismometer and magnetometer, while ensuring the equipment is accurate, reliable, weather-proof, and
simple to transport and use for CE site testing. Another aim is to write a ‘CE Kit Setup on Site Surveys’
user manual to serve as a CE Quick Guide (CEQG) for setting up the instruments in the field and
analyzing data on the go. The experiments performed in this project are a pathfinder in evaluating
environmental noise at potential Cosmic Explorer sites.

II. INTRODUCTION

2.1 GW Science

In a Universe that runs and breathes off of waves, from mechanical, longitudinal, and seismic, to acoustic
and electromagnetic waves, perhaps the one most difficult to grasp is the gravitational wave. The
prediction of gravitational wave existence and detection spans early on from thinkers and physicists like
Albert Einstein (1916) and others was mathematically difficult to accept and to virtually even prove and
detect from Earth [1]. 10,000 times smaller than the nucleus of an atom [2], these incredibly small
measurements are the source of astrophysically violent merger events in space, such as colliding neutron
stars and coalescing black holes mergers [3]. However the vision that theoretical physics birthed and
understood, needed aid from a collaboration of engineers and experimentalists (see figure 1).
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2.2 LIGO

The Laser Interferometer Gravitational-Wave Observatory (LIGO) consists of two detector sites, LIGO
Hanford Observatory (LHO) in Washington State, and LIGO Livingston Observatory (LLO) in
Livingston, Louisiana, and is co-managed by Caltech and MIT. These entities make up the LIGO
Laboratory, which is the primary member of the LIGO Science Collaboration (LSC), which includes over
1600 physicists, data analysts, computer scientists, operation specialists, mechanical, electrical, vacuum
engineers, undergraduate interns, post-doctoral students and more [4]. Fundamentally, LIGO is a
Michelson interferometer consisting of two 4 km-long laser beam arms (see Figure 2), which act as a light
ruler, bouncing laser light back and forth between suspended mirrors, and recombining the beams to
generate an interference pattern. A passing gravitational wave causes the arms of the interferometer to
alternately stretch and compress by amounts about 1/1000 the diameter of a proton [5].

At 09:50:45 UTC of September 14, 2015, the LIGO detectors in Hanford, WA, and Livingston LA,
observatories detected GW150914 (see Figure 3), which resulted in three Nobel Prize winners Kip
Thorne, Rainer Weiss, and Barry Barrish, and the first detection of gravitational waves. [6]
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Figure 2. Basic interferometer design diagram Figure 3. First gravitational wave detection at the
Livingston (right) and Hanford (left) detectors
compared to the theoretical predicted values.

2.3 Future Cosmic Explorer

Cosmic Explorer detection will be revolutionary in its 10 times larger laser beam arms and increasingly
more sensitive technology and measurements abilities. It will not only reveal more information about
black hole and neutron star merger events, but it might also carry information from dark and exotic
matter, the early universe, cosmic (super)strings, gravitational-wave (GW) emission, the cores of stars,
and more.

In a broader context, CE aims to reach and plant deeper roots with Indigenous Partnerships to include the
cores and values of communities. The Indigenous Partnership Program (IPP) will work on fostering
involvement in the project in ways that will integrate engaging traditional knowledge, community rights,
consent, and interest with the science and discovery that lay ahead. The Equity, Diversity, and Inclusion
plan are all that the CE project and Consortium aim to address on this visionary project [7].



III. INSTRUMENTATION

3.1 Software Learning

The first two weeks at LIGO Hanford Observatory (LHO) consisted of testing the instruments for CE Site
surveys, from making sure everyone can control both analog to digital converters (ADCs) from their
laptops whether they have PCs or Macbooks, to getting the WebDAQ to display real-time FFTs for both
the magnetometer and seismometer. We also worked on a breakout box so that we could send
seismometer signals into the WebDAQ BNC inputs,and so that the seismometer could be plugged into
both a WebDAQ (section 3.1.1) and minimus (section 3.1.2) as a robust system.

3.1.1 WebDAQ

The WebDAQ is a logger device for the seismometer and magnetometer. It is designed for remote
monitoring and can be used to communicate with the device over a network connection using the web
interface on a web browser. To use the WebDAQ, we connected it to a Local Area Network (LAN),
connected it to a power supply, and typed in the web address on a browser window. From there, we could
create new seismic and magnetic runs out on the field while performing site tests, and later download the
files to run through our code [8].

3.1.2 Minimus

The Guralp Minimus is a combined digitiser and advanced communications unit which controls the
seismometer and allows us to lock and unlock it. Guralp manufactures seismic instrumentation and
monitoring systems. The first few weeks on site, we realized that, though the minimus was helpful in both
controlling the seismometer’s digital functions and displaying the data, it lacked a few elements because
the WebDAQ was able to hold more storage, display live Fast Fourier Transform (FFT) data, and is
accessible through a graphical user interface (GUI) [9]. However we discovered that the minimus and
WebDAQ were not compatible with each other. The minimus cable could not connect to the WebDAQ
BNC input.

3.2 Hardware Tests and Improvements

3.2.1 PERRY (Physical Environmental Readings RelaY)

Because of this issue with WebDAQ to the minimus connection, we created a breakout box which we
named PERRY, a backronym for Physical Environmental Readings RelaY. The PERRY box was
essentially a shell for us for cutting into the magnetometer cord that holds 26 wires, and then soldering
only the six that we needed (2 wires per connector, as a seismometer has three swinging pendulums to
show seismic movement and measures vibrations in the X (north-south), Y (east-west), and Z (up-down)
direction) [10]. This allowed us to create the system to work both with the WebDAQ and the minimus, as
the seismometer is inoperable without the minimus.

Putty was also applied to prevent the cord from breaking the soldering work on the wires. However, it did
not last long so electrical tape and worm gear clamps were used as well to be as robust and durable as
possible in the outside heat.



Figure 4. Soldering PERRY, the breakout box for Figure 5. C. Campos securing the cord attached to PERRY Figure 6. PERRY attached to the Seismometer
for the WebDAQ and seismometer

IV. FIELD TESTS

4.1 Seismometer

The first few starting weeks mostly consisted of test trials (not measuring real/usable data), building an
accessible CE site kit and setup, as the ultimate goal is to identify transient noise sources that may not be
suitable for housing CE. For the seismometer, we spent the first few weeks driving around to various
LIGO buildings searching for a smooth as possible granite slab to minimize any soil, rock, and ground
noise. We also searched for and tested a handful of bins large enough to cover the seismometer
(40-gallons worked best) for wind protection, from sun exposure, and the thermal insulation, as well as
trying to keep the temperature underneath the covering more controlled.

About the second half of the summer we got to testing real data. From finding multiple locations along
the side of LIGO X and Y arms, we would rotate from standing up on top of hills and staring at trucks for
an hour. We would take 30-minute shifts and document the types of trucks that passed, as the type is an
indicator of the type of frequency we would receive in the data due to the vehicle's weight and distance of
the wheels. Shorter trailers create higher frequencies as their wheels are closer together and travel across
road bumps in less time. The frequencies of a 5th of a second between bumps will be 5 Hz, because the
time in between is 1/frequency.

Seismo Runs
SB = Southbound; NB = Northbound; T = Truck; TT = Tractor Trailer; NTT = Non Tractor Trailer
Date Test Time Direction of Truck Type
Travel
07/30/24 1 11:28 SB NTT
07/30/24 2 11:33 NB TT
07/30/24 3 11:35 SB TT
07/30/24 4 11:37 SB TR
07/30/24 5 11:39 SB TT
07/30/24 6 11:41 SB 2TT




07/30/24 7 11:45 On SR10 Possible TR
07/30/24 8 11:51 SB TT
07/30/24 9 11:52 AIRPLANE
07/30/24 10 11:52 SB TT
07/30/24 11 11:52 NB TT

Figure 7. 07/30 Seismo Runs, figure created by author Milena Tsioma
4.2 Magnetometer (and Techniques

Taking out the van at LIGO and nearby roads, we scouted out a series of locations from power lines to
measure their electric field intensities the further vs. closer we moved with our magnetometer. The
magnetometer tests listed below are from 07/27/24 down Alabama road where we marked and pinned
down the coordinates to find the distances to the power line distances back in the lab, using a Haversine
formula Calculator, which calculates distances between longitude and latitude points and takes into
account the Earth’s curvature [11].

We experimented with a range of techniques with measuring the magnetometer and keeping it as still as
possible. We dug holes in the ground near the side of the LIGO arms and hit the side of the hole with a
sledgehammer to measure if we could see the reflections of the sound (through the WebDAQ) from the
geology. We then search for less rocky covered soil locations that were more easily to quickly dig a hole
to place the magnetometer into to keep it still. We would cover the magnetometer with a trash bag to keep
it clean, and also tried mounting the magnetometer onto a tripod to keep it still as well. Another method
that was exercised was doing an AC coupling and using a high pass filter to shrink anything under the 10
Hz noise range.

After returning back into the Electrical Engineering Lab (EE Lab) we would then organize our data taken

on the go onto more readable lists such as the one listed in figure # below, creating faster techniques for
data measurement on the go to be placed in the CEQG for future CE site testing scientists.

MAGNETO RUNS

DATE SPOT LOCATION COORDINATES POWER LINE COORDINATES |DISTANCE (Optional, see
Haversine Online
Calculator)
07/26/24 00 46.430405, -119.401833 3.028 k
(46.439646 N, -119.437774 W) ( ’ ) m
3/4th down Y-arm
07/26/24 01 (46.430405, -119.401833) 0.1221 km

(46.4295370 N, -119.4008581 W)
SR10 Junction

07/26/24 02 (46.4297519 N, -119.3955195 W) (46.432280, -119.399843) 0.4345 km
Trooper
26/24 46.434 -119. 11 7951 k
07126/ 03 ((46.4300780 N, -119.3893300 W) (46.434097, -119.397911) 07951 km
Last

Figure 8. 07/26 Magneto Runs, figure created by author Milena Tsioma



4.3 CE Site Kits
4.3.1 Building the Prototype

A robust, durable, lightweight, and travel-friendly case with wheels for carrying the equipment is
necessary for performing site testing and noise measuring tasks. After our first trial of bringing the cords
and wires attaching everything from the magnetometer to the seismometer to the laptop for data viewing
and the car as a power source, we noticed our equipment was heating up quickly due to the summer sun
exposure (in Hanford, WA, roughly 88-103 degree days). As laying the equipment exposed onto the dirt
(see figure #) with various creatures and insects crawling by was not the most long-lasting option, we saw
the need for a case that both offers sun protection and the ability to carry everything efficiently. We then
later packed our instruments securely with shaped foam into the borrowed pelican case. After a few weeks
of using Prototype 1, we ordered a two H-7695 1610 Model 22 x 17 x 11” Pelican equipment cases [12],
one for the outside to reach the seismometer, holding the WebDAQ, Minimus, the magnetometer box
(BART), a powerstrip, PERRY for the seismometer, and the second case for the car, holding the extension
cords, ethernet cables, GPS, power strip, car inverter, and laptop (see figure #).

Figure 11. Both Pelican Cases Prototype 2

An impactful difference between the second from the first
prototype is that Prototype 2 has wheels and a handle
turning it into almost a suitcase, making it more practical
to roll from airport to airport rather than carrying the
equipment.

Cord management and assembly was also an issue that
arose in the first few weeks of outdoor field work. Solving
this issue, we turned our whiteboard drawing into a Kit
Circuit Map (shown in figure #) which C. Campos created,
and will be added to the CE Quick Guide Manual (CEQG)
for providing a visual in speeding up the setup process.

Figure 12.. Kit Circuit Map created by C. Campos



V. DATA ANALYSIS ON-THE-GO

The following plots were run through an offline code created by C. Campos used to analyze both seismic
and magnetic data retrieved off the WebDAQ during site surveys [13].

5.1 Lab Test Trials

We first discovered a problem with the Fast Fourier Transform (FFT), a mathematical algorithm
converting time-domain data into frequency-domain data that was only displaying 1 second of the seismic
and magnetic data. To be able to display 10 seconds or more, Carlos Campos began to work on a code
[13]. From here we were able to download the file from the WebDAQ, remove the data from the
comma-separated value(CSV) file, and copy the pathname into the code to pull up a better view as
displayed in figures #-# below. I also made multipanel plots for each of the three channels, as it was
difficult to separate the East (blue) form the Z (black) on the plot as they would blend together. This led
us to experimenting with the MatPlotLib color options [14], trying out anything from the color-blind
friendly options, to taking our laptops outside and making sure the screen would be visible against the sun
during site assessments. As most of the yellows, oranges, and some greens did not pass, the “lightgreen”
seemed to work best for us and was more visible than “limegreen” and other options, as well as separable
from the blue East direction channel.
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Figure 13. Test Trials of Seismic Data



5.2 Seismic Field Data

Displayed in figure 14 and figure 15 below, the 60 Hz noise is showing the electronic
interference from the world’s alternating current electricity. The 120 Hz is the second harmonic,
and the third would be 180 Hz, but it is not visible in figure 14 below. The 1-10 Hz noise range
was from the passing trucks and vehicles and any traffic near LIGO. One of the main purposes of
these experiments was to identify transient noises. The spectrogram on the right displays the
same seismic file in the PSD on the left. Though it is not the best representation of transient
noise data we were looking for, it is a starting point for a code that can be built upon and
sharpened for future CE site survey utilization. The darker lines in between the mid-to high
frequency spots are noise drops in the data.
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5.3 Magnetic Field Data

A constant current is displayed in the figure on the
right. If there were more spikes and higher or scattered
frequencies in the Z, Y, or X directions, that would : Teiss
indicate the site is not a good choice for CE. This
specific magnetic field data was taken on 08/02/2024
down Alabama road (coordinates: 46.4308163,
-119.3806148), from the powerline at about
(46.438573, -119.392968) with a distance in between
of 1.281 km using the Haversine calculation [15].
Though the spectrograms shown may not seem as the
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most useful in searching transient noises, they are
useful for identifying a CE site candidate with less
fluctuating and inconsistent current in the surrounding
magnetic fields.
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Figure 16. Magnetic Field Data Z, Y, X directions



The 4 figures shown below is the magnetic field data which was also run through the Jupyter offline code
to create a power spectral density (PSD) graph that displays the signal’s power distribution across a
frequency spectrum. The PSDs have more to offer in displaying the varying peaks which especially
appear in the ~0-750 Hz noise range along with another higher peak before 2000 Hz. The PSD on the top
left is a combination of all three X, y, and z directions from the magnetometer, and the rest of the plots are
titled to their respective direction signal displayed. There is also a way to output all the frequencies found
and their amplitudes into a CSV file, which is listed in the bottom of the Magnetometer Analysis code
[13].
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Figure 17. Magnetic Data in the Z, X, Y directions

5.4 Acoustic Mic Lab Testing and Field Data

In the last week of the internship, the microphone pieces were set up and assembled together. The
microphone was connected to the WebDAQ and prepared for tests. A new channel was added for the
microphone which was working properly. The primary focus of the internship was on the seismometer
and magnetometer.

VI. FUTURE SITE ASSESSMENTS

6.1 Orders and Parts for Traveling Kits

Performing more rounds of field testing outdoors brought clarity to what was still needing to be
ordered, and what was needing to be replaced. More field tests conducted resulted in a greater
understanding and application (in the CEQG for future scientists) on making the full procedure
efficient. An ongoing shopping list of orders was built throughout the summer for parts made can

10



also be found in the CEQG on the DCC. As a part of the seismic test runs, at least 2 researchers watching
for trucks to assess transient noises were needed to be out in the field, one in the van running data on the
laptop, and the other up on a high hill with the best viewpoint as possible to roads with traffic. This meant
the need for comparing models to order the best weather and shockproof, long-range, and long lasting
battery life (more than 12 hours). Additional additions to the orders list would include items for the kit
such as compasses, small round levels for the seismometer, sideways powerstrips, 100ft extension cord,
256 SD card, a 40 gallon trash bin to cover the seismometer, and the larger 1610 model pelican cases.

6.2 CE Quick Guide-Instruction Manual (CEQG)

The CE Site Testing Quick Guide (CEQG) serves as a helper
for scientists performing site assessments for housing CE. By
following the pointers and checklists, it works to aid in
shortening some of the time frames for scientists overworking
out in the heat, and avoid a few trails and encounters
experienced by the students on the task this summer. The
CEQG also includes important tasks not to forget, such as
locking and unlocking the seismometer, and remembering to
charge all equipment when returning back to the hotels, as it
will be tempting to take a quick shower and fall asleep after
anywhere from 6-18 hours on the field, and forget to charge the
laptop for the next morning.

It also includes checklists of what to bring beforehand (making
sure the pelican cases include the hardware, all the ethernet
cables, extension cord and power strips, and side things like
DEET bug spray, sunscreen, hats, proper footwear, and so
forth. The CEQQG is a starting point, and is flexible to be added
on as teams practice the process.
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E.g.
SEISMO RUNS
SB = Southbound NB = Northbound T = Truck
TT = Tractor Trailer NTT = Non Tractor Trailer
DATE TES TIME DIRECTIO TRUCK
T N OF TYPE
TRAVEL
07/30/24 1 11:28 SB NTT
07/30/24 2 11:33 NB ™
07/30/24 3 11:35 SB ™
07/30/24 4 11:37 SB TR
07/30/24 5 11:39 SB ™
07/30/24 6 11:41 SB 2TT
07/30/24 7 11:45 On SR10 Possible
TR
07/30/24 8 11:51 SB T
07/30/24 9 11:52 AIRPLAN
E
07/30/24 10 11:52 SB ™
07/30/24 1 11:52 NB ™

Figure 18. Seismo runs example from CEQG
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6.3 Future Site Assessments

A team of future scientists and seismologists will be under Robert Schofield’s Physical Environmental
Monitoring (PEM) team to go and scout out locations. The sites will span across North America and will
survey various conditions that may impact CE such as environmental (seismic, electromagnetic, acoustic),
and so forth. The equipment and personnel most likely to cause the most vibration, electromagnetic
disturbances, acoustic, and infrasound, should be located as far away as possible from the most sensitive
part of the interferometer (near the corner and end stations). Future scientists performing site surveys will
want to pay close attention to surrounding buildings, powerlines, warehouses, factories, roads and the
vehicle types traveling along that road to gather enough data of surrounding noise, and make comparison
of site candidates [16].
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VIII. LIST OF ACRONYMS

ACDs Analog to Digital Converters

BART Bartington, the manufacturer for the magnetometer box
CE Cosmic Explorer

CSV Comma-Separated Value

CEQG Cosmic Explorer-Site Testing Quick Guide

EE Lab Electrical Engineering Lab

FFT Fast Fourier Transform

GW Gravitational-wave

LAN Local Area Network

LSC LIGO Science...
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Magneto The Magnetometer instrument

NSF National Science Foundation

PEM Physical Environmental Monitoring

PERRY Physical Environmental Readings RelaY

PSD Power Spectral Density chart or graph that displays a signal’s power distribution
across a frequency spectrum

Seismo The Seismometer instrument
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