HAWATI'T SPACE GRANT CONSORTIUM

CNVERSITY RESEARCH
INTERNSHIP
REPORTS

Summer 2023 — Spring 2024

MCOILEGERND)

HSGC Report Number 24-33



Compiled in 2024 by
HAWAI‘l SPACE GRANT CONSORTIUM

The Hawai‘i Space Grant Consortium is one of the fifty-two National Space Grant
Colleges supported by the National Aeronautics and Space Administration
(NASA).

Material in this volume may be copied for library, abstract service, education, or
personal research; however, republication of any paper or portion thereof requires
the written permission of the authors as well as appropriate acknowledgment of
this publication.

This report may be cited as
Hawai‘i Space Grant Consortium (2024) University Research Internship Reports.
HSGC Report No. 24-33. Hawai‘i Space Grant Consortium, Honolulu.
Individual articles may be cited as
Author, A.B. (2024) Title of article. University Research Internship Reports,
pp. XxX-xX. Hawai‘i Space Grant Consortium, Honolulu.
This report is distributed by:
Hawai‘i Space Grant Consortium
Hawai‘i Institute of Geophysics and Planetology
University of Hawai‘i at Manoa

1680 East West Road, POST 501
Honolulu, HI 96822



Table of Contents

L0 (=117 (0] (o TR

REPORTS

UNIVERSITY RESEARCH INTERNSHIP (URI) PROGRAM

RESEARCH INTERNSHIPS:

INVESTIGATING THE PERFORMANCE OF MULTI-PARTY RELAYS IN EXTREME
NETWORKING CONDITION FOR ENHANCING PRIVACY IN SPACE

COMMUNICATIONS .o

Jenny E.M. Brown
University of Hawai‘i at Manoa
Award Period: Fall 2023

SMALL GAMMA RAY SPECTROMETERS FOR MEDIUM AND LOW ENERGY
ANALYSIS ON MOON AND MARS LANDER, ROVER AND DRONE

(HELICOPTER) MISSONS ...ttt et

Savanah R. Dubios
University of Hawai‘i at Manoa
Award Period: Summer 2023 — Fall 2023

UNVEILING THE NATURE OF PLANCK-SELECTED PROTO-CLUSTERS AT

HIGH REDSHIFTS ..o s

Koji W. Miyakawa
University of Hawai‘i at Hilo
Award Period: Spring 2023 — Fall 2023

MAPPING STAR FORMING REGIONS AND THEIR PHYSICAL PROPERTIES IN

NEARBY GALAXIES ... .o

Edward J. Ward
University of Hawai‘i at Hilo
Award Period: Spring 2023 - Fall 2023

A NEW ANALYSIS OF ABUNDANCES AND DIFFUSE IONIZED GAS IN M33 .............

Edward J. Ward
University of Hawai‘i at Hilo
Award Period: Spring 2024



MINERAL DISTRIBUTION IN THREE PARTICLES FROM THE ASTEROID RYUGU......38

Julia J. Williams
University of Hawai‘i at Manoa
Award Period: Spring 2024

GROUP RESEARCH INTERNSHIP:

ADVANCED INTERLOCKING STRUCTURAL FRAMES FOR RAPID
CONSTRUCTION AND ASSEMBLY .....ooiiiiiiiiiiiii e 45

Micah Chang and Taylor K. Todd
University of Hawai‘i at Manoa
Award Period: Spring 2024

TRAINEE INTERNSHIP:

IMPLEMENTATION OF GAUSSIAN PROCESSES FOR ROBOTIC EXPLORATION
ON HAWAIT'S PLANETARY ...ttt 54

Jennifer M. Nakano
University of Hawai‘i at Manoa
Award Period: Spring 2023 — Fall 2023



Foreword
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during the Summer 2023, Fall 2023, and Spring 2024 semesters under the guidance of their faculty,
mentors, and supervisors. On behalf of the Hawai‘i Space Grant Consortium, I congratulate all the
students for their outstanding reports and warmly thank their faculty mentors and supervisors for
generously supporting the Hawai‘i Space Grant Consortium - University Research Internship
Program by working with our undergraduate students.

The Hawai‘i Space Grant Consortium is supported by NASA through its National Space
Grant College and Fellowship Program with matching funds from the University of Hawai‘i. The
goal of the program is to strengthen the national capabilities in space-related science, technology,
engineering, and mathematics (STEM) and to prepare the next generation of space scientists and
engineers. All of the students’ projects relate to the goals of NASA’s Strategic Plan.

For more information about the University Research Internship Program, please visit our
website: www.spacegrant.hawaii.edu/index.php/uri/

P. Englert
Associate Director, URI
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INVESTIGATING THE PERFORMANCE OF MULTI-PARTY RELAYS IN
EXTREME NETWORKING CONDITIONS FOR ENHANCING
PRIVACY IN SPACE COMMUNICATIONS

Jenny E.M. Brown
Department of Electrical Engineering
University of Hawai‘i at Manoa
Honolulu, HI 96822

ABSTRACT

The Multi-Party Relays (MPRs) concept revolves around a network architecture aimed at
separating communications metadata from content. This ensures that no single party in the
transmission path can link the identity of communicating parties to the nature or usage of the
communication (Schmitt, et al., 2022). The focus of this study is the evaluation of MPR
architectures, particularly in challenging networking environments like space communications,
with the primary objective of ensuring secure communications. To conduct these evaluations, we
accessed and utilized the Grid'’5000, an experiment-driven research computer science network
testbed. Ranges for link characteristics (e.g., latency, loss) and application usage (e.g., file sizes,
upload/download behavior) were configured to realistic scenarios. Tc-netem, a Linux kernel
extension for traffic control, and Python scripts were developed in both microscale and macroscale
experiments on proxy architectures to measure network performance overhead. This setup lays the
groundwork for the next phase of the experiment, where the project’s aim is to find specific points
of failure within the architecture that are identified, analyzed, and graphed. This approach aims to
achieve a deeper understanding of system interactions within the MPR architecture, providing
valuable insights into its performance in extreme networking conditions and the promotion of
secure communications within NASA.

INTRODUCTION
Networking

Networking at its core is the transmission of data in the form of bytes between devices.
Bytes are the basic unit of digital information, and networking protocols define how these bytes
are formatted, transmitted, and received over a network. Whether it's a local area network (LAN),
a wide area network (WAN), or the internet, data is broken down into bytes for communication
between devices. Various networking protocols, such as TCP/IP, govern how these bytes are
packaged, addressed, and delivered across the network. Extensive privacy research has focused on
establishing unlinkability between user identifiers and their bytes along the network.
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Figure 1: Tor Network Diagram

This research lineage traces back to Chaum's foundational mixnet work, routing protocols
that create hard-to-trace communications by using a chain of proxy servers known as mixes, and
persists in more recent systems like Tor, illustrated in Figure 1. However, the reliance on
processing clients through their own network poses challenges as it still requires trust in a network
with access to their data. Despite being available for decades, these privacy systems have faced
limited adoption among Internet users, primarily due to their relatively poor and unpredictable
performance. This leakage of metadata can compromise user privacy and enable various forms of
surveillance and profiling (HaddadPajouh, et al., 2021).

Sender Mix 1 Mix N Receiver
° ° °

Figure 2: Mix-net decoupling (Schmitt, et al. 2022).

Recent systems aim to enhance user privacy without compromising performance, namely
the Multi-Party Relay (MPR) architecture. In MPR, as seen in Figure 2, users' actual IP addresses
are concealed from external services as their traffic traverses and appears to originate from IP
addresses associated with a second-hop proxy typically operated on cloud infrastructure. The Mix-



net Decoupling Principle as seen in Figure 2, guarantees privacy by separating information both
architecturally and institutionally. This means that each entity, like a company, should only have
access to the specific information required for its designated function. Architectural decoupling
involves dividing the functionalities for distinct core actions in a system. For example,
authentication (verifying permission to use the network) is separated from connectivity
(establishing session state for communication). In some aspects, MPR systems share similarities
with VPNs, Virtual Private Network, a technology that allows you to create a secure and encrypted
connection over the internet, and users' network identities are represented by infrastructure IP
addresses rather than residential or commercial addresses. To summarize its difference and gap,
MPR differs significantly compared to VPNs as its focus is hiding IP addresses from the
architecture itself.

MPRs offer a distinctive architecture that can safeguard sensitive network flow metadata—
an increasingly important consideration as NASA consolidates their server resources on public
cloud infrastructure, such as Dropbox, Google Drive, and Microsoft when it comes to data within
the space communication environment as seen in Figure 3. Space communications frequently
depend on public cloud servers due to their scalable and cost-effective infrastructure. However, it
is essential to note that using public infrastructure, the cloud, has inherent security vulnerabilities
that pose gaps by existing protocols and the project’s aim within the scope of this research.
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Figure 3: High-level New Space ecosystem (Atmaca, 2022)



DESIGN

Microscale experiments will be conducted on existing proxy architectures to assess the
overhead, specifically the impact on network performance. Leveraging insights from previous
work in building network testbeds, a local experimental platform will be established to execute
microscale experiments on both existing and newly developed systems. Additionally, drawing
from prior experience in deploying systems on network testbeds like GRID’5000 (Bolze, et al.,
2006), these experiments will be scaled up to larger simulated deployments to evaluate system
interactions within the architecture. While these tests may not always precisely represent the user's
experience, they are valuable in identifying performance impacts caused by i) traversing additional
middleboxes, i.e., MPR's proxies, and ii) taking a circuitous path between the user and the test
infrastructure of the speed test service. The project involves active throughput measurements using
Ookla's Speed Test service, a widely recognized standard for Internet speed test measurements.
Scripts are developed to run speed tests from the command line. For any given network condition
configuration, 200 speed tests will be conducted, with half of them using MPR and the other half
without MPR.

RESULTS

The research included the documentation and background information of the software,
familiarization with GRID’5000 network testbed environment, NetEm kernel extension, and
relevant related work. During this project, Grid'5000 was leveraged to instantiate multiple virtual
hosts to serve as the client, server, and proxy machines. Each host runs Debian Linux, a computer
operating system (OS) that uses a Unix-like kernel. Link characteristics were configured between
each virtual host using tc-netem, a kernel queue discipline that allows us to emulate real-world
network conditions such as delay, loss, packet duplication, and packet corruption. The queue
parameters can be assigned to any kernel-controlled network interface. An example command is
shown in Figure 4, which adds 100 ms delay and 1% random packet loss for traffic passing through
interface eno2:$ tc qdisc add dev eno2 root netem limit 100000 delay 100 rate 100Mbps loss
random 1.

Figure 4 shows the jupyter notebook environment, a web-based interactive computing
platform, that was used to orchestrate Grid'5000 host setup as well as the experiment code. The
experiments are designed to include a control experiment, allowing performance both with and
without a multi-party relay configuration. The project programmatically configures several file
sizes and link characteristics to run experiments under several scenarios automatically, and collect
the results by parsing the stdout interface on the virtual hosts.
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ANALYSIS AND DISCUSSION

The project’s scope consists of employing Python's matplotlib library for the visualization
of data, utilizing graphs to depict the nuances of network performance dynamics under varying
parameters. The anticipation of potential failures in the Multi-Party Relays (MPR) architecture
forms the groundwork for a thorough exploration in the next phase. An integral aspect of this
investigation is the consideration of the default and built-in timeout in most network systems as a
critical factor contributing to the prediction of potential failures within the MPR or any network
architecture.

Within networking, a timeout is defined as the duration within which a system expects to
receive a response from another system or component. Should this predetermined time elapse,
usually around the 30 second mark (Microsoft Learn, 2024), without the expected response,
particularly in the context of extreme latency, a timeout event is triggered, signifying a potential
issue in the communication flow. The default timeout settings within the system and the MPR
architecture serve as a crucial metric for the assessment of robustness, especially within the realm
of extreme networking conditions and its application within the context of space communications.

In the course of experiments, a detailed analysis of the impact of default timeouts is
conducted, providing valuable insights into the system's resilience and facilitating the
identification of potential failure points. Consistent timeouts under specific network conditions act
as a clear indicator of vulnerability within the MPR architecture. Strategic approaches, such as
adjusting default timeout settings or introducing adaptive mechanisms based on real-time network
conditions, emerge as potential avenues to mitigate these vulnerabilities.

The default timeout in the network system, therefore, operates as an early warning
mechanism, offering a preliminary prediction of when the MPR architecture might encounter
challenges or reach a failure point.

Prospective future work involves a comprehensive consideration of tuning the default
TCP/QUIC timeout mechanisms to gather more extensive and detailed data. This predictive
element becomes paramount in the ongoing refinement of the architecture, contributing to an
overall enhancement of its performance in extreme networking conditions. Consequently, the
study aims to establish a more robust and reliable solution for secure communications in the unique
and demanding environment of space communications.

CONCLUSION

The completion of the outlined objectives marks significant milestones in this project and
the initial proposal. These milestones include the acquisition of knowledge and familiarity with
the GRID'5000 network testbed environment, the NetEm kernel extension, and pertinent related
work.

In addition, the project involved the design of experiments and parameter setup, where
various network condition parameters were systematically varied under realistic conditions. This
intricate experimental design aimed to create a comprehensive understanding of the dynamics



involved in network performance. Moreover, the creation of experiment software drivers and the
subsequent execution of experiments were essential components of this research endeavor.

Recognizing the need for a more exhaustive exploration, especially given the unique
deployment quirks presented by Grid’5000, this project is set to embark on an extended phase of
execution. The intention is to conduct a broader set of experiments that aim to offer a deeper and
more nuanced understanding of the overhead implications and network performance dynamics
associated with MPR architecture specifically at points where MPR architecture fails and why.

Upon the completion of the experiments, the gathered performance results aim to undergo
thorough analysis. To visualize and interpret these results effectively, Python's matplotlib library
and the project's aim are employed, allowing for the creation of insightful graphs that capture the
nuances of the network performance dynamics under the influence of varied parameters. This final
step contributes to the comprehensive documentation and presentation of the findings, adding
depth and clarity to the outcomes of this research initiative and the validity of MPR in extreme
networking conditions.
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SMALL GAMMA RAY SPECTROMETERS FOR MEDIUM AND LOW ENERGY
ANALYSIS ON MOON AND MARS LANDER, ROVER AND
DRONE (HELICOPTER) MISSIONS

Savannah R. Dubois
Department of Mechanical Engineering
University of Hawai‘i at Manoa
Honolulu, HI 96822

ABSTRACT

This gamma ray mission presents a process of developing LaBr3 gamma ray spectrometers
designed for surface missions focused on detecting key elements such as Uranium, Thorium, and
Potassium. Leveraging the insights gained from this research, which utilized four muon detectors
and a lightweight, low-power 1U CubeSat optimized for Hydrogen detection, this research aligns
with NASA's 2023-2032 Decadal Survey theme, "Origins, Worlds, and Life." The survey's inquiry
into what terrestrial planetary bodies can reveal about habitable environments finds resonance in
the exploration of the Moon and Mars. Despite the Moon's current lack of habitability, ice deposits
in its polar regions offer valuable insights into the process of controlled habitability. On Mars,
orbiters have identified ice sheets and glaciers across latitudes, with ground ice within 1 meter of
the surface. The LaBr3 gamma ray spectrometers aim to contribute to this exploration by
quantifying water and identifying crucial elements indicative of habitable conditions. Preliminary
results from this project showcase promising advancements in the pursuit of understanding
planetary bodies and their potential for habitability, aligning with NASA's strategic goals.

INTRODUCTION

NASA’s overall objectives regarding the exploration and innovation of scientific and
technological advances for the betterment of mankind, has given major attention to lunar and
martian compositional properties to understand planetary geological development, and in the case
of Mars, a better understanding of elements that make for the possibility of biological life to be
sustained in extraterrestrial environments. Under these general aspects, the project presents the
design of small gamma ray detectors with the aim of assessing lunar and martian compositional
properties. The focus is on high precision measurements of the naturally radioactive elements and
their ratios (U, Th, K) to better understand the geological status and development of the surfaces
analyzed. Small detectors deployed on multiple small landers (e.g. on the Moon) can be a quick
and inexpensive way to obtain abundances and ratios of naturally radioactive elements from
several points in an area of interest. If mounted on a rover (HSGC development) this task could be
completed with a single detector and an inexpensive expendable vehicle. On Mars the option to
complete detailed studies of points of interest is facilitated by its atmosphere allowing drones
(helicopters) to move small detectors to their measurement stations.



All of these future mission scenarios (gamma ray spectrometers are planned for several
upcoming missions) need small, highly efficient, inexpensive detectors optimized for U, Th, and
K abundance and ratio measurements. The primary focus of this project is the detection of gamma
rays to confirm the presence of Potassium, Uranium and Thorium. Modifications are developed
that also includes the measurement of suspected high-water abundances via the Hydrogen neutron
capture gamma ray line. This data allows for the development of new observations and hypotheses
that will harmonize with current active interests of NASA.

INTRODUCTION - GAMMA RAY PRODUCTION

By detecting the gamma rays resulting from cosmic-ray interactions and subsequent
nuclear reactions, scientists can infer valuable information about the composition, and history of
planetary surfaces. Collisions between Galactic Cosmic Rays GCRs and a planetary surface
produce a spray of secondary particles, primarily neutrons and protons. This process is repeated
multiple times producing a particle shower.

Importance of neutrons produce characteristic gamma rays from surface elements via
inelastic scattering and neutron capture reactions.

Gamma rays can be detected by the interaction mechanisms of electromagnetic radiation
with matter including photoelectric absorption, compton scattering (incoherent scattering), and
pair production. For both the photoelectric effect and compton scattering, electromagnetic energy
is transferred to electrons, which in turn interact with matter as charged particles. Electromagnetic
radiation also undergoes coherent or Rayleigh scattering.

The electromagnetic interaction processes as well as macroscopic interaction properties,
total absorption and total attenuation are all dependent on the energy of the photons and the
properties of the materials they interact with. The energy E of a photon depends only on its
wavelength A : E=hc/A ,where & is Planck’s constant and c is the speed of light.

High-energy ion

Gamma rays
(Major and radioactive
elements)

Neutrons
(H, atomic mass,
absorption)

Inelastic
scattering Natural

radioactivity

Capture

Figure 1: Galactic Cosmic Ray
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For low energy photons, photoelectric absorption is responsible for the largest part of the
beam intensity loss. Photoelectric absorption occurs at every energy level of the absorber atoms.
Hence, the total photoelectric absorption can be described the sum of individual absorptions. In
the figure, prominent K-shell absorption edges are labeled for elemental contributions (indicated
by atomic number). The photoelectric effect () produces X-rays characteristic of the absorber.

Scattering: A - i

Scattering (o) occurs when a photon
interacts/collides with an absorber electron. For elastic (Rayleigh) scattering (o_R), the photon
does not lose energy in the process. For incoherent (Compton) scattering the incoming photon
loses a portion of its energy in the process (a_C).

Pair Production: E.-.+E . =hv 'EHTIJcE

Pair production (&) occurs at high photon energies, greater than twice the rest mass of the
electron (1.022 MeV), and results in the production of an electron-positron pair. The positron slows
down and is ultimately annihilated with an electron, resulting in the production of two, 0.511 MeV
photons.

INSTRUMENTATION

Detection of gamma rays requires their conversion to charged particles via interactions
with the detector medium. The liberated charge produces a signal that can be counted or recorded
as a pulse height spectrum. The most common types of detectors used for planetary science are
gas proportional counters, scintillators and semiconductors (Knoll, 2010).

Planetary instruments must be capable of separating the signal produced by particles
originating from the planetary surface from the background. In the case of nuclear spectroscopy,
sources of background include high energy cosmic rays (solar and galactic) and secondary
particles, including gamma rays produced by interactions with the spacecraft and instrument.
Spectrometers must have ample pulse height resolution to enable the identification and
measurement of radiation from specific nuclear reactions. Finally, the sensors must have high
detection efficiency to maximize the precision of the measurements.

The aforementioned considerations must be balanced against the limited resources

allocated to the payload. Instruments must meet payload requirements for size, mass, data volume,
and power.
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Major Gamma Rays Emitted

The science objective is understanding planetary process and the character of lunar polar
volatiles. Through the deployment of y-ray detectors for the measurement of Uranium (U),
Thorium (Th) and Potassium (K), we can better understand this. These elements of U, Th, and K
are incompatible elements that may have concentrated in the residual magma during the cooling
process of the Moon. They could also have acted as a heat source of the magma and be responsible
for igneous activity of the Moon.

Elements K, Th, and U show strong and similar linear abundance correlations on Moon
and Earth, providing clues on the origin of the Moon. Any deviation of local area abundances
indicates special and important geological information about processes that are different from
KREEP or mare basalt formation. Radioactive elements have played a major role in early
abundance measurement attempts of the Moon, from the early Luna missions to the first successful
planetary gamma ray remote sensing experiment of Apollo 15 and 16 and all of its successors.
Electromagnetic radiation emitted by K, Th and U decay offer a direct way of measurement. See
tables one, two, and three.

Element  Source Energy Yield/ Gamma Ray Flux
MeV Capture (photons/cm 2-min)
H
1H(n,y) 22233 1 0.09
Al
27 Allny) 7.724 03 0.17
28 Al 1.7788 1 0.21
Si
265i(n,y) 4.934 0.61 0.34
28Si(n,y) 35395 0.66 0.29

Table 1: Neutron-Capture Reactions

Element Source Energy Gamma Ray Flux
MeV (photons/cm2-min)
Ca
40Ca(n,ny)40Ca 3.9044 0.23
40Ca(n,ny)40Ca 3.7366 0.35
Ti
48 Ti(n,ny) Ti 0.9834 0.16
Fe
S56Fe(n,ny)56Fe 1.2383 0.26
56Fe(n,ny)56Fe 0.8467 1.15

Table 2: Non-elastic Scattering Reactions
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Element Nuclide Energy Yield/ GR Flux

(MeV) Decay (photons/cm”~2min)
K 40K 1.4608 0.1067 2.39
Th 208 T 2.6146 0.36 2.19
228 AC 0.9689 0.175 0.66
228 AC 09111 0.29 1.05
208T1 0.5831 0307 092
212pb 0.2386 0.47 0.96
U 2148Bi 1.7645 0.159 0.64
2148Bi 1.1203 0.15 0.48
2148Bi 0.6093 0.46 1.12
214pb 0.3519 037 0.71

Table 3: Natural Radionuclides

By examining the K/Th ratios, we can gain insights into the origins of the Moon's refractory
element abundances and understand the geological history of Mars, particularly in regions of
known water presence (Taylor, 2006).

Our detector development aims at the measurements on the lunar surface, e.g. at the
Artemis 3 landing site at the South Pole. Chances are high to find unusual surface material such at
the young basalts discovered by Yutu-2 at Von Karméan Crater or deeply excavated material
expected in and around the South Pole-Aitkin terrain, which has U and Th abundances exceeding
that of the surrounding regions.

To characterize the landing site, we will measure U, Th and K using small 1-2 U CubeSat
form factor gamma ray spectrometers (GRSs). The GRSs intend to use medium resolution detector
materials such as Cadmium Zinc Telluride (CZT) with a Bismuth Germanate (BGO) anti
coincidence. The effectiveness of Compton suppression and shielding with BGO was
demonstrated convincingly by the Kagyuya GRS. The detector assembly shall not exceed 10x10x2
cm with GRS dimensions smaller than 10x10x10cm. The GRS energy range of 20 keV to 3.0 MeV
covers all major GRS lines for measurements with high accuracy. The detectors will be positioned
about 10 cm above ground with a minimum viewing footprint of 100 cm2. Once positioned, the
detectors will take multiple consecutive spectra which will be combined to obtain optimal
abundance outcomes.

Materials Selection Comparison

The selection of the best suitable detector material takes into consideration the effective
atomic number, energy resolution, and efficiency shown in Table 4.

Material Density Effective Atomic Number Energy Resolution Percieved Limitations Flight Heritage?
(g/cm”3) (%)~2
BGO 713 71 9-10 Low Resolution Yes
Nal(Tl) 3.67 50 7-8 Low Resolution, hygroscopic Yes
LaBr3(Ce) 51 45 28-32 Requires PMT readout, hygroscopic Yes

Table 4: BGO, Nal(Tl), and LaBr3(Ce) Representation
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LaBr3 crystals emerge as a preferred choice for gamma ray spectroscopy due to their
exceptional energy resolution and detection efficiency, particularly well-suited for the 0-3 MeV
range. This unique capability enables accurate measurements of gamma ray energies and facilitates
the discrimination between different energy peaks. The properties of LaBr3 crystals are
particularly significant considering the prevalence of gamma-ray-emitting radionuclides found in
nature or utilized in various applications that fall within this energy range. Noteworthy examples
include Cs-137, Co-60, and K-40, all of which emit gamma rays within the 0-3 MeV spectrum.
The advantageous characteristics of LaBr3 crystals make them instrumental in the precise
identification and quantification of radioactive elements, contributing to a wide array of scientific
and technological endeavors, from environmental monitoring to medical applications. The
versatility and reliability of LaBr3 crystals position them as crucial components in gamma ray
spectroscopy systems, facilitating comprehensive studies of radioactive materials across various
domains.

Gamma-Ray Detection Procedure

Detecting gamma rays involves the use of scintillators and Silicon Photomultiplier (SiPM)
boards. A scintillator is a material that emits light when it interacts with ionizing radiation, such
as gamma rays. Common scintillator materials include thallium-doped sodium iodide (Nal(Tl)),
cesium iodide (Csl), and lanthanum bromide (LaBr3). When gamma rays enter the scintillator
material, they may interact with the atoms in the material. These interactions can lead to the
creation of charged particles and the transfer of energy to electrons in the atoms. The energy
transferred to the electrons excites them to higher energy states. As the electrons return to their
original energy state, they release the excess energy in the form of visible photons (light).The
emitted light is then detected by a light-sensitive device. In this case, Silicon Photomultiplier
(SiPM) boards are commonly used. An SiPM is a type of photodetector that consists of an array
of many small silicon photodiodes operated in parallel. When a photon strikes the silicon diodes,
it generates electron-hole pairs, and the resulting charge is amplified through a process called
avalanche breakdown. The amplified signal from the SiPM is proportional to the intensity of the
light produced in the scintillator, which, in turn, is proportional to the energy deposited by the
gamma rays. The amplified signal is then processed to extract relevant information, such as the
energy of the incident gamma rays.

Electronics and signal processing algorithms were used in this research to discriminate
between signals produced by gamma rays and background noise. The information collected is
analyzed to determine various properties of the detected gamma rays, including their energy,
arrival time, and sometimes their direction.

In summary, gamma-ray detection using scintillators and SiPM boards involves the
conversion of gamma-ray energy into visible light through scintillation in a scintillator material.
The emitted light is then detected by SiPMs, and the resulting signals are processed to obtain
information about the incident gamma rays. This process was crucial in all various applications.
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Gamma-Ray Detection Overview

The gamma-ray detector is using a LaBr3 scintillation crystal for detection of gamma rays
of interest between 0 and 3 MeV. Gamma rays will interact directly with the scintillation materials
in various ways. Only three of these interactions are significant for gamma ray spectroscopy:
photoelectric absorption, Compton scattering, and pair production. Photoelectric absorption occurs
at low energy and is enhanced in materials of high Z. In this mode, a single peak is generated with
total electron energy corresponding to the energy of the incident gamma rays. Compton scattering
interaction will result in the creation of a recoil electron and a scattered gamma ray photon. Pair
production occurs when the gamma ray energy exceeds twice the rest-mass energy of an electron
(1.02 MeV), the more energetic, the better. In this process, all the energy in excess of the 1.02
MeV required to create the pair is converted into electron and positron kinetic energies which will
be deposited in the detector as the full-energy peak. Note that in a small detector, where dimensions
do not exceed 1 or 2 cm, Compton scattering may also result in a double escape peak. For a
sufficiently large detector, all the interactions will take place in less than the response time of the
detector and the detector response function will consist only of a single peak (Knoll, 2010).

Fabrication and Assembly

Cubesat Payload

One low to high energy neutron spectrometer

One gamma-ray Spectrometer

Five spectroscopy PCBs

Multiple supporting PCBs such as PDU and Battery board
One radio antenna

One solar array

One battery

Table 5: Desktop Materials
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Desktop Muon Detector

Boron Loaded Plastic scintillator

Bisthmus germinate crystals (BGO)

Plastic scintillator

SiPM PCB

Main PCB w/ boost converter, temp sensor, op amps
Light Tight box

Screws, epoxy and wires

Light reflective paint

Raspberry Pi Zero

Cs 137 and Co 60

Table 6: Cube-sat Materials
RESULTS

Gamma ray spectra vividly illustrate the distribution of gamma ray energies within a given
sample. Peaks and patterns in the spectra provide a direct window into the energy levels associated
with gamma ray emissions. Gamma ray signatures offer a unique fingerprint for the identification
of radioactive nuclides within a sample. Peaks in the spectra correlate with specific gamma ray
energies associated with each nuclide. The intensity of gamma ray peaks in the spectra provides
quantitative information about the activity of radioactive sources. By analyzing peak areas,
estimates about the concentration of radionuclides within a sample were taken throughout this
research. This enables the identification of elements and their abundance in a material. Distinctive
peaks in the spectra correspond to gamma rays emitted during the de-excitation of nuclei, revealing
the elemental composition.

Figure 2: Gamma Ray from Oscilloscope

Note: Oscilloscope was used to show the produced gamma rays from the 4 detectors.
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DISCUSSION

In essence, the comprehensive approach to gamma ray detection presented in this project
not only contributes to our understanding of celestial phenomena and cosmic radiation but also
holds immense potential for practical applications across scientific, medical, and environmental
domains. The successful integration of LaBr3 crystals, scintillators, SiPM boards, and advanced
signal processing techniques highlights the evolving landscape of gamma ray spectroscopy and its
multifaceted impact on diverse scientific disciplines.

CONCLUSION

The successful construction and testing of four Muon detectors, coupled with the detection
of gamma rays using a multichannel analyzer, oscilloscope, and radioactive sources, mark
significant progress in advancing gamma ray spectroscopy. The completion of the design for a 1-
U CubeSat, with ongoing construction for the Artemis CubeSat and soldering of CubeSat payload
boards, propels the project toward Low Earth Orbit (LEO) testing in the imminent future.

The overarching science objective, centered on understanding planetary processes and
characterizing lunar polar volatiles, aligns with the deployment of y-ray detectors. Focusing on
Uranium (U), Thorium (Th), and Potassium (K) measurements, this approach unveils crucial
insights into the geological history of celestial bodies.

The Artemis 3 landing site at the South Pole holds promise for uncovering unusual surface
materials, presenting an opportunity to utilize small 1-2 U CubeSat gamma ray spectrometers.
Leveraging LaBr3 crystals for their exceptional energy resolution and detection efficiency in the
0-3 MeV range, the project aims to measure U, Th, and K abundances. Through precise analysis
of K/Th ratios, the study not only contributes to our understanding of the Moon's refractory
element origins but also aids in unraveling the geological history of Mars, particularly in regions
with known water presence.
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UNVEILING THE NATURE OF PLANCK-SELECTED
PROTO-CLUSTERS AT HIGH REDSHIFTS

Koji W. Miyakawa
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ABSTRACT

The third released data of the wide field survey from the Hyper Suprime-Cam Subaru
Strategic Program (HSC-SSP; Aihara et al. 2018) has discovered galaxy clusters that are about
13.8 billion years old (Aihara et al. 2022). Observations of galaxies over most of the 13.8 billion
years of history of the universe have led to a broad-brush understanding of the basics of galaxy
evolution. However, observations of distant galaxies in visible light are limited because they are
strongly affected by the attenuation caused by dust. Taking advantage of the Planck full-sky survey
in sub-millimeter, it is possible to see proto-clusters buried in the dust. This research aims to
identify proto-clusters of dusty-buried galaxies in the early universe using the HSC-SSP and
Planck data. The Planck has identified more than 2,000 Planck High-z (PHZz) sources (Ade et al.
2016). By using the Subaru Telescope HSC high-sensitivity and wide field data, we examined the
spatial distribution of the Lyman Break Galaxies (LBGs) and identified >20 very interesting proto-
cluster candidate regions in over-densities from Planck-selected using the Lyman Break Technique
in the Spring 2023 semester. This study focused on five multicolor bands (g, r, i, z, and y) to
systematically search and identify the most distant Planck-selected proto-clusters at z~4 (g-
dropouts) and z~5 (i-dropouts). The large number of proto-cluster candidate regions obtained from
this study lead to the determination of whether the proto-cluster exists in the formation process of
studying z~5, especially in distant regions where the density is large. The study, in the Fall 2023
semester, is focused on studying the formation of dust-enshrouded proto-clusters in the early
universe, specifically, by analyzing the distribution of high redshift dusty-buried galaxies from
PHz compact sources. This study contributes to understanding the formation of the structure of the
universe and the evolution of galaxies.

INTRODUCTION

The challenge is how to find distant galaxies in the early universe. The Lyman Break
Technique is the most common method. When observing distant galaxies, the UV continuous light
in galaxies with wavelengths shorter than 121.6 nm (Lyman a transition) is absorbed by hydrogen
gas and obscured (Koyama et al. 2021). The fact that these galaxies are bright at sub-millimeter
suggests that they are covered with a large amount of dust in which explosive Star Formation.
Dust-buried galaxies glow in the infrared and may be seen as PHz sources in their superposition
when clustered in compact regions. | downloaded catalogs and images in the regions covered by
both the Planck full-sky survey and Subaru Telescope HSC wide field survey to apply the Direct
Empirical Photometric Method (DEmP; Hsieh et al. 2014). By applying DEmP to regions (>20)
with very high density LBGs (z~5) already identified in the previous semester, | calculated the
photometric redshift (photo-z) of these LBGs and calculated the exact density at the same value of
photo-z to determine which history more precisely they are clustered. We use HSC wide field
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survey data to search for proto-clusters and statistically reveal their cluster evolution. We
examined the spatial distribution of distant galaxies from the five multicolor band data obtained
by the HSC and found candidate regions for proto-clusters in over-densities. The unique feature
of this study is that the wide field and high-sensitivity data of the HSC allow us to select many
proto-cluster candidate regions from the distribution of high redshift dusty-buried galaxies from
Planck.

METHODOLOGY

For this research, DEmP was applied to not only high density LBGs regions but also new
catalog data sourced, targeting all 72 regions, from the Subaru Telescope HSC. The objective was
to procure photometric redshifts for all objects within these regions. The DEmP code is an
advanced method used for estimating photometric redshifts of celestial objects. The DEmP
primarily employs regional polynomial fitting for deriving the photometric redshifts of objects
observed by the Subaru Telescope HSC. A salient outcome of the DEmP application was the ability
to categorize all galaxies based on photometric redshifts. These galaxies were grouped within
specific redshift intervals, such as 1.0<z<1.5, 1.5<z<2.0, and so on, up to 4.5<z<5.0 (Figure 1).

1.0 < z(phot) < 1.5

RA-Dec Plots for Different Photometric Redshift Ranges
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Figure 1: RA-Dec plots for different photometric redshift ranges in 33-PHzG262.46+60.45_all

This categorization enabled a granular examination of how many galaxies coalesce within
PHz compact sources within a 2.5 arcminutes radius circle. A notable observation was from the
region designated as 33-PHzG262.46+60.45_all, 45-PHzG294.30+63.23_all, 136-PHzG104.88-
61.61 all, and 144-PHzG157.02-58.54 all. The data indicated a pronounced over-density of
identified LBGs, suggesting these galaxies congregated at proximal coordinates (right ascension:
RA and declination: Dec) and exhibited similar high redshift values. Quantitative analysis, through
plots of Ratio for Actual density vs. Expected density (Figure 2), underscored that this region
presented a high-density pattern, especially for z>4.0 (Figure 3).
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10.0 Ratio of Top 5% High-density Objects to Expected High-density Objects for Different Photometric Redshift Ranges
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Figure 2: Ratio of the number of top 5% high density objects to the number of expected high
density objects for different photometric redshift ranges in 33-PHzG262.46+60.45_all

Figure 3: Catalog images with identified objects of LBGs (g-dropout; above) and
photo-z ranges; 3.5 <z < 5.5 (below)
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The application of the DEmP to the 72 regions has unearthed some compelling patterns.
The 33-PHzG262.46+60.45_all region stands out as a particularly captivating zone. Objects within
this region were initially selected based on color-color criteria and identified as LBGs around z~4
(g-dropout). The DEmP method reaffirmed their photometric redshifts, consolidating the
hypothesis that these galaxies are indeed situated around the same photometric redshift.
Furthermore, these objects exhibit a remarkable density at high redshifts, congregating around the
same celestial coordinates, RA and Dec (Figure 3).

While the 33-PHzG262.46+60.45_all region along with 45-PHzG294.30+63.23 all, 136-
PHzG104.88-61.61_all, and 144-PHzG157.02-58.54 all, have unveiled an abundance of
information at high photometric redshift, the other regions present a contrasting narrative. These
regions, contrary to initial expectations, do not showcase any significant density. The focus on
PHz compact sources, which are in their nascent stages of formation, was underpinned by the
aspiration to decipher their mysteries. Therefore, we categorized 4 patterns for their trends: (1)
Extremely high density (ratio <4 times), (2) High density at multiple photo-z ranges (ratio <2
times), (3) High density at single photo-z range (ratio <2 times), and (4) Standard density ( >2
times). Then we compared between PHz sources trends and randomly picked up region sources in
the HSC wide field survey. The following table 1 shows the percentages of trends in the PHz and
random 72 regions when divided into (1), (2), (3), and (4).

1) (2 3) 4)
PHz Sources 20.8% 31.9% 27.8% 19.4%
Random Sources 2.8% 12.5% 27.8% 56.9%

Table 1: Percentages of trends in the PHz and random 72 regions
CONCLUSIONS

A salient outcome of the DEmP application was the ability to discern photometric redshifts.
Four regions, in particular, the 33-PHzG262.46+60.45_all, emerged as a hotbed of activity. With
a pronounced over-density of LBGs, it presents compelling evidence of galaxies congregating at
similar high photometric redshift, especially around 3.5<z<5. This finding is of paramount
significance, as it potentially offers a glimpse into the early universe's clustering behavior. We
found that the density of galaxies at high redshift is not high in random regions within the same
HSC wide survey, but that galaxies are densely concentrated at high redshift in more than half of
the PHz regions. This give us a clue as to why PHz compact sources glow brightly in sub-
millimeter. This method allows us to discover many new distant proto-clusters. With the proto-
cluster candidate sources now identified, a granular exploration of these celestial structures is of
paramount importance.
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MAPPING STAR FORMING REGIONS AND THEIR PHYSICAL PROPERTIES
IN NEARBY GALAXIES
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Department of Physics and Astronomy
University of Hawai‘i at Hilo
Hilo, HI 96720

ABSTRACT

In the process of preparing to study star formation rates as a function of galactocentric
radius in nearby galaxies, | laid the foundation for spaxel-by-spaxel extended source study with
the Supernova Integral Field Spectrograph (SNIFS) on the University of Hawai‘i 2.2-meter
telescope on Mauna Kea. Conducting new observations, to contribute to an existing database of
one hundred and forty-eight star-forming regions from sixteen low-redshift galaxies, | learned to
independently operate SNIFS and began developing the data reduction process utilizing Python.
To analyze the spectrum spatially across individual HII regions, the challenge of calculating and
correcting the data cubes for the phenomenon of atmospheric dispersion must be completed to
ensure that the wavelength in the spectrum of each spectroscopic pixel (spaxel) is associated with
the correct physical sky source.

INTRODUCTION

As part of the research group of my mentor, | participated in the observations of nearby
galaxies using the Supernova Integral Field Spectrograph (SNIFS) on the University of Hawai’i
2.2-meter telescope. The observing process included target selection, observing run planning, and
data collection. Targets for observation were chosen to be low-redshift (z < 1) emission-line
galaxies with visible HII regions. The selection of galaxies studied by Brosch et al. (1998) was
deliberately geared towards objects that appear devoid of large-scale star formation triggering
mechanisms typical of normal spiral or elliptical galaxies. Several of my own targets for
observation were selected from the Brosch et al. (1998) catalog for study of their star formation.
Planning for and executing observing runs required organizing targets by the order in which they
will be observed. To do this, airmass plots were prepared for the targets to determine in what order
each target will be highest in the sky. Ideal observations are taken when objects are within + 2
hours from the target’s highest point, when their airmass is closest to a value of 1, to minimize the
effects of atmospheric dispersion.

Integral Field Spectroscopy is an incredibly powerful method for combining photometric
and spectroscopic analysis of astronomical data. The Supernova Integral Field Spectrograph
(SNIFS) was designed for the study of point source supernovae in a relatively small FOV (67x6”),
across 225 (15 x 15 spaxels), with a respectable spectral resolution (~1500 at 600nm). To do this,
SNIFS splits the incoming light into two channels, one for the red wavelengths (520 nm to 1 pm)
and one for the blue wavelengths (320 nm to 560 nm) (Lantz et al., 2004). This produces two
science data files (data cubes) for each exposure.
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Telescope formatted data cubes were reformatted for ease of manipulation, and to support
visualization software for visual inspection. Visual inspection of data cubes revealed that the
effects of atmospheric dispersion were not negligible in ensuring that spatial and spectral
measurements were consistent. Atmospheric dispersion is the phenomenon where the atmosphere
refracts incoming light, much like a prism, and thus the light of a point source at each wavelength
will fall at different locations on the detector. The light of the source is elongated along the
direction of the parallactic angle (1), which depends on target location and must be calculated for
each observation (Figure 1). The resulting effect on our data cubes is that the light of our sources
is spread along the spectroscopic pixels (spaxels) on the detector. This phenomenon must be
corrected prior to the measurement of emission line fluxes if we want to compare the individual
fluxes of each spaxel along the entire wavelength range of SNIFS.

N

Figure 1: Diagram showing how the parallactic angle is measured from North (N) through East
(E) to zenith (Z). North points to increasing Declination, and East points to increasing Right
Ascension. Zenith direction is unique to each observation depending on target position
in the sky at the time of the observation.

METHODS

Our team controlled the University of Hawai‘i 2.2-meter (UH 2.2m) telescope remotely
from the control room at the Institute for Astronomy facility in Hilo, Hawai’i. Observations took
place on the half-nights of January 121, 13" 14" 15" and March 18", April 29", and May 26",
2023. Average observing conditions consisted of summit temperatures around 5 °C, clear skies,
low relative humidity (< 50%), 10-20 mph wind speeds, pressure at 620 mb (0.612 atm), and 0.5’
to 1.5”” seeing at optical wavelengths. Thorough notes were taken by everyone in the team to track
observing conditions, parameters, and target files that guided our analysis of the parallactic angle
determination.

Data was reduced using Python scripts we developed, utilizing the powerful AstroPy
module. Old code written in IDL was interpreted and translated into Python to re-format data cubes
from telescope pipeline produced Euro3D formatted cubes into 3D array Fits data cubes. These
cubes were reformatted for easiest manipulation of data images and for compatibility with
visualization software SAO ds9 and QFitsView. Convenience functions (functions specifically
meant for use on our SNIFS cubes) were written to update Fits header information, get spectra
from spaxels, and create figures to visualize spectra from both red and blue channel data cubes.
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To correct the effects of atmospheric dispersion, the magnitude of the dispersion vector
(AR), and direction () are calculated. The parallactic angle, 1, defines the angle along which the
refraction will occur, and is determined using equation ten from Filippenko (1982) (Equation 1).
The parallactic angle calculation is dependent on a target’s hour angle (h) and declination (&), and
the latitude of the observatory (®).

sin h cos ®

sinn = 1
[1 — (sin®sin & + cos ® cos § cos h)?]2
Equation 1: Filippenko 1982 relation for the parallactic angle (1) of an object explicitly as a
function of hour angle (h), declination (), and the latitude of the observer (®).

The magnitude of the dispersion vector is calculated using equations one through four from
Filippenko (1982). The magnitude of the dispersion vector, also referred to as the stroke (AR), is
the refracted displacement of a wavelength relative to a given reference wavelength, measured in
arcseconds (Equation 2). The stroke is dependent on the zenith distance angle (Z) of an observation
and the index of refraction of light, which is also wavelength dependent.

AR(A) = R(A) — R(4y) = 206265[n(1) — n(A,)]tanZ

Equation 2: Filippenko (1982) equation 4. Expression for calculating the magnitude of
atmospheric dispersion in arcseconds for a given wavelength relative to a reference wavelength
(Ao) target. Dependent on the index of refraction n(A) and the zenith angle (Z) of the observed.

To calculate the index of refraction, | derived Equation 3 from the first three equations of
Filippenko (1982). The index of refraction is dependent on wavelength (1), atmospheric pressure
(P), and air temperature (T). An average temperature of 5 °C and average pressure of 464.288 mm
Hg are assumed for my calculations based on the average conditions at the UH 2.2-meter telescope.
Values for n(A) were calculated and compared against values calculated by Stone & Zimmerman
(2001). The Filippenko method agreed to nine decimal places.

29498.1 255.4 P[1+(1.049-0.0157T)107°P] 0-0624—0'0302680 _6
n(D)rp = || 64.328 + + ; *( )— «1076 + 1
’ 146_(1) 41_(1) 720.883(1+0.003661T) 1+0.003661T
2 2

Equation 3: Expression derived from Filippenko (1982) equations 1, 2, and 3 for calculating the
index of refraction of light through air at a given wavelength (in microns), temperature (in
degrees Celsius), and atmospheric pressure (in mm Hg).

Once the stroke and parallactic angle is calculated for a given data cube, the x & y image
offset values are calculated for each wavelength slice of the data cube relative to a reference
wavelength of 512.5nm. Each slice of the cube is then shifted to match the position of the reference
wavelength slice, utilizing the SciPy ndimage.shift function.
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RESULTS

Conducting observations provided an excellent learning experience to support the
operation of SNIFS at the UH 2.2m. The UH 2.2m does not currently have a dedicated operator,
so training is encouraged. Fruitful observations yielded 57 full data cubes as 114 red channel-blue
channel data cube pairs to add to a database of over 150 SNIFS existing observations of the group’s
existing data. The observations made provided an instrumental framework for practice and
learning of Python data reduction techniques working with array-like data.

| have developed an automated, Python-based, data reduction pipeline for SNIFS data
cubes with the intention that extended source observations will be examined in the future by UH
students. The code conveniently, and quickly, generates FITS data cubes that can be visualized
with SAO ds9 and QFitsView.

The atmospheric dispersion compensation method was applied to all wavelengths across
all data cubes for each of our observations. Successful application of the atmospheric dispersion
correction method yields atmospheric dispersion compensated data cubes. Figures 2 & 3 visually
demonstrate the application of the atmospheric dispersion compensation method on selected
wavelengths of observations of spectroscopic standard star LTT3864.

015_059 003 17 at 36004 015_059 003 17 at reference 51254 3600A frame shifted to reference

6 8 10 12 14 0 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14

Figure 1: Blue channel proof of concept atmospheric dispersion compensation. A test
wavelength slice of the cube at 36004 (pictured left) is shifted to match the location of the
reference wavelength slice at 51254 (pictured middle). The resulting shifted frame is
pictured on the right.

015_059 003_17 at 65634 015_059_003_17 at reference 51254 6563A frame shifted to reference

6 8 10 12 14 0 2 4 6 8 10 12 14 ) 2 4 6 8 10 12 14

Figure 2: Red channel proof of concept atmospheric dispersion compensation. A test wavelength
slice of the cube at 65634 (pictured left) is shifted to match the location of the reference
wavelength slice at 51254 (pictured middle). The resulting shifted frame is pictured on the right.
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DISCUSSION

A consequence of utilizing the SciPy ndimage.shift function to carry out the shifting of
each frame is the loss of spaxel around the edges of the frame. This occurs because the frames at
the extreme ends of the spectrum (whose wavelengths are farthest from the reference wavelength)
have lost light due to the atmosphere refracting the light off the detector. Figure 4 shows this effect.
The final resulting cubes will be limited to a smaller field of view, whose dimensions are dependent
on the greatest stroke for a given cube. Encouraging better observation practices will ensure the
minimum loss of light in the field, as it is directly dependent on the target’s zenith distance. Higher
targets yield less atmospheric dispersion.

3600A frame shifted to reference

0 2 4 6 8 10 12 14

Figure 3: Taken from Figure 2, this is a shifted frame in the blue channel. Note the uniformly
grey area at the top rows of spaxels and along the left-most column. The airmass of this
observation was > 1.7, making it the most extreme case of those observed in Spring 2023.

The need for atmospheric dispersion correction comes from the desire to examine the
extended-source regions we observed on a spaxel-by-spaxel basis. We are interested in measuring
the Hydrogen alpha (Ha) and Hydrogen beta (Hp) line fluxes, because these lines are indicative of
dust extinction and star formation. Prior to the correction of atmospheric dispersion, the light of
one resolvable source would have been spread across the detector, so attempting to measure the
line flux ratio Ho/HP on a spaxel-by-spaxel basis would have resulted in incorrect ratios.

The next steps following the dispersion correction will be to calculate the dust extinction
at each spaxel. In previous work | have done and presented at the Fall 2022 Far West Section
Meeting of the American Physical Society, | have written python code to apply an extinction law
for correction derived by Cardelli, Clayton, and Mathis (1989) in the optical spectrum for integral
field spectrograph cube data. Following extinction correction, and standard flux calibration, the
work to measure star formation rates in our target regions may begin.
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CONCLUSION

Integral field study allows for an intuitive examination of how the compositions of regions
observed change spatially across said regions. With a relatively small field of view and decent
spectral resolution, SNIFS can look closely at individual regions of star formation within large
nearby galaxies. | have developed Python scripts that allow for an examination of SNIFS data
cubes, by generating said cubes from integral field unit data and correcting them for the
phenomenon of atmospheric dispersion. Assisted by my contributions to the growing database of
extended-source SNIFS observations, and atmospheric dispersion compensation Python scripts,
the study of low-redshift galaxies’ star formation can continue to provide valuable insights into
the evolution of the modern universe.
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A NEW ANALYSIS OF ABUNDANCES AND DIFFUSE IONIZED GAS IN M33

Edward J. Ward
Department of Physics and Astronomy
University of Hawai‘i at Hilo
Hilo, HI 96720

ABSTRACT

In collaboration with the Star formation, lonized Gas, and Nebular Abundances Legacy
Survey (SIGNALS), utilizing the Fourier transform integral field spectrograph SITELLE on the
Canada-France-Hawaii Telescope (CFHT), | examine the influence of diffuse ionized gas (DIG)
on measurements of star formation and nebular abundances in the nearby spiral galaxy M33. | do
this by measuring abundance indicating emission line ratios, both for individual DIG regions and
as radial gradients derived from measurements of hundreds of individual nebular regions. Using
detection threshold and aperture parameters, | explore the inclusion and exclusion of DIG emission
in oxygen abundance gradient slope measurements, which may have significant implications for
our understanding of M33. Our preliminary results indicate that the exclusion of the DIG steepens
the slope of the radial oxygen abundance gradients, suggesting that the DIG’s influence is
dependent on galactocentric radius, with the most influence at R > 5 Kpc.

INTRODUCTION

The spiral galaxy M33 is a cornerstone for the study of star formation and the chemical
enrichment process in disk galaxies. It is for this reason that M33 is a key target for the SIGNALS
survey, a large international collaboration focusing on the mechanisms driving massive star
forming and the distribution of the chemical elements in over 30 nearby galaxies [2]. The
interstellar medium (ISM) in M33 contains many complex structures, seen mostly as emission-
line regions of diversified morphologies (nebulae); extracting physical properties on individual
star forming regions is difficult and requires sophisticated algorithms. Other than nebulae, the
warm, diffuse, ionized gaseous component across the galaxy is another important component of
the ISM. The origin of the DIG in M33 (and in disk galaxies in general) is still under dispute.
Uncovering the DIGs properties and the source of ionization is one of the scientific goals of
SIGNALS. The DIG is found roughly everywhere in the galaxy and might have a strong impact
on the physical properties derived for the star forming regions, as its emission lines can
contaminate the study of these regions.

Integral Field Spectroscopy is an incredibly powerful method for combining photometric
and spectroscopic analysis of astronomical data. With SITELLE’s 11 arcmin x 11 arcmin field of
view (FOV), and 0.32”/pixel resolution, our spatial image coverage is up to 100 times larger than
other modern integral field spectrographs. SITELLE is designed to explore emission line regions
and galaxies in detail. SITELLE operates in three bandpasses, centered on the brightest optical
emission lines: SN1 (363 — 386nm), SN2 (482 — 513nm), and SN3 (647 — 685nm). For the
SIGNALS survey data, the spectral resolution of each bandpass is R=1000 in SN1 and SN2, and
R=5000 in SN3 [2]. Each SITELLE data cube contains roughly 4 million spectra (one for each
pixel). Figure 1 highlights the level of detail each SITELLE field contains.
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Figure 4: 4 close look at two SITELLE fields in M33. Each image contains 2048 pixels x 2048
pixels, one field contains roughly 4 million pixels, with one spectrum for each pixel. The
morphological complexity of each individual emission region is very apparent, along with the
ubiquitous presence of the DIG.

It is estimated that the DIG contributes 30-60 percent of the total Ho flux in local spiral
galaxies. Yet the contribution from this tenuous but ubiquitous component to the emission line
fluxes is generally neglected in the analysis of integrated galaxy spectra [7]. In this study we
explore the spectral characteristics of the DIG within M33 and examine how the DIG influences
measurements of radial oxygen abundance measurements.

METHODS

Our eight combined fields equate to around 32 million spectra across the entire galaxy.
Figure 2 demonstrates how the combined mosaic of SITELLE fields creates the images of M33.
We are examining images of the galaxy at key emission line wavelengths. SITELLE observations
were configured to optimize the detection of strong diagnostic lines for nearby extragalactic
nebulae: [OII] (372.7nm), HB, [OIII] (495.9nm and 500.7nm), Ha, [NII] (654.8nm and 658.3nm),
He 1 (667.8nm), and [SI1] (671.7nm and 673.1nm). Mosaic maps of the galaxy are constructed for
each emission line.
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Figure 2: Mosaic of the eight combined SITELLE fields in the Ho. wavelength (656.3nm). Axis
coordinates of Right Ascension and Declination measured in degrees. Flux color scale on the
right measured in 10™-17 erg/s/cm”2.

To first characterize the spectral properties of the DIG, | performed circular aperture
photometry on selected DIG regions across the galaxy. Regions were selected based on brightness,
seeming lack of morphological connection to nearby bright HII regions, and avoidance of recently
identified supernova remnants (SNRs) within the same SIGNALS data by Puertas et al (2024
Submitted) [4]. Fluxes of selected DIG regions were combined to create Table 1. Table 1 was
created to see how the common emission line ratios used to characterize HII regions differ in the
DIG when compared to those values in a typical bright HII region.

The flux values used to derive Table 1 were also used to identify an average brightness
threshold of the DIG in each emission line map. From these values, a threshold was applied to
each individual emission line map, to reject any flux below a certain value in each line. Figure 3
demonstrates the before and after of this threshold application. The purpose of this is to reject
potential DIG emission and examine only the brightest HII regions.
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I then generated oxygen abundance maps using two abundance indicators from Marino et
Where:

(2013)

[3]:

O3N2
N2 =log ([NII]658.3nm/Ha)

and

N2.

O3N2 =log ([01111500.7nm/HPB X Ha/[N1I]658.3nm)

oxygen abundance (12+log(O/H)) is derived from each respectively
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Figure 3: A side-by-side comparison between the N2 oxygen abundance map with and without
DIG after threshold rejection. With DIG (left) and without DIG (right). Scales on the right of

each map are measured as 12+log(O/H) N2.

Lastly, utilizing a Python script developed by SIGNALS collaborators, | generated radial

oxygen abundance gradient plots. The script fits a dense series of concentric across the entire map
of the galaxy, identifying each point on the map as within a given ring. It then generates a density
plot and fits two first-degree polynomials to the data. | generated these plots for both the all-
inclusive abundance maps (“with DIG”), and the threshold rejected maps (“without DIG”) to see
how the slopes of the abundance gradients change.
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RESULTS

Field Radius a ) Ho/HB [NII}/Ho [SH])/Ho [SI]/[NII] [OII]/HB
(px)  (degrees) (degrees)
7 18 ]23.30229 | 30.53818 | 2.08 0.35 0.43 1.23 0.74
5 25 12345725 | 30.92115 | 2.09 0.48 0.44 0.92 0.56
6 35 12336188 | 30.88704 | 1.24 0.54 0.53 0.98 0.64
8 21 23.13211 | 30.44029 | 1.21 0.56 0.68 1.22 1.80
1 32 23.5896 | 30.76426 | 2.31 0.38 0.37 0.99 0.68
1 11 2.58 0.39 0.44 1.12 0.48
2 27 | 23.35441 | 30.71283 | 2.56 0.29 0.26 0.91 0.81
2 13 2.38 0.31 0.31 1.00 0.56
3 28 23.5254 | 30.58804 | 3.74 0.47 0.55 1.18 0.97
3 14 2.63 0.48 0.51 1.05 1.06
4 38 ]23.38858 | 30.57973 | 2.39 0.47 0.52 1.11 0.70
4 16 2.59 0.43 0.44 1.02 0.75
4 14 1.99 0.30 0.38 1.28 0.58

Table 1: Table of emission line ratios of select DIG regions. At least one DIG region was
selected from each of the eight SITELLE fields. Fields with multiple DIG regions selected only
show one right ascension (a) and declination (6) value because the neighboring DIG regions
within the fields are smaller and arbitrarily close to the largest region measured.

Using the Python script developed by SITELLE users, | generated radial oxygen abundance
gradient plots of the two indirect calibration methods: O3N2 and N2. Figures 4 and 5 show a side-
by-side comparison of the abundance gradient plots with and without the DIG for the O3N2 and
N2 abundance measurements respectively.

03N2 metallicity no threshold O3N2 metallicity ratio upper limit individual thresholds

Figure 4: A side-by-side comparison between the O3N2 radial oxygen abundance gradient with
and without DIG after threshold rejection. The vertical axis is the oxygen abundance value, and
the horizontal axis is the deprojected galactocentric distance in Kpc. With DIG (left) and
without DIG (right). With DIG, the best fit slope measures -0.014 dex/Kpc. Without DIG, the best
fit slope measures -0.032 dex/
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N2 metallicity no threshold o gy N2 metallicity ratio upper limit individual thresh

Figure S: A side-by-side comparison between the N2 radial oxygen abundance gradient with and
without DIG after threshold rejection. With DIG (left) and without DIG (right). The vertical axis
is the oxygen abundance value, and the horizontal axis is the deprojected galactocentric distance
in Kpc. With DIG, the best fit slope measures -0.006 dex/Kpc. Without DIG, the best fit slope
measures -0.021 dex/Kpc.

DISCUSSION

When comparing the line ratios measured in the DIG to those measured in the centers of
the brightest HII regions, both in literature and a table made with our own aperture photometry
method, the [NII]/Ha and [SII]/Ho ratios were 2-4 times greater in the DIG than in bright HII
regions. Most interesting, however, is the consistent presence of Ho/Hp values less than 2.87. It is
known that for ionized gas, the Ho/Hp ratio has a theoretical minimum ~2.87, and that this ratio is
used to measure dust extinction. The presence of a lower Ho/Hp ratio value shows that the
ionization process of the DIG is not typical and has more of the blue HB photons than should be
expected. One possible explanation is that blue photons are “leaking” from the ionized bubbles
surrounding bright HII regions, into the ISM and are then reflected by dust, contaminating the
Ha/HP that comes from pure photoionization [1].

When looking at radial abundance gradients, it is well known that spiral galaxies show
negatively sloped gradients [6]. This agrees with that we find. In a recent study on DIG by Vale
Asari et al. (2019) [7], Asari asserts that the effect of the DIG on strong-line abundances depends
on the index used, noting that our same O3N2 index should have negligible DIG influence, but we
find that removing the DIG steepens the abundance slope for that index by a factor of ~2. Asari
also comments that their result is based on the limited resolution of their survey, and that the real
effect of the DIG is likely greater. It is possible that with SITELLE’s exceptional resolution we
may provide a deeper insight into their results. The benefit of the SIGNALS survey is its ability to
explore a large array of abundance measurement indices.

Interestingly, what we see in our compared gradient plots is that the removal of the DIG
shifts the abundances down mostly towards the higher radii. This suggests that the DIG’s influence
occurs mostly in the edges of the galactic disk. This would also agree with Asari’s suggestion that
the DIG contribution depends on galactocentric distance. Following DIG threshold removal, our
gradient slopes more closely agree with values of direct abundance measurement studies like those
conducted by Rogers et al. (2022) [5].
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CONCLUSION AND FUTURE WORK

In future work, we plan to expand our DIG characterizing table, to increase the sample size
of DIG regions to further increase our understanding. We also plan to explore correcting the
galaxy’s spectra for the phenomenon of dust extinction, which would open us up to explore several
more abundance measurement indicating line ratios.

The DIG clearly has an influence on our nebular emission measurements within M33. We
find that the DIG in this galaxy features higher [NII]/Ha and [SII]/Ha ratios and lower Ho/Hf3
ratios than typical star-forming HII regions. In the oxygen abundance measurements, we see that
removing the DIG from consideration significantly steepens the radial abundance slope. This
steepening has significant implications for our understanding of this galaxy’s chemical evolution,
as well as significant implications for other surveys featuring lower spatial resolutions.
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ABSTRACT

Samples returned from the carbonaceous asteroid 162173 Ryugu by the Japan Aerospace
Exploration Agency (JAXA)’s Hayabusa2 mission allow us to investigate primitive materials
from a known target and their evolution (Yada et al., 2022; Nakamura et al., 2022; Yokoyama et
al., 2022). Initial studies suggest these samples have similar mineralogy to ClI (Ivuna-like)
carbonaceous chondrites. Therefore, it is believed that Ryugu underwent extensive modification
through aqueous alteration processes (Yada et al., 2022; Ito et al., 2022; Nakamura et al., 2022;
Noguchi et al., 2022; Okazaki et al., 2022; Yokoyama et al., 2022). This study focused on
analyzing the abundance and distribution of secondary minerals formed during these aqueous
alteration processes (eg. carbonates, phosphates, sulfides, magnetite, and phyllosilicates) within
three allocated Ryugu samples. To do this, scanning electron microscopy (SEM) observations
and energy-dispersive X-ray spectroscopy (EDS) mapping were conducted using the SEM FEI
Helios NanoLab 660 dual-beam microscope at the Advanced Electron Microscopy Center
(AEMC) at the University of Hawai'i at Manoa (UHM). The relative abundances were found to
be 5.4% sulfides, 4.2% magnetite, 1.0% carbonates, and 0.3% phosphates. While these results
were similar to those found in previous studies, analysis of a greater sample size is necessary to
make further generalizations.

INTRODUCTION

Asteroids are small celestial bodies left over from planetary formation processes in the
solar nebula. Studying their formation and evolution can provide information on the conditions
within the early Solar System. The carbonaceous asteroid (162173) Ryugu is a rubble pile asteroid
composed of material ejected from its parent body due to a large impact (Watanabe et al., 2019).
Previous studies have shown that the returned samples are composed of minerals similar to those
found in CI (lvuna-like) carbonaceous chondrite meteorites suggesting that they may have
undergone modification through similar processes. Unlike the CI chondrites, the Ryugu samples
have not been affected by terrestrial conditions, making them some of the most pristine materials
available to study these processes (Yokoyama et al., 2022). The evolution of asteroids, such as
Ryugu, consists of three major processes: aqueous alteration, thermal metamorphism, and shock
metamorphism (Huss et al. 2006). Of these processes, aqueous alteration is the most predominant
in the samples returned from the carbonaceous asteroid 162173 Ryugu by JAXA’s Hayabusa2
mission (Yada et al., 2022; Ito et al., 2022; Nakamura et al., 2022; Noguchi et al., 2022; Okazaki
et al., 2022; Yokoyama et al., 2022). Aqueous alteration is the process in which a fluid circulates
through the parent body and interacts with primary minerals to produce secondary phases, such as
carbonates, oxides, sulfides, and phosphates (Brearley 2006). Therefore, assessing the distribution,
abundance, and chemical compositions of these secondary phases in the Ryugu samples will help
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place constraints on the mechanisms of aqueous alteration reactions, the conditions of alteration,
the location and timing of alteration, and the scale of mass transport.

To study these secondary minerals, SEM observations and EDS mapping were conducted
on three particles collected from both landing sites (first touchdown, TD1 - chamber A and second
touchdown, TD2, chamber C) of the Hayabusa2 mission (Fig. 1). The secondary phases that were
analyzed include carbonates [dolomite (CaMg(COs)2) and calcite (CaCOs)], magnetite (FesOa),
sulfides [pyrrhotite (Fei1xS) and pentlandite ((Fe,N)eSg)], and phosphates [apatite
(Cas(POa4)3(F,OH,CI)) and merrilite (CasNaMg(PO4)7)]. Visual inspection of the distribution and
morphology of these minerals was completed using SEM images while their abundances were
calculated from the EDS maps. The goal was to use this information to reflect on local geochemical
microenvironments within Ryugu's parent asteroid and assess the evolution of the aqueous
alteration processes on carbonaceous (C-type) asteroids.

METHODOLOGY

This study consisted of three main parts - sample preparation, SEM/EDS observations, and
mineral quantification. These steps were carried out on three Ryugu samples (A0119, C0030, and
C0157) allocated by JAXA (Fig. 1). The FEI Helios NanoLab 660 dual-beam microscope at the
Advanced Electron Microscopy Center (AEMC) at UHM was used to conduct SEM analysis and
EDS mapping.

Figure 1: Optical images of the three allocated Ryugu samples that were analyzed in this study as
well as their corresponding sizes and masses. Sample A0119 was collected during the first
touchdown (TD1) while samples C0030 and C0157 were collected during the second touchdown
(TD2) of the Hayabusa2 mission.
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Two types of samples were prepared and then observed for each of the three particles of
interest. Flat samples were prepared following the technique used by Piani et al. (2018, 2021). To
do this, sub-millimeter pieces of the Ryugu samples were handpicked under a stereomicroscope
and pressed onto pure indium using a hydraulic press. The particles were split into sub-millimeter
fragments to maximize surface area for SEM/EDS analysis. Topographic samples were also
prepared by placing the small fragments onto carbon sticky tape. Prior to SEM/EDS observations,
the samples were coated with a thin film of carbon (~5nm) to reduce charge build-up and prevent
damage to the sample by the electron beam.

Figure 2: Optical images of prepared flat (left) and topographic (right) samples from particle
CO0157 before carbon coating.

Following sample preparation, two types of observational techniques were used to analyze
the fragments. Scanning electron microscopy (SEM) consists of a high-energy electron beam
interacting with the atoms of a sample to cause secondary electrons to be ejected. These secondary
electrons are then collected to create a detailed image of the sample’s surface topography. The
accelerating voltage of the beam can be adjusted in order to change surface sensitivity, with lower
accelerating voltages producing more detailed images because the beam does not penetrate as deep
into the sample (Fig. 4). The second technique used was energy dispersive x-ray spectroscopy
(EDS), where the electron beam interacts with the atoms of the sample to produce characteristic
x-rays which can then be collected and used to identify the elements present. This technique
produces RGB maps that display the abundance and distribution of different elements, making it
valuable for analyzing a sample’s mineralogy.

To begin observations, initial SEM images (taken at 30 kV accelerating voltage) and EDS
maps were taken of each fragment to identify possible areas of interest for further analysis. The
main focus was searching for areas containing secondary minerals formed through aqueous
alteration, such as carbonates, phosphates, oxides, and sulfides. This was repeated for both the flat
and topographic samples; however, the topographic samples were observed in multiple
orientations in order to get the most complete maps and images possible with the limitations of an
irregular surface (Fig. 3).
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SRR SEM - topographic

Figure 3: Secondary electron SEM images and layered EDS maps were acquired of both flat and
topographic samples from particle C0030. The SEM images, taken at an accelerating voltage of
30 kV, show the surface morphology of the particles, while the EDS maps give information on the
distribution of elements by displaying the characteristic X-ray intensities.

Using the same techniques as before, more detailed observations of the identified areas
were taken at a higher magnification to obtain more precise information regarding mineral
distribution and abundance. In addition to this, SEM images were also taken at an accelerating
voltage of 5 kV in order to acquire more detailed information on the surface morphology of these
areas (Fig. 4).

Figure 4: SEM images - taken at both 30 kV and 5 kV accelerating voltage - of a fragment from
particle C0O030 that were acquired at a greater magnification.
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The final step was mineral identification and quantification using the RGB images created
by EDS mapping of the flat samples. Secondary minerals were identified based on the color ranges
that correspond to their elemental composition (Fig. 5). Following this, the abundances were
calculated for each secondary phase using Adobe Photoshop to quantify the number of pixels
within each mineral's corresponding color range.

Pyrrhotite (Fe(1x)S)

Magnetite (Fe30a)

Phyllosilicates

| o ‘X v Eig

o Dolomite (CaMg(COs)) [ . PR gseeA
S meet .',',: Ty : T

s ‘ Apatite (Cas(POas)s(OH,F,Cl))

Figure 5: An example of mineral identification on an EDS map of a fragment from particle C0030.
Carbonates are shown in red, phosphates in purple, magnetite in yellow, and sulfides in green.
Phyllosilicates make up the remaining material that surrounds these other secondary minerals.

RESULTS AND DISCUSSION

The relative abundances of the secondary phases in each particle were calculated and then
totaled, allowing for both comparison between grains and comparison with results from previous
studies (Fig. 6). There are obvious variations between minerals, such as in the amount of sulfides
and magnetite which clearly fluctuates across the different grains. While there appear to be
differences in the mineral abundances between the samples from touchdown sites A and C, these
results cannot be generalized without a larger sample size. The total results were similar to those
of previous studies where the relative abundances were found to be ~5% sulfides, ~3-5%
magnetite, and ~2% carbonates and phosphates. However, available material and quantification
methods may once again limit accuracy.

It is believed that possible improvements to pixel quantification methods could be made to
produce more accurate results. This could include taking higher resolution EDS maps or changing
the color scale to more precisely differentiate between the secondary phases present. Other
methods for pixel quantification could also be considered, such as developing specialized software
to meet the project requirements in an environment like Python. These improvements to
quantification could allow for more accurate results and, therefore, more concrete generalizations
and conclusions.
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Area (mm?) | Sulfides Magnetite Carbonates | Phosphates
A0119 2.507 7.2% 4.7% 0.4% 0.04%
C0030 1.956 5.4% 7.3% 1.2% 0.4%
C0157 2.904 3.9% 3.3% 1.4% 0.4%
Total 7.367 5.4% 4.2% 1.0% 0.3%

Figure 6: The final results calculated in this study, including the area measured and relative
abundances of the secondary phases. The total results of the collective area analyzed are displayed
in the bottom row.

CONCLUSION

The relative abundances of the secondary phases present within the three allocated grains
are consistent with previous studies of Ryugu samples, but there are also clear variations across
the different grains. Analysis of a greater sample size is needed before it is possible to draw
conclusions about whether these differences are related to differences in the local geochemical
environment at each touchdown site. Further study of Ryugu samples will better constrain the
conditions under which aqueous alteration occurred on the parent asteroid. An enhanced
understanding of this process will have a variety of implications for the overall understanding of
the formation and evolution of the Solar System.
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ABSTRACT

Interlocking frames innovate the assembly of aerospace apparatus by reducing the need for
traditional fastening methods. Instead, these frames use quick connects or snap fits which are easily
connected utilizing compliant mechanisms and friction fits. These implementations are designed
to minimize the difficulty of assembly while retaining the structural rigidity of traditional fastened
frames. Utilizing advanced 3D modeling and simulation to design and develop manufacturable
components which are validated through extensive tensile testing. These developments are aimed
at NASA’s strategic objectives, with a focus on cost reduction of aerospace structures and vehicles
through reduced assembly times.

INTRODUCTION

The advanced interlocking frames team researched mechanisms to replace traditional
fastening methods by developing quick connect devices to fasten simple structural components.
Over the one-year span members have worked to develop and manufacture designs through
advanced modeling and extensive tensile testing. This research strives to aid NASA’s strategic
objectives of returning humans to the lunar surface as well as Mars in the near future. These distant
missions as well as operations in Earth's low orbit place astronauts in extremely adverse
environments which will increase fatigue during operations. Interlocking structural frames aim to
reduce the assembly time for astronauts as well as develop simple mechanisms to increase the
likelihood of assembly through robotic assistance reducing the fatigue of astronauts. Additionally
interlocking devices will reduce the amount of parts necessary to assemble structures which will
reduce the amount of trips needed to transport components reducing costs. Other utilizations aim
to use interlocking devices on construction projects here on earth, reducing the overall cost of
developing more infrastructure to reach NASA’s strategic goals. The major objectives are to
design quick connect devices which have similar structural capabilities to traditional fasteners
while using only simple attachment methods. Secondary objectives are to make the parts reusable
and interchangeable and to integrate into materials without additional hardware.
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DESIGN

A methodology was developed for this project to rapidly redesign components utilizing the
lab's available 3D printer to rapidly manufacture. The process would begin with background
research into previously developed designs and tests. The team would then model and design test
specimens utilizing CAD softwares and follow this up with advanced modeling software. This
software was used to simulate complex contact mechanics which would show deficiencies in
specimens before manufacturing began. Research of previous designs which shows many of the
common quick connect mechanisms utilized in different assembly applications. These quick
connect mechanisms are utilized primarily in the automotive industry to secure different panels
and components to automobiles to reduce assembly times. Along with additional research into
previous experiments and testings as well as other non-common approaches to utilizing quick
connections. Design one utilized the tab design seen primarily in the automotive industry which
utilizes an extended arm with a wedge on the end. During insertion the fins will be deformed to
allow the wedge to slide into the opening. Upon full insertion into the device the arm will unfold
allowing the wedge to be deployed creating a connection between both devices. This method was
redesigned multiple times throughout the project, a CAD model is shown in figure 1.

Figure 1: Simple Clip Mechanism

Buckle design was the next design which mimicked a simple buckle which would allow
for the device to be attached and detached with ease. Similar to the tab design the device will bend
during insertion before expanding again locking the two objects together. The added benefit behind
this design was to allow for easy detachment of objects as by applying pressure to the clips the
device will release. This benefit allows the device to be easily disassembled and the ability to be
reassembled at a later date.
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20mm

Figure 2: Buckle

The tabbed insert is the final design and is the most permanent design which utilizes
multiple rows of tabs which are similar to fins and are compliant during insertion collapsing back
onto the center tube. Once fully inserted the fins expand, locking the tubes together creating a
friction connection between the two devices. This allows the device to be simply inserted into
carbon fiber tubes with no additional fastening devices needed. This design gives the benefit of
being attached to any tube without previous manufacturing and can be designed for use with many
different tube types and sizes.

Figure 3: Insert

These designs were all developed to utilize compliant mechanisms which would be used
to reduce the amount of force needed during insertion, but would increase the force needed to
separate each device. These designs were selected to display the versatility of quick connect
devices by accomplishing different goals as well as producing a wide array of specimens to be
tested. The goal behind the research was to design, manufacture, and test as many specimens as
possible utilizing the rapid fabrication methods.
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FABRICATION

Fabrication was chosen through the available resources as well as the speed and ease of
manufacturability. The team utilized 3D resin printers, specifically the Formlabs 3D resin printer,
which is compatible with form labs custom engineering resins which have specific properties. The
team primarily utilized Tuff PU resin which gives the device flexibility as well as significant
stiffness. This was chosen as the material to use as it mimics metal such as aluminum which may
be a primary choice for future development of these devices. This resin also gives the properties
such as the flexibility which will be needed to make devices that must deform and reform after
insertion. This manufacturing was convenient as it allowed the team to print and cure parts in only
a few days while parts were still very precise. The three devices were all printed and can be seen
below in figure.

TESTING PROCEDURES

Once parts were fabricated the team utilized the designated tensile tester in the Nano
systems Laboratory which was the Shimadzu AGS-X tensile tester. The team first developed a
custom script which would test the specimens’ insertion force and retraction force. The script
would track the force during insertion to a certain depth and then retract the specimen completely
out while recording the distance and the force. The team laid out a test plan which would give the
team accurate data while additionally keeping the team safe during testing. Once each specimen
was inspected for any manufacturing defects they would each be numbered and placed near the
test bench. The specimen would then be secured into the grips on each end of the tensile tester
followed by the safety ring being securely tightened to ensure each component was secure. The
team would lower the specimens into position and use a caliper to verify the distance between each
specimen. Once in the correct position the system would be set and the safety shield would be
lowered to deflect any debris during testing. Once all members had stepped away the test script
could be started from the computer and data would be collected for later analysis.

RESULTS

Once the tests were completed the data was analyzed and prepared utilizing python code
which was used to generate key plots and to compare data sets. The first design was tested as a
prototype run which generated the data for a four tabbed device which allowed the team to develop
the first plot seen below in figure 4. This first test shows the 11 specimens which were tested and
the variation in the insertion force on the top vs retraction force on the bottom. As seen during the
first results there was a level of consistency with the devices which helped to provide a general
curve for each test. However, this first model was not up to standard as the device had a much
higher insertion force which can be seen on the top of the graph compared to the retention force
which was about a 3:1 ratio. This meant that the first design took three times more force during
insertion compared to separation.
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Additionally, during this first test the team also had alignment issues which can be seen in
the outlying data which caused tabs to deform in the opposite direction resulting in higher force.
After the first specimen the team began playing with the specimen’s variables which resulted in
the team testing out varying numbers of fins including 3,4,5, and 6 fins on each specimen. As seen
in the data collected in figure 4 the fin variation resulted in the team designating the 4 fin design
as the best as it can be seen in the blue. It had a high insertion force about twice as much as the
lowest but it had a much higher retraction force and was tied with the 5 fin design which can be
seen below which needed more insertion force compared to the 4 fin design. After all of the data
was collected there were no significant improvements throughout all of the data collected for the
4 fin design.
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Figure 4: Left is test data from the first simple clip design and right is the fin design
with varying numbers of fins.

This left the team unsure of the reasoning behind the lackluster data, the team decided to
utilize COMSOL to analyze the model and get an in depth look into the interaction during
insertion. The team worked on creating a custom COMSOL simulation which would utilize
different methods for gaging the deformation experienced during insertion and retraction. This
software would help the team to identify interactions not seen during general observation. The
results of the fin test are located below this software allowed the team to see that the part was
failing in two different ways the first way was that the fin shapes were colliding into each other
meaning that the device did not have enough space to deform during insertion without permanently
damaging the fins and causing permanent deformation. The next noticeable detail was the
concentration of stress in the arm of each fin which could be seen in the COMSOL results which
was due to the shape of the arm. This stress was located at the base of the fin which resulted in the
fin deforming past its critical point which is why the specimens were noted to not have fully
expanded after testing. These issues were not noticed during the four rounds of preliminary testing.
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Figure 5: COMSOL modeling of the first design.

During the redesign the fin was curved; this curve minimized the fin contact during
insertion but also the curve made the fin easier to redeploy. As seen in the results below after this
correction the fin was significantly enhanced with a near 1:1 ratio compared to the 1:3 ration seen
in the original design. Although this data was a significant improvement the design still needs
more improvements and will need to have a much higher ratio to perform as intended in the field.
The team was able to run six rounds of test with 10 specimens in each round but the team had
planned for another round of COMSOL simulations followed by two more rounds of testing to
complete the baseline data for the device. Additionally, the team had planned to do variable testing
on the device which would include the length, width, angle, and bevel on the fins.
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Figure 6: Testing after redesign
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Additionally, the team decided to test and verify other methods each of these designs were
designed to focus on improvements to the simple tab method. The buckle method was designed
off of a backpack buckle and added on the added benefit of being able to depress the tabs to release
the device. The first prototypes were manufactured and tested which resulted in a 1:6 ratio which
meant to break free the buckle needed to have 80N or 6 times the insertion force applied on the
device. This design would have one iteration although plans were set up for integration with the
device to common materials as well as redesigns to optimize. The testing data is shown below.
The planned tests were to test the design with different hook designs as well as varying the pattern
of the hook. The team was able to run one round of tests although the plan was to run a preliminary
3 rounds with different hook designs followed by COMSOL modeling and another round of tests.
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Figure 7: Data from buckle design

The final design was the insert design which was made to simply connect with a carbon
fiber tube without the need of any other devices. The device is shown below as it utilized multiple
layers of compliant fins to create a friction fit. This resulted in the design of many different inserts
with varying fin diameters and created a strong bond between the two materials. The design was
able to slide into the end of the carbon fiber tube and a plier was utilized to separate the
components. The specimens were created for the insert along with a full assembly but due to time
the specimens could not be tested as a jig needed to be manufactured. The plan was to test the
tolerance of the fin by varying the diameter, the angle, and the number of fins. This would have
been done with approximately four different sets of data for each variable with 10 specimens per
test.
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Figure 8: Insert CAD of manufactured cube structure.
CONCLUSION

The project has developed the methodology for the design and development of quick
connect devices to integrate with common aerospace materials. This includes the development of
testing methods for tensile testing, data analysis tools, and simulations. This has led to the
development and the improvements of multiple devices which are key in the development of
integration between carbon fiber directly to join components. Additionally, developing multiple
interactions of clip mechanisms which are able to simply pop into place and retain loads over
insertion force. The team had plans for more testing then was accomplished during the project
period which would have better defined the qualities of each device. The development of these
devices will require more time but the methodology behind the design process has been created to
continue the development of these devices.

The program has allowed all of the members to experience hands-on research and develop
the necessary skills needed to conduct higher level research. In addition, the symposium helped
prepare the team for public speaking and presentation skills to be used in future endeavors.
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ABSTRACT

Machine learning has proven to be a big factor in the advancement of many Earth-based
applications and is beginning to show great promise for space exploration. The Curiosity rover
incorporated Autonomous Exploration for Gathering Increased Science (AEGIS) which employs
Al through computer vision techniques by determining which pictures to send back to Earth based
on target identification (Francis et al., 2015). In particular, Gaussian processes are a statistical
method that has demonstrated its capability to consistently converge to a local minimum meaning
it reduces the models’ loss and efficiently determines which target to focus on (Kroemer et al.,
2009). Similarly, the Gaussian Process Active Learning (GPAL) algorithm has been shown to have
the capability to effectively explore environments without providing prior knowledge (Akemoto,
et al., 2022). To distinguish the potential of the GPAL algorithm, this research plans to evaluate
the utilization of this algorithm by testing it on Hawai‘i’s planetary surface analogues. The lunar
surface analogue we plan to examine is Mauna Kea where the input to the algorithm is the
correlation of soil samples compared to the Apollo mission on the surface of the moon. If shown
to outperform other sampling methods such as Spiral and Boustrephedon patterns, the GPAL
algorithm can be a leading method that allows rovers to efficiently explore planetary surfaces.

INTRODUCTION

Lunar habitation has been one of the pinnacles of humanity's goals for space exploration.
In the past, human-based space exploration attempts such as the Challenger (1986) and Columbia
(2003) missions resulted in disasters costing the lives of 14 Americans. Autonomous robotic
systems utilizing sensor measurements and machine learning algorithms can heavily reduce the
extent to which humans risk their lives in the pursuit of knowledge. Many factors come into play
when considering autonomous space exploration including the most effective and efficient method
of traversing lunar surfaces, determining the possibility of life in space, and much more. Improving
the performance of autonomous systems is key to making space exploration more efficient.

Active learning is a machine learning approach that generates a surrogate model that
represents the relationship between historical input and output data while providing uncertainty
quantification in output predictions. In space exploration, this can be useful because instead of a
human operator having to assess where desired scientific subjects are located, we can have a robot
sample and test for scientific values. As a result, this sampling supplies information allowing the
robot to path plan (where scientific subjects are located within the space of interest) using an active
learning algorithm. An active learning algorithm that will be useful for robotic space exploration
is the GPAL. One of the main benefits of the GPAL algorithm is that it can learn and allow for
exploration in a parameter-free environment with little to no prior knowledge given any type of
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input. This research intends to utilize the GPAL algorithm in a real-world environment to evaluate
the prospects of autonomous robot space exploration and lessen the required mission resources
used for space exploration.

METHODS

This research focuses on characterizing a surface using Gaussian Processes and active
learning methodologies. The simulation of the environment on Mauna Kea was conducted through
the Robotic Operating System (ROS) and the Gazebo physics simulator provided a robust platform
to assess the rover’s mobility and sensor capabilities. The physical rover was assembled by a small
team within the Robotic Space Exploration (RoSE) Lab. The rover incorporates key components
including an electronics box, Inertial Measurement Unit (IMU) and GPS sensors (Figure 1),
spectrometer housing, and a protective awning for the spectrometer probe. The onboard computer
for the rover is the Jetson Orin Nano which has powerful computing capabilities for facilitating
the efficient execution of the GPAL algorithm.

The GPAL algorithm, initially executed in a simulated environment using Python,
underwent modifications to allow for real-time implementation. During field testing, where input
measurements are inherently unknown, each iteration of the algorithm incorporates measurements
acquired from the onboard hardware components. In simulation, the exploration phase of the
algorithm was able to provide error calculations because the ground truth values were known, but
in a real-world scenario, this isn’t possible. Instead, error analysis becomes a post-processing step,
leveraging ground truth values obtained after the completion of the rover’s exploration phase.

The ASD FieldSpec 4 Spectroradiometer, depicted in Figure 2, serves as an important tool
for spectral data acquisition for this project. It comes with dedicated software to retrieve and
process spectra data in a format where it can be analyzed. However, the process of collecting the
spectra is tedious and the software associated with this spectrometer isn’t flexible for automating
this process. To overcome the manual nature of using the spectrometer’s software, the Python
module PyAutoGUI was utilized to simulate mouse clicks and movements, further elevating the
rover’s autonomy.

The input used for the GPAL algorithm field testing is spectral correlation to lunar samples
from previous Apollo missions. Knowing lunar similarity will allow researchers to have better
insight into where field tests can be run that will closely mimic the properties of the moon. Previous
lunar similarity research has been conducted on the proposed field test site showing promising
results in the correlation to Apollo missions (Wang, Arroyo-Flores, & Zhu, 2023).

This comprehensive methodology integrates simulation, hardware, software, and spectral

data, establishing a robust framework for rover exploration and advancing our understanding of
lunar-like surfaces.
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Figure 1: IMU (top) and GPS (bottom) sensors

v

Figure 2: Spectrometer encased in rover chassis

RESULTS

The Gaussian Process Active Learning algorithm is able to work in real-time by taking in
the spectra at a given location and outputting a new GPS coordinate location to survey next. The
algorithm is held on the Jetson Orin Nano and expects the correlation number at that given location
and the rover will be moved to the next suggested location (Figure 3).
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Figure 3: GPAL algorithm working in real-time

Cancel

Field testing is conducted within the Mauna Kea Forest Reserve, which serves as our lunar
surface analogue. In order to be able to run field testing, a permit was requested through the
Division of Forestry and Wildlife. In Figure 4, the red outline shows the area in which field testing

is permitted.

Figure 4: Reference map used for the site permit
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DISCUSSION

Overall, there are a lot of moving parts when it comes to testing an algorithm in a real-
world environment (i.e. field testing). The difficulties this project faced included securing a permit
to do field testing on Mauna Kea and being able to fabricate a robot with its necessary hardware
components. It took about 2 months for the permit to be approved so that we can conduct our
research on Mauna Kea; in the future, it’ll be wise to submit a permit request earlier in the process
so the project isn’t deferred by waiting on the permit to be approved. A lot of effort was put into
constructing the rover by some of the members of the Robotic Space Exploration (RoSE) Lab.
Because my strengths don’t lie in mechanical or electrical fields, I supported this project more so
on the software side for the integration of the GPAL algorithm onto the rover. With these
preparations set up, we can conduct field testing on Mauna Kea to test the effectiveness of the
GPAL algorithm.

CONCLUSION

In conclusion, this research aims to advance the field of robotic planetary surface
exploration through the integration of the Gaussian Process Active Learning (GPAL) algorithm.
The results highlight the viability of the GPAL algorithm in real-time scenarios, showcasing its
role in dynamically utilizing uncertainty in the rover's trajectory during exploration. This research
not only contributes to the scientific understanding of lunar similarity but also exhibits a holistic
approach to robotic exploration. As we move forward, the findings of this research open avenues
for future endeavors in autonomous robotic exploration and surface characterization.
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