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Abstract
The next frontier for humanity is beyond our solar system, embracing interstellar travel to expand our
knowledge of what is beyond our current scope of vision and understanding. This project outlines a Directed
Energy mission to the Alpha Centauri star system, our neighboring solar system, as a technological proof of
concept and scientific mission. This mission will utilize a laser array to propel a swarm of miniaturized light
sail gram-scaled spacecraft into the interstellar medium at 20% the speed of light to travel the 25 trillion
miles for a journey of approximately 20 years. During the journey, the scientific payload on the light sails will
collect groundbreaking data and, upon arrival at the Alpha Centauri system, will continue its scientific mission
to provide humanity with a glimpse of what may await us in space. The miniaturization of the scientific
payloads, the advancements in material science for the development of space-worthy structures, along with
incorporating efficient radioisotope thermal generators and autonomous operation systems, will facilitate
the success of this interstellar mission. An assessment of the Alpha Centauri system will be conducted as the
swarm of spacecraft reaches its destination, and a better understanding of the exoplanets in that system will
be the result. The questions will be answered as to if we can find another habitable planet for humanity in
another solar system using the ancient methods of travel and exploration, a sail and some wind. We will
come full circle in our quest to explore and be the first of its kind, not unlike the early explorers that set sail
on the seas to find out what was beyond their scope of vision.
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Faculty Preface
“Rien ne vaut un rêve pour créer l’avenir.”,
“There is nothing like a dream to create the future.”
Victor Hugo (writer, essayist, congressman, refugee)

In Strasbourg, France, in October 2021, a spirited team of young people of the Master of Space Studies
(MSS) program set out on an academic journey to the unknown. Their MSS team project (TP) deals with a
seemingly foolish idea of actually flying to the nearest stellar system of α Centauri, although we all learned
that distances even in the nearby Universe, are astronomical. Paraphrasing the poet, could this dream
create the mission?
The project pursued by the Breakthrough Starshot initiative, upon which the proposal for this TP is based,
in order to reach our neighbor within the lifetime of our students, envisions solutions that all raise more
questions than they solve problems. The project is gigantic in many ways: complexity, financial and
environmental costs, duration, and presents tremendous difficulties for the engineer, the scientist, the
manager, the lawyer, the educator.
Undeterred by this challenge, the team tackled the problem comprehensively, delivering a wide-ranging
Literature Review in late December 2021. Thereafter, and following discussion, debate and reflection,
they focused their research on those aspects of the project for which they could contribute solutions and
recommendations.
The team surfed the waves to light for us the path to our nearest extrasolar planets. They interviewed
experts, questioned publications, studied proposals, challenged each other, and imagined ways to engage
the public and the sponsors and to inoculate the enthusiasm for the mission that they build for themselves
and others. Their voyage exposed them to the essence of teamwork: self-organization and discipline,
listening and communicating with colleagues, confronting differences of opinion, and maintaining group
morale.
This Final Report presents the fruit of their labors and of their sincere and ardent efforts to bring us closer
to an interplanetary, industrious species. It has been a pleasure working with them and observing their
scholarly progress and overall development. We congratulate the team and wish them to pursue their
journey to similar high achievements, in such a good company!
Professor Hugh Hill and Associate Professor Bertrand Goldman,
Faculty TP Interfaces,
ISU Central Campus,
Strasbourg,
France.
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Authors’ Preface
Team NUEE is composed of 16 international students representing nine countries enrolled in the
International Space University’s Master of Space Studies Program 2022 responsible for this team project,
Directed Energy, Mission to a Nearby Star System. The mission, named EX.PL.RE, which stands for Exosolar
Probe Laser propelled at Relativistic Speed, will outline our concept to take humanity beyond our solar
system and embark on a journey of interstellar exploration.
Team NUEE has faced several challenges during this project, which included the adoption of hybrid meetings
and remote work, as the COVID-19 pandemic continued to touch our daily lives. However, as a team, we
endured and flourished. This report is a product of our commitment to this project, and a testament to our
agility and resilience, both highly sought-after characteristics from those working in the space sector. In the
words of Albert Einstein (1879-1955), “Adversity introduces a man to himself.” On this day, the saying would
be “Adversity introduces a person to themself,” in keeping with the inclusiveness and internationality of ISU,
as well as the composition of Team NUEE. But we learned about ourselves and each other during this project,
overcoming any obstacle in our path.
We also learned how hard space can be, and we faced the challenges head-on. We are proud of our project
and the progress we made in a few months taking on challenges that some of the brightest minds are
currently working on; specifically, how does humanity move into another solar system? Team NUEE has an
answer, and this report will provide an outline of the mission that will take us there, from a scientific and
technological perspective with the development of gram-scaled spacecraft propelled by photon pressure
from a laser array to the business and management aspects of operating a long-term space business, to the
legal and policy challenges for this type of project. We will also discuss how to motivate and excite multiple
generations to stay engaged in space science and interstellar travel and examine possible secondary uses for
our technology, on Earth and in our own solar system.
As we depart Earth on a scientific exploratory mission, we will carry a non-science payload, symbolic of
humanity, as our spacecraft will not return. The swarm, or Nuée in French, will be released and sent into the
interstellar medium to complete this mission, undoubtedly with success, and provide us, within
approximately 25 years, scientific data we cannot collect from Earth or a satellite. We will get a glimpse of
exoplanets in the Alpha Centauri system, one of which we believe may be habitable, to make a better
determination if this is where we should be headed in the future. As Stephen Hawking (1942-2018) said, “Be
brave, be curious, be determined, overcome the odds. It can be done.” Team NUEE is all these things, and this
project will support our beliefs and commitments because we know it can be done.
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1. INTRODUCTION

Alpha Centauri AB

Proxima Centauri

Image credit: The star Proxima Centauri and its
neighboring duo of Alpha Centauri A and B
by Davide DE MARTIN and Mahdi ZAMANI - astronomy.com

International Space University – EX.PL.RE: A Directed Energy Mission to a Nearby Star System

1. Introduction
Mission Statement
EX.PL.RE presents a directed energy interstellar mission to the Alpha Centauri system that pushes the
boundaries of science and engineering, for the advancement of humankind and to inspire future
generations to explore further.
Our planet Earth is our only home. But now, a new age is upon us. With new technological capabilities and a
willingness to expand beyond our presence in the cosmos, humanity will endeavor on a journey of scientific
discovery to seek out new worlds and discover what is out there, beyond what our eyes can see and what
we have imagined for many ages. As humanity returns to the Moon and plans are in place to be on Mars
within the decade, this project will unveil a more ambitious plan to explore beyond our solar system to our
neighbor, the Alpha Centauri system. This mission, a Directed Energy Mission to a Nearby Star System, named
mission EX.PL.RE, takes humanity on a scientific journey to discover what we believe is a possibly habitable
exoplanet orbiting around a smaller and dimmer version of the Sun. The journey will take no less than
20 years to travel into the interstellar medium at 20% the speed of light to travel the 25 trillion miles. A
swarm, or Nuée in French, of miniaturized gram-scale light sail spacecraft, will be propelled by a directed
energy system, consisting of a laser array in the Atacama Desert in Chile. During the journey, the scientific
payload on the light sails will collect groundbreaking data and, upon arrival at the Alpha Centauri system, will
continue their scientific mission to provide humanity with a glimpse of what may await us in space. The
miniaturization of the scientific payloads, advancements in material science for the development of spaceworthy structures, along with incorporating efficient radioisotope thermal generators and autonomous
operation systems, will facilitate the success of this interstellar mission.
In this report, areas of concern will be examined to include the science and technology behind the mission,
the design of the gram-scale light sails, which will be nestled in the belly of a “mothership” satellite launched
into a geosynchronous orbit. A continuous beam fired from a ground laser array will send the swarm of light
sails into the interstellar medium to accomplish their mission of scientific observation and collection of
unprecedented data. In addition, due consideration will be given to the management of an organization for
an interstellar mission, an overview of a viable structure, funding scheme and proposed budget, taking
factors such as site selection and the cost of doing business into account. Further discussion will be provided
on the cultural and educational outreach opportunities of this type of mission to include a non-science
payload of a message plaque and establishing an educational institute to provide a scientific platform for
students to become involved in space science and possibly pursue a career in the same. Legal and policy
implications will be discussed, as well as several case studies examining the use of dual-use technology and
its ability to conform to “Science for All.” Finally, a discussion on the potential secondary missions using the
technology developed for this mission will be provided.
We are living in the era of change that will make us become interplanetary beings. Our eyes are no longer on
planet Earth, but on life after Earth. The question is always and always has been: What is out there? This
mission to our neighboring star system will define the 21st century as a technological proof of concept and
scientific mission, using the ancient methods of travel and exploration, a sail and some wind. We will come
full circle in our quest to explore and be the first of its kind, not unlike the early explorers that set sail on the
seas to find out what was beyond their scope of vision.
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2. SCIENCE &
TECHNOLOGY
“We should keep an open mind about all these ideas. Although 99% of the
Breakthrough Propulsion suggestions may be crazy, the other 1% may be gems.”
- Gregory L. Matloff

Image credit: Branding for the 5th International
Symposium on Solar Sailing - behance.net

3

International Space University – EX.PL.RE: A Directed Energy Mission to a Nearby Star System

2. Science and Technology
A directed energy mission to the Alpha Centauri system has great implications for humankind and a great
cost as well. But it will bring technological advances that can make life easier on Earth and make humans true
explorers of the cosmos. This mission cannot succeed without huge leaps of development in science and
technology. This mission needs to be meaningful and should provide valuable data that cannot be obtained
from Earth. In this section, the science instruments required to obtain the data will be discussed, drawing
inspiration from what has been done in space until now. The science goals will be outlined with ways to
accomplish them, which will define the payload and lead to the actual probe design.
The payload will be followed by its integration in the spacecraft design and the mission sequence. The design
of the spacecraft and methods used for its deployment are discussed further and form a timeline for this
mission and how this mission is expected to be carried out.
Once the design and deployment of the probe have been covered, the ground infrastructure will be
investigated, which represents a substantial part of this mission. The ground laser infrastructure and schedule
of accomplishing ground procedures to execute this mission will be discussed. A mission is impossible without
adequate ground infrastructure and its impact on the Earth. This chapter will analyze all the abovementioned topics in detail and walk the reader through the science and technology required to accomplish
such a mission.

2.1 Proxima Centauri b and its livability
The Alpha Centauri System is a tertiary star system and is the closest system to our solar system. It consists
of Alpha Centauri A, a G2V star, Alpha Centauri B, a K1V star, and Proxima Centauri, an M5.5Ve (low mass
end of M dwarf type stars) star, which is the closest star to the Sun, 4.2 light-years away. Three exoplanets
have been detected around Proxima Centauri, namely Proxima b, Proxima c, and Proxima d (Faria et al.,
2022). Out of the three planets discovered, Proxima b is a potentially rocky planet with approximately 1.3
Earth masses and is in the habitable zone (at a distance from its host star where surface liquid water may
exist) at about 0.05 astronomical units (AU) of Proxima Centauri and orbits its star in approximately 11.2
days. Proxima d is orbiting Proxima Centauri at 0.029 AU and Proxima c at about 1.5 AU, which puts them
both outside the habitable zone of their star. A flyby to Proxima b gives us a chance to potentially study three
exoplanets from which one is in the habitable zone and draw a comparison of these to our own solar system.
Of the thousands of exoplanets discovered to date, many have already been deemed potentially habitable.
The habitable zone is but one factor that comes into play in determining a planet’s habitability. The literal
meaning of habitability can be defined as an environment where life can exist. However, it is seldom used in
life sciences literature and the majority of simulation models are only focused on macroscopic biosignatures.
Additionally, astrobiologists associate different definitions to the term, which, in turn, results in different
models being created or used, producing conclusions that may be wrongly understood or compared (Cockell,
Samuels and Stevens, 2021; Méndez et al., 2021). It is also suggested that habitability is not measurable as a
fractional quantity, but rather a strictly binary state: either habitable or not (Cockell, Samuels and Stevens,
2021). The criteria to determine habitability should always be disclosed in research, and the search to find
universal parameters defining habitability should not be pursued. It is important to note that usage of the
term habitability will be assumed to be used in a broad sense and not specific to any living entity. Therefore,
the term “livability” is recommended instead, which would be more adapted at describing the suitability of
any lifeform to live or not in a given environment, as it involves not necessarily the presence of liquid water
on the surface but also the influence of environmental factors. These factors consist of the magnetosphere,
the atmosphere, geological activity, and its capacity at absorbing ionizing radiation. However, the exact role
they play in the formation and regulation of a potential livable exoplanet is not fully understood.
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2.2 Science Instruments
An interstellar mission to a nearby star system will be a huge feat for humankind. So far, proposals for a
directed energy interstellar mission have focused solely on the underlying physics feasibility and the
engineering requirements of the propulsion method. This has been an exercise in establishing: “Can we go
to the stars?” but what has not yet been addressed is “why are we going and what will we do once we get
there?” Why go to such figurative and literal lengths, and what can we obtain from such a ground-breaking
mission? It is not enough to just prove that interstellar travel can be achieved; there must be at the core a
compelling and sophisticated scientific imperative to make this mission a worthwhile and fruitful endeavor
for humanity to invest in.
To provide value and to justify such a mission, relevant scientific data needs to be gathered that cannot be
collected using ground and current space-based observations. The scientific instruments used in previous
missions is large and bulky, and this presents a challenge to develop light and compact instruments required
to meet payload constraints and accomplish the scientific goals of this mission. This section will address the
various goals that will be scientifically important for an interstellar mission to further our understanding of
the universe.
There are multiple unknowns outside the solar system. For example, the composition and distribution of the
interstellar medium, the magnetic interactions of celestial bodies outside the solar system and whether there
is life beyond it. Gathering various kinds of scientific data will help to understand these unknowns and to
refine theoretical models currently presented by the scientific community regarding magnetic interactions
and composition of the interstellar medium, stellar dynamics, planetary system formation, habitability of
exoplanets and more. By venturing out of the solar system, it will be imperative to not only collect scientific
data at the target destination, Proxima Centauri and its exoplanet Proxima b, but to also perform
measurements in the interstellar medium and the relativistic effects on the spacecraft during the journey. To
recommend the required instruments, it is important to look at the instruments used on various science
missions within the solar system. The instruments used onboard the Parker Solar Probe and the Solar and
Heliospheric Observatory (SOHO) to study the Sun will be important to study Proxima Centauri. The
instruments used onboard Earth observation satellites and spacecraft like Juno and Cassini will pave a way
forward to study Proxima b and detect potential signs of life. The instruments onboard the Voyager missions
will inspire new instruments to study the interstellar medium. All these spacecraft and their instruments
were studied thoroughly during the literature review phase of this project and have helped to identify the
scientific goals and types of instruments that should be included in an interstellar probe to perform a flyby
of Proxima b.

2.2.1 The need for better stellar measurements
An interstellar mission literally means a journey from one star to another, but why visit another star? The
Sun, a G2-class, medium-sized, main-sequence star, is located 1 AU or 150 million km from Earth and is the
only star in our Solar System. As the most prominent object visible from Earth and the basis of energy for the
majority of living processes (Murray, 2013), the Sun has been observed and studied for millennia.
From the Copernican revolution, the paradigm shift from the Earth-centered cosmology of Ptolemy to
acceptance of the heliocentric model, where the Sun is at the center of the solar system (Kuhn, 1957), to the
first observed sunspot by telescope in the 17th century and the advent of solar spectroscopy in the 19th
century, the understanding of how our nearest star works has changed dramatically throughout time.
However, it has only been in the last thirty years, with the development of space-based telescopes such as
SOHO and the Parker Solar Probe, that we have been able to get close to the Sun, enabling the most
astonishing and ground-breaking insights into the fundamental processes, not just within the Sun but in our
universe at large.
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To this day, the careful study of the Sun has been the key to understanding other stars due to its close and
hospitable proximity to Earth. It allows for data with spatial and temporal resolution that far exceeds what
can be obtained through the photon-challenged observations of distant stars. This has naturally led to a
distinctive split between observational astrophysics and solar astronomy. Although we have been able to
deduce much about the physical processes elsewhere in the universe, the Sun still remains the best example
available to study out of the billions of stars in our galaxy.
When it comes to space-based telescopes and probes, the difference in observation can be described using
the simple analogy of observing the day’s weather through the glass of your window versus actually stepping
outside and feeling the rate of rainfall, temperature and windspeed for yourself. Remote observation is a
valuable tool, but there are details and complexities of environmental understanding that can only be
obtained and especially confirmed through in-situ and closer analysis.

2.2.2 How to probe an astrosphere, lessons from heliophysics
Earth’s magnetosphere is a result of the interaction between our planet’s magnetic field and the stream of
charged particles, known as solar wind, which emanates from the surface of the Sun. Much like the
magnetosphere that surrounds Earth, when the solar wind eventually collides with the high-energy galactic
cosmic rays of the interstellar medium (ISM), it forms a protective bubble surrounding the Sun, all eight
planets, and much of the objects in the outer solar system. This surrounding bubble of charged gas and
magnetic fields, characterized as a rounded cavity of plasma with a long trailing tail, is the heliosphere.
In the context of other stars, this phenomenon is called an astrosphere. A star’s astrosphere arises due to its
particular interaction with the ISM and, although some have been imaged using telescopes, there is still much
to be learned of the extent, dynamics and variation with stellar classification, the galactic environment of
interstellar clouds, and the role that astrospheres play in the habitability of the bodies orbiting the stars
within them (Muller et al., 2006; Smith and Scalo, 2009). These questions would be best addressed by
incorporating a suite of heliophysics-inspired instruments (see Table 1) on the payload of this mission.

Figure 1 - Photographs of highly visible known astrospheres around other stars
(Credit: NASA/ESA/JPL-Caltech/Goddard/SwRI)

The interdisciplinary science of heliophysics studies the nature of the Sun and the influence its activity has
on the surrounding space and bodies within the heliosphere. The study of the highly dynamic system not only
improves the fundamental understanding of how stars work and interact with the rest of space, but it also
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informs efforts to prepare and mitigate against threats from space weather and provides insight into
planetary habitability (Provornikova et al., 2020). The exploration and study of this extensive and
interconnected system have historically required a fleet of spacecraft placed at key points throughout the
heliosphere (Bhatt et al., 2020). From the Parker Solar Probe “touching” the Sun’s atmosphere observing the
origins of the solar wind, to satellites around Earth, and even the farthest human-made objects, Voyager 1
and 2, which have crossed the threshold of our planetary neighborhood and the wider universe known as
the heliopause, and are now sending signals back from interstellar space (Gurnett et al., 2013; Richardson et
al., 2019).

Figure 2 - Illustration of notable heliospheric research missions (Credit: NASA)

Several notable heliospheric research missions are illustrated in Figure 2, such as the Advanced Composition
Explorer, the Interstellar Boundary Explorer, the Parker Solar Probe, ESA/NASA’s Solar and Heliospheric
Observatory, the Solar Terrestrial Relations Observatory, Voyagers, and WIND. Details of the aforementioned
missions are listed in Table 1.
To further illustrate how near and in-situ measurements can serve to provide ground-breaking investigation
into the physics of another star, it is important to understand the impact of solar probes. Launched in 1995,
SOHO has revolutionized the understanding of the solar interior, solar atmosphere, and the acceleration of
the solar wind. The mission led to the first images of the Sun’s convection zone being taken, the sub-surface
structure of sunspots, details on the temperature structure and gas-flow in the solar interior, the
measurement of the acceleration of solar wind and the identification of the fast solar wind source in the
magnetically “open” interior regions of the solar poles, as well as the discovery of coronal waves, tornados
which revolutionized solar weather forecasting (Baldwin, Fleck and Müller, 2015).
The Parker Solar Probe, launched in 2018 to make in-situ measurements of the Sun’s corona, was designed
to get closer than any probe before, with the closest approach of 0.05 AU. On December 14th, 2021, it was
announced that the Parker Solar Probe had “touched” the Sun after traversing the corona into the Sun’s
atmosphere to study how the magnetic field shapes solar wind. With the ability to study the environment of
the Sun’s upper atmosphere in-situ, the Parker Solar Probe mission returned astonishing insights into the
inner workings of the Sun, such as the origin of “switchbacks,” being magnetic funnels emanating from
supergranules in the solar surface (Neugebauer, 2020). With similar instrumental abilities, a light sail probe
to Proxima Centauri could fill in many gaps in current stellar models of M-type stars, as addressed in the next
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section, and no doubt reveal many mysteries that we have to postulate in how these enigmatic yet abundant
stars work.
Table 1 - Description of heliospheric research missions

Mission

Voyager 1 & 2
(Heacock, 1980)

Launch

Science Objectives

1977

To understand the strength and orientation of the
Sun's magnetic field.
To detect the composition, direction and energy
spectra of the solar wind particles and interstellar
cosmic rays.
To measure the strength of radio emissions that are
thought to be originating at the heliopause.
To characterize the distribution of hydrogen within
the outer heliosphere.

Cosmic Ray Subsystem
Particle and Plasma
Analyzers
Magnetometer

Spectrometer
Time-of-flight ion sensors
EUV flux monitor
Energetic Particle Analyzer
UV Imaging Telescope
Doppler Imager
Coronagraph
UV-spectrometer
Spectrometers
Magnetometer
Ionic Charge Analyzer

Solar and
Heliospheric
Observatory (SOHO)
(Domingo, Fleck and
Poland, 1995)

1995

To investigate the structure and dynamics of the
solar interior, to find out why the solar corona
exists and how it is heated and to find the origin of
solar wind and how it is accelerated.

Advanced
Composition
Explorer (ACE)
(Stone et al., 1998)

1997

To analyze the composition of the solar corona,
solar wind, interplanetary, interstellar, and galactic
particle populations.

Solar Terrestrial
Relations
Observatory, or
STEREO
(Jackson et al.,
2010)

2006

Interstellar
Boundary Explorer
(IBEX)
(Wieser et al., 2007)

2008

Parker Solar Probe
(PSP)
(Nisticò et al., 2019)

2018

To understand the causes and mechanisms of
coronal mass ejection (CME) and their propagation.
To discover the mechanisms and sites of energetic
particle acceleration in the low corona and the
interplanetary medium.
To improve the determination of ambient solar
wind.
To discover the global interaction at the boundary
between interplanetary space, dominated by solar
wind streaming from the Sun, and the interstellar
medium.
To trace how energy and heat move through the
solar corona and to explore what accelerates the
solar wind as well as solar energetic particles.

Instrument Types

UV imager
White-light coronagraphs
Heliospheric imager
Radio burst tracker
Protons, alpha particles,
and heavy ion detector
Energetic neutral atoms
imager
Electric Field Antenna
Magnetometers
Active Pixel Sensor CMOS
detectors cameras
Faraday cup
Energetic Particle Sensor

2.2.3 Experiencing the weather around our nearest celestial neighbors
As previously discussed, understanding the processes of other stars and their interactions with space is
limited by their astronomical distance from us. Observations of tiny dots of light are currently the only way
to obtain insight into the evolution and physics within the rest of the stars in our galaxy.
If one was to take a random sample of the Milky Way and choose a star, it is likely that the chosen star would
be dim, cool, and reddish-orange. Though ubiquitous, making up 70% of our Galaxy, the chosen star would
not be visible in the night sky. These stars, even at the closest distances to our solar system, are simply too
faint to see with the naked eye. They represent an important spectral class, the M dwarf, defined by strong
absorption in the red end of the optical region, with masses that range between 0.08 to 0.4 solar masses
(Adams, Bodenheimer and Laughlin, 2005). Despite being the most common type of star, they are arguably
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one of the least understood stellar classes. There is even uncertainty in their fundamental properties such as
mass-radius relation, how they lose momentum, their metallicity and magnetic activity (Delfosse et al., 2000;
Bean et al., 2004; Morrell et al., 2018). Their faintness makes them difficult to study, and it was only in the
2000s when red-sensitive charge-coupled devices (CCDs) and infrared arrays began being used in sky surveys
did the vast population of M-dwarfs become apparent. Due to their long duration on the main sequence and
ubiquity, these stars are the most interesting in terms of hosting habitable exoplanet candidates, such as
Proxima b.
M dwarfs stars are known to be far more magnetically active compared to Sun-like stars, which increases the
frequency and magnitude of flaring activity, and this has implications for atmospheric biomarkers and could
threaten any exoplanet ozone (Armstrong et al., 2016). Super-flares are also likely to be commonplace and
potentially lead to massive coronal mass ejections (CMEs). These CMEs are giant eruptions of magnetized
plasma from the corona, the outermost layer of a star’s atmosphere. Extreme pressure effects from this
violent stellar activity could have serious interactions with the atmospheric shielding of an exoplanet and
even lead to intense ionization-triggered erosion and depletion, eventually rendering the surface
inhospitable for life (Khodachenko et al., 2007). Therefore, understanding the magnetic environment of
M dwarfs is crucial for evaluating the habitability of a substantial portion of known exoplanets, as currently
little is known about the internal processes that drive their magnetic dynamos with limited simulations
(Brown et al., 2020). The presence of these significant magnetic fields in M dwarfs remains unresolved based
on solar models, indicating there are unknown mechanisms at play producing this intense magnetic activity
(Doyle et al., 2018).
To vastly improve understanding of the physics within these stars and know more about the conditions under
which their exoplanets evolved, including the possibility of harboring life, it is imperative that we address
these fundamental questions about the properties of red dwarfs.

2.2.4 Beyond the heliopause and into interstellar space
The heliopause is the liminal zone between the influence of solar particles and the vastness of interstellar
space. Voyager 1 and 2, launched in 1977, were the first spacecrafts to cross this boundary where the
influence of the solar wind and associated plasma is overcome by higher-energy cosmic rays and interstellar
magnetism. This transition into interstellar space is marked by a sharp increase in intense cosmic rays, and a
decrease of low-energy solar originated ions (Stone et al., 2019). Observations of an increase in plasma
density across the boundary from both Voyager probes also indicate the presence of a “magnetic barrier”
that protects our heliosphere from highly ionizing galactic cosmic radiation (GCR) (Burlaga et al., 2019). The
scientific community is only now beginning to learn of the extent and function of the heliosphere, while
astrospheres, in general, remain a mystery. The evolution of exoplanetary atmospheres and their surface
habitability is controlled by the astrosphere environment of their host star, yet little is known about the
astrospheric processes around other stars. The shielding of GCRs by astrospheres is a fundamental and open
question, the answers to which will be of significant importance to the assessment of habitability of
exoplanets throughout our galaxy (Seager and Loeb, 2022).
On the proposed journey to investigate the astrospheres of the nearest stars to the Sun, there will be many
opportunities to answer questions about what lies beyond the extent of the heliopause. This includes
characterization of the currently poorly understood density and size distribution of interstellar dust grains
and understanding the properties of the interstellar medium, including plasma flows, the intensity of galactic
cosmic rays and the source of anomalous cosmic rays (Dialynas et al., 2017). Traversing past the extent of
the Sun’s gravitational influence, this mission will be the first to probe the shape and distribution of the Oort
Cloud, providing ground-breaking discoveries of the enigmatic source of cometary visitors to the solar system
(Lubin, 2016). New data could address uncertainty in the size distribution of interstellar objects in this region
(Siraj and Loeb, 2021) and reconcile current models of planetary system origins. Well before venturing into
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the inner Oort Cloud, traveling this extreme distance also provides an opportunity to gather observational
data on extreme trans-Neptunian objects (ETNOs), which could potentially confirm the existence of
hypothesized super-Earth, Planet Nine, that may be lurking at a distance twenty times farther than the orbit
of Neptune (Brown and Batygin, 2016) and has been suggested by some scientists to be an exoplanet
captured by the gravitational influence of the Sun during the early stages of the solar system formation
(Mustill, Raymond and Davies, 2016).

2.2.5 What can be studied around Proxima Centauri?
Obtaining the first picture of three exoplanets and of an exoplanetary system will be an inspiration and will
provide high-quality and precise data about the exoplanetary system. It is indeed physically possible to detect
some photons at 20% of the speed of light, or approximately 60000 km/sec. CCDs have been the new horses
driving scientific exploration in space and have been in operation for over 40 years. The evolution of CCDs
gave birth to electron multiplication CCD (EMCCD), that can potentially capture even a single photon. It can
provide what is needed for this mission, which is high quantum efficiency, sub electron readout noise and
relatively high data/frame rates (Robbins, 2009). Multiple exposures will be required for a proper image of
planets and other celestial objects. In this mission, the constraint will be the miniaturization of this
technology so that it can be integrated with the mass available for a science payload. It is assumed that this
technology will be sufficiently miniaturized to suit this mission timeline.
Proxima b is located within the
habitable zone of Proxima Centauri,
but it is assumed to be tidally locked
with it because of its vicinity to the
star. Proxima b gives us an amazing
opportunity to do exoplanet science
and astrobiology in our galactic
backyard. Proxima b might support
life, and it is important to check for
important biomarkers like water,
methane,
ozone,
and
other
atmospheric
parameters
like
temperature and pressure important
Figure 3 - The sky as seen from Alpha Centauri (Credit: Skatebiker)
to support life. Organic compounds,
such as H2O, CO2, CH4, O3, can be detected by taking pictures of the planet in the mid-infrared spectrum (520 microns). The current development in infrared sensors and the future developments of Earth observation
has given birth to ultra-light, ultra-small and sensitive infrared sensors that should be used on board the
spacecraft to study Proxima b and provide important scientific data about the planet.
Homochirality is an important characteristic for biochemical life, and recently there have been developments
in instruments that can detect it. Instruments used for circular spectropolarimetric sensing of vegetation in
fields could potentially be used to remotely detect extra-terrestrial life. The fractional circular polarization of
light can be used to distinguish photosynthetic life from abiotic matter (Patty et al., 2019).
It is still unknown how other star systems look or appear. Do they also have an asteroid belt, an Oort Cloud,
and are they host to multitudes of asteroids and comets? As discussed above, getting a picture of another
exoplanetary system can answer many questions and can raise many profound ones. In terms of Proxima
Centauri, images of three exoplanets could be obtained, as well as potentially finding moons, asteroids, and
comets that cannot be detected from any Earth-based instruments. This would allow comparisons to be
made with the solar system and improve the current models. Even the night sky will be slightly different from
what is seen from the solar system, the constellation of Centaurus will be missing its brightest star, Alpha
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Centauri, and the Sun will be visible as a part of the constellation Cassiopeia, there will also be a slight change
in other star positions, as shown in Figure 3.

Figure 4 - Location of the closest star systems (left); the southern sky in La Silla, Chile (right) (Credit: NASA/Penn State University
(left); ESO, August 24, 2016 (CC BY 4.0) (right))

2.2.6 Scientific goals and potential payloads
As addressed in the above section, there is no lack of compelling questions and possible scientific
investigations to motivate a mission into interstellar space and to the nearest star to the Sun: Proxima
Centauri. The identification of scientific objectives for a mission of this scope is an undertaking, requiring
years of scientific analysis from leading researchers in their field. This report highlights key areas of scientific
interest that can be explored for such a mission. Table 2 summarizes a selection of these scientific questions
and suggests innovative sensor technologies that, through further miniaturization, may be implemented into
the payload of a directed energy light sail spacecraft.
This section encompasses the key areas of scientific inquiry that this proposed interstellar mission should
address. The areas range from continuing the precedent of discoveries sent back to Earth from just beyond
the heliosphere by the Voyager missions to probing deeper into the ISM to determine its density and the
radiation environment of interstellar space. On the way to the next star over, Proxima Centauri, the light sail
fleet of this mission will be the first human-made group of objects to view the depths of the Oort Cloud,
allowing the characterization of this mysterious realm of space and the number of objects it holds. From
there, now pushing farther to reach the influence of Proxima Centauri on interstellar space, the instruments
on board the payload will be the first to ever detect and directly characterize another stellar astrosphere.
This breakthrough moment will then swiftly shift to the most monumental opportunity of this mission: taking
the first direct in-situ images of an exoplanet, in this case Proxima b, as well as any other currently detected
and undetected bodies. Through these images and onboard sensors, the spacecraft will be able to send back
data confirming tidal locking, the nature of exoplanetary atmospheres, and even potentially confirming
biosignatures which could lead to the most important discovery in human history: life beyond Earth.
Of course, the integration of the required instruments and sensors demands further technical consideration
and miniaturization to meet the significant constraint of the payloads mass, volume and power requirements.
The optimistic outlook and assumption are that trends in miniaturization will continue, with current research
addressing how to manufacture chip-scale atomic devices for compact, low-power instruments with high
precision and stability (Kitching, 2018), despite suggestions that Moore’s law is beginning to reach physical
limits (Powell, 2008). However, these limits will need to be circumvented to make this mission a reality.
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Hence, advances in the sail’s meta-material science will inevitably spinoff to address the needs of payload
design.
Table 2 - Key scientific objectives with potential technology payloads

Science goals

Location

Possible Technology

• Characterize the magnetic environment of
the ISM
• Detect range of the Alpha Centauri system
astrosphere and level of GCR shielding
• Investigate stellar activity of Proxima
Centauri

• Heliopause
• ISM
• Proxima
Centauri

Miniature atomic
scalar magnetometer
(Korth et al., 2016)

• Characterization of GCR and other
radiation in the ISM
• Detection, characterization and
reconstruction of the radiation
environment around Proxima Centauri

• ISM
• Proxima
Centauri

Back-sampling chain
(BSC) circuit technique
(Kumar et al., 2021)

• Taking Images at 60000 km/sec of the
Alpha Centauri System

• Alpha
Centauri
System,
Oort Cloud

EMCCD, Electron
Multiplication
technique (Robbins,
2009)

• Proxima b

Circular
Spectropolarimetric
sensing (Patty et al.,
2019)

Detection of homochirality

Image and Size

35 × 25 × 25mm
Mass of 44g

Die area of 3.7 x 2.2mm,
on-chip

0.575 x 0.575mm
(OMNIVISION, 2022)

(Credit: Lucid Vision Labs)

Detection of Methane, Water, Ozone &
atmospheric parameters

• Proxima b

Infrared sensor (5-20
microns) (Defrère et
al., 2018)

0.25” diameter(OMEGA
Engineering inc., 2022)

2.3 Satellite Design
As mentioned in the previous section, the science instruments will become the payload for the spacecraft
destined for the Alpha Centauri system. This section will cover the design of an Earth-orbiting deployment
station, also referred to as the mothership satellite, and the design of the interstellar spacecraft, also referred
to as “probes.” Four instruments will be selected, and only one instrument will be installed on each probe.
There will be 2,500 probes with the same instrument, which will yield 10,000 total probes that will sail to the
system by “riding” an Earth-based laser beam described in the following section. This will maximize the
amount of data gathered from the Alpha Centauri system.
In order to complete the design of the satellite in the time available for this project, a pragmatic and highlevel approach will be adopted for the design of the light sails and the deployment satellite. The hostile space
environment creates several dangers for all satellites. This section evaluates the technology readiness levels
(TRL) and the design considerations needed for long-duration interstellar travel, while maintaining simple
design concepts. The goal is to provide top-level system design requirements based on previous research and
assumptions.
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Most of the research and current concepts for light-propelled spacecraft are using CubeSats and ChipSats.
CubeSats weigh approximately 1-10 kg and contain the typical subsystem components found in large
satellites that weigh over 1000 kg. ChipSats have been recommended for light sails because of their low mass
(1-10 g) and small shape. The small size and low complexity enable the spacecraft to be designed and
manufactured in massive quantities at a low cost. However, their small size makes them difficult to control
and carry a large suite of data gathering instrumentation.
Taking into consideration the hostile space environment and the small size of the spacecraft, it is difficult to
design a single spacecraft that can survive the journey and complete the mission. Breakthrough Initiatives’
Starshot program plans to rotate or fold the spacecraft to reduce the number of particle impacts during
transit to the Proxima system (Breakthrough Initiatives, 2022b). The amount of force needed to rotate or fold
the spacecraft will be too large for a spacecraft control mechanism, so this project will not be following that
method and will instead send a fleet of probes for redundancy purposes. Considering that little is known
about the density of the interstellar medium, it is not possible to calculate the number of probes that would
survive the journey to the Alpha Centauri system. As mentioned, this project’s design assumes approximately
10,000 spacecraft and divides the instrumentation among those satellites, so each satellite has one data
gathering and storage system.

2.3.1 Mission sequence
The mission sequence is divided into two
parts: first, a mothership satellite will be
placed in geosynchronous orbit, and
second, a probe will be deployed from
the mothership and will start its
operations. The mothership will initially
contain approximately 5,000 probes and
will have a resupply of another 5,000
probes after the initial probes have been
launched. This mission will be launched
on Rocket Lab’s Neutron rocket which
has the capability to put 8,000 kg into LEO
with a fairing diameter of 5 m (Rocket
Lab, 2022). From this information, it can
be estimated that the payload to geotransfer orbit would be around 3,000 kg.
The mothership is the largest vehicle that
will be launched into space and was
designed to fit in that fairing size, and the
mothership's estimated mass with 5,000
probes is 800 – 1,200 kg, which is within
Neutron’s payload capability. Neutron’s
fairing provides a large enough volume to
carry the mothership to geosynchronous
orbit (GSO). The mission sequence is
explained in Figure 5.

Figure 5 - Mission sequence for the EX.PL.RE mission
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Figure 6 - Configuration of the rocket with the mothership (original design)

Figure 7 - Configuration of the mothership integrated into the rocket fairing (original design)
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2.3.1.1

Orbit calculation and timeline

This section will describe what the orbit of the mothership will be, as well as those of the probes after their
deployment. To determine the orbit, first the position of Proxima Centauri is needed, which can be calculated
with the angle at which probes need to be launched from the mothership.
Table 3 - Important parameters for the orbit calculation

Parameter

Value

Speed of light (c)

299,792 km/s

Distance between Earth and Proxima Centauri

4.24 light-years = 4.0113 x 1013 km

Proxima Centauri b proper motion

3.85 arcseconds/year

Speed of the probe

20% of speed of light = 59,958 km/s

Time to reach Proxima Centauri from Earth

669,012,827 seconds = 21.21 years

Since Proxima Centauri is 4.24 light-years away, its position in the sky is seen as it was 4.24 years in the past.
Throughout the journey of the probe, which is approximated at 21.21 years at 0.2 c, the star will move from
its original position because of its high proper motion. The proper motion of a star is defined as the angular
change in position of a star on the celestial sphere measured in arcseconds per year. Proxima Centauri’s
proper motion is 3.85 arcseconds per year, so the actual position of the star will be displaced by a value of
𝜃𝑓𝑖𝑛𝑎𝑙 from its current position, as seen in the sky.
𝜃𝑓𝑖𝑛𝑎𝑙 = 97.9825” for 𝑡 = 21.21 + 4.24 = 25.45 𝑦𝑒𝑎𝑟𝑠
The time required for a laser to accelerate a probe to 20% of the speed of light is approximately twelve
minutes, as shown below in Figure 8, after which approximately a ten-minute break will be required for the
deployment of the next sail. During this time, all the orbit calculations will be done for determining the new
location to deploy the next probe by the mothership. Overall, the total daily use of the laser infrastructure
will be around 88 minutes, including the time required for the deployment of the probes and for them to
reach the position at which the laser will propel them.
Since the location of the laser array would be in the Atacama Desert, Proxima Centauri is visible only for
fifteen hours per day. Therefore, due to communication issues that will be discussed in Section 2.3.3.3, only
four probes can be launched per day, and 1,460 probes per year. This mission aims to launch a total of 10,000
probes, which will take approximately six to seven years (6.84 years) to complete.
The orbital parameters of the mothership are represented in Table 4, while the mission timeline is listed in
Table 5.
Table 4 - Classical orbital parameters for the mothership

Classical Orbital Elements
Semimajor axis, a
Eccentricity, e
Inclination, I
Argument of Perigee, 𝜔
Right Ascension of Ascending Node, Ω
True Anomaly, 𝜈

Values
42,164 km
0
39°
0°
197°
0°
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Table 5 - Mission timeline

Mission Task

Date (Year)

Launch of mothership (containing approx. 5,000 probes) 2036
Launch of a resupply mission to the mothership

2038-2039

End of Launch phase for probes from the mothership

2043

First* probes reaching Proxima Centauri

2057-2058

Data received from first* probe to earth

2061-2062†

(*): Assuming the probe will reach Proxima Centauri safely
(†): Assuming the use of an optical communication system

Figure 8 - Illustration of the mission sequence (original design)

2.3.2 The mothership satellite
2.3.2.1

System design

This mothership will launch at least 10,000 ultralight probes that would weigh about 10 g each, and it will
stay in Earth’s geosynchronous orbit. For this report, the focus on the design of the vehicle will be on the
payload and the probe deployment mechanism. Some information can be given about the mothership’s
spacecraft bus, as its design will be based on existing communication satellites in GEO. The design lifetime of
the mothership will be six years and will be robust enough to be reused for many sets of probes. The
mothership’s lifetime can be extended to up to fifteen years, and once its lifetime is complete, it will be
moved to a graveyard orbit in an effort to minimize potential space debris. Details on the subsystems are
listed in Table 6.
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Table 6 - Description of the mothership subsystems

Subsystem
On-board Data
Handling

Power

Communications

Thermal

Structure

Propulsion

Attitude, Orbit,
and Control

2.3.2.2

Description
The main computer for the mothership will need to gather and store health information
about itself and the probes to ensure they are operating nominally. It needs to have
sufficient memory for flight software and operate the functionalities of the satellite. It will
also need to store and forward information from the payload deployment to Earth.
The mothership will be powered by solar arrays and batteries. The arrays and batteries
should be large enough so that sufficient power is delivered to the payload and other
spacecraft subsystems.
The mothership will communicate via two-way radio communication with Earth to downlink
spacecraft health and payload data as well as to uplink commands and software updates.
This will need to directly interface with the payload system to ensure relay probe health and
deployment status.
Thermal control will be critical for the mothership because of the hot and cold temperature
extremes normally experienced in GEO. If the probes contain radioisotope thermoelectric
generators, then they will need a thermal management system to ensure that the batch of
satellites does not overheat prior to deployment.
The structure of the mothership will need to be robust enough to survive launch and orbital
insertion. There will be docking ports on the main structure to accommodate future
deployment payloads and separate from them when they have successfully deployed all the
probes. More information regarding docking is described below.
To travel from GTO to the required geosynchronous orbit, the mothership will use a chemical
propulsion system to reach its target position faster. For station keeping, the mothership will
use electric thrusters to fight North-South and East-West perturbations.
The orientation of the probes prior to being propelled by the laser is critical for their success.
Additionally, proper pointing will be necessary for communication with Earth, however probe
deployment will be more critical. The induced loads and moments that would be caused by
the probe deployment mechanism need to be compensated by the AOCS. This may require
the use of reaction wheels and thrusters to offload reaction wheel momentum.
Sail deployment mechanism

Figure 9 - Mothership design (original design)
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About 5,000 probes can be stored inside of the two orbital deployment system containers, which are part of
the rechargeable deployment platform, as illustrated in Figure 9. After the initial 5,000 probes are deployed,
the empty containers will be jettisoned into a graveyard orbit. During that time, another set of 5,000 probes
will be launched and sent to the mothership’s orbit, where they will attach to the mothership in the same
location as the original canisters. The mothership will then continue the probe deployment process. The
probe deployment system was inspired by a CubeSat mission deployed from the ISS KIBO module. The KIBO
module has a Japanese Experiment Module Remote Manipulator System (JEMRMS), which is a robotic arm
used to manipulate a multi-purpose experiment platform (MPEP) containing the CubeSats and move it
towards the desired orbit. Then, a spring and a guide rail inside the platform are used to deploy CubeSats
one by one.

Figure 10 - Simplified representation of the mothership and probe trajectory (original design)

A probe has a sail subsystem to deploy its sail. The subsystem is composed mainly of a mounting plate, a
rotating deployment guide, a rotating system cover, a guide rail, and a sail attachment head. Solar sails like
IKAROS, LightSail 1 and 2 have an active deployment subsystem with a motor. The mechanism of these three
solar sails makes the spacecraft rotate for the deployment of the sail guides or structures. A robot arm located
at the end of the mothership will grab and hold a probe to face the direction of Proxima Centauri. Then, the
probe will be rotated to activate its deployment guide. When the probe’s sail is fully deployed, the
mothership's motor will be brought to a stop, stopping the probe’s rotation at the same time. The probe will
then be pushed towards the precise location where it will be propelled by the laser. This external deployment
system allows for a reduction in mass and a reduced cost for each probe. The mothership will launch probes
one by one, according to the ground-based laser array readiness schedule. The future position of Proxima b
will need to be taken into account to determine the accurate positioning of the probe, which will be critical
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to propel it in the right direction. As seen in Figure 10, points MS, B, and C form a triangle with an angle
between the trajectory path of probe (MSC) and laser emission path (BC) of about 26°.
2.3.2.3

Reusability of the mothership deployment system

After all of the probes destined for the Alpha Centauri system have been launched, the mothership can be
reused for other interstellar missions or missions inside the solar system. This mothership will have two
principal reusability functions.
First, since the mothership has a docking system to receive the second batch of probes, it could further be
used as an orbital deployer tasked with carrying other probes for several different missions. When the
technology readiness level is high enough, a profitable business model can be considered by selling space on
the orbital deployer. In fact, the feasibility of a profitable business model can be assumed based on the
current rate of development of innovative, cost-effective technologies, as evidenced by the increased
number of satellites being launched over the last few years. This means that there is an increased demand
coming from customers of the New Space private industries. Demand for such an orbital service would most
likely also come from national space agencies. For example, NASA announced a new mission with six
CubeSats called Sunrise (Sun Radio
Interferometer Space Experiment)
that “map how the Sun’s magnetic
field extends into interplanetary
space” (Frazier, 2021). This flow of
satellites to the market accelerates
the demand for reducing spacecraft
mass
and
developing
new
spacecraft concepts, such as
advanced satellite launch capability
in orbit, new directed energy
propulsion systems and ultra-small
ChipSats. To satisfy this increasing
demand, this mothership will be
reusable for future deployments of
small satellites.
Figure 11 - Evolution of satellites since 1957; CubeSats are represented as dark
blue bars (Millan et al., 2019)

Second, a variant of the mothership could be developed with a set of advanced optics and highly reflective
mirrors, which would allow supporting multiple laser arrays spread across Earth’s southern hemisphere. This
feature would collimate the laser beams in space and redirect the output beam towards a recently deployed
probe. Using multiple laser arrays would allow decreasing the energy demand per array but would increase
the complexity in the system as a whole.
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Figure 12 - Concept of a directed energy in-orbit laser system using a focusing lens (original design)

2.3.3 Probe system design
In order to achieve the goal of arriving at the Alpha Centauri system in the timeframe of approximately 28
years, this satellite system design is built based on the Breakthrough Starshot (BTS) system model, which was
studied by Kevin L. G. Parkin in 2018. According to his paper, “choosing a mission that has half the cruise
velocity, 0.1c, decreases the beamer capex to a quarter of its baseline, whereas doubling it to 0.4c quintuples
it. Hence, it costs an extra $35B to halve the trip time or it saves $6B to double it. In the case of Alpha Centauri,
this shortens the 4.37 light-years trip time from 22 years to 11 years or lengthens it to 44 years” (Parkin,
2018). As we can see from his paper, 0.2c is an optimized target speed for this mission timeframe of 28 years
and therefore, will be adopted for the mission design. Table 7 provides the brief input system model of 0.2c
mission of the BTS system model study.
This mission has inherently high risks, such as the deployment of the spacecraft sail, the laser beam pointing
accuracy, the potential burning of the sails and the complex trajectory control of the spacecraft. Due to the
considerable risk of failure, the prospect of sending out thousands of probes will increase the probability of
achieving the mission.
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Table 7 - System model inputs and outputs of the Breakthrough Starshot mission (Parkin, 2018)

Model input
0.2c target speed
1.06 µm wavelength
60,000 km initial sail displacement from a laser
source
1 g payload
0.2 gm-2 areal density
10-8 spectral normal absorptance at 1.06 µm
70% spectral normal reflectance at 1.06 µm

Model output
Laser: 200 GW maximum transmitted power
Optics: 2.7 km primary effective diameter
Storage: 67 GWh stored energy

4.2 m sail diameter
3.8 g sail craft mass (includes payload mass)
9 min (520s) beam transmit duration
10 min (590s) sail craft acceleration duration
40 Pa temperature-limited photon pressure
560 N temperature-limited force
625 K maximum temperature
15,200 g’s temperature-limited acceleration
2300 g’s acceleration (at 0.15 AU)
34 kWm-2 beamer maximum beam radiant exitance
0.01 total hemispherical emittance (2-sided,
14.5 GWm-2 sailcraft theoretical maximum irradiance
625 K)
8.7 GWm-2 sailcraft temperature-limited irradiance
The study of the BTS system model from Parkin Research LLC (Parkin, 2018) showed that a mission with a
speed variation of 0.2c, with sail diameter based on input and output data from Table 7. Their research
presents a model study to get cost-optimal point designs to prove BTS’s mission. This model was studied for
three scenarios: “A 0.2c mission to Alpha Centauri, a 0.01c solar system precursor mission, and a groundbased test facility based on a vacuum tunnel. [...] The 0.2c point design assumes $0.01/W lasers, $500/m2
optics, and $50/kWh energy storage to achieve $8.3B capital cost for the ground-based beam director”
(Parkin, 2018). “All scenarios assume that the photon pressure from a 1.06 μm wavelength beam accelerates
a circular dielectric sail”. Since their research is the most reliable data at this time, the concept of this mission
used his studied model (Figure 13). Their output model graphs describe well the relation of laser beam
duration (longer duration = increases losses), beamer diameter (larger size = decreases losses) and sail size
to achieve lower costs.
As illustrated in Figure 13, the total mass of the probe of this mission would weigh about 10 g, which requires
a sail of 7.5 m in diameter. In the same figure, other critical parameters are shown as a function of the sail
diameter, such as the laser beam duration of approximately twelve minutes. According to Parkin’s research,
larger diameters over 8 m would add more complexity by increasing the optimum beamer diameter, as does
beam duration and range (Parkin, 2018).
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Figure 13 - Parameters of a 0.2c mission by sail diameter; a 10 g spacecraft is highlighted in red (Parkin, 2018)

Using the assumptions described above results in the values listed in Table 8.
Table 8 - Final parameters of a probe (Parkin, 2018)

Parameter
Target speed
Laser beam duration to reach the target speed

Value
0.2c
~12 mins

Maximum temperature

625 K

Total mass (including sail)

10 g

Sail diameter

~7.5 m

Sail material

Graphene
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Figure 14 - Probe design and top view of a fully deployed sail (original design)

2.3.3.1

Sail material

According to Pete Worden1, the geometry of the sail is just as important as the laser beam (Fernando, 2017).
Three solar sail missions have been tested since 2010 by JAXA and The Planetary Society. As described in
Table 9, IKAROS was the first solar sail-powered spacecraft in Earth’s orbit. Those missions are important
references, as they tested the mechanics of solar sails, which allow for the decrease of complexity in this
mission. Their sail is composed of a large flat smooth sheet of a very thin film that includes ultra-lightweight
structures. IKAROS used polyimide resin film with a subwavelength aluminum reflective coating for the
membrane of the sail, whereas LightSail 1 and LightSail 2 used Mylar2. The reflective side of the sail faces the
Sun, allowing it to generate a force to propel the spacecraft, analogous to a sailboat.

1

Astrophysicist, former Director of NASA’s Ames Research Center and Chairman of the Breakthrough Prize Foundation

2

Mylar is also known as BoPET (Biaxially-oriented polyethylene terephthalate) which is a sort of a polyester film. It has a high tensile
strength, dimensional and chemical stability.
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Table 9 - Tested solar sails missions in orbit from 2010 to 2019

Mission
Organization
Powered by
Mission type
Mission
duration
Launch mass
Dimensions
Launch date
End of mission

IKAROS
JAXA
Solar sail
Technology demo

LightSail 1
The Planetary Society
Solar sail
Technology demo

LightSail 2
The Planetary Society
Solar sail
Technology demo

5 years (goal)

25 days (planned)

About 1 year (planned)

315 kg
Core (S/C bus):
160 cm 100 cm (max)
Sail: 14 m x 14 m
(196 m2)
20 May 2010
20 May 2015

3-unit CubeSat, ~4.5 kg

3-unit CubeSat, ~5 kg

Core: 30 cm x 10 cm x
10 cm
Sail: 32 m2

Core: 30 cm x 10 cm x 10 cm
Sail: 32 m2

20 May 2015
14 June 2015

25 June 2019
On-going mission

Certainly, solar sail membrane materials should be “reflective to ensure efficient transfer of photon
momentum for radiation pressure propulsion” (Vulpetti, Johnson and Matloff, 2014). However, high-energy
laser beams have much higher energy per area than solar radiation. Thus, it produces greater forces and
higher temperatures than using sunlight. Therefore, the beam sailing of this mission requires a stronger
material than Mylar or polyimide resin in order to avoid being damaged and possibly melted. Therefore,
increasing the reflectivity and emissivity of the sail while decreasing its temperature is the main issue
regarding sail materials.

Figure 15 - Details of the successfully launched LightSail 2
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According to Pete Worden, “Shining such a
large amount of energy onto a relatively small
sail (about 4 m in diameter) would result in
instant vaporization if any more than a
minute fraction of the light were absorbed.
Calculations indicate that the material would
need to have an absorption coefficient of less
than 10–5” (Fernando, 2017). This low
absorptivity will be required in the Dopplershifted wavelength range of laser illumination
to avoid catastrophic overheating (Atwater et
al., 2018). Worden believes that there is no
such material light enough to make the sail in
current
technology,
explaining
the
importance of research into potential fabrics
for laser beam sailing. For example, a team of
applied physics and materials science at the
Figure 16 - Material candidates for the BTS light sail
California Institute of Technology with Harry
(Atwater et al., 2018)
A. Atwater conducted a study of several
materials for the BTS light sail (Figure 16). However, their test was performed in the condition of hundreds
watt level peak power, which is significantly lower than what this mission would require, at about 380 GW.
The laser power requirement will be discussed later in Section 2.4.

Figure 17 - Photonic design for the BTS light sail (Atwater et al., 2018)

A suitable material for this project would be a graphene sheet which is an extremely light material with high
performance and resistance. This very thin 3D-printed graphene sheet allows folding multiple times. Not only
a graphene sheet has a high performance, but it is also exceptionally light. Although existing solar sails use
relatively light materials, the mass of the sail alone is still considerable. The European Space Agency has
successfully produced a small graphene sample (Figure 18) which has been tested with a 1 W laser in a
vacuum tower (Szondy, 2020). Although further research for fabricating a large graphene sheet is required,
thanks to the collaboration of ESA and a nanotech startup firm, increasing the graphene market in the near
future may accelerate the fabrication of graphene at a low cost. A technology to produce 7-8 m sails by oneatom-thick graphene sheets would allow halving the total mass of the probe. Graphene sails are desirable
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due to their high tensile strength; however,
they have high optical absorption, which
makes them ineffective candidates for highly
reflective sails. It has been suggested to have
double-layer graphene covers on a
perforated copper grid with a micrometer
graphene structure for a support skeleton.
This may provide a sail that has the necessary
reflectivity and strength (Gaudenzi, Stefani
and Cartamil-Bueno, 2020).
Figure 18 - 3mm wide graphene light sail (Credit: ESA)

2.3.3.2

Sail design: Folding techniques and origami

The 7.5 m sail should be effectively folded to mitigate a failure in the deployment of the sail upon release
from the mothership, as this is one of the main risks. Thus, the four sides of the sail have to be unfolded
tautly without jagged surface creases to maximize the efficiency of the laser beam reflection, as well as to be
propelled in the desired direction. Therefore, the sail deployment mechanism can be categorized into two
groups, based on existing methods: using mechatronic operations to pull out four boom structures and using
rotation forces to extract the sail membranes from its stowage. For the folding pattern, two methods can be
considered. The first method consists of folding a single membrane and dividing the sails into four quadrants
to fold each side. This method of single membrane folding was proposed by Cambridge Consultants for a
solar sail and studied by NASA’s Jet Propulsion Laboratory with Brigham Young University3 (Cambridge
Consultants Ltd, 1989). The second method divides the sail into several individual parts and is the technique
that was adopted for the IKAROS, LightSail1 and LightSail 2 missions. Table 10 describes the advantages and
disadvantages of two different deployment mechanisms that were already tested in orbit.
The deployment mechanism of a sailing system is a critical subsystem due to its complexity and the
considerable risk of failure associated with materiality and the mechanical system. The deployment
mechanism of this mission’s probes consists of two main sections. First, the probe will have a boom stowage
for the boom structure deployment, and the second part is a membrane stowage. A general boom deployer
for a spacecraft sail can be heavy and complex. In order to reduce the mass and complexity of the probe, the
rotation mechanism will be adopted for this mission.
There are several types of solar sail configurations, as shown in Figure 19. Due to the small size of a ChipSat
spacecraft bus, this mission will use the regular square sail. At the higher TRL level, the folding pattern of sail
should be considered in order to improve the convergence of the crease line problem during the folding
process and decrease the number of crease lines.

3Shannon

Zirbel, a Ph.D. student in mechanical engineering at Brigham Young University, Provo, Utah, unfolded a solar panel array
that was designed using the principles of origami. She worked on this project with Brian Trease at NASA’s Jet Propulsion Laboratory,
California (Greicius, 2017)
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Table 10 - Description of sail deployment mechanisms (Sheng et al., 2008; Nasir, Advisor and Lappas, 2010; Greicius, 2017)

Deployment
mechanism

Unfolding
hardware

Sail
type

Example
LightSail 1 and 2

Mechatronic
operation: 4
TRAC booms
pull out a
hub

Origami style of a solar panel prototype
research

Single
surface

Using
rotation
mechanism

Tip tether
Bridge
Tip mass
Motor
Membrane
stowage

Pros:
• Easy stowage
• Larger sail area
• Compact stowage
Cons
• Cease line convergence
• Difficult to fold
• Boom structure and
stowage required

IKAROS
•
•
•
•
•

Pros:
• Easy stowage
Cons:
• Cease line convergence
• Difficult to fold
• Boom structure and
stowage required
• Tension line

Divided
surfaces
• Four
extendable
sail TRAC
booms
• Motor
• Boomer
stowage
• Membrane
stowage

Advantages &
Disadvantage

Divided
surfaces

Pros:
• No boom structures
Cons:
• Less maneuverable than
divided sails
• Cease line convergence
• Difficult to fold

Figure 19 - Different configurations of solar sail design (Credit: NASA)
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2.3.3.3

ChipSat spacecraft bus

Considering that very few probes have traveled beyond the solar system, very few components have reached
the highest TRL level of 9. A summary of the subsystem components for a hypothetical probe design is
provided below, listing the Earth-orbiting ChipSat and general interstellar design TRLs. The ChipSat TRL has
been derived from the 2019 ChipSat Team Project, and the interstellar design is based on historical data and
adjusted per NASA TRL standards. In this section, the ChipSat is also referred to as a “probe.” The subsystems
used on the probe are as follows:
On-board Computer (OBC)
This will be the main control system of the probe. The flight control software will need to be smart enough,
perhaps autonomous, in order for the probe to perform independently due to long communication delays
between the probe and Earth. Additionally, it will need to have a radiation-hardened Field-Programmable
Gate Array (FPGA) as the probes will not be protected by a magnetic field (Blyde et al., 2020).
Table 11 - TRLs of the OBC subsystem

Component
16-bit Microcontroller
8-bit Microcontroller
RF Microcontroller

Earth TRL*
9
9
9

Interstellar TRL†
6
6
6

Guidance, Navigation and Control System (GNCS)
This subsystem is responsible for the position of the probe in the direction of the destination while it is being
pushed by the laser from Earth. The probe acceleration direction will be aligned in the direction of
acceleration which is controlled by the ground system, as explained in Section 2.4. It is also responsible for
pointing the communication system towards Earth. The smallest component that could fit on a ChipSat to
control the orientation of the probe would be magnetorquers, which use electrically induced coils of wire to
rotate around magnetic fields. Since fixed magnetic fields do not exist in interstellar travel, other methods
would need to be developed to control the spacecraft. Reaction wheels are commonly used on all spacecraft
but have not been made small enough to fit on a ChipSat. Dielectric gratings can be used during the push
from the laser to control the amount of photon energy absorbed by the spacecraft (Ilic and Atwater, 2019).
The grating has been tested in a lab setting but has not been proven to work in space. To maintain guidance
during the cruise segment, the probes will have star trackers so they can orient themselves based on the
angular separation of stars (Takugo, 2018). As the probe travels, the observed angular separation could
change relative to the probe and cause navigation errors. This would require the reference database to be
updated in reference to the probe’s position.
Table 12 - TRLs of the GNCS subsystem

Component
Reaction wheels
Dielectric gratings
Star tracker

Earth TRL*
5
3
9

Interstellar TRL†
5
3
9

Power Generation
This subsystem is included to generate the power for the probe via sunlight. The intent is to use the light of
the star to generate power which may require slight modifications to the cell as the destination’s star is
different from the Sun. During the probe’s transit to the destination, it will rely on a Radioisotope
Thermoelectric Generator (RTG) to generate power. This RTG will need to be incredibly low mass and have a
small form factor to be feasible for a ChipSat. Additionally, it would need adequate thermal control to prevent
overheating when the probe reaches Proxima Centauri. As of today, this has not been tested, therefore
reducing its TRL. However, for the purpose of this report, it is assumed that RTG technology and thermal
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management will be ready by the time of the probes’ launch. Some have suggested deploying a long
conductive tether to generate electricity using the interstellar charge. This has been proven on Earth-orbiting
satellites to deorbit satellites and for alignment with the Earth’s magnetic field, but not for power generation.
Table 13 - TRLs of the Power Generation subsystem

Component
RTG
Conductive tether
Solar cell

Earth TRL*
9
7
9

Interstellar TRL†
6
1
6

Data Storage System
This subsystem is responsible for local data storage and sending the data via a communication system back
to Earth. It will require non-volatile memory for storage, and data will need to be stored for extended periods
of time. This type of memory is not erased when the memory loses power, which will be the case during the
cruise phase of the mission. Like the OBC, this component will need to be radiation hardened. Additionally,
there needs to be enough memory for the digital record of humanity, described in Section 4.3.7.
Communication System
This subsystem is responsible for sending the data from the probe to Earth via a light source. Since the
distance is extremely large (4.2 light-years), the only communication that can be possible is optical. Some
have suggested gravitational lensing to create interstellar internet, which could increase the amount of data
that can be sent back to Earth. The power requirement for interstellar communication can be reduced by
many orders of magnitude by focusing the transmissions with the gravitational lensing of stars. Transceivers
would need to be positioned anywhere along the gravitational focal line located at least 550 AU away on the
far side of one or both stars. Laser communication from one probe can be directed toward its host star (either
the Sun or Proxima Centauri), which gravitationally focuses the beam at the receiving star. This would be
compared to Earth-based fiber-optic internet; however, this idea has only remained a theory (Marcy, Tellis
and Wishnow, 2021)
Time moves differently for objects in motion than for objects at rest. For instance, the Earth is rotating and
moving through space, while some satellites are also moving around Earth but in a different motion. Because
both objects are moving relative to each other, some relativistic effects are at play. Time dilation and other
time differences, effects on the frequency, and the acceleration of the satellite are just the main relativistic
effects that are big enough to be significant in satellite navigation. A relatively fast object would experience
time more slowly than a distant observer at rest. Therefore, two objects moving at different speeds will
experience time differently. This would normally lead to disturbances when receiving and transmitting signals
from and to satellites. To avoid those disturbances, many satellites carry precise atomic clocks on board.
Using Equation (1), one can correct the system time 𝑡, with 𝑡𝑆𝑉 being the satellite code phase time at the
moment of transmission and ∆𝑡𝑆𝑉 being the satellite code phase offset.
𝑡 = 𝑡𝑆𝑉 − ∆𝑡𝑆𝑉

(1)

Most of the relativistic effects are removed when the signal has been received or during the post-processing
of the signal (Hećimović, 2013). When traveling at 20% the speed of light and simultaneously taking pictures
of an exoplanet, relativistic effects on the signals will be inevitable. The data that will be sent back after years
will need to be corrected just like it is being done with navigation satellites. Therefore, having atomic clocks
on spacecraft would be an advantage to maximize the accuracy and precision of the time used for the
correction. Furthermore, pictures will be returned distorted due to the high-velocity passing by the
exoplanet. Combining and stacking hundreds of pictures should lead to useful data of that interstellar body.
To avoid conflicts in downlinking communication from the probes, only four probes will be launched per day
consisting of one of each type of instrument. A single frequency will be assigned to each group of 2,500
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probes, which would be one frequency per type of instrument. This would prevent the need to request
10,000 frequencies from the International Telecommunication Union (ITU) and ensure that enough data is
gathered from the probes while avoiding communication conflicts.
Table 14 - TRLs of the Communication subsystem

Communication System
Optical
Gravitational lensing

Earth TRL*
7
1

Interstellar TRL†
2
1

Energy Storage and Distribution
This subsystem is responsible for storing energy and distributing it to the spacecraft subsystems. Typical
spacecraft use batteries and a power distribution module, which will also be the case for the probes. As
stated in the ISU ChipSat team project, the only battery option available is the coin cell which has not been
proven in Earth orbit (Blyde et al., 2020). Another option would be to use supercapacitors that store electrical
energy and have a higher energy density storage and life cycles than typical capacitors. A downside is that it
has lower energy density storage compared to batteries, and they have not been used in space (Tahir et al.,
2020).
Table 15 - TRLs of the Energy Storage and Distribution subsystem

Component
Coin Cell Battery
Supercapacitors

Earth TRL*
3
3

Interstellar TRL†
1
3

Structure
This component is the main piece that binds all the subsystems together, as well as giving structure to the
sail when it is deployed. The structure needs to be flexible, strong, and featherweight to support the sail and
the entire probe during acceleration and cruise. This would need to be made of graphene or a composite
material; however, this has not been tested and would result in a low TRL of 2 for both Earth and Interstellar
applications.
Sail
This component will be the largest part of the probe, which will be used to propel it via photon pressure from
a laser. This will be made out of a thin, reflective, and durable material to be able to transfer the kinetic
energy from the photons while still holding its shape. This technology has been tested on a very small scale
which would result in a TRL of 3.
(*): Data referenced from ISU MSS19 ChipSat Team Project (Blyde et al., 2020)
(†): Data corrected using NASA TRL standards (NASA, 2012)
Table 16 - Probe components and their respective mass

Instruments

Mass

On-board computer
Attitude Determination and Control System
Photovoltaic Cell
Data Handling System
Optical Comms System
Battery + EPS
Payload
Structure (Kapton-Coated PCB)
Sail
Total Mass*

<0.5 g
<0.3 g
0.42-0.6 g
0.5-0.8 g
1-1.5 g
<=2 g
<2 g
<2 g
<1.2 g
Approx. 10 g

(*): Assumes that miniaturization of all the components is achieved and can be used on the probe.
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As shared in this section, designing an interstellar satellite is difficult but possible. Little is still known about
the exact environment the probes will experience during their journey to the Alpha Centauri system. Large
developments will need to be made in materials research and satellite subsystem technology readiness, so
assumptions can be replaced by data to provide a more accurate design. Rapid developments in Earthorbiting satellites will improve the technology readiness levels and may change the interstellar numbers to
be higher. The following section will share the ground infrastructure needed to make this mission possible.

2.4 Ground Segment
2.4.1 Ground-based laser network
Having developed the satellite design, which gives an estimated weight that will be necessary for one satellite
and an estimated sail diameter, the ground segment can now be established. It represents the power source
for the mission. Without the ground segment, there will be no mission. However, many things need to be
taken into consideration when constructing it, including the location, the equipment required, and what
problems could occur. Therefore, this section will broadly explain and analyze the ground segment
infrastructure that will be of use for a mission to an exoplanet.
2.4.1.1

What do we need on the ground and why?

The laser propulsion that will be used to accelerate each probe to 0.2c will consist of an Earth-based laser
constellation. The constellation will emit electromagnetic radiation operating in a wavelength of ~1µm
through the atmosphere towards a probe, which will be deployed by the mothership one by one. That way,
the probes can be accelerated and will reach a velocity of 20% of the speed of light. A phased laser array
system would be the best solution as the array eliminates the need to have a single, large laser, and would
allow to better focus the laser beam. Instead, the array will consist of numerous optical lasers combined
together to form one propulsion beam. To successfully transmit enough energy from the laser to the light
sails, the constellation requires vast amounts of power and needs to be operating for a specific amount of
time. Additionally, it will run autonomously to mitigate potential human error.
2.4.1.2

Where shall the laser array be located?

It is important to consider the location of this laser network. Looking at the location from a high-level point
of view, there are three potential sites. The first is to have a ground-based laser system on Earth, the second
is to have an in-orbit laser system, and the final option is to have a laser system based on the Moon. Each
location comes with its own challenges and unique advantages. Ultimately, a ground-based system has been
identified as the best way forward, as summarized in Table 17 in the fashion of a SWOT analysis (Strength,
Weakness, Opportunity, Threat).
The chosen location on Earth for the ground-based phased laser array is the Atacama Desert in Chile. This
region has been chosen due to its many benefits, the first of which is its location in the Southern Hemisphere.
As the desired mission is to conduct a flyby of Proxima b, which is only visible in the Southern Hemisphere,
the phased laser array must be able to locate its target direction. Other benefits of the Atacama Desert
include its relatively flat lands in certain locations, which would be ideal for a large, phased laser array system.
Additionally, the Atacama Desert is located at a quite high altitude, where certain parts of the region reach
highs of 5,000 m above sea level. This is crucial in order to help mitigate some of the atmospheric impacts on
the laser beam as it travels through the atmosphere. The main impacts of the atmosphere include laser
absorption, laser scattering, laser turbulence, as well as the thermal blooming of the laser beam. Thermal
blooming will be the biggest factor, as when the laser beam spreads through the atmosphere, its average
intensity is reduced, resulting in less power being delivered to the laser sails (Lubin, 2016). This, in turn, will
lower the acceleration of the probes and will increase the mission duration.
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Table 17 - SWOT analysis to justify a ground-based laser network

Internal

•
•
•
•

Helpful

Harmful

STRENGTHS

WEAKNESSES

Gravity (as opposed to lower gravity on the Moon and
microgravity in orbit)
Existent infrastructure to manufacture the laser
network
Energy sources exist already (would be challenging on
the Moon & in orbit)
No harsh conditions like in space and on the Moon’s
surface (extreme temperature, radiation effects,
abrasive lunar regolith)

•
•
•
•

OPPORTUNITIES

External

•
•

•

•

Energy collection & storage
Environmental & social impacts
Legal matters
Distortion from Earth’s atmosphere

THREATS

Earth’s gravity makes it easier to build a laser network
Start of network construction can be done
immediately (no need to bring the equipment to
another celestial body/in space to assemble it there)
Electrical power sources can be used to power the
laser network but also using nuclear plants is an
opportunity
There is no need to shield the laser network more
because environmental conditions are not as harsh on
Earth

•
•
•
•
•

Collecting & storing high energy density
Possible damage or destruction to flora and
fauna surrounding the laser infrastructure
Dual-use technology misuse and fear of
militarization
Complex authorization to build such a highpower infrastructure
Potential damage to other satellites or
transiting aircrafts

Nevertheless, other cities and countries have been taken into consideration as well. Given the restrictions
mentioned above, e.g., high altitude and in the Southern Hemisphere, many of those places have been ruled
out. Other factors that were included when making the decision include, amongst other things, legal aspects
and ethical views on a huge laser network.
2.4.1.1
What components
infrastructure need?

does

the

laser

In general, the infrastructure needs to consist of lasers,
an antenna, connection elements, and preferably a
possibility to store power in order to be able to operate
the laser network. While some elements are feasible to
construct and combine, others are still in the R&D phase,
posing a challenge in terms of building the laser network
site. All of those components will be briefly described,
evaluated, and analyzed in the following sections.

Figure 20 - Probe mass requirement based on its sail
diameter (Parkin, 2018)

According to Figure 20, a probe with a mass of 10 g needs
to have a sail with a diameter of 7-8 m. For a calculation
of how much relativistic kinetic energy a 10 g probe will
have at 0.2c, Equation (2) can be used.
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𝐸𝐾𝑖𝑛 = 𝑚𝑐 2

1
2

𝑣
√
( 1 − 𝑐2

−1

(2)
)

Where:
𝑚 = Mass of the probe
𝑐 = Speed of light
𝑣 = Speed of the probe
Approximately 1.853 ∙ 1013 𝐽 of energy will be used at 0.2c, which translates to 5.147 GWh. Due to limitations
and atmospheric turbulences that are likely to occur, not all the power transmitted from the laser beam will
reach the light sail in order to accelerate the probe. The power 𝑃𝑆 that actually reaches the probe can be
calculated using Equation (3), where 𝜂𝑎 is an efficiency factor accounting for atmospheric attenuation, 𝜂𝑏 is
the power transfer efficiency, and 𝑃𝐿 is the power from the laser.
𝑃𝑆 = 𝜂𝑎 𝜂𝑏 𝑃𝐿

(3)

This power 𝑃𝑆 , reaching one probe varies monotonically
with a dimensionless parameter τ that is being used to
approximate the power transfer efficiency 𝜂𝑏 . It depends
on the diameter of the probe and the laser beam, on the
distance between those two, and on the laser beam’s
wavelength (Parkin, 2018). The needed laser power can
be calculated using Equation (3). Following Figure 21, for
a 10 g probe, a laser power of approximately 380 GW is
needed.

Figure 21 - Laser power requirement based on the probe
sail diameter (Parkin, 2018)

Although lasers that are able to generate this vast
amount of power exist and are being used for research
purposes, this power can also be obtained by combining
several weaker lasers. Different laser types with their
wavelengths, power, and application areas can be seen
in Table 18.

Table 18 - Different laser types with their characteristics (Credit: Laser-Typen | LEIFIphysik)

Laser type
Solid-state laser
(Ruby laser)
Diode laser
(InGaAsP laser)
Gas laser (CO2 laser)
Dye laser (R6G laser)
Free-electron laser
(FLASH II)

Wavelength

Power output

694 nm (pulsed)

100,000 W

1,150 nm - 1,650 nm

0.1 W

10,600 nm
560 nm - 630 nm

8 · 107 W
1,400 W

Applications
Used to create holograms and
remove tattoos
Message transmission via fiber
optics and pumping lasers
Industry, medicine
Medicine, Spectroscopy

4 nm - 80 nm

1-5 · 109 W

Research

According to Table 18, free-electron lasers (FELs) such as FLASH II, which for now are used for research
purposes only, would produce the most power output. For this kind of laser, an electron beam traverses
through an undulator, which is a device that provides a periodic magnetic field. The components are
displayed in Figure 22. In this magnetic field, the electrons are forced to wiggle transversely. The kinetic
energy of the electron beam is then transformed into electro-magnetic radiation (Piovella and Volpe, 2021).
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Figure 22 - Schematic of a FEL and its components (Benson, 2003)

With one laser having a power of 5 GW, we would need approximately 76 individual lasers to generate the
necessary 380 GW power to accelerate the probes. While FELs exist and are in great demand by scientists,
they are still rare. This is not only due to their size, which can reach many kilometers because electrons need
to be able to cover vast distances first in order to be accelerated to a specific velocity. Building a FEL costs
around $1 billion and requires millions of dollars per year to ensure their operational ability (Seckel, 2015).
A huge advantage of FELs is, however, that their frequencies can be varied over a wide range. This will have
a positive impact on the sail design as a constant frequency would ensure the proper acceleration of the
probe, and it can help to compensate for some Doppler losses, which is relevant for communication signals.
Furthermore, arranging FELs in a phased array provides additional benefits regarding the direction of sail
acceleration. It can be steered to point along different paths without having to move the lasers themselves
(Cassenti and Cassenti, 2020).
As already mentioned, each laser beam will encounter losses, disturbances, and other negative impacts while
traversing through Earth’s atmosphere. Therefore, it is necessary to use optical systems such as lenses to
focus the laser beams (Perakis et al., 2016). Other components necessary at the constellation site include
antennas for data retrieval. It is proposed to place 76 lasers next to each other, totaling 500 m in width. Each
laser should be 2 km long. The lens, combined with an antenna that is capable of tracking the mothership as
well as receiving data once the probes have reached the exoplanet, will be placed another 500 m away from
the laser array. This proposal is based on currently available technologies. In the near future, it might be
possible to reduce the lengths or the numbers of the lasers needed in general.
The power generation required at the laser array site proves to be quite challenging. This is due to requiring
an extremely large amount of energy, as well as developing an adequate infrastructure at such a high-altitude
location in the Atacama Desert. This can be accomplished using a nuclear power plant as they have a wide
range of power generation abilities. The plant can possibly be actively cooled using the water from the South
Pacific Ocean next to the Atacama Desert. In the United States of America, the Palo Verde nuclear plant is
the largest, with three reactors and has a generating capacity of 3,937 MW (EIA, 2021). Since a power plant
does not typically run at 100% capacity for every hour every day, it can be assumed that the plant can run at
85% capacity over the course of 24 hours (Joskow and Parsons, 2009). This means the per-hour capacity of
the power plant is 3,346 MWh, and it can generate 80,314 MWh (80.314 GWh) in a full day. To generate the
required power for the phased laser array, it will take less than five days of energy storage to reach 380 GWh.
However, as the laser is planned to be fired four times in a single day, this method of power generation will
not be sufficient for the purposes of the mission. An alternative method will have to be developed within the
coming years in order to generate the required power at a faster rate.
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It is recommended that the laser array be operated for 88 minutes per night, between 23:00 and 01:00,
during which four probes will be sent to Proxima Centauri. Each probe requires twelve minutes of laser
emission to reach a speed of 0.2c. In the next ten minutes, the next probe will reach the optimal position for
contact with the laser beam. This process has been calculated for the first probes and will be repeated for
each subsequent probe. Figure 23 depicts the laser operation sequence as envisioned in 2036 from the
Atacama Desert in Chile.

Figure 23 - Laser emission sequence, as seen from the Atacama Desert in Chile in 2036 (original design)

The one major issue with the nuclear power plant method is that the power generated must have to be
stored in order to gather the total power required for laser propulsion. Additionally, the phased laser array
cannot fire continuously and must take breaks in order to cool down, so even if there was a method to
generate the required power in one go, it would not be possible to utilize it all. Therefore, it is important to
consider how this large amount of power can be stored in order to utilize it for the next firing of the laser
system. Unfortunately, at this time, the technology is still not developed in order to store such a large amount
of energy. However, it is expected that by the end of the decade, some solutions will become more apparent
and readily available. Some infrastructures that are further being improved for such a large-scale project are
batteries and ultra-capacitor technologies. Currently, the School of Chemistry from the South China Normal
University is working on a high-performance supercapacitor that has a metal oxide-based electrode and
hollow nanostructures. During tests, the hollow NiO sample has a high energy density of 40.2 Wh kg-1 (Huang
et al., 2022). The technology readiness level is a 4 for such a large-scale energy storage application. As the
current mission plan is to launch in 2036, this issue will not impact the overall mission design as the
technology required will be available by then.
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Another issue with a nuclear power plant is that it may contradict Chile’s environmentally friendly energy
plan, which will be further discussed in Section 5. A potential solution would be to use nuclear fusion energy
generation due to its sustainable nature. This method will have to be further developed within the next
decade in order to generate the large amount of energy required for this mission.
2.4.1.2

What are the challenges?

The technology for a laser with a power of gigawatts or even petawatts is available, and there are such lasers
in use, but they are not commercially available yet. Those lasers, however, are used for fractions of seconds
only. For this project, it will also be necessary to have customized lasers made. Free-electron lasers are ideal
because a single FEL generates the most power compared to other types of lasers. It would also be possible
to use solid-state lasers, but since they produce only a few hundred kilowatts of power, more than 3 million
of such lasers would be required, which would, in turn, have an impact on the size of the whole array and on
the cost of it. Although given the rapid development and progress that has been made in terms of laser
technologies in the past decade, it seems to be feasible to reduce the cost and size of FELs while maintaining
the same power output. Additionally, due to the high demand among scientists, they will certainly be
commercially available in the next 10-15 years.
A problem that exists with any kind of laser that produces a power output in the size range of gigawatts is
the operating time. So far, each powerful laser has been used for a fraction of a second only. What would
happen to a laser if we were to use them for several minutes? How much maintenance do they require?
When will their end of life be reached? What happens if only one or two lasers fail at some point?
An additional major challenge that needs to be overcome to successfully accomplish this mission is to figure
out how it can be possible to get potential data back. While research still lacks knowledge in how to send
signals across astronomical distances within a timeframe of some years only, this knowledge will impact the
choice of the antenna being used for data retrieval.
Another important aspect to consider with the phased laser array is the negative impacts associated with
firing such a powerful laser. The laser beam will cause severe eye damage to the retina if there is even a
short-duration exposure to the laser, including exposure through reflections. What is especially problematic
about the phased laser array is its wavelength being in the infrared range, meaning it will not be visible to
the human eye. This makes it quite dangerous, as infrared radiation causes the retina tissue structures to be
unable to undergo any repair, doing permanent damage to the eye (UC San Diego, 2020). However, since the
phased laser array consists of numerous, individual, less powerful lasers over a significantly large area, the
impacts of individual lasers will not be as severe, compared to a single more powerful one.
Additionally, the laser beam will have an impact on human skin if there is any accidental contact made. Since
the system fires a continuous laser beam, it will produce severe skin burns. There will also be effects on deeplying biological structures underneath the skin. Potential areas of damage include the abdominal wall,
connective tissues, organ systems, and muscles (Ready, 1971). It will be important to make sure there are no
spectators near when the laser beam is being fired. This can be accomplished by setting up a safety zone
around the laser array, which is closed off to the public.
Furthermore, the phased array laser beam will impact other satellites in orbit if they were to cross the laser
beam path. At such high concentrated power, the beam will damage everything that crosses its path unless
it is specifically engineered to withstand the large power (Pirri and Weiss, 1972). An example is the laser sail
being designed for the purposes of this mission that will withstand the laser beam power. This laser sail is
specifically engineered using advanced materials such as graphene that has high photon reflectivity
characteristics. Satellites already in orbit will not have these capabilities. It will therefore be important to
ensure the laser beam path is free of any obstacles for the entire duration of the laser firing. This will require
careful planning before every use of the phased laser array.
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Similarly, the phased laser array will impact anything else within the Earth’s atmosphere due to its high
radiation. Primarily, this includes air traffic, as no airplanes will be able to fly over the air space around the
laser beam firing. The laser beam would impact both the aircraft structure causing severe damage, as well as
the passengers on board. Therefore, it will be imperative to close off airspace around the phased laser array
when there is a planned launch, which will be enforced by the Chilean Civil Aviation Authority (CAA). It will
be important to work with air traffic management and determine alternate routes or planned closures during
the entire launch window. As for how this will be accomplished, this will be further discussed in Section 3 and
Section 5.7. Birds flying over the laser beam are another consideration, as the laser beam will cause significant
harm or even loss of life. According to a report based on laser propulsion by Eckel, it is expected that birds
will avoid the proximity of the beam due to them sensing danger even if they cannot physically see the beam
(Eckel, 2004). However, this still has to be tested, and bird migration routes should be taken into
consideration before planned laser launches.
Another side effect of the phased laser array will be the laser beam impact on observatories and other remote
sensing satellites. When fired, the laser beam will give off significant energy and light that will interfere with
observations made by observatories on the ground, as well as telescopes in orbit. These systems require little
to no interference in order to gather light from distant objects and record accurate and clear information. It
will be important to determine what observatories and telescopes are impacted during launch windows, and
these impacts must be minimized.
One noteworthy area with regards to the phased laser array is its impact on the atmosphere. It might be
expected that such a large laser will potentially damage the atmosphere due to its ionizing effect on the
particles around the beam. However, this effect is not enough to permanently damage the atmosphere
considering the number of individual lasers that are spread out over 2 km in length.

2.4.2

Mission Operations Center

Apart from the ground-based laser network,
the Mission Operations Center (MOC) will be
another part of the ground segment. It is
responsible for the management of the whole
mission, starting from the launch of the
mothership, the use of the lasers, to
accelerating the probes until data is eventually
received and the mission will officially have
ended. The main MOC will be constructed in
addition to the laser control system in the
Atacama Desert, along with a smaller MOC at
the headquarters in New Zealand.
Within the Atacama-based MOC, fully
equipped workplaces are to be provided.
Herein, one department will ensure the
smooth process of the laser network and
Figure 24 - Pictorial representation of the mothership’s field of view
mothership-related activities, while another
(purple cone) using STK
department will be responsible for retrieving
and processing data at a later stage. Since those tasks are not to happen at the same time, both departments
could consist of the same personnel. It needs to be made sure that each laser works properly, which should
be controlled and monitored remotely. In case the laser network requires maintenance, the MOC needs to
contact experts that will go to the Atacama Desert and resolve any issue. Even though the laser network is
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designed to run mostly autonomously, the MOC requires full-time employees to solve any sort of problems
that may arise.
Additionally, the Atacama MOC is also responsible for monitoring the mothership and communicating with
it until the last probe has been deployed and accelerated. The MOC will also handle the mothership’s end of
life and place it in a graveyard orbit, which will occur before the probes reach their destination. Figure 24
depicts the field of view (purple cone with a half-angle of 2°) the mothership would have while in its
geosynchronous orbit using the orbital parameters outlined in Table 4. After approximately 20 years, when
the first probe has reached Proxima b and sends data back, the second proposed department will be
responsible for processing the data received. Furthermore, they will need to process this data to draw
conclusions out of this interstellar mission. Interstellar data will be communicated via NASA’s Deep Space
Network, which will be shared with the MOCs in Chile and New Zealand. An agreement would need to be
made to ensure that the data is untouched before it is sent to the MOCs. This falls under open access to
scientific data, so there is transparency with the actual data gathered. One other issue with the MOC is that
as the equipment gets old, it will require additional maintenance, which will have to be accomplished by the
scientists on site.
In this section, the ground segment as a whole was examined and developed. This includes the phased laser
array system, as well as the Mission Operations Center. It was determined that the phased laser array would
be located in the Atacama Desert in Chile and would consist of 76 individual lasers. Each of these lasers
outputs 5 GW of power, for a total combined power output of 380 GW. This large amount is required in order
to propel the satellites for the mission at the required speed of 0.2c. Many of the technologies required for
the ground system are still under development, with them expected to be available by the end of the decade.
With regards to the Mission Operations Center, it will be located in New Zealand with the general
organization headquarters.

2.5 Conclusion: Science and Technology
The scientific and technological advances are huge in order to make a mission to the Alpha Centauri system
possible. This chapter has covered the instruments needed to gather meaningful data from the Alpha
Centauri system and other bodies of interest along the journey, in addition to how the probes will travel
there. These are based on key scientific objectives to fill in the missing information that ground-based
observatories cannot provide. This then led to a more technical examination of the mission architecture to
send those instruments on interstellar probes. There are many considerations that are needed to create an
accurate orbital model so the probes will arrive at the correct location at the right time. This then created
the concept of operations for the mission and found the gaps that are preventing this mission from happening
today. The design of the probes is simple; however, deploying them had taken creative approaches to
package 10,000 probes with 7.5 m diameter sails. The design of the probes’ deployment satellite is based on
heritage missions and have been designed to have a lifetime comparable to satellites in GEO. To propel the
probes, a large ground-based phased laser array system will be used. All of the technology needed to make
this mission possible is still under development, but it can be assumed that the development will be complete
by the end of the decade, which would make this mission possible. Making the development and the
completion of the mission possible will require long-term resource investment. However, the technology
developed for this mission can become “spun off” into applications or daily life on Earth. This information is
described in the following management and business chapter.
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3. ORGANIZATION
MANAGEMENT
“Many times, the idea we come up with is not to fit for the current times but if
launched at the right time can do wonders.”
- Pooja Agnihotri, 17 Reasons Why Businesses
Fail: Unscrew Yourself from Business Failure

Image credit: Global technology and
communication network - adlittle.com
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3. Organization Management
The previous chapter addressed the science and technology aspects necessary to realize the interstellar
mission. This chapter will attempt to cover those details by focusing on the type of organization required and
its location. Additionally, a funding plan will be proposed in the form of a timeline, with further explanations
on the diverse types of funding, as well as the methodology used to successfully raise enough funds to cover
the substantial costs of the mission.

3.1 Creation of an organization
3.1.1 Non-profit v. for-profit
When determining the mission’s organizational structure, a comparison between non-profit organizations
and a registered corporation was completed. This analysis focused on the benefits of both organizational
structures to determine which would be most useful to the beginning of the mission. Only initial structural
plans are to be made at this time, and this is due to investor input required once a proof of concept has been
established, and large legacy donations have been obtained.
For-profit organizations are specifically designed to earn revenue through the selling of goods or services.
They have access to alternative sources of income, such as credit facilities through financial institutions,
venture capitalists and act as an investment opportunity for angel investors seeking equity in return for their
investments. Generated income is taxed, and revenues earned through the business are paid outside of the
organization through many streams such as dividends and interest.
Non-profit organizations are defined as “one that exists to provide the general betterment of society, through
the marshalling of appropriate resources and/or the provision of physical goods and services” (Sargeant,
2009). Non-profit organizations have historically been used to begin large interstellar missions, an example
being Breakthrough Initiatives. Breakthrough Initiatives is a multimillion-dollar non-profit program focused
on exploring the universe, funded by large legacy investors (Breakthrough Initiatives, 2022a). They have been
successful in tying together educational institutions and large investors to collaborate globally to establish
innovative technologies.

Internal

Table 19 - SWOT analysis for a non-profit organization

•
•
•

Helpful

Harmful

STRENGTHS

WEAKNESSES

Tax benefits
Benefits the public good
All revenues back into business as no
dividend requirements for investors

•
•
•

External

OPPORTUNITIES
•
•

Attract large international legacy investors
Access to government funding

No access to credit facilities through equity
High administrative overhead
Strict monitoring of revenues & expenses
requiring adequate staffing
THREATS

•
•
•

No opportunity for angel investors
Finances open to public inspection
Taxation if the organization takes part in
commercial activities

A non-profit is appropriate for the mission as the organization does not expect to earn revenues in the early
phases of development. The mission will require a large upfront investment, and a non-profit will be
attractive to those seeking tax breaks. A non-profit is also appropriate as the mission statement declares
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“Science for All” as a public good (Heaslip, 2021). In the beginning, all revenues generated throughout the
mission via spinoff or donation will be directed back into the non-profit organization to manage ongoing
operational costs towards the mission and will not be a part of a for-profit corporate structure.
Following the initial phase of non-profit creation and earning of crowdfunding and sponsorship dollars, it is
intended to find a large legacy investor or a collection of legacy investors like Breakthrough Foundation or
the SETI organization, willing to contribute to the bulk of the infrastructure costs. As an exit strategy, this
legacy investor will be in the position to decide the future of the organization and determine whether they
would prefer the organization to continue as a non-profit or merge to a for-profit business. After proof of
concept, the legacy investor will compare the benefits between both options by considering many of the
factors contained in Table 20.
Table 20 - Comparison of non-profit v. for-profit

Advantages
Non-profit

•
•
•
•

Good tax incentives
Public donations
Crowdfunding opportunities
Multi-national opportunities

For-profit

•
•

Access to equity investors
Better licensing process

Disadvantages
•

No equity investors

•

High corporate tax (mitigated
through the country of origin)

3.1.2 Location for a non-profit
Once the organizational structure was determined, the location of the non-profit was selected. This was done
through a systematic analysis of multiple countries based on the World Bank’s rating for ease of doing
business, political situation, tax rates and more. The selection has been narrowed down to the USA and New
Zealand, ultimately choosing New Zealand as the country of the organization. A more in-depth analysis was
completed on these two countries, ultimately focused on business regulations, launch capabilities,
manufacturing capabilities and export control. Table 21 provides a breakdown of countries surveyed as the
potential business location.
The World Bank Group, Ease of Doing Business analyses multiple factors required to open a business quickly
and successfully in all countries. Figure 25 provides a breakdown of all areas researched prior to giving the
overall score.

Figure 25 - World Bank factors contributing to the Ease of Doing Business score (World Bank, 2020)

In the most recent World Bank report, New Zealand was listed as the No.1 country overall for the ability to
open a business. New Zealand also ranked high on the Forbes list of best countries for business. Singapore
ranks No.2 on the Ease of Doing Business list; however, there are launch restrictions regarding their location,
and no launch infrastructure is available currently. This would require tight export control to another country
and added costs for transportation and legal fees.
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USA

Luxembourg

New Zealand

Switzerland

Singapore

Malaysia

India

Table 21 - Comparison of countries’ socio-economic and business factors (Forbes, 2022; The Heritage Foundation, 2022; World
Bank, 2022)

World Bank Ease of Doing Business
(2020)

6

72

1

36

2

12

62

Forbes Best Countries for Business
(2019)

17

23

5

10

8

35

63

Export Control

YES

YES

YES

YES

YES

YES

YES

7

18

2

4

1

42

131

Corporate Tax Costs (2021)

21%

25%

28%

13%

17%

25%

15%

Launch Capabilities (2021)

YES

NO

YES

NO

NO

NO

YES

Ability to obtain a work permit

Easy

Economic Freedom Index (2022)

Manufacturing (2020)

2

Medium Difficult Difficult Difficult Easy Easy
101

54

18

26

23

6

New Zealand currently has a permanent branch of Rocket Lab located in the country with current capabilities
allowing launch of up to 300 kg to LEO on the Electron rocket. However, for the purpose of this project, the
organization will be operating under the assumption that the proposed Rocket Lab’s Neutron rocket is
operational and available, as mentioned in Section 2.3.1. The Neutron rocket will allow payloads of up to
15,000 kg to LEO and at least 1,500 kg to GEO, which is sufficient for the mothership’s initial payload to GEO
(Rocket Lab, 2022). Alternatively, if the Neutron rocket is not developed and available when the mothership
is ready, SpaceX currently leases its Falcon Heavy rocket (SpaceX, 2022), which has the required capacity.
New Zealand required mitigation regarding manufacturing capabilities as they rank low on the World Bank’s
list for manufacturing capabilities, as indicated in Figure 26. While New Zealand concerningly ranks No.54 in
the world for manufacturing capabilities, this concern was eased for the mission as there are successful
manufacturing facilities developed by Rocket Lab in Auckland, which accommodates rapid development of
rockets and space-related materials (Rocket Lab, 2018). This also indicates that modern technologies and
materials associated with space will be able to be produced in New Zealand.
The USA was also analyzed closely as the potential location for the organization. Falling slightly behind New
Zealand on the World Bank and Forbes list at No.6 and No.17, there was more potential regarding
manufacturing capabilities, as seen in Figure 26. The USA has many launch sites available for use. SpaceX’s
Falcon Heavy currently has the capabilities to transport 26,700 kg to GEO, where this project intends on
placing the mothership (SpaceX, 2022). Utilizing the Falcon Heavy rocket would allow for the mission to
operate under current conditions without assumptions of future technologies.
When considering the tax implications of the USA, it was discovered that state taxes would be applied on top
of federal tax. Depending on the state of choice, some of the corporate and income tax rates could become
high. Popular space-faring states were reviewed, such as Texas, Alabama, Delaware, and Florida.
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Figure 26 - Manufacturing capabilities of different countries in percentage of GDP (World Bank, 2022)

Ultimately the USA was ruled out as a choice due to the risk of technology restrictions, as discussed in
Section 5.6. The potential for the advanced technologies and materials to be restricted to one country would
deter potential investors and countries from cooperating internationally. This would also potentially restrict
the cooperation between Chile and the organization. A significant secondary risk identified was the potential
to lose most of the potential legacy investors. As will be discussed later in this chapter, legacy funding is
critical to mission success. The potential investors sought by this project are likely to be based out of countries
such as India, China, and Russia. Currently, it is believed that these countries are unlikely to invest in a USA
organization and are more inclined to cooperate with a more politically neutral country such as New Zealand.
The percentage of potential investor loss based in the USA is estimated at 75% (W. Peeters, personal
communication, 11 February 2022).

3.2 Cost estimation
It is expected that one of the major risks in this
project will be the substantial costs to cover in a
relatively short timeframe. As seen in Table 22, the
vast majority of the estimated expenses will be
used to build the phased array laser infrastructure,
which will be required to propel the first probe in
2036. Manufacturing and operational costs will
account for the second-highest portion of the total
costs; however, they will be spread throughout the
duration of the project.

Table 22 - Costs estimation of the mission (in present USD)

Description
Crowdfunding campaign
Laser array construction
Laser electricity consumption
Rocket launches (2) including
insurance
Infrastructure construction,
manufacturing and operations
Total

Estimated Cost
$10K-20K
$70B
$6B
$350M
$23B
~$100B
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Included in the manufacturing costs is the cost of
producing the 10,000 spacecraft required for
mission redundancy. As illustrated in Figure 27,
assuming a given cost of $500K for the production
of the first spacecraft, each subsequent unit
produced should decrease the production cost
following a learning curve. The cost of the last unit
produced is estimated at $58K, with a cumulative
production cost of around $750M for the 10,000
units.

3.3 Funding plan

Figure 27 - Learning curve for the unit cost of spacecraft (Wright
model)

3.3.1 Funding timeline
A mission as long and ambitious as an interstellar mission requires a thorough plan to fund all possible
activities. As an overview, funding will enable the establishment of an organization, the construction of the
phased-laser array infrastructure, the manufacturing of thousands of spacecraft and their parent mothership,
as well as the extensive operational costs spanning multiple decades. With the assumption that technological
research has been completed, most of the funding will be used for the ground infrastructure and long-term
operations.

Figure 28 - Funding timeline for the duration of the mission

The first phase of the plan is the creation of the non-profit organization, which will rely upon crowdfunding
for the first one or two years. Next, having established the company and developed a proper investment
strategy, sponsorships with other organizations will be sought to raise several millions. Third, legacy funding
will be necessary to get most of the funding for the critical infrastructure. Finally, profit from the sale of
varied spinoffs will be essential to sustain long-term operational costs. Figure 28 illustrates these four phases,
along with the estimated inflows and outflows, for the duration of the mission. Each of these funding types
will be discussed below. The several types of funding are detailed in Table 23 and Figure 29 to better visualize
the repartition.
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Table 23 - Amounts of funding per type

Funding Type
Crowdfunding
Sponsorship
Legacy Funding
Spinoffs
Total

Amount
$500K
$12B
$22B
$66B
$100B

Figure 29 - Repartition of the mission funding

3.3.2

Crowdfunding campaign

An example of a successful crowdfunding campaign can be found in the video game industry. In 2012, the
game Star Citizen was announced after a first successful crowdfunding campaign raising over $2M. In
November 2021, after many other rounds of crowdfunding, the project had amassed over $400M, making it
one of the highest crowdfunded projects in history (Macgregor, 2021). Even though a video game campaign
is fundamentally different from the mission proposed in this document, it is nonetheless a good example of
the power of crowdfunding.
One of the best examples of successful crowdfunding directly in line with a directed energy mission is
The Planetary Society. Founded in 1979 by Carl Sagan (1934-1996), Bruce Murray (1931-2013), and Louis D.
Friedman (1941-), the nonprofit organization created opportunities for individuals to join the space sector by
contributing private funds for their projects (The Planetary Society, 1979). The co-founders of the Planetary
Society started crowd funding by using a community of their peers to fund their first project, Cosmos 1. They
raised funds by having a private fundraiser in which they sent letters to all members of the Planetary Society
in June 1981 (Vaughn and Friedman, 2021).
Through the use of private funds, the Planetary Society had four projects: Mars Pathfinder Rover hardware
(1997), Cosmos1 (2005), LightSail 1 (2015) and LightSail 2 (2019). LightSail 2, their second solar sail spacecraft,
raised $7M in funding by 49,426 people from 109 countries, along with various foundations and corporate
sponsors (Vaughn and Friedman, 2021). This project is a strong example of the “promise of crowdfunding for
space projects” by being entirely funded through crowdfunding. Table 24 details the crowdfunded amounts
for both LightSail spacecraft.
Table 24 - Comparison of LightSail 1 and LightSail 2 (Vaughn and Friedman, 2021)

LightSail 1
Mission duration
Spacecraft size
Sail size
Launch date
Crowdfunding

25 days
3U CubeSat
32 m²
20 May 2015
$1,241,615

LightSail 2
1 year
3U CubeSat
32 m²
25 June 2019
$250,000

Spire Global is yet another success story when it comes to using crowdfunding during the early phase of a
corporation. Via Kickstarter, they amassed just over $100K for the development of an open platform for
CubeSats (Spire Global, 2014).

45

International Space University – EX.PL.RE: A Directed Energy Mission to a Nearby Star System
Crowdfunding is an excellent method to raise a relatively small amount of money to kickstart the company’s
activities, but also to expose a business’ product or service to probe the public’s interest. For this mission,
this will provide a platform to uncover early on the media universe designed for future outreach and
education activities. Additionally, based on the increasing popularity and quantity of crowdfunding projects
competing with one another, it will be of the utmost importance to dedicate resources to produce an eyecatching, inspiring and motivational crowdfunding campaign and video teaser. It is estimated that an initial
$10K-$20K will be required to run a successful campaign with a funding goal of $500K. To gain initial traction,
family and friends who desire to invest would be encouraged to do so via the campaign page.
As part of the crowdfunding campaign, rewards are usually offered to incentivize the public to donate.
Depending on the nature of the project, the rewards can take many shapes, such as a discounted or limited
product or service, virtual assets (Star Citizen), or even engraving the donor’s name on a plaque on a rover
sent to Mars (The Planetary Society). For our particular mission, rewards range from a donor’s name
appearing on the mission website, to having the honor to name and represent one of the actual spacecraft
that will be propelled to Proxima b. Table 25 describes a preliminary list of the rewards associated with the
pledges for the mission’s crowdfunding campaign.
Table 25 - Mission crowdfunding pledges and rewards

Pledge

Rewards

$1 Our gratitude
$10 A thank you in our social media
$50 All of the above and one interstellar mission patch
All of the above and the opportunity to name one of the spacecraft to Proxima
Centauri
All of the above and a signed copy of the first book of our Lux Nauta universe
$500
(discussed further in Section 4.2)
$100

$1,000

All of the above and a signed sketchbook of the early drafts, drawings of our Lux
Nauta universe and name nano etched on the spacecraft message plaque

All of the above, dinner with the mission design team, the opportunity to tour our
$10,000 manufacturing or laser facilities, as well as design a character of your choosing in our
Lux Nauta universe
To make the crowdfunding campaign as inspiring and successful as possible, celebrities from the space sector
would be invited to contribute. Popular space celebrities such as Bill Nye, Neil DeGrasse Tyson or Chris
Hadfield would be ideal ambassadors to convey the importance of this mission, as well as to engage the
public to participate in the campaign. The costs of such an endorsement can be quite high and can range
from $50K to a few millions, depending on the individual. Having a celebrity endorsement would most likely
boost the total funds collected throughout the campaign.
It can be anticipated to have large public buy-in through a positive “science for all” message with aspirations
to further humankind through technological advances and new scientific knowledge. However, to encourage
as much public support as possible, it is recommended to begin emphasizing the environmental benefits and
public good early on. Early transparency can mitigate potential negative public opinion due to atmospheric
damage from the laser or from manufacturing facilities. Through the early promotion of the environmental
impact and benefit of new spinoff-developed technologies, public support can be gained from those not as
interested in the space aspect of the mission. Some examples of environmental benefits can come through
new energy storage capacities and new materials that capture energy in a greener way. Beginning the
positive environmental and public good messaging campaign is recommended to begin in the crowdfunding
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process as this is when most of the public buy-in will take place. It will also act as an incentive for the next
levels of funding discussed further in the following sections.

3.3.3 Sponsorship
A key strategy for raising funds upfront is to approach corporate sponsors. Large corporations and legacy
investors are incentivized to utilize their sponsorships as part of marketing campaigns and social media. As
an example, the Coca-Cola Company has been a long-term partner for the Olympic Movement, beginning in
1928 (International Olympic Committee, 2021) and has spent upwards of $40 million for the title “Olympic
Games Sponsor” each year (Peeters, 2001). This project is seeking sponsorship from legacy investors and
corporations as a fund collection method to assist in upfront manufacturing and infrastructure costs over the
initial phase of the business. The sponsorship program is designed to generate public interest through
corporate sponsor campaigns and science, technology, engineering, and math (STEM) outreach programs.
To generate public interest and funds, this mission proposes a race of spacecraft. The crafts will be numbered
and will be deployed in two batches in orbit. The first craft to hit certain milestones along the journey, such
as Mars, the Oort Cloud, the interstellar medium, and eventually Proxima b, will earn “bragging rights” and
will generate continual interest in the mission. To gain the maximum funds possible, most spacecraft will be
available for auction to the highest bidder, which is estimated to be composed of corporations and legacy
investors. Ultimately the lower numbered craft in the earliest deployment years will be auctioned for higher
value as they have a “better chance” of reaching the targeted checkpoints first. The winning craft will be the
first to turn on and reach Proxima b, and the winning sponsor will receive a replica of the spacecraft crafted
of a high-value material, such as gold or silver.
It is unlikely that all 10,000 of the crafts will be sold or auctioned at the higher levels. However, operating
under a conservative estimate of twenty large sponsors, the project has potential for $200,000,000 from the
first three deployment years alone. Currently, there are over 2,500 billionaires and over 20 million
millionaires around the globe (Forbes, 2021). Operating under the assumption that the mission can attract a
modest 0.00005% of this population (1,000 millionaires) to invest, one billion dollars would be raised for
startup costs.
Table 26 - Estimations of batch sponsorship income

Release
year
1, 2
3, 4
5, 6
7

Estimated income per
unit sponsored
10,000,000
1,000,000
500,000
--

Example of sponsor
Coca-Cola, McDonalds, Nike, SKY, Vodafone, HSBC
Legacy Investors, smaller companies
STEM sponsorships
Directed Energy

The later years of craft deployment will be available for the STEM program aimed at influencing students
attending all levels of educational institutions. An example of a successful STEM sponsorship program that
this project will be basing the sponsorship on is the For Inspiration and Recognition of Science and Technology
(FIRST) program. The FIRST program is outlined as a case study below. This organization will create a STEM
awareness program based around students creating and developing future solar sail and technologies
focused on interstellar travel. These years will be available at a lower unit cost for smaller companies, public
institutions, and local organizations to purchase for the educational STEM encouragement program. Further
discussion on education programs can be found in Section 4.4.
The remaining crafts in the final deployment year will be allocated as donations by the organization to
numerous institutions and individuals as determined by the non-profit at the time of manufacturing.
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FIRST - A Case Study
For Inspiration and Recognition of Science and Technology (FIRST) Robotics is an after-school,
mentor-based, competitive STEM program that focuses on research and robotics. FIRST has three
programs that target different age groups: FIRST Robotic Competition, ages 14-18; FIRST Tech
Challenge, ages 12-18; FIRST LEGO League, ages 4-16. FIRST has the goal to build the next generation
technology leaders and innovators by instilling the skills of teamwork, problem solving, selfconfidence, communication, and leadership. FIRST in an average season will have 679,000 students
in 110 countries participate across 3,700 events. All of these programs and events are sponsored on
the international, regional, and local level by various sponsors.
The sponsors of the FIRST programs are varied and tend to change between the needs of the different
programs. One of FIRST’s sponsors, LEGO, has been with them for 24 years. Many of the sponsors
have been with FIRST for over 10 years whether at the international, regional, or local level. FIRST is
set up as a non-profit organization that relies on the sponsorships to be able to help build this capacity
and desire for students to want to enter STEM fields globally. In 2020 FIRST had a revenue of
$78,740,055 of this $53,361,065 came from sponsorships and donations. In 2020 FIRST was able to
have a revenue less expenses of $10,110,575. FIRST and its sponsors also utilize the mentorship
program to educate and reach out to students. Through FIRST’s Mentorship program students get
exposed to 1,000s of companies and their work and 200+ of the fortune 500 are represented in this
group. Many of these companies will go on to hire these students, and some even show preference
to FIRST alumni during hiring.
FIRST by almost all measures achieves its vision "To transform our culture by creating a world where
science and technology are celebrated and where young people dream of becoming science and
technology leaders." This is best represented in the attitudes and outcomes of FIRST Alumni: 78%
pursue the STEM field as a student or professional; 33% are leaders in their communities; and 72%
have mentors and peers they can talk to for career help; 43% return to FIRST to volunteer, coach, or
mentor. FIRST achieves all this by providing a great opportunity for industry and governments to build
capacity for STEM fields and other positions that support the STEM field. This wouldn’t be possible if
it wasn’t for FIRSTs non-profit sponsorship model (FIRST, 2022).

3.3.4 Legacy funding
Once a proof of concept has been achieved in the beginning years of the organization, another funding
approach critical to the project will be to attract wealthy legacy investors. These individuals invest in future
ideas and technologies, mostly in their own sphere of interests, in the hope of attaching their name to a
project, leaving a legacy, being a part of history. The funding amount varies depending on the individual and
on the scope of the project and may potentially reach hundreds of millions, as seen with Yuri Milner's
investment of $100M in Breakthrough Initiatives (Wootten, 2015). To procure this investment, the following
approach would be used:
•
•
•

Establish a clear and concise investment plan with tangible objectives and expected results.
Network within the investing community, as it can promote direct relationships and allow to pitch
ideas in a more organic and inspirational manner.
As the project is going to last for multiple decades, it is important to target highly interested
investors, as they are less prone to eventually lose motivation and retract themselves. For the same
reason, investors with legacy trust funds would be preferred to ensure the investment in the case of
investor’s death, ceasing influx of funds.
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In 2021, there were a total of 2,755 billionaires across the world (Forbes, 2021). Figure 30 illustrates the
country of origin of the 100 wealthiest individuals. Most of the wealth is in the USA, but an increasing number
of billionaires are emerging from other regions, notably China, Russia and Europe. As our for-profit
organization will be registered in New Zealand, it may prove more difficult to successfully attract USA
investors. However, because of the novel character and inspirational factor involved in this mission, foreign
investors could potentially be convinced to attach their name to it.

Figure 30 - Repartition of the World's top 100 billionaires (Forbes, 2021)

Billionaires such as Elon Musk and Jeff Bezos, the two wealthiest individuals in the world, are already heavily
engaged in the space industry, both having founded their own spaceflight companies. For this reason, it is
uncertain if they would be receptive to investing in other space endeavors. The same goes for Richard
Branson and any other billionaires already focused on the space sector. However, they are still worth
approaching, as their interest in space is clear, and they may also be interested in investing in interstellar
exploration.
For this organization, the target is to attract a large investor to represent the organization, and as an
incentive, their name would be used in the official name of the ground infrastructure. Secondary legacy
investors would be approached and offered to associate their name to one or many of the spacecraft that
will travel to Proxima Centauri. The SETI Institute is a good example of a non-profit organization that
successfully attracted multiple legacy investors, enabling them to keep their operations running for about 40
years (SETI, 2022).

3.4 Spinoffs and other applications
3.4.1 Spinoffs
Table 27 lists potential technologies of this project that have been identified, from which spinoffs can be
derived to use on Earth. Profiting from those spinoffs is crucial to the funding plan of the project, whether it
is by intellectual property rights or the manufacture of goods and services. A special focus should be put on
fostering innovative solutions during the research and development of the distinct phases of the mission in
order to identify as many spinoffs as possible. Not only will spinoffs allow to fund the project, but they can
have direct socio-economic, industrial and environmental impacts on an international scale, especially
contributing to sustainable development by supporting the growth of renewable energy technologies.
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Table 27 - Description of potential spinoffs

Technology

Spinoffs
•

Large-scale high-density
energy storage

•
•

High-density energy
storage

•

•
Miniaturized camera and
sensors

•

•
•
•
Highly reflective sail
material

•
•

Low-cost/affordable
high-power laser systems

•
•

Large-scale emergency energy storage for countries to mitigate power grid failures,
geomagnetic storms, etc.
International shift towards renewable energy requires large energy storage
solutions.
Portable decentralized energy storage for small and medium scale industries,
consumer electronics and more.
Long-lasting portable “batteries” from miniaturized RTG and/or supercapacitors,
effectively replacing Li-ion technology which will decrease the world’s dependency
on lithium and reduce unsustainable mining practices.
Multi-sensors instrumentation for improved invasive and non-invasive medical
applications (ex: colonoscopy).
Non-obstructive multi-sensors devices used for tracking and analysis for security
clearance procedures or during emergency situations (ex: body temperature tracking
in public venues to detect Covid infections).
Strong portable shelters for disaster situations or other emergency services.
Portable large-scale lightweight solar reflector for emergency services or recreation.
Passive cooling for industrial, commercial and residential buildings or other industrial
cooling applications.
Indoor solar reflector (ex: integration into skylights) to reduce electricity
consumption and bring natural illumination indoors.
Solar reflector satellites could provide sunlight on Earth for emergency situations or
to places where sunlight is scarce.
Use of high-power lasers in academia, laboratory and other industries that could
profit from adaptive optics, filters and polarization with high accuracy.
Decreased cost of technology, increased availability.

Manufacturing process
of producing graphene
sheets

•

Hardening and decreased weight of current materials, highly conductive materials,
heat dissipation material, high-capacity energy storage, and many more industrial
applications.

Long-term planning
methodology

•

Long-term operational procedures to keep people engaged, productive and focused
for an organization to run continuously.

Energy storage, sail material and graphene applications will contribute to the majority of the expected
income as these applications are already in high demand. The introduction of these technologies will fill the
gaps in an existent market. Similarly, other laser applications will be discussed in the next section to allow
additional funding opportunities throughout the operational phases of the mission.

3.4.2 Space traffic management and space debris removal
In considering an alternative use of the laser array in the Atacama Desert, which is a costly investment, there
is also the option of an equally productive return for the investment. That is utilizing the laser array for Space
Traffic Management (STM) or space debris removal. These are two issues that are regularly discussed as we
launch increasingly more satellites into orbit, particularly into LEO, with the anticipated growth of
constellations. The number of small satellites without propulsion systems has grown exponentially, and a
precise system of measurement will be needed to maintain a system of collision avoidance. Today, the use
of space-based assets for day-to-day life is growing at an exponential pace, so protection of these same assets
is necessary. Lasers can assist in this, not only from a measurement/ranging capacity but also by mitigating
space debris and using the photon pressure of the laser array to push satellites at the end-of-life cycle into a
graveyard orbit. The laser power level will be tailored to facilitate the force needed to push end-of-life
spacecraft into their graveyard orbit, ensuring that the craft is kept whole and not vaporized or broken into
smaller pieces of debris.
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The voluntary International Laser Ranging Service (ILRS), which was established in 1998, now has 40 ground
stations around the globe. However, there is no ground station in Chile (ILRS, 2022). The ILRS operates its
own lasers and provides laser ranging services to measure the one-way distance from the ground stations to
remote optical receivers in space and for accurate time transfer. According to the ILRS website, the “Satellite
Laser Ranging (SLR) and Lunar Laser Ranging (LLR) use short-pulse lasers and state-of-the-art optical receivers
and timing electronics to measure the two-way time of flight (and hence distance) from ground stations to
retroreflector arrays on Earth orbiting satellites and the moon” (ILRS, 2022). This accuracy in measurement
using the laser array could facilitate the safer operation of the growing number of satellites orbiting the Earth.
The ILRS will be discussed at greater length later in this report.
The ranging data gathered by the satellites would continue to be available to all as scientific data, as is with
the ILRS data, and would potentially mitigate any future misunderstandings if there is a collision or
interference involving satellites in the future. As recently witnessed by anti-satellite weapon (ASAT) testing,
there is someone always willing to lay
the blame at another’s doorstep. To
prevent a misunderstanding or
miscommunication, it is better to utilize
available
assets
to
increase
transparency and trust in the use of
space. In these times, it is better to plan
and have clear and coherent plans to
determine the cause of a collision than
to wrongfully attribute an act.
This proposed function will also lend
itself to demystifying lasers and
demonstrate that lasers have useful
purposes. A more in-depth discussion
on lasers and laser safety will be
provided later in Section 5.6.3.

Figure 31 - Satellite traffic around Earth (Credit: ESA)

3.5 Risk analysis
A risk analysis has been made representing the most important risks of the mission. Table 29 describes the
mitigation strategy to lower the known risks.
Table 28 - Risk matrix of the project (R: Risk, M: Mitigated)

5

Likelihood

4

11R

5R, 7R

8R

3

6M, 11M

6R

5M, 10R, 12R

7M, 8M

1R

2

4M

10M, 12M

4R

9R

2R

1

3M

3R, 9M

1M, 2M

1

2

3
Consequence

4

5
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Table 29 - Risk mitigation of the project

#

Risk

Mitigations

1

Mothership failure (solar
storm, malfunctions, etc.)

• Execute proper tests and calibration
• Build redundancy in critical subsystems
• Ensure sufficient hardening of spacecraft

2

Rocket launch failure

• Use reliable launch vehicle
• Ensure adequate insurance is in place to cover the cost of rocket launch
• Ensure adequate testing and research development phases completed

3

Cybersecurity and other
security concerns

• Ensure adequate insurance is in place
• Include security expert throughout the development

4

Atmospheric damage from
high energy laser

• Conduct an environmental study to assess potential damage
• Use adequate wavelength, equipment and advanced adaptive optics

5

Timeline shift
(manufacturing delays,
energy unavailable, etc.)

• Consistent updates and accountability through the development phase
• Internal deadlines in place as check points

6

Crowdfunding campaign
failure

• Hire quality production company for video and media campaign
• Employ social media experts to generate interest in the project
• Offer incentives for donations

7

Failure to find legacy
investors

• High-end marketing and business development teams to generate
compelling investment package

8

Failure to generate profit
from spinoffs

• Encourage intellectual property innovation among employees and partners
• Promote the use of innovations early in the development process

9

Chile doesn’t allow laser
infrastructure

• Establish good relationship early on
• Offer operational and educational incentives

Loss of intellectual
property
Lux Nauta’s story fails to
reach the target audience

• Hire legal counsel to properly protect property early in development

Market fails to form around
directed energy
technologies

• Apply INTACT model with a board of industry advisors to help direct
programming

10
11
12

• Complete research and focus groups to target appropriate audiences to
better understand the needs

3.6 Conclusion: The Organization
By design, a mission of this level and magnitude has not yet been seen to completion. While other
organizations are in the early phases of development, this mission proposes an organizational structure and
fund gathering strategy divergent from others. This report proposes to originally create a non-profit
organization based on a SWOT analysis that determined tax incentives for both the organization and investor
are beneficial in beginning fund gathering. There is also greater potential for public donations and
international involvement in non-profit organizations. This report is focused only on the first phase of
business development as it is estimated that a large legacy investor will determine the future steps of the
organization once their contribution has been settled.
The organization will be situated originally in New Zealand due to land availability, ease of doing business
ranking, the availability of Rocket Lab and their predicted heavy launcher, and tax rates that are in line with
world averages or better. Ultimately, New Zealand is less restricted on technology export and does not run
as high of a risk of restriction as other countries, namely the USA. In fact, New Zealand has a treaty with the
USA for the freedom of space technology exchange between both countries. This allows the USA to be an
excellent backup to New Zealand launches should the proposed Rocket Lab’s Neutron rocket be unavailable.
The main strategic reason for choosing New Zealand over comparable countries such as the USA is that large
investors are likely to contribute to this mission from countries such as India, Russia, and China. Historically,
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these countries are hesitant to invest in USA companies and organizations. Closing off up to 75% of investors
would create a difficult position for the mission regarding fund collection.
It has been determined that cost is a major risk for this mission. Estimated at $100B in today’s dollars and
based on technology available, the mission requires considerable buy-in from investors worldwide. It is
recognized that most of the public will need to be on board with the mission to procure the funds required.
This requires a strong campaign across all funding levels implicating the environmental benefits from future
spinoff technologies as well as the “science for all” mission to ensure that the public not interested in a space
mission will still support the Earth-based benefits. Most of this cost is required to be paid upfront as the laser
array is estimated to be $70B. This mission’s funding strategy consists of an original crowdfunding campaign
to fund the organization through proof of concept. Once the proof of concept is established, a sponsorship
campaign through auctioning off the 10,000 spacecraft and STEM programs will run in parallel with the search
for large legacy investors. These investors will provide the bulk of funds required upfront for the laser array.
The largest donor will be given the opportunity to name the laser array. Should a large enough donor not be
found to fund the $70B laser in full, multiple billionaire legacy investors will be approached to gather funds
collectively in smaller increments to fund the project. Following the initial infrastructure creation and launch,
operational costs will be covered through the sale of spinoff technology and future services using the laser.
Long-term operational costs and public buy-in will require a dedicated and inventive education and outreach
program that captures the public’s attention for decades. This will be discussed further in our next chapter.
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4. OUTREACH &
EDUCATION

“When we see the Earth from space, we see ourselves as a whole. We see unity
not the divisions. It is such a simple image with a compelling message: one planet,
one human race.”
- Stephen Hawking

Image credit: Solar Sails II by GrahamTG - DeviantArt 54
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4. Outreach & Education
4.1 Introduction
EX.PL.RE is a multigenerational and multidecadal mission that presents unique considerations and challenges
for how to best go about developing effective and engaging outreach and education program. The
recommended approach is to educate and conduct outreach. For that, EX.PL.RE focuses on a few key aspects:
multicultural engagement, capacity building, and economic development. This is accomplished through the
development of the Interstellar Talent Center (INTACT) to build technological skill capacity and to kick-start
economic development in the directed energy economy. Also developed is a multi-media universe called
Lux Nauta that showcases the peaceful uses of directed energy and shows the benefits of an economy built
around it while embarking on exciting adventures that will appeal to all ages and cultures. Lastly, for
education and outreach, there is also an overview of previous non-science payloads and considerations as to
what could be included on the EX.PL.RE mission to share our humanity in the cosmos. With an encompassing
non-science payload, global project buy-in and trust could be achieved as EX.PL.RE could represent a broad
range of cultures and people.

4.2 Lux Nauta
Lux Nauta is a novel approach to a long-term multi-generational mission, such as EX.PL.RE. It approaches the
outreach for such a mission through storytelling and interactive engagement; the Lux Nauta universe is
presented as a multi-platform story that can evolve into a far-reaching multimedia intellectual property (IP)
throughout the mission and beyond. Utilizing storytelling and interactive engagement has several benefits:
•
•
•

Building excitement for this mission and the growth of directed energy technologies.
Providing for additional sources of income through a long-lasting piece of IP.
Potentially inspiring the next generation of people to work on and become entrepreneurs in the
field of directed energy.

By conducting outreach through a multi-platform storytelling universe, this project is looking to capture a
portion of this market with our story while designing it to inspire the next generation to see a future with the
peaceful uses of directed energy. Much like science fiction films, television shows and books inspired many
to look into the stars and see humanity's future among them in the 1900s.
Lux Nauta is designed to be an open story and playable universe set in 2687. Lux Nauta is a story about the
drive for human exploration and, at its core, presents the balance of meeting human needs where they are,
with the urge to explore the beyond and discover the deeper meaning of existence. The world of Lux Nauta
is framed by the development of directed energy technologies and enabling spinoffs in the 21 st century. Lux
Nauta is set in an inspiring futuristic setting designed in the style of a futuristic solarpunk novel, with five
main characters: Lag'mal, Izhi, Eavha, Mayari, and Bulan. There are multiple opportunities in the story to
develop the Lux Nauta universe into other entertainment and interactive mediums. It will allow Lux Nauta to
be adaptable and scalable for future formats. To achieve this approach of communicating the underlying
technologies and spinoff of the EX.PL.RE mission as a benefit to all of humanity, a five-page pitch document
has been created for a story called Lux Nauta. This is a work of fiction with content created for this report.
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Lux Nauta (lʌks nɑhˈutə)
It is Earth date 25 June 2687; humanity has now expanded beyond the confines of Earth to become an
interplanetary species, from cities on Mars to mining outposts in the outer solar system, utilizing directed
energy light sail technology to facilitate interplanetary trade and travel.
Humanity is now embarking on the largest and most ambitious engineering project ever attempted: a megastructure around the Sun that will enable the direct and efficient harvesting of massive amounts of solar
energy. Also known as a Dyson sphere, this will allow the inhabitants of the Lux Nauta universe to meet the
demands of the growing energy requirements of the technologically enhanced species, marking the first
stages of humanity’s transition from a Type I to a Type II civilization on the Kardashev Scale. An engineering
feat of this scale requires a massive amount of rare earth metals and other minerals for construction, leading
to an increase in mining activity in the Asteroid and Kuiper belts.
The three main characters in Lux Nauta have come to believe in the possibility that life was transported to
our solar system from elsewhere in the galaxy, leading them to join the greater panspermia movement that
is gaining momentum in this universe. The main characters are inspired by the discovery of panspermia
objects from interstellar fragments uncovered at the Quaoar mining colony. These fragments resemble an
advanced version of their light sail technology but are made from alien meta-materials of exosolar origin.
This catches the attention of a light sail engineering prodigy, Lag’mal, living in the Martian city, Malgium.
Lag’mal has spent his life dreaming of venturing through interstellar space to explore farther than any human
and seek out the mysterious origins of the uncovered panspermia artifacts.
The recovery of more of these panspermia light sail fragments leads to the partial reconstruction of this alien
technology. Through the combined geniuses of the engineering prodigy, the astrobiology visionary, and the
philanthropic influencer, these three characters set off to explore. Going further than anyone has before, to
seek out the mysterious origins of the uncovered panspermia artifacts.

Story Mechanics
Lux Nauta is a futuristic, techno solarpunk universe that inspires our audience to explore the impossible in
their own lives and envisions a future of humanity that has expanded throughout interplanetary space,
powered by directed energy technology.
Lux Nauta illustrates this universe for our audience through three main characters: Lag’mal, a prodigy light
sail engineer from the Martian city of Malgium; Izhi, a visionary astrobiologist searching for panspermia
objects from the outpost of Quaoarkenny; and Eavha, a philanthropic influencer promoting the Dysolar
Foundation’s Dyson sphere initiative as a benefit to all of humanity from the Earth city of Lagos.
In Lux Nauta, the recovery of panspermia fragments in the outer reaches of the planetary system has led to
the establishment of a cultural movement inspiring its members to search for the origins of these objects
throughout the known universe. Our three main characters are all involved with this movement, finding one
another after the discovery of the alien exosolar sail fragments. This leads them to team up and venture on
their own exploration in search of more of these panspermia objects. Tensions arise as this movement seeks
to balance the need to preserve panspermia evidence with the extensive resource extraction needed for the
improvement of humanity’s quality of life within the planetary system.
In this universe, the characters Mayari and Bulan are pragmatic architects designing humanity’s future from
the Lanao. They are twins, born on a heavily industrial lunar outpost. They have witnessed the tragic
consequences of energy instability, inspiring a vision for the future and motivating them to spearhead the
Dyson sphere initiative.
Lux Nauta is a story about the drive for human exploration and, at its core, presents the balance of meeting
human needs with the desire to explore the beyond and discover the deeper meaning of existence. This is
accomplished through the use of directed energy technologies and their associated developments in an
inspiring futuristic setting.
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Main Environments of Lux Nauta
Quaoar
Quaoar is a mining outpost in the Kuiper belt, with the capital of operations being the micro-city of
Quaoarkenny. It is an industrial city, and most of the human activities in the Kuiper belt are operated out of
Quaoar, as it is the link between the Kuiper belt and the inner solar system. Quaoar is the furthest outpost in
the solar system, with Quaoarkenny at the epicenter of the search for panspermia objects, as the vast
majority of them were discovered through the mining operations in the Kuiper belt. Quaoar is a bleak and
austere environment. Here in the Kuiper belt, only the essentials of life are available; everything else is a
comfort. Power distribution in this region is reserved for mining operations and life support systems, making
power stability an everyday concern. The people inhabiting these parts are those working in the mining
trades or scientists looking beyond.

The Lanao
The Lanao is one of several ships in the Venus-Solar Elliptical orbit. The inhabitants of these advanced marvels
of engineering and ingenuity spend most of their lives on these ships working on improving humanity’s
quality of life while also extending their own life spans. This is enabled using the energy provided by this close
solar orbit. These grand and well-equipped ships travel around the Sun, constantly getting boosted by the
lasers on the Dyson sphere. A place for society's multi-generational thinkers, innovators, politicians, and
philosophers, the Lanao is where people go to continue working on improving humanity’s well-being
throughout the planetary system. As it’s difficult to dock, its inhabitants are there for extended periods, living
their life on board the ships. These ships are self-sufficient with all commodities possible on board, making
them the ideal place where ideas can be developed that span beyond a traditional human life.
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Dyson Sphere
The Dyson sphere is humanity’s greatest challenge and the largest project undertaken to date. It is an attempt
to progress from a species that utilizes the resources found on planetary bodies to that of a civilization that
can harness the power of its entire star. So far, phase one of the Dyson sphere has been completed, providing
20% coverage of the Sun. Now, more power is demanded by society as it has grown and expanded farther
out into the planetary system. Work has started on the second phase, moving the Dyson sphere towards 30%
coverage. The Dyson sphere is now providing most of the planetary system’s energy and uses lasers to beam
power to the other planets and outposts while employing adaptive electrochromic filters to ensure sufficient
solar flux reaches the inner planets. These same lasers are also used as a directed energy propulsion source
for various light sail technologies and interplanetary spacecraft. The Dyson sphere project is owned and
operated by the Dysolar Foundation.

Earth
Earth is where it all started, and a great deal of effort has gone into repairing the damages done during the
industrial and post-industrial revolution time periods. The Earth is now a stable, flourishing haven of
biodiversity, where many species are abundant. Decisions on this ecological paradise are now taken in a way
that balances the health of the planet with the needs of humanity. With this change of dynamics, most of the
heavy industries moved into the other parts of the planetary system, where resources are more abundant.
The majority of the Earth’s surface is now devoted to protected zones for wildlife, natural habitats, and other
holistic land management practices where humans can live in sustainable harmony with their surroundings.
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Main Characters of Lux Nauta
Lag’mal
Location: Malgium, Mars
Background: Light sail engineer
Lag’mal is a brilliant light sail
materials engineer and
directed energy propulsion
specialist working for Dysolar
in their interplanetary vehicle
division. He is also heavily
involved in the panspermia
movement and is a
transhumanist with a
bionic arm and other
enhancements.

Mayari and Bulan

Izhi
Location: Quaoarkenny, Quaoar
Background: Panspermia
astrobiologist
Izhi is an astrobiologist
that is actively exploring
the Kuiper Belt for
panspermia objects. They
are a leading figure in the
search for exosolar
panspermia objects, and
they are an interplanetary
naturalist passionate
about preserving and
understanding these
objects.

Eavha

Location: Lanao, Sol Orbit
Background: Dysolar’s master architects

Location: Lagos, Earth
Background: Philanthropic influencer

Mayari and Bulan are
the master architects
of the Dysolar
Foundation,
passionate
about ensuring
stable energy
and resources
for humanity.
Their
upbringing
was not easy.
Raised
in a resourcescarce off-world
artificial
environment. They
witnessed firsthand what happens
when systems fail.

Eavha is a philanthropic
influencer allowing her to
enjoy life on Earth. She is a
paid advocate for Dysolar.
Her life in Earth’s
abundant nature inspires
her keen interest in
astrobiology, and she
financially supports
the panspermia
movement. She is a
transhumanist and is
a genetically
modified human with
the ability to partially
photosynthesize for
energy.
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Lux Nauta is one opportunity of EX.PL.RE to conduct education and outreach to the general public about the
benefits of pursuing this directed energy mission for the benefit of the whole of humanity. While also going
a step beyond by working to inspire others to become a part of this potentially new and exciting future where
climate change and energy stability are solved, and interplanetary transport is made possible by the spinoff
technologies that come from the advanced scientific and engineering research that is needed to accomplish
the EX.PL.RE mission.

4.3 Non-science payload
4.3.1 The farthest flung representation of humanity
For as long as humans have gazed upon the night sky, we have been training our eyes to trace the ceaseless
patterns of the countless points of light, scintillating with mystery. Our collective cosmic curiosity and
fascination with the stars has driven discovery, astronomy, exploration and ultimately, a quest to understand
our purpose in this seemingly infinite universe. Such questions transcend borders and culture, manifesting in
the stories we tell, our mythologies, diverse spiritualities, eclectic arts, elegant mathematics, and relentless
scientific advancement and debates. There is no single path to answering our questions of existence, but one
recurring theme is the question of our uniqueness in the universe, phrased differently: Are we alone?
Cosmic pluralism, the philosophy that our universe is populated with life and that we are simply too removed
from by distance for direct contact, has been discussed since times of antiquity. Since then, our accepted
collective concept of reality has expanded from the Aristotelian Earth-centered worldview to the
understanding that we are but one species on a planet hosting a biodiversity of 1 trillion species, orbiting in
a planetary system in our galaxy, containing at least 100 billion stars with the potential of hosting planets just
like our own, which itself is but one galaxy in a universe that may contain up to two trillion. Faced with the
sheer scale and statistical improbability that Earthlings are the lone chosen inhabitants of the universe, this
has driven a tireless fascination and imagination for extraterrestrial life.
However, when faced with the awesome grandeur and scale of the known cosmos, it causes us to pause and
reflect on our significance and what it means to be human against the expansive backdrop of space. Any
spacecraft that we send out into the cosmic void represents a snapshot of humanity through the lens of our
engineering capabilities and scientific endeavors. This offers us an opportunity to question how we should
present ourselves to an alien lifeform of which we know nothing. Any object we send to the stars will
inherently represent us, with an inanimate impression of human values, so what do we want to say about
ourselves? Should we attempt to encapsulate the diversity of life on Earth and move away from
anthropocentrism? What about the beauty of art? Or should we be truthful, owning up to our flaws? Or
perhaps we can present a vision for what humanity could be in the hopes that by the time a recipient finds
our message, we have transcended beyond the petty divisions and short-sighted self-interest that threatens
our future today.
While attempting to answer these questions, looking outwardly to some unknown audience, we ultimately
learn the most about ourselves. An often-under-appreciated point of this discussion is that sending a
message into the universe can greatly impact humanity. This is evident from the far-reaching cultural impact
of both the Pioneer Plaque and Voyager 1 and 2 Golden Records, which we can take inspiration from in the
process of inner reflection and outer exploration. We can expand our vision for a new era, addressing
previous critiques and gaps, and assessing our own biases and assumptions, with the goal of inspiring
generations to come and ultimately stating that we are here.
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4.3.2 Previous non-science payloads, themes and implementation
Since the early artifacts left on the Lunar surface during the Apollo missions, initial physical and passive
messages to extraterrestrial intelligence (METI), sent to interstellar space, have contained a “postcard” of
selected content. These “postcards” carried with them themes defining the nature of our human biota and
the Earth system to extraterrestrial entities of unknown phylogenic and ontogenetic nature. The Pioneer 10
and 11 plaques were the first and arguably most controversial, prioritizing a simple, high-level, and accessible
description of our world over complex narratives or ethnological expression. This initiative led to the now
iconic and highly recognizable Voyager 1 and 2 Golden Records. Expanding upon the basis of the Pioneer
probes to include a more elaborate and culturally diverse description of our world, the Golden Records
included 27 songs, 115 images, greetings in 55 languages and 21 Earthly sounds. Since the launch of these
pioneering messages to the stars, other cultural payloads have been designed to preserve the heritage and
knowledge of humanity and have been included on space missions, beginning with the LAGEOS plaque,
intended as a time capsule for future Earth inhabitants. More recent examples include The Long Now
Foundation’s “Rosetta Project,” which collected over 1,500 human languages, alongside a multi-lingual guide
for comparative translation, placed onboard ESA’s Rosetta spacecraft and a repository of creative Marsbased fiction that journeyed to Mars with the Phoenix Lander (Quast, 2021). Future proposals include a ‘backup’ of modern human civilization by the Arch Mission Foundation through the installation of ultra-long-term
data storage archives throughout our solar system.
Table 30 - Select interstellar non-science payloads

Mission;
Item Title

Date

Pioneer 10
& 11;
Plaques
(Sagan,
Sagan and
Drake, 1972)

1972
1973

Voyager 1 &
2; Golden
Records

1977

(Sagan,
1979)

New
Horizons;
Mementos

2006

Current
Location
Interstellar
Space

Interstellar
Space

Interstellar
Space

Organizers

NASA/ARC

NASA,
Cornell
University

NASA

Description
Diagrams of humankind (prototypical
male/female models), the spacecraft,
our Solar System, hydrogen line &
pulsar map – on gold anodized,
aluminum plaques.
Collection of 116 images, a musical
selection and spoken greetings in 55
ancient and modern languages, human
sounds, ‘per Aspera ad Astra phrase in
Morse code and printed messages from
the 1977 USA President & U.N.
Secretary-General – on gold anodized,
copper mother LP records, wrapped in
the USA flag and enclosed within
aluminum covers.

Image(s)

Credit: NASA Ames

Credit: NASA JPL

Florida/Maryland quarter coins, two
USA flags, CD ROMs with photographs
of mission team & names, a piece of
SpaceShipOne, 1991 USA postal stamp
& 1 oz of Clyde Tombaugh ashes.
Credit: NASA APL

Aside from the grand visions of the above examples, to encompass and convey humanity to cosmic entities
and to preserve large aspects of human cultural heritage for future generations, many recent space missions
have also included non-science payloads as a form of publicity and outreach. These have primarily taken the
form of “Send your name to Space” initiatives, which are open to the global public or select group of
individuals. Since the Viking 1 & 2 missions, over 23 space missions have launched the names and signatures
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of the public to Mars, the asteroid belt and even interstellar space. Table 30 summarizes key examples of
non-science payloads, with their content, theme and implementation.

4.3.3 The construction and implementation of a non-science payload
The technological ability of an advanced alien civilization to detect and intercept the light sail spacecraft of
this mission, hurtling through interstellar space at 0.2c, remains, for now, in the realm of science fiction.
When constructing a message for hyper-advanced species, be they extraterrestrial or a far-flung future
version of humanity, we must consider interpretability and then the content; what we wish to say about our
home and of ourselves.
Historically, the most famous and impactful non-science “message” payloads on missions, which have so far
been the only examples to have ventured into interstellar space, are those that convey their contents through
mathematics, geometry and artistic conventions. These messages relied on the use of linear perspective to
visualize discrete points in a simulated three-dimensional space inscribed on a two-dimensional surface
(Macauley, 2018). The Voyager Golden Records, although containing digitized code for the audio and
photograph content, used symbolic pictorial instructions on how to construct a phonograph to access this
information. In the construction of such messages, principles from archeology, sociobiology, semiotics, and
physics are brought together in an interdisciplinary approach. Since the nature of the recipient is unknown,
broad assumptions are required to inform the most likely scenario for interpretability. Regarding physics and
biophysics, it is assumed that universal laws of physics, under which the understanding of humanity operates,
are uniform and known. In this sense, plausible extraterrestrial entities of a sufficient technological
advancement monitor and interact with their local environment and make remote observations of the wider
universe in a comparable manner to our species, also using functionally equivalent sensory mechanisms
(Edmondson, 2003).
Based on this assumption, it has been suggested that messages encoded visually are more likely to be
understood universally due to the clear delineation of ranges in the electromagnetic spectrum that pertain
to fundamental interactions and states of matter such as heat or vision. This, contrasted to the less
predictable range of acoustic frequencies an organism’s sensory organ may be sensitive to, depending on
local features such as atmospheric density, geological composition, temperature, and other factors, is
exemplified by the various “sound worlds” for creatures on Earth and the limited range of human hearing.
Comparing this to the observed recognizability and similarity in function of eyes across a broad range of
terrestrial species (Figure 32) and the multiple independent evolutions of photoreceptors, eyes and visual
behavioral roles show a wide convergent pattern in evolution guided by functional constraints (Nilsson,
2021).

Figure 32 - The wide variety of eye designs and visual systems found in the animal kingdom (Credit: Johannes Burge)

Presenting information visually is logically the best approach in designing an interstellar message. Although,
it must be noted that no matter how much thought goes into the universality of an interstellar message, the
nature of the recipient being remains unknown. Therefore, it is practically impossible to construct a visual
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message that is totally unambiguous and extraterrestrial viewer of our diagrams or photographs is likely to
project their own species-specific experiences and characteristics onto the messages we construct (Vakoch,
1998).

4.3.4 What to say on a celestial message in a bottle?
This question has sparked intense controversy and debate since the inception of the notion of including
messages to little green men on human-made spacecraft leaving the solar system. There is no single correct
answer to this task, and there is much research that suggests different approaches. Some argue that a display
of altruistic behavior and kin selection should be represented iconically to capture the essence of human
altruism and that doing so may also demonstrate the “love-command” of Hebrew Christian Tradition
(Vakoch, 2008). Further research concludes that openly expressing pain as a chronic part of the human
condition may be the most critical factor in successful communication with extraterrestrial intelligences (ETIs)
due to the capacity of pain to highlight vulnerability and finitude, and it is these qualities that foster an
embracing rapport between individuals (Vakoch, 2011).
However, others caution against such expressions, stating that the construction of messages should be led
by social scientists and diplomats rather than astronomers and engineers. This is due to the potential that
biased and naïve messages may be misinterpreted as intentionally deceptive by ETIs and pose an existential
threat to humanity (Traphagan, 2021). Previous efforts to identify appropriate content for an interstellar
message have been conducted by the SETI Institute Earth Speaks projects, in which audio, text, and image
contributions from over 50,000 participants were gathered, asking them what they would like to send to
another intelligent species. Algorithmic analysis of these submissions resulted in the identification of the
most prevalent theme; We are humans of the planet Earth (Vakoch et al., 2013).

Figure 33 - Earth Speaks’ messages (left); cognitive map of the primary theme (right) (Vakoch et al., 2013)

Beyond simply stating that we are humans here on Earth, this topic was more recently addressed in depth
by ISU Team Project Eternal Echo: Golden Record 2.0 during the 2021 Space Studies Program. The extensive
thought and research carried out on this matter, detailed in the final report of this team project, is
summarized in the next section, providing a thorough suggestion for the content of an interstellar message
of the future.

4.3.5 The message of Eternal Echo
Through extensive academic research by an interdisciplinary team and consultation with experts in the
humanities, fields of communication with ETIs and the humility that it is unfeasible to represent humanity in
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its entire complexity and awareness of biases, the composition of the Eternal Echo message was scaled to
that of a curating a special museum for an unknown alien audience. Curation like this involves choosing
different elements and displaying them in such a way as to create a coherent story. This story chosen to be
told is roughly 13.77 billion years old. It is the story of planet Earth, beginning with the known birth of the
universe, coming all the way to the current state of humanity. To help structure this selection of content, the
“Message Pyramid” was developed, where each layer traces the connections between the foundations of the
planet Earth, its position in the universe and how these layers ultimately lead to the human experience.

Figure 34 - The Message Pyramid (Afriat et al., 2021)

This representation highlights how these different layers build upon one another to make a single structure.
It shows the dependency of art and culture on the ecosystem of Earth and how the position of Earth in the
universe is foundational for each subsequent layer, providing the conditions that make life on Earth viable.
These geological conditions then give rise to the biological conditions that shaped Earth’s ecosystem, which
through the different genetic make-ups and anatomies of species gives rise to the diversity of life and
experiences on Earth. This provides context for the human experience, acknowledging that it is built on both
our genetics and environment. The human experience, composed of our societies and individual experience,
covered by anthropology and psychology, then manifests in philosophy, art, and culture (Afriat et al., 2021).

Figure 35 - The Haven message, seen from the front (left) and back (right) (Afriat et al., 2021)
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Although not intended to be a totally comprehensive visualization of Earth and humanity, this tool allowed
for the concretization of the elements to be included in the message. These layers were then divided into
two sections: First, The Haven, representing the foundational layers to be represented pictorially. Second,
The Essence; the encoded portion allowing for more complex content, including a further description of the
foundational layers and a conceptual portrayal of the human experience that contains aspects of psychology,
anthropology, philosophy, art, and culture, called the “Exhibition of Experience.”
The Haven content, tailored as part of the cover design of the original Eternal Echo concept, is meant as an
understandable introduction to the content, including the most foundational components of the message on
the front-side; Earth’s location, timestamp of launch and instructional components for reading the rest of
the message, and the back representing a snapshot of the biology of the human sender in the context of the
biodiversity of Earth. Contents of “The Haven” message design is shown in Figure 35, with Table 31
summarizing each element.
Table 31 - Breakdown and description of each element of ‘The Haven’ shown in Figure 35

The Haven:
Content
1. Binary Key

2. Logarithmic Map

3 & 4. Millisecond
Pulsar Map and
Hydrogen Spin-Flip

5 & 6. Human
Anatomy and visual
representation of
double helix.
7 & 8. Human DNA,
genome, and
chromosomes

9 & 10. Phylogenetic
Tree and Organism
Silhouettes

4.3.5.1

Description
This key provides the essentials for mathematical understanding of arithmetic operations
and interpretation of protocol for deciphering encoded images.
A 360° schematic view of the objects in our galactic neighborhood on a logarithmic
distance scale from the Earth’s center into a linear band. Along the horizontal axis, the
direction is denoted in radians encoded in binary. The vertical axis is marked with a base
10 logarithmic scale relative to the Earth’s radius, again given in binary units of length
based on the hydrogen spin-flip Gott III et al., (2005). Linked to the Sun’s location on the
map are the solar Fraunhofer lines denoted in binary.
The updated millisecond pulsar maps devised by Scott Ransom that uses four distant
millisecond pulsars –Terzan 5, Messier 13, 47 Tucanae, NGC 1851 – and four close
millisecond pulsars –J2043+1711, J1614-2230, J0614-3329, J0218+4232 – this map will
remain accurate for at least a few billion years and denote the location of the Sun within a
few lightyears of accuracy. The binary decoding denotes the rotational (and orbital)
periods in units of time-based on the hydrogen spin-flip. This transition time is used as the
baseline for the binary coding of The Haven.
To give the recipient an idea of the biological make-up of the sender of the message while
acknowledging that the bodies represented here are only two imaginations of billions of
body shapes, skin colors and types. A representation of DNA is given to provide context for
the genomic information.
To not only provide a visual representation of the human body but also dive deeper into
our biological make-up. Since the completion of sequencing the Homo Sapiens genome, it
is now possible to show a strand of human DNA as well as a male karyotype to provide a
simplified representation of human genomic data. Since the raw sequencing data is
substantial, the genome is represented by relating chromosome topography to the
amount of genomic data contained within a specific chromosomal region.
To represent the complexity and diversity of life on Earth, a re-imagined version of the
phylogenetic tree is provided. This ‘tree’ gives an overview of organisms on Earth and the
evolutionary relationships between the various biological classes and species, appended
with graphs depicting each species' amount of genomic data. This representation also
provides the possibility to explain what is known about the apparition of life on Earth.
Scientific consensus was reached on a common ancestor to all actual species called LUCA.
So, a simple phylogenetic schematic will give an alien species insight into the process
through which complex life arose and developed on our planet.

The Inner Essence

The inner encoded part of the message is constructed around the concept that it can include a higher density
of encoded visual content. Here all the physical information, such as the millisecond pulsar maps, the nature
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of planet Earth, the Solar System and the biological and anatomical information of humans and various
species, will be provided in higher resolution imagery.
Another aspect included here is the human experience of time, which is an important metric to contextualize
the following content in the “Exhibition of Experience.” Time is intrinsic to life on Earth and the way the
human species understands the world at large. Previous interstellar messages conveyed time in terms of a
change in the state of the hydrogen atoms but said nothing of the concept of time being irreversible and
traveling in one direction in human experience. In “The Essence,” the human concept of time and the human
life cycle will be conveyed in comparison to the life cycle of the Sun and the age of the universe as we know
it. Thus, providing any ETIs recipient context to understand how our species views the continuity of time and
the temporal constraints upon human life.

Figure 36 - Human/Sun lifecycle comparison (left), solar system age relative to the universe (right)

The second portion of “The Essence” message content includes the more intangible aspects of human
experience. Ideas of culture and society that cannot be captured in a single visual or even language are
included here, as it was concluded that any attempt to do so would be an injustice to the human experience.
Therefore, instead of simple representations, a conceptual portrayal is utilized in the form of “Exhibition of
Experience.”

4.3.6 The Essence: Exhibition of Experience
The “Exhibition of Experience” is intended to be an immersion into the peculiar human mental universe. The
concept is to display human experiences during our lifetime from an inner, individual perception through the
correlation of point-of-view (POV) imagery with recordings of brain activity. The goal is to evoke a sense of
how the human species lives, the fundamental elements of life and how they are internalized and perceived.
To provide sufficient context for interpretation of these experiences and the brain behavior, a detailed
description of human neuropsychology will be included, along with an evolutionary overview of homoneurobiology, leading to what is uniquely human, the ability for collective abstract thought. As a species,
humans contemplate what does not physically exist, collaborate through ideas, and communicate stories
enabling the continuation of knowledge and the survival of ‘self’ through the echoes of others.
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This “echoing of humanity” forms the crux of the “Exhibition of Experience” concept. The challenge lies in
capturing and portraying a concept as intangible and complex as thoughts and emotions. There will never be
a perfect, complete solution to such an esoteric question. However, the solution proposed here presents an
“echo” of feelings achieved by recording the brain activity of individuals while experiencing a deeply intimate
piece of art or life experience of their choice. The first-person view of the participant while undergoing their
chosen experience is recorded in the audio-visual format while their simultaneous neural activity sequence
of captured ferromagnetic resonance images (fMRI) is temporally and spatially correlated in the encoded
message.
By relating the imagery, sounds and motions as presented in the stimuli with the neurological responses of
each individual, the best possible description of our outer and inner world is achieved. Showing that the
human species is a collection of uniquely feeling consciousness, interpreting collective fictions, existing in a
diverse and eclectic world.
The Eternal Echo team put forth a suggestion of experiences as a “starting point” for discussion based on the
discussed criteria of lifespan representation, cultural inclusion, and the broad spectrum of emotional
expression. These suggestions include experiences that elicit many emotions such as joy, love, pain, surprise,
anger, and fear via brain activity responses to childbirth, relationships, friendship, intercourse, heartbreak,
disagreements, death, art, physical activities, rest and sleep, meditation, and experiences of tasting and
smelling food.
An important note is a proposal that contributing individuals should have the freedom to suggest and select
the experience and stimuli of their choice, allowing for a wider range of representation, recognizing the
importance of diversity and openness in the process.
This overview of the Eternal Echo message content reflects the intention to showcase the large spectrum of
life on Earth and the intricacies of human experience. Through the correlation of fMRI data with chosen
intimate experiences, the human capacity for emotion and experiential diversity is encapsulated. The
approach is curatorial, exhibiting a collection of experiences and elements describing the history of Earth and
how life evolved and the place of humanity in the cosmos. This message goes beyond simply stating ‘We are
here’ but to illustrate “Who we are” fundamentally and the intangible forces that drive us.
The next section addresses consideration for the hardware design applied to the light sail probes described
in Section 2.3.3.

4.3.7 Form and integration in light sail mission
The following high-level architecture for the Eternal Echo message was identified in the report (Afriat et al.,
2021), showing the core components that are to be included. Here receiver refers to integration with the
communication system of the spacecraft to indicate reception and potentially instigate first contact.

Figure 37 - Message system architecture diagram (Afriat et al., 2021)
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When considering this light sail probe’s mission, due to the low mass constraints of the payload, integration
of a physical message is challenging, whereas a digital message is more feasible through encoding within the
onboard memory. There are, however, potential technological concepts that could facilitate the inclusion of
a physical message artifact if allowances are made. These techniques involve micro- to nano- scale alterations
being made to a medium to impart discernable information. Of these technologies highlighted, holographic
storage is the only one to be previously proposed as a medium for an interstellar message on a directed
energy light sail payload.
Table 32 - Analog data storage techniques suggested by the Eternal Echo team

Technology

5D optical storage

Micro-etched metals
or silicon (Krause and
Mccargar, 2009)
Nanofiche (Arch
Mission Foundation,
2019)
Holographic storage
(Hesselink, Orlov and
Bashaw, 2004)

Principle

Reading Techniques

Manufacturing Process

A 3D array of pixels is
written into a glass
volume, each containing 2
bits of data encoded
polarimetrically.
Etching the surface of a
metal, directly with a
source of particles or using
a mask on top of the metal
and corroding the surface.

Requires construction of an
apparatus containing
orthogonal lasers and an
understanding of birefringence,
polarization, etc.

Only possible in laboratory
conditions. Femtosecond
laser pulses create small
deformations in the
structure of the medium.
Adaptation of widely used
microelectronics
processing techniques
such as the focused ion
beam (FIB).
Lithography-etching on
nickel,
1000 nanofiche/min.
Focusing two beams on a
crystal or polymer to write
the interference pattern.

Microscope (optical or
electron)

Specific case of a “microetched metal.”

Microscope (400x)

Recording both phase and
amplitude information
onto an optical medium.

Illumination with a reference
light source.

A concept of white-light holography as the medium for an ultralow-mass message plaque was first proposed in the early-2000s
by Robert L. Forward, who encouraged Les Johnson at the NASA
Marshall Space Flight Centre to fund the development of a
prototype holographic message plaque. As an intersection
between art and science, artist C. bangs, alongside collaborators,
created such a prototype containing six images.
In such ‘Benton’ holograms, many images can be exposed to
produce a ‘multi-plex’ of images or a 3D white-light image, which
changes in hue with orientation and that can also be viewed
simultaneously depending on the angle. These holographic
technologies were tested during this process for tolerance to
simulated space environment radiation and for reflectivity in
applications as a solar sail coating, which in both the results were
promising (Matloff, 2005).
This was early-stage yet pioneering research into the possibilities
of applications of novel technologies to light sails and their
integration as message plaque medium. With two decades of
Figure 38 - Prototype holographic interstellar
material science advancement since this time, the advent of
message plaque (Credit: C. bangs)
nano-holography (Yue et al., 2017), and recent advances such as
Nanofiche and 5D Optical Storage indicates that there are likely many creative technological solutions to
enable an inspiring message from Earth to be included on our first journey to the stars.
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The recommendation for EX.PL.RE is to include consideration for a non-science message in the payload design
and overall mission framework. As Nick Sagan stated: “There’s something deeply reassuring in knowing that
even if the worst befalls us on planet Earth, some record of us will survive.” (Showstack, 2013).
Building on the message blueprint as outlined by Team Project Eternal Echo, an interdisciplinary and
intercultural team of experts should be brought together to construct a message encompassing the vision of
this mission and featuring the pictorially descriptive codex of Earth and a deeper encoded “Exhibition of
Experience.” As part of the crowdfunding campaign, one of the rewards tiers will be the inclusion of backers'
names as part of the non-science payload to increase personal engagement and accessible buy-in for the
mission. This could also be expanded to include the names of legacy investors.

4.4 Education
4.4.1 Introduction
Education and outreach work hand in hand to connect, form, actively listen and receive feedback from target
audiences and the community. This can be achieved by supporting areas of various fields. To reach a broader
audience, goals, objectives and targets must be defined, as well as a message and plan for action to involve
larger communities to contribute work, using consistency through a program that aids to multiple
intelligences, such as visual, auditory and hands-on learners. In order to have a growing interest in space,
education must be inclusive of everyone and have several ways of catering to different mindsets, cultures,
and age groups. By working with various institutions, more answers to questions can be found in lesser
amounts of time. This can be achieved by creating an institute to nourish and recruit talent collaborations
which would allow to act as enablers of agencies and welcome new roles in the space sector. While recruiting
support and data analysis as well as potential partnerships, friendly competitions around the globe can be
created to involve a broader audience, which could then act as a way of communication for mainstream
media.
When attracting new interests, it is important to cater to newcomers by connecting with them right where
they stand, allowing them to embrace their talents and encouraging them to nourish them by using them for
a greater purpose — in the space sector. Listening to the needs of the people, encouraging innovative ideas
without reprimand, and offering a small incentive that could benefit them can cause competitors to invite
more of their peers as a ripple effect. Sharing information in a way that is understood by the majority of
newcomers is important in order to be on the same page and help them understand the goal of the projects.
Being the one to guide them by the hand when introducing them to a new community will help them feel
more secure and have a feeling of belonging. Lastly, following up and maintaining that friendship/clientele is
important in keeping the snowball effect rolling.

4.4.2 Talent Institute: INTACT (INterstellar TAlent CenTer)
The idea behind a Talent Institute is to absorb local and international talent in different fields and channel
them towards a certain goal, and in the case of this study, interstellar missions. This talent will come from a
pool of university students from around the world, from diverse backgrounds, with the goal of forming them
professionally and educating them with an interstellar mindset. For the student, the involvement in such
places will represent a chance to participate in meaningful, practical projects, personal growth, connections
and most importantly, a certificate of quality. The projection that the Talent Institute should give to both
students and future employers is one of extreme workers' quality. Students who have undergone training in
such institutions are recognized as first-class professionals, giving them an edge in the job market. An
example of such institutions can be found by looking at current universities or research institutes, such as
MIT (Massachusetts Institute of Technology), Harvard or the Max Plank Society.
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To achieve and start such organizations, a foundation will be discussed in the following parts ranging from
location, structure, range of activities and progression, potential partnerships, cost, and objectives.
4.4.2.1

Objectives

The Talent Institute is an organization that has the objective of building a top-ranked group of individuals
with multiple skills with the end goal of having a self-standing institution that channels and connects the
concept of interstellar flight with society in all its disciplines: engineering, science, policy, humanities, and
business. As a by-product of this institution, the individuals participating will not only find an environment
where to thrive but will also become a generation influenced and interested by interstellar flight. As space
exploration is an event that pushes human capacity to the limit, spinoffs and an outstanding pool of
individuals will be available for society.
In a summarized form:
•
•
•
•

Build a self-standing structure that promotes and connects the concept of interstellar exploration
to society in all its disciplines.
Create a generation of interstellar exploration-aware individuals and influencers.
Create a pool of talent for companies and society along with spinoffs.
Channel outstanding young individuals towards the interstellar exploration field.

4.4.2.2

Organization Structure

For a successful organizational structure, it is important to look at similar successful institutions. One such
institution is the CyLab from Carnegie Mellon University (CMU). CyLab is an institute specializing in security
and privacy that was founded in 2003 with the objective of fostering a new generation of students interested
in computer science and security, in other words hacking. This institution is comprised of 100 faculty from
the seven colleges across CMU specializing in science, engineering, computer science, public policy,
humanities, business, and fine arts. This personnel guides approximately 200 graduate students each year to
combine their interdisciplinary knowledge into security and privacy research. They focus on specific areas
that need open collaboration between the university, government, and private companies to be solved, such
as human interaction with technology or policy, but their real role is creating a security-aware generation. A
straightforward way to quantify how this institute is successful is by looking at the fact that through the years,
they have been able to climb the ranks and consistently be the best hacker group in the world, winning an
impressive five times DefCon, Defense Advanced Research
Projects Agency (DARPA) Cyber Grand and Defcon
competitions, the most important in the sector. The
members/students participating in this institute are
selected from a pool of candidates that participate in some
of the high school blank hacking competitions where the
trade is introduced to unaware students through
applications, such as picoCTF. This application teaches with
simple passive examples how the craft works and
especially helps the user rank in a system of points. This
way, the high scorers are selected to further their
development.
Understanding how this works is not difficult to draw
Figure 39 - Structure of the ideal CyLab structure
similarities with interstellar missions: an interdisciplinary
endeavor that has yet to have a place where a generation
of interstellar mission scientists is created. In that sense, the organization would have to be placed on a
university campus, actively work with faculties from different disciplines and participate with industry with
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the goal of solving either real problems for businesses or participating in competitions. The structure, inspired
by CyLab, should look like Figure 39.
As it can be observed in that structure, the ideal organization would have a Program Director in charge of
managing the projects, direction and faculty involved, plus the budget allocated for it. This position would
come with a group of assistance like trustees for the program, project managers and administrators. Working
for them in their own research, faculty composed of major researchers and professors of different disciplines
get students involved in international projects. The beauty of this structure is the fact that the faculty is not
working on separate projects but in a cohesive one: every department can benefit from each other. As the
objective of this organization is to foster the development of interstellar missions, having a structure that
allows researchers to develop professionally while being supported by student researchers and a
collaboration net between departments increases the efficiency and output of papers. This is something that
can be observed in CyLab, with more than 400 security and privacy studies in the past five years. The
organization also has the participation of business and industry embedded into the structure, which allows
the industry to propose technology that can generate economic benefits and access possible spinoff
technologies due to proper cataloging of the research activity. The industry will also benefit from a pool of
talent coming either from the participating graduate students or the faculty staff. Table 33 can provide a
small insight into the possible roles.
Table 33 - INTACT Structure

Substructure

Program
Directorate

Faculty

Under/graduate
students

Industry

Business
Operations

4.4.2.3

Key role

Benefit

• Coordinate the interactions between all the substructures.
• Enforce proper and useful cataloging activity.
• Choose and evaluate projects that follow the
organization's goals.
• Coordinate budget allocation.
• Channel their research towards interstellar
missions.
• Manage students to participate in research.
Encourage students to join (professors).
• Lead teams are tackling specific disciplinary
aspects of interstellar mission
competitions/industry proposals.

• Ensure that Interstellar missions
and general interest are maintained
through an institution over time.
• Foster a generation aware of
interstellar flights and their
benefits.
• Continued research with possible
spinoffs and contracts with external
companies.
• Workforce to participate in their
studies (students).
• Concentrate funding into a specific
institution, increasing efficiency.
• Gain knowledge through practical
applications.
• Access to the job market from
participating businesses.
• Possibility to spinoff.
• Pool of trusted quality workers.
• Possibility to resolve technological
problems.

• Support current interstellar mission projects.
• Learn and absorb the know-how of faculty and
experts.
• Bring industry goals and needs that can be
developed through research (optic coms).
• Bring funding to projects, funding for spinoffs.
• Help with entrepreneurship, especially spinoff
technology.
• Help acquire potential industry partners.
• Arrange the cataloging of progress in research
done by the institution so it can be accessed by
industry.
• Organize patent creation.

• Generate profit for the organization
through patent leasing and R&D for
industry or government.

Activities

The activities of this institution will vary depending on sub-group interaction. That means that it will be a
combination between industry will, current faculty research, partnership with business operations and most
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importantly, the availability of students. Ideally, faculty and business operations will coordinate to receive
funding either from industry, governments, and foundations to develop proposals, conduct research, or
develop hardware for missions. Government proposals like the ESA or NASA call for proposals offer economic
rewards for specific technology for missions, but better long-term duration missions would be preferred as
participating in Breakthrough Starshot or any NASA/ESA/National Space Agency mission.
Along the same lines, artistic missions like the moon project or business proposals for incubators could be
used. An example of the latter is the University of Colorado Boulder student incubator, where students from
business and law coordinate with fellow student entrepreneurs, giving them a free platform in which to
launch their ideas and seek funding.
The general idea of activities is that the Program Director of the Talent Institute and his support staff will
seek out opportunities from agencies, organizations and competitions and coordinate them so they focus or
relate to interstellar exploration. An example of where to find these kinds of activities can be found in Table
34. Most of these opportunities come with an economic incentive or can develop into economic partnerships,
helping the center fund itself.
Table 34 - INTACT Activities

Field of
interest

Location of Resources

Programs

Activities

Engineering
and Science

• Space Agencies (NASA, ESA,
DLR, CNES, etc.)
• Partnerships with companies.
• National and international
competitions.
• NGOs (Breakthrough Starshot)
• Cooperation with other
Universities.

• FlyYourSatellite!,
FlyYourThesis!
• CubeSats testing potential
• NASA Solve
interplanetary/interstellar
• Over the Dusty Moon
technology.
Challenge
• Participate in international
• Coordinate with faculty and
competitions with
with private companies.
submissions.
• Publish papers related to
the field.

Business

• Local or Regional Incubator
• Create a space-crowdfunding.
• Space Generation Advisory
Council
• ESA Space Solutions
• SBIR (NASA)

• Help develop local/student
space companies.
• Provide help to business as
a consultant body.

• Locate potential Business
Angels and Venture Capital.
• Help develop business
plans for entrepreneurs.

Law

• Space Generation Advisory
Council
• Partnerships with local law
firms to open space branches.
• Local or Regional Incubators

• Help develop local/student
space companies.
• Internships in lawyer
offices.
• Consultant/advisor roles

• Allow students and faculty
to help in the development
of law and policy.
• Advise current space firms
on how to enter a space
business environment.

• Help space companies add
cultural cargo (initiative).
• Consultant for spacethemed art.

• Encourage Space
Art/relaunch it.
• Create a Space where art
collaborations can exist.

• NASA Solve
• Lunares Space open call
• EuroMoonMars

• SIRIUS Analog training
• Spacesuit User Interface
Technologies for Students
(SUITS).

• Moon Gallery
• Companies with extra cargo
Humanities
space.
• Museums
• Competitions
• Space agencies (NASA, ESA,
DLR, CNES, etc.)
Human
Performance • Partnership with companies
and Biology
and universities.
• Analog programs

For the student, the benefit of being involved in such activities can range from an internship, recognition of
credits, traineeship, part-time employment or assistance with job placement.
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4.4.2.4

Location

The location of the Talent Institute is dependent on four factors:
1.
2.
3.
4.

Availability of students and faculty.
Access to programs and companies by the program.
Willingness of a faculty to organize such environments/cooperation of government and companies.
Policy.

One of the key facts when choosing the location is the access to programs. That means that students, faculty,
and staff should be available to participate in different competitions due to their nationality. This is
particularly important for many aerospace challenges. For example, in order to compete in these challenges
in the United States, citizenship can be a limiting factor. A look into the NASA Solve program already shows
that multiple programs are only USA citizens. As most of the spending for interstellar missions is
governmental, it is interesting to note that a deciding factor would be placing such an institution in the USA,
as the USA government routinely supports these types of missions.
One of the main flaws of such institutions is that, in general, government spending tries to be as wide as
possible and concentrating power and funds to a particular place might not be of the liking. In that case, two
options are needed: strong policy to enable such institutions to exist in a particular location, or this institution
can be present in different universities. An example of the latter is the Space Generation Advisory Council
(SGAC), having branches in multiple continents and countries. One policy strategy for developing a talent
pool is to incentivize high educated talent, such as done in Malaysia or China (Azman, Sirat and Pang, 2016).
It is advised to place the Talent Institute in the USA as many governmental institutions and universities
already participate in those areas, and they would be interested in trying to create a true center to channel
such efforts. Europe could also be a suitable location, as government spending and interest in interstellar
missions is just starting; thus, it could be a promising solution to prevent talented students from leaving
Europe.
4.4.2.5

Cost

To evaluate the cost of such an institution, it is necessary to look at an example: the Nanosatellite Payload
Laboratory (NanoSatLab) of the Technical University of Catalonia (UPC). It was founded by the university itself
as a small student organization led by a major researcher. At that time, in 2012, around Southern Europe,
small satellite technology production and testing were unheard of. Thanks to partnerships with ESA
programs, the involvement of bigger institutions such as the Catalan and Spanish governments and local and
international research institutes has helped NanoSatLab to become one of the area’s top facilities for science
and engineering missions and to develop their own talent pool. With more than eight missions, partnerships
with international institutions such as the UAE space agency or the Irish Government and an expanded
laboratory that holds unique testing facilities open to any company, it is difficult to doubt its success. It has
paved the way for the creation of both Catalan and Spanish Space Agencies.
The financing of this institution has come from private donations, the government, and the European Space
Agency. It is difficult to precisely track the spending, and it is also important to consider that this institution
only covers engineering in science, but it covers a bit of what a small institution incurs in costs.
Most of the grants have been spent on infrastructure and test equipment. An example would be the clean
room, thermal vacuum chamber and shake table. It has taken ten years to surface as one of the key
infrastructures of New Space in the region of Barcelona, attracting multiple companies to the area and
helping spinoff and collaborate with others.
It is interesting to point out that the involvement of the faculty was key to the success of NanoSatLab,
changing it from just one more student group to a full and capable part of the university. A talent center
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inside a university is a facility that exists, has proven results and has multiple choices to maintain and foster
the concept of interstellar missions to students while also benefiting the area and developing a pool of higheducation talent for companies to employ. With a structure that oversees the interaction between faculty
and student, a relatively low cost in the long-term and multiple fields to be applied is one of the best options
to foster interests in space explorations for generations.

4.5 Conclusion: Outreach and Education
With Lux Nauta, INTACT, and the inclusion of a non-science payload, the EX.PL.RE mission will be wellpositioned to engage broad swaths of humanity, from the experts that want to get involved to the everyday
people that will want to witness a directed energy future and a ground-breaking interstellar mission.
Lux Nauta’s cradle to grave appeal will show the need to develop this directed energy vision of a future and
help to inspire people to come work in the field. INTACT will provide an avenue to train interested people to
develop and work on directed energy technologies and their associated economy. INTACT will also provide a
place for the industry to directly influence what technical skills people are receiving to guarantee a capable
workforce capacity for directed energy and interstellar mission programs. The non-science payload will
provide a voice and representation of humanity, thus garnering widespread interest to witness the launch
and success of mission EX.PL.RE. In the next chapter, policies and regulations surrounding such an ambitious
mission will be discussed.
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5. POLICY
AND LAW

“Governments will always play a huge part in solving big problems. They set
public policy and are uniquely able to provide the resources to make sure
solutions reach everyone who needs them. They also fund basic research, which
is a crucial component of the innovation that improves life for everyone.”
- Bill Gates
Image credit: Argentina and Chile from space - cerpin.com
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5. Policy and Law
5.1 Introduction
Current space law dates from the mid-20th century. As humanity moves further into space, space law must
move forward and answer the tough questions that continue to arise as novel issues emerge.
In the twenty-first century, it will be increasingly important to respect the principles of public international
law that ensures the peace and security of communities, and which is forced to strengthen ties owed to the
newly emerging space nations capable of exploration beyond Earth orbit and the evolving international
commercial space sector, New Space.
Cooperation and competition are fundamental drivers to facilitate survival, innovation, and progress and
should be widely exploited to reduce costs and increase access to space, always accompanied by relevant
regulations, as an area that concerns the international community.
The cornerstone of the Corpus Iuris Spatialis and the essence of international space law are found in Article I
of the “Outer Space Treaty,” which is the basic principle of the regulation of outer space; states that "the
exploration and use of outer space, including the Moon and other celestial bodies, shall be carried out for the
benefit and interest of all countries, regardless of their degree of economic or scientific development, and
shall be the responsibility of all mankind. Outer space, including the Moon and other celestial bodies, shall be
free from exploration and use by all States without discrimination of any kind, based on equality and in
accordance with international law, and there shall be free access to all areas of celestial bodies. There will be
freedom of scientific research in outer space, including the Moon and other celestial bodies, and States will
facilitate and encourage international cooperation in such research” (UNOOSA, 2021c).
The principles of outer space law were inspired by Antarctic Law and the Convention on the Law of the Sea
of 1982 (UNCLOS) as they shared the nature of being regions with a nature reserve devoted to peace and
science subject to international law and beyond national jurisdiction.
In this chapter, the pillars of outer space law and the additional agreements and resolutions that impact the
success of this project will be examined. And how they relate to the mission. As noted above, space law can
be challenging, as the “pillars” of international space law were brought to fruition at a different time, at the
advent of space exploration in the 1950s and 1960s. The space landscape looked vastly different than it does
today, which was indicative of the power struggle between the USA and the Soviet Union. The knowledge
about space has increased exponentially. The technological capabilities have grown immensely. The
emergence of non-governmental actors in space has opened a new dialogue on how the existing space
treaties and laws apply to the commercial actors in space. Now, it is time to examine how these apply to
exploration beyond this solar system by a commercial actor and do these same treaties and laws apply. The
simple answer is “yes,” they do apply and can be adapted to apply to most scenarios that could be
encountered in outer space. However, there are some terrestrial issues that may prove to be more
challenging to enable the missions that expand humanity’s presence in space.
Site selection will also be examined, as it can impact the success of this project and subsequent mission from
a policy and law perspective. This will include national space policies and environmental impact laws and
requirements from a state perspective, as well as other policies that hinder or promote the development of
this project.
Export control laws will also be examined from an EAR and ITAR perspective and the Wassenaar Arrangement
as a principle and then as they apply to this mission. These include the use of dual-use technologies, as well
as the implication of uses of non-traditional forms of energy in the space sector.
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First, let us consider the fundamentals of this mission. These include an expanded and unprecedented use of
laser technology for a large laser array in a desert that will shoot a beam in the infrared spectrum through
both LEO and MEO up to GEO to power a swarm of small spacecraft to another solar system. The ground
structure will require substantial amounts of power for the laser array to operate. This will require regulation
and oversight, as the source of the power could utilize dual-use technology and the laser array itself has some
components that are dual-use technology. As discussed in Section 2.4: can the laser array be placed in Chile
without issues? Will it permanently disturb the environment in Chile? How will the laser array be powered,
and can a power plant be built in Chile to meet our needs? How will the laser array interact with the satellites
in LEO, MEO and GEO as their paths interact, and what is the liability of this interaction? How will the laser
array affect the air space and environment of Chile during its operation? Will the permits for the frequency
from ITU be acquired? What are the planetary protection requirements that may need to be addressed? And
finally, how to regulate the unknown as humanity moves into the neighboring star system and beyond within
the framework for today’s space law?
Finally, several projects will be highlighted that have successfully navigated the complexities of dual-use
technology, intergovernmental and international organizations in space, as well as the struggles these
projects encountered during their development. These case studies will identify the best practices and
lessons learned for this project’s formulation.

5.2 Space law
From the earliest days of space exploration and the “Space Race,” the United Nations has recognized the
important role that space-related technologies can play in improving the human condition throughout the
globe.
Space law first emerged at the international level, and later States were the ones who adapted their norms
to domestic law, following the principles that already existed in the international community, as it was a
matter of global affectation. A situation that may be explained by the way in which the space race developed,
which was the one that gave rise to this set of rules. Even today, not all States have national space laws but
rely on international space law as customary law.
Space law can be described as the body of law governing space-related activities. Space law, much like
general international law, comprises a variety of international agreements, treaties, conventions, and United
Nations General Assembly (UNGA) resolutions, as well as rules and regulations of international organizations.
As many disagreements there are on certain points, there is a common interest in terms of space, to explore
space, to look beyond our planet and its origins, to explore and extend human presence, to develop
technologies for exploration, and economic expansion, among others.
The term "space law" is derived from the five international treaties and five sets of principles governing outer
space, which have been developed under the auspices of the United Nations. In addition to these
international instruments, many states have national legislation governing space-related activities (Hobe,
2009).
It should be noted that space law is considered public international law, but refers to a supranational
situation, to the extent that the pioneering space initiatives of exploration and exploitation of our universe,
the new discoveries and scientific data collected, the social impact, a possible revolution or expansion of
horizons and consequently a planetary migration and its consequences are situations of international
incidence. Thus, public international law is presented as that branch of public law in charge of providing
certain legal norms to regulate the action of the international community, made up of States, international
organizations (UN, OAS, IMF, WHO, etc.), individuals and other subjects without sovereignty (peoples,
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national liberation movements, transnational corporations and non-governmental organizations)
(Pompidou, 2000).
International space law, as a branch of public international law, is dedicated to studying and providing a set
of principles and rules to regulate navigation through outer space and the relationships that may occur. As a
result, it also regulates everything related to the legal regime of that space and celestial bodies. States and
governmental organizations are the main subjects of the application of this new branch of law, as they are
the ones that usually carry out activities in outer space (UNOOSA, 2021b).
Space law addresses a variety of matters, such as, for example, the preservation of the space and Earth
environment, liability for damages caused by space objects, the settlement of disputes, the rescue of
astronauts, the sharing of information about potential dangers in outer space, the use of space-related
technologies, and international cooperation (UNCOPUOS, 2021). Over the last fifty years of developments in
space, the UN has identified several fundamental principles that guide the conduct of space activities,
including the notion of space as the province of all humankind, the freedom of exploration and the use of
outer space by all states without discrimination, and the principle of non-appropriation of outer space
(Leepuengtham, 2017).

5.3 United Nations Committee on the Peaceful Uses of Outer
Space
In 1959, the United Nations General Assembly established
the United Nations Committee on the Peaceful Uses of
Outer Space (COPUOS). The main task of this committee is
to review and foster international cooperation in the
peaceful uses of outer space, as well as to consider legal
issues arising from the exploration of outer space. There are
currently 95 members who meet annually to address current
issues (UNCOPUOS, 2021). Since its inception, COPUOS has
been serving as a focal point for international cooperation in
the peaceful exploration and use of outer space, maintaining
Figure 40 - First Session of the Legal Subcommittee.
close contacts with governmental and non-governmental
United Nations, New York. 26 May 1959
organizations concerned with outer space activities,
(Johnson, 2017)
providing for the exchange of information relating to outer
space activities and assisting in the study of measures for the promotion of international cooperation in those
activities. The work of COPUOS has been assisted by the two subcommittees, the Scientific and Technical
Subcommittee and the Legal Subcommittee. The complex issues which have arisen alongside the
development of space technology are the main concern of the two COPUOS Subcommittees (UNCOPUOS,
2021).
COPUOS is one of the largest Committees in the United Nations. In addition to States, a number of
international organizations, including both intergovernmental and non-governmental organizations, have
observer status with COPUOS and its Subcommittees.
The Committee was instrumental in the creation of the five treaties and five principles of outer space.
International cooperation in space exploration and the use of space technology applications to meet global
development goals are discussed in the Committee every year. Due to ongoing advances in space technology,
the space agenda is constantly evolving. Therefore, the Committee provides a unique platform at the global
level to monitor and discuss these developments (UNCOPUOS, 2021).
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The United Nations Office for Outer Space Affairs (UNOOSA) provides the Secretariat services to COPUOS and
its two Subcommittees, which continue to serve as a unique platform for maintaining outer space for
peaceful purposes at the international level (UNCOPUOS, 2021). Looking to the future, UNOOSA is in a unique
position to bring together all relevant stakeholders to make a difference and to ensure that the benefits of
space are available to the broadest possible user base in all countries around the world. Let us first examine
the basis of space law.
Space law originated out of five space treaties, which will be examined briefly below.

5.4 Space law treaties and principles
The Committee on the Peaceful Uses of Outer Space has concluded five international treaties and five sets
of principles on space-related activities (UNCOPUOS, 2021).
These five treaties deal with issues such as the non-appropriation of outer space by any one country, arms
control, the freedom of exploration, liability for damage caused by space objects, the safety and rescue of
spacecraft and astronauts, the prevention of harmful interference with space activities and the environment,
the notification and registration of space activities, scientific investigation, and the exploitation of natural
resources in outer space and the settlement of disputes. These treaties will be listed below and explained in
more detail as to how they apply to this project.

5.4.1 Treaties
The treaties commonly referred to as the "five United Nations treaties on outer space" are illustrated in Table
35. Next, let us discuss the treaties and their relevance to this project.
Table 35 - United Nations Treaties Governing Space (UNCOPUOS, 2021)

Treaty

Year; Resolution

Outer Space
Treaty

January 1967,
UNGA Resolution 2222
(XXI)
Articles I–XVII

Rescue
Agreement

April 1968,
UNGA Resolution 2345
(XXII)

Liability
Convention
Registration
Convention

Moon
Agreement

March 1972, UNGA
Resolution 2777 (XXVI)
December 1961, UNGA
Resolution 1721B (XVI)
January 1975, UNGA
Resolution 3235 (XXIX)
July 1984, UNGA
Resolution 34/68

Principles
Exploration and use of outer space are in the common
interest of all mankind and for the benefit of all people
irrespective of the degree of their economic or scientific
development.
Activities must be carried out in accordance with international
law, and outer space, including the Moon and other celestial
bodies, are not subject to appropriation.
A State is to notify the launching State and the UN of any
personnel from a spacecraft that have landed in their
jurisdiction, having suffered an accident or unintended
landing, and to make efforts to rescue and render assistance.
Liability for damage lies with the launching State.
UN to maintain the register and ensure full and unrestricted
access to the information provided by States and international
intergovernmental organizations.
Reaffirmed the exploration and the use of the Moon shall be
the province of all mankind and shall be carried out for the
benefit and in the interest of all countries, space is the
province of all mankind and introduced the common heritage
principle.
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The "Outer Space Treaty"
OST is the cornerstone for space law that exists today. It is actually the Treaty on Principles Governing the
Activities of States in the Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies.
Adopted by the General Assembly in its resolution 2222 (XXI), opened for signature on 27 January 1967,
entered into force on 10 October 1967, which governs the exploration and use of outer space in the “common
interest of all mankind” and “for the benefit of all peoples irrespective of the degree of their economic or
scientific development.” These activities must be “carried out in accordance with international law” and
“outer space, including the Moon and other celestial bodies, are not subject to appropriation.” This treaty,
commonly referred to as the OST, is the primary document for the creation of space policy and law. It has
remained relevant for more than 50 years as a result of its adaptable and applicable language.
The "Liability Convention"
Convention on International Liability for Damage Caused by Space Objects. Adopted by the General Assembly
in its resolution 2777 (XXVI), opened for signature on 29 March 1972, entered into force on 1 September
1972, wherein liability for damage lies with the launching State. This complements Article VI of the OST. This
convention still applies today, as it becomes the States responsibility for damages, even if there is a
commercial entity within the State that is responsible for the damage. In this project, it would be the
responsibility of the State of registration that is liable should damage occur to another spacecraft from the
laser array or launching of the swarm of satellites from our relay satellite, despite the commercial business
registration. There is also an ongoing responsibility and liability after launch for the duration of the lifetime
of the spacecraft.
The "Registration Convention"
Building upon the desire expressed by States in the Outer Space Treaty, the Rescue Agreement and the
Liability Convention to make provision for a mechanism that provided States with a means to assist in the
identification of space objects, the Registration Convention expanded the scope of the United Nations
Register of Objects Launched into Outer Space that had been established by resolution 1721B (XVI) of
December 1961 and addressed issues relating to States Parties responsibilities concerning their space
objects. The Secretary-General was, once again, requested to maintain the Register and ensure full and
unrestricted access to the information provided by States and international intergovernmental organizations
(UNOOSA, 2021d).
For this project, the swarm of spacecraft, the mothership satellite, as well as the launch will be registered to
comply with the above requirements.

5.4.2 Space Principles
COPUOS has identified several declarations and legal principles that include themes such as “the need to
conduct activities in outer space in the interest of all states, the need to act in accordance with international
law, the importance of cooperation and mutual assistance, and the international responsibility of states for
their own activities in and relating to outer space” (Wheeler, 2019). These principles are provided in Table
36. These principles are not regulatory in nature but are for guidance, as adopted by the General Assembly,
having only a recommendatory value, and are non-legally binding instruments. These “soft laws” serve as a
method of adopting codes of conduct for space activities since treaty-making is less popular today as it
pertains to space activities, as treaties can be viewed as too restrictive and not representative of all nations'
interests in space.
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Table 36 - United Nations Declarations on Space Activities (UNOOSA, 2021b)

Declaration

Year;
Resolution

The Declaration of Legal Principles,
or Declaration of Legal Principles
Governing the Activities of States in
the Exploration and Uses of Outer
Space

December
1963;
UNGA
Resolution
1962 (XVIII)

The Broadcasting Principles,
or the Principles Governing the Use
by States of Artificial Earth Satellites
for International Direct Television
Broadcasting

December
1982;
UNGA
Resolution
37/92 of 10
December
1986;
UNGA
Resolution
41/65
December
1992;
UNGA
Resolution
47/68

The Remote Sensing Principles, or
the Principles Relating to Remote
Sensing of the Earth from Outer
Space
The Nuclear Power Sources
Principles,
or the Principles Relevant to the Use
of Nuclear Power Sources in Outer
Space
The "Benefits Declaration,"
or the Declaration on International
Cooperation in the Exploration and
Use of Outer Space for the Benefit
and in the Interest of All States,
Taking into Particular Account the
Needs of Developing Countries

December
1996;
UNGA
Resolution
51/122

Principles
The freedom of all States to explore outer space and that
International Law should govern the activities of States in
outer space. Contains broad principles concerning the
responsibility of States and international organizations for
activities in outer space, jurisdiction and control of objects
launched, re-entry, landing and return of astronauts and
vehicles, and liability for injury or damage caused by space
vehicles.
A State intending to establish such a broadcasting service
should notify receiving States and establish such a service
only on the basis of agreements with those States.

Defines remote sensing means by making use of the
properties of electromagnetic waves emitted, reflected or
diffracted by the sensed objects.
The use of nuclear power sources in outer space shall be
restricted to those space missions which cannot be operated
by non-nuclear energy sources in a reasonable way in order
to minimize the number of nuclear power sources in space.

Provides interpretation of the cooperation principle in
Article I of the Outer Space Treaty and international order
for space activities.

Out of the five principles above, two have applicability to this project, the Remote Sensing Principle the
Nuclear Power Sources Principle and will be discussed further below.
The Remote Sensing Principle, from 1986, embodies the concept that remote sensing activities, which collect
information about physical properties without direct contact, do not contain language about “prior consent”
for collecting information. In addition, there are several notable provisions, as highlighted by Soucek (2015):
•
•
•
•

Remote Sensing activities should be carried out for the benefit and in the interests of all countries.
States shall promote international cooperation and make available technical assistance to other
States.
The UN shall promote international cooperation.
The sensed state shall have access to data.

This foundation for access to sensed data has led to more “open and free data access” policies for scientific
purposes (Soucek, 2015).
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Of particular interest for this project are the "Nuclear Power Sources" Principles (NPS), as they apply to the
exclusive peaceful purposes of space and further define the limitations of nuclear power in space and
complements Article IV, OST (UNCOPUOS, 2021). Several specifics of the NPS are noted below:
•
•
•
•
•
•
•
•

No weapon of mass destruction (WMD)/nuclear weapons: in orbit, on celestial bodies, in space
Exclusively peaceful: Moon and celestial bodies
No military bases/installations/fortifications
No weapon testing
No military maneuvers
Allowed when for peaceful purposes:
Military personnel
Necessary equipment/facility

This principle allows for the safe use of nuclear power in space onboard space objects, and as power is a
limiting factor for space travel, an interstellar mission would require many years of transit as the spacecraft
moves away from our solar system. Therefore, the NPS provides for the use of two types of nuclear power
sources for spacecraft, nuclear reactors and radioisotope generators, and is restricted to space missions that
cannot operate without them. For the use of radioisotope power systems, such as the radioisotope
generators, there are two conditions, as noted by Soucek (2015): provisions for ultimate disposal and a
protected containment system to avoid radioactive material being introduced into the environment.

What is a Radioisotope Thermal Generator (RTG)?
A Radioisotope Thermal Generator or RTG, is a thermoelectric generator with a radioisotope as a heat
source, which is a result of the natural radioactive decay and the released thermal energy being
converted to electricity by thermocouples. Plutonium-238 (Pu-238) is used as power source, but it does
not occur in nature. It must be produced and is not suitable for use in nuclear weapons. Pu-238 has
advantages, as it has a long life for power output with low reduction, low requirement of protection and
it has the most decay energy per unit mass among all known isotopes. An RTG is favorable for a longduration mission also because it has no moving parts (National Research Council, 2009).
In response to the technical evolution of space missions and the need for a more comprehensive framework
for utilizing nuclear power sources in space, the Science and Technical Subcommittee of UNCOPUOS and the
International Atomic Energy Agency (IAEA) outlined the “Safety Framework for Nuclear Power Source
Applications in Outer Space,” in 2009. To which, the framework, referred to hereinafter as the NPS, considers
the safe use of nuclear power through the launch, operation, and end-of-life phases, considering the
hazardous nature of radioactive materials and their potential for harm, not only to people but also to the
environment. The considerations and responsibilities listed in Table 37 are provided by the NPS as guidelines
for governments to ensure the safe and proper handling of nuclear power systems in spacecraft.
This comprehensive list of requirements and guidelines will need to be adhered to in order to not only gain
access to the RTGs for licensing but also for launch approvals (IAEA, 2009). As noted earlier, the responsibility
and liability will lie with the launching state, even if the space enterprise is commercial in nature. Now, the
question arises as to how far and long the current space laws will apply.
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Table 37 - NPS guidelines for the safe use of nuclear energy in spacecraft (IAEA, 2009)

#

Considerations and Responsibilities
Governments that authorize or approve space nuclear power source missions should establish
1
safety policies, requirements, and processes.
The government’s mission approval process should verify that the rationale for using the space
2
nuclear power source application has been appropriately justified.
A mission launch authorization process for space nuclear power source applications should be
3
established and sustained.
Preparations should be made to respond to potential emergencies involving a space nuclear power
4
source.
The prime responsibility for safety should rest with the organization that conducts the space nuclear
5
power source mission.
Effective leadership and management for safety should be established and sustained in the
6
organization that conducts the space nuclear power source mission.
Technical competence in nuclear safety should be established and maintained for space nuclear
7
power source applications.
Design and development processes should provide the highest level of safety that can reasonably be
8
achieved.
Risk assessments should be conducted to characterize the radiation risks to people and the
9
environment.
10 All practical efforts should be made to mitigate the consequences of potential accidents.

5.5 Does the OST and other agreements apply to a mission
outside our Solar System?
As evidenced by the above, the majority of space policies in existence today date from the beginning of the
space race between the United States and the former Soviet Union. At the time of the development of the
above treaties, it was unclear what technology would be developed in the future nor what the political
landscape would be. However, through the amendment process, the treaties remain relevant today.
However, the next step may be more challenging for the existing regulatory framework.
It has been made evident by the leaps in space technology over the last decade that has led to the
commercialization of space, that an update of the previously outlined policies is needed to address current
issues, such as space debris mitigation and the utilization of space resources, within our solar system and
beyond. However, UNCOPOUS currently has 95 members, and decision-making requires a consensus
(Wheeler, 2019). Therefore, it is unlikely there will be any treaties negotiated soon, as the space-faring
nations are maneuvering to find their place in space and do not intend on limiting their capabilities with
further binding treaties until their own position is challenged.
Are the existing treaties and international law sufficient to address the future challenges with emerging
technologies relative to space and their application on Earth? It is highly unlikely that our current framework
can answer these questions. The wording in these documents lends itself to the interpretation that the
principles set forth are limited to our solar system and do not govern the space beyond (Leepuengtham,
2017).
Now more than fifty years past the birth of the Outer Space Treaty, there are some that believe that this and
the other four treaties previously discussed are outdated and in need of revision. However, it has been shown
through a review of these policies that they remain relevant and can be updated by way of the introduction
of new guidelines that support the existing framework, rather than vacating the current practices. One such
guideline was released by the United Nations Office of Outer Space Affairs in 2021 and outlined long-term
sustainability practices for outer space activities (UNOOSA, 2021a). However, as a brief overview, this
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guidance provides for an updated way forward, keeping in mind the challenges of today, such as debris
mitigation, state responsibility for supervision of space activities, updating state laws to reflect the changing
landscape, division of the radio frequency spectrum and orbital regions, the registration of space objects, as
well as safety of space operations and sharing of pertinent information (UNOOSA, 2021d).
There is some discussion on both sides of this argument to address if the OST is applicable outside our solar
system and if the policies are relevant and applicable to this mission as humanity moves forward within our
own solar system. It could be argued that the treaties do not apply beyond the solar system. However, this
issue has not been faced to date; the only thing that can be done is to face interstellar legal challenges with
the tools available today and adapt as required.
Updates to space policies are typically adopted by the UN through resolutions as a means of updating the
aging framework to reflect changes in technology and the use of space without negating the intent of the
original language. For the future, this appears to be an acceptable and agreed-upon format.
Attempts to move towards an updated policy framework outside the United Nations have not fared well,
such as the 2008 European Union initiative, the International Code of Conduct, which had significant merit
but not enough buy-in for success and faded away in 2015. The premise of this framework was solid and
consisted of a set of “policies and principles to minimize the possibility of accidents...or any form of harmful
interference with other States to the peaceful exploration and use of outer space” (Zenko, 2011). This would
have been a non-binding, voluntary agreement that was not enforceable but would have provided an
updated framework for military and civilian use of outer space through principles of responsible behavior
(Lim, 2018). The failure was likely because several space-faring nations were never consulted during the
drafting process, and it was unverifiable in its attempt to regulate the military use of space. Zenko (2011)
further noted that both Russia and China have attempted to propose legally binding treaties to prevent the
weaponization of space without success. However, the way forward will most likely be within the UN
framework that exists today, a combination of treaties and principles, as well as UN resolutions, to address
and update emerging issues.
Now that the space laws and regulations that pertain to this mission have been examined, it is time to
examine how to achieve this mission with regards to export laws that could possibly inhibit or prevent the
actual construction of this project, as several components identified earlier could fall under an export control
category, depending on their country of origin and export.

5.6 What is an export? What is Export Control?
Briefly, it is the rules that regulate the shipment of items, software and technology out of the country of its
origin, typically classified as to their potential use or misuse. The export control laws can extend to accessing
technology or information also pertains to the remote access and the release of the technology to nonauthorized personnel. Below, a discussion of how export control applies with USA-based technology and
components will be discussed, as an example as to how to navigate any export control issues. As it stands,
there are several components of this project that, if produced in the United States, would fall under export
control regulations.

5.6.1 How can we identify controlled technology?
As it pertains to USA-based goods, look for key language in grant, contract, or agreement: export control,
restrictions on access to technical or proprietary information, or approval needed for non-USA persons or
publication of the results (New Mexico State University, 2021).
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Items that are covered by export and import control regulations need licenses for importing and exporting.
In terms of the United States International Traffic in Arms Regulations (ITAR) and Export Administration
Regulations (EAR) restrictions, should any parts or components fall under the classification of items under
control, they will require authorization and licensing from the USA government. As the limitations are
substantial relative to space components, certain technology, such as dual-use items or any items that can
be used for military or peaceful use and components of the same, require some licensing for export if deemed
dual-use under the EAR (authority derived from USC 15 CFR §§ 730–74). ITAR restrictions are more difficult
to navigate to restricted countries (authority derived from ITAR USC 22 CFR §121.1), and if there are
violations of either ITAR or EAR, the penalties can result in fines and/or incarceration, as well as
administrative penalties, such as having export licenses revoked (Pompeo, 2021).
The Wassenaar Arrangement is an export control regime with 42 participating states that promotes
transparency of national export control regimes on conventional arms and dual-use goods and technologies,
which was established in 1996.
The Wassenaar Arrangement was established to contribute to regional and international security and
stability by promoting transparency and greater responsibility in transfers of conventional arms and dual-use
goods and technologies, thus preventing destabilizing accumulations. Participating states seek, through their
national policies, to ensure that transfers of these items do not contribute to the development or
enhancement of military capabilities which undermine these goals and are not diverted to support such
capabilities.
The application of ITAR and EAR are accomplished via the Wassenaar Arrangement, which was established
to “contribute to regional and international security and stability by promoting transparency and greater
responsibility in transfers of conventional arms and dual-use goods and technologies” (Nuclear Threat
Initiative, 2021). States ensure through their national policies that the items on the control lists do not
contribute to the development or enhancement of military capabilities. Successful implementation of the
Wassenaar Arrangement promotes transparency, and continued compliance is voluntary.

5.6.2 Verification and compliance
This regime is a voluntary association, not bound by a treaty, and therefore has no formal mechanism to
enforce compliance. There are two classifications of items for export, as follows:
•
•

Military technology and services, maintained by USA State Department under the International
Traffic in Arms Regulations (ITAR): 22 CFR 120-130, USA Munitions List (USML).
Dual-use technologies, maintained by the USA Commerce Department, under the Export
Administration Regulations (EAR): 15 CFR 730-774. Commerce Control List (CCL).

ITAR regulates the export of defense articles and services with the objective to keep materials out of the
hands of foreign nationals. These regulations apply to both government contractors and subcontractors, and
the articles and services covered by these regulations are outlined in the United States Munitions List (USML).
Even if your company doesn’t make missiles or tanks, you could still be required to align with ITAR. The
following is a list of items that are export controlled, including items on the USML and the CCL, which will
require a license for export:
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Table 38 - ITAR USC 22 CFR §121.1 Regulation Categories for Space (Federal Register, 2021)

Regulation

Restrictions
-

ITAR – Category
IV USML
Launch Vehicles
and Rockets

ITAR – Category
XV USML
Spacecraft and
related items

ITAR-Category
XVIII USML
Directed Energy
Weapons

Rockets/space launch vehicles and missiles capable of delivering at least 500 kg of payload
for at least 300 km
Apparatus/devices designed for handling, control, activation, monitoring, detection,
protection, discharge, detonation of aforementioned items
Solid/liquid/hybrid propellant rocket motors/engines
Related systems, subsystems, parts, components, accessories, attachments, equipment,
technical data
Developmental/experimental/research/scientific
Commercial/civil/military primary/secondary/hosted payload
Uses and features:
Nuclear detonation
Detection and tracking
ASAT
Space-to-ground weapons
Specific electro-optical remote sensing capabilities
Autonomous collision avoidance, grappling, docking
Sub-orbital + (re)entry
Systems or equipment that, other than because of incidental, accidental, or collateral effect:
Degrade, destroy, or cause mission-abort of a target.
Disturb, disable, or damage electronic circuitry, sensors, or explosive devices remotely.
Deny area access.
Cause lethal effects; or
Cause ocular disruption or blindness; and
Use any non-acoustic technique such as lasers (including continuous wave or pulsed lasers),
particle beams/accelerators that project a charged or neutral particle beam, high power
radiofrequency, or high pulsed power or high average power RF beam transmitters.
Systems or equipment specially designed to detect, identify, or provide defense against
articles specified in paragraph (a) of this category.
Components, parts, accessories, attachments, systems or associated equipment

Table 39 - EAR USC 15 CFR §§ 730-74 Regulation Categories for Space (Federal Register, 2021)

Regulation
EAR
Category 5 CCL
Telecoms
EAR
Category 6 CCL
Sensors and
Lasers

EAR
Category 9 CCL
Aerospace and
Propulsion

Restrictions
-

Telecom systems, equipment, components, and accessories
Telemetering and telecontrol equipment designed/modified for rocket systems capable of a
maximum range ≥ 300 km (exc. Crewed satellites, commercial/civil/emergency GNSS)
An item that produces spatially and temporally coherent light through amplification by
stimulated emission of radiation
A laser capable of delivering (the total or any portion of) the output energy exceeding 1 kJ
within 50 ms or having an average or power exceeding 20 kW
Accessories; software; technology
Space launch vehicles and spacecraft, spacecraft buses, spacecraft payloads, on-board
systems/equipment, terrestrial equipment, air-launch platform
Liquid rocket propulsion systems containing any of the systems/component
specially designed for liquid/solid/hybrid rocket propulsion systems (ITAR)
Liquid/solid/hybrid propellant rockets engines, parts, and components (ITAR)
Apparatus/devices/vehicles designed/modified for transport, handling, control, activation,
launching of rockets with a range =/> 300 km
Reentry vehicles (ITAR)
Staging and separation mechanisms and interstage, devices to regulate combustion,
Individual rocket stages (ITAR)
Commodities related to launch vehicles, missiles, rockets related test, inspection, and
production equipment; material; software; technology
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As seen in the above tables, several components of this project fall under export control regimes, either ITAR
or EAR. This will affect the site selection, as well as the launch location. In addition, the restrictions can apply
to the technology and science behind the controlled items, as they pertain to their operation. The numbers
associated with the parts or parts will identify if they fall under export regulations, as evidenced in Table 40,
which identifies the Export Control Classification Number.
A combination of alphanumeric characters would identify the product. The five-digit alphanumeric
designations categorize items based on the nature of the product. For example, a pre-form for spacecraft has
the designator of 9A110. “9” as the CCL Categories for Aerospace, “A” as the CCL Product Groups for Systems,
Equipment, Components (Federal Register, 2021).
Items in USA Commerce that are not specifically listed on the CCL are designated as EAR99. EAR99 items
generally consist of low-technology consumer goods and do not require a license in many situations.
However, if you plan to export an EAR99 item to an embargoed country, to an end-user of concern, or in
support of a prohibited end-use, you may be required to obtain a license (New Mexico State University,
2021).
Table 40 - Export Control Classification Number (Levidow, 2017)

CCL Categories

CCL Product Groups

2
3

Materials, Chemicals,
Microorganisms & Toxins
Materials Processing
Electronics

C
D

Systems, Equipment,
Components
Test, Inspection,
Production Equipment
Material
Software

4

Computers

E

Technology

0
1

Nuclear & Missile

A
B

CCL Control Reason
0

National Security (including multilateral agreement)

1

Missile Technology

2
3

Nuclear Nonproliferation
Chemical and Biological Weapon
Commerce National Security of
Foreign Policy Controls
“600” series for WAML for formerly
USML
Anti-Terrorism, Crime Control,
Regional Stability, UN Sanctions

5

5.1

Telecommunications

6

5.2

Information Security

9

6
7
8
9

Sensors & Lasers
Navigation & Avionics
Marine
Aerospace & Propulsion

5.6.3 What is the Fundamental Research Exclusion?
There is a Fundamental Research Exclusion that could apply to this mission’s scientific results, despite the
use of several export-controlled instruments to collect this science data. “Fundamental research” means
research in science, engineering or mathematics, the results of which ordinarily are published and shared
broadly within the research community, and for which the researchers have not accepted restrictions for
proprietary or national security reasons (New Mexico State University, 2021).
This sharing of scientific research is fundamental to this mission and ties back to the foundations of the OST,
that space is for everyone. Next, it is time to examine how to get our spacecraft into space and at the required
speed to capture the scientific data utilizing export-controlled components.
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5.7 Can we create a directed energy laser array?
As noted earlier in this report, the swarm of spacecraft will be launched from into GSO from New Zealand in
the belly of a satellite, or “mothership,” and will then be “shot” with a laser beam from a laser array in the
Atacama Desert, Chile. Lasers currently fall under export control regulations, and arrangements would have
to be made to import this technology, or they would have to be manufactured on-site. However, the question
remains if the laser array can be placed in Chile. And if so, what type of regulatory or safety framework needs
to be adopted to prevent interference with other space objects or environmental issues. First, what is a laser?

What is a laser?
Laser stands for Light Amplification by the Stimulated Emission of Radiation. There are many different
types of lasers, and each uses a different type of laser medium. When energy is applied to the laser
medium, it becomes excited and releases energy as particles of light (photons), which can be visible
light, invisible ultraviolet or infrared radiation. A pair of mirrors at either end of a sealed tube either
reflects or transmits the light in the form of a concentrated stream called a laser beam. Each laser
medium produces a beam of a unique wavelength. There are characteristics that can be beneficial, but
also harmful, to include:
•
•

Laser light can be emitted in a tight beam that does not grow at a distance from the laser. This
means that the same degree of hazard can be present both close to and far from the laser.
The eye can focus a laser beam to a very small, intense spot on its retina, which can result in a
burn or blind spot.

There is also the issue of radiation. Some lasers emit radiation in the form of visible light. Others emit
radiation that is invisible to the eye, such as ultraviolet or infrared radiation. The potential hazard
comes from exposure to either the direct or reflected beam, which can cause skin hazard and eye
hazard and present a fire hazard (FDA, 2022).

The safe use of lasers is paramount to the success of this project. While the USA has a Laser Clearinghouse
for deconfliction and the safe operation of lasers, which is operated by the USA Department of Defense,
there is only a voluntary international laser clearinghouse. The idea was first proposed by the USA in 1998 in
response to concerns about the militarization of lasers in space, but the idea did not gain traction, as military
personnel expressed concern about sharing information about satellite locations (Schmidt and Ditrych,
2019). However, the voluntary International Laser Ranging Service (ILRS) was established that same year and
now has 40 ground stations around the globe that collect, analyze, and archive data for the scientific
community. There are ground stations around the globe. However, there is no ground station in Chile but
one located in Argentina (ILRS, 2022).
According to the ILRS website, the operation of their own lasers, which provide laser ranging services,
requires safety precautions that are essential to avoid damaging the vision of pilots and passengers by a
direct hit of aircraft passing overhead. There are two ways of identifying potential risks to aviation traffic:
one that uses a radar system that follows the laser beam around the sky and shuts off the laser power
automatically if an aircraft approaches the beam. Recently, the direct feed from air-traffic control shuts down
the laser system. The laser stations are also used to measure the one-way distance from the ground stations
to remote optical receivers on space and for accurate time transfer (ILRS, 2022).
Liability will occur when damage occurs to a person or property because of the laser, whether on the ground
or during operation when the laser beam is being shot into the atmosphere. It is possible to call for a “no-fly
zone” during the time of operation to avoid blinding the crew of the aircraft. It is also recommended to
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coordinate the use of the laser beam to avoid harming satellites flying over the area of the beam. However,
with the facilities and data provided by the ILRS, an automated system could be developed to mitigate
hazards to aviation and space assets during the use of the laser array.
Another consideration for development is an occupational safety protocol for the use of the lasers in
compliance with industry standards, as well as local rules and regulations for safe operation. It is
recommended that a certified laser safety officer, who is familiar and certified in the use of lasers, be
incorporated into the staff of the laser operation facility. A safety zone around the laser array facility is also
recommended to protect flora and fauna, as well as personnel, from potential harm from laser operations.
There have been discussions that lasers could be used as a weapon or are too dangerous to develop for
interstellar travel. In response to this conundrum, in 2019, the Peaceful Use of Lasers in Space initiative (PULS)
was established after a workshop to address these challenges in Prague, Czech Republic. According to
Bohacek, “the word ‘laser’ scares people and it is important to be honest about the dual-use aspect of lasers”
(Bohacek, personal communication, 16 March 2022). In hopes of addressing the lack of understanding of the
use of lasers as a dual-use technology and the lack of transparency and trust in the use of lasers, the PULS
initiative developed a global cooperative and governance framework for the development and deployment
of lasers in space. A series of working groups and conferences for educating policymakers and scientists as
to the possibilities of the Peaceful Use of Lasers in Space. However, due to the COVID-19 pandemic, the
scheduled international conference for September 2021 has been delayed (Bohacek, 2019).
More recently, the UN adopted UNGA Resolution 75/36 in December 2020, Prevention of an Arms Race in
Outer Space: Reducing Space Threats through Norms, Rules and Principles of Responsible Behaviors, in order
to mitigate potential escalations to perceived threats in the space environment by countries and to identify
and characterize actions and activities that could be interpreted as irresponsible more readily. Although not
specifically addressing the use of lasers in space, there is room for interpretation that a failure to adopt a
norm for the use of lasers in space will only increase the potential for misuse. In a review of UNGA Resolution
75/36, and its applicability to lasers in space, three issues were identified, as follows:
•
•
•

Lasers can be used for peaceful and non-peaceful purposes by their design.
The use of lasers can be hard to detect and harder to verify.
Lasers can affect a satellite’s functionality and could cause temporary or permanent damage, which
would be difficult to evaluate (Bohacek, 2021).

Therefore, in order to prevent a misunderstanding or miscommunication, which could escalate, it is better
to adopt a set of norms or standards prior to any such event (Bohacek, 2021).

5.7.1 Can we put a laser array in Chile?
Chile does have its own space agency, the Chilean Space Agency, which was established in 2001 in order to
coordinate scientific research and be eligible for international technology-sharing agreements, as it
previously lacked organizational representation. The Chilean Space Agency was also established to develop
the commercial space sector of Chile. However, it was dissolved in 2014 and absorbed into the Chilean
Ministry of Defense. At the present time, Chile is in the process of establishing its own national satellite
constellation, with three satellites in orbit (since December 2020) and two more in production, one of which
will be produced in Chile. The Chilean government would like to establish more scientific and technological
ties with space-faring nations, according to Chilean Air Force Brigadier General Francisco Torres, head of
FACh Space Affairs (Air Force Space Affairs) (Saavedra, 2020).
However, times have changed in Chile, with a new president who promises “an equitable, sustainable, and
green future for Chileans,” with his winning coalition, the New Social Pact. An example of a change in
perspective is the recent ruling that lithium mining would be halted, in response to a filing by the Indigenous
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people of the region, who demanded “the right to live in an environment free of contamination and their
right to choose their livelihood” (Raman, 2022). Further discussion on the environmental laws and regulations
of Chile will be presented later in this section.
Chile remains a top partner to the United States in the region and both countries share a “long history of
strong cooperation on science and technology, including on key priorities such as clean energy, environmental
protection, astronomy, climate science, health, and emerging technologies, such as 5G and artificial
intelligence” (DOS, 2021). In addition, the USA has invested more than $1 billion in astronomy facilities there,
as well as recently launching a public-private diplomacy initiative, known as the USA-Chile Council on Science,
Technology, and Innovation, “to bring together scientists, academics, government, and non-government
actors and promote cooperation and innovation in the sciences” (DOS, 2021). Therefore, there is a potential
opportunity to import controlled technologies, if needed for this mission, from the US.
So, there is hope. Now, it is time to determine if New Zealand is a suitable location for space business,
particularly one that involves space technology, from microsatellites to miniaturized scientific instruments
and other space-related, export-controlled items.

5.7.2 Can we operate my space business in New Zealand?
In 2016, the New Zealand Space Agency was established to develop space policy, regulation, and business
development, under the country’s Ministry of Business, Innovation and Employment. New Zealand had no
specific space regulations several years ago. However, a commercial opportunity with Rocket Lab, a USAbased space business, presented itself and called for a change. Regulators in New Zealand struggled with how
to enable entrepreneurship and innovation while managing the risks associated with rapidly evolving
technologies and new business opportunities in space. In 2015, the New Zealand government decided to
enable space launches from New Zealand (Pozza, 2016).
In a little under two years, New Zealand has gone from having no national space law to having a new act to
regulate New Zealand space activities. The 2017 Outer Space and High-altitude Activities Act has proposed
the following: the introduction of a licensing regime for space launches, launch facilities, and payloads (like
satellites) and a legal framework to regulate high-altitude activities originating from New Zealand. The
creation of new penalties for activities such as launching a space object without permission and/or
intentionally failing to comply with launch permit conditions (Pozza, 2016).
In light of commercial space opportunities, New Zealand entered a treaty-level Technology Safeguards
Agreement (TSA) with the USA government in 2016. The USA government agreed to transfer sensitive space
technology to New Zealand. TSA also protects New Zealand’s laws and sovereignty over space launch
activities from New Zealand and can veto launches from their territory that are contrary to the domestic
laws, regulations and policies (Matignon, 2019).
Again, there is hope here also for the successful establishment of a space business in New Zealand, in that
they have created opportunities for the growth of the commercial space sector, to include launch services
and a tech sharing treaty with the United States. Now, it is time to look at how to obtain frequencies and
orbital slots for the operation of the relay satellite with a reflection on ITU.
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Can we get insurance for a space mission to another solar system?
Space insurance is normally required. If a launch provider with flight heritage is used, they will be able
to obtain the insurance policy for own their portion of the launch (their own equipment), but that does
not necessarily extend to the payload, as the registered owner of the payload. However, for an
unproven mission with untested technology that is far from its launch date with unspecified insurance
requirements, is very difficult to acquire insurance coverage early in the project.
According to space insurance industry expert, Peter Elson, it would be best to break down the mission
and determine what the critical risks to the mission are and what could go wrong. What aspects of the
mission are to be insured and why? What would be the financial losses and what would you do with
the financial proceeds in the event of a claim?
In order to estimate some cost for the insurance, it would be optimal to separate the phases of the
mission and perhaps concentrate on the known factors, such as insurance to cover a successful
separation during the launch phase. Elson noted that, “current launch rates for established rockets are
in the region of 3% to 6% of the sum insured, and those numbers could be built into the business plan”
(P. Elson, personal communication, February 2022).
So, yes, insurance would be needed at some point during the mission. However, the rates are currently
unknown, as the dates of the projected launch are quite far off.
Now, it is time to examine what to do to get the scientific research data back to Earth during the course of
the mission, specifically obtaining the communication frequency and the orbital slot for the relay satellite
above the Earth in GEO.

5.8 The ITU and the regulation of communication frequencies
“The use of satellites depends on the ability to receive and transmit data to and from the satellites and the
Earth,” as noted by Joanne Wheeler, an attorney that specializes in space law, in the Space Law Review
(2019), as she set forth some of the current issues surrounding the ITU and its role in regulating the spectrum
of space. The precursor to the ITU was established in 1865, and since then, ITU has established itself as a
global regulatory body for communications, which is increasingly relevant today. ITU entered into an
agreement with the United Nations in 1947, which was formalized in 1949 and today remains a part of the
United Nations (ITU, 2021).
Since the inception of the space race, the ITU has required “all users of radio frequencies in space, whether
by states or private entities, must comply with the Radio Regulations – the binding international treaty that
determines how radio frequency spectrum is shared between different users, including space services” (ITU,
2021).
In order to accomplish this, applications are submitted via national administrations to request an “orbital
slot” or position in outer space. Once allocated, this information is maintained in a Master Register.
In terms of coordinating the space ecosystem, ITU regulatory framework states: “All objects launched into
space (except a very small number of passive satellites) require at least one radiofrequency component
onboard the spacecraft, capable of transmitting and receiving space operations signals. These components
can help control a satellite, in addition to enabling communications or other types of space services as the
main payload” (ITU, 2021).
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To stay relevant, ITU's global membership includes 193 Member States as well as some 900 companies,
universities, and international and regional organizations and is a unique platform for global public-private
partnerships. ITU's membership has evolved in line with major trends in the industry. However, the rule for
ITU is one country, one vote. Industry representatives or groups of commercial actors may participate in
some levels of working groups, which requires approval and annual fees, but will not have a vote at the World
Radio Conference (WRC). This platform that allows the public and private sectors to work together to
determine the regulatory standards and best practices is unique and effective. It takes time, though, and at
every conference, few matters are brought to the floor, determined to be worthy of assessment and
investigation and then are slated for topics at the next WRC. All decisions are made by consensus.
Once restricted to a few massive government-led programs, space access is starting to become more open
and affordable. Alongside human spaceflight, more affordable technology and launch costs are evidenced in
the deployment of non-geosynchronous mega-constellations and small satellites that can be used for lowlatency broadband communication, Earth observation, and Internet of Things applications (ITU, 2021).
According to the ITU, there are more than 1,900 operational satellite systems, each of them containing from
one to thousands of spacecraft, and several thousand satellite systems more under coordination to be used
in the near future, with the private sector as the main driver in this new, steadily expanding space race (ITU,
2021).
In order to meet the demands of the ever-evolving space landscape, the ITU will work towards an updated
framework to facilitate new applications and frequency bands for space service at the next World
Radiocommunication Conference in 2023. These could include inter-satellite links, sub-orbital vehicles, space
weather sensors, Earth exploration satellite services, Earth stations in motion associated with nongeosynchronous satellite systems, Internet of Things systems connected to small satellites, and more (ITU,
2021).

Figure 41 - ITU study group for new applications

In the preceding paragraphs, some of the near-term initiatives from the ITU have been addressed as they
pertain to current issues. But as to the specifics of this project, how likely is it that ITU will grant use of the
laser array for hours at a time? Can the laser array successfully navigate the myriad of other satellites orbiting
the Earth without causing catastrophic damage to other satellites in LEO, MEO and GEO? This matter would
have to be discussed with the ITU representative to get a better understanding of their willingness to
entertain this concept in order to grant an orbital slot for operation. It is imperative for approval that a
mitigation plan to prevent a cascade of satellite collisions or other harmful behavior be developed and well
thought out.
In addition to the frequency allocation and the use of outer space for satellite applications, there are other
issues to consider. This may require the use of autonomous spacecraft, as the mission could take at least
twenty years to reach its destination, the Alpha Centauri system. Due to the length of time it takes to
communicate with the spacecraft and the limited power available to communicate, some level of autonomy
will be required for the success of this mission.
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5.9 Autonomous spacecraft on an interstellar mission
For a long-duration mission to another solar system, it is assumed that some level of autonomy will be
required by the swarm of small spacecraft for them to effectively reach their destination and perform the
required tasks. According to Terry Fong of NASA (2018), autonomy in space is “about making systems selfdirected & self-sufficient.”
First, there must be some definitions to explain the different terms artificial intelligence, automation and
autonomy, as noted in Table 41.
Table 41 - Definitions of various autonomy terms (Merriam Webster, 2022)

Term
Artificial
Intelligence (AI)
Automation
Autonomous

Definition
The “capability of a machine to imitate intelligent human behavior” (e.g., perception,
conversation, decision-making. etc.) is comprised of many technologies and
applications.
The automatically controlled operation of an apparatus, process, or system by
mechanical or electronic devices. Not self-directed but requires command and
control from a pre-planned set of instructions.
Autonomy is the ability of a system to achieve goals while operating independently
of external control.

For the purpose of this project, based on the above definitions, the preference will be to use an autonomous
spacecraft. Autonomous craft can use AI and components of automation. However, the basic requirements
for the function of an autonomous system are to use sensors to gather information about the environment,
to conduct analysis of the information to determine how to adapt and to execute the appropriate action to
accomplish the goal.
Autonomy is applicable on three levels for spacecraft: mission, spacecraft and subsystem. Table 42 identifies
levels of autonomy and tasks required (Fong, 2018).
Table 42 - Autonomous Spacecraft Systems (Fong, 2018)

Autonomy
Level
Mission

Functions
Collective Operations

Spacecraft

Reactive Science

Subsystem

Perception for Extreme
Environments

Specific Tasks
Enable a spacecraft swarm to collectively perform
distributed activities
Observe and/or sample dynamic & transient phenomena
Requires autonomous onboard decision making
Manage risk and uncertainty on-board
Autonomous nav or target selection
Requires sensors & high-performance computing

Currently, autonomy in spacecraft is used, but the need for more autonomy on spacecraft will become more
prevalent the further humanity travels away from the Earth and become more congested around the Earth,
as this same technology for self-correction and adaptation afforded by autonomous spacecraft can be
integrated successfully into a Space Traffic Management (STM) or constellation or swarm. There are no
specific limitations on the use of autonomous spacecraft at this time, but only time will tell if obstacles that
will require navigation in terms of policy and legal framework arise.

5.10 Planetary protection
As noted previously, as the technology evolves, so will the issues relating to protecting the Earth’s resources
and the resources of other celestial bodies need to be addressed. One such concept that will need attention
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as humanity moves onto other planets and the potentiality of affecting the celestial bodies becomes more
feasible is planetary protection. Planetary Protection is an agreed international practice that is delineated by
UNOOSA through the 1967 Outer Space Treaty. Article IX. These have been further defined by the UN
Committee on Space Research (COSPAR), which through the Panel of Planetary Protection (PPP) and develops
the Policy on Planetary Protection (COSPAR, 2021).
In a recent meeting in December 2021, the PPP provided an account of their activities, as follows:
“The Panel on Planetary Protection (PPP) is concerned with biological interchange in the conduct of solar
system exploration and use, including: (1) possible effects of contamination of planets other than the Earth,
and of planetary satellites within the solar system by terrestrial organisms; and (2) contamination of the Earth
by materials returned from outer space carrying potential extraterrestrial organisms” (COSPAR, 2021). The
primary objective of the PPP is to develop, maintain, and promulgate clearly delineated policies that provide
specific requirements as to the standards that must be achieved to protect against the harmful effects of
such contamination. COSPAR maintains the principle that planetary protection policies should enable the
exploration and use of the solar system, not prohibit it (COSPAR, 2021).
Albeit, the likelihood of one or more of the spacecraft alighting on another planet remains unlikely in the
scope of the primary mission as defined by this project. However, it would be negligent not to recognize the
potential for possible planetary contact during this mission or for future secondary missions, which could
potentially affect planets in our own solar system.

Who has an established Planetary Protection plan that could be a model?
Implementation of an established framework can be observed at the NASA Office of Safety and
Mission Assurance (OSMA). They have developed a policy framework for planetary protection, which
they have defined as “the practice of protecting solar system bodies from contamination by Earth life
and protecting Earth from possible life forms that may be returned from other solar system bodies”
(OSMA, 2021). Through their Office of Planetary Protection, NASA is able to “promote the responsible
exploration of the solar system by implementing and developing efforts that protect the science,
explored environments and Earth” (OSMA, 2021).
In order to accomplish this goal, NASA’s Office of Planetary Protection focuses on planetary
protection policies and requirements ensure safe and verifiable scientific exploration for
extraterrestrial life, through the implementation of carefully controlled forward contamination of
other worlds by terrestrial organisms and organic materials carried by spacecraft in order to
guarantee the integrity of the search and study of extraterrestrial life, if it exists.
Upon review of both the policies and framework of the UN COSPAR Panel on Planetary Protection and the
NASA Office of Safety and Mission Assurance, Office of Planetary Protection, it is evident that a framework
is in existence and that it relates back to the original treaties developed in the 1960s to manage the space
frontier. If necessary, these two examples can be referred to for future guidance as to how to proceed relative
to planetary protection.

5.11 Environmental impacts
This is a dual-pronged discussion, both terrestrial and extraterrestrial. As discussed earlier, the planetary
protection laws are clear, and the standpoint of COSPAR on cross-contamination of a planetary body, as well
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as potentially interfering with another lifeform, has been well-defined. NASA has provided a model for
establishing a comprehensive program for planetary protection.
On the other hand, there is the need for discussion of the impact of the project on Earth and if the impact of
the laser array on the environment is permissible, manageable, and justified. As noted earlier, there are
concerns about using a directed energy laser array shooting a beam at small spacecraft in GEO. There are
concerns about the laser beam interfering with overhead aircraft or spacecraft orbiting the Earth. However,
it remains unknown if the laser array will result in terrestrial damage. The potential impact could be to the
environment surrounding the laser array, i.e., the wildlife, terrain or atmosphere. There is also some
research, as noted earlier, about the potential impact that a high-powered laser would have some
detrimental effect on the atmosphere, possibly blasting a hole in the ozone layer and affecting the
ionosphere.
Also, the laser array could result in a heating of the atmosphere or disturb the pristine night observations of
the stars from one of several observatories in Chile. Chile has been known as a prime viewing location on
Earth, not only due to its dry atmosphere but also due to the lack of human interference, such as light
pollution. Obviously, additional studies will have to be conducted for these potential impacts, and licensing
and regulation will have to be authorized for the facility by the Chilean government. Later, the arrangement
between the European Southern Observatories will be discussed and how they managed to build their
facilities in Chile.
Chile has some of the most progressive environmental protection laws in the world and made significant
developments over the last few years in environmental actions. Chile is home to South America’s first
geothermal plant, has one of the world’s largest solar panel plants, and its long (4,270-kilometer) coast has
wind farms that power entire communities. About 45% of Chile’s energy comes from clean sources, with a
target date of 2050 for officials to trend to 90% clean energy for Chile (McGowan, 2018).
Chile has a stringent licensing law for projects that require approval in terms of environmental impact. In
Chile’s constitution, they “guarantees the right to live in a pollution-free environment and requires the State
to protect this right and see to the preservation of nature” (Legalease, 2022). In addition, the Environmental
Framework Law specifies the process of a previously fractured system to specify jurisdiction and the process
for approvals needed for new projects. The Superintendent of Environment oversees environmental
compliance and a sizable portion of sector-specific regulation.
According to Legalease (2022), there are three governmental bodies related to the application of
environmental regulations in Chile.
Table 43 - Environmental governmental bodies in Chile (Legalease, 2022)

#
1

2

3
4

Governmental Body
The Environmental Ministry is in charge of the design and application of environmental policy and all of its
corresponding complements. They also oversee all national protected areas (through the Biodiversity and
Protected Areas Service, which has not been created, though the Bill has been laying in Congress for more
than ten years), international treaty compliance, and climate change policy. Finally, they have all the
necessary power to compile, collect and analyze environmental information.
The Environmental Evaluation Service (known as “SEA” for its Spanish acronym), whose main function is to
manage the Environmental Impact Assessment System (SEIA), leading projects to obtain their environmental
permit, called Environmental Permit Resolution (or “RCA” for its Spanish acronym).
The Environmental Superintendence (“SMA” for its Spanish acronym), which is a public service that executes,
organizes and coordinates follow-up and compliance of RCAs, as well as of prevention and decontamination
plans, environmental quality and emissions regulations, management plans, and other environmental
instruments established by law.
There are Environmental Courts that entertain all environmental affairs, such as environmental damage
lawsuits.
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The main environmental permit in Chile is the RCA, which is granted after the approval of the Environmental
Impact Study (EIS) or an Environmental Impact Declaration (EID), both distinct types of environmental
assessments. The first one assumes significant environmental impact hence offers mitigation or
compensation measures. The second one is an affidavit of sorts by which the sponsor declares that its project
will fully comply with all environmental legislation.
As of December 2021, any project subject to environmental concern can be required to submit an
environmental impact study (EIS or EID). The following projects, to include several others not noted here,
require:
•
•
•

High-voltage power lines and substations.
Powerplants over 3 MW.
Nuclear reactors and related facilities.

All the activities above must go through the SEIA, and if it generates one or more of the effects listed below,
then the sponsor must file an EIS. The effects are below:
•
•
•
•

•
•

Risk to human health due to the quantity and quality of waste produced.
Negative impact effects on the quantity and quality of renewable natural resources, including soil,
water and air.
Resettlement of human populations or significant alteration to their lifestyles and customs.
Adverse effects to the environmental value of the territory of the intended activity as well as to the
protected settlements, resources and areas, priority conservation areas, protected wetlands and
glaciers in or adjoining it.
Significant disturbance, in terms of magnitude or duration, to the landscape or tourism value of any
area.
Alteration of monuments or sites of an anthropological, archaeological, historical or general cultural
value.

Chile is a tough operating environment if there are environmental concerns. The best tactic is to plan early
to mitigate potential misunderstandings of laser technology and establish proven mitigation techniques.

5.12 Case studies on dual-use technology and international
cooperation
In the absence of a specific policy and regulation to shape the interstellar missions, a review of other
internationally funded science-based programs, such as the International Thermonuclear Experiment
Reactor (ITER), the French Institut de Radioprotection et de Sûreté Nucléaire (IRSN) and the European
Organization for Nuclear Research (hereinafter, "CERN") since it is also conducting research on energy and
conducts experiments with experimental dual-use technology. The Square Kilometer Array (SKA), an
extensive project in South Africa and Australia, for astronomy will be provided as an example of international
cooperation for furthering space science. A study will be conducted of the European Southern Observatory,
which maintains three observatories in the Atacama Desert, Chile and how Europe was able to put them
there. Lastly, an examination of how the Mauna Kea Observatories in Hawaii have successfully navigated its
own challenges in a protected environment since the 1970s, with a new, bigger project on the horizon. Each
of these case studies will discuss a key challenge for the use of dual-use technology and/or governance issues
related to international collaborations in science to exemplify how there is a way forward, even in a difficult
operating environment. Table 44 provides an overview of the organizations examined in the case studies and
their relevance to this project.
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Table 44 - Case Studies Overview

Facilities

Location

Function
Fusion Energy creation
experimentation
Nuclear Safety
Regulation and Practices
High Energy Physics
Research

Relevance
Intergovernmental project/long-duration nuclear
project/exploration of alternative energy source.
Governance structure and safety framework of
dual-use technology.
Intergovernmental project/long-duration research
project/dual-use technology/World Wide Web.
Large-scale array. Intergovernmental project.

ITER

France

IRSN

France

CERN

Switzerland

SKA

Australia/
South Africa

Astronomy/Observation

ESO

Chile

Astronomy/Observation

Mauna
Kea

Hawaii

Astronomy/Observation

Intergovernmental project/long-term contract
with Chile to operate observatories.
Multi-decade project on protected
lands/environmental impact challenges and
mitigations.

A more in-depth examination of the case studies is provided below.

5.12.1 Case Study: ITER project
The International Thermonuclear Experiment Reactor (ITER) is a mega project to prove the possibility of
replicating the fusion processes of the Sun to create clean energy on Earth. It is one of the most expensive
science experiments of all time (initial 6 billion Euros, it is estimated to be 18 to 22 billion Euros at the time
of completion), the most complicated engineering project in human history (21 years of design development)
and most ambitious human collaborations (since the ISS and the CERN). It is sometimes compared to the
Apollo program. “ITER” means the way or the path in Latin, as this project expresses the desire to unite
humanity.
The ITER International Fusion Energy Organization (ITER Organization) is an intergovernmental organization
established by an international agreement concluded by seven parties that are its members: the People's
Republic of China, the European Atomic Energy Community (Euratom), the Republic of India, Japan, the
Republic of Korea, the Russian Federation, and the United States of America. Non-Members that are
partnered by a technical cooperation agreement, resulting in the sharing of the result of the research in
exchange
for
money
and/or
equipment, are Australia, Canada,
Kazakhstan, and Thailand (ITER, 2022).

Figure 42 - ITER construction site (ITER, 2022)

The purpose of the ITER Organization is
to ensure and promote cooperation
among its Members on the ITER
project, an international collaboration
aimed at demonstrating the scientific
and technical feasibility of fusion
energy for peaceful purposes. This
organization, like other international
organizations, is a subject of
international law and must respect the
general principles of international law.
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Figure 43 - ITER members and construction site location map

A timeline of ITER is illustrated in Figure 44 to demonstrate how a successful intergovernmental nuclear
project comes into being.

Figure 44 - ITER Timeline

What laws apply to this organization?
ITER is located in France. Due to the nuclear aspects of ITER, French legislation and regulations apply. These
rules concern the fields of public and occupational health and safety, nuclear safety, radiation protection,
licensing, nuclear substances, environmental protection, and protection.
The international status of the organization allows privileges and immunities, as follows (IAEA, 2007):
•
•
•
•
•
•

Inviolability of buildings and premises.
Inviolability of archives and documents.
Immunity from jurisdiction and execution.
Immunity from any requisition, confiscation, expropriation, and sequestration for the ITER
Organization's property and assets.
Immunity from any form of administrative or provisional constraint.
Exemption from direct taxes for its property and assets within the scope of its activities.
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Governance
The ITER Council is responsible for the promotion and strategic direction of the project. It is composed of
representatives from each project member and meets at least twice a year. It appoints senior officials,
amends regulations, approves annual budgets and decides on the overall budget of the project. The Board is
supported by the recommendations of three advisory committees: Science and Technology, Management,
and Financial Audit (ITER, 2007).

Figure 45 - ITER organization structure

Financial model
Originally the EU (27 countries + Switzerland) via Euratom was to finance 45% of the work and the other six
initial partners 9% each. But with the exponential increase in costs due mainly to time and its impact on the
economy, the division of costs forced financial adjustments, resulting in ITER members assuming 90% of the
financing of the project and manufacturing of machine components (ITER, 2022).
Since 2010, based on the research done by the public authorities, it is with private investments with which
ITER subcontracts have taken up not only the order but also the challenge of fusion. Composed of large
entrepreneurs, the companies dream of a nuclear fusion on the model of Elon Musk's space conquest and
raise funds to support the public orders. It is not uncommon to find personalities such as Jeff Bezos behind
certain consortia of companies that invest in the research and development of the technologies needed for
fusion in fine. Thus, as with space, they hope for a return on investment based on the success of the public
experiment (ITER, 2022).
The management of the intellectual property is done through a specific council dedicated to this subject. He
evaluates aspects of it and monitors its functioning. It also manages a publication committee to establish
reasonable deadlines for disclosure of information and deals with all inventions, patents, licenses, and
declarations that arise from the project.
When a patent is filed by a member of the organization, other members can enjoy it under certain conditions,
in the form of a non-exclusive, irrevocable royalty-free license. As far as the contractors are concerned, it is
mutual sharing that is favored, firstly from ITER to the contractor so that it can develop the project and the
technology based on the research, and then in the opposite direction with the supply of goods and services
within the framework of the contracts. Commercial arrangements can also be placed under strict conditions
of sharing, disclosure and publication.
According to the agreements signed in 2006, patents and royalties will be paid out equitably according to the
participation of each party in the project (ITER, 2022).
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Criticism
Part of the criticism is also because the reactor will consume as much electricity as it produces. This is due to
the experimental nature of the reactor, which must verify that fusion is possible for 400 seconds and that it
can produce twice as much energy as it consumes. In terms of the balance between energy produced and
energy used, the JET Tokamak in Oxford set a record in February 2022, producing 59 MJ. The results seem to
be in line with forecasts and thus strengthen ITER's arguments. However, the reactor is to produce energy
where it was built only to test the reality of the application of nuclear fusion to produce energy.
Nevertheless, the energy spent to build the reactor, the concrete consumed, the drills shaved, are indeed a
source of short-term pollution whose necessity will be contested if this experiment is a failure. On the
opposite side, the number of scarce metals, the need for complex imports – which can lead to deforestation
and displacement of local populations – and pollution would certainly be an even bigger problem during the
development of the ever more productive industry in a capitalist system.
Another criticism concerns the price of the project, which has been multiplied by four over the years
(Pignault, 2020). Indeed, time is one of the biggest factors influencing the cost of a project. The development
of modern technology is a known factor that strongly impacts the costs of an operation and which seriously
influences the agenda considered for the design and construction of a project of this scale. All the factors are
therefore present for a titanic budget overrun. Nevertheless, the fact that the project welcomes new
investors over the years – through membership or non-membership – does not make it possible to make up
for this overrun but to balance the expenses incurred by each participant. Finally, the criticisms directed
towards this project are mainly focused on its waste production and its danger (as for a nuclear power plant
that could be qualified as "classic").
Indeed, from a short-term point of view, the plant will produce waste by contamination of the metals inside
its reactor. However, if the technology of fusion is proven, the reactor will be able to produce its energy from
seawater and reuse the radioactivity of its 'first wall' as additional fuel. There will be little waste. Moreover,
in the event of failure or when the plant is dismantled at the end of its life, the waste will be much less
radioactive than that of a fission atomic power plant. Therefore, it is easier to store on a shorter time scale
(Pignault, 2020).
Criticism is also leveled at the construction site, on the Middle Durance seismic fault, in the middle of a pine
and oak forest that could catch fire, as was observed in 2017 (Calandra, 2017). Although provisions have been
made – earthquake wall, 50 m strip of cleared land, wall at least 60 m thick – the reactor also needs copious
amounts of water in a drought-prone region of France. It will therefore be possible that the reactor will not
be able to operate for a certain part of the year.

5.12.2 Case Study: IRSN
IRSN operates under private law via the joint supervision of the Ministers of Defense, Environment, Industry,
Research and Health, with the aim of creating a new public research and expertise establishment
independent of industry. It was created in 2001 with the integration of different institutions and serves as a
regulatory and advisory body, as it works and provides support to the French Nuclear Safety Authority (IRSN,
2021). The mission of the IRSN has been identified as:
•
•
•
•
•

Nuclear safety
Safety of transport of radioactive and fissile materials
Protection of man and the environment against ionizing radiation
Protection and control of nuclear materials
Protection of nuclear installations and the transport of radioactive and fissile materials against
malicious acts.
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There are 25 members on the governance committee (one deputy, one senator, ten representatives of the
State, five qualified persons and eight elected by the staff) under the IRSN General Director, Jean-Christophe
Niel, who is currently serving his second term in this position (IRSN, 2021).

5.12.3 Case Study: CERN
CERN was founded in 1954, in the wake of World War II (WWII), and is home to the world’s largest and
highest-energy particle accelerator, the Large Hadron Collider (LHC), as well as other infrastructure needed
for high-energy physics research, which is conducted through international collaborations. CERN is of utmost
importance to the European and global community to boost the knowledge economy, as the project will
create a competitive working environment for scientists and engineers in research and training areas in
Europe (CERN, 2021). CERN is indeed unique in its ability to manage multiple countries developing and
managing dual-use technologies for the benefit of all, despite the challenges of the geopolitical landscape
and making their science available for all.
Table 45 - CERN Structure and Characteristics (CERN, 2021)

Structure
CERN Science

Characteristics
•
•
•
•
•

Risk Mitigation
•
CERN Strategic
Location

•
•
•

CERN
Composition
•

CERN Structure

•
•
•

CERN
Committees
•
CERN Funding
CERN Energy
Requirement

•
•
•

High–energy physics research
Discovery of Higgs boson
Colossal amounts of scientific data
Birthplace of the World Wide Web
“Open Science,” scientific research and data to be openly available, through publicly
available documents and web-based databases, to avoid the hoarding of scientific research
data.
Switzerland is a neutral ground as it safeguards against misappropriation of scientific
research results for military purposes.
Switzerland is a host country for international organizations, with political and economic
stability.
Twenty-three member states, 22 European plus Israel.
Two official delegates from each member state on the CERN Council. CERN Council is the
highest authority of the Organization and has responsibility for the relevant decisions: an
administrative and scientific one, each having a single vote.
Most decisions require a simple majority, although Council aims for a consensus as close as
possible to unanimity.
CERN Council controls all scientific, technical and administrative matters.
Two specific committees: the Scientific Policy Committee and the Finance Committee.
Managed by the Director-General for a five-year term, as appointed by the Council.
Scientific Policy Committee evaluates the scientific merit of activities proposed by
physicists and makes recommendations on CERN's scientific program. Elected by their
colleagues on the committee and appointed based on scientific eminence without
reference to nationality.
Finance Committee is composed of representatives from national administrations and
deals with budget and expenditure.
Primary source of funding is member’s contributions, which is based on their GDP
Periodic investment via loans from European Investment Bank.
LHC requires 800,000 MWh, per year, at electricity prices in Switzerland, is an annual cost
of 19M€, as well as an agreement with a regional power provider to work cooperatively to
achieve the same.

But how to justify the expense of this science? First, let's look at the initial cost of $4.75 billion, and it took
ten years to construct. It must be recalled that the infrastructure developed for CERN resulted in the birth of
the world wide web. Now, there are discussions of CERN building a new $23 billion supercollider that will be
100 km in length and is slated to begin construction in 2038 (CERN, 2021).
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How much does science really cost at CERN?
According to Forbes, the discovery of the Higgs boson, the “God particle,” cost about $13.25 billion to
discover. The cost estimate in 2012 was derived from initial building costs of the LHC of $4.75 billion,
electricity costs of $23.4 million per year, and computing costs of $286 million per year, as well as other
undisclosed expenses. The Higgs boson discovery cost about $13.25 billion over 14 years is a small price to
pay for the secrets of the universe (Knapp, 2012).

5.12.4 Case Study: Square Kilometer Array (SKA)
The Square Kilometer Array (SKA) project is an international effort to build the world’s largest radio telescope,
with eventually over a square kilometer (one million square meters) of collecting area. The SKA will use
thousands of dishes with low-frequency antennas that will enable astronomers to survey the entire sky much
faster than any system currently in existence. It will have the ability to image huge areas of sky in parallel
(OECD, 2016).
Both South Africa’s Karoo region and Western Australia’s Murchison Shire were chosen as co-hosting
locations for many scientific and technical reasons, from the atmospherics above the sites to the radio
quietness, which comes from the remoteness of the locations. Australia’s Murchison Shire will host the lowfrequency antennas (SKAO, 2022a).
In Australia, Murchison Shire will host the low-frequency antennas, which will be comprised of 512 stations
arranged in a large core with three spiral arms, spread over 65 km. Each station will contain 256 individual
antennas, representing more than 130,000 antennas in total (SKAO, 2022a).
In South Africa, Karoo will host the core of the high and mid-frequency dishes, ultimately extending over the
African continent. Initial steps include adding 133 dish antennas to the existing 64-dish MeerKAT precursor
telescope, totaling nearly 200 dishes to form the SKA’s mid-frequency telescope array. Most dishes will be
concentrated in a core, with three spiral arms extending over 150 km. This forms part of the “design
baseline,” an agreed description of the attributes of the telescope (SKAO, 2022a).
Whilst 14 member countries are the cornerstone of the SKA, around 100 organizations across about 20
countries are participating in the design and development of the SKA. World-leading scientists and engineers
are working on a system that will require two supercomputers, each 25% more powerful than the best
supercomputer in the world in 2019, and network technology that will see data flow at a rate 100,000 times
faster than the projected global average broadband speed in 2022 (SKAO, 2022b).
Pre-construction development officially started in 2013, and construction contracts were being awarded in
late 2021, with representatives from around the globe competing for contracts. Operations are expected to
start in the late 2020s.
As with other major infrastructure projects, the SKA’s projected cost has evolved over the years, as its science
and engineering requirements have been refined and as currencies and inflation fluctuate. In 2020, the cost
of the SKA, including construction and the first ten years of operations (2021-2030), is estimated to be around
1.9 billion Euros (2020 rate).
The SKA will focus on various key science goals for the telescope, which could redefine our understanding of
space, looking at how the very first stars and galaxies formed just after the Big Bang and helping scientists
understand the nature of a mysterious force known as dark energy. Organizations from 14 countries are
members of the SKA Organization (SKAO) – Australia, Canada, China, France, Germany, India, Italy, New
Zealand, Spain, South Africa, Sweden, Switzerland, The Netherlands and the United Kingdom. This global
organization is managed by the not-for-profit SKA Organization, which have their headquarters at the Jodrell
Bank Observatory, near Manchester in the United Kingdom (SKAO, 2022a).
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The SKA Observatory can position itself as the global research infrastructure in the future. Member States
committed to embracing “the potential for scientific discovery to contribute to advances in technology and
innovation and to deliver a broader benefit for industry and society” in the Observatory’s founding treaty
(SKAO, 2022a). On the policy front, work continues towards establishing the SKA Organization as an
international Treaty Organization – similar to CERN or ESO – which will ensure smooth procurement and
strong governance over the lifetime of the project.

5.12.5 ESO: Case studies of observatories in the Atacama Desert, Chile
How did Europe put a telescope in Chile?
The European Southern Observatory (ESO) operates three ground-based observing facilities in the deserts of
Chile. There are currently three facilities in operation, at La Silla, Paranal and Chajnantor, as well as partners
with other projects in the area. This relationship with the Chilean government dates from the 1960s, with
the signing of the agreement with the European Organization for Astronomical Research in the Southern
Hemisphere, which paved the way for the construction of La Silla Observatory, and the beginning of a
continual European presence doing astronomy in Chile.
The agreement is successful due to the facilitation of requests for science and education, financial
investment, investment in sustainable activities and outreach. For example, in 1996, ESO and Chile signed an
agreement that grants guaranteed observing time on ESO telescopes to Chilean scientific institutions at a
rate of 10% of viewing time. As a result, 18% of Ph.D. students of ESO were Chilean. In addition, ESO spends
approximately 67 million Euros each year in operations for their facilities, and 25% of ESO staff are Chilean
(ESO, 2022). The La Silla Observatory has been operating on renewable energy since 2016.
At the Paranal Observatory, ESO operates the Very Large Telescope (VLT) and its world-leading Very Large
Telescope Interferometer as well as two survey telescopes, the Visible and Infrared Survey Telescope for
Astronomy (VISTA) working in the infrared and the visible-light VLT Survey Telescope. The initial investment
was estimated at $3.7 million (ESO, 2022).
At the La Silla Observatory, where ESO first established its presence, ESO operates two of the most productive
4-meter class telescopes in the world. The observatory is located on the outskirts of the Chilean Atacama
Desert, 600 km north of Santiago de Chile. Its location is favorable due to its distance from sources of light
pollution, and it has one of the darkest night skies on the Earth (ESO, 2022).
ESO is an intergovernmental astronomy organization in Europe, which consists of 16 member states: Austria,
Belgium, the Czech Republic, Denmark, France, Finland, Germany, Ireland, Italy, the Netherlands, Poland,
Portugal, Spain, Sweden, Switzerland and the United Kingdom, along with the host state of Chile and with
Australia as a strategic partner (ESO, 2022).
ESO also collaborates with ESA and CERN to provide sharing of knowledge and data, as well as other
international partners, to include UNCOPUOS, as an observer and is the only ground-based observatory
involved in potential threats from Near-Earth Objects.
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Figure 46 - ESO facility locations in Chile (Credit: ESO)

ESO’s operations in the country are governed by a few international agreements signed with the Republic of
Chile, with the Ministry of Foreign Affairs, Directorate for Energy, Science, Technology, and Innovation. ESO
also maintains an active link with other government agencies that share similar motivations and interests. In
addition, agreements have been in place for addressing sustainability issues, financial investment in Chile,
science opportunities in Chile and outreach and education (ESO, 2022).
One of the biggest controversies to date is man-made light pollution, which threatens to diminish the
conditions for optimal viewing of the sky from the Atacama Desert. This is largely due to habitation. One
option is to mitigate the light pollution in order to preserve the prime conditions for viewing in the desert.

5.12.6 Space is hard and it’s not cheap, even from the ground
Hawaii and its telescopes
Mauna Kea, a dormant volcano on the Big Island of Hawaii, is the site of twelve non-profit independent
observatories that continue to draw astronomical scientists to the area. According to the Star Advertiser, a
local newspaper, Hawaii’s astronomy sector pumped $110 million into Hawaii’s economy in 2019. It is an
ideal location due to its lack of light pollution and dry atmosphere, as well as its capacity to have a telescope
at an altitude of approximately 4,000 meters. The telescopes on Mauna Kea, all built on public land leased to
the University of Hawaii for $1 a year and then subleased for another $1 (Hurley, 2021). Table 46 lists most
of the observatories of Mauna Kea and their characteristics.
The Thirty Meter Telescope (TMT) is not thirty meters tall or long – the mirror is thirty meters wide and blows
away the current record diameter of 10.4 meters. It is set to be constructed atop Mauna Kea, one of the most
popular neighborhoods for observing the stars. The TMT has yet to begin construction. In May 2014, a nonprofit organization, the TMT International Observatory LLC, which is comprised of several members, include:
Caltech, the University of California, the National Institutes of Natural Sciences of Japan, the National
Astronomical Observatories of the Chinese Academy of Sciences, the Department of Science and Technology
of India, and the National Research Council (Canada); the Association of Universities for Research in
Astronomy (AURA). Major funding has also been provided by the Gordon & Betty Moore Foundation (TMT,
2022).
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Table 46 - Most of the observatories of Mauna Kea and their characteristics

1970

Building
Cost
NA

1979

NA

1979

NA

NA

3.2

1979
1986
Decommission
in 2015

NA

NA

3.8

Cassegrain Reflector,
Infrared Telescope
Infrared Telescope

$3.9M

NA

10.4

Radio Telescope

1986

$3M

NA

15.0

Radio Telescope

1993

$85M

$10M

WM Keck Observatory

1993
and 1996

$97M

NA

25.0
(x10)
10.0
(x2)

Very Long Baseline
Interferometer Array
Optical Telescope
Reflecting Telescope

Gemini Telescope
(North)

1999

$187M

NA

8.1

Cassegrain Reflector

Subaru Telescope

1999

$377M

NA

8.2

Optical Telescope
Reflecting Telescope

Submillimeter Array
(SMA)

2003

NA

NA

6.0
(x8)

Radio Interferometer

TMT

Under
Construction

$2.4B

Pending

30.0

Extremely Large
Telescope

Observatory
University of HI (UH 2.2)
Canada France Hawaii
Telescope (CFH)
NASA Infrared Telescope
Facility (IRTF)
UK Infrared Telescope
Caltech Submillimeter
Observatory
Ames Clerk Maxwell
Telescope
Very Long Baseline Array
(VLBA)

Year

Operation
Cost
NA
$7M
(2020)

Dish
Size
2.2

Optical Telescope

3.6

Optical & IR Telescope

Type of Telescope

However, since its inception in 2014, the location of the TMT on Mauna Kea, a dormant volcano in Hawaii,
managed by the University of Hawaii as a land reserve (since 1968), has been a point of controversy. It was
declared an “ancestor” by indigenous Hawaiians, which resulted in an extracted legal battle, despite the
Board of Land and Natural Resources (BLNR) declaring the TMT would be the last telescope on Mauna Kea
and the project would provide benefit to native Hawaiians. This ongoing cultural conflict surrounding the
annexation of a protected area, despite transparent environmental impact management plans, halted
construction for several years. In addition, there are up to five telescopes that will have to cease operation
by 2033, in accordance with the agreement to allow the TMT to move to construction (Hurley, 2020).

5.13 Conclusion: Policy and Law
In this chapter, space law and its origins were examined to include the underlying treaties and agreements
from which space law was derived, what can current space law provide today, and what are the regulations
that limit the way forward. It has been made evident by the leaps in space technology over the last decade
that has led to the commercialization of space, that an update of the previously outlined policies is needed
to address current issues, such as space debris mitigation and the utilization of space resources, within our
solar system and beyond. It is unlikely there will be any treaties negotiated soon, as the space-faring nations
are maneuvering to find their place in space and do not intend on limiting their capabilities with further
binding treaties until their own position is challenged.
Looking to the future and as more actors enter the space arena, international cooperation for a sustainable
space environment is essential. Together with its partners, the United Nations stands ready to facilitate
productive and impactful international cooperation in the peaceful uses of outer space. The best advice is to
establish a committee comprised of government agencies and private industry experts that can provide
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recommendations to the United Nations General Assembly to update policy to reflect current trends in the
space industry and utilize its enduring strength to continue to exert influence and promote the peaceful use
of outer space. As noted by Tanja Masson-Zwaan, of Leiden University, “Development of international space
law depends on the dialogue among all stakeholders, with the UN COPUOS continuing to play an important
role as a forum where all states can talk in a neutral environment and eventually agree on necessary additions
to the existing legal framework for space activities.”
Another possible model is that of ITU and its governance structure. ITU has been in existence for over 150
years in different forms and stays relevant by brokering State interests as well as commercial interests in an
organized format, which allows for future discussions on contemporary and emerging issues. Another
suggestion is the formation of an International Space Agency, under the UN authority, to unite State and
commercial interests in the peaceful use of outer space. The question that remains is if a consensus can be
reached to move forward, as different geopolitical motivations for space development must coexist
peacefully for progress to occur while maintaining the spirit of the origins of space law, the OST, and that
space is for everyone to discover and explore.
In the next section, the possible secondary uses of the developed technologies for this mission are discussed.
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MISSIONS

“Across the sea of space. The stars are other suns. We have travelled this way
before. And there is much to be learned.”
- Carl Sagan

Image credit: Solar Sails II by GrahamTG - DeviantArt
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6. Secondary Missions
6.1 Introduction
A successful interstellar mission to the Alpha Centauri system affords new opportunities for extensions of
the created technology and secondary interstellar missions. A secondary mission can be defined as missions
that utilize the developed technologies and ideas created by the initial interstellar mission, running in tandem
or sequence of the original mission. Due to the nature of the EX.PL.RE mission, secondary missions will not
be feasible for many years and have thus, are only introduced in this section, not thoroughly explored.
Potential secondary missions can be broadly categorized in a few ways: utilization of innovative technology,
including rapid space transit systems and laser technology created from the primary mission for solar system
exploration; extension of innovative technologies for further interstellar missions; and interdisciplinary
applications for improvement of life on Earth. The creation of a novel application of laser technology and
ground stations would extend the use of a variety of spacecraft equipped with different experimental
equipment with the capability to cover longer distances in shorter timescales. The future of space exploration
and sustainable development can be catalyzed by significant advancements in technologies developed for
this interstellar mission.

6.2 Rapid transit technology
Fast solar system transit
With current technologies, exploration missions to distant objects in the solar system span decades. There
are many things that bar such long missions, including financial burdens, relative commercial inaccessibility,
and physical risks of space travel. Innovation of modern technologies can mitigate all of these potential
issues. The creation of new rapid transit technologies, like laser-powered directed energy, can increase the
accessibility of new spacecraft and technologies, which lowers the cost of production. Missions of a shorter
duration result in less exposure to the harsh environment of space and less exposure to the damaging effects
of radiation. The creation and construction of a complex laser array system will take years, but a shorter
duration mission in the solar system will necessitate a reduced laser area for propulsion. This introduces the
ability to test and use the array system before the beginning of the proposed interstellar mission.
Exploration of our Solar System
Much of the solar system has not been explored. However, one celestial body that has attracted interest to
the scientific community is Enceladus. It is one of Saturn's satellite moons with an array of unique features,
such as its smooth and high albedo surface. In 2005, during a Cassini mission, it was discovered that Enceladus
has an atmosphere, despite it having a
low gravitational force. A planetary
atmosphere would be difficult to sustain
in a microgravity environment without a
potent
gravitational
source
continuously supplying it. In the case of
Enceladus, the atmospheric plumes
were discovered to be a combination of
dust particles and ice crystals (M. Schenk
et al., 2018). A second flyby mission was
conducted, this time lowering Cassini’s
altitude to 175 km to observe the south
Figure 47 - Plumes of Enceladus (Greicius, 2018)
polar region of Enceladus. Observation
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from this altitude allowed the onboard cameras to capture detailed images of the region, allowing scientists
to observe enormous plumes of water vapor, despite the extreme cold. Along with the presence of water,
organic molecules such as benzene and propane were detected (Schenk et al., 2018). The presence of both
liquid water and organic molecules on Enceladus is of particular interest to astrobiologists. Using directed
energy technologies, missions to the plumes Enceladus can be achieved on a much shorter timescale. Cassini
took nearly seven years to reach Saturn, and with directed energy technologies, the transit time could be
drastically lowered from years to months.

6.3 Spacecraft deceleration
When designing future missions, one of the crucial components of utilizing directed energy propulsion would
be the deceleration of a spacecraft from cruising speed. This would allow spacecraft to be used in a variety
of ways and perhaps return to Earth instead of a one-way mission. Renowned physicist Dr. Robert Forward
outlines a form of deceleration in his paper Roundtrip Interstellar Travel Using Laser-Pushed Lightsails (1984).
He describes the use of a two-section spacecraft in which one would be the smaller section and contain the
payload. The smaller section would detach from the larger section and then turn around so that its reflecting
surface faces the reflecting surface of the other section (Forward, 1984). The laser light would be directed to
the larger section and then reflected on the smaller section giving it a push in the opposite velocity causing
it to slow down. When considering propulsion, he discussed that the transmitter aperture has to be large
enough for a light beam to propagate at such great distances. In his calculations, he assumes that the laser
has a wavelength of 1 μm, with an aperture of 1,000 km and is transmitting power at 100% capacity. With
these assumptions in place, he calculates that the spot size of the laser would be 98 km, or 1/10 the size of
the 1,000 km aperture, which would be enough to cross four light-years (Forward, 1984). According to Dr.
Forward, if the spacecraft can be slowed at 2.0 m/s2, then deceleration would only add a year to a mission.
In his design, he outlines that the light sail would be 30 km in diameter and would be able to hold a payload
up to 71 metric tons (Forward, 1984).

Figure 48 - Robert Forward’s deceleration concept of light sails
(Forward, 1984)

This deceleration method may be
many years away after the initial
mission. Though direct energy
propulsion serves as a way to
decrease transit times, the act of
deceleration is one that will increase
mission times. Accuracy of the laser
would be of absolute importance to
pull off such a feat, as well as the
actual size of the spacecraft, along
with its mass. The future could bring
about
various
methods
of
deceleration depending on the type
of mission and spacecraft.

6.4 Polar orbit of the Sun
Sending a spacecraft into a polar orbit of the Sun can be utilized for many important solar observations, but
it is notoriously difficult to attain with current technology. A solar polar orbit can yield information about the
global extent of coronal mass ejections, magnetic field data and structures, and provide better observational
data from previously poorly studied areas of the Sun (Goldstein et al., 1998). This data is valuable to scientists,
but the fuel requirements to launch a craft into such a high inclination orbit. The use of solar or directed
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energy sails can mitigate the fuel requirements for this complicated orbital maneuver and decrease time to
final orbit position.

6.5 Microlensing
Microlensing is a technique that scientists utilize to view celestial objects using a body’s gravitational force
to bend light for the magnification of distant objects. This effect can be used with any object of any mass,
but an object of higher mass, like a star, will increase this magnifying effect. Due to gravitational forces, light
will not follow a straight line and instead follow a curve along with its gravitational attraction, acting like a
magnifying glass. This technique is one of the few used to detect exoplanets.
In the case of viewing objects from the solar system, the Sun’s gravitational field would be used as a lens. In
order to utilize the Sun as a lens, it has been found that an observation craft would need to be placed
approximately 80 billion km from the Sun, inside the Oort Cloud (Turyshev, 2017). Spacecraft traveling at
about one million miles per day (i.e., Voyager) could take up to 300 years to reach the inner Oort Cloud and
up 30,000 years to reach its outer edges. The use of directed energy technologies to send a spacecraft to the
Oort Cloud could make the journey in a considerably smaller amount of time, from a span of decades to only
a few months. Aside from decreasing mission time, it would allow in-depth study of celestial objects within
a generation.

6.6 Laser technologies
Meteor and space debris mitigation via laser
In the history of media and science fiction, a rogue meteor ending life on Earth has been a concern, but
according to current observations, a surprise meteor event is unlikely. However, space debris is of increasing
concern with the recent growth of New Space ventures and congestion around the Earth. The use of an
extremely powerful laser can be of dual-use extensions to protect the orbits around Earth from
overpopulation (Letzter, 2021). This is theorized in the form of either vaporization of debris or adjustment of
the orbit from the Earth. These practices would require extreme international policy interventions and global
oversight but could be an option in the future for the mitigation of space debris.
Laser powered small spacecraft
Small spacecraft missions utilizing directed energy have a broad range of potential, much of which has been
discussed previously. A rapid transit mission to Mars has been theorized by McGill University in Montreal,
Canada, due to growing commercial interest in Mars exploration and possible colonization. In the future,
Mars travel will inevitably grow in frequency, and with the phased-array laser technology that is theorized in
this project, its immediate reusability makes this a desirable propulsion method (Lubin et al., 2016). A photon
laser propulsion system for larger-than-sail technology requires constant location within the focal range of
the Earth-based laser. In order to achieve this, either multiple laser ground stations or an extremely fast
transit transfer is necessary (a calculated 45-day transfer window between Earth and Mars) (Duplay et al.,
2022).
Small spacecraft technology and architecture will be quite different from the proposed interstellar sail
technology in this project. Laser propulsion will be utilized differently with a small but significantly higher
mass craft. One possible subsystem is of thermal manner, by using the directed photons to heat a core of
hydrogen plasma that will create a vacuum system, similar to nuclear thermal rockets (NTRs) (Duplay et al.,
2022). Small spacecraft will be the next steps of the utilization of fast transit in order to carry more specific,
heavier payloads and possibly, human missions.
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Figure 49 - Concept of operation diagram for a reusable laser-thermal propulsion system (Duplay et al., 2022)

6.7 Interstellar missions
Further missions to the Alpha Centauri system
The Alpha Centauri system of three gravitationally bound stars has many areas of interest to explore and be
understood by the scientific community apart from Proxima Centauri and Proxima b.
Proxima Centauri is the closest star to our solar system and has evidence of a habitable zone planet, so this
was the obvious choice for a preliminary interstellar mission (Mohon, 2018). Recent findings of a candidate
third planet orbiting Proxima Centauri have been made. It is likely this planet is too close to the star to be in
the habitable zone, but further study is needed (Faria et al., 2022). This finding increases the already present
interest in the Proxima system but also begs other questions about the Sun-like stars of the Alpha Centauri
system and their planets.
Interstellar missions with life
When introducing biological life on future missions, it is logical to begin with small organisms. The ideal would
be the tardigrades due to their small size and ability to survive extreme environments – the vacuum of space,
radiation, and microgravity. More biological missions with varied species can be done with gradual advances
in technology to lead up to human missions. The ability for humans to travel successfully in a directed energypowered spacecraft would take generations. There is an abundance of limitations to executing such a
mission, ranging from ethics, funding to technological readiness levels, but as part of this project, it would be
injudicious not to mention these possibilities.
Interstellar missions with life – Tardigrades
Tardigrades have been proven to be the most resilient animals on earth. They are an eight-legged, barrelbodied micro-animal known to exist from the tops of mountains to deep-sea vents. Sending them into space
is not a novel concept. Tardigrades have proven themselves to have the ability to survive the vacuum of
space, radiation, and microgravity on ESA’s FOTON-M3 mission, in low earth orbit (Jönsson et al., 2008). Their
resilience to extreme environments makes them the perfect exosolar travelers for the first biological,
interstellar mission and would mark the first step for human interstellar travel. There has been recent survival
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concern of tardigrades involving the Beresheet lunar mission that crash-landed on the Moon. It has since
been tested that, while they are able to survive space environments, they are not able to survive high-speed
impacts with a peak shock pressure of over 1.14 GPa. They are unlikely to have survived landing in the
Beresheet mission, but this variable is not one that would be assessed in preliminary interstellar missions
(Traspas and Burchell, 2021).

Figure 50 - Image of a tardigrade (Credit: Eye of Science/Getty Images)

Tardigrades are microscopic enough to be placed on a spacecraft; however, monitoring them and then
relaying information on their state would be an issue, especially across immense distances. This type of
mission may require the spacecraft to come back to earth to be able to thoroughly study the effects of
acceleration and deceleration on living cells. It would also require the enrollment of legal expertise in ethical
and planetary considerations, as seen with the Beresheet lunar mission (Fernandez, 2022).
With the success of sending tardigrades on a return trip from using directed energy propulsion, the next steps
would send bigger animals into space until such missions are proven favorable, then a human crew could be
sent. These steps would mirror prior space missions that involve animals to test their ability to survive in
space, such as the fruit fly in the 1940s, to Laika in the 1950s, which then progressed to Yuri Gagarin being
the first man in space.
Human missions
Once animal missions have proven successful, the next steps can involve a human crew. To send humans on
a long-duration mission has a variety of challenges, mainly of physiological and psychological manners. It is
well documented the effects of space on astronauts in LEO and of those astronauts from the Apollo missions
to the moon. Space missions that have been carried out since the Vostok missions have had quite interesting
effects on astronauts that venture out into space, such as spaceflight associated neuro-ocular syndrome
(SANS), fluid redistribution, loss of muscle and bone mass and increase in radiation exposure.
One of the biggest biological risks when it comes to human long-term space exploration is space radiation.
Most of the current literature on space radiation has noted that having a full understanding of the risks it
poses to astronauts on long-term missions is limited (Chancellor et al., 2018). Scientists have been able to
categorize space radiation into two groups: Ionizing radiation and non-ionizing radiation. Ionization radiation
is considered high energy as it contains photons or particles that have enough energy to expel electrons from
their orbit (Rask et al., 2008). Once the electrons have been completely removed from their orbit, that will
create an atom that is more positively charged, thus ionizing an atom. Galactic cosmic radiation, gamma rays,
X-rays, alpha and beta particles are examples of ionizing radiation. Unlike ionizing radiation, non-ionizing
radiation is considered to have low energy as it does not have the ability to ionize an atom by removing
electrons from its orbit (Rask et al., 2008). Examples of non-ionizing radiation include infrared, UV,
microwaves, and radio waves. Due to the high energy nature of ionization radiation, avoiding it is difficult as
it easily penetrates many metals and easily biological tissue, whereas non-ionizing radiation is easier to shield
from.
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The two main types of ionization energy that are the main concerns for astronaut health on long-duration
missions are galactic cosmic radiation (GCR) and solar particle events (SPE). Solar particle events originate
from the Sun from solar behaviors such as solar flares and coronal mass ejections (Kasaboski and Hill, 2014).
Galactic cosmic radiation is speculated to originate from high energy astronomical sources such as quasars
or from magnetic fields of remnant supernovas and travel near the speed of light (Rask et al., 2008; Kasaboski
and Hill, 2014). GCR exists throughout the interplanetary medium and is approximately composed of 85%
hydrogen, 10%-14% helium and 1% of high-ionizing high energy particles (HZE) (Rask et al., 2008; Kasaboski
and Hill, 2014). Due to the nature of GCR, it is extremely damaging to biological tissues and difficult to
replicate on Earth.

6.8 Interdisciplinary extensions
Diverging from chemical propulsion
A long-standing concern surrounding space mission launches has been the impact chemical propellants have
on the Earth’s environment and atmosphere. There are alternatives to chemical propellants, but most are
not as effective for deep space missions for several reasons, as depicted in Table 47.
Table 47 - Typical rockets performance (Sun, 2022)

Type
Solid
Hybrid
Monopropellant
Bipropellant
Electrothermal
Electrostatic
Electromagnetic

Ve (km/s) Thrust (N)
1-4
103-107
1.5-4
<0.1-107
1-3
0.1-100
1-5
<0.1-107
2-16
10-2-10
10-80
10-3-10
100+
200

tb
Minutes
Minutes
Minutes
Minutes
Months
Months
Months

Max ΔV (km/s)
~7
>3
~3
~9
>30
>100
>100

Chemical propulsion components and exhaust are cause for concern with the stratospheric ozone, acid rain,
toxicity, and the greenhouse effects (Bennett, Hinshaw and Barnes, 1992). The impact of propulsion
components is dependent on the altitude, location, and mass of the deposit. Chemical propulsion is the most
commonly utilized launching propellant, and other propellant options, including phased-array laser energy,
are not as efficient to achieve high enough thrusts for launch. Therefore, many of the environmental benefits
of directed energy technologies to power spacecraft will have limited benefit within the near-Earth
environment. With that being said, this technology will need to be further assessed and modified in order to
analyze the potential extensions for launch. Some environmentally sustainable specificities of laser
technology include its immediate reusability and the potential for evolved energy storage facilities (Turyshev
et al., 2020).

6.9 Conclusion: Secondary Missions
Completion of a preliminary interstellar mission will be the biggest feat by humans in recorded history. The
knowledge to be gained and the technological advancements conducted will bring society into a new age,
but such growth will bring more questions. Secondary missions will run both in parallel and in sequence with
the primary mission. The study of the interstellar medium and new star systems will promote technology
development, resulting in the creation of improved spacecraft and the expansion of space travel. Possible
secondary and extension missions follow an interdisciplinary approach, from science applications to
environmental sustainability, which will increase humanity’s ability to explore the universe.
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Image credit: Proxima Centauri b by Arndt Stelter – DeviantArt
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7. Conclusion and Recommendations
Interstellar travel may seem impossible, but it is not. The technology is almost there, and physics is
understood. But space is hard, and getting a swarm of gram scale probes to a nearby star system, such as
Alpha Centauri, seems just as impossible. This project, which outlines the mission plans, from the science and
engineering, business aspects, cultural and humanitarian implications, policy and law restrictions, to the
possible secondary missions, has proven that it is not impossible. But it is expensive and will take some effort
to get the public at large excited about this ground-breaking mission, to explore beyond our own vision and
possibly find other habitable planets. To finally understand what exactly is out there and how does the Earth
compares. The mission is long, multiple years to prepare, about 20 years of travel and another few to get the
data back. With the scientific payloads, not only will we see what is out there, but along the way, data will
be collected that will provide a better understanding of what might be out there as we move into the stars.
In 2018, Stephen Hawking (1942-2018), in his last book Brief Answers to Big Questions, made a reflection on
the possibility of interstellar travel, as follows:
“In conclusion, I return to Einstein. If we find a planet in the Alpha Centauri system, its image,
captured by a camera travelling at a fifth of light speed, will be slightly distorted due to the effects
of special relativity. It would be the first time a spacecraft has flown fast enough to see such effects.
In fact, Einstein’s theory is central to the whole mission. Without it we would have neither lasers
nor the ability to perform the calculations necessary for guidance, imaging, and data transmission
over twenty-five trillion miles at a fifth of light speed.
We can see a pathway between that sixteen-year-old boy dreaming of riding on a light beam and
our own dream, which we are planning to turn into a reality, of riding our own light beam to the
stars. We are standing at the threshold of a new era. Human colonization on other planets is no
longer science fiction. It can be science fact. The human race has existed as a separate species for
about two million years. Civilization began about 10,000 years ago, and the rate of development
has been steadily increasing. If humanity is to continue for another million years, our future lies in
boldly going where no one else has gone before.
I hope for the best. I have to. We have no other option.”
This message of hope and the future lends itself to the succession of humanity beyond Earth, and this project
reinforces this dream of humanity moving forward into space, not only from a scientific and technological
perspective, but by addressing the more terrestrial considerations, such as humanitarian impacts, business
management, and policy and law development.
Inasmuch, several recommendations have been identified that will facilitate this dream into reality, ranging
from science and technological innovations to policy and law development, as well as education and engaging
the public and finally, how to establish an organization for a long-term duration interstellar mission. The
following table will provide a framework for moving forward:
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Table 48 - Final recommendations of the project

#

Recommendations

1

Protect the laser network from its surroundings to avoid potential harm to any living being as well as
the environment, but also to shield the laser equipment itself from possible external damage and
environmental risks. Conduct research into energy storage techniques and development of renewable
to reduce environmental impacts.

2

Provide more funding for miniaturizing satellite subsystem components to raise TRLs and for
researching production methods to make strong, lightweight materials such as graphene. Look to spinin options (i.e., consulting watchmakers to make small mechanical hardware) and leveraging satellite
heritage to build the mothership.

3

Achieve adequate miniaturization of science instruments to gather maximum valuable and high-quality
data. Research into techniques to detect multiple data points from a single instrument. Research into
ways to relay data at high bandwidth back to Earth from deep space for scientific research.

4

Establish an international academia consortium from which funds and education programs could help
better publicize an interstellar project to further attract sponsorships and investors.

5

As humans connect through stories, a compelling narrative to promote concepts of expansive space
exploration through directed energy technology should be developed to engage the public across
multiple platforms for the long duration of this mission. To further promote interstellar exploration, a
talent institute should be developed to create a new generation of interstellar exploration-aware
professionals and influencers to provide a pool of talent for the continued operation and spinoffs of
this mission. To connect and engage substantial portions of society across the globe with the endeavor
and possibilities of this mission, a form of “message plaque’ should be included in the payload to act as
humanity’s ambassador to the stars and the new worlds that this mission will explore.

6

The creation of an International Space Union, such as the ITU, or the expansion of the competencies of
UNOOSA, to provide it with capacity for addressing emerging issues, such as the use of nuclear power
in space, space traffic management, as well as commercial activities, such as space mining operations
and other space science activities. The creation of an International Space Union as an international
organization would be comprised of both government and commercial representatives, like the ITU,
where one government has one vote, but commercial representatives can influence the votes, and
agreements are reached by consensus. If the organization was granted the authority to protect outer
space, it could make decisions on issues that are currently limited in terms of the regulations for the
common heritage of humanity and ensure the peaceful use of outer space.

Figure 51 - NUEE Logo
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