Beyond Earth: Deep Research on the
Most Important Breakthroughs and
News in Space and Aerospace from the
Past 7 Days

l. Introduction: A Week of Foundational
Advancements

The past seven days in the space and aerospace sector have been characterized not by a
single, headline-grabbing discovery, but by a confluence of foundational technological
advancements that are collectively accelerating the development of a resilient and
economically viable off-world infrastructure. This period has seen significant, tangible
progress across the critical domains that will define the next era of space operations. Key
developments include the parallel advancement of distinct next-generation nuclear
propulsion systems, signaling a strategic, dual-track approach to overcoming the tyranny of
distance in our solar system. Concurrently, the domain of in-space manufacturing has
demonstrated a marked maturation, transitioning from nascent experimentation toward an
industrialized process capable of fundamentally altering spacecraft production timelines and
enabling novel material science.

This progress in propulsion and manufacturing is being matched by the deployment of
increasingly sophisticated and resilient orbital infrastructure. The first operational satellites of
a new, proliferated military space architecture have reached orbit, embodying a paradigm
shift in defense posture from monolithic, high-value assets to distributed, software-defined
networks. This move toward resilient, interconnected systems is mirrored in the commercial
sector with the announcement of the first true orbital data center—a critical piece of digital
infrastructure that will form the backbone of the burgeoning in-space economy.

Finally, the fortuitous arrival of a rare interstellar visitor, 3I/Atlas, is serving as an unplanned,
high-stakes stress test for our current space-based observation capabilities. The
coordinated, multi-asset campaign to characterize this object is pushing the limits of our



technology and operational agility, providing invaluable lessons for future planetary defense
and deep-space exploration. Taken together, these events do not represent isolated steps but
a cohesive and accelerating push to build the technological bedrock required for a
sustainable human and robotic presence beyond Earth.

ll. Key Technological Breakthroughs: Powering and
Building the Future in Space

The capacity to operate effectively and sustainably beyond Earth is fundamentally
constrained by two factors: the efficiency and power of propulsion systems, and the ability to
construct and deploy complex hardware in a timely manner. The past week has witnessed
pivotal developments in both areas, with significant strides in nuclear propulsion concepts
that promise to redefine interplanetary transit and in-space agility, and breakthroughs in
additive manufacturing that are set to industrialize the production of space systems on Earth
and, eventually, in orbit.

The Nuclear Propulsion Renaissance: A Dual-Track Strategy

Recent announcements have brought two distinct, high-profile nuclear propulsion initiatives
to the forefront, revealing a sophisticated and complementary national strategy in the United
States. These programs are not redundant; rather, they target different, yet equally critical,
aspects of future space operations. One focuses on high-thrust applications for rapid
interplanetary transit, while the other pursues high-efficiency systems for unprecedented
in-space maneuverability.

Nuclear Thermal Propulsion (NTP): The Mars Transit Accelerator

Researchers at The Ohio State University have advanced a novel concept for a Nuclear
Thermal Propulsion (NTP) system that represents a significant evolution in engine design.
Their Centrifugal Nuclear Thermal Rocket (CNTR) moves beyond the constraints of traditional
solid-fuel nuclear reactors, proposing a more efficient liquid-fuel architecture with profound
implications for human exploration of the solar system.’



The core technological innovation of the CNTR lies in its fuel management. Instead of using
solid fuel elements, which have inherent temperature and heat-transfer limitations, the CNTR
design utilizes liquid uranium contained within rotating cylinders.” The rapid rotation generates
powerful centrifugal forces that keep the molten nuclear fuel confined to the cylinder walls,
allowing a propellant gas—such as hydrogen—to be passed directly through the superheated
uranium vapor. This method facilitates a far more efficient and direct heat transfer from the
nuclear reaction to the propellant, which is then expelled through a nozzle to generate thrust.'
This design not only promises higher performance but also offers significant operational
flexibility. The system is theoretically compatible with a range of propellants, including
methane, ammonia, or propane.® This versatility is strategically important, as it opens the
possibility of using in-situ resource utilization (ISRU) to "refuel” a spacecraft by mining and
processing propellants from asteroids or the moons of other planets, a key enabler for a
sustainable deep-space transportation architecture.*

The performance leap offered by this technology is transformative. The CNTR concept aims to
roughly double the engine's efficiency compared to other nuclear systems, potentially
achieving a specific impulse (Isp)—a measure of engine efficiency—well beyond the
approximately 900 seconds of solid-core NTP designs.? For comparison, the most advanced
chemical rocket engines, which have powered space exploration to date, max out at an

Isp of around 450 seconds.’ This dramatic increase in efficiency could reduce the one-way
transit time for a crewed mission to Mars to just six months, effectively cutting the total
round-trip mission duration from a prohibitive three years to a more manageable one year.'
Such a reduction is not merely an improvement; it is a mission-enabling capability. It would
drastically decrease the crew's exposure to the health risks of deep-space cosmic radiation
and the debilitating physiological effects of prolonged microgravity, which are among the
greatest obstacles to human interplanetary travel.'

The CNTR program, partly funded by NASA's Space Technology Mission Directorate, is
progressing from theoretical concept to practical research. It involves collaborations with
national laboratories, such as the Department of Energy's Oak Ridge National Laboratory, to
test critical enabling materials. Recent experiments have focused on advanced zirconium
carbide coatings designed to protect engine components from the extreme temperatures and
corrosive environment inside the reactor core.® While the technology is still in its early stages,
with a full-scale laboratory demonstration projected to be approximately five years away, it
represents a focused, long-term research and development effort to solve the primary
challenge of rapid human transit in the solar system.*

Nuclear Electric Propulsion (NEP): The Key to In-Space Agility



In parallel to the development of high-thrust NTP, the U.S. Space Force (USSF) has sponsored
the formation of the Space Power and Propulsion for Agility, Responsiveness and Resilience
(SPAR) Institute. This $35 million initiative represents one of the nation's largest and most
coordinated efforts to advance the technologies required for a new generation of highly
maneuverable spacecraft.” The consortium brings together a formidable team of eight
universities and fourteen industry partners, underscoring the strategic importance of this
research area.’

A central focus of the SPAR Institute is the development of powerful and efficient Nuclear
Electric Propulsion (NEP) systems. While NTP uses a nuclear reactor to directly heat a
propellant, NEP uses the reactor to generate large amounts of electricity, which then powers
highly efficient electric thrusters. The University of Washington's (UW) Space Propulsion and
Advanced Concepts Engineering (SPACE) Lab is leading a key sub-team within the institute to
develop a high-power Electron Cyclotron Resonance (ECR) thruster.” ECR thrusters are a type
of electric propulsion known for their operational simplicity, durability, and ability to use a
variety of propellants. The technological goal of the UW team is ambitious: to design, build,
and test a new ECR thruster capable of operating at power levels greater than 10 kilowatts (

kW). This represents a performance increase of nearly two orders of magnitude compared to
existing ECR thruster designs.” To supply the necessary power, industry partner NuWaves is
concurrently developing new, highly efficient solid-state microwave generators specifically for
this application.’

The mission application driving this research is explicitly military. The stated objective of the
USSF is to enable spacecraft that can "maneuver without regret".” This phrase encapsulates
the desire to break free from the severe propellant constraints of current chemical propulsion
systems, which limit a satellite's operational lifetime and its ability to perform significant
orbital changes, such as relocating to a different orbital plane or evading a threat. NEP
systems, with their extremely high specific impulse, provide a solution. While they produce
very low thrust, they can operate continuously for months or even years, enabling vast
changes in velocity over time with minimal propellant consumption. This capability is ideal for
sustained orbital maneuvering, repositioning of assets, maintaining complex satellite
formations, and performing other dynamic operations essential for a responsive and resilient

national security space posture.

The distinct objectives of the CNTR and SPAR programs highlight a deliberate and
sophisticated dual-track national strategy for advanced propulsion. This is not a duplication of
effort, but a clear recognition that NTP and NEP are optimized for fundamentally different
mission profiles. NTP, with its higher thrust-to-weight ratio, is the technology of choice for
"sprint" maneuvers: rapidly escaping a planet's gravity well or drastically shortening
interplanetary transit times for human missions where time is a critical factor. NEP, with its



superior efficiency and lower thrust, is the "marathon" technology, ideal for long-duration,
in-space operations where propellant conservation is paramount. The U.S. is therefore
strategically investing in a portfolio of nuclear technologies to ensure it possesses the optimal
system for both its long-term civil exploration goals, spearheaded by NASA, and its immediate
national security requirements in Earth orbit and cislunar space, driven by the Space Force.
The progress of both tracks will likely be interdependent, as shared technological challenges,
particularly in reactor design and the navigation of a complex regulatory environment for
testing and launch, will create synergistic benefits across both programs.’

The Industrialization of Orbit: Advances in In-Space Manufacturing
(ISAM)

Alongside the push for advanced propulsion, the past week has seen significant progress in
the technologies and missions that will enable the construction, deployment, and
maintenance of future space systems. These developments signal a crucial shift in the
In-Space Servicing, Assembly, and Manufacturing (ISAM) sector, moving it from the realm of
one-off experiments toward a scalable, industrial process.

Additive Manufacturing at Scale: Boeing's Production Breakthrough

Boeing has unveiled a transformative new manufacturing process for spacecraft solar arrays
that leverages additive manufacturing, or 3D printing, to dramatically accelerate production
timelines.”” The company announced that its 3D-printed solar array substrate approach can
compress the composite build time for a typical solar array wing by as much as six months.
This represents a remarkable production cycle improvement of up to 50% compared to
conventional manufacturing methods.™

The technological innovation lies in the consolidation of parts and processes. Instead of
manufacturing and assembling dozens of separate components, the new method involves 3D
printing a single, rigid substrate panel with critical features like wiring harness paths,
structural supports, and attachment points integrated directly into the design.” This elegant
solution replaces numerous delicate and time-consuming bonding steps and eliminates the
need for expensive, long-lead tooling, resulting in a single, precise, and structurally robust
component that is faster to build and easier to integrate.' This enterprise-wide effort
strategically combines Boeing's deep expertise in qualified additive manufacturing processes,
the high-efficiency solar cells produced by its subsidiary Spectrolab, and the high-rate



satellite production lines of another subsidiary, Millennium Space Systems."

Crucially, this is not a niche technology for a specific application but a foundational shift in
manufacturing philosophy designed for scalability. The approach is engineered to be
applicable to a wide range of platforms, from small satellites to large, multi-kilowatt Boeing
702-class geostationary spacecraft, with market availability targeted for 2026." By enabling
the parallel production of the array's structure at the same time as the solar cells are being
manufactured, the process breaks a key dependency in the traditional production sequence.
This acceleration of satellite delivery timelines provides a powerful competitive advantage in
the current market, which is increasingly dominated by the need to rapidly build and deploy
large constellations of satellites.”

The Orbital Foundry: Space Forge's ForgeStar-1 Mission

Marking a major milestone for the United Kingdom's space sector, the Welsh company Space
Forge confirmed the successful launch and establishment of in-orbit communication with its
ForgeStar-1 satellite."” This mission, nicknamed "The Forge Awakens," represents the UK's first
dedicated foray into in-space manufacturing and is a pioneering step toward creating a
commercially viable, returnable orbital factory.

The primary objective of the ForgeStar-1 mission is to demonstrate the feasibility of producing
advanced materials in the unique environment of low Earth orbit, which offers conditions of
persistent microgravity and a near-perfect vacuum that are impossible to replicate on Earth.'
The initial manufacturing experiments will focus on producing next-generation semiconductor
crystals. Terrestrial manufacturing of these materials is limited by gravity-induced defects in
the crystal lattice structure. In microgravity, these defects can be reduced by a factor of up to
100, potentially leading to a tenfold increase in the quality, performance, and energy
efficiency of the resulting semiconductor devices.'’

Beyond the manufacturing payload, a critical secondary objective of the mission is to test and
validate a suite of proprietary technologies that will enable the return of these high-value
materials to Earth on future missions. This includes the in-space deployment of "Pridwen," the
company's novel, flexible heat shield, and the use of aerodynamic surfaces to actively control
and steer the satellite during its atmospheric descent.' While the ForgeStar-1 satellite itself is
designed to end its mission in a planned, complete atmospheric burn-up—a demonstration of
a responsible, safe failure mode—the telemetry and operational data gathered from these
tests are indispensable for qualifying the return system for future commercial missions that
will bring their products home.™

The confluence of advancements in ground-based and in-space manufacturing, coupled with



the rapid deployment of new orbital infrastructure, reveals a self-reinforcing cycle that is
driving the industrialization of space. The acceleration of ground production, exemplified by
Boeing's 3D printing process, directly enables the high-cadence launch schedules required to
build out large-scale satellite constellations like the SDA's Proliferated Warfighter Space
Architecture. The sheer scale of these new constellations, along with the rise of new orbital
activities like the manufacturing experiments aboard ForgeStar-1, will generate an
unprecedented volume of data. Transmitting all of this data back to Earth for processing
represents a significant and growing bottleneck in the space-to-ground communications
architecture. This bottleneck, in turn, creates a compelling business case for the development
of in-orbit data processing and edge computing capabilities, a need directly addressed by the
planned Axiom Orbital Data Center.” The availability of powerful, low-latency orbital
computing will then become a key enabler for the next generation of more sophisticated,
Al-driven robotics and automation. These advanced robotic systems will be essential for
carrying out the more complex in-space manufacturing, assembly, and servicing tasks
envisioned for the future.” This feedback loop—where improved manufacturing enables more
capable orbital infrastructure, which in turn enables more advanced in-space industrial
processes—forms the essential blueprint for a true, self-sustaining industrial ecosystem in
orbit.

lll. Mission and Commercial Developments: Deploying
New Capabilities

The translation of technological concepts into operational hardware is the ultimate measure of
progress in the aerospace sector. This past week saw the deployment of new capabilities to
orbit, highlighted by the debut of an upgraded cargo logistics vehicle and the first launch of a
transformative military satellite constellation. These missions not only delivered new hardware
to space but also provided valuable, real-world lessons in the complexities of operating
next-generation systems.

Next-Generation Orbital Logistics: The Cygnus XL's Debut

Northrop Grumman successfully conducted the maiden flight of its upgraded Cygnus XL
cargo spacecraft, designated NG-23, which completed its journey to the International Space
Station (ISS) carrying critical supplies and scientific experiments.” The mission marks a



significant enhancement in the logistical support chain for the orbiting laboratory.

The primary technological upgrade of the Cygnus XL is its increased size. The spacecraft is a
lengthened version of the previous Enhanced Cygnus model, a modification that nearly
doubles its internal pressurized volume.?® This expansion allows the vehicle to carry a payload
of over 11,000 pounds (approximately 5,000 kg), a substantial 33% increase in cargo capacity
compared to its predecessor.?® This improvement in hauling capability directly enhances the
cost-efficiency of ISS resupply missions, allowing more science, supplies, and spare parts to
be delivered per launch. The Cygnus XL retains the berthing interface of the original design,
which utilizes the larger Common Berthing Mechanism (CBM) ports on the U.S. segment of
the station. This design feature theoretically enables the delivery of bulkier cargo racks and
hardware than can be accommodated by the smaller international docking ports used by
other vehicles.”

The inaugural flight of this new vehicle also served as an important, real-world technical case
study. During its multi-day transit to the ISS, the Cygnus XL spacecraft experienced a
propulsion anomaly. Its main engine shut down prematurely during two separate,
non-sequential orbit-raising burns that were designed to position it for rendezvous with the
station.?” This unexpected event forced mission controllers to postpone the planned arrival by
one day to allow for a thorough analysis of the issue.*

Subsequent investigation by engineers on the ground determined that the premature
shutdowns were not caused by a hardware failure. Instead, they were triggered by an "early
warning system" within the spacecraft's flight software that had been configured with overly
"conservative safeguard in the software settings".*” With the root cause identified as a
software parameter rather than a mechanical fault, the mission control team was able to
rapidly develop, validate, and upload an alternate burn plan. The spacecraft successfully
executed the revised maneuvers, allowing it to safely rendezvous and be berthed to the
station by the Canadarm?2 robotic arm.*

This incident and its successful resolution provide a compelling example of the increasing
prevalence of the "software-defined" spacecraft. The anomaly was a critical in-flight event on
a brand-new vehicle, yet its cause was informational, not mechanical. The solution was not a
physical repair but an analytical one, achieved through remote data review, system modeling,
and the uplink of a new operational plan. This highlights both a key vulnerability and a
profound strength of modern space systems. While software flaws can create mission-critical
problems, the same software-driven architecture provides a powerful mechanism for
resilience and recovery through remote analysis and updates. This trend signifies a strategic
shift in space operations, where the ability to rapidly diagnose, model, and update a
spacecraft's software on-orbit is becoming as critical to mission success as the initial
robustness of its hardware. This capability will only become more crucial as orbital
infrastructure, including in-space computing platforms like the Axiom data center, becomes



more widespread.?

The Proliferated Warfighter Space Architecture (PWSA) Takes Shape

A pivotal moment for U.S. military space strategy occurred this week with the successful first
launch of operational satellites for the Space Development Agency's (SDA) Proliferated
Warfighter Space Architecture (PWSA). A SpaceX Falcon 9 rocket successfully deployed 21
Tranche 1 Transport Layer satellites into low Earth orbit, marking the official start of the
operational deployment phase for this next-generation military constellation.*

The PWSA represents a fundamental strategic pivot in military space doctrine. It moves away
from the traditional model of deploying small numbers of large, expensive, and high-value
satellites in medium or geosynchronous orbits. Instead, the PWSA is based on a "proliferated"
architecture, consisting of hundreds of smaller, more affordable, and inherently more resilient
satellites distributed across a mesh network in Low Earth Orbit (LEO).*" This distributed design
significantly enhances survivability; an adversary would need to disable a large number of
satellites to degrade the constellation's overall capability, making it a far less attractive target
than a single, monolithic spacecraft. To build out this architecture, the SDA is pursuing a
high-cadence launch schedule, aiming for approximately one launch per month over the next
year to deploy the full Tranche 1 constellation, which will ultimately consist of 154 satellites
(126 for the Transport Layer and 28 for the Tracking Layer).*

The capabilities of this new constellation are enabled by several key technologies. The
backbone of the PWSA is its network of Optical Intersatellite Links (OISLs). Each satellite is
equipped with multiple laser communication terminals that allow it to form high-bandwidth,
low-latency connections with other satellites in the network.>* This creates a resilient
data-relay mesh in space, reducing the constellation's reliance on vulnerable ground stations
and enabling the rapid transport of data across the globe. The SDA has enforced a common
standard for these optical terminals, ensuring that satellites built by different prime
contractors—such as the York Space Systems satellites on this first launch and the Lockheed
Martin satellites scheduled for the next—are fully interoperable.*

A primary function of the Transport Layer is to provide direct-to-warfighter connectivity. The
satellites are equipped with tactical data link payloads, most notably Link 16 terminals. Link 16
is a secure, jam-resistant military communications network used extensively by U.S. and NATO
air and naval forces.“° By placing Link 16 nodes in LEO, the PWSA can provide
beyond-line-of-sight communications and targeting data directly to tactical users, such as
fighter jets and naval vessels, anywhere in the world, without the need for intermediate
relays.** This capability promises to dramatically shorten the sensor-to-shooter timeline and



enhance the situational awareness and lethality of joint forces.

IV. Space Infrastructure: The Digital Backbone of LEO

As the volume and complexity of activities in low Earth orbit grow, the demand for supporting
infrastructure is becoming acute. A landmark development announced this past week
addresses a critical piece of this emerging ecosystem: high-capacity data storage and
processing. This move signals the beginning of a transition from simply operating in space to
building a true digital economy for space.

The Orbital Cloud: Axiom's In-Space Data Center

Axiom Space, in collaboration with space hardware company Spacebilt, has announced plans
to establish the Axiom Orbital Data Center Node (AxODC Node ISS) aboard the International
Space Station.?” This project represents a significant leap forward in orbital infrastructure,
creating the first petabyte-class, commercially operated data storage and edge computing
platform in space.

The core capability of the AXODC is to shift the paradigm of space data management.
Currently, the vast majority of data generated in orbit—whether from Earth observation
satellites, microgravity research, or other spacecraft systems—must be downlinked to ground
stations on Earth for storage and analysis. The AxODC will allow this data to be stored,
processed, and analyzed directly on-orbit using advanced applications, including Artificial
Intelligence and Machine Learning (AI/ML) algorithms.?? This in-space edge computing
capability will dramatically reduce the latency for data analysis, alleviate the growing strain on
downlink capacity, and enable new, data-intensive applications that are not feasible with the
current model.

This groundbreaking orbital capability is made possible by a strategic collaboration of
commercial technology partners providing space-qualified, high-performance hardware.
Spacebilt is leading the engineering and providing its Large In-Space Servers (LiSS).” The
data storage backbone will be provided by Phison Electronics, which is supplying its Pascari
enterprise-grade solid-state drives (SSDs) to deliver an initial capacity of over one petabyte.?
The processing power will come from Microchip Technology's next-generation PIC64-HPSC
processor, a radiation-hardened, high-performance chip specifically designed to handle the



demanding workloads of space-based computing and Al/ML acceleration.?

Connectivity to other space assets will be provided by Skyloom Global Corporation, which is
supplying a commercial Optical Communication Terminal (OCT). This laser terminal will
provide high-bandwidth connectivity, initially at 2.5 Gigabits per second (Gbps) with a
roadmap to 100 Gbps, between the data center and other satellites in LEO.? This project is a
key step in Axiom Space's broader strategic vision, which includes the deployment of a
federated network of at least three interconnected Orbital Data Center nodes by 2027,

creating a robust, distributed cloud computing network in orbi

t.22

The technical specifications of the hardware involved reveal a significant convergence of
military and commercial technology standards. A critical detail in the announcement is that
the Skyloom optical terminal selected for this commercial data center is explicitly "SDA
Tranche 1-compatible”.” This is not a coincidence. It indicates the emergence of a common
set of technical standards, driven by the U.S. military's large-scale PWSA program, that are
now being adopted by the commercial sector for critical infrastructure. This convergence has
profound strategic implications. For the military, it creates the potential to leverage the
innovation and economies of scale of the commercial market, possibly using commercial
nodes like Axiom's for data relay or processing surge capacity in the future. For commercial
companies, adhering to SDA standards makes their hardware interoperable with what is
becoming the dominant communications network in LEO, opening up a massive potential
government customer base. This blurring of the lines between civil and military infrastructure
is fostering a more integrated and robust space ecosystem, but it also introduces new and
complex security considerations that will need to be addressed as this trend continues.

System Name Lead Primary Key Status (as of
Organization(s | Function Technological Sept. 2025)
) Features
Northrop Northrop ISS Cargo 33% increased | Successfully
Grumman Grumman/NAS | Resupply cargo volume; berthed at ISS
Cygnus XL A Berthing after maiden
interface for flight;
large cargo. propulsion
anomaly
resolved.
SDA Tranche U.S. Space Resilient Proliferated First 21
1 Transport Development Military Data LEO satellites
Layer Agency/York Relay architecture; successfully
Space Optical deployed to
Systems/Spac Intersatellite LEO;




eX Links; Link 16 operational
connectivity. checkout
underway.
Axiom Orbital | Axiom In-Orbit Data Petabyte-class | Announced for
Data Center Space/Spacebi | Storage & SSD storage; installation on
Node [t/Phison/Micro | Edge Space-grade ISS; hardware
chip/Skyloom Computing Al processors; development
SDA-compatibl | in progress.
e optical
comms.

V. Challenges and Considerations: Navigating the Path
Forward

While the past week's advancements are significant, their full potential can only be realized by
overcoming a series of formidable technical and regulatory challenges. The ongoing
observation campaign of the interstellar object 3I/Atlas provides a compelling, real-time case
study of the current limits of our space-based technology, while the development of
next-generation propulsion and manufacturing systems faces significant non-technical
hurdles that must be addressed.

The 3l/Atlas Encounter: A Stress Test for Observation Technology

The passage of the interstellar object 3I/Atlas through our solar system is more than just a
scientific curiosity; it represents a significant, unplanned technological challenge for our
current space-based observation assets.*® Characterizing this unique visitor is pushing the
operational limits of multiple spacecraft and their instruments.

The object presents a particularly difficult observation target for several reasons. First, it is
traveling at an exceptionally high velocity, estimated at around 130,000 mph (approximately
60 km/s), which limits the time available for detailed study.** Second, its trajectory is
challenging; during its closest approach to Earth in December 2025, it will be positioned on
the far side of the Sun, effectively blocking it from view by terrestrial and near-Earth



telescopes at a critical moment.*® Third, as a comet, 3l/Atlas is an active body. As it nears the

Sun, solar radiation is causing its ices to sublimate, creating a large, dusty cloud of gas known
as a coma. This coma obscures the solid nucleus, making it extremely difficult to determine its
true size, shape, and composition.*

In response to these challenges, space agencies have mounted an unprecedented,
coordinated technological campaign to observe the object, leveraging a fleet of assets
already in deep space. The flyby of Mars in October 2025 presents a particularly valuable
opportunity, as several orbiters will be in a prime position to gather data.** This multi-asset
effort includes:

e NASA's Mars Reconnaissance Orbiter (MRO): This orbiter will utilize its High Resolution
Imaging Science Experiment (HiRISE) camera. As the most powerful telescope ever sent
to another planet, HIRISE can achieve a resolution of approximately 30 centimeters per
pixel from its 300-kilometer orbit. It will be tasked with attempting to resolve fine details
of the comet's nucleus or the structure of the inner coma, which is impossible from
Earth.*

e ESA's ExoMars Trace Gas Orbiter (TGO): The TGO will employ its Colour and Stereo
Surface Imaging System (CaSSIS). This instrument is designed to provide high-resolution
(approximately 4.5 meters per pixel) color and stereo imagery. Its data will be crucial for
characterizing the object's surface composition through its color properties and for
attempting to generate a 3D model of its shape.*®

e ESA's Mars Express: This veteran orbiter will use its High Resolution Stereo Camera
(HRSC) to provide additional wide-field color and 3D imaging, offering valuable context
for the higher-resolution data gathered by the other instruments.*

This coordinated campaign serves as a crucial stress test of our collective ability to perform
rapid-response, multi-asset observations of a transient, non-cooperative deep-space target.
It pushes the technological limits of instrument sensitivity, spacecraft pointing accuracy, and
the complex data processing required to extract a clear signal from a faint, fuzzy object. The
successes and failures of this effort will provide invaluable lessons that will directly inform the
development of future planetary defense strategies and the design of missions intended to
intercept and characterize interstellar objects.*’

Hurdles for Next-Generation Systems

Beyond the challenges of observation, the development of the advanced propulsion and
manufacturing systems discussed in this report faces significant programmatic and regulatory
hurdles that could impede their progress.



The Nuclear Regulatory Frontier

A critical, non-technical barrier looms over the development of both NTP and NEP systems:
the lack of a clear and established regulatory framework. Current U.S. nuclear regulations
were written for two distinct categories of reactors: high-power, long-duration commercial
power plants on the ground, and low-power, short-duration research reactors.” Space nuclear
propulsion systems, particularly NTP engines, fall into a unique and undefined category. They
are designed to operate at very high power levels, comparable to a small power plant, but only
for very short durations (minutes or hours) during their operational lifetime.’ This unique
operational profile does not fit neatly into the existing regulatory structure, creating
significant uncertainty for developers. The Federal Aviation Administration (FAA) recently took
a preliminary step by issuing an Advisory Circular titled "Launch and Reentry of Space Nuclear
Systems," which provides initial guidance for the licensing process." However, this is just the
beginning. A comprehensive regulatory pathway that addresses the unique aspects of ground
testing, launch safety analysis, and in-space operations must be developed. Navigating this
complex and uncharted regulatory landscape represents a major programmatic risk and a
potential long-lead-time item for both the NASA-backed CNTR program and the USSF's SPAR
initiative.”

The Qualification Gap in Additive Manufacturing

While Boeing's progress in 3D printing solar arrays is a significant step forward, the
widespread adoption of additive manufacturing for mission-critical space components still
faces several fundamental challenges.” These hurdles must be overcome before the
technology can be fully trusted for the most demanding applications.

1. Regulatory Acceptance: The aerospace industry is, by necessity, highly conservative
and built around extensive regulation. A primary challenge for additive manufacturing is
convincing engineering bodies and regulators of the long-term reliability of 3D-printed
parts. Compared to traditional manufacturing methods like forging and machining, which
have decades of accumulated flight heritage and material performance data, additive
manufacturing is a relatively new field. Establishing the robust historical database
required for full certification will take time and numerous successful missions.*

2. Non-Destructive Testing (NDT): One of the greatest advantages of 3D printing—the
ability to create complex internal geometries and consolidate multiple parts into a single
component—is also one of its biggest challenges from a quality control perspective.
These intricate internal structures are extremely difficult to inspect for hidden flaws, such



as microscopic cracks or voids, using standard NDT techniques like X-rays or
computerized tomography (CT) scanning. New and more sophisticated inspection
methods will need to be developed and validated to ensure the integrity of these
complex parts.*

3. Material Validation: The additive manufacturing process itself can alter the fundamental
properties of well-understood materials. For example, the microstructure of a titanium
alloy created through a laser powder bed fusion process is different from that of the
same alloy that has been forged and machined. This means that its mechanical
properties, such as strength and fatigue resistance, as well as its failure modes, can be
different.”” Consequently, even when using a familiar material, the 3D-printed version
must undergo a separate, extensive, and often costly process of characterization and
validation before it can be qualified for flight.

VI. Future Outlook and Strategic Implications

The technological advancements and mission deployments of the past week, when viewed
collectively, point toward several significant strategic shifts in the space domain. These
developments are not merely incremental improvements but are foundational elements that
will shape the future of military, civil, and commercial space operations.

The Shift to Resilient Military Space Architectures

The first launch of the SDA's Tranche 1 satellites marks the tangible beginning of a new era in
military space strategy. The deployment of the Proliferated Warfighter Space Architecture
signifies a decisive departure from the Cold War-era model of relying on a few, exquisite, and
highly vulnerable satellites in high orbits.*” The new architecture, based on a distributed and
resilient mesh network of hundreds of lower-cost satellites in LEO, fundamentally changes the
calculus of space warfare. It dramatically increases the survivability of U.S. space assets by
presenting a target set that is too numerous and too rapidly reconstitutable to be effectively
neutralized by adversary anti-satellite capabilities. Beyond survivability, the PWSA is designed
to provide persistent, tactical capabilities—such as beyond-line-of-sight targeting and
low-latency data relay—directly to warfighters on the battlefield.*® The successful
implementation of this architecture will likely accelerate the adoption of similar proliferated
LEO concepts by other space-faring nations and will have profound, long-term implications
for global missile defense, joint force command and control, and the overall stability of the



space domain.

Foundations of the On-Orbit Economy

The developments in in-space manufacturing and infrastructure are laying the essential
groundwork for a true on-orbit economy. The vision of On-orbit Servicing, Assembly, and
Manufacturing (OSAM) has long been a goal of the space community, but it has been
hampered by a lack of key enabling technologies.?® The recent progress begins to fill these
critical gaps. The maturation of in-space manufacturing techniques, as demonstrated by
Space Forge's mission, combined with advancements in robotics and the establishment of
essential digital infrastructure, such as Axiom's orbital data center, are the foundational pillars
upon which a circular space economy can be built."” This future ecosystem, which will involve
the routine servicing, life extension, refueling, repair, and eventual recycling of satellites in
orbit, is moving from a theoretical concept to a viable commercial enterprise.?

Accelerating the Path Beyond LEO

Finally, it is crucial to recognize that the concurrent advancements across these disparate
fields—nuclear propulsion, rapid manufacturing, and robust orbital infrastructure—are not
isolated events. They form a powerful technological convergence that is creating a
compounding effect, materially shortening the timeline for establishing a sustainable and
economically viable human presence beyond LEO. The ability to build spacecraft and their
components faster and more efficiently on the ground, as Boeing is demonstrating, will lower
the cost and increase the cadence of missions. The deployment of powerful nuclear
propulsion systems, like those being developed by the SPAR and CNTR programs, will
dramatically reduce transit times and increase payload capacity for missions to the Moon,
Mars, and beyond. And the establishment of a robust in-space industrial and digital
infrastructure, pioneered by companies like Axiom and the SDA, will provide the support
services necessary to sustain these long-duration operations. This synergy—the ability to
build faster, propel more efficiently, and support more robustly—is creating a powerful
positive feedback loop that will define the next great era of space exploration and
development.
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