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      Nanotechnology. The latest news on  nanoscience, nanoelectronics, science and technology. Updated Daily.


      
        Programmable 2D nanochannels achieve brain-like memory
        Researchers at The University of Manchester's National Graphene Institute have developed a new class of programmable nanofluidic memristors that mimic the memory functions of the human brain, paving the way for next-generation neuromorphic computing.
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                Nanochannels mimic biological ion channels and synapses. Credit: Nature Communications (2025). DOI: 10.1038/s41467-025-61649-6
            
        

    


Researchers at The University of Manchester's National Graphene Institute have developed a new class of programmable nanofluidic memristors that mimic the memory functions of the human brain, paving the way for next-generation neuromorphic computing.



										      
																																	In a study published in Nature Communications, scientists from the National Graphene Institute, Photon Science Institute and the Department of Physics and Astronomy have demonstrated how two-dimensional (2D) nanochannels can be tuned to exhibit all four theoretically predicted types of memristive behavior, something never before achieved in a single device.

This study not only reveals new insights into ionic memory mechanisms but also has the potential to enable emerging applications in low-power ionic logic, neuromorphic components, and adaptive chemical sensing.

Memristors, or memory resistors, are components that adjust their resistance based on past electrical activity, effectively storing a memory of it. While most existing memristors are solid-state devices that rely on electron movement, the team, led by Prof Radha Boya, used confined liquid electrolytes within thin nanochannels made from 2D materials such as MoS2 and hBN. This nanofluidic approach allows for ultra-low energy operation and the ability to emulate biological learning processes.

Four memory modes, one device

The study reveals that by tuning experimental parameters such as electrolyte composition, pH, voltage frequency, and channel geometry, the same nanofluidic device can switch between four distinct memory loop styles, two "crossing" and two "non-crossing" types. These loop styles correspond to different memory mechanisms, including ion-ion interaction, ion-surface charge adsorption/desorption, surface charge inversion, and ion concentration polarization.

"This is the first time all four memristor types have been observed in a single device," said Professor Radha Boya, senior author of the study. "It shows the remarkable tunability of nanofluidic systems and their potential to replicate complex brain-like behavior."


																																						
    
     




																																			Mimicking the brain's synapses

Beyond demonstrating multiple memory modes, the devices also exhibit both short-term and long-term memory, akin to biological synapses. This dynamic control over memory duration is crucial for developing neuromorphic systems that can adapt and learn from their environment.

For instance, the devices could "forget" information over time or retain it for days, depending on the applied voltage and electrolyte conditions, e.g., like how one might quickly forget where they left their keys, yet remember their home address for life.

Imagine you're working in a cafe. At first, the clatter of cups and chatter is noticeable, but soon your brain filters it out so you can focus. This everyday phenomenon is called sensory adaptation, and short-term synaptic depression is one of the cellular mechanisms contributing to them.

The team mimicked short-term synaptic depression, a process where consecutive neural signals reduce the strength of a response unless sufficient time is allowed for recovery. In neurons, this is caused by temporary depletion of neurotransmitter vesicles. In the nanochannels, a similar effect emerges due to the ionic interactions, which requires time to relax back to its initial state.

A minimal model and a major leap

To explain the observed behaviors, the team developed a minimal theoretical model that incorporates ion-ion interactions, surface adsorption, and channel entrance effects. The model successfully reproduces all four memristive loop types, offering a unified framework for understanding and designing future nanofluidic memory systems.

"This work represents a major leap in our understanding of ionic memory," said Dr. Abdulghani Ismail, lead author of the study. "It opens up exciting possibilities for low-power, adaptive computing systems that operate more like the human brain."

By harnessing the unique properties of 2D materials and fluidic ion transport, the researchers envision a new class of reconfigurable, energy-efficient computing devices capable of real-time learning and decision-making, with broad implications for artificial intelligence, robotics, and bioelectronics.


																																	
																														
																				
																						More information:
												Abdulghani Ismail et al, Programmable memristors with two-dimensional nanofluidic channels, Nature Communications (2025). DOI: 10.1038/s41467-025-61649-6
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        Theories on dark matter's origins point to 'mirror world' and universe's edge
        Two recent studies by Professor Stefano Profumo at the University of California, Santa Cruz, propose theories that attempt to answer one of the most fundamental open questions in modern physics: What is the particle nature of dark matter?

      

      
        New measurement of free neutron lifetime achieves world-record precision
        Incorporated into every aspect of everyday life, the neutron is a fundamental particle of nature. Now, a research collaboration led by Los Alamos National Laboratory has improved the precision of free neutron lifetime measurements. The team's results highlight the success of the UCNTau experiment's design and previews the effectiveness of new techniques and approaches that the team is incorporating into the next generation of the experiment.

      

      
        Optimized cycle system recovers waste heat from fusion reactor
        A research team led by Prof. Guo Bin from the Hefei Institutes of Physical Science of the Chinese Academy of Sciences has designed and optimized an organic Rankine cycle (ORC) system specifically for recovering low-grade waste heat from the steady-state Chinese Fusion Engineering Testing Reactor (CFETR) based on organic fluid R245fa, achieving enhanced thermal efficiency and reduced heat loss.
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                An artistic illustration of the mechanism proposed by Professor Stefano Profumo where quantum effects near the rapidly expanding cosmic horizon after the Big Bang gravitationally generate dark matter particles. Credit: Stefano Profumo
            
        

    


Two recent studies by Professor Stefano Profumo at the University of California, Santa Cruz, propose theories that attempt to answer one of the most fundamental open questions in modern physics: What is the particle nature of dark matter?



										      
																																	Science has produced overwhelming evidence that the mysterious substance, which accounts for 80% of all matter in the universe, exists. Dark matter's presence explains what binds galaxies together and makes them rotate. Findings such as the large-scale structure of the universe and measurements of the cosmic microwave background also prove that something as-yet undetermined permeates all that darkness.

What remains unknown are the origins of dark matter, and hence, what are its particle properties? Those weighty questions primarily fall to theoretical physicists like Profumo. And in two recent papers, he approaches those questions from different directions, but both centered on the idea that dark matter might have emerged naturally from conditions in the very early universe--rather than dark matter being an exotic new particle that interacts with ordinary matter in some detectable way.

Shadowy origins

The most recent study, published on July 8 in Physical Review D, explores whether dark matter could have formed in a hidden sector--a kind of "mirror world" with its own versions of particles and forces. While completely invisible to humans, this shadow sector would obey many of the same physical laws as the known universe.

The idea draws inspiration from quantum chromodynamics (QCD), the theory that describes how quarks are bound together inside protons and neutrons by the strong nuclear force. UC Santa Cruz has deep roots in this area: Emeritus physics professor Michael Dine helped pioneer theoretical models involving the QCD axion, a leading dark matter candidate, while research professor Abe Seiden contributed to major experimental efforts probing the structure of hadrons--particles made of quarks--in high-energy physics experiments.


																																						
    
     




																																			In Profumo's new work, the strong force is replicated in the dark sector as a confining "dark QCD" theory, with its own particles--dark quarks and dark gluons--binding together to form heavy composite particles known as dark baryons. Under certain conditions in the early universe, these dark baryons could become dense and massive enough to collapse under their own gravity into extremely small, stable black holes--or objects that behave much like black holes.

These black hole-like remnants would be just a few times heavier than the Planck mass--the fundamental mass scale of quantum gravity--but if produced in the right quantity, they could account for all the dark matter observed today. Because they would interact only through gravity, they would be completely invisible to particle detectors--yet their presence would shape the universe on the largest scales.

This scenario offers a new, testable framework grounded in well-established physics, while extending UC Santa Cruz's long-standing exploration of how deep theoretical principles might help explain one of the biggest open questions in cosmology.

On the horizon

Profumo's other recent study, published in May in the same journal, explores whether dark matter might be produced by the universe's expanding "cosmic horizon"--essentially, the cosmological equivalent of a black hole's event horizon.
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																																			This paper asks, if the universe underwent a brief period of accelerated expansion after inflation--something less extreme than inflation, but still expanding faster than radiation or matter would allow--could that phase itself have "radiated" particles into existence?

Using principles from quantum field theory in curved spacetime, the paper shows that a wide range of dark matter masses could result from this mechanism, depending on the temperature and duration of this phase.

Importantly, Profumo said this doesn't require any assumptions about how the dark matter interacts--only that it is stable and produced gravitationally. The idea is inspired by the way observers near cosmic horizons, like those of a black hole, perceive thermal radiation due to quantum effects.

"Both mechanisms are highly speculative, but they offer self-contained and calculable scenarios that don't rely on conventional particle dark matter models, which are increasingly under pressure from null experimental results," said Profumo, who is also deputy director for theory at the Santa Cruz Institute for Particle Physics.

One could say Profumo wrote the book on the quest to understand the nature of dark matter. His 2017 textbook "An Introduction to Particle Dark Matter" presents lessons that he personally learned and used in his research work from state-of-the-art techniques that scientists have developed over the years to build and test particle models for dark matter.


																																						
    
     




																																			The book describes the "paradigm of dark matter" as "one of the key developments at the interface of cosmology and elementary particle physics," and is intended for anyone interested in the microscopic nature of dark matter as it manifests itself in particle physics experiments, cosmological observations, and high-energy astrophysical phenomena.

Researchers here have played a key role in cosmology for decades, contributing to the development of the standard Lambda-Cold Dark Matter model--still the best fit to all cosmological data--and to the theoretical and observational study of how structure forms in the universe. In addition, UC Santa Cruz has long supported a close interplay between theory and observation, with strengths in particle physics, astrophysics, and early universe cosmology.

Profumo said these recent publications continue in that tradition, exploring ideas that connect the deepest questions in particle physics with the large-scale behavior of the cosmos. "And they do so in a way that remains rooted in known physics--whether quantum field theory in curved spacetime, or the well-studied properties of SU(N) gauge theories--while extending them to new frontiers," he said.


																																	
																														
																				
																						More information:
												Stefano Profumo, Dark matter from quasi-de Sitter horizons, Physical Review D (2025). DOI: 10.1103/vmw2-4k77

Stefano Profumo, Dark baryon black holes, Physical Review D (2025). DOI: 10.1103/PhysRevD.111.095010
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                Student researcher Katherine Zine from the University of Illinois Urbana-Champaign, Nathan Washecheck from North Carolina State University and Lucas Opiola from Valparaiso University discuss the installation of the elevator apparatus at UCNTau. Credit: Los Alamos National Laboratory
            
        

    


Incorporated into every aspect of everyday life, the neutron is a fundamental particle of nature. Now, a research collaboration led by Los Alamos National Laboratory has improved the precision of free neutron lifetime measurements. The team's results highlight the success of the UCNTau experiment's design and previews the effectiveness of new techniques and approaches that the team is incorporating into the next generation of the experiment.



										      
																																	"The precise lifetime of free neutrons is at the center of still-contested physics questions," said Steven Clayton, physicist at Los Alamos. "Understanding the neutron lifetime can be used to test the nature of the weak force, one of the fundamental forces of the universe, and can also help search for physics beyond the Standard Model.

"Our results here validate the UCNtau experimental approach and point the way toward design improvements that will further enhance our understanding of the physics involved."

The team's new analysis, published in Physical Review C, incorporates three more years of data collection from the experiment at the Ultracold Neutron Facility at the Los Alamos Neutron Science Center, with accuracy bolstered by improvements in the systematic design of the experiment. The results update the understanding of the neutron's lifetime to 877.83 seconds, with uncertainty reduced to under 0.3 seconds.

Bathtub design delivers consistent results

The UCNtau experimental apparatus--UCN stands for "ultracold neutrons" and tau is the symbol for a particle lifetime--works as a magneto-gravitational trap, resembling a bathtub whose concave surface is covered in magnets and open at the top. A variation of a "bottle" trap, the UCNtau experiment stands in contrast to the "beam" approach employed by some neutron lifetime experiments.

The approaches have resulted in different measurements of the neutron lifetime, with the "neutron lifetime puzzle" dividing the physics community around the possibility that a flaw in either of the experimental approaches may explain the discrepancy.


																																						
    
     




																																			The UCNtau bathtub is filled with ultracold neutrons slowed down cryogenically so they can be counted when they interact with a detector lowered into the bathtub. To prevent neutron loss, magnets on the interior surfaces prevent neutrons from leaking through the surface, and gravity keeps the neutrons from spilling over the high tub walls.

Neutrons are counted when a zinc-sulfide detector coated with boron-10 descends into the bathtub; the neutrons are absorbed by the boron-10 coating on the zinc-sulfide detector and the excess energy causes the boron-10 nucleus to break apart, with a fragment pinging on the zinc-sulfide and producing a detectable--and countable--display of light.

To fine-tune accuracy, the UCNTau team updated the apparatus every year as it took data, including improving monitoring of how many neutrons are initially loaded into the trap and the accuracy of counting surviving neutrons in the trap after being held for some time. The consistency of the recent data with the team's earlier results validates the experiment's design. Averaging the results from the five years of total run, the team arrived at the new measurement of 877.83 seconds. That figure includes an error estimate of less than 0.3 seconds.

"The results represent the most precise measurement of the neutron lifetime to date," Clayton said. "Our goals have been to better understand and quantify systematic uncertainties in the experiment and to improve the lifetime statistical precision. With this level of precision, we've taken the current design as far as it can go."
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																																			UCNTau+ represents the next generation of experiments

For its next run of data, the research team has turned its attention to significantly increasing the capacity of the experimental apparatus--an iteration of the experiment the team is calling "UCNTau+." The team is modifying the method of filling the trap to increase the density of ultracold neutrons by a factor of between 5 and 10 while also improving the detector system to reduce the largest systematic uncertainty by a factor of 10--to a goal overall uncertainty of 0.1 seconds.

The team is ensuring counting accuracy by developing a new UCN detector with a scintillator based on a perovskite material that can be made to provide similar light output but without the long fluorescence trail found with the current scintillator.
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                A view inside the innovative "elevator" element, which brings neutrons down into the UCNTau chamber. Credit: Los Alamos National Laboratory
            
        

    



At the center of the effort to deliver more neutron density is a newly installed "elevator" that loads neutrons into the bathtub, swinging forward and down into the trap. Fabricated from copper and Teflon, useful for reflecting neutrons to prevent leakage through the metal, the elevator can deliver a larger load of neutrons down into the trap. The trap was designed and fabricated in collaboration with the University of Illinois Champaign-Urbana.

"The elevator itself was challenging to design and execute because it has to form a seal as it backs up, and we needed any gaps to be reasonable," said Maninder Singh, Los Alamos postdoctoral researcher on the UCNTau team. "Elevator transport has been done before but not at this scale, and not with this geometry, where the elevator is to move other than straight up and down. Implementing this technique has been an exciting challenge."

The team hopes to bring UCNTau+ online this summer to begin taking data.


																																	
																														
																				
																						More information:
												R. Musedinovic et al, Measurement of the free neutron lifetime in a magneto-gravitational trap with in situ detection, Physical Review C (2025). DOI: 10.1103/PhysRevC.111.045501. On arXiv: DOI: 10.48550/arxiv.2409.05560
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Optimized cycle system recovers waste heat from fusion reactor
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                Flow chart for ORC design. Credit: Muhammad Salman Khan
            
        

    


A research team led by Prof. Guo Bin from the Hefei Institutes of Physical Science of the Chinese Academy of Sciences has designed and optimized an organic Rankine cycle (ORC) system specifically for recovering low-grade waste heat from the steady-state Chinese Fusion Engineering Testing Reactor (CFETR) based on organic fluid R245fa, achieving enhanced thermal efficiency and reduced heat loss.



										      
																					CFETR, a steady-state magnetic fusion reactor, is a crucial step toward realizing commercial fusion energy. However, managing the large amount of low-grade waste heat produced by components such as the divertor and blanket remains a key challenge.

To solve the thermodynamic and heat integration issues, the researchers developed advanced simulation models using Engineering Equation Solver for cycle analysis and MATLAB-based LAMP modeling for dynamic system configuration. These tools enabled a comprehensive investigation and optimization of the ORC configuration, leading to significantly improved thermal performance.

The researchers addressed the challenge by designing and optimizing a thermal cycle that efficiently converts this residual heat into useful electricity using an ORC system. They demonstrated how this approach improves thermal efficiency and supports the sustainable operation of future fusion power plants. Their paper is published in the journal Energy.

The innovative design of ORC for waste heat recovery not only demonstrates how low-grade waste heat can be effectively utilized in future fusion reactors but also provides a model framework that can be adapted to other high-temperature energy systems.

"Our proposed cycle not only improves the overall energy utilization of CFETR, but also demonstrates a pathway for integrating low-grade heat into power generation," said Prof. Guo Bin.

This innovation provides a new route to tap into waste heat resources and contributes to the broader goal of developing clean, efficient fusion energy systems.


										
																														
																				
																						More information:
												Muhammad Salman Khan et al, Thermal analysis and configuration optimization of Organic Rankine Cycle for waste heat recovery from a steady state Chinese Fusion Engineering Testing Power Reactor, Energy (2025). DOI: 10.1016/j.energy.2025.137576
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        Is Earth orbit doomed to be a billionaire's  playground?
        If you want to get to the moon, you need to spend an enormous amount of resources developing, creating, testing, and deploying a variety of spacecraft and technologies. All you need is money. Lots of money. For decades, the only entities with enough green in checking accounts were large governments or multi-national consortia. But nowadays we have some absurdly wealthy, and absurdly motivated, individuals who have stars in their eyes and designs on space missions of their own.

      

      
        Giant, free-floating planets may form their own planetary systems
        New research from the University of St Andrews has found that giant free floating planets have the potential to form their own miniature planetary systems without the need for a star.

      

      
        The moon is useless, so let's preserve it
        I don't think space or lunar tourism is going to be the big draw that transforms the moon into something unrecognizable. Instead, I think it's going to be more about large-scale mining and industrialization that scars the lunar surface. So when it comes to possible industrial hellscapes that the moon might turn into, think less Las Vegas and more... Gary, Indiana. No offense, Gary, but you're kind of an industrial hellscape.

      

      
        NASA's Europa clipper radar instrument proves itself at Mars
        As it soared past Mars in March, NASA's Europa Clipper conducted a critical radar test that had been impossible to accomplish on Earth. Now that mission scientists have studied the full stream of data, they can declare success: The radar performed just as expected, bouncing and receiving signals off the region around Mars' equator without a hitch.

      

      
        The global race to space isn't just about big countries
        The United States and China aren't the only powerful, wealthy nations in the world, and they're certainly not the only nations active in space. For example, there are the Russians, who are...kind of distracted at the moment, so for our purposes there really isn't much to talk about there.
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                Jared Isaacman emerges from Resilience on 12 September. Credit: SpaceX/Polaris Dawn
            
        

    


If you want to get to the moon, you need to spend an enormous amount of resources developing, creating, testing, and deploying a variety of spacecraft and technologies. All you need is money. Lots of money. For decades, the only entities with enough green in checking accounts were large governments or multi-national consortia. But nowadays we have some absurdly wealthy, and absurdly motivated, individuals who have stars in their eyes and designs on space missions of their own.



										      
																																	Take for example Jared Isaacman, who otherwise would've been just another random billionaire except for the fact that he has privately financed out of his own fortune the Polaris program, which included the recent successful first-ever spacewalk by a private astronaut. And it wasn't just any spacewalk, it was the highest altitude orbital flight since the Gemini program!

The mission launched on September 10, 2024, and it wasn't through NASA or JAXA or Roscosmos. It was with SpaceX, aboard one of that company's Crew Dragon spacecraft launched with a Falcon 9 rocket. Isaacman, along with his crew of three others, underwent extensive training and preparation for the mission, not much different than the rigorous program that NASA puts its astronauts through.

The mission was huge success, setting a new record for the number of people simultaneously exposed to vacuum--the primary reason for that being the Dragon capsule doesn't have a proper airlock, so to perform the spacewalk the entire capsule has to be opened up to space. So it's not like the record was set on purpose--it was a limitation of the design of the spacecraft, but hey, a record is a record.

And since there are no laws in space, just a loose set of international agreements that governments kind of sort of follow, at least for now as long as it doesn't get in the way of future plans, if you want to follow in Jared's footsteps, and you've got enough money to finance your dreams, you can do it too.


																																						
    
     




																																			So perhaps the first person to return to the moon since the Apollo era will be some random rich person who just figured out how to do it themselves.

Think I'm crazy? Think again.

We've already sent a privately-developed lander to the moon, Intuitive Machine's Odysseus lander, which, while it tipped over sideways as it landed, it still survived and sent data back. Firefly Aerospace hopes to send the Blue Ghost lander this November, launched from a SpaceX Falcon 9, followed in December by the iSpace--a Japanese company--rover mission. Intuitive Machines isn't done yet, and they hope to try again early next year, this time hopefully with a lander that sticks the landing. Then there's Astrobotic, Blue Canyon Technologies, Draper, Astrolab, and more.

While any one single company may not be able to compete with the resources of an entire nation, it's not out of the realm of possibility that a consortium or partnership could do the trick. Just look at the Polaris mission for example: Isaacman didn't build the rocket or spacecraft himself, but he did finance the development of just about everything else, including the extravehicular activity suits, laser communication systems, and more.

Heck, since the current Artemis program calls for a private company to develop the human landing system to get people onto the lunar surface, technically, if that program succeeds it will be SpaceX or Blue Origin, not a NASA-built craft, that will be the first to deliver astronauts to the moon since Apollo.

And it makes one think: what if we just skipped the whole SLS part of Artemis? Both SpaceX and Blue Origin are developing heavy- and superheavy-lift vehicles.

Both of them are developing human landing systems for getting on and off the moon. All of these endeavors are funded in large part by NASA anyway. Does NASA really need its own rocket anymore? Of course, that might be NASA's backup plan: even if the SLS program fails, and the Artemis project never delivers an astronaut to the moon, we'll still have the capability to do it anyway, and it just might be a private individual, a civilian, who puts the right money together to make it happen.
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Giant, free-floating planets may form their own planetary systems
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                AI generated image of a young free floating planetary-mass object surrounded by a dusty disk. Credit: University of St Andrews
            
        

    


New research from the University of St Andrews has found that giant free floating planets have the potential to form their own miniature planetary systems without the need for a star.



										      
																																	In findings published on the arXiv preprint server, researchers using observations from the James Webb Space Telescope (JWST) investigated young isolated objects with masses of 5-10 times the mass of Jupiter. These objects are comparable to giant planets in their properties, but in contrast to giant planets, they are not in orbit around a star; instead they are free-floating in space.

Free floating planets are challenging to observe, as they are very dim and radiate mostly in the infrared. And yet, they hold the key to important questions in astrophysics. Current research suggests that these are the lowest mass objects formed like stars from the collapse of giant gas clouds.

In contrast to stars, they do not accumulate enough mass to start any fusion reactions in their cores. In theory, it is also possible that some of them form in a way comparable to planets, in orbit around a star, and later ejected from their planetary nurseries.

Researchers from the School of Physics and Astronomy along with co-authors from the U.S., Italy, Ireland, England and Portugal, observed eight of these objects, all very young, to learn more about their infancy. They used two instruments on board the James Webb Space Telescope, the largest space telescope ever built, equipped with extremely sensitive infrared instruments. Detailed spectroscopic observations for these objects, with unprecedented spectral coverage and sensitivity, from August to October 2024, were analyzed.


																																						
    
     




																																			This new work characterizes these objects in depth, and confirms that they have masses around the same size as Jupiter. Six of them have excess emissions in the infrared caused by warm dust in their immediate vicinity. This is the characteristic sign of disks, flattened structures which are the birthplaces of planets.

Observations also show emission from silicate grains in the disks, with clear signs of dust growth and crystallization--the typical first steps in the formation of rocky planets. Silicate emission has been found for stars and brown dwarfs before, but this is the first detection in planetary-mass objects. This work builds on a previously published paper from the University of St Andrews showing that disks around free-floating planetary mass objects can last several million years, plenty of time to form planets.

Dr. Aleks Scholz, the Principal Investigator of the project, said, "Taken together, these studies show that objects with masses comparable to those of giant planets have the potential to form their own miniature planetary systems. Those systems could be like the solar system, just scaled down by a factor of 100 or more in mass and size. Whether or not such systems actually exist remains to be shown."

Lead author Dr. Belinda Damian from the University of St Andrews, said, "These discoveries show that the building blocks for forming planets can be found even around objects that are barely larger than Jupiter and drifting alone in space. This means that the formation of planetary systems is not exclusive to stars but might also work around lonely starless worlds."
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The moon is useless, so let's preserve it
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                An Apollo lander on the Moon. Credit: NASA
            
        

    


I don't think space or lunar tourism is going to be the big draw that transforms the moon into something unrecognizable. Instead, I think it's going to be more about large-scale mining and industrialization that scars the lunar surface. So when it comes to possible industrial hellscapes that the moon might turn into, think less Las Vegas and more... Gary, Indiana. No offense, Gary, but you're kind of an industrial hellscape.



										      
																																	Plans for the expansion of humanity in the solar system often call for a large lunar base. This is for several reasons. For one, the moon is the most easily accessible alien world, so if we want to officially become a multi-planet species, moon is only a few days' ride away, compared to the multi-month journey it takes to get to Mars.

Second, because of that proximity, the moon makes a perfect test bed for technologies and techniques that we can deploy to other dead, airless rocks across the solar system. Lastly, we can use the moon as a sort of staging post, where we have fuel and water depots that we can use to refill missions into deeper space.

All of this requires an intense amount of industry. Mining, processing, manufacturing, the works. Some lunar resources will never leave the surface, as we'll use them for construction projects and manufactured goods. Others, like specialized refined materials that we can only make in low-gravity environments, might become valuable goods for return to Earth. And the remainder will be sent to other colonies and research stations across the solar system.

But...what resources? We know that the moon is full of elements like oxygen, silicon, magnesium, and iron. All of these have a variety of uses, from water and fuel to computer chips and...walls, I guess. But the trouble with the moon is that there hasn't been tectonic activity to concentrate rich deposits of minerals in key spots. As far as we know, which, admittedly, is very little, the elements and minerals of the moon are just kinda sprinkled around.


																																						
    
     




																																			For example, take water ice. Water is perhaps the single most valuable commodity in the near term for space exploration. We need water to live, and we can also use it to make fuel. But except for potential rich deposits in polar craters, the water on the moon varies in concentration from a low of 0.0001% to a high of..0.02%. You'd have to dredge metric tons of regolith just to squeeze a few glasses of water out. The same is likely true of the other elements, especially heavier elements like iron and aluminum.

For quite a long time, lunar bases are going to require a steady supply of materials from Earth, and even with the cheapest launches possible, that's going to severely limit how much we can accomplish on the lunar surface. In other words, the moon doesn't make a very good jumping-off point for further explorations of the solar system, and it doesn't have a lot going for it to make it attractive for investment itself.

Instead, the real money is in the asteroids. Even lower gravity than the moon, which makes it that much easier to land and take off. And much more concentrated in water and heavy elements, depending on the asteroid type. I could much more easily imagine a captured asteroid serving as a watery waystation for wandering explorers than the lunar surface. And if you want heavy industry, you're much more likely to want to target something like, I don't know, 16 Psyche, a metal-rich asteroid that has something like a quadrillion dollars worth of heavy elements.
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																																			Since the moon isn't likely to be that great of an industrial hub, and isn't likely to be a useful jumping-off point for further exploration, that leaves creating bases on the moon just for the sake of creating them on the moon.

So why don't we just leave it alone? Consider a desolate place on our own planet, the Atacama Desert. Aside from some limited mining operations, there isn't much there anyway that's worth the time and cost it takes to get to it. The same goes for Antarctica, which has an abundance of...ice...and....penguins, neither of which are in high demand in the global market. It's easy to make those places nature reserves because they don't have much attention from commercial interests anyway.

Instead, the mountain peaks of the Atacama are home to some of the world's most advanced observatories, like the ALMA array and the upcoming Giant Magellan Telescope. And Antarctica is home to many research stations and bases, including at the South Pole itself, which serves as an excellent astronomical Observatory.

These places are desolate, barren, and beautiful in their own ways. And we intentionally keep them that way, so that we can enjoy them as they are, not as they used to be.
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                In this artist's concept, Europa Clipper's radar antennas -- seen at the lower edge of the solar panels -- are fully deployed. The antennas are key components of the spacecraft's radar instrument, called REASON. Credit: NASA/JPL-Caltech
            
        

    


As it soared past Mars in March, NASA's Europa Clipper conducted a critical radar test that had been impossible to accomplish on Earth. Now that mission scientists have studied the full stream of data, they can declare success: The radar performed just as expected, bouncing and receiving signals off the region around Mars' equator without a hitch.



										      
																																	Called REASON (Radar for Europa Assessment and Sounding: Ocean to Near-surface), the radar instrument will "see" into Europa's icy shell, which may have pockets of water inside. The radar may even be able to detect the ocean beneath the shell of Jupiter's fourth-largest moon.

"We got everything out of the flyby that we dreamed," said Don Blankenship, principal investigator of the radar instrument, of the University of Texas at Austin. "The goal was to determine the radar's readiness for the Europa mission, and it worked. Every part of the instrument proved itself to do exactly what we intended."

The radar will help scientists understand how the ice may capture materials from the ocean and transfer them to the surface of the moon. Above ground, the instrument will help to study elements of Europa's topography, such as ridges, so scientists can examine how they relate to features that REASON images beneath the surface.

Limits of Earth

Europa Clipper has an unusual radar setup for an interplanetary spacecraft: REASON uses two pairs of slender antennas that jut out from the solar arrays, spanning a distance of about 58 feet (17.6 meters). Those arrays themselves are huge--from tip to tip, the size of a basketball court--so they can catch as much light as possible at Europa, which gets about 1/25th the sunlight as Earth.
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                Europa Clipper's radar instrument received echoes of its very-high-frequency radar signals that bounced off Mars and were processed to develop this radargram. What looks like a skyline is the outline of the topography beneath the spacecraft. Credit: NASA/JPL-Caltech/UT-Austin
            
        

    



The instrument team conducted all the testing that was possible prior to the spacecraft's launch from NASA's Kennedy Space Center in Florida on Oct. 14, 2024. During development, engineers at the agency's Jet Propulsion Laboratory in Southern California even took the work outdoors, using open-air towers on a plateau above JPL to stretch out and test engineering models of the instrument's spindly high-frequency and more compact very-high-frequency antennas.

But once the actual flight hardware was built, it needed to be kept sterile and could be tested only in an enclosed area. Engineers used the giant High Bay 1 clean room at JPL, where the spacecraft was assembled, to test the instrument piece by piece. To test the "echo," or the bounceback of REASON's signals, however, they'd have needed a chamber about 250 feet (76 meters) long--nearly three-quarters the length of a football field.


																																						
    
     




																																			Enter Mars

The mission's primary goal in flying by Mars on March 1, less than five months after launch, was to use the planet's gravitational pull to reshape the spacecraft's trajectory. But it also presented opportunities to calibrate the spacecraft's infrared camera and perform a dry run of the radar instrument over terrain NASA scientists have been studying for decades.

As Europa Clipper zipped by the volcanic plains of the Red Planet--starting at 3,100 miles (5,000 kilometers) down to 550 miles (884 kilometers) above the surface--REASON sent and received radio waves for about 40 minutes. In comparison, at Europa the instrument will operate as close as 16 miles (25 kilometers) from the moon's surface.
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                Europa Clipper's radar instrument received echoes of its very-high-frequency radar signals that bounced off Mars and were processed to develop this radargram. What looks like a skyline is the outline of the topography beneath the spacecraft. Credit: NASA/JPL-Caltech/UT-Austin
            
        

    



All told, engineers were able to collect 60 gigabytes of rich data from the instrument. Almost immediately, they could tell REASON was working well. The flight team scheduled the full dataset to download, starting in mid-May. Scientists relished the opportunity over the next couple of months to examine the information in detail and compare notes.

"The engineers were excited that their test worked so perfectly," said JPL's Trina Ray, Europa Clipper deputy science manager. "All of us who had worked so hard to make this test happen--and the scientists seeing the data for the first time--were ecstatic, saying, 'Oh, look at this! Oh, look at that!' Now, the science team is getting a head start on learning how to process the data and understand the instrument's behavior compared to models. They are exercising those muscles just like they will out at Europa."

Europa Clipper's total journey to reach the icy moon will be about 1.8 billion miles (2.9 billion kilometers) and includes one more gravity assist--using Earth--in 2026. The spacecraft is currently about 280 million miles (450 million kilometers) from Earth.
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The global race to space isn't just about big countries
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                Indian LVM3 M3 on the SLP with 36 OneWeb satellites. Credit: Universe Today
            
        

    


The United States and China aren't the only powerful, wealthy nations in the world, and they're certainly not the only nations active in space. For example, there are the Russians, who are...kind of distracted at the moment, so for our purposes there really isn't much to talk about there.



										      
																																	It seems these days that everybody wants to get a piece of the moon for themselves, and many nations have either developed their own independent spacecraft, or taken up some rideshare options available on heavy-lift vehicles from the United States and China.

In 2007 JAXA, the Japanese space agency, launched a successful orbiter mission right around the same time that the Chinese were gearing up Chang'e 1, followed in 2008 by the Indian Space Agency's Chandrayaan-1 mission, which was mostly an orbiter but also technically landed on the moon because the mission had an impacter that crashed (on purpose) on the lunar surface.

In 2014, we had Luxembourg joining the party with the Manfred Memorial Moon Mission, named after the founder of the private company that led the mission who passed away in 2014. This mission rode along with Chang'e 5 on a Long March 3C rocket, and it successfully flew by the moon before entering an orbit that would end up sending the spacecraft crashing into the lunar surface in 2022 (we think, it's hard to check up on that kind of stuff). This mission was notable for two reasons: one, hello Luxembourg, and two, it was the first private lunar probe to successfully fly by the moon.

In 2019, the Israeli space agency tried to send a lander, Beresheet, to the moon, and while it technically did reach the lunar surface, it wasn't in the way they had hoped. The spacecraft, named after the first book of the Bible, suffered a failure of one of its gyroscopes during descent. Without the gyroscope, the spacecraft couldn't orient itself properly and crashed into the lunar surface. NASA's Lunar Reconnaissance Orbiter actually snapped a gruesome picture of the event.


																																						
    
     




																																			In 2019, the Indians got another orbiter around the moon, but their attempt at a lander and rover didn't quite make it, unfortunately.

More recently, other countries have sent flybys, orbiters, and landers, including South Korea, some more from Japan, the European Space Agency, Russia, Mexico, Pakistan, and the United Arab Emirates, with the usual mix of successes and failures (which is to say, a lot of failures). For example, in 2022, the Hakuto-R Mission, led by JAXA and including a rover developed by the United Arab Emirates, had a software bug that prevented it from accurately gauging its altitude from the lunar surface. Eventually its altitude reached 0, but not in a good way.

But still, no humans. It's hard to overstate just how much more difficult crewed missions to the moon are compared to robotic spacecraft. So far, only the United States and China have at least somewhat plausible plans for getting humans to the lunar surface in any somewhat plausible timeline. So what are these other nations and agencies left to do?

Pick a side, that's what.

Both nations have opened up their lunar programs to any partners willing to sign on (and follow the rules). This can go anywhere from a paid rideshare situation (we'll give you a fraction of our payload capacity in exchange for some cold hard cash) to deals to co-develop critical mission parts.
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																																			On the NASA side, the Artemis project includes the European Space Agency, JAXA, the German Aerospace Center, the Italian Space Agency, the Israel Space Agency, the Canadian Space Agency, and the space program of Dubai.

In addition to that, NASA is out there in the world trying to get as many people to sign onto the Artemis Accords, which is an update to the 1967 Outer Space Treaty that allows for countries to use the moon for more than just looking around (as in, mining it to make money) but still have everybody get along and not start any moon wars.

So far, 43 countries have signed the Accords, including Mexico, Canada, most South American countries, a good chunk of Europe, India, and Australia. The Accords state that they are "PRINCIPLES FOR COOPERATION IN THE CIVIL EXPLORATION AND USE OF THE MOON, MARS, COMETS, AND ASTEROIDS FOR PEACEFUL PURPOSES"--note the exception of the outer planets, so if you want to have your space wars, that's where they need to be.

One notable exception to the Artemis Accords? That's right: China. And Russia. So two notable exceptions, who, unsurprisingly, aren't so keen on a plan that essentially relies on trusting the United States.

In 2021, those two countries started their own party--nope, not the communist party, a space party--called the International Lunar Research Station, which on the surface is about co-creating a long-term lunar base, but since that's decades away it's really more about creating a counterweight to the Artemis hegemony.

And since then, they've got many other nations to sign on to their plans as well, including Azerbaijan, Belarus, Egypt, Nicaragua, Serbia, Pakistan, South Africa, Thailand, Venezuela, Kazakhstan, and...Senegal. Thank you, Senegal, I'm not sure what you're going to contribute, but we're glad to have you on board.

The Artemis project is always going to be led by American astronauts, and I'm sure that if China makes it back to the moon first, they're going to make sure it's one of their citizens to take that first step. But as plans develop and partners make their bids to be more valuable, you never know who might get to ride along and plant a flag of their own.
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