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        Drug-loaded nanoparticles can enhance precision and safety of ultrasound tumor treatment
        Researchers have created a new kind of nanoparticle that could make ultrasound-based cancer treatments more effective and safer, while also helping prevent tumors from coming back.

      

      
        MXene-antibody sensor enables low-cost, accurate vitamin D detection in remote regions
        An electrochemical sensor designed to address a global health issue that particularly impacts people in the Middle East and North Africa (MENA) has been created by a multidisciplinary team at KAUST. The sensor detects low vitamin D levels in blood samples, providing early warning of an essential vitamin deficiency that can have severe health consequences if left untreated.
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                Credit: Nano Letters (2025). DOI: 10.1021/acs.nanolett.5c01112
            
        

    


Researchers have created a new kind of nanoparticle that could make ultrasound-based cancer treatments more effective and safer, while also helping prevent tumors from coming back.



										      
																																	The study, published in the journal Nano Letters, explores a way to make high-intensity focused ultrasound less harmful to healthy tissues.

Oregon Health & Science University was the first hospital in Oregon to offer prostate cancer treatment using a robotic-assisted high-intensity focused ultrasound device. Researchers in the OHSU Knight Cancer Institute's Cancer Early Detection Advanced Research Center (CEDAR), wanted to improve a category of focused ultrasound known as mechanical tumor ablation.

This technique uses energy to destroy solid tumors without surgery. However, using focused ultrasound to treat solid tumors has two major challenges: it usually needs a lot of energy, which can create heat and harm healthy tissue, and even if the tumor is broken up, some cancer cells might survive and allow the cancer to come back.

"In this study, we developed a tiny particle--about a thousand times smaller than the width of a sheet of paper--that helps treat cancer more effectively," said Michael Henderson, B.A., the study's co-lead author.

"These nanoparticles are engineered with small bubbles on their surface. When targeted with focused ultrasound, the bubbles pop and release energy that helps destroy tumors more precisely," he said. "The particles are also coated with a special molecule called a peptide, which helps them stick to tumors and enter cancer cells more easily."


																																						
    
     




																																			To make the therapy even more powerful, the scientists also attached a potent chemotherapy drug to the peptide on the nanoparticle's surface. Li Xiang, Ph.D., a postdoctoral scholar with CEDAR and the study's other co-lead author, describes this method as a "one-two punch."

"The ultrasound physically destroys the tumor, and the drug helps eliminate any leftover cancer cells that might cause the tumor to return," she said.

In preclinical models of human melanoma, this combination led to deeper tumor destruction and more effective drug delivery than either treatment alone.

"Our nanoparticles reduce the energy needed for ultrasound treatment by up to 100-fold," Henderson said. "This allows us to use short ultrasound pulses to disrupt tumors mechanically, without overheating surrounding tissue."

When tested in mice with human melanoma tumors, the combined treatment--ultrasound plus the drug-loaded nanoparticles--led to significantly better outcomes than either treatment alone. In some cases, tumors completely disappeared and improved overall survival for more than 60 days with no major side effects observed.

The new platform could eventually be used for other treatments, including infections or cardiovascular disease, where a mix of mechanical and drug therapy could be helpful.

"What began in 2018 as research into nanoparticle-assisted tumor ablation has evolved into a multifunctional platform enabled by simple mixing--we're now excited to bring this into immunotherapy," said Adem Yildirim, Ph.D., the study's senior author and assistant professor of oncological sciences in the OHSU School of Medicine and the OHSU Knight Cancer Institute. "By combining focused ultrasound with smart drug delivery, we're seeing a promising new way to fight cancer more effectively and reduce the chance of it coming back."

Henderson said future combined treatments, in this case ultrasound and immunotherapy, could help go beyond what each therapy does on its own.
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                Li Xiang, Ph.D., postdoctoral scholar at the OHSU Knight Cancer Institute, and Michael Henderson, B.A., biomedical engineering Ph.D. student, are part of a team that developed a new nanoparticle that makes cancer treatment safer and more effective. Credit: OHSU / Christine Torres Hicks
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																																			Deep background at OHSU

Henderson is early in his career, but he has an unusually deep background at OHSU.

Henderson was born at OHSU Hospital in 1998 and raised by an OHSU-trained physician. He is now a Ph.D. student in biomedical engineering and a CEDAR member.

There were a few pitstops along the way for a bachelor's degree at Carroll College in Montana and a stint under the tutelage of Gaurav Sahay, Ph.D., in the OHSU/Oregon State University College of Pharmacy, but now he's back "home" at OHSU once again.

Henderson aspires to be a physician-scientist who can translate his research to the bedside for patients and currently is working under the guidance of Stuart Ibsen, Ph.D., and Yildirim, at OHSU. His work focuses on developing methods to improve the effectiveness of immunotherapies and enrich liquid biopsy using noninvasive responsive nanomaterials and protein blockers.

The new publication represents an important early milestone.

"While this work is still in the early stages, it lays the foundation for a new kind of nanoparticle-based therapy that could improve how we approach hard-to-treat tumors," he said.

In addition to Henderson, Xiang and Yildirim, OHSU co-authors on this study include Samuel Drennan, B.A., Sinan Sabuncu, Ph.D., and Jared Fischer, Ph.D.


																																																					
																				
																						More information:
												Li Xiang et al, Peptide Amphiphile-Nanoparticle Assemblies for Mechano-Chemo Combination Therapy, Nano Letters (2025). DOI: 10.1021/acs.nanolett.5c01112
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MXene-antibody sensor enables low-cost, accurate vitamin D detection in remote regions
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                A new highly sensitive electrochemical sensor, combining MXene 2D nanomaterials with vitamin D-selective antibodies, enables low-cost, rapid, and decentralized vitamin D detection in blood. Credit: KAUST (2025)
            
        

    


An electrochemical sensor designed to address a global health issue that particularly impacts people in the Middle East and North Africa (MENA) has been created by a multidisciplinary team at KAUST. The sensor detects low vitamin D levels in blood samples, providing early warning of an essential vitamin deficiency that can have severe health consequences if left untreated.



										      
																																	A paper describing this work is published in the journal Communications Materials.

"Vitamin D deficiency can result in broad health complications including cardiovascular disease, autoimmune disorders, neurodegenerative diseases and skeletal deformities," says Sharat Chandra Barman, a postdoc in the labs of Husam Alshareef and Dana Alsulaiman, the project's co-leaders. "Early diagnosis of vitamin D deficiency is crucial."

The body makes vitamin D in the skin when exposed to sunlight, but in hot regions of the world, people often minimize their sun exposure.

"Despite ample sunshine in Saudi Arabia and the MENA region, the prevalence of vitamin D deficiency is alarmingly high, making it a critical and often overlooked public health challenge," Alsulaiman says.

Around 80% of the region's population is deficient in vitamin D, and 16% of people in Saudi Arabia are severely deficient.

It is difficult to measure the essential vitamin at clinically relevant concentrations in a blood sample.

"The molecule's small size, low circulating concentrations in the blood, and its structural similarity to other biomolecules all present challenges," Alsulaiman says. As a result, vitamin D testing is typically carried out on specialized equipment only available in large urban centers.


																																						
    
     




																																			To create a simple yet accurate vitamin D testing device for use even in remote health care centers, the team created a novel electrochemical sensor that combined MXene 2D nanomaterials and vitamin D selective antibodies.

"MXenes have several features that suit biosensor applications," Barman explains. "They are biocompatible, possess excellent electrical conductivity, and their surface is covered with tunable chemical groups that can enable further device functionality to be incorporated."

The team used these chemical groups to attach vitamin D-binding antibodies to the MXene surface.

"Combining MXenes with antibodies resulted in a very sensitive and highly selective material for point-of-care vitamin D detection," Barman says. The team was able to show that when the antibodies on the device bound to vitamin D, the current flow through the biosensor fell measurably, with the size of the electrical response proportional to the concentration of vitamin D in the sample.

The sensor had a vitamin D detection limit of just 1 picogram per milliliter of sample, with a dynamic range of 0.1-500 nanograms per milliliter.

"This range effectively covers clinically relevant vitamin D levels, from deficiency to insufficiency, sufficiency, and toxicity ranges," Barman says. "The sensor also demonstrated high selectivity, showing minimal interference from non-target biomolecules like glucose, vitamin C, and vitamin B12."

"Our synergistic combination of MXenes and antibodies enabled us to develop a biosensing platform for vitamin D deficiency that is low-cost, rapid, and decentralized--this advances accessible health care solutions in line with the goals of Saudi's visionary Health Sector Transformation Program," Alsulaiman says.


																																																					
																				
																						More information:
												Sharat Chandra Barman et al, Antibody-functionalized MXene-based electrochemical biosensor for point-of-care detection of vitamin D deficiency, Communications Materials (2025). DOI: 10.1038/s43246-025-00756-9
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        Theoretical framework refines understanding of the strong nuclear force
        A new study published in Physical Review D titled, "Extending the Bridge Connecting Chiral Lagrangians and QCD Gaussian Sum-Rules for Low-Energy Hadronic Physics," offers significant advancements in the understanding of the strong nuclear force. This fundamental interaction is responsible for holding protons and neutrons together within atomic nuclei and plays a central role in the formation of matter.

      

      
        A superconducting diode: Researchers successfully control the direction of current in a superconductor
        What would happen if you combined the unparalleled efficiency of a superconductor with the flexibility and controllability of a semiconductor? Thanks to a new breakthrough in quantum materials, we may be getting an answer soon.

      

      
        Applicability of a key quantum law extended to simulation conditions for systems with long-range interactions
        By extending a key law in quantum information to systems with long-range interactions, RIKEN physicists have enhanced its usefulness. This advance could help to design better quantum computers.

      

      
        Naturally occurring clay material has sought-after properties for use in quantum technology
        In the future, quantum technology will become the standard for extremely fast computers. These kinds of machines will be important in everything from space technology to mineral exploration and the development of new medicines.

      

      
        Researchers establish fundamental limit on how light bosonic dark matter can be
        In a new study published in Physical Review Letters, scientists have estimated a new lower bound on the mass of ultra-lightweight bosonic dark matter particles.

      

      
        A new study provides insights into cleaning up noise in quantum entanglement
        Quantum entanglement--a connection between particles that produces correlations beyond what is classically possible--will be the backbone of future quantum technologies, including secure communication, cloud quantum computing, and distributed sensing. But entanglement is fragile; noise from the environment degrades entangled states over time, leaving scientists searching for methods to improve the fidelity of noisy entangled states.

      

      
        Scientists are developing machine learning tools for improving particle accelerator operations
        One of the things that makes the main particle accelerator at the U.S. Department of Energy's Thomas Jefferson National Accelerator Facility unique is that it was the first linear accelerator to deliver a continuous stream of electrons. Today, the accelerator's efficiency and stability are critical to groundbreaking experiments by nuclear physicists from around the world for probing the tiniest building blocks of matter.
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Theoretical framework refines understanding of the strong nuclear force
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                Inclusion of p[?]K intermediate states in the kappa ( K0*) correlator. Credit: Physical Review D (2025). DOI: 10.1103/PhysRevD.111.094023
            
        

    


A new study published in Physical Review D titled, "Extending the Bridge Connecting Chiral Lagrangians and QCD Gaussian Sum-Rules for Low-Energy Hadronic Physics," offers significant advancements in the understanding of the strong nuclear force. This fundamental interaction is responsible for holding protons and neutrons together within atomic nuclei and plays a central role in the formation of matter.



										    
																					Dr. Amir Fariborz, Professor of Physics at SUNY Polytechnic Institute, has co-authored the research, which builds on a theoretical bridge first proposed by Dr. Fariborz and his collaborators in 2016, which connects the complex world of hadrons (composite particles such as protons, neutrons, and mesons) with their underlying quark structure.

The current work enhances this framework by incorporating higher-order effects, which allow for more refined predictions and the potential to study more intricate subatomic phenomena. These include scalar and pseudoscalar mesons that possess hybrid quark-gluon structures and may exhibit mixing with glueballs, a type of particle hypothesized to be composed entirely of gluons.

This investigation falls within the broader field of hadronic physics, which intersects nuclear and particle physics and aims to decode how quarks, bound together by the strong interaction, form the hadrons observed in nature.

Although quantum chromodynamics (QCD), the theory describing strong interactions among quarks and gluons, is well understood at high energies, its behavior at lower energies remains a major theoretical challenge. Perturbative methods, which are effective in high-energy physics, do not work at these scales.

Dr. Fariborz's research directly contributes to addressing this gap, offering a theoretical structure that is consistent with experimental results and capable of evolving alongside future discoveries.


																														
																				
																						More information:
												Amir H. Fariborz et al, Extending the bridge connecting chiral Lagrangians and QCD Gaussian sum rules for low-energy hadronic physics, Physical Review D (2025). DOI: 10.1103/PhysRevD.111.094023
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A superconducting diode: Researchers successfully control the direction of current in a superconductor
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                Schematic of vortex-induced superconducting diode effect. Credit: Communications Physics (2025). DOI: 10.1038/s42005-025-02118-w
            
        

    


What would happen if you combined the unparalleled efficiency of a superconductor with the flexibility and controllability of a semiconductor? Thanks to a new breakthrough in quantum materials, we may be getting an answer soon.



										      
																																	In an article published in Communications Physics, a multi-institutional research team led by The University of Osaka announces the successful observation of the so-called superconducting diode effect in an Fe(Se,Te)/FeTe heterostructure. The paper is titled "A scaling relation of vortex-induced rectification effects in a superconducting thin-film heterostructure."

The article describes a series of experiments in which the material developed a preference for current to flow in a particular direction, a phenomenon known as rectification, under a broad range of temperature and magnetic fields.

Essentially, every electronic device in use today involves semiconductors, which can either inhibit or enhance the flow of electrons in one direction, allowing precise control over electrical signals.

A longtime goal of physicists has been to merge this technology with superconductors, which have effectively no electrical resistance and can thus transport charges with perfect efficiency. However, to date, success has been limited.

"When it comes to superconductors, the choice of material is critical," explains Junichi Shiogai. "Iron selenide telluride has ideal properties such as a high transition temperature, critical magnetic field, and critical current density. This means that the range of parameters for which the effect can appear is large, giving us the best chance for success."


																																						
    
     




																																			Indeed, when a magnetic field was applied to their system, there was a significant shift in current directionality. The effect also increased as the magnetic field strength was increased and as the temperature was decreased. By analyzing the data while these parameters were varied, the team was able to devise a coherent explanation for the effect.

"Until now, the mechanism of this effect has mostly been a mystery," says Shiogai. "Our experiments reveal that the pinning of quantum vortices generated by the magnetic field plays a crucial role."

The research team found that a strong spin-orbit interaction alters the asymmetric pinning potential so that vortices remain more stuck in one direction than the other, creating the breaking of symmetry needed to realize rectification. A strong linear correlation between the diode efficiency and the strength of polarization confirmed their hypothesis.

"We are optimistic that these results can be applied to develop an ideal rectification device that paves the way for ultra-low-energy electronics built from superconductors," says Shiogai. Thanks to the team's research, the future of such superconductors is indeed looking bright.


																																																					
																				
																						More information:
												Yusuke Kobayashi et al, A scaling relation of vortex-induced rectification effects in a superconducting thin-film heterostructure, Communications Physics (2025). DOI: 10.1038/s42005-025-02118-w
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Applicability of a key quantum law extended to simulation conditions for systems with long-range interactions
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                Ion traps such as the one shown here are one promising technology for developing quantum computers. Trapped ions are also an example of a long-range interacting system that the area law can be applied to. Credit: Andrew Brookes, National Physical Laboratory / Science Photo Library
            
        

    


By extending a key law in quantum information to systems with long-range interactions, RIKEN physicists have enhanced its usefulness. This advance could help to design better quantum computers.



										      
																																	The findings are published in the journal Physical Review Letters.

Compared with their classical counterparts, systems made up of many quantum particles--such as quantum computers--are horrendously complex to analyze and simulate. This complexity is due in part to the strong correlations between particles, which can act over long distances.

One helpful principle for understanding systems in which the quantum particles are split into two groups is the area law. It states that the amount of information shared between the two parts of a quantum system depends on the boundary between them rather than the total size of the two parts.

"This idea provides profound insights into how information is structured in nature and has far-reaching implications across physics, helping researchers explore phenomena ranging from exotic phases of matter to black holes," says Donghoon Kim of the RIKEN Center for Quantum Computing (RQC).

The area law simplifies the analysis of large quantum systems because it means it is not necessary to know all the details about the entire system, but just how the two parts are connected across their boundaries.

However, the area law has only been shown to apply to systems that have short-range interactions between their particles. That excludes many systems of great interest.

"In many important physical systems, particles interact with others far away--not just their neighbors," explains Kim. "These long-range interacting systems are essential for understanding both the large-scale structure of the universe and the behavior of complex quantum materials."


																																						
    
     




																																			Now, Kim, Tomotaka Kuwahara (also of RQC) and Keiji Saito of Kyoto University have shown that the area law at finite temperatures also applies to long-range interacting systems under certain conditions.

"Our result suggests that by carefully choosing meaningful and realistic assumptions, we can extend the reach of mathematical analysis into areas that were once thought to be out of bounds," says Kim.

The trio's achievement has important implications for practical applications of quantum systems such as quantum computers.

"We now have a much clearer understanding of when and how quantum systems can be simulated efficiently at finite temperatures," says Kim.

"This is especially relevant for quantum computing and quantum simulation, where managing entanglement and thermal correlations is a major challenge."

The result can help guide the design of algorithms and hardware by identifying the regimes where quantum information remains localized and tractable--even when long-range interactions are present, Kim notes.


																																																					
																				
																						More information:
												Donghoon Kim et al, Thermal Area Law in Long-Range Interacting Systems, Physical Review Letters (2025). DOI: 10.1103/PhysRevLett.134.020402. On arXiv: DOI: 10.48550/arxiv.2404.04172
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                Barbara Pacakova and Jon Otto Fossum are part of an international research group that has come up with very interesting results which can help us on the path to new technology. This photo is from SNBL-ESRF Grenoble France. Credit: NTNU/SNBL-ESRF
            
        

    


In the future, quantum technology will become the standard for extremely fast computers. These kinds of machines will be important in everything from space technology to mineral exploration and the development of new medicines.



										    
																																	"Quantum technology is often associated with synthetic materials that have been developed in advanced, completely clean environments," says Professor Jon Otto Fossum from NTNU's Department of Physics.

But Fossum and colleagues have good news.

"We have found a naturally occurring clay material with sought-after properties for use in quantum technology," says Fossum.

The material is thus both cheap and easily available, straight from nature.

"What we found is essentially a quantum-active component formed by nature. It is stable, non-toxic, abundant, and appears in a structure that is already usable--especially exciting in the context of sustainable materials," says Barbara Pacakova, a researcher at NTNU's Department of Physics at NTNU.

She is the first author of a paper published in npj 2D Materials and Applications.
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                Macroscopic and crystal structure of vermiculite. Credit: npj 2D Materials and Applications (2025). DOI: 10.1038/s41699-025-00561-5
            
        

    




Three things at once

So why is this so promising? Well, the clay material is practically two-dimensional, and in this case, is a semiconductor and is antiferromagnetic. And what does that mean?


	Two-dimensional fabrics are fundamentally important when everything is at an extremely small scale. Quantum technology is technology at the atomic level and below.

	Semiconductors are substances that are good at conducting electricity under some conditions, but are not good at conducting electricity under others. They are widely used in electronics and photonics.

	Antiferromagnetic substances are not magnetic in the traditional sense, but they are magnetic nonetheless. They are magnetic in two directions at the same time, and thus they cancel each other out. If you can influence this magnetism, it is useful and central to quantum technology.

	This amounts to three good things at once, and the material is also environmentally friendly.




																																						
    
     




																																			A quantum leap in clay

The researchers have called it "a quantum leap in clay." A quantum leap is technically a very small leap, even though it is used in everyday speech to mean great progress. In this context, it is both.

But even though the material is found in nature, it will still have to be made useful in high-tech environments. It is not just a matter of shoveling the clay directly out of the ground and then using it in quantum computers or in photonics.

"Advanced methods are still needed to extract the material, examine it and find out how it can be used in technology," says Pacakova.

To study these thin clay layers, researchers have to use specialized equipment in laboratories that is accurate and reliable. If the material is going to be used in new products one day, it may still be necessary to have a very clean and controlled environment, such as in a laboratory cleanroom.

Not perfect at room temperature

"The material is also not antiferromagnetic at room temperature. But its characteristics suggest that the material may have an impact on the technology of the future, such as in spintronics, photonics, magnetic sensors and computers that mimic the human brain," says Fossum.

Fossum heads the Soft and Complex Matter Lab at NTNU, where much of the work on the new material has been carried out.

"Our laboratory has a special approach. We don't just look for flawless materials created in laboratories, but look for natural materials that can also be used. This allowed us to identify this material," says Fossum.
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																																			International cooperation

The findings are the result of an international partnership led by the Norwegian University of Science and Technology (NTNU), in close collaboration with physicists at the Universidade de Sao Paulo (USP) in Brazil, the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, and Univerzita Karlova in Prague, Czech Republic.

The NTNU team consists of six researchers. Four are women who are early in their careers. Fossum and Pacakova say these results show the importance of supporting up-and-coming researchers through mentor programs such as NTNU offers.

"Not only are these exciting scientific results. It shows what talented researchers can achieve early on when they are only given the opportunity," Fossum and Pacakova said.


																																																					
																				
																						More information:
												Barbara Pacakova et al, Naturally occurring 2D semiconductor with antiferromagnetic ground state, npj 2D Materials and Applications (2025). DOI: 10.1038/s41699-025-00561-5
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                Visualization of a dark matter wave function density reconstructed from Leo II observations. Credit: Physical Review Letters (2025). DOI: 10.1103/PhysRevLett.134.151001
            
        

    


In a new study published in Physical Review Letters, scientists have estimated a new lower bound on the mass of ultra-lightweight bosonic dark matter particles.



										      
																																	Purported to make up about 85% of the matter content in the universe, dark matter has eluded direct observation. Its existence is only inferred by its gravitational effects on cosmic structures.

Because of this, scientists have been unable to identify the nature of dark matter and, therefore, its mass. According to our current model of quantum mechanics, all fundamental particles must be either fermions or bosons.

Previous work has successfully established the lower bound on dark matter's mass (if it is fermionic) using Pauli's exclusion principle.

Pauli's exclusion principle prevents two fermions (electrons, protons, neutrons) from occupying the same quantum state simultaneously. However, this doesn't apply to bosons (photons, gluons, Higgs particles).

Phys.org spoke to the first author of the study, Tim Zimmermann, a Ph.D. candidate at the Institute of Theoretical Astrophysics, University of Oslo.

Zimmermann said, "Through the lens of astrophysics, a productive way to constrain the properties of dark matter is to extract from observations what it is not. In this work, we establish a new fundamental limit on the mass of the dark matter particle, assuming it falls into the ultralight boson category."

According to their study, the mass of ultralight bosonic dark matter must be more than 2 x 10-21 electron volts (eV), 100 times more than previous estimates using Heisenberg's uncertainty principle.


																																						
    
     




																																			Kinematical observations of Leo II

The team's method focuses on the data of Leo II, the Milky Way's satellite galaxy. It is a dwarf galaxy 1,000 times smaller than the Milky Way.

"What we need is a single snapshot of how Leo II looks. Interpreting this snapshot then turns out to be quite simple because it is a close neighbor of the Milky Way, and thus, does not require us to model additional things such as the expansion of the universe to interpret this snapshot," said Zimmermann.

By studying the movement of the stars within Leo II, researchers can infer how dark matter is distributed within the galaxy. This is because the stars' movements are governed by the gravitational influence of the total mass of the galaxy, including dark matter.

"We leverage everything we know about Leo II, especially how it looks internally. We go the extra mile and solve Schrodinger's equation to determine every possible state dark matter can exist in. Our result is data-exhaustive and only uses first-principle physics," explained Zimmermann.

The team created 5,000 possible dark matter density profiles that are consistent with the observed stellar kinematics in Leo II. For this, they used a Markov-chain-Monte-Carlo sampler tool called GRAVSPHERE that solves the Jeans equation to infer the density profile of dark matter.

They then compared these observation-based profiles with density profiles created by quantum wave functions representing dark matter of different possible masses.
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																																			Establishing a lower bound and mixed dark matter

The researchers found that when the dark matter particle is too light (below 2.2 x 10-21 eV), the quantum wave functions cannot reproduce the observed dark matter density distribution due to fundamental limitations from the uncertainty principle.

The uncertainty principle limits how precisely the position and momentum of a particle can be known simultaneously.

In the case of very light dark matter particles, this creates a quantum fuzziness, where they behave more like waves than localized particles. This quantum fuzziness would prevent dark matter from being concentrated in small regions.

The researchers developed a computational tool called JAXSP to establish their results. The tool allowed them to reconstruct the wave functions of dark matter particles and determine if they could reproduce the ones observed in the density profiles of Leo II.

Through statistical analysis, they could identify the point at which the particle mass became too small to account for the observed galaxy structure.

Compared to previous studies, the researchers improved the lower bound on dark matter mass by two orders of magnitude.

The findings have significant implications for popular ultralight dark matter models, particularly fuzzy dark matter, which typically proposes particles with masses around 10-22 eV.


																																						
    
     




																																			"Fuzzy dark matter at 10-22 eV was already under heavy pressure by an array of independent studies prior to our work," stated Zimmermann.

"What has changed is that we can now draw this conclusion more confidently, simply because even if you don't invoke all these fancy models for how the universe expands, how gas absorbs light, or how stars evolve over millions of years, our result still rules out vanilla fuzzy dark matter."

Looking ahead, the team is keen to explore mixed dark matter models.

"An increasingly popular idea in the dark matter phenomenology community is mixed dark matter, the idea that dark matter is not just made out of one particle with one mass, but many particles with different masses," explained Zimmermann.

"Extending our analysis to this scenario, providing a robust limit for mixed dark matter only relying on local universe information, is a natural step forward."
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                Researchers found that no universal entanglement purification protocol is guaranteed to improve fidelity of entangled states in all possible quantum systems. Credit: Zhong Lab
            
        

    


Quantum entanglement--a connection between particles that produces correlations beyond what is classically possible--will be the backbone of future quantum technologies, including secure communication, cloud quantum computing, and distributed sensing. But entanglement is fragile; noise from the environment degrades entangled states over time, leaving scientists searching for methods to improve the fidelity of noisy entangled states.



										      
																																	Now, researchers at the University of Chicago Pritzker School of Molecular Engineering (UChicago PME), University of Illinois Urbana-Champaign, and Microsoft have shown that it is fundamentally impossible to design a single one-size-fits-all protocol to counteract that noise.

"In quantum information, we often hope for a protocol that works in all scenarios--a kind of cure-all," said Asst. Prof. Tian Zhong, senior author of the new work published in Physical Review Letters. "This result shows that when it comes to purifying entanglement, that's simply too good to be true."

The findings, he said, instead highlight the importance of tailoring noise-minimizing solutions to specific quantum systems.

Searching for solutions

To counteract the degradation of entangled states due to noise, scientists often use entanglement purification protocols (EPPs), which combine multiple imperfect entangled pairs to try to extract fewer pairs with less noise. But the team knew that certain systems are hard to cleanse of noise--often because the input states of EPPs are almost never identical in reality. Entanglement states vary based on how and when they are created, stored, and processed.

Graduate student Allen Zang from UChicago PME, and Xinan Chen from UIUC are the co-first authors of this paper.

"We knew that existing input-independent protocols are not guaranteed to improve the fidelity of the entangled states," said Zang.

"We wondered whether there was any possible protocol that could always guarantee improvements, a property we call universality," said Chen.

Zang, Chen and their colleagues began by tackling the question within a set of broadly-used EPPs, applying the protocols to known quantum operations. However, the idea of "universality" failed. Surprised, they broadened their analysis to all mathematically possible purification methods allowed under the rules of quantum mechanics.

Still, the result held: No universal EPP is guaranteed to improve fidelity of entangled states in all possible quantum systems.

"Importantly, we're not saying purification protocols don't work," said Eric Chitambar, Assoc. Professor of Electrical and Computer Engineering at UIUC. "But no single method works in all cases."


																																						
    
     




																																			A fundamental limit

The work carries real implications for the design of quantum communication networks, where entangled states must be generated, stored, and transmitted over long distances. In these systems, blindly applying a purification protocol--without knowing the exact state of the system--can backfire.

Instead, the authors say, the results offer guidance: rather than seeking a universal solution, researchers should focus on tailoring error management strategies to the specific systems and error models they're working with.

"This result tells us not to waste time searching for a protocol that doesn't exist, and instead put more emphasis on understanding the unique characteristics of specific quantum systems," said Martin Suchara, Director of Product Management at Microsoft, one of the co-authors.

The team is now exploring how this kind of theoretical boundary might apply to other quantum resources. They're also investigating whether customized purification methods could still be developed for systems with well-understood errors--or whether a nearly universal method might exist under stricter constraints.


																																																					
																				
																						More information:
												Allen Zang et al, No-Go Theorems for Universal Entanglement Purification, Physical Review Letters (2025). DOI: 10.1103/PhysRevLett.134.190803. On arXiv: DOI: 10.48550/arxiv.2407.21760
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                Scientists are developing artificial intelligence and machine learning tools for improving the operations of particle accelerators, such as with Jefferson Lab's Continuous Electron Beam Accelerator Facility. Credit: Jefferson Lab photo/Aileen Devlin
            
        

    


One of the things that makes the main particle accelerator at the U.S. Department of Energy's Thomas Jefferson National Accelerator Facility unique is that it was the first linear accelerator to deliver a continuous stream of electrons. Today, the accelerator's efficiency and stability are critical to groundbreaking experiments by nuclear physicists from around the world for probing the tiniest building blocks of matter.



										      
																																	But when anomalies arise in the accelerator, they can cause these continuous electron beams to switch off automatically, just like flipping a circuit breaker. That's a costly consequence when every moment of scheduled experiment time--called beamtime--is precious.

Now, scientists are using advanced computing techniques to help identify these anomalies early, and perhaps even before the beam shuts off. The end goal is more beamtime for experiments and less time spent tracking down issues.

One of the biggest contributors to this downtime are issues that may arise with the underlying technology that powers the accelerator: superconducting radiofrequency (SRF) cavities. SRF cavities propel the powerful electron beam used to reveal the interior world of the nucleus.

And thanks to its more than 400 SRF cavities, the lab's Continuous Electron Beam Accelerator Facility (CEBAF) is extremely efficient. However, the technology does have the potential to suffer from unique issues that can limit that efficiency.

Jefferson Lab scientists have wrapped up three research projects that demonstrate ways in which artificial intelligence (AI) and machine learning (ML) could be used to make SRF particle accelerators even more efficient.

The first project continued a line of research to use ML to identify SRF anomalies in real time so they can be addressed quickly. Another focused on the possibility of predicting the anomalies in advance. And the final project was aimed at lowering the levels of a damaging type of radiation that can develop inside the cavities during operations.


																																						
    
     




																																			"Each project addresses a different challenge associated with operating a large-scale SRF accelerator like CEBAF," said Chris Tennant, a senior staff scientist at Jefferson Lab. Tennant is exploring applications of artificial intelligence for CEBAF and served as the overall principal investigator for the three projects.

"Collectively," he said, "this research presents a path toward a more stable and efficient accelerator, ensuring Jefferson Lab can maximize scientific output and maintain its leadership in nuclear physics research."

These projects build on work that a small team at Jefferson Lab began back in 2018 to explore how machine learning techniques could help classify cavity fault data. Their initial work proved so successful that the team developed a proposal not just to classify faults after they occurred, but to predict them in advance.

Tennant's Jefferson Lab colleagues Dennis Turner, Riad Suleiman and Adam Carpenter strengthened that proposal by contributing two additional research concepts aligning with the broader objective of optimizing SRF operations through AI.

The projects kicked off in the fall of 2020, persevered through challenges of remote work, supply chain issues and rising costs of hardware, and recently culminated in the results being published by three distinguished peer-reviewed publications that Tennant said represent "a fitting capstone to the project."
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																																			Detecting unstable cavities

CEBAF, a DOE Office of Science user facility, was the world's first large-scale application of SRF technology. It uses a pair of SRF linear accelerators, or linacs, configured like an underground racetrack, to deliver a high-energy beam of polarized electrons.

The beam shoots at near light-speed through super-cooled cryomodules--each containing eight SRF cavities--to blast into a chosen target in one of four experimental halls.

Scientists learn more about the structure of the nucleus by studying the fundamental particles that cascade downstream from the collisions.

Maintaining stability in SRF cavities is a never-ending challenge. Even when instability doesn't cause the beam to trip, it can have other adverse impacts across the linacs.

"Their erratic behavior can disrupt accelerator operations, reducing beamtime and affecting the quality of research outcomes," said Hal Ferguson, a graduate student at Old Dominion University (ODU) in Norfolk and Turner's project assistant for this particular project.

"Such events account for approximately 15% of operational time and cause delays in research activities and data collection. An unstable cavity can result in trips that occur several times per hour until identified."

Ferguson's expertise lies in using machine learning models to detect anomalies in cybersecurity systems. For this project, he developed machine learning techniques to focus on detecting instabilities and anomalous behavior.


																																						
    
     




																																			As a part of this effort, Jefferson Lab's engineering staff developed a speedier high-frequency data acquisition system that samples cavity behavior at 5 kHz, or 5,000 times per second--significantly faster than the traditional 1 Hz sampling rate of once per second. This allowed them to capture transient events and subtle anomalies in real time that would otherwise go unnoticed.

They then applied principal component analysis, an unsupervised machine learning technique, to analyze this data and help identify anomalous behaviors by learning the normal operational patterns of cavities.

"The big picture is that we use a machine learning model to learn what 'normal' looks like for each cavity," Ferguson said. "Then, by continuously comparing new data to that baseline, the system can identify when a cavity is behaving normally or not.

"The success of our system suggests a strong case for incorporating high-frequency data acquisition and real-time ML analytics into future accelerator design," Ferguson said.

The system was deployed and used in CEBAF, but it was exercised for only a few weeks during the last operational run in spring 2024. It's now online for the 2025 scheduled experimental runs.

Their paper, "Detecting Anomalous SRF Cavity Behavior with Unsupervised Learning," was published in Physical Review Accelerators and Beams.


																																			Predicting faults

The ability to predict a cavity fault offers the invaluable chance to intervene and launch mitigation strategies to prevent beam downtime in the first place.

Md Monibor Rahman, a doctoral candidate in the Vision Lab of the Department of Electrical and Computer Engineering at ODU, worked with Tennant on proof-of-concept modeling for this second project.

According to Rahman, successfully predicting faults is tricky. It involves analyzing several different signals from each SRF cavity to distinguish between normal operation and a fault. The signatures of a pre-fault can vary from one cavity to the next, so each monitored cavity must have its own unique model.

While some faults develop gradually, others pop up suddenly with no obvious warning signs, so the team had to focus on predicting slow-developing faults. Because mistakenly predicting a fault can trigger unnecessary interventions, it's critical to strike the right balance on what constitutes a pre-fault and what doesn't.

Their project involved collecting and curating large datasets of normal and pre-fault cavity signals, preprocessing the data, and training a model to distinguish between stable and pre-fault conditions.

Tennant indicated that the system isn't deployable at CEBAF currently because of fundamental hardware limitations. For instance, the SRF cavities aren't designed to provide the type of real-time streaming data that would be needed to use the system during operations.

The team used, instead, data from two different periods of CEBAF running to create a separate dataset intended to mimic what the model would see if deployed in CEBAF.

The results were a triumph.

"The fault prediction model was able to correctly predict 80% of slowly developing SRF cavity faults while maintaining a 99.99% accuracy in identifying normal operating conditions," said Rahman. "This validated the model's ability to distinguish between normal and faulty conditions in a highly imbalanced dataset, proving its potential for real-time deployment."

Their paper, "Accelerating Cavity Fault Prediction Using Deep Learning at Jefferson Laboratory," appeared in the journal Machine Learning: Science and Technology in 2024.


																																						
    
     




																																			Managing field emission

One major limiting factor in operating SRF cavities is field emission. Field emission consists of electrons that are inside the accelerator but are not part of the tightly controlled electron beam itself.

These rogue electrons can trigger adverse radiation inside the machine, which may interfere with the electron beam, damage particle accelerator components or infrastructure, or create hot spots that continue to emit radiation. For instance, activation from neutron radiation generated by field-emitted electrons may cause hazards for days, weeks or months after SRF operations have ceased.

A major source of field emission is electrons originating at the SRF cavity walls. When CEBAF is running, operators control how much voltage is provided to each cavity for accelerating the beam. Field-emitted electrons may originate from a cavity when its voltage is raised too high. The voltage that triggers field emission in a cavity varies based on the cavity's unique history and characteristics.

Currently, operations staff manage field emission by manually adjusting cavity voltages across all 416 cavities in CEBAF and watching the radiation levels.

Once they identify which cavities are causing radiation, they lower the voltage in the offending cavity and raise voltages across other cavities to compensate for the energy loss. This continues throughout a scheduled accelerator run, as field emission may pop up unexpectedly at any time.


																																			Carpenter and Suleiman headed this project. Carpenter is an expert in computer science and machine learning who has been with the lab's Accelerator Operations group for nearly 15 years, while Suleiman is a staff scientist in Jefferson Lab's Center for Injectors and Sources.

They brought in Steven Goldenberg, now in his third year as a postdoctoral fellow in the lab's Data Science department focusing on machine learning with applications in accelerators and particle physics.

The team tackled the problem by setting different voltage levels across the linac and measuring the radiation response. Then they trained a collection of machine learning surrogate models for each radiation detector and used an offline optimization algorithm to determine the voltage settings for reducing radiation while still giving experimenters the beam they needed. Then these settings were put into action on the linac.

The models were a success.

In one proof-of-concept demonstration, the team found they could lower radiation by as much as 45% from where CEBAF was currently operating--evidence that well-established machine learning tools can be harnessed to model and minimize field emission without continuous manual intervention.

They are now determining how best to incorporate their work into particle accelerator operations.

Their findings, "Data-Driven Gradient Optimization for Field Emission Management in a Superconducting Radio-Frequency Linac," were recently published in Physical Review Accelerators and Beams.


																																																					
																				
																						More information:
												Hal Ferguson et al, Detecting anomalous SRF cavity behavior with unsupervised learning, Physical Review Accelerators and Beams (2025). DOI: 10.1103/PhysRevAccelBeams.28.034602

Md M Rahman et al, Accelerating cavity fault prediction using deep learning at Jefferson Laboratory, Machine Learning: Science and Technology (2024). DOI: 10.1088/2632-2153/ad7ad6

S. Goldenberg et al, Data-driven gradient optimization for field emission management in a superconducting radio-frequency linac, Physical Review Accelerators and Beams (2025). DOI: 10.1103/PhysRevAccelBeams.28.044603
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