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				Our Name

				During World War II, all that the outside world knew of Los Alamos and its top-secret laboratory was the mailing address—P. O. Box 1663, Santa Fe, New Mexico. That box number, still part of our address, symbolizes our historic role in the nation’s service.

			

		

		
			
				 LogoLaboratory Directed Research and Development (LDRD) is a competitive internal program by which Los Alamos National Laboratory is authorized by Congress to invest in research and development that is both highly innovative and vital to national interests. Whenever 1663 reports on research that received support from LDRD, this logo appears at the end of the article.
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				This year is the 50th anniversary of the Los Alamos Neutron Science Center (LANSCE). Louis Rosen, pictured here in 1962 with a model of the yet-unbuilt facility, is considered the “father”  of LANSCE. Rosen came to Los Alamos to contribute to the Manhattan Project as a 26-year-old graduate student, and then stayed on after the war. Aware that Lab Director Norris Bradbury wanted to diversify research at the Laboratory, Rosen suggested the Lab build a high-intensity linear particle accelerator to enable a state-of-the-art nuclear science facility and maintain cutting-edge expertise in nuclear physics. LANSCE opened (as the Los Alamos Meson Physics Facility) in 1972. Rosen worked at LANSCE for the rest of his career and was still working just days before his death in 2009. Read about some LANSCE experiments in Capturing Neutrons in the Desert on page 4, and overall capabilities at LANSCE in 50 Years of Beaming on page 18. 

			

		

		
			[image: 1663]
		

	
		
			[image: A black and white aerial photo of a crater.]
		

		
			
				[image: ]
			

			
				[image: ]
			

			
				[image: ]
			

		

		
			[image: A close-up photo of trinitite.]
		

		
			
				Aerial view of the Trinity Site in southern New Mexico on the day after the 1945 test.

			

		

		
			
				RADIOCHEMISTRY

				Revising Trinity

				The first-ever nuclear test has been recalculated.

				In the lead up to the 1945 Trinity test, there was disagreement among Manhattan Project scientists about what to expect. Some predicted the first-ever nuclear test would produce a blast equivalent to less than one kiloton (kt) of TNT, some predicted as high as 45 kt TNT, and some wondered if it might not work at all. It did work. But to quantify just how well, the scientists who invented the device itself also had to invent ways of measuring its yield, or the total energy released, and there was also disagreement about the best way to do that. 

				The subfield of chemistry that focuses on radioactive elements and their isotopes is called radiochemistry, and it was one of many ways that the Trinity test was measured. Radiochemical analysis done at the time compared the total number of fissions in samples from ground zero to the amount of residual plutonium, the unfissioned fuel, to determine the efficiency and thus the yield. Based on this and other methods, the official yield was declared in 1945 to be 18.6 kt TNT. Eighteen years later, in 1963, Los Alamos and the Atomic Energy Commission officially revised the number based on more compre-hensive analyses to 21 kt TNT. Now, based on a 2021 assessment, a further revision may be warranted.

			

		

		
			
				“Radiochemistry was a key development,” explains Los Alamos chemist Hugh Selby, who leads the Lab’s radiochemical assessment team. “It was then and remains today a primary diagnostic for nuclear tests.”

				After Trinity, the surface of the ground was covered in a never-before-seen greenish glassy material—the desert dirt had melted and fused, imbued with radioactive elements from the blast. The scientists named the glassy material “trinitite.” 

				Original trinitite samples were recently brought out of storage and subjected to new analytical methods by a team at Los Alamos, led by chemist Susan Hanson. The scientists concluded the Trinity yield was actually 24.8 ±2 kt TNT.

				The team used extinct radionuclides—radioactive elements that have become nonradioactive elements—to “resurrect” the original fission fragments. When a plutonium atom undergoes fission, short-lived species like zirconium-95 or zirconium-97 (95,97 Zr, collectively) are produced, but they don’t last. Once fixed in a piece of trinitite, these fragments decay stepwise until they become stable, non-radioactive isotopes of another element, molybdenum-95 or molybdenum-97 (95,97Mo, collectively), in this example.

				Naturally occurring 95,97Mo is every-where in trace amounts, but the gradual decay of 95,97Zr after the Trinity test caused a minuscule shift in the proportion of 95,97Mo at that location, making it ever so slightly more abundant than it would otherwise be. The increase is only a few hundredths of a percent. 

			

		

		
			
				Hanson’s team used extremely advanced chemistry and high-precision analysis to measure the increase precisely enough to deduce the test yield.

				“The unique radiochemistry capability at Los Alamos is world class,” says Hanson. “Weapons radiochemistry was largely invented here. We’re standing on the shoulders of giants, and we’re always trying to improve.”

				Hanson’s team used advanced sepa-rations chemistry to remove interfering background elements—all those atoms of desert floor that melted into trinitite—leaving only the elements that came from the test itself. Then they conducted high-precision mass spectrometry—a technique that separates ions according to mass and charge—to determine which isotopes of which elements were left, and in what proportions.

				Within two years after the Trinity test, any 95,97Zr produced would have decayed into 95,97Mo, so that’s what Hanson’s team needed to quantify. The amount of present-day 95,97Mo correlates to the amount of short-lived 95,97Zr, which in turn correlates to the number of plutonium atoms that fissioned on that summer morning in 1945.

				“It’s important not just from a historical perspective,” says Selby. “We stopped doing 

			

		

		
			
				Trinitite like this, formed of fused earth from the test site, was recently reanalyzed by the Los Alamos team.
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				we could use turtle shells to do the same thing that people have attempted with tree rings, I thought, ‘that’s kind of interesting, we could give it a go’.” 

				Inglis points out that tree rings do not become inert with time, and thereby allow the migration of radionuclides throughout the tissues of the tree. Turtle shells, by contrast, are excellent recorders of the pollutants in their environment because the elements are locked in the inert keratin layer in which they were first deposited. He says, “I think our ability to look at the ecology of areas with turtles and see how the isotopes in that particular region change over time is going to open up new understanding of how uranium and other isotopes impact the environment.”

				The team began by using shells of deceased turtles from museums and other natural-history collections. Conrad notes that the turtle samples show no evidence of any detrimental health effects from environ-mental radiation. “One of the samples was a box turtle collected in 1962 from Oak Ridge. We found a clear record of anthropogenic uranium contamination,” he says. Oak Ridge, Tennessee, is home to Oak Ridge National Laboratory, which has been a major center of nuclear energy research since 1942.

				Another turtle sample was collected south of the Trinity Site at White Sands Missile Range in 1947. “It was born in the late 1930s and lived through the Manhattan Project,” Inglis says. “I’m excited to see if we find a signature asso-ciated with the Trinity test.”

				Two advantages of using turtles and tortoises for the study is that they can be found just about everywhere, and they have long lives. “Long-lived animals provide a way of concentrating past exposures over time and therefore can tell us about which radionuclides, and how much of them, may be in a particular location or time period,” says Jeanne Fair, a Lab biologist and co-investigator on the study.  “Often, long-lived tortoise species live in the same dry desert regions where nuclear testing was done, both in the U.S. and abroad. Measuring radionuclides in animals at different ages can be a way of assessing how much radiation is still being picked up from these environments.”

				The researchers say they aren’t certain whether radioactive signatures in turtle shells come from the animals having ingested isotopes in food or water or just from environmental exposure. “Turtles are passive collectors of information,” explains Inglis. “They’re just out there foraging in the 

			

		

		
			
				environment and collecting this information without even knowing it.” 

				Now that the Los Alamos team has proven that the approach works with archival samples, the next step is to collect live samples including box turtles from around the Trinity Site, desert tortoises from the Nevada National Security Site, and sea turtles from the Marshall Islands. “Taking a sample doesn’t hurt the turtle,” assures Conrad. He compares the process to people cutting their fingernails and notes that the shells regrow.

				This research will identify patterns of radiation exposure and examine the long-term impact of low-level radiation exposure over time on organisms and ecosystems. “Understanding exposure to radiation in the environment and using animals for surveil-lance takes a true multidisciplinary research team,” says Fair. “Scientists with many different backgrounds make up this team; we complement each other’s skills and expertise, as we work to put the pieces of the puzzle together.”  

				—Jill Gibson
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				NUCLEAR HISTORY

				Turtles Tell Tales

				Turtle shells reveal a record of nuclear activity.

				Researchers at Los Alamos have a new way to study the presence of radioactive materials in the environment. The key to their research may seem unusual, but the scientists believe they have found the ideal recorder of nuclear events. It’s a turtle.

				“Turtles are useful in tracing nuclear activ-ities because of the specific characteristics of how their shells grow,” says Los Alamos archaeologist Cyler Conrad, who is leading the study. “This work has the potential to provide insight into historical radiological operations or releases into the environment.”

				As a turtle or tortoise grows, each year its shell produces a thin layer of keratin that then becomes inert. Layers build up, like rings of a tree, and elements from the environment are trapped within the layers. In this way, the shell maintains a time-constrained record of all the environmental conditions in which the animal lived. 

				Among various kinds of environmental signatures, turtle shells can pick up very small concentrations of radionuclides. These are radioactive forms of elements, some of which form naturally while others are formed anthropogenically. Conrad and his team are looking specifically at anthropogenic uranium, plutonium, strontium, and others.

				Jez Inglis, a Laboratory geochemist on the team, says at first the idea behind the study struck him as “a little bit out there.” He recalls, “When Cyler came to me and suggested that 

			

		

		
			
				Each unique layer of keratin (numbered) in an adult turtle’s shell corresponds with one year of the animal’s life. The layers can reveal which elements and isotopes were present in the turtle’s environment when that layer was made. 

			

		

		
			
				nuclear tests 30 years ago. Since then, radio-chemical assessment teams have been using data collected before testing ceased. With this new methodology, we can significantly increase the quality of those data sets. These numbers are still used in modern physics calculations, so it’s important to get them right.” 

				Original Trinity yield estimates, the best possible at the time, were nonetheless limited because it was all brand new—scientists were figuring it out as they went. All estimates include a certain amount of uncertainty, but now with modern methods like advanced separations chemistry and high-precision mass spectrometry, much of the original uncertainty can be removed. 

				—Eleanor Hutterer
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					Experimental nuclear astrophysicist Aaron Couture uses the Laboratory’s particle accelerator to find new ways of studying how neutrons change the evolution of the elements.

				

			

		

		
			
				Capturing Neutrons in the Desert

			

		

		
			
				I do my best work when I maintain an uncomfortable balance between two things: studying fundamental nuclear astrophysics—what happens in stars—and applying nuclear physics to answer mission-relevant questions—understanding what happens during nuclear explosions and within nuclear reactors. I say “uncomfortable” because either of these things could keep me busy night and day. I say “best” because each provides insight and tools to help the other advance—this combination is what makes science at Los Alamos unique and positions the Lab to do work that can be accomplished nowhere else.

				Sixteen years ago, I came to Los Alamos to work at the Los Alamos Neutron Science Center, or LANSCE, because I was attracted to the idea of using neutrons to study nuclear physics, and LANSCE has neutrons, lots of neutrons. Not many other places do. So, when an opportunity came to me, via my mentor and colleague René Reifarth, to join the Lab as a post doc, it was an easy decision to make. 

				Pretty much all the elements, once you get past helium, come from stars. Lighter elements are formed in stars by nuclear fusion, whereby two nuclei fuse into one larger nucleus. Heavier elements are formed in stars 

			

		

		
			
				by neutron capture, whereby a nucleus absorbs neutron after neutron until, by way of a process called beta decay, the nucleus gains a proton and turns into the next element on the periodic table. But how… exactly? My career so far has been spent working to understand how different combinations of elements and particles react when they are put together inside nuclear weapons, inside nuclear reactors, or inside stars—we, as scientists, need to understand the reactions that are happening. 

				A free neutron is a pesky, ill-behaved particle. Unlike neutrons that are bound in an atomic nucleus, a free neutron only exists for about 15 minutes before beta decaying into a proton, an electron, and an antineutrino. During those 15 minutes it can cause all kinds of trouble, ambling along and interacting at a nuclear level with almost whatever it finds. Because the neutron is electrically neutral, there is no electric field to push it away from an atom. These encounters with atomic nuclei can have a variety of consequences. If the neutron has a lot of energy, it can knock another neutron (or several) out of the nucleus, changing the isotope of the nucleus. Or, the neutron can just bounce off the nucleus, carrying on in another direction much like a ball on a billiard table. Finally, sometimes 
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				a neutron is captured by the nucleus, making the nucleus into a new isotope of the same element, just a bit heavier than before. For example, an iron-58 atom may capture a neutron to become iron-59. 

				Neutron capture, with all its complexities, is how heavy elements are synthesized within stars. But neutrons are also a powerful tool for probing and understanding physical systems here on Earth. For example, through neutron diffraction—or the scattering of neutrons off a sample of material—the atomic or magnetic structure of the material can be inferred. In addition, because they can turn stable materials into radioactive ones, neutrons can be used to create certain important radionuclides such as molybdenum-99, used in medical imaging, or cobalt-60, used in cancer treatment. Neutron radiography is another important application, where neutrons can be used to penetrate a container allowing scientists to peer inside, much like x-rays, except neutrons can easily get through materials that x-rays can’t. It’s not good for looking inside people, but very good if you want to know what is inside a steel cask.

				Learning to DANCE

				The first experiment I worked on at LANSCE, a project I still work on, is the Detector for Advanced Neutron Capture Experiments, or DANCE. On the outside, 

			

		

		
			
				the apparatus is a hollow aluminum sphere with a lot of wires coming out. On the inside is an array of 160 specially designed detectors, each consisting of a single crystal of barium fluoride. The crystals kind of look like 8-pound diamonds, if your gem master got lazy and only cut a few facets into each one. There is a hole through the detector array where neutrons can enter the sphere and interact with a sample—just a few milligrams placed at the center of the sphere—of whichever isotope is being studied. The only thing that varies when I am studying what happens inside stars, inside nuclear weapons, or inside nuclear reactors is which isotope makes up the sample in the middle.

				Some neutron-capture products are stable while others are short-lived, but in either case the reaction makes the atom momen-tarily too heavy. It’s only off by about 0.001 percent, and that little bit gets emitted as electromagnetic energy. We measure the emitted energy—that’s what DANCE is uniquely suited to do. When the material under study captures a neutron within the DANCE sphere, the nucleus is excited and will then de-excite by emitting gamma rays, which get detected by the barium fluoride crystals. 

				The size of the signal from each detector indicates the energy of the gamma ray detected by that crystal. That energy tells us about the neutron-capture reaction that took place; that is the real nuclear physics underlying these studies. The emitted energy is unique for every possible reaction—nuclei throw off different-sized chunks of energy depending on the reaction, and that’s how we determine which reaction took place.

				The likelihood of a given isotope capturing a neutron is referred to as the reaction rate for that isotope. The reaction rate allows us to calculate the rate at which neutrons are lost to the reaction and the corresponding rate at which the resulting neutron-enriched nuclei are created and do whatever they do next—whether that be nuclear fission, radioactive decay, or another neutron capture. Where things get tricky, and where DANCE is useful, is when the nucleus is a short-lived species.

			

		

		
			
				I wanted to study nuclear physics using neutrons and Los Alamos has neutrons. Not many places do.

			

		

		
			
				Neutron capture is one way that new isotopes are formed. When a target nucleus with n neutrons absorbs a free neutron, it becomes a compound nucleus with n+1 neutrons. The free neutron brings energy with it, exciting the compound nucleus, which subsequently relaxes by emitting a gamma ray. Experiments like DANCE detect and quantify the gamma emissions, which are unique for each target nucleus, thus revealing which neutron capture occurred.
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				Our experimental knowledge has typically been limited to stable isotopes, but many of the most interesting (and revealing) reaction rates are on unstable isotopes. Because of the efficiency of DANCE and the intensity of the LANSCE neutron beams, we can push measurements to isotopes with half-lives as short as a couple months. DANCE measures the characteristic energy released in the reaction, so it can differentiate between the abundant gamma rays emitted by decay and those emitted in response to neutron capture. Past efforts were either limited by low-intensity neutron sources or detector arrays without DANCE’s efficiency or discriminating power. 

				Experiments with instruments like DANCE are only part of the neutron-capture story. We work very closely with theoreticians who model the reactions that we study, and with astrophysical modelers who use our data in stellar- and explosive-burning models to predict the abundances of isotopes in the cosmos. Our measurements help the theorists refine their models, and their model outputs help determine the need for future measurements. Through collaborative iteration we are learning the physics of both the nuclei and their environments; this is how we build our understanding of nuclear reactions, whether they are happening inside a star or somewhere here on Earth.

				I found my "uncomfortable balance" early on, and when I first got here, my DANCE work was split between two different projects. One involved neutron-capture studies on plutonium-240 and -242 for the Department of Energy’s Office of Nuclear Energy’s Advanced Fuel Cycle Initiative. Essentially, I was helping design next-generation “fast” nuclear reactors, which run with a higher-energy neutron spectrum than older thermal-water reactors. The other project was to measure a key reaction 

			

		

		
			
				on europium-152 (Eu-152), a relatively short-lived isotope with a half-life of 13 years. Neutron capture by Eu-152 affects gadolinium-152 and -154 abundances, which can be measured in meteorites—bits of stardust fallen to Earth—revealing clues about astrophysical nucleosynthesis processes. So, a solid understanding of the reaction rates for neutron capture on Eu-152 informs our understanding of the late middle-ages of stars a bit larger than our sun.

				Several other recent or ongoing projects help illustrate the breadth of applications and techniques that can be done with DANCE. The first is a study of neutron capture on uranium-233, which is important for the national Nuclear Criticality Safety Program. This is a challenging isotope, not only because it is radioactive, but because neutrons can cause it to undergo fission—the principle underpinning nuclear weapons and nuclear reactors—which can obscure the capture signal because fission also creates a spectrum of gamma rays. Esther Leal Cidoncha, a postdoc working with me who leads this project, learned that by using DANCE together with a neutron detector array to identify fission events that took place during the measurement, those fission events can be isolated and removed from the signal in analysis. This only works with an instrument like DANCE because it measures both the number of the gamma rays emitted as well as their energy spectrum.

			

		

		
			
				A free neutron is a pesky, ill-behaved particle.
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				Similar to a Periodic Table, which organizes the elements, The Table of Nuclides (presented at right in miniature) organizes elements as well as all of their isotopes. The table is organized by increasing proton number along the Y axis and increasing neutron number along the X axis. Each different isotope, or nuclide, is distinguished by its mass, half-life, abundance, and proportionate modes of decay. The Table of Nuclides is useful for understanding the evolution of elements and the types of nuclear reactions involved. 

			

		

		
			
				This section of the Table of Nuclides (callout to the left) shows how the processes of gaining a neutron via neutron capture (purple arrows), and gaining a proton via beta decay (red arrows), drive the evolution of elements. In this example, gadolinium (Gd)-152 and Gd-154, both stable isotopes found in meteorites, can be traced back to europium (Eu)-152. By quantifying the ratio of Gd-152 to -154 in meteorites on Earth, and combining that information with experimental Eu reaction rate data, scientists can learn about the physical conditions within the stars where the elements were formed.

			

		

	
		
			
				By hook or by crook

				I often joke that I determine neutron-capture reaction rates “by hook or by crook”—meaning if I can’t do it with one method then I’ll find another one. DANCE is a great way to measure reaction rates, but for some radioactive isotopes, it’s simply not possible. Either the decay radiation overwhelms the instrument, or the isotope of interest, which could have a half-life of as little as seconds, decays away before we can complete the measurement.

				Based on some of the physics we learned from DANCE measurements on uranium-238, I had the idea to use a transfer reaction—where the neutron is not free but moves from one bound nucleus to another—to study how an excited nucleus gives off energy and to inform neutron capture. Certain stable, light isotopes, like deuterium or lithium-7 make good targets while a beam of heavy, short-lived isotopes can be used to study other aspects of the same physics. To pursue this transfer-reaction idea, my team and I designed and built a scintillator array. We named the array Apollo and took it to the ATLAS linear accelerator at Argonne National Lab, near Chicago. 

				ATLAS has a heavy ion accelerator, meaning that unlike LANSCE, which makes beams of protons and neutrons, ATLAS makes beams of entire elements like iron, zirconium, and xenon. We used these to measure the gamma rays emitted when charged-particle reactions donate a neutron to the final nucleus. This did, and continues to, reveal important information about how a nucleus emits energy. But to connect the Apollo data back to 

			

		

		
			
				The second project was a study of thulium-171, an isotope with about a two-year half-life. The sample used in this study was produced by collaborators in Europe—often producing a physical sample of a radioactive material is the difficult part—and shipped to us at LANSCE for the measurement. Thulium is of interest because it was used as a radio-chemical detector during the days of the nuclear testing program and quantifying its various reaction rates is important for our continued mission for the National Nuclear Security Administration’s Defense Programs. 

				Finally, we recently completed a neutron-capture study on germanium isotopes, an effort that was led by collaborators at Louisiana State University. The production of elements from nickel through zirconium within stars proceeds mainly via neutron capture. Our work pinned down the reaction rates for these elements in stars roughly ten times larger than the sun, which have been suggested as the main sources of these elements throughout the universe. These direct measurements on “easy” isotopes are often some of the only windows we have into the astrophysical processes that make all the heavy elements—they are an island of confidence in a sea of uncertainty. 

			

		

		
			
				Where both DANCE and DICER have measured the same sample, we have exquisitely detailed information.

			

		

		
			
				Neutron-capture reaction rates depend on the cross section, or likelihood of neutron capture, for each nucleus. Theoretical calculations are used to predict neutron-capture rates across the energy spectrum in the absence of measurement. Here, the reaction rates of the stable isotope copper-63, as predicted by theoretical calculations (blue), align well with measurements made by DANCE (pink). However, for unstable isotopes that are too short-lived to be measured by DANCE, or by another LANSCE experiment called DICER, reaction rates must come from theory alone. A proposed new experiment at LANSCE, called MORD0R, will be able to measure these fleeting isotopes at the energies of most interest, above 105 electron-volts (hypothetical MORD0R data points in black).
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				neutron capture requires a lot of theory—to model the charged particle reaction, and also to transform the data into useful infor-mation about neutron-induced reactions, which can be a limitation. 

				Another idea came from my colleague Paul Koehler, who suggested neutron transmission might be used to measure some of the same reaction probabilities as neutron capture can, but without a key constraint of DANCE. For DANCE, the sample sits inside the detector array, so if it makes a lot of gamma rays, DANCE will see them all. At some point, even with as good as DANCE is, there is simply too much decay to still see a signal. Paul’s idea was to do a measurement where the sample and the detector are separated by 10 meters or more, thereby reducing gamma-ray noise. The Device for Indirect Capture Experiments on Radionuclides, or DICER, works by illuminating a sample with a beam of neutrons, then looking at what comes out the other side to see what neutrons disappeared from the beam because the sample absorbed them. In cases where both DANCE and DICER have measured the same sample, we have exquisitely detailed information. If only DICER can study it, our knowledge is not as complete, but we can often extract the highest impact information, even on highly radioactive isotopes, with much less theory-dependence than the ATLAS work. 

				Between DANCE and DICER, through neutron capture and neutron transmission, we can measure the reaction rates of many important isotopes. But in some instances, the isotopes are so short lived that they can’t be made into a measurable sample. I’ve been developing, along with my colleagues Shea Mosby and René Reifarth, a revolutionary new idea for a completely different way to study neutron reactions at LANSCE. The measurements it makes won’t have the detail of DANCE and DICER data, but it will offer a way to directly measure reaction rates on very short-lived isotopes with no theory dependence—a tool we’ve never had before, and one that I believe we need. We call it MORD0R and it will turn the tables on how we measure neutron-induced reactions.

				Neutron soup

				The Multi-Orbit Ring Doing Zero-charge Reactions, or MORD0R, is an experiment that is still in the conceptual stage, but is very much about building a future capability at LANSCE. 

				In traditional neutron capture experiments, you have a beam of neutrons, you hit a sample with them, and then look for what reactions occurred. The problem is you might want to study something that is radioactive or has a short half-life and the beam-to-target paradigm just doesn’t work. 

				With MORD0R, instead of holding the heavy isotope sample still and bringing in a beam of neutrons, the neutrons hold still, in a sort of cloud called a standing field, and the heavy isotopes run through continuously. The neutrons are trapped in a moderator, more or less as a neutron gas, while the isotopic ions travel around a ring, passing through the neutron gas again and again, 

			

		

		
			
				each time with a chance to interact with the neutrons. Imagine a car race on an oval track and along one length of the track there’s a sprinkler on, so that every time the cars pass through that length of track, they might get sprinkled. The cars are the nuclei, traveling around a ring, the sprinkler is the standing field of neutrons, and a drop of water on a car is a captured neutron.

				When a nucleus picks up a neutron, becoming slightly heavier, the speed at which it races around the ring gets slower. With a well-designed ring, it is possible to measure how long each particle takes to make a circuit. When a particle suddenly appears with a slower circuit time, we know that a neutron capture has taken place. 

				MORD0R measurements will be direct reaction-rate measurements of the quantity of interest, unlike the convolution of measurement and theory that Apollo offered. MORD0R will answer the specific scientific question at hand, but it will never provide the rich information about the nucleus and measurement fidelity that DANCE and DICER offer. From those we get more than 1000 independent data points—often more than 5000—for each nucleus measured. From MORD0R, we expect to get 5–10 data points. But they will be the right 5–10 points, from the most relevant energies, to answer key questions for important fields—stockpile stewardship, nuclear astrophysics, nuclear energy, and basic nuclear science. MORD0R will mean almost any isotope can be measured directly, if needed. 

				The challenge with MORD0R is bringing together disparate technologies to operate in concert. We, as a scientific discipline, have created standing fields of neutrons. We’ve created rare-isotope beams. We’ve run ion beams in rings, both as protons here at LANSCE and as heavy ions elsewhere. We haven’t yet brought them together, and that is the research and development that is critical work to do today. Once we put all of those things together so they happen at once, we will have built MORD0R. 

				MORD0R will by no means replace DANCE and DICER. Those experiments will still provide the gold standard for truly understanding a nucleus and how it behaves most broadly. In fact, the spallation target they use—the piece of tungsten used to produce neutrons by bombarding it with protons—is being upgraded this year. MORD0R will complement and expand on DANCE and DICER, broadening our capability, and allowing us to actually measure the nuclei that we’ve so far had to rely purely on theory to study.

				I came to Los Alamos because of the neutrons. I built my career here, largely hinged on neutrons. And the neutrons have plenty yet to offer, which we are still figuring out how to… figure out. 

				—Aaron Couture
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					MORD0R would allow us to actually measure nuclei that we have so far had to rely on theory to study.
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				An egg may look ordinary on the outside, but inside it could be a chicken, a beautiful white swan, or perhaps a rare black swan. Diseases are not so different. A person may have a cough or a sore throat but, as we learned in 2020, not all colds are alike and it may not be obvious from the outside which virus is causing the symptoms. COVID-19 has been far from ordinary—killing millions of people in two short years—and its emergence seemed to catch many completely by surprise.

				Mathematician and scholar Nassim Nicholas Taleb coined the term “black swan theory” to explain events that are unpredicted, have massive consequences, but make sense in hindsight. The name is a nod to the 17th century discovery of black-feathered swans, which at the time no one thought existed—but they just had yet to encounter one. COVID-19 has definitely had massive consequences and seemed to catch society off guard; as a result, some people initially gravitated to the metaphor, suggesting the pandemic could be a black swan. 

				However, some scientists were, in fact, not surprised in 2020. They had been anticipating a respiratory virus would soon cause another pandemic, it was just a matter of not knowing exactly which one, or when. Taleb himself agrees that COVID-19 is no black swan. But logic begs the question: if pandemics are expected, how can we predict when the next one will emerge? Can science help us “see inside the egg”? 

				Identifying which pathogens have the potential to cause a pandemic is not easy. Scientists can study how a disease spreads or look at its genetic sequences, but it takes a lot of analysis to deeply understand the connections between these data—the clues are not obvious black feathers. Scientists at Los Alamos, alongside thousands of peers worldwide, are contemplating all approaches to predicting pandemic potential: Are there indicators in the way a disease spreads? Can we build faster methods for finding pathogens in the environment or better modeling tools to forecast their spread more accurately? And once pathogens are identified, can their genomes tell us which ones are the most dangerous?

				Using long-standing capabilities and unique computational tools, scientists at Los Alamos are tackling each of these important questions, one by one.
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				Pandemics are rare, but is it possible

				to foresee when they’ll emerge?
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				on disease spread at varying levels of detail—from John Snow mapping the location of cholera cases in London in the 1800s, to the daily COVID-19 case collection that has happened worldwide for the last two years. The identity of a pathogen used to be determined by symptoms or visual identification of cells under a microscope, but now it can be done by determining the pathogen's genetic sequence and comparing it to those of other known pathogens.

				Both epidemiology and genomics rely on information about where people are getting sick. Public health systems track disease outbreaks by monitoring when people go to the doctor and collecting the results of their diagnostic tests—for the flu or strep throat for example. But many mild infections, like colds, don't warrant a doctor's visit so they aren't documented and those diseases spread freely. Emergent pathogens, such as SARS-CoV-2, might not get detected until enough people are hospitalized to prompt scientists to look for the culprit. As evidenced during the COVID-19 pandemic, case counts are most accurate in places with widespread testing and thorough documentation. 

				Detecting disease quickly is key to avoiding a potential pandemic, but it is also necessary to understand the magnitude of a threat in order to appro-priately gauge the response. Ebola, for instance, is frightening and deadly but not as transmissible as respiratory diseases. Furthermore, many new variants of SARS-CoV-2 have emerged over the last two years, but only some of them—Delta, Omicron—have become major players in the pandemic. So, while global disease 

			

		

		
			
				Pathogens are everywhere

				Not all infectious diseases cause pandemics. Occasionally a disease that is endemic, or established, in one geographic location shows up in a different location where the population has less immunity, causing a local outbreak of a “new” disease. Influenza, on the other hand, is a relatively manageable, seasonal epidemic in many countries, but the virus mutates constantly and occasionally causes larger problems. In 1918, a new strain of flu emerged for which humans did not have much immunity. This novel strain spread at a rapid pace causing a pandemic that killed approximately 50 million people. Similarly SARS-CoV-2, the virus that causes COVID-19, caused a pandemic in part because it was a coronavirus to which humans had no prior exposure. 

				Epidemiology is the study of how a disease spreads through a population and is based on disease behavior and pathogen identity. For hundreds of years scientists have gathered data 

			

		

		
			
				Epidemiology, the study of how a disease spreads through a population, has evolved considerably over the last 168 years. (Above) In 1854, British physician John Snow famously proved that the source of a cholera epidemic in London was a contaminated water pump on Broad Street. Snow did this by marking a neighborhood map with a line for each cholera case in the vicinity of the pump and comparing them to the cases near other pumps several blocks away. Today scientists have at their fingertips the daily case loads from hundreds of countries, and Los Alamos scientists are taking epidemiology to a new level by merging SARS-CoV-2 variant tracking with epidemiological forecasting to better understand which disease variants are occurring where. (Right) This world map shows the prevalence and locations of SARS-CoV-2 variants during the period from January 1, 2022 to June 7, 2022.CREDIT: (above) Wikimedia commons, originally published in 1854 by John Snow, (right) cov.lanl.gov and GISAID 
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				surveillance is critical for discovering new diseases quickly, it is also important to recognize which of them are genuinely cause for alarm. 

				Scientists at Los Alamos are studying both disease behavior and pathogen identity—as well as their interconnectedness—to understand pandemic potential. Through multiple projects, Lab scientists are assessing epidemiological and genomic clues as well as developing models and detection schemes to help predict whether or not one pathogen poses a greater threat than others.

				Nature or nurture?

				One important step in predicting pandemics is understanding the factors that contribute to disease spread. If a newly mutated coronavirus infects a person who already has antibodies that can recognize and neutralize it, the pathogen might not spread any further. Or if a novel pathogen infects a person who is isolated on a desert island and kills them before they interact with another person, the disease stops there. Pathogen fitness, host suscepti-bility, and environmental conditions are three major contributors to disease spread—but are all factors equally important or does one matter more than the other two?

				Los Alamos biologist Alina Deshpande and her team tackled this question using a visual analytics tool they developed in 2012 called AIDO (Analytics for Investigation of Disease Outbreaks). The tool includes a database of detailed epidemiological 

			

		

		
			
				information about more than 600 outbreaks of 32 distinct infectious diseases—measles, cholera, Ebola, etc. The scientists designed AIDO to help researchers understand and respond to new disease outbreaks by comparing them to historical ones. 

				In December 2021, Deshpande and colleagues Nileena Velappan and Katie Davis-Anderson used AIDO to search for “potential black swan outbreaks.” The team hypothesized that there might be common features among exceptionally large outbreaks that, if identified, could serve as warning signs of future pandemics. They deliberately excluded SARS-CoV-2 data from their analysis with the thought that they wanted to know what could be gleaned from the past that might have foretold the present.

				First, the team defined a potential black swan outbreak (PBSO) to be an outlier with more than ten times the number of cases than other outbreaks of the same disease. “We were interested to find that there was an outlier event in almost every disease in our database,” explains Velappan. Next, the team identified differentiating factors for each event and classified them under three categories: pathogen, host, or environment (including manmade infrastructure and behavioral factors). 

				One example from their study was an outbreak of mumps, a vaccine-preventable disease. AIDO identified a PBSO in 2003, in the United Kingdom where mumps caused over 70,000 cases compared to a mean of 207 cases for other mumps outbreaks. For this PBSO, the Los Alamos team attributed two factors: one was host susceptibility because many afflicted children were too young to be vaccinated, but the second was vaccine hesitancy—a manmade behavioral factor. 

				“What surprised us the most was that the single common factor to all the potential pandemics was the behavioral aspect,” says Deshpande. “PBSOs were not happening just because it was the first instance of a new disease, they were consistently linked to human behavior.” She went on to explain another example, when in 1994, plague was identified in the city of Surat, India. News of the presence of plague caused a quarter of Surat’s residents to panic and flee the city—many by public transportation—ultimately 
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				Pathogen fitness, host susceptibility, and environmental conditions are three major contributors to disease spread.
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				has gained momentum during the pandemic: looking for viral genome sequences in the sewers.

				“We can generally find a spike of SARS-CoV-2 sequences in wastewater a week before it begins to spike in the clinical testing data,” says Julia Kelliher, a Los Alamos biologist who is part of a team that has been field testing the surveillance of wastewater. In 2021, the Lab participated in a nationwide effort with the Centers for Disease Control and Prevention to analyze wastewater by providing samples from the Los Alamos campus. Based on the study’s success, the Lab is now embarking on its own project to conduct in-house sequencing and analysis of wastewater to both improve the practice and to screen the Lab community at the same time.

				Screening wastewater for SARS-CoV-2 sequences is a little tricky, as the virus’s genetic material degrades, meaning fewer pieces are available to find and they are mixed together with a lot of other biological material. To make this type of surveillance work, scientists develop short, target pieces of DNA, called primers, that match specific known gene sequences from SARS-CoV-2. If a primer’s matched sequence is present, the primer binds to it, allowing that particular sequence to be identified and analyzed. Careful analysis can help scientists develop multiple primers for a pathogen, which increases the chance that they’ll find a piece that is a match. 

				“We are also using Los Alamos bioinformatics tools to create primers that can help us look for multiple pathogens at once,” says Kelliher. “If we find something of interest, we can study it carefully. We really want to pick up rare things and not just organisms we already know about, and to do that we need to create many different primers and unique methods of meta-analysis.” 

				Finding pathogens we don’t already know about is key to predicting the next pandemic. For years, virus hunters have searched for new threats by sampling genomic sequences from viruses found in animal populations, focusing especially on those wild or agricultural animals that are most likely to come in contact with humans and cause spillover events. Human proximity to animals also increases when animal habitats are destroyed by development, or climate changes force animals to seek new homes. Virus hunters continue to play a key role in surveillance, and passive wastewater testing could be a major boost to the efficiency of their search for new threats. 

				But the question remains: how do they know a new threat when they’ve found it? 

			

		

		
			
				spreading the disease to other parts of India. Had they instead locked down and isolated the sick for treatment, it might have ended differently.

				“This aligns with what we see in the COVID-19 pandemic where human behavior, such as the timing and extent of lockdowns or mask wearing, has been a major factor in disease spread,” says Deshpande. “And unfortunately, predicting human behavior could be the most difficult of all.”

				Slurry for surveillance

				Although human behavior or other environmental conditions might ultimately halt or accelerate disease spread, a novel pathogen and a susceptible population are still a dangerous combination. Scientists identify novel pathogens by sequencing their genomes and comparing them to closely related pathogens. When the sequence of SARS-CoV-2 was first made public in early 2020, scientists quickly recognized it was related to the virus that caused SARS in 2003. Diagnostic tests were developed based on the new sequence, and subsequent sequencing from COVID-positive patients around the world has helped scientists keep track of how the viral genome is evolving as the virus is spreading. 

				This practice of sequencing samples from COVID-19 patients is immensely helpful in identifying new variants of SARS-CoV-2, but it relies on patients’ active participation: they have to feel sick and get tested so that the scientists have a supply of positive samples. And testing and sequencing must be available in the area. To better track COVID-19, a more passive approach to surveillance 

			

		

		
			
				Scientists are improving ways of distinguishing between threats, finding them quickly, and assessing their potential trajectories.
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				A chameleon among us

				To date, more than ten million SARS-CoV-2 genomes (and counting) have been sequenced and cataloged for the scientific community to analyze. In addition, a mountain of data is available on the behavior of COVID-19 in humans, as case numbers and death counts are collected daily from all corners of the globe. Putting aside the gruesome fact that people are dying, this unprec-edented amount of data—more than is available for any other pathogen—presents a unique opportunity for scientists to study how diseases evolve and spread, which could ultimately help with prediction. 

				Los Alamos computational biologists Ethan Romero-Severson, Emma Goldberg, and their colleagues have been using both genomic and epidemiological SARS-CoV-2 data to develop computer models that quantify the advantage one virus variant may have over another based solely on case data. Without diving into the nitty-gritty details of the variants’ genomes, their team developed three different modeling approaches to quickly evaluate the timing of when variants arise and which variants might be a significant threat. 

				“Once a new variant was first observed anywhere, we wanted to measure how long it took to become dominant in each country,” says Romero-Severson. “If we can identify a pattern of spread consistent with epidemio-logical theory, then we can accurately determine the risk posed by new variants before they become globally dominant.”

				The team created efficient models that did not require a lot of computing power but could rapidly assess the risk of a new variant based on how quickly cases of one variant are rising in a specific area compared to other variants. Using data on the emergence of the first major variant of SARS-CoV-2, “D614G”, the team’s models confirmed D614G had a selective advantage over the other variants Alpha and Beta that were circulating at the time. Goldberg explains that when there is an increase in the prevalence of a new variant, it is important to determine whether that variant actually has a selective advantage, as opposed to alternative explanations such as a chance arrival in a community experiencing an outbreak for other reasons. This distinction helps focus the scientific community’s attention on the most important “variants-of-interest.” 

				Once a variant-of-interest is identified, scientists use many types of epidemiological models to forecast its spread over the span of weeks or months to help predict if it will be a worldwide issue. Another team of scientists at Los Alamos is now developing models that take forecasting to the next level by incorporating specific details about a community—population data and vacci-nation rates—along with variant information to create even more sophisticated analyses. 

				Sara Del Valle, Los Alamos mathematical epidemiologist, helps lead a new project that focuses on merging evolutionary tracking of SARS-CoV-2 with epidemiological forecasting. She 

			

		

		
			
				explains that when a new variant arrives in a community, it can take a while for traditional models (which are reliant on case data) to reflect differences in the new variant’s spread. And because time is of the essence, the sooner scientists can forecast potential impacts, the more time decision makers can have to implement policies aimed at reducing economic and societal impacts.

				“We want to have more accurate and timely forecasts, so we are developing new models that include data from other countries with shared characteristics,” says Del Valle. “For instance, when I was forecasting the spread of Omicron BA.2 in New Mexico I might have looked at Slovenia data because those two places had similar sized BA.1 peaks, have similar vaccination rates and had the BA.2 variant introduced when the BA.1 cases had already dropped.” 

				For two years, modelers have been scrambling to assess and predict the spread of SARS-CoV-2 while it has been spreading and evolving. What they’ve learned from this unprecedented challenge, however, is invaluable and is laying the groundwork for the highly sophisticated models of the future.

				Lost in translation 

				Assessing which variants are spreading fastest or causing the most severe disease is one way of predicting the pandemic potential of a virus. However, scientists also want to answer deeper questions about which exact changes give a selective advantage to some variants over others so that when a new virus is discovered, scientists might better evaluate risk. The abundance of available SARS-CoV-2 genomic data is making it possible for scientists to dive into the fundamental differences among variants.

				For instance, the world quickly learned that spike proteins on the surface of the SARS-CoV-2 virion are responsible for the virus attaching to human cells. Later, we learned that the Delta and Omicron variants had amassed significant mutations in the 

			

		

		
			
				Los Alamos technologist Andrew Hatch prepares a sample of wastewater for genomic sequencing. Using chemical reagents, centrifugation, and filtering, Hatch isolates small pieces of genetic material to sequence in an effort to track SARS-CoV-2 in community wastewater. 
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				part of the genome that determines the shape of the spike protein. These genetic changes resulted in a spike shape that increases the virus’s ability to infect cells, and, being more “fit” to travel from person to person, Delta and Omicron variants took over while other variants died out. 

				This level of detail about how changes in genes (genotype) equate to changes in function or behavior (phenotype) is, generally speaking, one of the most sought-after prizes in modern biology. The fact is: scientists can easily obtain the sequence of an organism’s genome, but it takes a lot of observa-tional and experimental data to fully understand what it means. It is still incredibly difficult for scientists to interpret the genome sequence of a never-before-seen virus and determine if the virus will be transmitted in the air, what its host animal is, or if it will cause an international crisis. 

				Taking advantage of the current influx of data, scientists hope to learn from SARS-CoV-2 and apply this knowledge to other pathogens. Los Alamos computational biologist Bin Hu was inspired to explore predicting functions from genes using a set of experimental results from the Fred Hutchinson Cancer Research Center in Seattle, Washington. The “Fred Hutch” scientists conducted lab experiments to identify how well certain antibodies bind to the spike proteins from different SARS-CoV-2 variants and to link the results to the genetic sequence that made each antibody and spike. Hu saw this comprehensive dataset as an opportunity to test machine learning (ML) as a method for predicting phenotype from genotype. 

				“I split their data into two groups,” says Hu. “I used about eighty percent of their data to teach my ML model which genetic sequences create spike protein shapes that will bind to antibodies. Then I used the remaining twenty percent to validate.” Hu explains that to validate his algorithm he used an RNA spike 

			

		

		
			
				protein sequence as an input, and then asked the algorithm to predict whether or not an antibody would bind to it. Next, he used the Fred Hutch experimental data to see if the model gave the correct answer. 

				Hu says his ML model was quite accurate with its predictions and he is continuing to collaborate with the Fred Hutch scientists on this approach. Hu’s team hopes to expand their predictive model to other viruses such as HIV and influenza for which there is additional experimental data. Increasing the number of known gene-to-function links ultimately helps scientists know what they’re looking at when they come across new pathogens. For SARS-CoV-2 it is clear that changes in the spike protein must be monitored. Scientists need to find those types of “signatures” in other pathogens—genes which they can confidently link to a function of concern—so that identifying the presence of those signatures in a newly discovered organism would be a harbinger of a dangerous pathogen. 

				Eager to use SARS-CoV-2 data to learn even more, scientists are also wondering if genetic mutations arise truly by chance or if there is some external pressure that makes certain changes more likely to occur than others. Naturally, mutations in the spike protein that increase transmissibility give an evolutionary advantage and lead to dominant variants, but could there be other pressures that favor one mutation over another? The abundance of genomic data available in near real time during this continuing pandemic is enabling scientists to infer mutation patterns and then make predictions about what novel mutations might happen next. Scientists can assess the accuracy of these predictions using newly sequenced SARS-CoV-2 genomes that are deposited daily in global databases. 

				Lab computational biologist Jason Gans is doing just that: using SARS-CoV-2 data to study viral evolution. Gans wrote 

			

		

		
			
				This example shows mutation probabilities for a ten-nucleotide stretch of the ~30,000 nucleotides in the SARS-CoV-2 genome. Cytosine (‘C’ in the parent) to uracil (‘U’ in the descendant) mutations often had a higher probability than other mutations, which is consistent with published studies. Although mutations are relatively rare, predicting them can help scientists reliably adapt vaccines and therapeutics to remain effective as the virus changes. 

			

		

		
			
				Patterns of past mutation can be used to estimate the likelihood of future mutations. Using 133,798 complete SARS-CoV-2 genomes, Los Alamos scientists trained a computational algorithm to predict the probability of mutations in future generations.
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				a computational algorithm to extract patterns of mutations in SARS-CoV-2 that will estimate the likelihood of future mutations. “This is a unique opportunity not to have to wait for validation data because new data are being made available every day,” says Gans. 

				The computational model identifies “parent” genomes and catalogs the observed genomic differences in each subsequent generation. For instance, the model learns how many times an adenine “A” nucleotide is found to have changed to a uracil “U” (in RNA viruses like SARS-CoV-2, the alphabet of allowed nucleotides is A, U, G and C). Next, Gans uses the model to make predictions about the likelihood of mutations in future children (genomes that are circulating in the population but not yet sequenced and available to study). Since new SARS-CoV-2 genomes are being added daily to community databases, Gans will quickly be able to measure the accuracy of his model’s mutation predictions.

				“We wanted to break this down into a probabilistic problem and predict the most likely mutations that will be observed in the future evolutionary descendants of an existing SARS-CoV-2,” says Gans. He explains that it is also important to understand where, in the genome, the mutations are occurring. Does a likely mutation depend on what sequence motifs are nearby? Are mutations more likely to occur in particular regions of the genome? Gans says his research is corroborating others’ obser-vations that C to U mutations in SARS-CoV-2 are extremely common (likely due to humans’ immune systems causing changes in the virus).

				Mutation data are useful for improving countermeasures. Some vaccines are made using a pathogen’s unique genetic sequence—as are many diagnostic tests—so understanding viral evolution at the level of specific nucleotide changes is especially valuable to ensure tests or vaccines won’t fail when the virus inevitably evolves. Furthermore, understanding which mutations are more likely, coupled with the growing body of data about which genes are most dangerous, leads scientists in the direction of predicting which pathogens are new threats. 

				Seeing inside the egg

				The SARS-CoV-2 virus accumulated the right mix of genes to make it well suited for human transmission, and humans proved to be a widely susceptible population. It will happen again. It could be another coronavirus, or an influenza virus, or perhaps something completely new. And once again, its trajectory will be 

			

		

		
			
				determined by both the identity of the unique pathogen and the behavior of the disease in the population it infects. 

				Preparing governments and public health systems is arguably the most important way for humans to be ready to face this next threat when it comes. These infrastructures are critical to pandemic response, but the science also shows the significance of human behavior on disease spread and the role of other environmental conditions—such as proximity to animals and climate changes—on disease emergence. Understanding these variables is essential to anticipating disease behavior. Beyond this, studying the genes and functions of pathogens will help scientists recognize threats when they come along, and implementing robust surveillance, testing, and communication in all countries will facilitate action.

				Building on this pandemic, scientists hope to be better prepared to recognize the next threat when we see it; maybe even before it makes the jump to humans. Biology is complex and there still could be something out there that takes us by surprise—perhaps a dragon inside the egg—but if scientists can learn which clues to look out for, they will hopefully be ready with a dragon-sized net. 

				—Rebecca McDonald
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				The unprecedented amount of data on COVID-19 is a unique opportunity for scientists to study how diseases evolve and spread.
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				1972 Linac

				LAMPF first achieved 800 MeV on June 9, 1972. Scientists used the intense linear accelerator (LINAC) beam to produce pi-mesons, or pions, and their decay products (muons, electrons, and muon neutrinos). Studying these subatomic particles enabled scientists to probe the fundamentals of the spin-orbit force and the symmetries and dynamics of the Standard Model of particle physics. In addition, taking advantage of the fact that protons can be used to create new isotopes, the Lab began producing difficult-to-obtain radioisotopes for use in medical diagnostics and treatments. 
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				1985 Lujan

				In 1985 LAMPF opened the Los Alamos Neutron Scattering Center, now known as the Lujan Center (in honor of New Mexico politician Manuel Lujan Jr.), which includes a proton storage ring (PSR) to compress proton pulses from 750 microseconds to a quarter of one microsecond. The Lujan Center houses a tungsten spallation target and uses liquids to moderate, or slow, the neutrons for seven different flight paths. Answering basic science questions about the origins of the universe, characterizing unstable nuclei in materials for clean energy, and elucidating the crystalline structure of transition metals for use in computers, are just a few examples of work at the Lujan Center. 
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				1977 WNR 

				The Weapons Neutron Research (WNR) Center opened in 1977 with a heavy-element target that produces neutrons when hit with the proton beam, a process called spallation. Spalled off neutrons are directed to tunnels called flight paths for use in various experiments, including: studying radiation effects, obtaining nuclear data for weapons design, or mimicking the neutron spectra in the atmosphere from cosmic rays. This latter capability supports industry partners in analyzing the impact of cosmic radiation on electronics such as airplane components, high-performance computers, and medical devices. 
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				MANHATTAN PROJECT VETERAN LOUIS ROSEN spent decades after the war pioneering techniques to measure the neutron spectra of weapons materials. While on sabbatical in Paris, in 1959, Rosen envisioned a nuclear science facility at Los Alamos with the world’s most powerful, high-intensity-proton linear accelerator. This dream—the Los Alamos Meson Physics Facility (LAMPF)—opened in 1972 with an 800-million-electron-volt (MeV) accelerator, which was four times more intense than the 200 MeV achieved 

			

		

		
			
				AT 50 YEARS OLD, THE DREAM BEAM STILL DELIVERS

				and will continue to drive future science and innovation. The front end of the accelerator is being updated and the Lujan Center got a new spallation target this year. The new target will increase, by a factor of 50–100, the number of neutrons with kiloelectron-volt energies, which will enable nuclear physics experiments that were previously not possible. Visions of new experimental capabilities—even a possible x-ray-free electron laser facility—populate the roadmap for LANSCE to the year 2050 and beyond. 

				—Rebecca MCDonald
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				by other accelerators at the time. The LAMPF accelerator, uniquely, could accelerate both H+ and H− particles and was the first to be remotely operated by computers. This versatile proton beam is still used directly for some experiments and indirectly to produce neutrons for others. For fifty years, LAMPF—now LANSCE (Los Alamos Neutron Science Center)—has facilitated the advancement of fundamental nuclear physics while solidly supporting the Laboratory's national security mission.
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				2005 UCN 

				The Ultracold Neutron Facility (UCN) employs a solid deuterium crystal to cool neutrons by one million billion-fold, so that they move at speeds of only a few meters per second. Ultracold neutrons can be completely confined by magnetic fields and gravity for minutes at a time. With this capability, in 2021 Lab scientists measured the neutron lifetime, cutting the uncertainty of the previous best measurements in half. 
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				1997 pRad 

				Proton radiography (pRad) was developed at LANSCE in the late 1990s as a new way to image explosions. Using magnets as lenses to focus the protons, and with the full strength of the proton beam, an image can be produced every 100-200 nanoseconds. These images can be stitched together into extraordinary “motion pictures.” In the absence of nuclear testing, these images are critical to the Laboratory’s mission of maintaining the nation’s stockpile by giving scientists valuable data on detonation and how materials perform at various ages and stages. 

			

		

		
			
				2004 IPF

				In 2004, LANSCE opened the Isotope Production Facility (IPF) to make isotopes for use in the fields of medicine, fundamental nuclear physics, national security, environmental science, and more. Normally, once a method to produce a sought-after isotope has been refined by the Lab, the method transitions to industry for mass production. However, in early 2020 when many industries were offline due to COVID-19 lockdowns, the IPF stepped up production to keep critical medical isotopes in ample supply
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				“PEOPLE SOMETIMES AREN’T INTERESTED when you have a cool new technology to show them,” says Laboratory chemical engineer Jim Coons. “But they are always interested if they have a problem and you might have the solution.” 

				Coons does indeed have a cool new technology—a filtration method he calls UltraSep that uses no filters. It turns out that a lot of industries, from biofuels to craft beer—even the Lab's plutonium facility—have filtration problems that it might be able to solve.

			

		

		
			
				Los Alamos’s plutonium facility supports a variety of applications including nuclear weapons and nuclear-powered heat-sources for spacecraft. As Coons was exploring different applications for UltraSep, he learned about specific bottlenecks in waste-processing at the plutonium facility and he thought UltraSep could help.

				Plutonium waste processing requires a worker to repeatedly lift a heavy jug, shake it to mix the contents, pour a small amount of liquid into a membrane-based filtration rig, wait for the liquid to pass through, and then repeat. It can take days or even weeks to process one full jug. These jugs weigh up to 20 pounds and the worker must operate inside a protective glove box, meaning they are lifting the jug while standing with their hands outstretched. In addition to ergonomic concerns, the longer the worker handles the jug of liquid waste, the higher the dose of radiation they receive. Once a preset annual maximum is reached, the worker “doses out,” and can no longer perform that type of work for the rest of the year. So, between the physical demands, the slow pace, the hassle and waste of cleaning the membrane filters, the radiation doses, and subsequent rotation of personnel, there is room for improvement. 

				Coons explains, “It would be better to set up an automated system. It would involve much less effort and much less personal exposure.” He envisions a push-button operation: The worker could set up a batch of liquid waste to be processed, push the UltraSep button, and walk away.

				Filter-free filtration

				“It’s like peanut butter,” says chemist Audrey Roman, of the Lab’s plutonium heat-source team, who is working with Coons to bring UltraSep to the plutonium facility. “The sludge that’s left on the membrane filter is the consistency of peanut butter and it’s really hard to clean off. But with UltraSep there would be no membranes, the waste would be captured and stored in the same container.”

				Jugs of transuranic waste contain both solids and liquids, which must be chemically and physically separated from each other so that each can be appropriately treated and stored. Dissolved metals must first be undissolved, or precipitated, out of solution. To bring heavy metals like plutonium out of solution, the anion hydroxide (OH-) is added, raising the pH of the solution and binding to the metal atoms, which then precipitate out as solids. Next the mixture must be filtered to remove the precipitated solids, and that’s where UltraSep comes in. 

				UltraSep uses an ultrasonic standing wave and gravity to continuously separate a flowing solution into its solid and liquid components. The solution enters a vertically-oriented chamber, then silent ultrasonic waves are applied at one side of the chamber. The waves travel through the solution until they reach the other side where they are reflected back off the chamber’s far wall. The returning waves are shifted in orien-tation compared to the oncoming waves, and their overlap creates alternating positive and negative interference. Although 

			

		

		
			[image: A diagram of UltraSep technology.]
		

		
			
				UltraSep is a continuous-separations technology that uses ultrasound instead of filters. The solution to be separated enters a vessel from a side channel and flows upward. An acoustic standing wave, oriented perpendicularly to the flow, forces the particles in the solution to concentrate at nodes where they aggregate with other particles. Eventually the aggregates become heavy enough to be pulled to the bottom of the chamber by gravity, meanwhile the liquid, now devoid of particulates, exits out the top of the chamber.

			

		

		
			
				A worker could set up a batch of waste to be processed,push a button, and walk away.
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				sound waves are traveling in both directions through the solution, the cumulative effect is alternating areas of high and low pressure that don’t travel, resulting in a pattern that appears stationary, thus the term “standing wave.”

				Particles in the solution are pushed by the radiative forces of opposing sound waves to regularly spaced positions within the stationary pattern, called nodes. The particles quickly aggregate with other particles at the nodes until a large clump is formed that is heavy enough to be pulled down by gravity to the bottom of the chamber. As particles aggregate and fall to the bottom, the clarified liquid exits the chamber from the top, and fresh suspension enters the chamber through a side channel.

				Coons and Los Alamos electrical engineer Eric Raby are working on making the vision of a push-button operation a reality for the heat-source team. This includes the initial pH adjustment step and eventually a final evaporative drying step for the concentrated particles.

				“For heat-source work in particular, this could double our production rate,” says Roman. “It would also have a much smaller footprint than current methods, and in our highly specialized facility every square foot comes at a premium.” Both the time and the space that UltraSep would free up could be used for other applications. Once it is successfully implemented for spacecraft heat-sources, Coons is confident it will be picked up by other teams at the Lab who need a solution to their continuous-separations problems.

				How it started

				UltraSep got its start elsewhere at Los Alamos, far from the plutonium facility, with the Lab’s biofuels team. Microalgae 

			

		

		
			
				are an ideal candidate in many ways for the development of non-fossil-fuels: they are energy rich, comparatively easy to grow, renewable, and not otherwise needed as food. The removal of waste solids from commodity liquids is called filtering, while the removal of waste liquids from commodity solids is called dewatering, and microalgae that have been grown for biofuels have to be thoroughly dewatered before their energy-dense hydrocarbons are harvested.

				“Los Alamos has a very strong program and a long history in acoustics,” says Lab bioscientist Babs Marrone. “We figured out how to use acoustics to separate bioparticles almost ten years before we started looking at algae for fuels. The dewatering step is one of the most expensive steps in the production of microalgae biofuels, so it made sense to try to do it acoustically.”

				Microalgae cultures need at least 95 percent of their water to be removed and therein lies the rub: unlike plutonium waste applications, biofuel applications are exquisitely energy conscious—there must be more energy coming out than going in, otherwise it’s not sustainable. 

				It takes the volume of a large backyard swimming pool to grow enough microalgae for one gallon of gasoline-equivalent biofuel. The low concentration of microalgae in this large volume of water creates enormous challenges for dewatering. Los Alamos bioscientists are working on how to grow microalgae in higher concentrations, which will help immensely with the energetics of dewatering. At present, however, filtration is the only technology that can meet the miniscule energy constraints, but it is costly, requires chemical treatments to maintain throughput, and the filters have to be replaced every couple of years.

				“Unlike other methods, our technology isn’t expendable,” emphasizes Coons. “There are no filters, no membranes, very little energy goes in, and very little waste comes out.” 

				To examine how the various particulates under study behave, Coons and Roman paired up with Los Alamos materials scientist 

			

		

		
			
				Time series showing a microalgae culture in suspension being dewatered using UltraSep. Within 15 seconds, dark striations called nodes appear, and microalgae can be seen collecting at the bottom of the chamber as aggregates at the nodes are pulled down by gravity. At 45 seconds, larger aggregates begin to form and fall, and within one minute, much of the microalgae have concentrated at the bottom of the vessel. 
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				Juan Leal and applied mathematician Kim Rasmussen. They discovered that different types of materials precipitate out of solution very differently from one another. For example, metal hydroxide particles interact with water more strongly than do microalgae—essentially absorbing some of the water, so that the particles become larger and dewatering becomes more difficult. 

				The associated water multiplies the particles' mass and volume many times over, diminishing the efficiency of mechanical removal. With these highly water-associated materials, increasing the particle concentration by a factor of tenfold may be achievable, whereas with less strongly associated materials like microalgae, the team has achieved concentration increases of more than 100-fold. 

				Using ultrasound for microalgae dewatering has distinct advantages over other methods. It is quieter (silent, in fact) and less dangerous than centrifugation, and it produces much less waste than filtration—no filters, no membranes, no chemicals for cleaning. But it isn’t ready for the big time just yet, because of scaling challenges.

				“Scaling from bench-top development to commercial appli-cations is always difficult,” says Marrone. “The separation happens fast, you can watch it, but going from liters at a time to a biofuels-relevant scale has been a challenge.”

				The size and shape of containers, for example, can alter how sound waves are reflected and thus affect the system’s performance. On the benchtop separation occurs in small vials, but just how large can a bioreactor, or fermenter, or other type of vessel get? 

				To help answer this sort of question, Coons and his team collaborated with a private company with expertise in designing chambers for acoustic applications. The collaboration helped with vessel design and also with the energy-in-energy-out challenge. By comparing their own power source to off-the-shelf and commercial power sources, Los Alamos scientists are developing strategies for low-energy deployment of UltraSep for energy-sensitive and other applications.

				“We know our efficiencies now,” says Coons. “We know the approach to take, we know which properties matter most, and we’re looking for commercial opportunities to take on those larger volumes.”

				How it’s going

				The search for large-volume commercial opportunities led, perhaps inevitably, to beer. Unlike nuclear waste processing where both the solid and liquid portions are waste, or biofuels where the solids are the commodity and the liquids are waste, in beer brewing the liquid is the commodity, but sometimes the solids are too. Certain beers are supposed to contain certain solids: Hefeweizen, for example, is famously cloudy, owing to the inten-tional presence of polyphenols, polysaccharides, protein, and a bit of yeast in the final product. 

			

		

		
			
				For the last few years, Coons and his team have been inves-tigating the brewing market in collaboration with five local breweries to evaluate whether UltraSep might have a place in craft beer production. The collaboration was born out of a Department of Energy initiative called Energy I-Corps, which connects national lab researchers with industry mentors to develop pathways for bringing new technologies to market. Through Energy I-Corps, Coons teamed up with Colleen Pastuovic from Los Alamos’ Feynman Center for Innovation. She knew that the craft brewing industry in New Mexico is vibrant and innovative and suggested focusing on that market, so that’s what they did.

				Craft beer brewers care a lot about the quality of their beer—above all it must maintain its freshness and taste while on the shelf. A brewer has to decide what to take out and what to leave in to achieve that quality. Before bottling therefore, beer must be clarified to a point where it will have good shelf stability, and things that have been deliberately left in, like yeast, won’t continue to grow and possibly affect flavor. 

				Over the centuries, beer brewers identified certain organic chemicals, known as finings, that increased the rate of settling for yeast and other particles in beer by increasing the particle size. For example, unflavored gelatin is commonly used by home brewers of lagers and ales because it’s easy to source and does a decent job of taking other particulates with it as it settles. Later, mechanical separation methods were developed but those brought their own set of challenges. For example, the force of the pumps used for filtration can increase dissolved oxygen levels and lead to reduced shelf stability.

			

		

		
			
				“For heat-source work in particular, this technology could double our production rate.”

			

		

		
			
				There are many different varieties of beer, each with its own unique combination of color and clarity. To achieve the right flavor, some particulates must be removed while others must remain, so indiscriminate removal of particulates is too coarse an approach. Craft brewers need a tool with finesse that can remove particulates selectively. The ultrasonic filter-free filtration method, UltraSep, might just be that tool. 
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				Solutions for pandemic supply shortfalls

				"New Tools for the Toolbox" | February 2021

				The plastics of the future

				"Made by Microbes" | August 2020

				Ultrafast, ultraclear subterranean imaging

				"Ultrasound Goes Underground" | July 2019

				New controls for imaging and communications

				"Fun with Light and Matter" | March 2018

				“Lab on a chip” microfluidics

				"Liquid Logic" | May 2017
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				Centrifugation is the gold standard for particle removal in large-scale beer production, but it is expensive, very loud, and does too good a job of clarifying. It has no finesse, indiscriminately pulling out all particles, which results in some of them needing to be added back in. Craft brewers generally prefer a lighter touch—they need a technology that is more targeted and tunable—and UltraSep was well received as an attractive alternative. 

				With funding from the New Mexico Small Business Assistance (NMSBA) program, the team tested UltraSep against a small table-top centrifuge on 12 different beers from the five breweries participating in the proof-of-principle study. As expected, the centrifuge pulled all particles from the beers and UltraSep did not. But UltraSep was able to resolve two populations of particles—large, fast settling particles like yeast, and smaller, slower settling particles like polyphenols and carbohydrates. UltraSep was the most effective on beers with a significant large-particle population to be removed, such as Indian Pale Ales, sours, and seltzers.

				The beer study is ongoing. The NMSBA-leveraged project that was born from Energy I-Corps participation got the project started, but there is still a lot that the team plans to do. Because brewers need to control what stays in and what comes out, the scientists are focusing on how UltraSep can best do that.

				“The potential to have a new device that brewers can use to dial in a very exact level of separation is incredibly exciting,” says Jeffrey Erway, president of La Cumbre Brewing Company. “We are glad to be included in this study and greatly look forward to seeing what lies ahead for this promising technology.”

				As with biofuels, to be a real contender in the craft beer world, UltraSep needs to be scaled from its current rate of one gallon per hour, up to 50 gallons per minute. In addition to scaling up, the team plans to scale out, which is to include more vessels operating in parallel. “The ability to use fundamental insight to advance technology is woven into the fabric of the Lab,” says Coons. “I’m confident we will get there.”

			

		

		
			
				He’s confident they will get elsewhere as well—ultrasonic continuous separation can be used for many waste streams in which microparticles need to be separated from liquids. From radioactive liquid waste treatment to municipal water treatment, there are many persistent problems that can be overcome with this technology.

				“There are challenges that stem from how things were done in the past,” says Coons. “It can be difficult to make improvements because people tend to resist change, even if a process can be made better. Sometimes it takes an epiphany to suddenly realize it doesn’t have to be this way. It’s a wonderful feeling to have an epiphany like that, but it’s even better when there’s a new way, a better way, ready to go.” 

				—Eleanor Hutterer
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				UltraSep can remove most or all of the particles from a solution within minutes. (Left) Three different species of microalgae that are under study as candidates for fossil-free fuels. (Right) Two different metal hydroxides that are relevant to waste processing at the Los Alamos plutonium facility. 
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				"Sometimes it takes an epiphany to realize there’s got to be a better way."
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				Tracking how online misinformation spreads to reach epidemic proportions
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				It starts with one and spreads from there. It grows exponentially, jumping borders and burning through communities. One becomes ten, and ten become thousands. If one of the people it reaches happens to be a superspreader, then the numbers really skyrocket. The way information spreads online is so much like the way pathogens spread through populations, it’s called “going viral.”

				Misinformation can be defined as “a claim of fact that is currently false due to lack of scientific evidence.” Throughout the coronavirus pandemic, the global spread of misinformation has handily kept pace with the global spread of the virus. But swarming misinformation isn’t unique to the pandemic; it’s practically inevitable any time a lot of people are talking about the same thing, especially if some elements are difficult to pin down.

				“It usually starts with a fairly obscure source,” explains information scientist Ashlynn Daughton, who led a team at Los Alamos in the study of pandemic-related misinformation. “Then it gets picked up by others and spreads. If a person of prominence or a person with the appearance of credibility picks it up, once that person’s tweets or clips are attached to it, they have basically vouched for it, and no one bothers to go back and vet the original source.”

			

		

		
			
				Daughton and other scientists at Los Alamos were studying online information patterns well before the pandemic. From the spread of seasonal influenza within the United States, to political instability abroad, they have been learning how publicly available data from social media can be incorporated into powerful forecast models.

				“People go through a sort of sensemaking process, and they talk or tweet about what’s going on,” says Daughton. “As COVID-19 was emerging, we wanted to see what we could do with misinfor-mation from Twitter.”

				 “We realized immediately that it’s a problem our skill set is uniquely able to address,” adds Geoffrey Fairchild, a Los Alamos data scientist who worked on Daughton’s team. “We had been considering misinformation for a while, then COVID-19 came along, and it was the perfect opportunity to apply what we had all been thinking about.”

				Disconnect the dots

				One specific form of misinformation that Daughton and her team set out to examine is the conspiracy theory. Conspiracy theories use elaborate ideas about a particular group of people secretly working together in an illegal or immoral capacity to achieve a goal that will benefit them and harm the public—all to explain events that can be otherwise explained. 

				A confluence of circumstances made the first months of the pandemic a breeding ground for conspiracy theories: Topics such as vaccine efficacy and perceived threats to personal freedoms were already controversial to some; people felt powerless during lockdowns and were isolated from one another, relying heavily on social media for news as well as for personal connection; and news about the virus focused on highly specialized subjects such as epidemiology, immunology, and RNA technology, that can be difficult for non-experts to understand. 

				Infectious disease conspiracy theories are not new. In 1832, British doctors were accused of faking cholera outbreaks so they could steal patients and sell their body parts, and in 1889, an influenza pandemic was blamed on the new-at-the-time technology of electric lighting. 

				The Los Alamos team used tweets collected by NewsGuard, an independent information watchdog that tracks online misin-formation, including conspiracy theories. Some examples of conspiracy theories that NewsGuard identified surrounding COVID-19 are: that the new technology of 5G internet was causing disease symptoms, that Microsoft co-founder Bill Gates along with his wife and charitable foundation were involved, and that the eventual vaccine would be harmful in some way. The details varied but certain keywords popped up again and again. 

				The team began with a collection of anonymized individual tweets that contained keywords associated with certain COVID-19 conspiracy theories identified by NewsGuard. Two researchers had to independently deem a tweet to be related to a 
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				conspiracy theory for it to be classified as such. Over 7000 tweets were manually classified in this way, creating a data set that was then used to train a machine learning (ML) model that would subsequently churn through orders of magnitude more data. After training it on the labeled tweets, the researchers fed the model 120 million more tweets, 1.8 million of which it determined to be related to a COVID-19 conspiracy theory. Using this filtered data set, the team then characterized the linguistic features of COVID-19 conspiracy theories to see how they evolve over time.

				“We showed that misinformation tweets show more negative sentiment than non-misinformation tweets,” explains team member Dax Gerts. “We also saw the theories evolve over time, incorporating details from previously unrelated conspiracy theories as well as from real-world events.” 

				For example, in December of 2019, before most people knew about the novel coronavirus outbreak that would soon become the COVID-19 pandemic, a research team with funding from the Bill and Melinda Gates Foundation published their development of a technology that can keep a vaccination record on a patient’s skin with an ink-like injection that could be read by a smartphone. A few months later, in March of 2020, perhaps in oblique reference to this technology, Bill Gates publicly suggested that the records of COVID-19 tests and vaccinations may be made digital so that people wouldn’t have to carry paper proof. This casual mention by a prominent person, in combination with incorrect assumptions about the technology—which does not have the capacity to track people’s movements—quickly morphed into various conspiracy theories that, for one reason or another, Gates was planning to microchip the masses.

				The team compared original tweets to retweets and found that original tweets present false information more often than they present evidence-based information, however, evidence-based information is retweeted more often than false information. 

				There was also a surprise finding: Tweets refuting false information, or otherwise tempering it, can instead promote it. Attempts at counter narration, regardless of sentiment or content, 

			

		

		
			
				caused Twitter’s algorithms to upregulate all related content, even the misinformation itself, leading to more views of both.

				“My hope is that the public health experts will see this and try to craft their messages in a more general way,” says team member and epidemiologist Courtney Shelley. “They shouldn’t use the same terminology as the misinformation does. I think that would make for more effective outreach.”

				It’s hard to change people’s minds—their first impression is usually the one that endures. For that reason, the Los Alamos team’s goal is to build a tool that can help public health officials get out ahead of health-related misinformation, instead of trying to chase it down. 

				 “It’s still a challenge to figure out how to proactively deal with public health misinformation,” says Gerts. “Early messaging should try to correct misinformation before it takes off—it’s harder to combat once it’s widespread. Later messaging should try to target the new elements of conspiracy theories as they evolve.”

				But even with on-point messaging from health authorities, the public must take the messaging seriously for it to be effective. Therefore, Daughton and her team also looked at public adherence to behavioral messaging about COVID-19 transmission—whether or not people were actually taking the right actions to avoid infection.

				Where the rubber meets the road

				People frequently post on social media about health-related behaviors like what they eat or how they exercise. But just because someone tweets about a salad, doesn’t mean they eat it. Human behaviors that can alter infectious disease transmission include staying home, socially distancing when you must go out, and washing your hands when you return. People tweeted a lot about these things in the early stages of the COVID-19 pandemic. It’s hard to know though, how much adherence was actually going on. Is there a way to tell if people are really doing what they claim in their tweets to be doing?
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				Stronger negative sentiment—e.g., expressions of fear, anger, or sadness—was seen in tweets classified by a machine learning model as “COVID-19 misinformation” (green) compared to tweets classified as “not COVID-19 misinformation” (black). The trend was apparent in tweets having to do with (left) Bill Gates and/or the Bill and Melinda Gates Foundation, and (right) vaccines. The further from the center each point is, the more tweets expressed that sentiment. 
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				To explore this question the Los Alamos team again started with thousands of anonymized tweets and manually categorized them to create training sets for ML models. The tweets were labeled according to specific health-related behaviors like social distancing, as well as personal impacts like economic hardship. The ML models, one for each behavior- or impact-category, were then used to classify 228 million tweets from January to July of 2020, and the results were mixed.

				The ML classifier for identifying tweets about monitoring disease symptoms, for example, performed poorly with a success rate no better than mere chance. But the 

			

		

		
			
				classifiers for identifying tweets about social distancing and sheltering-in-place were much stronger, allowing the team to do further analyses of these tweets.

				The scientists used publicly available anonymous mobility data (gleaned from smartphone geolocation services) to see if they could correlate people’s mobility—or, more precisely, people’s smartphones’ mobility—to tweets about social distancing and sheltering-in-place. Clear temporal and spatial patterns were apparent. Generally, as the number of tweets about staying home increased, the average mobility for the same region and period decreased, indicating agreement between conversations on Twitter and real-world behavior. The comparison was done on a state-by-state basis, with the correlation being stronger in some states than in others. Most states, however, had a maximum amount of Twitter chatter about social distancing and a minimum average mobility occur within 20 days of each other.

				In addition to correlating tweet quantity with mobility, the team was also able to correlate tweet upticks and downticks with a variety of major pandemic-related events. Immediately after the first COVID-19 death in the United States, the number of tweets about social distancing increased by more than 50 percent. A further increase occurred about a month later when 95 percent of the country was put under some form of lockdown order.

				The Los Alamos team hopes this work will inform public-health communication strategies for the present as well as the future. Real-time social media conversations, as well as other sources of behavioral data, can reveal a lot about people—how they’re feeling, what they’re thinking, and what they’re doing. A better understanding of people’s awareness and compliance with suggested behaviors can improve decision-makers’ overall knowledge and policy making in the crucial early stages of an epidemic or other emergency.
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				The proportion of tweets having to do with social distancing (blue) or sheltering-in-place (orange) increased and decreased in temporal correlation with major real-world events during the first several months of the coronavirus pandemic.
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				But, that’s uncredible!

				The ease with which online misinformation spreads is due in part to the equal footing afforded by the online environment, regardless of credibility. In a sort of “signal versus noise” paradigm, information from credible online sources can be overwhelmed by that from uncredible ones, complicating public outreach messaging. Presently the Los Alamos team members are looking at how uncredible information travels online, compared to information from more credible sources. The journalists at NewsGuard assign credibility scores to online news sources, and the Los Alamos scientists are comparing news sources with low credibility scores to those with high ones. Specifically, they are looking at which sources get published and tweeted about the most, which topics those sources are talking about, and which topics become the most popular.

				“It’s frustrating to see how effective misinformation can be,” says Fairchild. “As data scientists, we look at it and wonder how many people are basing important decisions on misinformation. It’s frustrating, but at the same time, it drives us to do this work—to see the scale of the problem and develop tools that might be able to help.”

				The Los Alamos team’s work is not limited to COVID-19, nor even to public health. The scientists are working to characterize misinformation in general, which is an important first step in counteracting its spread. Other online-information work the team members are doing includes identifying and tracking online hate speech, looking for population-level behavior changes over time, and finding trends in how humans move through space and time. 

				During the COVID-19 pandemic, and indeed in any emerging infectious disease scenario, the scientific understanding evolves quite quickly. So public messaging based on that 

			

		

		
			
				understanding—about infection risks, transmission pathways, and mitigation strategies—also evolves.

				“There’s sometimes this sense in the general public,” Fairchild muses, “that when scientists change their messaging, it means that the information they’re providing is somehow untrue or not trustworthy. But really, updating information is the whole point of the scientific endeavor.” 

				—Eleanor Hutterer
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				Heat map of word usage in tweets during the first few months of 2020. Shifting trends in word usage are apparent. For example, the term “outbreak” decreased in usage as the term “pandemic” increased, right around March 11, 2020, when the World Health Organization declared a pandemic.
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				Forecasting infectious disease

				“What Happens Next” | February 2021

				“Defining the Danger” | March 2018

				“Wikidemiology” | May 2015

				Protecting crucial resources

				“Fortifying for Extreme Weather” | February 2022

				“Data Harvesting” | July 2019

				“Out of the Dark” | February 2019
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				GEOTHERMAL HOTSPOTS ARE WAITING JUST BENEATH our feet to be tapped into as a natural source of renewable green energy. The challenge is finding them.

				Determining the locations of geothermal hotspots—or places where the subsurface heat of the earth can be accessed—is something experts have been doing in various ways for years. From sifting through vast amounts of data to actually drilling deep into the ground to measure its temperature, identifying hotspots can take time, money, and effort. Now, scientists at Los Alamos are applying the techniques of machine learning (ML) to the discovery of hotspots—streamlining the process and aiding energy professionals in their search for explorable areas.
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				An ancient resource

				Earth contains a lot of heat, some from the decay of radioactive minerals in the crust and some from the planet’s formation roughly 4.5 billion years ago. Mostly confined very deep underground, this heat is occasionally apparent at the ground surface. Obvious examples include natural hot springs, geysers like Old Faithful in Yellowstone National Park, and the magma inside volcanos. Hotspots like these are usually located along fault lines or near volcanoes. 

				Earth’s heat can be harnessed and used directly for a variety of purposes. Domestically it is used to heat homes, industrially it is used for hydrogen production, and commercially it is used in recreational spas and springs. But it is in electricity generation where the true potential of hotspots lies.

				Geothermal power plants use steam or water from underground that measures 300–700°F. From the 1970s to the 1990s Los Alamos scientists investigated hot dry geothermal power, in which the water was supplied externally, but so-called "hot dry rock" has still not achieved economic vitally. Underground water thus remains essential.

				The water or steam is piped to the surface through wells drilled up to two miles deep into the ground. The steam or 

			

		

		
			
				hot liquid is used to turn a turbine in the power plant, which then turns a generator, producing electricity.

				There are three main types of geothermal power plants. First, dry steam plants use steam directly from the subsurface source to power generators. Second, flash steam plants convert high-pressure underground water into steam to turn the generator turbines. The steam is then cooled and condensed into water that is fed back to the deep subsurface reservoir. Lastly, binary cycle power plants transfer the heat from underground water to another liquid, which causes the second liquid to turn into steam to power the generators.

				For more than a hundred years, geothermal energy has been an area of growing interest as scientists worldwide search for sources of renewable energy. The United States is a world leader in geothermal energy production, and New Mexico is sixth in the nation for geothermal potential, with hotspots largely located in the southwestern and north-central parts of the state.

				However, finding hotspots by drilling wells is not as easy as poking holes in the ground. It is an expensive process that requires advanced technology, and that’s where Los Alamos scientists come in.

				A modern method

				“Even with all the expertise that exists in this field, it’s not well understood where or how to find geothermal hotspots,” explains recently retired Laboratory computational scientist Velimir Vesselinov, who led the project. “Most of the information and guidance regarding which geological settings hold high geothermal potential has been based on field findings—much like how the oil and gas industry used to rely heavily on field expertise to determine where to drill.” However, unlike the oil and gas industry, which has adopted a variety of technological advances to help find drilling locations, the development of novel explo-ration and drilling technologies for geothermal-energy research has largely stayed stagnant. Currently, geothermal reservoirs are individually located by analyzing and interpreting site-specific subsurface and geological characteristics.

				“Typically, the experts will look at all the data and process it themselves,” says Bulbul Ahmmed, a postdoctoral researcher on the team. “They find the individual attributes, or variables in a dataset, that they believe are most important to defining the presence of geothermal reservoirs. Then, by accounting for the importance of each variable, they compute a composite score. Based on that score, they determine if a hotspot is likely to exist.”

				Even still, drilling a well and testing underground temperatures is the most reliable method for discovering and confirming a hotspot. In addition to being tedious, this process is costly and risky for companies. Out of every ten possible sources of geothermal energy, up to five end up being unproductive. After investing millions of dollars in a power plant to harvest that potential energy, if a reservoir fizzles out before a company can turn a profit, the cost deficit is a heavy one.

				“Our ML method does two things: It removes human bias and it also analyzes every bit of information in a dataset simulta-neously,” says Ahmmed. “That’s how we’re able to figure out what the interrelationships are between all the available data attributes, which traditional methods don’t allow.”

			

		

		
			
				Data sparsity can be a challenge when working with data-hungry machine-learning (ML) models. The Los Alamos team overcame this challenge in part by using ML itself to predict the missing data. (Left) The available data on oxygen-18 abundance in Nevada was used to determine the (right) ML-predicted oxygen-18 abundance. Oxygen-18 is an isotope that has to do with the origin of water, like whether it fell from the sky or rose from the ground. Green corresponds to lower abundance and red corresponds to higher abundance.
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				The Los Alamos team, in collaboration with several partner companies and the Department of Energy’s Geothermal Technologies Office, are applying ML to geothermal exploration and the discovery of reservoirs. This alleviates the need to rely on the inferences of experts in the field and, instead, brings a modern method for geothermal exploration to the industry. 

				“There is a lot of geothermal potential in the U.S., especially in the southwest,” says Vesselinov. “But it has not been sufficiently characterized. Exploration is expensive, and drilling is both very costly and difficult compared to oil and gas because of high temperatures and complex geology. What we’re trying to do is accelerate the exploration process.”

				The Los Alamos project streamlines the process of finding areas that could provide abundant energy, by feeding geomorphological data into ML models. The models then process the data using algorithms and simplified codes to determine the locations of potential geothermal hotspots and to define which attributes are key to finding more prospective sites in the future.

				The team has developed fundamental ML algorithms to mine the available data and figure out what data are necessary to produce accurate results. ML is useful for geothermal ventures in that it acts much like a human brain—continuously taking new information that it is given and integrating it into its data memory and algorithms to improve its predictions of geothermal prospec-tivity. Additionally, the team’s software can analyze entire data sets all at once, instead of having to break them down and analyze each attribute independently. 

				An ML approach also removes human bias, as the technology examines all data points in a set, rather than picking which geological characteristics are more important than others in determining the location of hotspots. 

				“When humans do exploration research,” says Vesselinov, “they are more strategic and know what properties they need to look at for results, but they also might miss data that could inform their decisions because it’s impossible for a human to sift through the mountains of geological data. But a machine learning model can.”

			

		

		
			
				The team tested its technology using unique data sets composed of information previously gathered throughout New Mexico, Utah, and Nevada. The findings were promising and resulted in the identification of several indicators of potential geothermal hotspots. In the Tularosa Basin in southwest New Mexico, for example, ML technology successfully singled out areas of interest by identifying geothermal signatures using key properties such as signals of heat flow, silica (often present in high concentrations in geothermal water), specific temperatures, and fault density.

				“If ML tools are used in the right way for geothermal energy exploration, experts can mine much larger amounts of infor-mation than any human being could in a lifetime,” says Vesselinov.

				While human experts are still needed to review the results, the ML methodology nonetheless acts as a magnifying glass helping to identify specific areas for further exploration.

			

		

		
			[image: A diagram showing the machine learning process of finding geothermal hotspots.]
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				Data collection locations

			

		

		
			
				Data sets for ML model input

			

		

		
			
				Predicted hotspots from ML model output
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				The Great Basin, including Nevada and parts of surrounding states, is a region with high geothermal energy potential. Machine learning (ML) can be used to guide energy exploration of the region. Los Alamos scientists used publicly available data about 18 attributes having to do with geothermal prospectivity, collected from locations throughout the region. By applying their ML model to the data, they produced a detailed map indicating specific areas worthy of further exploration. The attributes used include general characteristics such as temperature and total dissolved solids, as well as concentrations of specific trace elements like boron and lithium that are indicative of circulation deep underground, and major ions like magnesium and chlorine that are associated with different types of groundwater. 
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				The local connection

				The team has recently applied its technology in a collaboration with a Navajo-, veteran-, and female-owned small business in New Mexico, called Tosidoh, LLC. Tosidoh is exploring how to best use a flowing hot water well, that was drilled by an oil explo-ration company in 1954 at Tohatchi Hot Springs.

				After determining that the assessment of the well for geothermal energy was too complex of a task to tackle alone, Tosidoh joined the New Mexico Small Business Association to get technical support from Los Alamos researchers. 

				The scientists used their ML technology to combine data from a variety of preexisting documents about the well, and also to process and analyze new data gathered from the site. Then they further used ML to analyze geological, geophysical, and geochemical datasets to characterize the geothermal source and learn what subsurface processes were heating the water.

				“It was a very rewarding experience,” recalls Vesselinov. “Living in New Mexico, you always want to help the local economy and workforce. It was extremely exciting to work with Tosidoh. We also used the data from what we learned with them in our research because we didn’t initially have all the information from their geothermal site. Our joint project helped them, but they also helped us.”

				The collaboration identified two aquifers beneath the well which could potentially support several projects, including a greenhouse-based farm, residential heating, a spa, and hydrogen production. Tosidoh is continuing to explore how best to use the well for sustainable applications and to provide local employment and revenue to the community and the larger Navajo Nation.

				Driven by data

				One of the most challenging aspects of ML technology is gathering enough data to develop, test, and verify ML models and their predictions. Once created, the models also have to be continually updated, integrating new relevant information as it becomes available. The Los Alamos team is reliant on data that has been collected over a 50-year time span, most of which wasn’t collected with the specific intention of using it for clean energy research. The data are limited in amount and can be low quality because they are sparse, incomplete, and at times, inaccurate. However, the team needs all the data it can get, so the scientists built the ML model to automatically pick out not only useful information but also suspected outliers or errors.

				“Most machine learning methods are extremely data hungry,” says Vesselinov. “There is a classic example in ML of training a model to distinguish images of cats and dogs. The ML algorithm needs millions of images to learn what makes cats and dogs different. We don’t have millions of data points for prospective geothermal reservoirs. So, our model cannot be trained in the same way.” The team’s ML approach mines all the available data 

			

		

		
			
				to extract latent features that are indicative of known geothermal hotspots; after that it looks for similar features at new sites. Based on the presence and strength of these features at new locations, the model produces estimates of geothermal prospectivity. 

				For example, in southwestern New Mexico, the team only had 44 locations to draw data from and only 18 data attributes informing geothermal conditions at each location. That’s less than 800 data points, compared to the millions of images in the dogs vs. cats example. Nevertheless, the team was able to identify different candidate locations based on distinctive inferred subsurface conditions. 

				While they have overcome the data-paucity challenge so far by meticulously pulling from all available sources, the team is also integrating new ways of collecting data. This will help “teach” their model to be more efficient and effective. This includes large diverse data sets such as satellite images and geophysics surveys, some of which are newly available thanks to recent advances in data acquisition and remote-sensing technologies.

				“It’s been exciting to find new prospective resources with the little data we have,” says Ahmmed. “I think that’s what makes our ML method successful compared to other methods; we were able to get really important information from sparse data. However, now we are expanding our ML methods to mine larger and more diverse data sets coming from many different sources. It is like looking for a needle in a haystack, but our methods can do it very fast!”

				The heat inside the earth is an ancient resource, some having been there since the planet formed. Only occasionally breaking the surface, it has mostly stayed hidden deep below. Now, thanks to modern technology like ML, scientists can find and put to use the heat beneath our feet. 

				—Hannah Conrad
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			[image: A close-up photograph of the ridges on a turtle shell.]
		

		
			
				Turtle shells act as environmental recorders, collecting chemical information about the environment that can be correlated with a date in time. Tortoises, sea turtles, and other classes of turtles all grow a keratin-rich tissue, called scute, over their bony shells. Turtle scute grows in layers producing colorful patterns visible across a turtle’s shell. Like tree rings, turtle scute layers correlate to calendar years—approximately one new layer is formed for each year of the animal’s life. Unlike tree rings, however, turtle scute becomes inert and doesn’t interact chemically with other tissues of the organism, making each layer an ideal time capsule. Scientists at Los Alamos are sampling turtle shells from around the world—some more than 75 years old—and looking at individual scute layers to learn about what was in the turtle’s environment at the time that layer was made. Read the whole story, Turtles Tell Tales, on page 3.
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				Located near Socorro, New Mexico, The Karl G. Jansky Very Large Array, or VLA, is a Y-shaped array of 82-foot-wide satellite dishes. The twenty-eight dishes function as a single, miles-wide, radio telescope. Established in 1980, the VLA is the most versatile and widely used radio telescope in the world. 

			

		

		
			[image: A photo of six large satellite dishes at dusk with a mountain range in the background.]
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