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Tech News & New Tech（技术前沿）

As hunt for sterile neutrino continues, mystery deepens
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MINOS experimental set-up. Credit: Fermilab Visual Media Services.

Physicists have hypothesized the existence of fundamental particles called sterile neutrinos for decades and a couple of experiments have even caught possible hints of them. However, according to new results from two major international consortia, the chances that these indications were right and that these particles actually exist are now much slimmer.
In the 1990s, particle physicists at Los Alamos National Laboratory noticed something puzzling in one of their experiments. Their results disagreed with other experiments that discovered neutrino oscillations—the surprising ability of neutrinos to morph from one flavor to another—and ultimately led to last year's Nobel Prize for physics. An experiment at Fermi National Accelerator Laboratory (Fermilab) that was designed to confirm or refute the results from Los Alamos only added to the mystery by producing mixed results.

To resolve the disagreement, theorists proposed the existence of an as-yet-undiscovered fundamental particle—a sterile neutrino. Physicists speculated that the hypothesized particles might hold a key to better understanding of the evolution of the universe and why it is mostly made of matter and not antimatter.

Based on the Los Alamos and Fermilab results, scientists predicted a range of possible physical properties, such as mass, that sterile neutrinos could have. Several large research projects have been hunting for the elusive particles within that range.

Now in this latest study, by combining results from a different experiment at Fermilab, called the Main Injector Neutrino Oscillation Search (MINOS), and another in China, called the Daya Bay Reactor Neutrino Experiment, scientists have ruled out a large portion of the range of possible properties the hypothesized particles were predicted to be hiding in.

"So the plot thickens," says Karol Lang, a professor of physics at The University of Texas at Austin and co-spokesperson for the MINOS experiment. "But it's still possible that new experiments being developed at Fermilab might reveal some exciting new physics to explain these very different results."

The results are being published this week as three separate letters in the journal Physical Review Letters (see links below).

A team of researchers from UT Austin played many roles in producing the MINOS results, including graduate students Dung Phan, Simon De Rijck and Tom Carroll, and postdoctoral fellows Adam Schreckenberger, Will Flanagan and Paul Sail.

"It is very exciting to work on one of the pioneering experiments and have such a big impact on the field," says De Rijck.

Neither the MINOS nor Daya Bay results alone could be directly compared to the Los Alamos measurements, but combined, they could.

"It's not common for two major neutrino experiments to work together this closely," says Adam Aurisano of the University of Cincinnati, one of the MINOS scientists.

A resolution to the mystery of sterile neutrinos might come soon. Researchers in Fermilab's Short-Baseline Neutrino Program have already begun collecting data specifically targeting particles in the narrow mass range where sterile neutrinos might yet be hiding. Meanwhile, Lang and his colleagues in MINOS and Daya Bay have more data that they plan to analyze in the coming year, which might narrow the possible range of physical properties even further.

"A sterile neutrino, if found, would be a game changer for particle physics," says Phan.

寻找惰性中微子继续，神秘感加深
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米诺斯实验装置。致谢：费米国家加速器实验室视觉媒体服务中心

几十年前，物理学家就已经假定了称为惰性中微子的基础粒子的存在，一些实验甚至捕获到了他们可能存在的痕迹。然而，两大国际联盟的研究结果表明，这些迹象可能是正确的，但这些粒子真实存在的希望更小了。

20世纪90年代，美国洛斯阿拉莫斯国家实验室的粒子物理学家在他们的实验中发现了一些令人困惑的现象。他们的实验结果与其他发现中微子振荡（中微子的一个惊人的能力，可以从一种风格变异到另一种）的实验不一致，最终获得了去年的诺贝尔物理学奖。费米国家加速器实验室（Fermilab）进行的一项实验用于确认或反驳洛斯阿拉莫斯国家实验室的实验结果，但得到的混合结果让事情更加神秘。

为了解决分歧，理论家假定有一种未被发现的基础粒子——惰性中微子存在。物理学家期望这一假定粒子是更好理解宇宙演化及宇宙为什么大部分由物质而非反物质组成的关键。

基于洛斯阿拉莫斯国家实验室和费米国家加速器实验室的研究结果，科学家们预测惰性中微子可能具有一系列物理性质，如质量。一些大型的研究项目已经在这些性质范围内寻找这一难以捉摸的粒子。

在这项最新的研究中，通过与费米国家加速器实验室开展的实验（主注入器中微子振荡探索，MINOS）和中国的实验（大亚湾反应堆中微子实验）结果相结合,科学家们排除了这些假定粒子中很大一部分可能隐藏的一系列性质。

“所以事情变得更复杂了。” 德克萨斯大学奥斯汀分校的物理教授、MINOS实验的联合发言人卡罗尔•朗表示。“但费米国家加速器实验室进行的新实验仍然有可能会揭示出一些令人兴奋的新的物理学理论，从而可以解释这些极为不同的结果。”

研究结果将于本周以三个独立版面在《物理评论快报》杂志上发表。（参照以下链接）

德克萨斯大学奥斯汀分校的研究小组在得出MINOS实验结果中贡献了很多力量，包括研究生栋•潘、西蒙•德•迪瑞克和汤姆•卡罗尔，博士后研究人员亚当•施雷肯贝格尔、威尔•弗拉纳根和保罗•赛尔。

“能够参与一项开创性的实验，并对该领域产生如此重大的影响，这本身就是一项激动人心的工作。”德•迪瑞克说道。

不论MINOS实验还是大亚湾反应堆实验，都不能单独直接与洛斯阿拉莫斯国家实验室的实验结果相对比，除非两个实验结合在一起。

 “两个大型的中微子实验如此紧密协作是很少见的。” MINOS实验的科学家之一、辛辛那提大学的亚当•奥瑞萨诺说道。

解开惰性中微子谜团的方法可能很快就会出现。费米国家加速器实验室短基线中微子项目组的研究人员已经开始收集特定目标粒子的数据，在较窄质量范围内可能隐藏有惰性中微子。与此同时，朗和MINOS、大亚湾实验中的同事已经获得了更多的数据，计划在来年进行分析，可能会进一步缩小这种粒子可能具有的物理性质范围。

“如果发现了惰性中微子，将会是粒子物理学的一个转折。”潘说道。
Team simulates a magnetar to seek dark matter particle
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ABRACADABRA (A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus), consists of a series of magnetic coils, wound in the shape of a toroid, or donut, which is then encased in a layer of …more

MIT physicists are proposing a new experiment to detect a dark matter particle called the axion. If successful, the effort could crack one of the most perplexing unsolved mysteries in particle physics, as well as finally yield a glimpse of dark matter.

Axions are hypothetical elementary particles that are thought to be among the lightest particles in the universe—about one-quintillionth the size of a proton. These ultralight particles are virtually invisible, yet if they exist, axions and other yet-unobserved particles may make up 80 percent of the material in the universe, in the form of dark matter.

In a paper published online in Physical Review Letters, the MIT team proposes an experiment to detect axions by simulating an extreme astrophysical phenomenon known as a magnetar—a type of neutron star that generates an immensely powerful magnetic field. The physicists reasoned that in the presence of an axion such a huge magnetic field should waver ever so slightly, producing a second, vastly smaller magnetic field as a signature of the axion itself.

The team consists of MIT associate professor of physics Jesse Thaler, MIT Pappalardo Fellow Benjamin Safdi, and Yonatan Kahn PhD '15, now a postdoc at Princeton University. Together, they designed an experiment to recreate the physics of a magnetar in a controlled laboratory environment, using technology borrowed from magnetic resonance imaging (MRI).

The core of the experiment, which they've named ABRACADABRA (A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus), consists of a series of magnetic coils, wound in the shape of a toroid, or donut, which is then encased in a layer of superconducting metal and kept in a refrigerator at temperatures just above absolute zero, to minimize external noise. The scientists plan to use a highly sensitive magnetometer, placed inside the donut hole, to detect any signs of axions' influence.

"Axions are very strange, counterintuitive particles," Thaler says. "They're extremely light, with feeble interactions, and yet this particle may dominate the matter budget of the universe and be five times more abundant by mass than ordinary matter. So we really had to think hard on whether these particles are in principle detectable using current technology. It's extremely daunting."
A "tantalizing" particle

If they are detected, axions may also explain an outstanding dilemma in particle physics, known as the Strong CP (charge parity) problem: Since the 1970s, scientists have grown increasingly puzzled over what Safdi describes as "the indifference of neutrons to electric fields." Neutrons are elementary particles that are found in the nucleus of almost every atom in matter, and they do not carry a net charge.

"We don't expect neutrons to accelerate in the presence of an electric field because they don't carry electric charge, but you might expect them to rotate," Safdi says. "That's because we expect them to have an electric dipole moment, where you can think of a neutron having a plus charge on one side and a minus charge on the other. But from our current understanding, this rotation effect does not exist, whereas theory says it should."
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A sketch of the ABRACADABRA toroidal magnet. A constant magnetic field circulating around the toroid can interact with axion dark matter to produce a small oscillating magnetic flux through the center. In the absence of axion dark matter, …more

Scientists have hypothesized that this bizarre effect may be explained by the axion, which would somehow remove a neutron's electric dipole moment. If so, the axion would modify electric and magnetic phenomena in a way that could be detectable experimentally.

"It's very tantalizing to say there might be a particle that serves this deep purpose, and even more so if we were to detect the presence of these particles in the form of dark matter," Thaler says.

The hunt is on

Currently, Thaler says most axion hunting has been carried out by researchers at the University of Washington who are running the Axion Dark Matter Experiment, or ADMX. The experiment uses a resonant microwave cavity, set within a large superconducting magnet, to detect very weak conversions of axions to microwave photons. The experiment is tuned to look for axions within a specific range of around one quadrillionth the mass of a proton.

Thaler and his team realized that they could extend this range, and look for much smaller, lighter particles, on the order of one quintillionth the mass of a proton, by recreating the physics of magnetars, in the lab.

"The Strong CP problem is associated with whether a neutron's spin responds to electric effects, and you can kind of think of a magnetar as one gigantic spin with big magnetic fields," Thaler explains. "If axions are coming in and changing the properties of nuclear matter to resolve the Strong CP problem, maybe axions can interact with this magnetar and allow you to see it in a new way. So the subtle effects of axions should be amplified."

The team's prototype design is surprisingly small—"about the palm of your hand," Safdi says. The researchers, who are theoretical physicists by training, are now working with experimentalists at MIT to build the prototype, which is designed to generate a baseline magnetic field of about 1 tesla, comparable to current MRI machines. If axions are present, that field should waver slightly, producing a very tiny oscillation at a frequency that is directly related to the axion's mass. Using a high-precision magnetometer, Thaler hopes to pick up that frequency and ultimately use it to identify the axion's size.

"Only recently have there been many good ideas to search for [low-frequency axions]," says Gray Rybka, an assistant professor of physics at the University of Washington and an ADMX researcher, who was not involved in the research. "The experiment proposed here builds on previous ideas and, if the authors are correct, may be the most practical experimental configuration that can explore some of the plausible lower-frequency axion regimes."

"We have an instrument that's sensitive to many wavelengths, and we can tickle it with an axion of one particular wavelength, and ABRACADABRA will resonate," Thaler says. "And we will be going into uncharted territory, where we could possibly see dark matter from this prototype. That would be amazing."

团队模拟磁电机以探索暗物质粒子
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ABRACADABRA （用放大磁场圈装置的一个针对宇宙轴子监测的宽频/共振方法），包含了一系列的磁线圈，呈环行线圈状或者圆环状，然后被包裹上一层…更多

麻省理工学院的物理学家们提出了一个新的实验，用于检测一种叫做轴子的暗物质粒子。如果成功了，这一努力将破解粒子物理学中最令人费解的问题之一，并最终能够看上一看暗物质。

轴子是一种假设的基本粒子，这种粒子被认为是宇宙中最轻的粒子---大约是质子大小的十的三十幂分之一。这些超轻的微粒几乎是看不见的，但是如果它们存在，轴子以及其它还没有观察到的粒子可能构成了宇宙中80%的物质，以暗物质的形式。

在一篇在线发布在《物理评论快报》的论文中，MIT团队提出了一个实验，通过模拟一个被称为磁星---一种产生巨大磁场的中子星---的极端天体物理现象来检测轴子。物理学家认为，在轴子这样一个巨大的磁场面前应该有轻微的动摇，产生能够代表轴子自己的第二个更小的磁场。

团队由MIT物理学副教授Jesse Thaler，MIT的专家研究员Benjamin Safdi以及目前在普林斯顿大学读博士后的Yonatan Kahn博士组成。他们一起设计了一个实验，利用磁共振成像（MRI）技术，重现在受控实验环境中的磁物理技术。

被他们命名为ABRACADABRA（用放大磁场圈装置的一个针对宇宙轴子监测的宽频/共振方法）的这个实验的核心包含了一系列的磁线圈，呈环行线圈状或者圆环状，然后被包裹上一层超导金属并放入温度仅高于绝对零度的冰箱中，以减少外部噪音。科学家们计划利用一个高灵敏度的磁强计，放入圆环洞内，以检测轴子影响的任何迹象。

 “轴子是非常奇怪的有悖常理的粒子。”Thaler说，“它们非常之轻，有微弱的相互作用，然而这种粒子可能在宇宙的物质预算中占主导地位，质量会是普通物质的五倍。因此我们真的必须要认真考虑使用目前的技术，这些粒子是否在原则上是可检测到的。这是非常艰巨的。”

 “诱人的”粒子

如果它们被检测到，轴子也可能会解释粒子物理中的一个被称为强CP（电荷宇称）问题的突出难题：自20世纪70年代以来，科学家们对Safdi描述的“中子对电场的冷淡”感到越来越困惑。”中子是在物质中几乎每个原子核中都有发现的基本粒子，它们不带净电荷。

 “我们没有期望在电场面前中子会加速。因为它们不带电荷，但你可以期望它们旋转。”Safdi说，“那是因为我们期望它们有一个电偶极距，在那里你可以想象一个中子的一边带正电荷，一边带负电荷。但是从我们目前的理解来看，这种旋转效应是不存在的，然而理论上确实应该存在的。”
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ABRACADABRA环形磁体的描述。围绕环行线圈旋转的恒定磁场能够与轴子暗物质相互作用，以通过中心产生一个小的震荡磁场。在缺乏暗物质去，…更多

科学家们推测，这种奇异的效果可以通过轴子来解释，这会删除一个中子的电偶极距。如果是这样，轴子将会一种在实验上可检测的方式修改电子和磁现象。

 “可以非常诱人地说可能有一种粒子能够服务于这种深刻的粒子，甚至更多，因此如果我们能够检测这些以暗物质形式出现的粒子。”Thaler说。

探索还在进行

目前，Thaler说大多数的轴子探索由华盛顿大学那些运行轴子暗物质实验，或者ADMX，的研究人员进行。该实验采用微波谐振腔，置于一个大型超导磁体中，来检测十分微弱的轴子转变成微波光量子。该实验被调整以寻找特定范围内的大约是质子质量的千亿分之一的轴子。

Thaler和他的团队意识到他们可以扩大这个范围，并寻找更小，更轻的粒子，近似质子质量的十的三十幂分之一，在实验中通过再现磁物理。

 “强CP问题与中子的自转是否对电场效应有响应有关，并且你可以把磁星想成是一个拥有巨大磁场的巨大旋转。”Thaler说，“如果轴子正改变核物质的性质来解决强CP问题，轴子就有可能能够与这个磁星相互作用，并允许你以一种新的方式看见它。因此轴子的微妙影响应该被放大。”

该团队的原型设计非常小---“大约是你的手掌大小。”Safdi说。通过培训成为理论物理学家的研究人员们目前正与MIT的饰演者一起工作以建立原型，这个原型的设计是为了产生约1特斯拉的基线磁场，与目前的磁共振成像机器有一定可比性。如果轴子存在，那个场将轻微摆动，以直接与轴子质量相关的频率产生一个非常微小的振动。使用高精度磁力仪，Thaler希望获得这个频率并最终使用它来鉴定轴子的大小。

 “只有在最近才有一些好的想法来探索低频轴子。”华盛顿大学物理学助理教授以及没有参与进该研究的ADMX研究员Gray Rybka说，“这里提出的实验是建立在以前的想法之上的，并且如果作者是正确的，也许最实用的实验配置能够探索一些貌似可信的低频轴子制度。”

 “我们有一个对很多波长敏感的仪器，我们可以用一个有特定波长的轴子来触发它，之后ABRACADABRA就会产生共振。”Thaler说，“我们还将进入一个未知的领域，在那里我们可以从这个原型中看到暗物质。那将是令人吃惊的。”

The incredible shrinking particle accelerator
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Plasma laser-driven acceleration (rendering from 3-D Warp simulations). A laser beam (green and yellow disks on the right) propagating (from left to right) through an under-dense plasma (not represented) displaces electrons, creating a “wakefield” that supports very high electric fields (blue and red isorufaces). Credit: Jean-Luc Vay, Berkeley Lab

Particle accelerators are on the verge of transformational breakthroughs—and advances in computing power and techniques are a big part of the reason.

Long valued for their role in scientific discovery and in medical and industrial applications such as cancer treatment, food sterilization and drug development, particle accelerators, unfortunately, occupy a lot of space and carry hefty price tags. The Large Hadron Collider at CERN in France and Switzerland, for example—the world's largest and most powerful particle accelerator—has a circumference of 17 miles and cost $10 billion to build. Even smaller accelerators, such as those used in medical centers for proton therapy, need large spaces to accommodate the hardware, power supplies and radiation shielding. Such treatment facilities typically fill a city block and cost hundreds of millions of dollars to build.

But efforts are under way to make this technology more affordable and accessible by shrinking both the size and the cost without losing the capability. One of the most exciting developments is the plasma accelerator, which uses lasers or particle beams rather than radio-frequency waves to generate the accelerating field. Researchers have already shown the potential for laser plasma acceleration to yield significantly more-compact accelerators. But further development is needed before these devices—envisioned as almost literally "tabletop" in many useful applications—make their way into everyday use.

This is where advanced visualization tools and supercomputers such as NERSC's Edison and Cori systems come in.

"To take full advantage of the societal benefits of particle accelerators, game-changing improvements are needed in the size and cost of accelerators, and plasma-based particle accelerators stand apart in their potential for these improvements," said Jean-Luc Vay, a senior physicist in Berkeley Lab's Accelerator Technology and Applied Physics Division (ATAP).

Vay is leading a particle accelerator modeling project as part of the NESAP program at Berkeley Lab's National Energy Research Scientific Computing Center (NERSC) and is the principal investigator on one of the new exascale computing projects sponsored by the U.S. Department of Energy (DOE). "Turning this from a promising technology into a mainstream scientific tool depends critically on large-scale, high-performance, high-fidelity modeling of complex processes that develop over a wide range of space and time scales," he said.
Vay and a team of mathematicians, computer scientists and physicists are working to do just that by developing software tools that can facilitate simulating, analyzing and visualizing the increasingly large datasets produced during particle accelerator studies.

Accelerator modeling is an opportunity to help lead the way to exascale applications, noted ATAP Division Director Wim Leemans. "We've spent years preparing for this opportunity," he said, pointing to the already widespread use of modeling in accelerator design and the tradition of collaboration between physics and computing experts that has been a hallmark of ATAP's modeling work.
Laser wakefield particle accelerators offer the prospect of less costly and much smaller accelerators. Using the waves created by a laser shot through plasma they "surf" particles to higher speeds (or energies). This simulation shows how a single …more

"One of the driving factors in our research is the transition to exascale and how data visualization is changing," explained Burlen Loring, a computer systems engineer who is part of the collaboration, along with Oliver Rübel, David Grote, Remi Lehe, Stepan Bulanov and Wes Bethel, all of Berkeley Lab, and Henri Vincenti, a Berkeley Lab postdoctoral researcher from CEA in France. "With exascale systems, traditional visualization becomes prohibitive as the simulation get larger and the machines get larger—storing all the data doesn't work and the file systems and data bandwidth rates aren't keeping up with the compute capacity."

In Situ to the Rescue

Now, in a paper published June 9 in IEEE Computer Graphics and Applications (IEEE CG&A), the team describes a new approach to this challenge: WarpIV. WarpIV is a plasma and accelerator simulation, data visualization and analysis toolkit that marries two software tools already widely used in high energy physics: Warp, an advanced particle-in-cell simulation framework, and VisIt, a 3-D scientific visualization application that supports most common visualization techniques. Together, they give users the ability to perform in situ visualization and analysis of their particle accelerator simulations at scale—that is, while the simulations are still running and using the same high performance computing resources—thus reducing memory usage and saving computer time.

"We have this push to transition a significant portion of our visualization work over to the in situ domain," Loring said. "This work is a step in that direction. It is our first take on in situ for laser plasma accelerators and our first chance to use it on a real science problem."

A primary function of WarpIV is to manage and control the end-to-end, integrated simulation and in situ visualization and analysis workflow. To achieve this, WarpIV supports four main modes of operation—batch, monitoring, interactive and prompt—each of which in turn supports a different approach to in situ scientific discovery. WarpIV also uses a factory pattern design to define simulation models, which allows users to create new simulation and in situ analysis models in a self-contained fashion; and Python-based visualization and analysis scripts.

"One of the design factors that will make it easy for scientists to use WarpIV is the ability to use Python scripts that are autogenerated in VisIt," Loring explained. "The scientist takes a representative dataset before they make their runs and comes up with visualization scripts. Then they open the representative dataset in VisIt and use the recording feature to automatically record their actions into a Python script. Then WarpIV takes these scripts and runs them in the in situ environment."

Another key feature of WarpIV is its integrated analytics—notably, filtered particle species, which enable users to pick out particular features of interest from the hundreds of millions of particles required for accurate simulation.

"Very often when you do a visualization, particularly in situ, you want to minimize how much time you spend on it, and you can do this by focusing on particular features," Rübel explained. "In this case, for example, you need large numbers of particles to simulate the process, but the features you are interested in, such as the beam that is extracted from the background plasma, are going to be much smaller than that. So finding these features and doing the analysis while the simulation is running, this is what we call filtered species. It is a mechanism we developed not just to do plots, but to find what it is you want to plot."
Toward 3-D Modeling
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Kinetic energy of all particles—protons (red, carbon (green) and electrons (blue)—in a 3D simulation of a laser ion accelerator model. The simulation was generated in situ using WarpIV at an intermediate timestep (it = 4105, time = 5.53716e) 14 seconds after the laser has hit the target foil. Credit: Burlen Loring, Berkeley Lab

WarpIV, which Rübel initially prototyped in 2013, grew out of a collaboration between two DOE SciDAC projects: SDAV (Scalable Data Management, Analysis and Visualization) and COMPASS (Community Project for Accelerator Science and Simulation) programs. The work was also subsequently supported by DOE's CAMPA (Consortium for Advanced Modeling of Particle Accelerators) program.

The WarpIV toolkit, which continues to undergo development, was officially rolled out in June 2016 and is available via bitbucket. Initial testing has yielded positive results in terms of scalability, performance, usability and proven impact on science.

For example, in the research that resulted in the IEEE CG&A paper, the team ran a series of ion accelerator simulations in 2D and 3-D to analyze WarpIV's performance and scalability. Comparison of these simulations revealed significant quantitative differences between the 2D and 3-D models, highlighting the critical need for high-resolution 3-D simulations in conjunction with advanced in situ visualization and analysis to enable the accurate modeling and study of new breeds of particle accelerators.

In one 3-D series, they tracked the run time for five categories of operations at 50-iteration simulation updates and found that, at each update, the visualization, analysis and I/O operations consumed 11-15 percent of the total time, while the rest was used by the simulation—a ratio the researchers consider "quite reasonable." They also found that the in situ approach reduced the I/O cost by a factor of more than 4000x.

There is great demand for 3-D simulation codes that run in a reasonable time and perform accurate accelerator modeling with correct quantitative predictive power, Vay emphasized.

"We want to be able to conduct experiments on ion acceleration, so in this case it is very important to have a working simulation tool to predict and analyze all kinds of experiments and test theories," said Bulanov, a research scientist in the Berkeley Lab Laser Accelerator Center who works closely with Vay. "And if the simulations can't keep pace with the experiment, it would slow us down significantly."

Having in situ tools like WarpIV will be increasingly valuable as supercomputers transition to more complex manycore architectures, Vay added.

"WarpIV provides visualization in 3-D that we would not have been able to obtain easily using our previous visualization tools, which were not scaling as well to many computational cores," he said.

难以置信的收缩粒子加速装置
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等离子激光驱动加速装置（从三维变形模拟转换而来）。一束通过（从左到右）低密度等离子的激光（右侧的绿黄圆盘）代替了电子，产生一个“伴流场”，支持极高电场（蓝红等位面）。致谢：让-吕克•巴伊，伯克利实验室

粒子加速器正处于转型突破边缘，运算能力和技术的进步是其中一个重要原因。

长期以来，粒子加速器在科学发现以及医学和工业方面都具有应用价值，包括癌症治疗、食品灭菌和药物开发，但不幸的是，粒子加速器会占用大量空间而且价格昂贵。比如，法国和瑞士核子研究中心的大型强子对撞机，是世界上最大最强的粒子加速器，周长有17英里，花费了100亿美金的建造费。即使是小型的加速器，比如医学中心用于质子治疗的机器，也同样需要较大空间来容纳硬件设备、电源和辐射屏蔽。这样的治疗设备通常会占满一个城市街区，同时要花费数亿美元的建造费用。

但是目前正采取措施，在保证性能前提下缩小尺寸和成本，使得该技术变得能够负担并更易获得。最令人激动的一项进步是等离子体加速器，它使用激光或粒子束，而不是射频波，来形成加速场。研究人员已经展示了激光等离子体加速能生产出更加紧凑的加速器的潜力。但是在这些设备（在许多有用的应用中，几乎想像成字面意思的“桌面”）投入到日常使用中前，需要更进一步的发展。

这就是先进的可视化工具和超级计算机，如国家能源研究科学计算中心（NERSC）的爱迪生和柯里系统派上用场的地方。

 “为了充分利用粒子加速器的社会效应，需要在粒子加速器的尺寸和成本上获得突破性的进展，等离子体粒子加速器不需要这样的改进。” 伯克利实验室加速器技术和应用物理部的资深物理学家让-吕克•巴伊说道。 

巴伊主持了一项粒子加速器建模工程，这是伯克利实验室国家能源研究科学计算机中心项目的一部分，他是美国能源部（DOE）资助的新百亿亿次级计算项目其中一个项目的负责人。“要把它从一个很有前途的技术转变成一个依赖于在一个广泛的空间和时间尺度上开发的大规模、高性能、高保真复杂过程模型的主流科技工具。”

巴伊和一个由数学家、计算机科学家和物理学家组成的研究小组正研究此项工作，通过开发软件工具，帮助模拟、分析和形象化地观察粒子加速器研究过程时产生的不断增大的数据量。

加速器建模是一个机会，可以帮助我们应用到百亿亿次级计算项目中，加速器技术和应用物理部主任维姆•莱曼斯指出。“我们为此准备了很多年，”他指着在加速器设计中广泛使用的模型说道，物理学家和计算机专家通力协作这一传统是我们建模工作的一大特点。

激光伴流场粒子加速器提供了一个可以建造成本少、体积更小的加速器的机会。运用激光束通过等离子体后产生的光波，粒子被冲到高速（或具有高能量），这一模拟过程显示出单独的….更多

“推动我们这项研究的其中一个因素为向百亿亿次计算的转变和数据可视化发生的变化。” 一名计算机系统工程师比朗·洛林解释道，他与伯克利实验室的奥利弗·鲁贝尔、大卫·格罗特、雷米·莱黑、斯特潘·布拉诺夫和韦斯·伯特利以及来自法国的伯克利实验室博士后亨利·文森蒂一起合作。“使用百亿亿次计算系统时，随着模拟逐渐变大、机器也变得更大，传统的可视化手段受到限制，将所有数据存储起来并不起作用，文件系统和数据宽带频率跟不上计算容量的发展。”

原位救援

6月9日发表在电气与电子工程师协会（IEEE）《计算机图形学与应用》（IEEE CG&A）上一篇文章指出，研究人员描述了应对这一挑战的新方法：WarpIV。这是一个等离子体和加速器模型、数据可视化和分析工具包，融合了在高能物理学中广泛使用的两种软件工具：Warp（一个先进的粒子模拟仿真框架）和VisIt（一个三维科学可视化软件，可支持最常用的可视化技术）。结合在一起后，用户可以在一定范围内进行原位可视化，分析粒子加速器模拟过程，也就是说，在模拟进行的同时使用好性能计算资源，这样就能减少内存使用，节省计算时间。

 “我们用它把可视化工作重要的一部分转变成原位域。”洛林说道。“这项工作是在这个方向迈出的一步。这是我们在原位激光等离子体加速器上开展的第一项工作，也是我们把它用于解决真正科学问题的第一次机会。”

WarpIV的主要功能是管理和控制端到端的综合模拟、原位可视化和分析工作流。为了实现这一目标，WarpIV支持四个主要操作模式——批处理模式、监测模式、对话模式和提示模式。每一种模式又依次支持原位科学发现的不同方法。WarpIV同样也设计了一种工厂模式来定义模拟模型，让用户以独立方式创建新的模拟和原位分析模型；和基于Python的可视化及分析脚本。

“其中一个让科学家们更容易操作WarpIV的设计因素就是使用在VisIt中自动生成的Python脚本。”洛林解释道。“科学家们在运行前使用一个代表性的数据集，得出可视化脚本。之后他们打开VisIt中的代表性数据集，使用录制功能将他们的操作自动记录到Python脚本中。WarpIV再将这些脚本到原位环境中运行。”

WarpIV的另一个关键特征是它的综合分析功能——尤其是筛选颗粒种类，这可以让用户从数以亿计的颗粒中挑选出感兴趣的特定特征，从而得到准确的模拟结果。

“经常地，当你进行可视化操作时，尤其是原位操作，你想要让花费的时间最少，这可以通过关注特定特征实现。” 鲁贝尔解释道。“比如在这种情况下，你需要使用大量的颗粒来模拟这个过程，但是你感兴趣的特征，比如从背景等离子体中提取的粒子束，可能会小很多。所以，在模拟过程中找到这些特征并进行分析，这就是我们所说的过滤后的种类。”

面向三维模型
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所有粒子的动能在激光离子加速器模型的三维模拟中是这样的：质子是红色，碳原子是绿色，电子是蓝色。这一模拟使用WarpIV在中间时间步长（it = 4105，时间=5.53716e）原位进行，就在激光轰击目标箔片14秒后。致谢：比朗·洛林，伯克利实验室。

WarpIV是鲁贝尔在2013年设计的最初的原型，由美国能源部（DOE）的两个SciDAC项目合作完成的，这两个项目分别是：可扩展数据的管理、分析和可视化（SDAV）项目和加速器科学和模拟社区项目（COMPASS）。

WarpIV工具包，仍然在继续开发，于2016年正式推出，可通过bitbucket系统使用。最初的测试在扩展性、性能、易用性和对科学的验证性方面已经得出了一些积极的结果。

比如，结果发表在电气与电子工程师协会（IEEE）《计算机图形学与应用》（IEEE CG&A）的研究指出，研究小组开展了一系列二维和三维的离子加速器模拟，分析了WarpIV的性能和扩展性。模拟结果的比较显示出二维和三维模拟显著的定量差异，强调了急需将高分辨率三维模拟与先进的原位可视化和分析相结合，从而进行精确的模拟和研究新型粒子加速器。

在其中一个三维序列中，我们在50-迭代模拟更新跟踪了五类操作的运行时间，发现了在每个更新，可视化、分析和输入/输出操作会用去总耗时的11-15%，剩下的时间由模拟过程占用，研究人员认为这个比例“非常合理”。他们还发现了用原位方法，可以把输入/输出耗时减少4000x。

我们迫切需要耗时合理的三维模拟代码以及通过准确的定量预测能力开展的精确加速器模拟，巴伊强调说。

 “我们想要能够在质子加速器上做实验，所以在这种情况下，拥有一个可行的模拟工具来预测和分析所有实验和验证理论就变得非常重要。”布拉诺夫说道，他是伯克利实验室激光加速器中心的一名研究人员，与巴伊密切合作。“如果模拟无法与实验相匹配，将会极大地拖慢我们。”

随着超级计算机转变成更为复杂的多核心结构，拥有像WarpIV这样的原位工具将越来越有价值，巴伊补充道。

“WarpIV可以提供三维可视化，这是我们使用之前的可视化工具无法轻易实现的，对于许多计算内核来说无法很好地缩放。”他说道。
Metal Alloy（金属合金）

Chemical processes use more copper nanoparticles than stars in the sky – but what is their optimal size?
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Image of a catalyst – obtained with electron microscopy – in which copper particles of 10 nanometres are visible like stars in the universe. Credit: Utrecht University

Copper particles just a few nanometres in diameter are an extremely important component in catalysts for chemical processes. These processes require immense quantities of these copper nanoparticles – more than the number of stars in the sky. It is thus vital that the raw materials are used as efficiently as possible. So the question for researchers is how big these particles should be in order to function optimally. Researchers at Utrecht University have recently been the first to successfully determine the ideal size experimentally. The results will be published in an article in Nature Communications on 5 October.
For decades, scientists have conducted a heated debate about the optimal size of copper nanoparticles. This discussion is important from both a theoretical and a practical perspective. Theoretical calculations predict that the dimensions of the particles would have consequences for the activity of the copper catalysts. However, until now, no one has been able to prove experimentally that this is the case under industrial conditions of high pressure and high temperature. For the first time, researchers at Utrecht University have succeeded in varying the size of particles of copper and copper-zinc from two to 10 nanometres, and to study these particles under conditions of 40 bar and 260 degrees Celsius. In so doing, they discovered that the activity decreased in particles smaller than eight nanometres.

Corners, edges and surfaces

The article's first author, Roy van den Berg, has since earned his Ph.D. and now works in Denmark at one of the largest producers of copper catalysts. "Smaller particles are often more active due to their relatively high density of corners and edges, but we discovered that this is not the case in this instance," he says. "This indicates that it is essential for copper particles to have terraces in addition to corners and edges."

Methanol production

Van den Berg's supervisors Prof. Krijn de Jong and Prof. Petra de Jongh explain: "From a scientific perspective, this result is very interesting in that it gives us deeper insight into the optimal structure of the catalyst." One use for these copper nanoparticles is the manufacture of methanol, with an annual global production of approximately 65 million tonnes per year, or almost 10 kilos per person per year. "The production of methanol is increasing dramatically, in part because it offers more sustainable routes for the production of building blocks for the chemical industry. Our insights will help in the design of the active and stable catalysts that are needed in this process," according to the supervisors.

化学过程使用了比在天空中的星星还要多的铜纳米粒子-但是它们的最佳大小是多少？
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催化剂的图像---用电子显微镜观察到的---10纳米的可见到的铜粒子就像宇宙中的星星那么多。来源：乌特列支大学

直径仅为几纳米的铜粒子是化学过程中色一种极其重要的催化剂组成部分。这些过程需要大量的这些铜纳米粒子---比天空中的星星还要多。因此重要的是原材料尽可能有效地使用。因此研究人员们的问题是为了功能达到最佳，这些粒子的大小应该是怎样的。乌特列支大学的研究人员最近成为了第一个成功用实验确定了最理想的大小。结果将于十月五日发表在《Nature Communications》中。

几十年来，科学家们就铜纳米粒子的最佳尺寸进行了激烈的争论。从理论和实际角度上看这个讨论都是非常重要的。理论计算推测颗粒的尺寸对铜催化剂的活性有影响。然而，到目前为止，没有人能够用实验证明这是在高压高温工业条件下的情况。乌特列支大学的研究人员第一次成功从2-10纳米不等变化铜和铜锌粒子大小，并在40巴和260摄氏度的条件下研究这些粒子。通过这样做。他们发现8纳米以下的粒子活性降低。

角，边缘和表面

文章的第一作者Roy van den Berg已经获得了他的博士学位，目前在丹麦的一家最大的铜催化剂生产商之一中工作。“更小的粒子通常更具活性，由于它们有相对高密度的角和边缘，但是我们发现这不是在这个例子中的情况。”他说，“这表明铜粒子除了有角和边缘，有平面也是非常重要的。”

甲醇生产

Van den Berg的导师Krijn de Jong教授和Petra de Jongh教授解释说：“从科学的角度看，这个结果非常有趣，因为它给了我们对催化剂最佳结构的更深刻见解。”这些铜纳米粒子的一个用处是生产甲醇，全球年生产量是6500万吨，或者每人每年接近10公斤。”乙醇的生产急剧增加，部分是因为它为化工行业基础材料的生产提供了更多可持续发展途径。据导师所说，我们的见解将会帮助设计在这个过程中所需的更具活性更稳定的催化剂。”
Composite Materials（复合材料）

New sensor material could enable more sensitive readings of biological signals

Scientists have created a material that could make reading biological signals, from heartbeats to brainwaves, much more sensitive.
Organic electrochemical transistors (OECTs) are designed to measure signals created by electrical impulses in the body, such as heartbeats or brainwaves. However, they are currently only able to measure certain signals.

Now researchers led by a team from Imperial College London have created a material that measures signals in a different way to traditional OECTs that they believe could be used in complementary circuits, paving the way for new biological sensor technologies.

Semiconducting materials can conduct electronic signals, carried by either electrons or their positively charged counterparts, called holes. Holes in this sense are the absence of electrons - the spaces within atoms that can be filled by them.

Electrons can be passed between atoms but so can holes. Materials that use primarily hole-driven transport are called 'p-type' materials, and those that use primarily electron-driven transport are called, and 'n-type' materials.

An 'ambipolar' material is the combination of both types, allowing the transport of holes and electrons within the same material, leading to potentially more sensitive devices. However, it has not previously been possible to create ambipolar materials that work in the body.

New sensor material could enable more sensitive readings of biological signals
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Credit: Imperial College London

The current most sensitive OECTs use a material where only holes are transported. Electron transport in these devices however has not been possible, since n-type materials readily break down in water-based environments like the human body.

But in research published today in Nature Communications, the team have demonstrated the first ambipolar OECT that can conduct electrons as well as holes with high stability in water-based solutions.

The team overcame the seemingly inherent instability of n-type materials in water by designing new structures that prevent electrons from engaging in side-reactions, which would otherwise degrade the device.

These new devices can detect positively charged sodium and potassium ions, important for neuron activities in the body, particularly in the brain. In the future, the team hope to be able to create materials tuned to detect particular ions, allowing ion-specific signals to be detected.

Lead author Alexander Giovannitti, a PhD student under the supervision of Professor Iain McCulloch, from the Department of Chemistry and Centre for Plastic Electronics at Imperial said: "Proving that an n-type organic electrochemical transistor can operate in water paves the way for new sensor electronics with improved sensitivity.

"It will also allow new applications, particularly in the sensing of biologically important positive ions, which are not feasible with current devices. For example, these materials might be able to detect abnormalities in sodium and potassium ion concentrations in the brain, responsible for neuron diseases such as epilepsy."

新的传感器材料可能产生生物信号更敏感的读数
科学家们已经创建出一种材料，能够更加敏感的读取生物信号，从心跳到脑电波。

有机电化学晶体管（OECTs）专门用于测量身体电脉冲产生的信号，例如心跳或脑波。然而，它们目前只能测量某些信号。
目前由伦敦帝国学院研究小组领导的研究人员已经创造出一种材料，以不同与传统OECT的方式测量信号，他们认为这种材料可以用于互补电路，为新的生物传感器技术铺平道路。
半导体材料能够传导电子信号，无论该信号是由电子承载的还是由它们带正电的对应物所承载的，称为孔洞。在这种意义上，孔洞都缺乏电子——原子间的空隙可以通过它们来填补。
电子能够在原子间来回穿行，在孔洞间也是如此。主要利用孔洞驱动型传输的材料称为“p型”材料，而那些主要利用电子驱动型传输的材料称为“n型”材料。
一个“双极”材料是这两种类型的结合，令孔洞和电子的传输在相同材料中产生，从而有可能产生更加敏感的设备。但是，之前不太可能创造出在体内可用的双极材料。
新的传感器材料可以产生生物信号更加敏感的读数
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    图片：英国伦敦帝国学院
目前最为敏感的OECTs使用的是只能进行孔洞传输的材料。但是，这些设备一直无法使用电子传输，因为n型材料在类似人体的水基环境中很容易分解。
但是在这项于今日发表于《自然通信》的研究中，研究小组已经展示了第一款能够在水基溶液中进行具有较高稳定性的电子以及孔洞传输的双级OECT。
该研究小组通过设计新的防止电子参与副反应从而降解设备的结构，克服了n型材料在水中似乎固有的不稳定性。
这些新的设备能够检测到带正电荷的钠离子和钾离子，这些离子对于身体内，特别是大脑中的神经元的活性非常重要。未来，该研究小组希望能够创造出能够进行调节以检测出特定离子的材料，从而检测出特定的离子信号。
在帝国学院化学系和塑胶电子 中心的伊恩·麦卡洛克教授指导下的博士研究生兼该研究的主要作者亚历山大·焦万尼蒂称：“证明n型有机电化学晶体管能够在水中进行操作为具有改进的敏感性的新型传感器电子设备铺平了道路。”
 “这也将产生新的应用，特别是在生物显著正离子的感测领域，目前的设备无法进行此类应用。例如，这些材料可能检测出大脑中钠和钾离子浓度的异常，主要负责于神经元疾病，例如癫痫。”

Innovative technique to analyse mesoscopic materials directly
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Electron micrscope image of a colloidal crystal consisting of small polystyrene spheres. Credit: Janne-Mieke Meijer, Utrecht University (derived from Phys. Rev. B, 86, 064303 (2012))

Scientists at DESY have developed a method to record the inner structure of individual photonic crystals and similar materials in 3-D. The technique directly reveals the positions of the individual building blocks of a crystal, without the need for assumptions, models or averaging. Photonic crystals have a wide range of applications in information technology, chemistry and physics. The team around main author Ivan Vartaniants from DESY reports their work in the scientific journal Physical Review Letters.
Photonic crystals are composed of particles in the size range of roughly 200 to 400 nanometres. Correspondingly, their inner structure is in the range of the wavelength of visible light. This "submicron" structure enables various effects to manipulate optical photons – hence the name. An example for a natural photonic crystal is the gem opal, consisting of small glass beads of silica gel, measuring 150 to 400 nanometres each. "Also, the colours of butterfly wings are often produced by similar photonic structures," explains Vartaniants.

More generally, the periodic arrangements of small particles are called colloidal crystals. The characteristics of colloidal crystals strongly depend on their exact inner structure. "For many applications it is vital to understand the real structure of colloidal crystals in every detail," says co-author Andrei Petukhov from Utrecht University in the Netherlands. For instance, to use them as waveguides in optical information networks it is often crucial to introduce well-defined defects in the crystal structure.
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The bright, coherent X-ray beam (green) produces a characteristic diffraction pattern on the detector (upper right), from which the shape of the colloidal crystal under investigation and the positions its individual building blocks can be imaged (upper left and lower right). Credit: Anatoly Shabalin and Ivan Vartaniants, DESY

"However, analysing these structures proved to be complicated," says Vartaniants. "Optical microscopy often does not deliver the necessary spatial resolution. Electron microscopy can see much more details but, since electrons do not penetrate far below the surface, the bulk of the crystal remains hidden. X-rays easily traverse the whole crystal and can reveal fine details, but they do not image the crystal, its structure has to be calculated from the way the X-rays are scattered by the sample, usually needing assumptions or models for the structure under investigation."

The team used the brilliant, coherent X-rays from DESY's research light source PETRA III to investigate the inner structure of an artificially produced colloidal crystal from Petukhov's lab in Utrecht, grown from silica spheres with a diameter of 230 nanometres each. "The small investigated crystal measured two by three by four micrometres," says co-author Michael Sprung, head of the DESY beamline P10 where the investigation was performed. A micrometre is 1000 nanometres. "The whole crystal was illuminated by the coherent X-rays from PETRA III and rotated to record the structure from every side."

Like in conventional crystallography, the X-rays are diffracted by the crystal lattice, producing a characteristic diffraction pattern on the detector from which the inner structure can be calculated. "But while conventional crystallography concentrates on the positions of bright spots in the diffraction pattern, known as Bragg peaks, the coherent, laser-like illumination of the sample also produces interference patterns in between the Bragg peaks," explains first author Anatoly Shabalin from DESY. Using this information, the scientists could determine not just the general inner structure of the crystal, but the positions of the individual silica spheres throughout their sample. This analysis directly revealed the individual, three-dimensional inner structure of the crystal, including defects of different types.

"Our method opens up new ways to visualise the inner three-dimensional structure of mesoscopic materials like photonic crystals with coherent X-rays," says Vartaniants. "Especially with the next generation of X-ray light sources, this technique can pave the way to analyse individual nanocrystals with atomic resolution."

直接分析介观材料的创新技术
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一种由小的聚苯乙烯球组成的胶体状晶体的电镜图像。来源：Janne-Mieke Meijer，乌特列支大学（来自于《物理评论B》，86，064303（2012））

德国电子加速器中心的科学家们研发了一个能够记录单个光子晶体和3D类似材料的内部结构的方法。这种技术直接揭示了一个晶体的单个基础材料的位置，不需要假设，模型或者平均法。光子晶体在信息技术，化学和物理学中有广泛的应用。来自德国电子加速中心的围绕第一作者Ivan Vartaniants的团队在科学期刊《物理评论快报》中报道了他们的工作。

光子晶体由尺寸大概在200-400纳米的粒子组成。相应的，它们的内部结构在可见光的波长范围之内。这个“亚微细米”结构可以允许各种影响来操控光学光子---因此而得名。自然光子晶体的一个例子是宝石蛋白石，包含硅胶小玻璃珠，每个的尺寸在150-400纳米不等。“另外，蝴蝶翅膀的颜色通常由类似的光子结构产生。”Vartaniants解释说。

更一般的水，小颗粒的周期性排列被称为胶体晶体。胶体晶体的特性强烈地依赖于它们精确的内部结构。“对于许多应用，了解胶体晶体每个细节的真实结构至关重要。”来自荷兰乌特列支大学的联合作者Andrei Petukhov说。例如，为了使用它们作为光信息网络中的波导，引进晶体结构中的定义良好的缺陷很重要。
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明亮的相干X射线束（绿色）在检测器上产生了一个典型的衍射图案（右上），在这个检测器中，调查中的胶体晶体的形状以及其单个基础材料的位置可以成像（左上和右下）。来源：Anatoly Shabalin和Ivan Vartaniants，德国电子加速器中心

    “然而，分析这些结构被证明是复杂的。”Vartaniants说，“光学显微镜通常不会提供必要的分辨率。单子显微镜可以看到更多的细节，但是，由于电子不能穿透表面以下很深的地方，大部分晶体仍然隐藏着的。X射线很容易穿过整个晶体，并很好的揭露细节，但是它们不能成像晶体，它的结构应该由样本中X射线散射的方式计算出来，通常需要在调查中的对结构的假设或者模型。”

该团队使用来自德国电子加速器中心研究光源PETRA III的明亮的相干X射线来研究来自Petukhov在乌特列支大学实验室的人造的胶体晶体的结构，从每个直径为230纳米的二氧化硅微球开始生长。“这个小的调查中的晶体测量尺寸是2:3:4。”调查研究的光线束P10的德国电子加速器中心的负责人Michael Sprung。一微米等于1000纳米。“这个晶体由来自PETRA III的相干X射线照射，并且旋转以记录每侧的结构。”

像在传统晶体学中，X射线由晶格衍射，在检测器上产生一个典型的衍射图案，在检测器中可以计算出内部结构。“但是，虽然传统的晶体集中在衍射图案中的亮点位置，被称为布拉格峰，相干的，像样品中的激光照射同样在布拉格峰之间产生干扰模式。”来自德国电子加速器中心的该研究的第一作者Anatoly Shabalin说。使用这些信息，科学家们不仅可以确定一般晶体的内部结构，还有在整个样品中的单个二氧化硅微球的位置。这个分析直接揭示了单个晶体的三维内部结构，包括不同类型的缺陷。

“我们的方法开辟了新的途径以具体化像具有相干X射线的光子晶体这样的介观材料的内部三维结构。”Vartaniants说，“特别是关于下一代X射线光源，这种技术可以为分析具有原子分辨率的单个纳米晶体铺平道路。”

Practical Application（实际应用）

Researchers demonstrate a single laser source scheme for studying topological matter in cold-atom systems
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Experimental realization of 2D SO interaction and 1D-2D crossover. Credit: Science (2016). DOI: 10.1126/science.aaf6689

(Phys.org)—A team of researchers with members from several institutions in China has developed a new means for studying topological matter in cold-atom systems that involves using a single laser source. In their paper published in the journal Science, the team describes how the scheme works and outlines possible uses for it. Monika Aidelsburger with UPMC Sorbonne University offers an overview of the work done by the team in a Perspective piece in the same journal issue and offers some insight into some of the possible directions such research is going.
Research regarding topological matter in cold-atom systems has contributed insights into such systems due to the degree of controllability it offers in simulating condensed matter models—interesting topological phenomena have been observed recently in condensed-matter systems. But at the same time, many have found it rough going due to the tricky nature of dealing with the spin-orbit coupling that is involved. In this new effort, the researchers have come up with an approach that is easier to carry out, and as a bonus, it can be tuned between dimensions of the spin orbit.

Conventional methods have relied on having the role of spin carried out by certain states of an atom, while the coupling has been caused to come about using the light from a laser—most have resorted to actually using two laser beams to achieve hyperfine levels through a Raman transition. To make the process easier, the researchers used a single laser beam, which they split into two parts, allowing for the creation of an optical lattice that was spin-independent, and a Raman beam that was frequency shifted—allowing for a double Raman transition in two dimensions to cause spinflips. This setup makes the work less difficult and offers another advantage—the dimensionality is tunable between one and two dimensions.

The researchers note that while they used bosonic atoms, they believe the scheme would work equally well with fermions, and suggest that because their two-dimensional spin-orbit coupling system is more topological stable, it could offer new research opportunities for those studying unusual quantum phases such as topological superfluids.

研究人员为研究冷原子系统中的拓扑关系展示了一个单一激光源方案
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实验室实现2D SO互动和1D-2D交叉。图片：科学（2016）。DOI: 10.1126/science.aaf6689

（Phys.org）——由中国几个机构的成员组成的研究人员小组已经通过使用一个单一的激光源为研究冷原子系统中的拓扑关系开发出了一种新的方式。在他们发表于《科学》杂志的论文中，该研究小组描述了该方案的运行方式以及概述了可能的用途。UPMC索邦大学的莫妮卡·艾德尔斯布格在相同期刊杂志的看法专栏中对该研究小组进行的工作给予了概述，并且为该研究的一些可能的发展方向提出了一些见解。

关于冷原子系统中拓扑关系的研究由于其在模拟凝聚态时所提供的控制性程度已经为这类系统提供了一些见解——有趣的拓扑现象最近在凝聚态系统中一直出现。但同时，许多人发现，由于处理涉及的自旋轨道耦合的棘手性质，它的进展相当困难。在这个新的工作中，研究人员已经利用了一种易于开展的方法，并且作为一个奖励，其能够在自旋轨道的维度间进行调整。
传统方法主要依赖由原子的某些状态引起的自旋的作用，而耦合一直出现是由激光的光产生的——大部分实际是凭借使用两个激光光束通过拉曼转换来实现超精细水平。为了简化这个过程，研究人员利用单一的激光束，他们将其分为两部分，允许产生独立自旋的光学晶格，以及一个频繁变化的拉曼光束——从而在两个维度中产生双拉曼转换，引起自旋翻转。这种设置令工作比较容易，并且提供了另一个优势——该维度能够在一个和两个维度间进行调整。
研究人员指出，虽然他们使用的是玻色原子，但是他们认为，该方案在费米子方面也能具有同样出色的效果，并且表明，由于他们的二维自旋轨道耦合系统在拓扑方面更加稳定，因此其可能会为研究不寻常的量子阶段，例如拓扑超流体，的研究人员提供新的研究机会。

Tunable sound transmission shapes up

The ability to control fine-scale acoustic waves known as phonons could lead to new sensing and surgery technologies, or even materials that are invisible to sonar. This pursuit led researchers at King Abdullah University of Science and Technology (KAUST), Saudi Arabia, to describe new phononic crystals whose properties can be tuned to control the propagation of different frequencies of phonons.
Ying Wu from the University's Computer, Electrical and Mathematical Science and Engineering Division explains that the researchers' work was inspired by a phenomenon called topological insulation, which was first observed in electronic systems.

Conventionally, if a material is an insulator, then no part of it will conduct electricity. This logic was turned on its head by the discovery of topological insulators, which have insulating interiors but conducting states on their surfaces that can be manipulated for applications such as quantum computing.

Researchers have extended the concept of topological insulation to materials that only allow certain light or sound waves to propagate on their surfaces. Specifically, these materials may break a physical property called time-reversal symmetry (TRS) to produce a bandgap, a range of frequencies at which no phonons can be transmitted.

"Compared to quantum and electromagnetic systems, acoustic systems did not draw much attention because TRS in acoustic systems is intrinsically conserved," said Wu. "This situation changed in 2015, when several methods were proposed to break TRS in acoustic systems, such as introducing rotating fluids."

The phononic crystal design proposed by Wu and her Ph.D. student Ze-Guo Chen involves air flowing around a lattice of ring-shaped waveguides. It could be built from any acoustically-hard material such as steel, with the air velocity controlled by fans. Through numerical experiments, the researchers showed that they could tune the properties of the bandgap by altering either the geometry of the crystal lattice or the airflow itself, thus permitting or blocking different types of phonons from traveling along the surface.

This tunability, which results from the interplay between the TRS and the geometry of the crystal, is a major breakthrough for KAUST and for materials science in general.

"In fact, tuning the phononic band gap itself is not as exciting as tuning the topology or shape of the gap," said Wu. "An interface between two materials with different topological properties in their band gaps would support a special kind of edge state, which only propagates along one direction. A direct consequence is that the edge state is robust and immune to back-scattering, which can be applied in many areas, such as tunable acoustic invisibility from detection."

可调声音传输器顺利发展
控制精细尺度下称为声子的声波的能力可能会产生新的传感和手术技术，或者甚至是声纳不可见的材料。这项由沙特阿拉伯阿卡杜拉国家科技大学的研究人员领导的工作描述了属性能够进行调整以控制声子不同频率的传播的新型声子晶体。

该大学计算机、电气和数学科学与工程系的吴英解释称，研究人员的这项工作受到了一种称为拓扑绝缘的现象的启发，该现象首次是在电子系统中观测到的。
以往，如果材料是绝缘体，那么该材料没有地方能够导电。这种逻辑在拓扑绝缘体的发现时被当头一棒，拓扑绝缘体内部具有绝缘性，但是其表面的导通状态可以进行操纵以供应用使用，例如量子计算。
研究人员已经将拓扑绝缘的概念扩展到了仅允许光或声波在其表面传播的材料上。具体地说，这些材料可能会打破一种称为时间反转对称性（TRS）的物理属性，产生一个带隙，一个没有光子能够得到传送的频率范围。
“相比量子和电磁系统，音响系统并没有吸引太多的关注，因为音响系统中的TRS在本质上是保守的，”吴称。“这一立场在2015年发生了变化，当时提出了几种打破声学系统中的TRS的方法，例如引进旋转液体。”
吴和她的博士生陈泽国提出的声子晶体设计涉及了环形波导晶格周围流动的空气。这有可能是由声学硬质材料构建的，例如钢，具有由风扇控制的空气速度。通过数值实验，研究人员表明，他们可以通过改变晶格的几何或是气流本身来调整该带隙的属性，从而允许或阻止不同类型的声子沿表面轮播。
这种由TRS和晶格的几何的相互影响产生的可调性对于KAUST以及整体的材料科学都是一个重大突破。
“事实上，调整声子带隙本身并不像调整拓扑或间隙的形状那样令人兴奋，”吴表示。“这两种在带隙中具有不同拓扑性质的材料间的连接将支持一种特殊类型的边缘状态，仅沿着一个方向传播。直接影响是该边缘状态是稳健的，并且对于背散射免疫，其能够应用于许多领域，例如检测方面的可调声学隐形。”

Measuring forces with oscillations
Researchers at ETH Zurich have discovered a peculiar feature in oscillations similar to that of a child's swing. As a result, they have succeeded in outlining a novel principle for small, high-resolution sensors, and have submitted a patent application for it.

A child swings on a swing, gaining momentum with its legs. For physicists, this is a reasonably easy movement. They call it parametric oscillation. Things are getting more complicated if - in addition to the child's efforts - the mother (or the father) is around to push the swing. The interaction between the pushing force and the parametric oscillation can become very intricate, making it hard to calculate how much force the parent expends from the resulting irregular swinging motion.

An interdisciplinary team of theoretical and experimental physicists at ETH Zurich has now succeeded in this very calculation. The researchers have been able to describe for the first time how parametric oscillation (the child's own drive) can be used to measure an external force (the parent's push). Their discovery has applications for sensors, and the scientists have submitted a patent application for the underlying principle.

Advantages for small sensors

"Many of today's sensors are already based on oscillations," says Oded Zilberberg, a professor at the Institute for Theoretical Physics. "With small resonators you can measure, for example, force, pressure, mass, sound or temperature. Atomic force microscopes are also built on this principle." But these applications - often found in the field of microtechnology - currently use less intricate oscillations known as harmonic oscillations.

For these measurements to use intricate oscillations, as Zilberberg and his colleagues propose, a paradigm shift is necessary: sensors would have to be designed differently. The new principle brings particular advantages for very small sensors, says the physicist. It would make it possible to build extremely small yet precise sensors, as the measuring signal in the new principle stands out better against background noise than with current methods.

Experiments with atoms and guitar strings

The scientists discovered the new principle while analysing parametric oscillations in a quantum physics experiment with laser-trapped rubidium atoms. Having understood the fundamental interaction between parametric and pushed oscillations, the researchers then directly demonstrated the effect using a parametrically oscillating guitar string. The scientists exerted a pulsating force on the string while continuously varying the frequency of the pulse. The researchers observed that the strength of the vibration of the string (amplitude) did not change fully continuous, but there was rather a sharp jump in amplitude at a particular frequency. As they discovered, this 'jump frequency' depends directly on the strength of the applied force and can therefore be used as a force meter.

Zilberberg and his colleagues are now looking for industrial partners to help develop high-resolution sensors. The new principle could even be applied in computer technology. Zilberberg: "In the very early stages of the computer age there were computer memories that were based on oscillators, known as parametrons. The computer industry later lost interest in them, but our discovery could breathe new life into this field of research."

通过振荡测量力量
苏黎世联邦理工学院的研究人员在类似于儿童秋千的振荡中发现了一种奇特的特征。其结果是，他们成功地为小型高分辨率的传感器概述了一个新原理，并且为此提供了一项专利申请。
孩子在秋千上摆动，通过其双腿获得动力。对于物理学家，这是一个相当简单的运动。他们称之为参量振荡。如果除了孩子自己的努力外——母亲（或父亲）在周围推秋千，那么事情会变得更加复杂。推动力和参量振荡之间的相互作用可能会变得非常复杂，令人们很难计算出这位家长在产生的不规则摇摆运动中使了多大的力量。
苏黎世理工学院的理论和实验物理学家组成的跨学科小组目前成功地进行了这类计算。研究人员首次能够描述出参量振荡（孩子自己的推动力）是如何被用于测量一个外来力量的（家长的推力）。他们的发现具有在传感器方面的应用，并且科学家们已经为这项基本原理提交了专利申请。
小型传感器的优势
“目前许多传感器都是根据振荡创建的，”理论物理研究所的一位教授俄德·西尔伯贝格称。“通过小型谐振器，你可以测量，例如，力量、压力、质量、声音或温度。原子力显微镜也是建立在这种原理的基础之上。”但是这些应用——通常出现在微技术领域——目前利用的是比较简单的振荡，称为谐波振荡。
对于使用复杂的振荡的这些测量，正如西尔伯贝格和他的同事们所提出的，需要一个范式转变：传感器必须经过不同的设计。物理学家称，新的原理为非常小的传感器带来了独特的优势。这将有可能创建非常小且精确的传感器，因为新的原理坚持的测量信号针对于背景噪音比目前的方法更好。
通过原子和吉他弦进行的实验
科学家们在发现这个新的原理的同时通过激光捕捉的铷原子分析了量子物理学实验中的参数振荡。在已经了解了参数和推动振荡之间基本的相互作用之后，研究人员利用参量振荡吉他琴弦直接展示了该效应。科学家们对该琴弦施加了一个脉动力，同时连续改变脉冲的频率。研究人员观察到，该琴弦振动的强度（振幅）并没有完全连续的改变，但是在特定频率下确实出现了振幅的大幅上升。正如他们发现的，这种“跳跃频率”直接依赖于应用力的强度，并且因此能够被用作力量计量器。
西尔伯贝格和他的同事们正在寻找工业合作伙伴，以帮助开发高分辨率的传感器。该原理甚至能够应用于计算机技术。西尔伯贝格：“在计算机时代的早期阶段，存在着根据振荡器创建的计算机内存，被称为参数化。计算机行业之后对它们失去了兴趣，但是我们的发现可能会为这个研究领域注入新的生命。”

Organic & Polymer（有机高分子材料）

High-speed camera images reveal explosive microbead formation process
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Vapor explosion of an 8 mm diameter drop of liquid Field’s metal as it falls into a pool of water. Credit: KAUST

The explosive reaction of a liquid metal dropping into water has been captured with high-speed cameras by researchers from King Abdullah University of Science and Technology (KAUST), Saudi Arabia. The images reveal how the explosive formation of water vapor around the liquid metal influences the shape of the metal as it hardens. For certain metals, perfectly-shaped microbeads are created during the powerful reaction with water.
Immersion of hot liquids in other liquids is not uncommon, even outside of the laboratory. An example is hot lava from a volcanic eruption encountering water reservoirs or flowing into the sea. This interaction can lead to dramatic reactions when vapor layer forms around the liquid metal. The vapor layer can become unstable and quickly expands into hot clouds of water and ash, noted Siggi Thoroddsen from the KAUST High-Speed Fluids Imaging Laboratory, who also led the research team.

"This happened when the Icelandic volcano Eyjafjallajökull erupted in 2010 and grounded airplanes all over Europe," he said.

The researchers studied related reactions in the lab using a metal alloy known as Field's metal, which melts at low temperatures of around 60 degrees Celsius. With experiments conducted at 550 degrees Celsius metal temperature, the transfer of energy between the metal and the water is very violent. KAUST Ph.D. student Nadia Kouraytem wore a full protective facial mask and a fire-resistant lab coat during these experiments. High-speed cameras captured the explosive process at speeds of up to 50,000 frames per second.

The images obtained were dramatic and showed an explosive reaction that tore the metal apart. In the case of Field's metal, small spherical microbeads formed during the process.

During the reaction, the metal transitioned through several stages with increasing ferocity. While initially only a small part of the metal interacted with the water, over a longer period increasingly more of the metal was exposed and took part in the reaction until the disintegration of the liquid metal into small beads.

The unusual microbead formation occurs due to the low melting temperature. Metals with a higher melting temperature (such as tin) solidify faster because their higher solidification temperature is reached more quickly upon cooling so that there is less time for the material to disintegrate. An example is the porous structures seen in solidified lava from volcanic eruptions.

In the case of Field's metal, the beads are highly uniform, and it will be interesting to study their creation processes further, noted Thoroddsen.

"In future experiments, we want to better control the original drop, change its size and impact velocity. This should further probe the instabilities of the vapor layer that forms around the metal," he said.

高速相机拍摄的照片显示出爆炸性微珠的形成过程
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液体菲尔德金属8毫米直径的液滴在其掉入水池时的蒸气爆炸。图片：KAUST
沙特阿拉伯阿卡杜拉国王科技大学（KAUST）的研究人员开发的高速相机捕捉到了液体金属掉入水中时的爆炸反应。该图片揭示了液体金属周围水蒸汽的爆炸形成是如何在该金属硬化时影响其形状的。对于某些金属，在与水发生强大反应时会产生完美塑形的微球。

热的液体浸泡在另一种液体中的现象并不常见，即使是在实验室以外的环境中。一个例子是来遇到水库或者流入海洋的火山喷发的岩浆。这种相互作用可能会在液体金属表面形成蒸汽层时产生剧烈的反应。领导该研究小组的KAUST高速液体成像实验室的西吉·索罗森指出，该蒸汽层可能会变得不稳定，并且迅速扩张成为炎热的水云和火山灰云。
    “这种情况在2010年冰岛火山埃亚菲亚德拉冰盖爆发时出现，并且欧洲各地的飞机都因此停飞，”他说。
研究人员在实验室中利用称为菲尔德金属的金属合金研究了相关反应，该金属在大约60摄氏度左右的低温下即可融化。通过在550摄氏度的高温下进行这项研究，金融和水之间的能量转移非常强烈。KAUST的博士生纳迪亚·库雷特姆在这些实验过程中配套了全方位保护的面具以及一个耐火的实验室工作服。高速摄像机拍摄到了在高达50000帧每秒的速度下的爆炸过程。
捕捉到的图片非常引人注目，并且展示了一个将金属四分五裂的爆炸反应过程。在菲尔德金融的情况中，小型球状微珠在这个过程中形成。
在反应过程中，金属根据不断增加的凶猛性通过几个阶段进行转换。虽然最初只有一小部分金属与水产生了相互作用，但是对于较长的时间，会有越来越多的金属暴露，并且参与到该相互作用中，直到液体金属解体成为小珠。
不寻常的微珠的形成是由于较低的熔融温度。熔融温度较高的金属（例如锡）固化的速度更快，因为它们较高的凝固温度在冷却之上能够更快地到达，因此金属崩解所需的时间更少。一个例子是火山爆发时在凝固熔岩中看到的多孔结构。
在菲尔德金属的情况下，该微珠高度统一，并且索罗森指出，进一步研究它们的创造过程可能会非常有趣。
 “在未来的实验中，我们希望更好地控制最初的液滴，改变其形状以及影响速率。这应该会进一步探究在金属周围形成的蒸汽层的不稳定性。”

Observing the birth of quasiparticles in real time
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Researchers have studied quasiparticle dynamics in real time. Credit: IQOQI/Harald Ritsch

The formation of quasiparticles, such as polarons, in a condensed-matter system usually proceeds in an extremely fast way and is very difficult to observe. In Innsbruck, Rudolf Grimm's physics research group, in collaboration with an international team of theoretical physicists, has simulated the formation of polarons in an ultracold quantum gas in real time. The researchers have published their findings in the journal Science.

The concept of quasiparticles is a powerful tool to describe processes in many-body quantum systems, such as solid-state materials. For example, when an electron moves through a solid, it generates polarization in its environment because of its electrical charge. This "polarization cloud" moves together with the electron and the resulting "dressed electron" can be theoretically described as quasiparticle or a polaron.

"You could picture it as a skier on a powder day," says Grimm. "The skier is surrounded by a cloud of snow crystals. Together they form a system that has different properties than the skier without the cloud."

The challenge in an experiment is to measure the quasiparticles.

"These processes last only attoseconds, which makes a time-resolved observation of their formation extremely difficult," explains Grimm.

His research group uses ultracold quantum gases for simulations to study the many-body physics of complex quantum systems.

Observing the birth of quasiparticles

Ultracold quantum gases are an ideal experimental platform to study physical phenomena in solid-state materials and also exotic states of matter, for example neutron stars. Because of the well-controlled environment, the scientists are able to create many-body states and manipulate interactions between particles in these gases. Rudolf Grimm's research group, working at the Institute for Quantum Optics and Quantum Information, Austrian Academy of Sciences, and the Institute for Experimental Physics, University of Innsbruck, is a leader in this research field.

In collaboration with theoretical physicists from Harvard University, the TU Munich and Monash University in Australia, the researchers have now studied quasiparticle dynamics in real time. In a vacuum chamber, using laser trapping techniques, the researchers created an ultracold quantum gas made up of lithium atoms and a small sample of potassium atoms in the center. For both types of atoms they used isotopes of fermionic nature, which belong to the same fundamental class as electrons.

Magnetic fields were used to tune interactions, which produced Fermi polarons, i.e. potassium atoms embedded in a lithium cloud.

"In condensed matter, the natural time scale of these quasiparticles is on the order of 100 attoseconds," explains Grimm. "We simulated the same physical processes at much lower densities. Here, the formation time for polarons is a few microseconds."

However, measurement still remains a challenge.

"We developed a new method for observing the 'birth' of a polaron virtually in real time," says quantum physicists Grimm. Looking into the future, he says: "This may turn out to be a very interesting approach to better understand the quantum physical properties of ultrafast electronic devices."

实时观察准粒子的诞生
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研究人员已经研究了准粒子的实时动态。图片：IQOQI/哈拉尔德·里奇
准粒子的形成，例如极化子，在凝聚态系统中通常是以非常快的方式进行的，并且其非常难于观察。鲁道夫格林物理研究组因斯布鲁克在与理论物理学家国际研究小组的合作中已经实时模拟了极化子在超冷量子气体中的形成。研究人员将他们的研究结果发表于《科学》杂志。
准粒子的概念对于描述多体量子系统的过程而言是一个强有力的工具，例如固态材料。例如，当电子穿过一个固体时，由于它的用电负荷它会在其环境中产生两极分化。这种“两极分化云”与电子一起移动，产生的“装扮的电子”在理论上能够被描述为准粒子或极化子。
“你可以将它想像成为在下雪天的滑雪者，”格林称。“滑雪者被一些雪晶包围。它们共同形成一个系统，与没有云的滑雪走具有不同的性质。”
实验中所面临的挑战是测量准粒子。
“这些过程仅持续几阿秒，这使得对它们的形成进行时间分辨式观察极端困难，”格林解释称。
他的研究小组利用超冷量子气体来进行模拟，从而研究复杂量子系统的多体物理学。
观察准粒子的诞生
超冷量子气体是一种理想的实验平台，用于研究固态材料以及物质极不稳定的状态中的物理现象，例如中子星。由于良好控制的环境，科学家能够创建多体状态以及操纵这些气体中的颗粒间的相互作用。在量子光学和量子信息研究所、奥地利科学院以及因斯布鲁克大学实验物理研究所工作的鲁道夫格林教授的研究小组是这个研究领域的领军者。
在与哈佛大学、TU慕尼黑和澳洲莫纳什大学的理论物理学家合作的过程中，研究人员目前已经实时研究了准粒子动力学。在一个真空室内，利用激光捕获技术，研究人员创造了一个由锂原子以及中心的一个锂原子的小样本构成的超冷量子气体。对于两种类型的原子，他们使用的费米子性质的同位素，其与电子属于相同的基本类别。
磁场被用来调节相互作用，其会产生费米极化子，即锂云中嵌入的钾原子。
“在凝聚态下，这些准粒子的自然时间范围大约达100阿秒，”格林解释称。“我们在较低的致密化下模拟了相同的物理过程。在此，极化的形成时间只有几微秒。”
然而，测量仍然是一个挑战。
“我们为几乎实时观察极化子的‘诞生’开发了一种新的方法，”量子物理学家格林表示。展望未来，他说：“这有可能成为一种非常有趣的方法，能够令我们正好地了解超快电子设备的量子物理性质。”

E-Material（电子材料）

Solving a cryptic puzzle with a little help from a hologram
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An artist view of the shape of an electron in a high-temperature superconductor, which was measured in the work by Dalla Torre et al. The blue and red spheres represent Copper and Oxygen atoms, and the colored surface the positive (blue) …more

A recent discovery published in Nature Physics provides an innovative technique for calculating the shapes of electrons. This finding will help scientists gain a better and faster understanding of the properties of complex materials. Dr. Emanuele Dalla Torre, from Bar-Ilan University, together with Dr. Yang He and Prof. Eugene Demler, from Harvard University, used holographic logic to compile an algorithm for visualizing the shape of an electron in a superconducting material. This successful collaboration clarified the puzzling results of a series of experiments performed in the past 15 years, resolving a mysterious scientific enigma.
Using math to explain nature

Dr. Dalla Torre - a faculty member in the Department of Physics at Bar-Ilan University in Israel - says that according to quantum mechanics electrons can possess wave-like properties. "The wave shape, however, is not always apparent, and tends to vary depending on the conditions of the material that hosts the electron," says Dalla Torre.

"The invention in the early 1980's of the STM - a remarkably high-resolution microscope—provided the ability, for the first time, to view individual atoms in materials. Nevertheless until now, scientists had viewed the shape of an electron only in isolated atoms—in a vacuum—but not within a complex material containing a vast array of atoms, where the outline of each electron is indistinguishable," Dalla Torre explains.

"We developed a mathematical algorithm which helped us analyse high-precision STM measurements of cuprates - copper-oxygen compounds, known to maintain the best superconductive properties. By identifying recurring correlations between previously unnoticed experimental data points, we were able to reconstruct the shape of the electrons in these wondrous materials", he says.
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An artist view of the shape of an electron in a high-temperature superconductor, which was measured in the work by Dalla Torre et al. The blue and red regions represent respectively the positive and negative parts of the wave describing the electron. Credit: Mario Sermoneta

Who's afraid of theoretical physics?

"The shape that we found (as exhibited in the accompanying photo) contains positive (blue) and negative (red) regions. The electrons are suspended within an ordered structure of atoms: The blue circles indicate oxygen atoms, while the pink circles indicate copper atoms. For the first time ever, we isolated and confirmed a unique shape of an electron within a complex material", explains Dalla Torre, adding "Interestingly, this shape coincided precisely with predictions made in 1988 by theoretical physicists Zhang and Rice from ETH—the University for Science and Technology in Zurich."

Furthermore, by revealing previously unknown information, the discovery by Dalla Torre and his colleagues enabled them also to provide a coherent explanation for several enigmatic experiments, pioneered in 2002 by Prof. Seamus Davis, from Cornell University, and his student Prof. Jennifer Hoffman, from Harvard University, who, using an STM, revealed recurring patterns of atomic brightness in cuprates.
Over the years, numerous researchers offered interpretations for these findings and for other related ambiguous observations, but, until now, there was no satisfactory explanation for the mysteriously-recurring signals. Dalla Torre and his colleagues suspected it had to do with the shape of the electrons, and, once they mapped these shapes in cuprates, they were able to offer a simple explanation for the observation.

Randomly searching for new materials - like baking a cake without a recipe
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Scanning Tunneling Microscope images are of recurrent patterns of atomic brightness in cuprates. Credit: Jennifer Hoffman, Harvard University

"Superconductors are materials, which, at room temperature, barely conduct electricity. However, when cooled below a certain temperature - the critical temperature - they morph into superheroes and conduct electric currents without any resistance, and without heating up or melting. These materials, are, therefore, highly sought after for their potential use in a variety of next-generation technologies," explains Dalla Torre.

"The highest critical temperature of superconductors discovered until now is that of cuprates, which require cooling to as low as -135°C to become superconductive. The costs involved in cooling down to these temperatures are prohibitively high, which explains the ongoing search for the Holy Grail - the highest possible critical temperature which provides economic viability," Dalla Torre says. "In the absence of an effective methodology on their quest for new superconducting materials, labs worldwide resort to testing elements randomly, in the hope to discover the perfect candidate," he says. "It's like baking a cake with no recipe: You hope it comes out fluffy, but have no idea as to which ingredients may affect stiffness".

Light exercise with a hologram

Did you know that a hologram is not an actual image? It is an encoded pattern, based on a special characteristic of light. We are looking at a 2D image, which our eyes convert into 3D. Dalla Torre and his colleagues applied the logic of a hologram in order to attain information about a 3D object from measurements of a 2D surface. By extracting all the information encoded in a 2D STM measurement of cuprate, they visualized the shape of an electron.

Paving the way to future discoveries

Some consider electrons to be the "soul" of a material—determining its color, its conductivity, and its entire chemical activity. Dalla Torre expects that this innovative technique for decoding shapes of electrons will enable the design of smarter materials suitable for ever-changing future technologies. "By gaining a better understanding of the behavior of materials, scientists may be on the path to finding the next superconductor," he says.

利用来自全息图的一点帮助来解决一个神秘的难题
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高温超导体电子形状的效果图由Dalla Torre等人测量出来。蓝色和红色的球体代表铜原子和氧原子，有颜色的在正极表明（蓝色）…更多

最近发表在《自然物理学杂志》的发现为计算点子的形状提供了创新技术。这个发现将帮助科学家获得对复杂材料性质的更好更快的理解。来自巴伊兰大学的Emanuele Dalla Torre教授与来自哈佛大学的Yang He博士和Eugene Demler教授一起，为了显示超导材料中电子的形状使用了全息逻辑法编译了算法。这一成功的合作阐明了在过去的15年里进行的一系列实验的令人费解的结果。

使用数学来解释本质

Dalla Torre博士 - 以色列巴伊兰大学物理系的一名教师 - 说，根据量子力学的点子可以表现出波浪般的属性。“然而，波的形状并不总是很明显，并且由于承载电子的材料的条件而发生变化。”Dalla Torre说。

 “20世纪80年代早期STM - 具有非常高分辨率的显微镜 - 的发明第一次提供了查看材料中单个原子的能力。然而直到现在，科学家们只有在独立原子中才观察到电子的形状 - 在真空中 - 而不是在一个含有大量的每个电子的形状都没有区别的原子的复合材料中。”Dalla Torre解释说。

 “我们开发了一个数学算法，这个算法帮助我们分析已知的能保持最好超导性能的铜氧化物 - 铜氧化合物的高精度STM测量。通过确定以前被忽视的实验数据点之间的重复相关性，我们能够重建这些奇妙材料中电子的形状。”他说。
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高温超导体电子形状的效果图由Dalla Torre等人测量出来。蓝色和红色区域分别代表了描述电子的波的正极和负极部分。来源：Mario Sermoneta

谁害怕理论物理？

 “我们发现的形状（正如在所附照片中展示的那样）包含了正极（蓝色）和负极（红色）区域。电子悬浮在有序排列的原子中：蓝色圆圈表示氧原子，而粉色圆圈表示铜原子。这是第一次我们分离并确定了复杂材料中电子的独特形状。”Dalla Torre解释说，并补充道“这个形状与1988年由苏黎世科技大学ETH的理论物理学家Zhang和Rice作出的预测吻合。”

此外，通过揭示以前未知的信息，Dalla Torre和他同事的发现也使得他们能够为一些神秘的实验提供一致的解释，这些神秘的实验是在2002年由来自康奈尔大学的Seamus Davis教授和他的学生，来自哈佛大学的Jennifer Hoffman -他使用STM揭示了在铜氧化物中原子量度的循环模式 - 提出的。

这些年来，许多研究人员对这些发现和其它相关的模棱两可的发现提供了解释，但是，直到现在，对这神秘的重复信号也没有令人满意的解释。Dalla Torre和他的同事们怀疑这可能是由于电子的形状，并且，一旦他们在铜氧化物中绘制这些形状，他们就能够对这些发现提供一个简单的解释。

随机寻找新材料 - 就像在没有配方的情况下烘焙蛋糕
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扫描隧道显微镜的图像是铜氧化物中原子量度的重复模式。来源：Jennifer Hoffman，哈佛大学

 “超导体是在室温下几乎不导电的材料。然而，当冷却到一定温度 - 它们就变成了超级英雄并在没有电阻，没有加热或融化的时候进行导电。因此，这些材料，在各种各样下一代技术中的潜在应用备受追捧。”Dalla Torre解释说。

到目前为止所发现的超导体最高临界温度是铜氧化物的临界温度，它需要冷却到低至-135°C的温度才能成为超导体。涉及冷却这些温度的成本过高，这为圣杯解释了继续搜索 - 最高可能临界温度，这提供了经济上的可行性。”Dalla Torre说，“在缺乏追求新的超导材料的有效方法，世界范围内的实验室诉诸随机测试元素，以希望发现最好的候选材料。”他说，“这就像在没有配方的情况下烘焙蛋糕；你希望它会蓬松，但是也没办法知道哪种成分会影响刚度。”

有全息图的光运动

你知道一个全息图不是一个实际的图像吗？这是一个编码模式，基于一个特殊的光特性。我们看到的是2D图像，我们的眼睛会转化成3D。Dalla Torre和他的同事们应用了全息图的逻辑就为了获得关于从2D表面测量的3D物体的信息。通过提取在铜氧化物的2DSTM测量中编译的信息，他们形象化了电子的图像。

为未来的发现铺路

一些人把电子认为是物质的“灵魂” - 决定它的颜色，它的导电性，以及它的整个化学活性。Dalla Torre希望这种为编译电子形状的创新技术将使得为适用于不断变化的未来技术的未来材料的设计成为可能。“通过对材料行为获得一个更好的理解，科学家们可能会在发现下一代超导体的道路上。”他说。
Method enables material to carry more electrical current without resistance at a higher temperature
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An electron microscope image of one of the team's superconducting iron-based films after the scientists irradiated the film with low-energy protons shows the resulting chains of defects (indicated by yellow arrows). The inset image shows a …more

Iron-based superconductors can conduct electricity without resistance at unusually high temperatures relative to those of conventional superconductors, which must be chilled to near absolute zero (minus 459 degrees Fahrenheit) to release their superconducting powers. In addition, they're relatively easy to bend and can carry electrical current easily in different directions under high magnetic fields before superconductivity becomes suppressed. These characteristics make iron-based superconductors promising for advanced energy applications, from electric vehicles to wind turbines and medical imaging devices. However, the amount of current they can carry has been low in comparison to other superconductors. Scientists have been trying to increase this amount, but doing so has often come at the cost of degrading another key superconducting property—the critical temperature at which superconductivity emerges. 
Now, a team of scientists has come up with a way to double the amount of electrical current an iron-based material can carry without losing its superconducting properties, while increasing the material's critical temperature. Their method, reported in a paper published today in Nature Communications, makes use of a readily available technology that could be used to improve the performance of superconducting wires and tapes. 

"By bombarding the material with protons at low energy, we simultaneously increased the material's current-carrying capacity and critical temperature—the first time that this has been possible in an iron-based superconductor," said physicist Qiang Li, head of the Advanced Energy Materials Group at the U.S. Department of Energy's (DOE) Brookhaven National Laboratory, who directed the research. "There are low-energy ion facilities all over the world that can do this inexpensively."    

Shooting ions at superconducting materials is a well-established method for artificially introducing defects in the crystal structure or chemistry of the materials to increase the amount of current they can carry. These defects "pin" in place, or trap, the microscopic magnetic vortices that form when the superconductor is placed in a strong magnetic field, such as those generated by magnets in magnetic resonance imaging (MRI) machines. If free to move around, the vortices dissipate energy, thereby destroying the superconductor's ability to carry electrical current without energy loss.

Unfortunately, if the defects produced by ion irradiation create too much disorder in the superconductor, they lower its critical temperature. Because superconductors currently require extreme cooling to conduct electricity without resistance, any decrease in the critical temperature is undesirable.

In a Goldilocks sense, the defects must be "just right"—not too big, not too small. Scientists can design such defects by selecting the appropriate ion species (e.g., protons, gold ions, argon ions) and ion energy.
Brookhaven physicist Qiang Li and materials scientist Lijun Wu in an electron microscopy lab in the Condensed Matter Physics and Materials Science Department at Brookhaven Lab. Li and his team used electron microscopes to examine the microstructural defects that appeared in an iron-based superconducting material after the material was bombarded with low-energy protons. These defects caused the lattice to locally compress or stretch out, as seen in the colored strain "maps" on the computer screen. Their analysis unraveled the structural origin of the simultaneous enhancement of two superconducting properties of the iron-based superconductor: the temperature at which the material becomes able to conduct electrical current with no energy loss and the amount of current the material can carry without losing this ability. Credit: Brookhaven National Laboratory

"Some ions or energies may cause large enough damage to interfere with superconductivity, while others may not produce any effect at all," explained coauthor Toshinori Ozaki, a former scientist in Brookhaven Lab's Advanced Energy Materials Group who is now a faculty member at Japan's Kwansei Gakuin University. "So we run simulations to figure out what combination should produce the optimal defect—one that can hold down the magnetic vortices without negatively impacting the material's superconducting properties."
In the case of the iron-based material the team studied, low-energy protons did the trick. Using electron microscopes, the scientists took images of the thin films (about 100 nanometers thick) of the material they prepared, before and after they hit the films with low-energy protons.

"Throughout the irradiated films, we saw individual chains of defects created by the collisions between the incident ions and nucleus that broke the perfect atomic order, causing the lattice to locally compress or stretch out," said coauthor Lijun Wu, a materials scientist at Brookhaven who led the microscopy work. 

In a performance check, the scientists measured the amount of electrical current running through the films in low and high magnetic fields. In high fields, the irradiated films carried more current than any low-temperature superconductor. This result suggests that the defects and local lattice strain must be strongly pinning the magnetic vortices that would otherwise impede the flow of current. 

To figure out what caused the surprising increase in the critical temperature, the team created a strain "map" that laid out where the locally compressed and tensile (stretched out) regions were located. Previous studies had already shown that the type of lattice strain correlates with the critical temperature: highly compressed regions with a high critical temperature, and highly tensile regions with a low critical temperature. In the team's films, the compressive ones took up much more space, leading to an overall raised critical temperature.  

According to Li, these performance gains are only the beginning: "We believe that the critical current and temperature can be further enhanced by fine tuning the structure of the defects and the arrangement of the lattice strains."

令材料携带更多电流而在较高温度下无电阻的方法
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在科学家们利用低能质子照射超导铁基薄膜显示出得到的缺陷链（由黄色箭头指示）之后，有关该研究小组该薄膜的电子显微镜图像。插图图像显示了……更多。
相对于常规的超导体，铁基超导体能够导电，并且不寻常的较高温度下不产生阻力，而常规的超导体必须冷却至接近绝对零度（零下459华氏度）才能释放它们的超导功率。此外，它们相对容易弯曲，并且能够轻易地在高磁场情况下，在超导被抑制之前在不同的方向上携带电流。这些特性使得铁基超导体有望用于先进的能量应用，从电动汽车到风力涡轮机以及医学成像装置。然而，与其他超导体相比，它们能够承载的电流量较低。科学家们一直在努力增加这一数量，但是这样做的代价通常是降低另一个关键超导性能——超导性出现的临界温度。

现在，一组科学家已经想出了一种方法，在不损失其超导性能同时增加该材料的临界温度的情况下，将铁基材料可承载的电流量增加一倍。他们于今日发表于《自然通信》的一篇论文中的方法利用了目前可用于改善超导线路和带的性能的技术。
 “通过在低能量下用质子轰击该材料，我们同时增加了该材料的电流承载能力以及临界温度——这是首次在铁基超导体中能够实现这一目标，”领导该研究的美国能源部（DOE）布鲁克海文国家实验室先进材料小组的主管兼物理学家李强表示。“在全球有许多低能离子工厂能够以低廉的价格做到这一点。”
在超导材料中攻击离子是一个人工引入晶体结构或材料的化学性从而增加它们能够承载的电流量的公认方法。这些缺陷“出现”或困在当超导体被放置入一个强磁场的情况下而形成的微观磁性涡流中，例如那些在磁共振成像（MRI）机器中通过磁体产生的磁场。如果能够自由移动，那么涡流将消耗能量，从而破坏超导体在没有能量损失的情况下承载电流的能力。
不幸的是，如果离子辐射产生的缺陷在超导体中导致了过多的无序，那么它们会降低其临界温度。因为超导体目前需要极端冷却才能在无阻力下导电，任何临界温度的下降都是不受期望的。
在一个金发姑娘的观点上，该缺陷必须“恰到好处”——不能太大，也不能太小。科学家能够通过选择合适的离子种类（例如质子、金离子和氩离子）以及离子能量来设计这类缺陷。

布鲁克海文的物理学家李强（音译）和材料科学家吴礼军（音译）在布鲁克海文实验室凝聚物物理和材料科学家系电子显微镜实验室中。他和他的研究小组利用电子显微镜观察在铁基超导材料受到低能质子轰击之后在其中出现的微观结构性缺陷。这些缺陷导致该晶格局部出现收缩或拉伸，正如在计算机屏幕中的着色应变“映射”中所看到的。他们的分析揭示了铁基超导体的两个超导属性同时增强的结构起源：该材料在没有能量损失的情况下能够传导电流的温度，以及该材料在没有损失这种能力的情况下承载的电流量。图片：布鲁克海文国家实验室
 “一些离子或能量可能会产生足够的损害以干扰超导性，同时其他能量可能完全不会产生任何效果，”现为日本关岛学院大学的教职员工的前布鲁克海文实验室先进能量材料小组的科学家兼该论文的合著者寿格尾崎表示。“因此我们进行了模拟，用以确定什么组合应该会产生最佳缺陷——能够抑制磁性涡流，而不会对该的超导属性产生负面影响。”

在该研究小组研究的铁基材料的情况中，低能量质子进行了诡计。利用电子显微镜，科学家们对他们准备的该材料的薄膜（大约100纳米厚）进行了拍摄成像，对他们利用低能量质子轰击该薄膜的前后进行了比较。
 “在辐射过的薄膜中，我们看到了由破坏完美的原子秩序的入射离子和原子核之间的碰撞产生的单独的缺陷链，导致晶格局部收缩或拉伸，”领导显微镜工作的布鲁克海文的材料科学家兼该论文的合著者吴礼军表示。
在性能检查中，科学家测量了低和高磁场环境下通过该薄膜的电流量。在高磁场下，照射的薄膜承载了比低温超导体更多的电流。该结果表明，缺陷和局部晶格应变必须强烈固定磁性涡流，否则会阻碍电流。
为了弄清楚是什么导致临界温度产生惊人地增加，该研究小组创建了一个应变“图像”，布局出局部收缩和拉伸区域的具体定位。之前的研究已经显示，晶格应变的类型与临界温度相关：较高收缩的区域具有较高的临界温度，并且较高拉伸的区域具有较低的临界温度。在该研究小组的薄膜中，该收缩的区域占据了更多的空间，导致临界温度整体提升。
据李表示，这些性能只有在开始时才获得：“我们认为，临界电流和温度能够通过精细调整缺陷的结构和晶格应变的排列而得到进一步加强。”
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