
    
      Chapter 1: VA Introduction
    

    
      Background and Overview of Goals
    

    
      Welcome to Virginia's 21st Century Physics FlexBook: A Compilation of Contemporary and Emerging Technologies, a result of Virginia’s FlexBook Pilot Project.
    

    
      This project was motivated by the confluence of two independent desires and capabilities:
    

    
      	The recommendations of a 2007 Standards of Learning (SOL) review panel of practicing scientists and engineers that VA SOL should include contemporary and emerging science content as well as laboratory activities that incorporate industry state-of-the-practice equipment; and that Virginia should support an open-source software platform, such as a Wiki, for the timely publication of teacher-developed curriculum.
      

    

    
      	The mission of the CK-12 Foundation to provide a collaborative online authoring environment that enables the production of free and open content aligned to curriculum standards and customizable for each student.
      

    

    
      This particular pilot FlexBook aims at several outcomes:
    

    
      	Supplementing currently used Virginia physics textbooks by making valuable contemporary and emerging physics ideas available to all teachers at a single URL.
      

    

    
      	Making laboratory activities that employ industry state-of-the-practice equipment available to all teachers.
      

    

    
      	Providing a path for continuous improvement from teachers themselves through comments and new ideas after using a chapter with their physics classes.
      

    

    
      This pilot FlexBook project seeks many other outcomes:
    

    
      	Can working teachers provide useful contemporary, emerging, and laboratory curriculum content in addition to their normal teaching duties?
      

      	What intellectual property (IP) issues may be barriers to or facilitators of open-source content?
      

      	Is the CK-12 FlexBook a good open-content platform for Virginia’s purposes?
      

      	What additional features would make the CK-12 FlexBook even more useful to Virginia?
      

      	What quality assurance process is required to make appropriate content available to all teachers and students?
      

      	Is a book of many chapters by many authors in many voices readable and comprehensible by most students?
      

      	Does this FlexBook provide valuable contemporary and emerging physics content that supplements current physics SOL?
      

      	Is the content readily available to ALL of Virginia’s physics teachers at a single Web-based source?
      

      	Can we provide timely and valuable feedback to CK-12 that will help them continually improve their FlexBook system for teachers’ use?
      

      	Can we provide suggestions from Virginia’s teachers and students to CK-12 regarding Web 2.0 needs?
      

      	Can we supply Virginia’s education policy-makers with concrete examples of the 2007 physics panel’s recommendations to help inform their 2010 review of Virginia physics SOL?
      

      	Does this project give us a sense of the qualitative value of e-formats replacing some textbook purchases?
      

      	Can we determine whether to extend this type of project to the instruction side of the DOE and to other disciplines?
      

    

    
      Pilot FlexBook Outcomes Expanded
    

    
      Making contemporary and emerging physics ideas available to all teachers in Virginia
    

    
      The 2007 SOL review panel was composed of practicing scientists and engineers drawn from universities, government laboratories, and the technology industry across the Commonwealth of Virginia. They found that current Virginia chemistry and physics SOL are more representative of the mid-[image: 20]th century than the beginning of the [image: 21]st century. For example, in the area of nuclear physics, essential knowledge and understanding is limited to protons and neutrons without mention of quarks and gluons. There is no mention of LED, LCD, or plasmas, but cathode ray tubes are explicitly recognized. Organic chemistry is left out of Virginia’s high school chemistry SOL and nanoscience or nanotechnology receives not a mention. The panel recommended that a number of existing content areas be excised and contemporary and emerging content be added.
    

    
      The panel saw evidence of the K-12 world being isolated from the contemporary world of work and research and was made anecdotally aware of teachers with less than minimal qualifications in coursework background. The resulting conclusion was that a reliable, timely, and easily available content source must be provided for all teachers. Because of delays involved with getting new material identified, published, and approved through traditional textbooks, the panels recommended that the Department of Education support an open-collaborative software “Wiki.” The Wiki would be open to all physics and chemistry teachers to post curriculum they developed and taught. It would focus particularly on contemporary and emerging content. After teaching a lesson, the teacher could add notes or suggestions on the Wiki, thus continuously improving its content. This would also enable a virtual learning community of K-12 teachers from throughout the Commonwealth.
    

    
      Making laboratory activities that employ industry state-of-the-practice equipment available to all teachers
    

    
      The scientists and engineers on the SOL review panels recognized that hands-on experiments and laboratories are the glue that connects science theory to real-world phenomena. They recommended that at least [image: 20] percent of a course be devoted to laboratories or demonstrations and that students use the same state-of-the-practice equipment that they would soon find in the technology workplace and college.
    

    
      The FlexBook laboratory chapters are addressed to three audiences:
    

    
      	Teachers who have little or no experience with labs
      

      	Teachers who teach labs but may be using obsolete equipment and technology
      

      	Teachers who would like to use the FlexBook labs as a jumping-off point in developing their own labs
      

    

    
      For the first group of teachers, some of whom have limited experience and proficiency in lab science in general or physics labs in particular, the FlexBook write-ups should provide equipment lists and cookbook instruction. This will at least provide for some hands-on work with state-of-the-practice technology.
    

    
      The second group of teachers will be introduced to new equipment manufacturers and taught how to incorporate state-of-the-practice technology into engaging physics laboratories.
    

    
      The third group of teachers may find some of the equipment and its capabilities to be new and can use this information to develop their own labs with more advanced technology.
    

    
      Quality Control
    

    
      Version 0.9: All chapters in Release [image: 0.9] underwent three levels of review:
    

    
      	A technical review by a university research physicist
      

      	Peer review by three other authors
      

      	Review by several students including three 10th grade high school students and a college freshman (non-science major)
      

    

    
      Version 1.0: All chapters in Release [image: 1.0] underwent one additional level of review via the public feedback we received from our open mailing list.
    

    
      All content is configuration controlled. While it can be copied and edited by users on the CK-12 FlexBook Platform http://flexbooks.ck12.org/flexr/book/vaflexbook the original FlexBook content cannot be changed by readers. The chapters will be updated from time to time based on the authors’ experiences and comments from readers and users. These updates will be noted by their release numbers.
    

    
      The Future
    

    
      [image: 21]st Century Physics FlexBook: A Compilation of Contemporary and Emerging Technologies provides a starting point for continuous improvement from teachers themselves through comments and new ideas following use of a chapter with their physics classes.
    

    
      We live in a very dynamic world of discovery, technology development, and ideation in physics. Hardcopy books cannot engage in conversations regarding today’s or even recent physics developments. The Web, however, does provide a medium for such conversations. The FlexBook proposes several approaches to teaching labs and [image: 21]st century content. The chapters are configuration controlled in that users cannot edit them. However, we look to the day when users of chapters can comment directly in the FlexBook on what they saw as strengths and weaknesses of the chapter, how they changed the chapter to better suit their needs, and make recommendations on improving the chapter. This could lead to stranded conversations with the author and with other users, and contribute to an even better chapter in the next FlexBook release.
    

    
      Organization of this FlexBook
    

    
      There are [image: 11] chapters in Release [image: 1.0]. The first eight deal with contemporary topics of theory and applications including gravitation, nuclear and particle physics, nanoscience, and [image: 21]st century technologies used for medical imaging and visual display. The final three chapters focus on laboratory work employing state-of-the-practice equipment and the rapidly developing field of modeling and simulation.
    

    
      The reader will find that, unlike traditional textbooks of the last century, the chapters of this book read more like a collection of diverse essays, as all are written by different authors, and each reflect an individual’s unique voice. This style has become the norm in a world where students increasingly access data from the World Wide Web and pull together the pieces that they feel tell them a proper story. We offer this book as a starting point for a proper 21st century story of physics and hope that today’s students find it useful.
    

    
      FlexBook Chapter Synopses
    

    
      Toward Understanding Gravitation by Andrew Jackson, Harrisonburg City Schools. This chapter addresses our changing understanding of gravitation and in doing so, introduces the student to a few interesting areas of astronomy and cosmology including dark matter and dark energy. It should be an appropriate extension to a study of Newton’s universal law of gravitation, but deals with gravitation from a purely conceptual approach. The appropriate high school level mathematical treatment would pertain to Newton’s universal law of gravitation and it is assumed that students will study this from traditional text or with their teachers. The chapter is set up in a dialogue style that has a wonderful heritage in physics going back to Galileo’s Dialogue Concerning the Two Chief World Systems, published in 1632.
    

    
      Nuclear Energy by David Stern, Greenbelt, Maryland, is a short non-mathematical course introducing high school physics students and interested non-scientists to the physics of the atomic nucleus and to phenomena associated with nuclear fission. The commercial release of nuclear energy is discussed, including problems of controlling the reactor and the waste it produces.
    

    
      The Standard Model by Michael Fetsko, Henrico County Schools. The first part of this chapter helps explain a couple of the remaining fundamental questions of physics: What are the building blocks of matter and what are the forces that hold these particles together? The current theory involves six quarks, six leptons, and four force carriers. All of these particles are organized into a table called the Standard Model of Particle Physics. Is the Standard Model complete or are there changes coming in the future?
    

    
      Beyond the Standard Model by Tony Wayne, Albemarle County Schools. This chapter explains a number of current experiments in particle physics, the large particle colliders, and other equipment and instrumentation used in attempts to tease data that validates or rejects several emerging theories on the fundamental building blocks of matter.
    

    
      Modern Physics by Angela Cutshaw, Newport News City Schools. This chapter has been cast into a series of [image: 11] major questions in an effort to lead the student through an understanding of how modern physics came about, some of its components, some of the still lingering problems in its theories, and some of its implications. Examples of some of the questions are: What is quantum mechanics and why did it develop? What part of physics was not complete? What is relativity and why did it develop? What are quarks and what role do they play inside the atom?
    

    
      Nanoscience by Tapas Kar, Utah State University. Nanoscience is the discovery and study of novel phenomena at the molecular scale (between [image: 10] and [image: 100\;\mathrm{nm}]) and the creation of new concepts to describe them. New discoveries in science have enabled us to create more application-oriented products, new devices and electronic gadgets. Nanotechnology is the fabrication, production and application of man-made devices and systems by controlled manipulation of size and shape at that small scale.
    

    
      Biophysics (Medical Imaging) by David Slykhuis, James Madison University; Mark Mattson, James Madison University; and Tom O’Neill, Shenandoah Valley Governor’s School. Today we have access to incredibly advanced non-invasive imaging technology for the analysis of our health. However, to most students, methods such as [image: x-]rays, MRI, and ultrasound are just black boxes that give the doctor a “magic” result. This chapter addresses these three major medical imaging technologies and their foundations in physics. Ultrasound is available in the first FlexBook release [image: (v1.0)], followed by sections on MRI and [image: x-]ray in later releases.
    

    
      Kinematics by John Ochab, J. Sargeant Reynolds Community College. Understanding how things move is fundamental to our understanding of the physical universe. Critical to this understanding is the ability to portray motion in a manner that is clear, accurate, precise, efficient, and reproducible. In the first part of the chapter, “Motion and How to Describe It,” we identify the terms used to characterize motion and illustrate the graphical methods used to represent motion visually. In the second part of the chapter, we study the work done by one or more forces on one or more bodies, determine the types of energy involved, and draw connections between the work done on the bodies and the energy changes in the bodies. Information is presented in tutorial format and includes an introduction to using motion sensors with a computer.
    

    
      Laboratory Activities by Bruce Davidson, Newport News City Schools. This chapter presents [image: 15] physics experiments that utilize [image: 21]st century technology to conduct investigations that can be used in the high school classroom. The PASCO Xplorer GLX handheld interface is highlighted with downloadable labs on linear motion, Newton’s laws of motion, friction, momentum, conservation of energy, kinetic energy, energy transfer, and sound waves.
    

    
      Modeling and Simulation by Mark Clemente, Virginia Beach City Schools/National Institute of Aerospace. Modeling and simulation have been used for design, test, evaluation, and training in the industry for several decades. With the advances in technology and computer capabilities in recent years, modeling and simulation are now tools for instruction that are accessible to most classroom teachers. This chapter presents several examples of how physics content can be taught using modeling and simulation.
    

    
      Modeling and Simulating NASA's Launch Abort System by Randall Caton, Bigfork, Minnesota. Complex systems abound in our world and it is valuable to model and simulate them to better understand how they work and improve their design. Student learners will modify a model based on Newton's Laws and simplifying assumptions that can be applied in a computer environment (Etoys) to simulate the motion of NASA’s Launch Abort System. The concepts of position, velocity, acceleration, force, and mass are introduced in the context of Newton's Laws. Students will learn by doing by starting with a simple model using constant acceleration and modify the model to simulate air drag, the varying force of gravity, the "real rocket", the 2 dimensional case and a two-stage rocket.
    

    
      About the Authors
    

    
      Mark Clemente: Author, Virginia Beach City Schools/National Institute of Aerospace, Virginia
    

    
      Mark Clemente received his undergraduate degree in chemistry from the University of Pennsylvania in 1986 and his master's degree in education from Old Dominion University in 1996. He is a National Board of Professional Teaching Standards Certified Teacher and is currently an Educator-in-Residence at the National Institute of Aerospace (NIA), “on loan” from Virginia Beach City Public Schools. Mark has [image: 11] years of experience teaching chemistry in Virginia Beach. During that time, he has written and reviewed science curriculum, served as a Science Department Chair at his school, conducted many professional development workshops for teachers in the school district, and served as an adjunct instructor for Virginia Wesleyan College’s School of Education. As an Educator-in-Residence, Mark is currently coordinating a modeling and simulation demonstration school project. The purpose of this project is to use modeling and simulation as an instructional strategy within mathematics and science instruction and to demonstrate ways to integrate mathematics and science instruction through the use of models and simulations.
    

    
      Bruce Davidson: Author, Newport News, Virginia
    

    
      Bruce Davidson has an MS in physical science education from Old Dominion University. A retired physics and biology teacher, he is currently working part-time for Newport News Public Schools in Newport News, Virginia. He currently works with new as well as experienced science teachers integrating technology and the hands-on experience into classroom instruction. He also provides professional development to science teachers using handheld data collectors to enhance students’ experimental experience. Outside of the classroom you will find him kayaking, biking and hiking. He currently lives with his wife and son (17 years) in Newport News, VA.
    

    
      Michael Fetsko: Author, Henrico County Schools, Virginia
    

    
      Mike Fetsko is currently a physics teacher at Godwin High School in Richmond, Virginia. He received his BS in multiple science from LeMoyne College and an MST in physics from the State University of New York at Plattsburgh. He has been teaching all levels of high school physics since 1993 and he is always looking at ways to incorporate innovative ideas and content into his curriculum.
    

    
      Andrew Jackson: Author, Harrisonburg City Schools, Virginia
    

    
      Andy Jackson teaches physics and astronomy at Harrisonburg High School in Harrisonburg, Virginia. He teaches half-time, is the K-12 science coordinator for Harrisonburg City Public Schools, and part-time physics lab instructor at James Madison University. Andy received his BS in physics from JMU in 1987 and has been teaching various levels of physics since. Andy has been an active member of the Virginia Instructors of Physics since its inception and served as president from 1998–2006. He is a life member of the Virginia Association of Science Teachers (VAST) and has served VAST as Physics Chair, PDI Chair, and was President of VAST in 2008.
    

    
      Tapas Kar, PhD: Author, Utah State University, Utah
    

    
      Tapas Kar is an Assistant Professor with the Department of Chemistry and Biochemistry at Utah State University (USU). Prior to working at USU he taught and did research at Southern Illinois University Carbondale (SIUC). Tapas focuses his research and teaching in the area of nanoscience and nanotechnolgy. He introduced nanotechnology courses at USU and currently teaches nanochemistry courses.
    

    
      John S. Ochab, Jr., PhD: Author, J. Sargeant Reynolds Community College, Virginia
    

    
      John Ochab was born in a suburb of Boston, MA. He attended the University of Massachusetts (at Boston) and obtained a BA in Biology. He worked as a biochemiocal laboratory technician for 3 years (with journal aknowledgements) and as a toxicologist for one year. He then decided to go into physics. After taking courses in advanced mathematics and physics (at M.I.T. and at Boston University), he enetered graduate school at Clark university, (Worcester, MA) where he obtained an MA in physics (nuclear solid state). He then entered the University of Maine (at Orono) were he obtained a PhD in experimental surface physics. Upon graduation, he worked in the industry for such companies as Spectra Physics, GTE Sylvania, as well as smaller companies. He also did research in high temperature superconducting thin films at Brookhaven National Laboratory in Long Island, NY.
    

    
      Due to the financial crises of the late 1980s, he moved to California, where he trained process engineers in semiconductor metrology and taught physics part-time at local community colleges. John then moved to West Virginia and taught physics, physical and engineering physics, and after getting married, moved with his wife to Virginia. He has been teaching algebra and calculus-based physics at J. Sargeant Reynolds Community college ever since. He has first-author publications in Journal of Surface Science, and co-authored publications in the Physical Review Letters, Journal of Applied Physics, and Physicsa C. He is a member of the American Association of Physics Teachers, the Virginia Academy of Science, and was a long-standing member of the American Institute of Physics.
    

    
      Dr. David A. Slykhuis: Author, James Madison University, Virginia
    

    
      Dr. David Slykhuis is Chair of the Physics/Physical Science Academy. Dr. Slykhuis has been at James Madison University since the fall of 2004. His primary responsibilities lie in the preparation of science teachers in the middle and secondary education program. His research interest involves the use of technology in K-16 science classrooms to increase student achievement. Dr. Slykhuis received his PhD in science education from North Carolina State University in May of 2004. He has five years of high school classroom experience, teaching primarily chemistry and physics.
    

    
      David P. Stern: Author, Greenbelt, Maryland
    

    
      Dr. Stern received his MS in physics from the Hebrew University in Jerusalem, his doctorate from the Israel Institute of Technology, and retired after 40 years of research with NASA Goddard SFC on the Earth's magnetosphere. He has produced extensive education resources on the Web, including "From Stargazers to Starships." He has also written space-related history, poems and a middle-school mathematics enrichment text, Math Squared.
    

    
      Randall Caton: Author, Bigfork, Minnesota
    

    
      Randy Caton was born in Minnesota and went to the University of Minnesota, the University of Pennsylvania, and the City University of New York, where he received his doctorate in Physics. He has worked in experimental solid-state physics in the areas of electrical properties of solids, heat capacity, low temperature physics, dilute magnetic alloys, superconductive materials, rare-earth alloys, and metallic glasses. He has taught introductory and advanced physics courses and laboratories to classes ranging from 5 to 700 students for 30 years and has incorporated Peer Instruction and Just-In-Time-Teaching and other learning tools. He has directed several science education programs for teachers and students from 1986 to 2008. He is currently retired and lives in northern Minnesota. He has used Etoys (a free, open-source multimedia authoring environment) to develop web-based activities for NASA programs, physics courses and the chapter in this online book.
    

    
      Jim Batterson: Project Manager, Newport News, Virginia
    

    
      Jim Batterson taught high school physics and mathematics, worked as a scientific programmer for LTV Corporation, and, from 1980 until his retirement in 2008, was a research engineer at NASA Langley Research Center. At NASA he was responsible for flight research on the dynamics and control of aerospace vehicles, served as Head of the Dynamics and Control Branch, and later as Deputy Director for Strategic Development. He has also served on a number of community boards including the Newport News (Virginia) School Board and New Horizons Regional Education Center Board. While at NASA, he served on assignments to the Office of Science and Technology Policy, the National Nanotechnology Coordination Office, NASA Headquarters, and, most recently, to the Office of Virginia’s Secretary of Education.
    

  
    
      Chapter 4: The Standard Model of Particle Physics
    

    
      Michael Fetsko. "The Standard Model", 21st Century Physics FlexBook.
    

    
      Visual Overview for The Standard Model
    

    
      
        [image: The Standard Model Cribsheet #1]
      

      
        Figure 4.1
      

      
        The Standard Model Cribsheet #1
      

    

    
      
        [image: The Standard Model Cribsheet #2]
      

      
        Figure 4.2
      

      
        The Standard Model Cribsheet #2
      

    

    
      In the Beginning
    

    
      “I can see no escape from the conclusion that [cathode rays] are charges of electricity carried by particles of matter. What are these particles? Are they atoms, or molecules, or matter in a still finer state of subdivision?'" 1897 Experiments, J. J. Thomson
    

    
      And so it begins, the modern search for the building blocks of matter. What are we made of? What are the smallest constituents of all matter? What do they all have in common? What is different? What holds all the matter together? Where did we come from and where are we going? The search for the building blocks goes back to the days of Aristotle and has always had one goal: to simplify our understanding of nature.
    

    
      Aristotle believed that there were four elements that comprised nature: earth, water, air, and fire. Democritus, a contemporary of Aristotle, stated that matter could be cut into smaller and smaller halves until you could cut the piece no smaller and it became indivisible. Our present word atom comes from Democritus’ use of the Greek word for indivisible, atomos. Aristotle’s theory of the four elements survived until the [image: 18^{th}] and [image: 19^{th}] century when these four elements were replaced by our modern chemical elements.
    

    
      In the beginning there were a couple dozen elements, but this number soon grew to nearly [image: 100]. It appears that science went from a simple model (four building blocks) to a much more complex model (nearly [image: 100] building blocks). Would [image: 100] building blocks all be fundamental? Another change was about to occur with the discovery of the atom and the idea of the indivisible nature of matter returned. The atom was made up of three building blocks and it appeared that a simpler model was restored. This is where our chapter truly begins…with the discovery of these three “fundamental” particles.
    

    
      Discovery of the Electron
    

    
      In the mid–[image: 19^{th}] century, many scientists traveled the country presenting lectures on various scientific ideas. One of the topics that most delighted the audiences at that time involved a glass tube and high voltage. By pumping out most of the air from the glass tube and connecting wires on either side of an evacuated tube, a high voltage would be applied across the tube and to the amazement of the audience the interior of the tube would glow! This device was called a Crooke’s tube or, a cathode ray tube. Now, to the audience all that mattered was the incredible mysterious glow that appeared within the tube, but to the scientists the main question was “What caused the glow?” To most, the notion was that there was some kind of ray being emitted from the cathode. But, what was this ray made up of…was it a wave or a particle? The dominant theory of the time was that light was a wave, but there was also the idea that maybe the ray was some type of unknown particle. What was this mysterious ray? Was this some type of wave traveling through the invisible fluid known as ether or a particle that developed out of the ether? The search for an answer was the mission of the British physicist J. J. Thomson.
    

    
      
        [image: Cathode Ray Tube]
      

      
        Figure 4.3
      

      
        Cathode Ray Tube
      

    

    
      As a result of Maxwell’s work in the 1860s it was known that all electromagnetic waves, including visible light, travel at a speed of [image: 3 \times 10^8 \;\mathrm{m/s}] in a vacuum. Experimentation with cathode rays showed that their direction of travel could be altered by placing the tube in a magnetic field. With these two ideas in mind, J. J. Thomson began his experimentation on the mystery of the cathode rays. In 1894, he decided to experimentally determine the velocity of the cathode rays. The measured velocity could then be compared to the speed of an electromagnetic wave, which could help possibly determine something about its structure. Through the use of mirrors and the cathode rays, Thomson was able to determine the velocity of the rays to be approximately [image: 200,000] meters per second, which is significantly less than the speed of light. So, it appeared that cathode rays were not electromagnetic waves, but actually small particles. This result was not widely celebrated by the scientific community, but it did lead to further experimentation by other scientists.
    

    
      The rays are influenced by a magnetic field and they travel much more slowly than an electromagnetic wave. From this experimental evidence, one might conclude that the rays are particles. Thomson did not stop at this point. He continued to use electric fields and magnetic fields to determine how much they influenced the motion of the rays. The first conclusion that he reached through this line of inquiry was that the rays must be particles or, as he called them, “corpuscles.” Thomson found that the mysterious stream would bend toward a positively charged electric plate. Thomson theorized, and was later proven correct, that the stream was in fact made up of small particles, pieces of atoms that carried a negative charge. These particles later became known as electrons. Thomson was unable to determine the mass of the electron, but he was able to determine the charge-to-mass ratio, or [image: \mathrm{q/m}]. He knew the [image: \mathrm{q/m}] for the hydrogen ion and it was much smaller than the [image: \mathrm{q/m}] for the cathode rays. He assumed that the mass of the particle was much smaller than the mass of the charged hydrogen atom. Thomson went on and “… made a bold speculative leap. Cathode rays are not only material particles, he suggested, but in fact the building blocks of the atom: they are the long-sought basic unit of all matter in the universe.” 1897 Experiments, J. J. Thomson.
    

    
      Based on Thomson’s belief that the atom is divisible and consists of smaller blocks, namely the electron, he then developed a model for the atom. His finding has been called the “plum pudding model” in which the atom is represented as a positively charged ball with negatively charged particles inside. This model was the accepted explanation for the structure of the atom until Ernest Rutherford and his gold foil experiment in 1911.
    

    
      
        [image: ]
      

      
        Figure 4.4
      

      
        Thomson’s Plum Pudding Model  
      

    

    
      Discovery of the Proton
    

    
      In 1909, an experiment intended to verify Thomson’s plum pudding model was conducted under the guidance of Ernest Rutherford. Hans Geiger and Ernest Marsden, Rutherford’s students, directed alpha particles (the nuclei of helium atoms) at a very thin sheet of gold foil. Based on the plum pudding model the alpha particles should have barely been deflected, if at all. The reason for this is that the momentum of the alpha particles was so large that the particles should not be influenced by the relatively small mass of the electrons and the positive charge spread throughout the atom. However, they observed that a small number of the particles were deflected through large angles, including some reflecting back to the source.
    

    
      
        [image: Expected and actual results from Rutherford's gold foil experiment]
      

      
        Figure 4.5
      

      
         Images showing the expected and the actual results from Rutherford’s gold foil experiment.
      

    

    
      Geiger and Marsden spent many hours in a darkened room using a low–powered microscope to “see” tiny flashes of light on a scintillator screen. A variety of different foils were used as well as different thicknesses. Given the relatively high momentum of the alpha particles they expected that the particles would pass through without any, or minimal, deflection. For the majority of events, this held to be true. Amazingly, they found that approximately [image: 1] in every [image: 8,000] particles were reflected through angles greater than [image: 90] degrees. Rutherford later remarked, "It was almost as incredible as if you fired a fifteen-inch shell at a piece of tissue paper and it came back and hit you." This observation was completely unexpected and appeared to contradict Thomson’s plum pudding model.
    

    
      
        [image: ]
      

      
        Figure 4.6
      

      
        Rutherford’s Gold Foil Scattering Experiment
      

    

    
      In 1911, Rutherford published a new atomic model that stated that the atom contained a very small positive charge that could repel the alpha particles if they came close enough. He also went on to state that the atom is mostly empty space, with most of the atom’s mass concentrated in the center, and that the electrons were held in orbit around it by electrostatic attraction. The center of the atom is called the nucleus. The idea of a massive, positively charged nucleus supported the observations of Geiger and Marsden. The alpha particles that came close to the nucleus had been deflected through varying angles, but the majority of alpha particles passed relatively far away and therefore experienced no deflection at all.
    

    
      Over the next 10 years, Rutherford and many other physicists continued to explore the components of the atom. It was widely accepted that positively charged particles were contained within the nucleus. It was believed that the positive charge of any nucleus could be accounted for by an integer number of hydrogen nuclei. Rutherford was the first to refer to these hydrogen nuclei as protons in 1920.
    

    
      Discovery of the Neutron
    

    
      Ernest Rutherford continued to play a significant role in the discovery of the building blocks of matter. As physicists continued to study atomic events, they noticed that the atomic number of the atoms and the atomic mass did not match up. They were finding that the atomic number (number of protons) was typically less than the atomic mass (mass of atom). Due to the electron’s small mass, the prevailing thought was that there must be something besides the proton adding to the overall mass of the atom. The main theory put forward by Rutherford stated that additional electrons and protons, coupled together inside the nucleus, formed a neutral particle. This new particle, called the neutron, would not influence the overall charge of the atom, but would account for the missing mass.
    

    
      At this point, Rutherford appointed a former student, James Chadwick, to the post of Assistant Director of his lab at Cambridge University. Chadwick spent the next ten years tracking down this elusive particle. It was not until some experiments carried out in Europe came to his attention that Chadwick achieved some success with his endeavor. Chadwick repeated their experiments with the goal of looking for a neutral particle—one with the same mass as a proton, but with zero charge. His experiments were successful. He was able to determine that the neutron did exist and that its mass was slightly greater than the proton’s. The third component of the atom had been discovered. The model of the atom now consisted of the positively charged proton and the neutral neutron that made up the nucleus and the negatively charged electron that moved around the empty space surrounding the nucleus.
    

    
      
        [image: ]
      

      
        Figure 4.7
      

      
        Rutherford’s Planetary Model of the Atom
      

    

    
      One More Particle—the Photon
    

    
      Long before the proton and neutron were discovered another fundamental particle was found—the photon. In 1900, Max Planck presented the revolutionary theory that energy was not actually continuous, but existed in tiny, discrete chunks. Each tiny chunk, or quantum, has a magnitude equal to [image: E = hf]. The energy of the quanta, [image: E], is determined by multiplying Planck’s constant, [image: h], by the frequency of oscillation, [image: f], of the electromagnetic wave. The value of [image: h] is [image: 6.63 \times 10^{-34} \;\mathrm{Js}]. These energy packets are so small that we don’t notice their size in our everyday experiences. On our normal scale of events energy seems continuous. In other words, the motion of a ball down an inclined plane looks continuous, but according to quantum theory it is actually rolling down a set of extremely tiny stairs jumping from one level to the next.
    

    
      At approximately the same time another phenomenon was discovered that connected electricity, light, and atomic theory. It was found that when light is shone on certain metallic surfaces, electrons are ejected from the surfaces. This is known as the photoelectric effect. In some way the light is giving up its energy to the electrons in the metal and causing them to be released and produce a current. However, not all colors of light will cause a current to flow. Two aspects of this experiment cannot be explained with the classical theory of light [i.e., electricity and magnetism]. (1) No matter how bright a red light one used, a current was never produced. But, a very dim blue light would allow for a current to be produced. (2) The current is observed immediately, and not several minutes as predicted by classical theory.
    

    
      
        [image: The Photoelectric Effect]
      

      
        Figure 4.8
      

      
        The Photoelectric Effect
      

    

    
      The problem was that these results could not be explained if light was thought of as a wave. Waves can have any amount of energy you want—big waves have a lot of energy, small waves have very little. And if light is a wave, then the brightness of the light affects the amount of energy—the brighter the light, the bigger the wave, the more energy it has. The different colors of light are defined by the amount of energy they have. If all else is equal, blue light has more energy than red light with yellow light somewhere in between. But this means that if light is a wave, a dim blue light would have the same amount of energy as a very bright red light. And if this is the case, then why won't a bright red light produce a current in a piece of metal as well as a dim blue light? In 1905, Einstein used Planck’s revolutionary idea about the quantization of energy and applied it to the photoelectric effect. Although it was universally agreed that light was a wave phenomenon, he realized that the only way to explain the photoelectric effect was to say light was actually made up of lots of small packets of energy called photons that behaved like particles http://www.lon-capa.org/~mmp/kap28/PhotoEffect/photo.htm Photoelectric [Effect Applet].
    

    
      Einstein was able to explain all the observations of the photoelectric effect. The ejection of an electron occurs when a photon hits an electron and the photon gives its entire energy to the electron. If the photon has sufficient energy to transfer to the electron, the electron may be ejected from the atom and a current will start. If the photon does not have enough energy, then the electron will not be supplied enough energy and no current will be produced. The amount of energy each photon can transfer is dependent upon the frequency (color) of the light and not on its brightness. The energy of a photon is determined by Planck’s relationship, [image: E = hf]. So, no matter how bright the red light may be, the frequency of the red light will not provide it with enough energy to ever eject a photon, no matter how bright or how long that red light shines on the metal. Whereas dim blue light will eject electrons, because the frequency of blue light is large enough to provide enough energy to the photon to eject the electron.
    

    
      With the discovery of the three fundamental particles of the atom and the development of the idea of the photon, it appeared that by 1932 the building blocks of matter had been rediscovered. The hundred different building blocks of matter had been replaced by a much simpler view of the physics world. This elegant picture of the physical world did not last for long, though. As technology improved and more questions were posed and eventually answered, many new and rather strange observations were made. The first and perhaps most bizarre discovery happened right after the neutron was discovered in 1932 and it represented an entirely new type of matter.
    

    
      Not so Fast—Antimatter is Found!
    

    
      In 1927, Paul Dirac, a British theoretical physicist, was able to formulate a special equation describing the motion of electrons. This equation was applied to Einstein’s theory of relativity to predict that there must be a particle that has the same mass as the electron, but with the opposite charge. This theory led to the conceptualization of antiparticles or broadly speaking, antimatter. Not only does the electron have an antiparticle, but Dirac’s equations predicted that all matter has a corresponding antiparticle.
    

    
      
        [image: Cloud Chamber]
      

      
        Figure 4.9
      

      
        An actual cloud chamber picture from Carl Anderson’s experiment.
      

    

    
      In the early 1930s, Carl Anderson was investigating cosmic rays using a cloud chamber. Charged particles produced by cosmic rays would leave “tracks” in the cloud chamber. These tracks would bend in circles because the chamber was surrounded by a strong magnetic field. As a result, positively charged particles bent one way and negatively charged particles bent in the opposite direction. During his investigation Anderson encountered unexpected particle tracks in his cloud chamber. He found equal numbers of positive and negative particles following very similar, yet oppositely directed paths. He assumed that the negatively charged particles were electrons, but what were the positively charged particles—protons? Anderson correctly interpreted the pictures as having been created by a particle with the same mass as the electron, but with an opposite charge. This discovery, announced in 1932, validated Dirac’s theoretical prediction of the positron, the first observed antimatter particle. Anderson obtained direct proof that positrons exist by shooting gamma rays, high–energy photons, into nuclei. This resulted in the creation of positron-electron pairs. This pair production exemplifies Einstein’s equation [image: E = mc^2]; energy (the massless gamma ray) is converted into mass (the pair of particles). Interestingly enough, the reverse is true as well. If an electron and a positron collide, their mass is converted into energy. This process is true for any matter-antimatter pair and is called pair annihilation.
    

    
      With the discovery of the antielectron, the search for other antimatter particles heated up. It seemed reasonable that if the electron had an antiparticle, so too should a proton and a neutron. The methods for probing the reality of subatomic particles began with experiments as simple as those with which the electron, proton, and neutron were discovered—firing beams of light or electrons at various substances and then making very precise observations and drawing as many conclusions as possible. Physicists of the early [image: 20^{th}] century were able to make some amazing discoveries about the structure of the atom. However, from our point of view, their technology was limited, but they did the best with what they had to work with. In order to discover these new particles, a way to produce controlled, reliable high - energy experiments was needed. This led to the creation of particle accelerators and detectors.
    

    
      Cosmic Rays
    

    
      With the discovery of radioactivity in the late 1800s, measurement and detection of this radiation became a driving force in physics. It was soon found that more radiation was being measured on the Earth than was predicted. In an effort to find the source of this radiation, Victor Hess in 1912 carried detectors with him in a hot air balloon to a height of [image: 5000] meters (without the aid of a breathing apparatus). At this height he was able to discover “cosmic rays,” which shower Earth from all parts of the universe at incredibly high speeds. Others soon discovered that the rays were actually charged particles, such as alpha particles and protons.
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        Figure 4.10
      

      
        Cosmic Ray Shower
      

    

    
      As it turns out, these charged particles that zoom through space began their journeys from the Sun, supernovae, and distant stars. Most of the primary cosmic rays are protons or alpha particles traveling at very high speeds. When they hit another nucleus in our atmosphere and stop, many more particles are knocked downward, creating a cascading effect called a shower. When these reactions and the particles that they produced were first analyzed it was quickly discovered that nothing like this had been seen on Earth before. Thus began a flurry of research to discover more about these particles from outer space.
    

    
      Up until the 1950s and the development of particle accelerators, cosmic rays were the primary source of high–energy particles for physicists to study. Carl Anderson not only discovered antimatter through his cosmic ray research, but he went on to discover a particle that had a unit charge with a mass between the electron and proton. Muons were later shown not to have any nuclear interactions and to be heavier versions of electrons. In 1947, Cecil Powell discovered another particle that did interact with nuclei. The mass of this new particle was greater than the muon and it was soon determined that the particle would decay into a muon. This new particle was given the name pi-meson, or pion. A few months later, new particles with masses in between the pion and the proton were discovered. The kaon was a strange new particle that was always produced in pairs, had a relatively long lifetime, and decayed into pions and muons.
    

    
      Although a number of exciting new particles were discovered with the cosmic rays, there were limitations to this type of research. Interesting events happen very rarely and when they do it is very difficult to catch them in a particle detector. Researchers have no control over when or where the cosmic ray shower will occur, making it very difficult to perform experiments. The other problem that was quickly becoming apparent was that all the low energy events seemed to be well researched and that the interesting events were the high–energy events. The problem with the high–energy events was that they were incredibly rare. So, the lack of control over when and where these events would occur and the infrequent high–energy cosmic ray events posed a problem for researchers. Physicists needed to come up with a solution to these problems—namely, to create controlled high–energy experiments in a laboratory-type setting.
    

    
      Particle Accelerators
    

    
      Particle accelerators were designed to study objects at the atomic scale. Particle accelerators allow for millions of particle events to occur and to be studied without waiting for the events to come from the sky. Accelerators do for particle physicists what telescopes do for astronomers. These instruments reveal worlds that would otherwise be left unseen. Vacuum tubes and voltage differences accelerated the first electrons and then the Cockcroft-Walton and Van de Graaff machines were invented using the same principles only on a grander, more complex scale. A modern example of this type of device is the linear accelerator, such as the Stanford Linear Accelerator (SLAC). In order to achieve high energies, all linear accelerators must be very long. For example, the Stanford Accelerator is nearly [image: 2] miles long and actually crosses under a highway in California. SLAC is able to achieve energies of up to [image: 50 \;\mathrm{GeV}]. An electron volt [image: (eV)] is a unit of energy that is equivalent to [image: 1.6 \times 10^{-19}\;\mathrm{J}]. A GeV is equal to [image: 10^9 \;\mathrm{eV}]. The need for such great length to achieve the high energy is a major limitation with this type of accelerator.
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        Stanford Linear Accelerator Center, Palo Alto, CA
      

    

    
      The great breakthrough in accelerator technology came in the 1920s with Ernest O. Lawrence’s invention of the cyclotron. In the cyclotron, magnets guide the particles along a spiral path, allowing a single electric field to apply many cycles of acceleration. The first cyclotrons could actually fit in the palm of your hand and could accelerate protons to energies of [image: 1 \;\mathrm{MeV}]. Over the next decade or two, unprecedented energies were achieved (up to [image: 20 \;\mathrm{MeV}]), but even the cyclotron had its limitations due to relativistic effects and magnet strength. Fortunately, the same type of technology that allows for a cyclotron to work also works in the next version of the accelerator, a synchrotron. The synchrotron’s circular path can accelerate protons by passing them millions of times through electric fields allowing them to obtain energies of well over [image: 1 \;\mathrm{TeV}]. The first synchrotron to break the TeV energy level was at Fermilab National Accelerator Laboratory (Fermilab). The Tevatron at Fermilab is nearly [image: 4] miles in circumference and can accelerate particles to [image: 1 \;\mathrm{TeV}] in each direction around the ring.
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        Fermi National Accelerator Laboratory, Batavia, IL
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        Jefferson National Accelerator Laboratory, Newport News, VA
      

    

    
      The last advancement in accelerator technology involved the collision of the accelerated particles. Up until the 1970s, all accelerators were fixed target machines. This means that the very energetic particles collide with a stationary target and all the newly produced particles continue moving in the same direction as the debris, the new particles and energy, which comes from the collision. As a result, not all of the mass-energy that derives from the accelerated particles is available to be converted into new particles and new reactions. Some of the mass - energy is lost into the target and not all of it is transferred into the particle collisions. Early in the 1960s, physicists had learned enough about accelerators to build colliders. In a collider, two carefully controlled beams pass around the synchrotron in opposite directions until they are made to collide at a specific point. Although colliders are significantly more challenging to build, the benefits are great. In a collider, the accelerating particles moving in opposite directions are brought to a point for the collision and because they are traveling in opposite directions their collision energy is greater than a fixed target collision and the net momentum is zero. This means that all their energy is now available for new reactions and the creation of new particles. For example, although the Tevatron at Fermilab can only accelerate the protons and antiprotons to energies of [image: 1 \;\mathrm{TeV}], the energy that is involved in each proton-antiproton collision will approach [image: 2 \;\mathrm{TeV}].
    

    
      Why the need to achieve such high energies? High–energy physicists know that it takes particles with energy about [image: 1 \;\mathrm{GeV}] to probe the structure inside of a proton. In order to get to the even smaller parts of matter, higher energy is needed. Also, higher energies would allow for more “massive” particles to be created. Currently, the Fermilab's Tevatron has enough energy to produce the top quark [image: (\sim 170 \;\mathrm{GeV})]. If particle physicists want to learn more about the building blocks of matter they need more energy. Over the past decade in Geneva, Switzerland, they have been trying to accomplish just that—to build the world’s largest particle accelerator. In 2009, the Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) is scheduled to go online. The LHC is [image: 27 \;\mathrm{km}] in circumference and will accelerate particles to energies approaching [image: 7 \;\mathrm{TeV}]. This means that at the collision point the energy will be up to [image: 14 \;\mathrm{TeV}] and the potential for new particle discoveries are endless.
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        Section of the Large Hadron Collider tunnel, CERN, Geneva, Switzerland
      

    

    
      Particle Detectors
    

    
      The first particle detectors resembled the ones used by Rutherford in his famous gold foil experiment. The detectors involved the emission of light when charged particles hit a coated screen. Other methods for detecting radiation were soon developed, such as electroscopes (that could tell if a charged particle was present) and Geiger counters (which counted how many charged particles were present). All of these detectors could only tell if a charged particle was present and/or provide a rough approximation to how many charged particles were present. They were all incapable of providing any specific information about the properties of the charged particles.
    

    
      Then a breakthrough came in 1912 when the cloud chamber was invented. The cloud chamber involved producing a vapor that remained in a supersaturated state. C. T. R. Wilson, a Scottish physicist, developed a cloud chamber based on his studies of meteorology and his research into the atmosphere and cloud formation. It was well known that an electrical charge could cause condensation in this kind of supersaturated state. Wilson was eager to find out if he could produce a similar effect with [image: X-]rays. In 1896, he performed an experiment and found that, like electricity, [image: X-]rays could induce condensation in the supersaturated vapor. In 1912, he incorporated all of his ideas into a device that he called a cloud chamber. He found that radiation from a charged particle left an easily observable track when it passed through the cloud chamber. The track was a result of the interaction between the charged particles and the air and molecules within the container. This interaction resulted in the formation of ions on which condensation occurred. This provided a plain view of the path of the radiation and so gave a clear picture of what was happening. The events could then be viewed by taking a photograph of them. When used, the cloud chamber is placed between the poles of a magnet. The magnetic field causes particles to bend in one direction or another, depending on the electrical charge they carry. The magnetic field [image: B], the velocity [image: v], the radius of the circular orbit [image: R], the mass [image: m], and the charge [image: q] are related by the formula: [image: R = \frac{mv} {qB}.] The kind of particles that have passed through the chamber can be determined by the types of tracks they leave. Although the cloud chamber had many useful applications, it was replaced by the bubble chamber that was invented in 1953 by Donald Glaser.
    

    
      The bubble chamber is a more sophisticated version of the cloud chamber. Glaser's idea was to use a liquid, like liquid hydrogen, as a detecting medium because the particles in a liquid are much closer together than are those in a gas. Glaser's bubble chamber is essentially the opposite of a cloud chamber. It contains a liquid that is heated beyond its normal boiling point. If the liquid is kept under pressure it will not boil. Instead, it will remain in a superheated state. Particles released from the radioactive source will travel through the bubble chamber and interact with atoms and molecules in the liquid. This interaction will result in the formation of ions, atoms, or molecules that carry an electrical charge. The ions act as nuclei on which the liquid can begin to boil. The path taken by the particle as it moves through the bubble chamber is marked by the formation of many very tiny bubbles, formed where the liquid has changed into a gas. At this moment, the camera records the picture. Bubble chambers were widely used to study nuclear and particle events until the 1980s.
    

    
      For a long time, bubble chambers were the most effective detectors in particle physics research. Bubble chambers were very effective, but they did require a picture to be taken and then analyzed. With the improvement in technology, it became desirable to have a detector with fast electronic read-out. Bubble chambers, thus, have largely been replaced by wire chambers, which allow particle numbers, particle energies, and particle paths to be measured all at the same time. The wire chamber consists of a very large number of parallel wires, where each wire acts as an individual detector. The detector is filled with carefully chosen gas, such that any charged particle that passes through the tube will ionize surrounding gaseous atoms. The resulting ions and electrons are accelerated by an electric potential on the wire, causing a cascade of ionization, which is collected on the wire and produces an electric current. This allows the experimenter to count particles and also determine the energy of the particle. For high - energy physics experiments, it is also valuable to observe the particle's path. When a particle passes through the many wires of a wire chamber it leaves a trace of ions and electrons, which drift toward the nearest wire. By noting which wires had a pulse of current, an experimenter can observe the particle’s path.
    

    
      The wire chamber became one of the main types of detectors in modern particle accelerators. They were much more effective at collecting information about the particle events and in storing them to be analyzed at a later time. A bubble chamber could only produce one picture per second and that picture could not be stored in a computer. A typical wire chamber could record several hundred thousand events per second, which could then be immediately analyzed by a computer. The ability to collect hundreds of thousands of events and allow those events to be quickly analyzed and stored on a computer led to the creation of the magnificent modern particle detectors.
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        Figure 4.15
      

      
        Schematic of the Compact Muon Solenoid Detector, CERN, Geneva, Switzerland
      

    

    
      The Compact Muon Solenoid (CMS) is one of the two major detectors of the LHC (the other one is called ATLAS). Each of these detectors is quite similar in their general features and in their ability to collect and quickly analyze millions of particle events per second. CMS is [image: 21 \;\mathrm{m}] long, [image: 15 \;\mathrm{m}] wide, and [image: 15 \;\mathrm{m}] high and it weighs [image: 12,500] tons. The huge solenoid magnet that surrounds the detector creates a magnetic field of [image: 4] Teslas, this is about 100,000 times the strength of the Earth’s magnetic field. CMS is an excellent example for illustrating the construction of a modern particle detector. The various parts are shown in Figure 13 with a brief description following.
    

    
      Tracker
    

    
      	Purpose is to make a quick determination of particle momentum and charge.
      

      	The tracker consists of layers of pixels and silicon strips.
      

      	The pixels and strips cover an area the size of a tennis court.
      

      	
        [image: 75] million separate electronic read-out channels, [image: 6,000] connections per square centimeter.
      

      	The tracker records the particle paths without disturbing the energy or motion of the particle.
      

      	Each measurement that the tracker takes is accurate to [image:  10 \ \mu \mathrm{m}] , a fraction of the width of a human hair.
      

      	The tracker can re-create the paths of any charged particle; electrons, muons, hadrons, and short-lived decay particles.
      

    

    
      Electromagnetic Calorimeter
    

    
      	Purpose is to identify electrons and photons and to do it very quickly ([image: 25 \;\mathrm{ns}] between collisions).
      

      	Very special crystals are used that scintillate, momentarily fluoresce, when struck by an electron or photon.
      

      	These high-density crystals produce light in fast, short, well-defined photon bursts that is proportional to the particle’s energy.
      

      	The barrel and the endcap of the detector are made up of over [image: 75,000] crystals.
      

    

    
      Hadron Calorimeter
    

    
      	Purpose is to detect particles made up of quarks and gluons, for example protons, neutrons, and kaons.
      

      	Finds a particle’s position, energy, and arrival time.
      

      	Uses alternating layers of brass absorber plates and scintillator that produce a rapid light pulse when the particle passes through.
      

      	The amount of light measured throughout the detector provides a very good measurement of the particle’s energy.
      

      	There are [image: 36] barrel “wedges,” each weighing [image: 26] tons.
      

    

    
      Muon Detector
    

    
      	The purpose of the muon detector is to detect muons, one of the most important tasks of CMS.
      

      	Muons can travel through several meters of iron without being stopped by the calorimeters, as a result the muon chambers are placed at the very edge of the detector.
      

      	Due to the placement of the muon chambers the only particles to register a signal will be a muon.
      

      	The muon chambers have a variety of detectors that help track these elusive particles.
      

    

    
      Computing
    

    
      	One billion proton-proton interactions will take place inside the detector every second.
      

      	A very complex trigger system will be set up in the computers to eliminate many of the events that are not “interesting” to the physicists. Only less than [image: 1] percent of all interactions will be saved to a server.
      

      	Nearly [image: 5] petabytes, a million gigabytes, of data per year will be saved when running at peak performance.
      

      	To allow for the storage of all this data, a worldwide grid has been created that uses tens of thousands of regular computers. This distribution of the data allows for a much greater processing capacity than could ever be achieved by a couple of supercomputers.
      

      	The other benefit is now that the data are capable of being stored all over the world; physicists do not need to be at a central location (for instance CERN), in order for them to analyze the particle events coming from CMS.
      

    

    
      
        [image: Simulation of a Higgs Boson Event in CMS Detector]
      

      
        Figure 4.16
      

      
        Simulation of a Higgs Boson Event in CMS Detector
      

    

    
      The Little Neutral One
    

    
      In the early 1900s a puzzling problem developed as a result of the extensive experimentation with radioactivity. When physicists looked at beta decay, they soon realized that the energy of the ejected electron was not what they expected. When a neutron decays into a proton and a neutron, due to conservation of momentum the two ejected particles should travel in opposite directions. Researchers found that this was not the case in every event. Also, they were able to determine the resulting energy of the electron and that it did not measure to be what they expected…the electron did not emerge with the same kinetic energy every time.
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        Figure 4.17
      

      
        The Beta Decay Dilemma (not drawn to scale)
      

    

    
      This posed a serious problem for the scientists. They could choose to ignore the basic laws of physics or assume that one or more additional particles were emitted along with the electron. In 1930, Wolfgang Pauli proposed that a third particle, the neutrino (little neutral one), was involved. Due to the conservation laws, he was even able to predict its properties. The neutrino must be neutral and the neutrino’s rest mass must be very, very small.
    

    
      Although many scientists did not expect it to take long for the neutrino to be detected, it took over 25 years for their existence to be confirmed. In 1956, Clyde Cowan and Frederick Reines finally detected neutrinos using radiation coming from the Savannah nuclear reactor. The properties of the neutrino were confirmed through the study of the results of this experiment. An interesting note is that the reason it took so long for the neutrino to be detected, and continues to be quite elusive to detect to this day, is due to the fact that the neutrino’s interaction with other particles is so weak that only one of a trillion neutrinos passing through the Earth is stopped.
    

    
      Hadrons
    

    
      With the explosion of new particles being detected from the 1950s to present times, it might appear that once again the simplified model of the early 1900s has become more complicated. It got so bad when over [image: 150] new particles were identified, that physicists started referring to it as the particle zoo. It isn't quite as bad as that, though.
    

    
      Just like zookeepers build order in their zoos by grouping the animals based on biological categories like genus and species, particle physicists started looking for a way to group all the particles into categories of similar properties. The observed particles were divided into two major classes: the material particles and the gauge bosons. We'll discuss the gauge bosons in another section. Another way to divide the particles was through the interactions in which they participated. The material particles that participate in the strong force are called hadrons and particles that do not participate in the strong force are called leptons. The strong force is one of the fundamental forces of nature. A discussion of the properties of the leptons may be found later in this chapter.
    

    
      Most of those [image: 150+] particles are mesons and baryons, or, collectively, hadrons. The word hadron comes from the Greek word for thick. Most of the hadrons have rest masses that are larger than almost all of the leptons. Hadrons still are extremely small but, due to their comparatively large size particle, physicists think that hadrons are not truly elementary particles. Hadrons all undergo strong interactions. The difference is that mesons have integral spin [image: (0, 1, 2 \ldots )], while baryons have half-integral spin [image: (1/2, 3/2, 5/2 \ldots)]. The most familiar baryons are the proton and the neutron; all others are short-lived http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/baryon.html#c1 [Table of Baryons]. The most familiar meson is the pion; its lifetime is [image: 26] nanoseconds, and all other mesons decay even faster http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/meson.html#c1 [Table of Mesons].
    

    
      Quarks
    

    
      The rapid increase in the number of particles soon led to another question: Is it reasonable to consider that all of these particles are fundamental? Or, is there a smaller set of particles that could be considered fundamental? To many physicists the idea of something even smaller making up hadrons seemed to be reasonable as experimental evidence supported the notion that the hadrons had some internal structure. In 1964, the most successful attempt to build the hadrons, the quark model, was developed by Murray Gell-Mann and George Zweig.
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        Quark Combinations for Various Hadrons
      

    

    
      The original quark model started with three types, or flavors, of quarks (and their corresponding antiquarks). The first three quarks are currently called up [image: (u)], down [image: (d)], and strange [image: (s)]. Each of these quarks has spin [image: 1/2], and—the most radical claim of the model—a fractional charge when compared to the elementary charge of an electron. The fractional charge of the quark should make the quarks easy to find, but that has not been the case. No single quark has ever been detected in any particle experiment. Regardless, the quark model has been very successful at describing the overall properties of the hadrons.
    

    
      In order to make a hadron, the quarks must be combined in a very specific way. The baryons are all made up of three quarks (the antibaryons are made up of three antiquarks). As an example, the proton is made up of two up quarks and one down quark and a neutron consists of two down quarks and one up quark. The mesons are all made up of one quark and one antiquark. For example, the positive pion is made up of one up quark and one anti-down quark. To make a particle out of quarks, or to determine the quarks of a known particle, it is simply a matter of checking the particle and quark properties in a chart and using some simple addition [make a Hadron Applet].
    

    
      In 1974, a new particle was discovered that could only fit the quark model if a fourth quark was added. The quark was given the name charm [image: (c)]. In 1977, a fifth quark was added, bottom [image: (b)], and finally in 1995 the existence of a sixth quark was confirmed, top [image: (t)]. The six quarks of the quark model have all been verified and supported by experiments, but the existence of more quarks is still an open question in particle physics.
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      Leptons
    

    
      At almost the same time that the quark model was being developed another group of particles appeared to have a similar symmetry with the quarks. These particles, called leptons (Greek for light), appeared to be fundamental and seemed to match up in number to the quarks. Leptons are particles that are like the electron: they have spin [image: 1/2], and they do not undergo the strong interaction.
    

    
      There are three flavors of charged leptons: the electron, the muon, and the tau. They all have negative charge, and with the exception of the tau, are less massive than hadrons. The electron is the most stable and can be found throughout ordinary matter. The muon and the tau are both short-lived and are typically only found in accelerator experiments or cosmic ray showers. Each charged lepton has an associated neutral lepton partner. They are called the electron neutrino, the muon neutrino, and the tau neutrino. Neutrinos have almost zero mass, no charge, interact weakly with matter, and travel close to the speed of light. Each of these six particles has an associated antiparticle of opposite charge, bringing the total number of leptons to twelve.
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            Tau
          
          	
            [image: \tau^-]
          
          	
            [image: 1784]
          
        

        
          	
            Tau neutrino
          
          	
            [image: \nu_\tau]
          
          	
            [image: \sim0]
          
        

      
    

    
      Conservation Laws
    

    
      Conservation laws apply in the particle world just as much as they apply in the macroscopic world. The conservation of momentum, mass-energy, angular momentum, and charge are all required by the particle events that have been discovered over the past 100 years. The importance of these conservation laws allowed for the prediction of the neutrino, as we saw earlier in this chapter. Any reaction that occurs must satisfy these laws. Look at the following two possibilities for beta decay:
    

    
      [image: n & \rightarrow p + e^- + \bar {v}_e\ n & \rightarrow p + e^+ + \bar {v}_e]
    

    
      Which of the two decays will actually occur? What conservation law(s) does the other decay violate?
    

    
      The conservation of mass-energy is a little tricky. Due to Einstein’s principle of mass-energy equivalence, mass may be converted into energy and vice versa. Because energy can be converted into mass, when two moving particles collide it is possible that the incident kinetic energy will be converted into mass during the collision. In this case, the masses of the product particles may be greater than the masses of the incident particles. So, it is very difficult to determine if mass-energy is conserved in a particle interaction, because there is no way of knowing just how much kinetic energy each particle has to start with and how much of that energy is converted into mass. Although, typically when a particle decays into other particles, it can be shown that the sum of the masses of the product particles will be smaller than or equal to the rest mass of the particle that decayed.
    

    
      As more and more particles were discovered and more and more particle events analyzed it became increasingly clear that more conservation laws were necessary to help explain what was seen, and maybe more importantly, what was not seen. One of the most important of these is the conservation of baryon number. Each of the baryons is assigned a baryon number [image: B = +1], antibaryons a baryon number [image: B = - 1], and all other particles a value of [image: B = 0]. In any reaction the sum of the baryon numbers before the interaction or decay must equal the sum of the baryon numbers after. No known decay process or interaction in nature changes the net baryon number. For example, suppose a positive pion collided with a neutron, which result could not happen?
    

    
      [image: \pi^{+} + n & \rightarrow p + \pi^{0} \ pi^{+} + n & \rightarrow \pi^+ + \pi^{-} + \pi^{+}]
    

    
      Because the baryon number in the first interaction is [image: +1] before and [image: +1] after, this interaction could occur. But, the second interaction has a [image: +1] baryon number before and a baryon number of zero after, so this interaction cannot take place. The decay of a proton could not proceed by the following event, because the baryon number is not conserved. [image: p \rightarrow \pi^{+} + \pi^{-}] As a matter of fact, because the proton is the baryon of smallest mass it may not decay at all. Conservation of baryon number would require that any product of proton decay to have greater mass than the proton, and this would not be allowed due to conservation of mass-energy. As physicists continue to explore the particle world new discoveries may be made and new conservation laws may be created to allow for the decay of a proton, but for now a proton is considered stable. Also, there is not a conservation of meson number. Mesons can be involved in any particle event as long as they do not violate the other conservation laws.
    

    
      There is a conservation law for leptons, but it is slightly more complicated than for the baryons. To first see how the lepton number is conserved; let us look at this variation of beta decay:
    

    
      [image: n \rightarrow p + e^- + v_e]
    

    
      This event has never been observed, but according to all the other conservation laws there is no reason that it could not be. Conservation of lepton numbers require that all leptons and corresponding neutrinos be assigned a lepton number of [image: +1], the antileptons and antineutrinos a lepton number of [image: –1], and all other particles a lepton number of [image: 0]. Looking at the example above, the lepton number before the event is [image: 0] and the lepton number after the event is [image: +2], so lepton number is not conserved. How could you conserve lepton number and make a valid reaction in the decay shown above?
    

    
      A look at the following decay shows that there is a little bit more to the conservation of lepton number:
    

    
      [image: n \rightarrow p + e^- + \bar {v}_{\mu}]
    

    
      Following the rules of lepton number conservation, the preceding example could be observed, but it never has been. There must be something more to the conservation of lepton number and that is each lepton and neutrino partner are assigned its own specific number. So, there is a separate conservation of electron lepton number, muon lepton number, and tau lepton number. Because there are actually three lepton numbers that need to be conserved, the above example will not happen. If this reaction were to take place, electron lepton number and muon lepton number are both not conserved. The decay begins with an electron lepton number of [image: 0] and ends with an electron lepton number of [image: +1]; also it begins with a muon lepton number of [image: 0] and ends with a muon lepton number of [image: –1]. Clearly, this decay cannot proceed because it violates not one, but two lepton conservation laws.
    

    
      A summary of the lepton numbers is shown in the table below (Note: all of the anti leptons have a lepton number of [image: -1])
    

    
      
        
          	
            Lepton
          
          	
            Conserved
          
          	
            Quantity Lepton Number
          
        

      
      
        
          	
            [image: e^-]
          
          	
            [image: L_e]
          
          	
            [image: +1]
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            [image: L_e]
          
          	
            [image: +1]
          
        

        
          	
            [image: \mu^-]
          
          	
            [image: L_\mu]
          
          	
            [image: +1]
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            [image: L_\mu]
          
          	
            [image: +1]
          
        

        
          	
            [image: \tau^-]
          
          	
            [image: L_\tau]
          
          	
            [image: +1]
          
        

        
          	
            [image: \nu_\tau]
          
          	
            [image: L_\tau]
          
          	
            [image: +1]
          
        

      
    

    
      Fundamental Interactions
    

    
      There are four fundamental forces within all atoms that dictate interactions between individual particles and the large-scale behavior of all matter throughout the universe. They are the strong and weak nuclear forces, the electromagnetic force, and gravity.
    

    
      Gravitation is a force of attraction that acts between each and every particle in the universe. Gravity is the weakest of all the fundamental forces. However, the range of gravity is unlimited—every object in the universe exerts a gravitational force on everything else. The effects of gravity depend on two things: the mass of two bodies and the distance between them. In more precise terms, the attractive force between any two bodies is directly proportional to the product of the masses and inversely proportional to the square of the distance between the bodies. It is always attractive, never repulsive. It pulls matter together, causes you to have a weight, apples to fall from trees, keeps the Moon in its orbit around the Earth, the planets confined in their orbits around the Sun, and binds together galaxies in clusters.
    

    
      The electromagnetic force determines the ways in which electrically charged particles interact with each other and also with magnetic fields. Like gravity, the range of the electromagnetic force is infinite. Unlike gravity, electromagnetism has both attractive and repulsive properties that can combine or cancel each other out. Whereas gravity is always attractive, electromagnetism comes in two charges: positive and negative. Two positive or two negative things will repel each other, but one positive and one negative attract each other. The same rule applies for magnets, as well, and can be easily demonstrated when two magnets are placed near each other. A north pole near a north pole will cause a repulsive force and a north pole placed near a south pole will cause an attractive force to develop. The electromagnetic force binds negatively charged electrons into their orbital shells, around the positively charged nucleus of an atom. This force holds the atoms together.
    

    
      The strong nuclear force binds together the protons and neutrons that comprise an atomic nucleus and prevents the mutual repulsion between positively charged protons from causing them to fly apart. The strong force is the strongest of the fundamental forces, but it is also very short range, limited to nuclear distances. It is also responsible for binding quarks into mesons and baryons. An interesting feature of the strong force is that the strength of the force behaves like a rubber band. It actually gets stronger as the quarks move apart, but just like a rubber band, it will eventually break apart when stretched too far. Unlike a rubber band, when the strong force breaks, new quarks are actually formed from the newly released energy. This process is called quark confinement. There has never been an experiment that has found a quark in isolation.
    

    
      
        [image: Quark confinement]
      

      
        Figure 4.19
      

      
        Quark confinement
      

    

    
      The weak nuclear force causes the radioactive decay of certain particular atomic nuclei. In particular, this force governs the process called beta decay, whereby a neutron breaks up spontaneously into a proton, an electron, and an antineutrino. It operates only on the extremely short distance scales found in an atomic nucleus.
    

    
      According to modern quantum theories, forces are due to the exchange of force carriers. The various fundamental forces are conveyed between real particles by means of particles described by physicists as virtual particles. Virtual particles essentially allow the interacting particles to “talk to” one another without exchanging matter. The force–carrying particles, or bosons, for each of the forces are as follows: electromagnetic force—photons; weak nuclear interaction—very massive `[image: W]' and `[image: Z]' particles; and the strong nuclear interaction—gluons. Although it has not been possible to devise a completely satisfactory theory of gravitation, it too should have an exchange particle—the graviton (which has not yet been discovered).
    

    
      The Standard Model
    

    
      The theories and discoveries of thousands of physicists over the past century have created a remarkable picture of the fundamental structure of matter, the standard model of particles and forces.
    

    
      
        [image: The Standard Model of Particle Physics]
      

      
        Figure 4.20
      

      
        The Standard Model of Particle Physics
      

    

    
      The standard model currently has sixteen particles. Twelve of the particles are fermions, or matter particles and they are the six quarks and six leptons. Each elementary particle also has an antimatter partner. The remaining four particles are called bosons and are the exchange particles through which the four fundamental interactions are transmitted. The hypothetical exchange particle for gravity, the graviton, does not currently have a place in the standard model.
    

    
      Every phenomenon observed in nature can be understood as the interplay of the fundamental forces and particles of the standard model. Interesting to note, that although the standard model does a terrific job at explaining all the matter and forces that occur in nature, nearly [image: 85]% of all matter that makes up the universe has still not been discovered—the elusive dark matter.
    

    
      But physicists know that the standard model is not the end of the story. It does not account for gravity and the mysterious dark matter. The standard model also requires the existence of a new particle, known as the Higgs boson. The existence of this particle is essential to understand why the other building blocks (the quarks, the leptons, and the gauge particles) have mass. The Higgs has not yet been seen in any experiment. As the experiments become grander in scale and the discoveries multiply, will the standard model be supported or does a new model need to be developed? The standard model raises almost as many questions as it answers. Today physicists all over the world are searching for physics beyond the standard model that may lead to a possibly more elegant theory—a theory of everything.
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      Virginia Physics Standards of Learning
    

    
      This chapter fulfills sections PH.3, PH.6, and PH.18 of the Virginia Physics Curriculum.
    

  
    
      Chapter 5: The Standard Model and Beyond
    

    
      Tony Wayne. "Beyond The Standard Model", 21st Century Physics FlexBook.
    

    
      Unit Overview
    

    
      Colliders accelerate and steer charges to a point and collide them with a stationary target or head–on with another charge. In describing how the Large Hadron Collider at CERN works and how it will be used in experiments to explore new areas of physics, it helps to impart some basic physics principles. Many of these principles are also used to describe what the world's most energetic collider is seeking.
    

    
      Terminology and Some Background Physics
    

    
      Lesson Objectives
    

    
      	Describe kinetic energy.
      

      	Describe the unit of energy used to describe small charges.
      

      	List the mathematical representation of the prefixes used to describe small amounts of charge.
      

      	Describe the implications of Einstein’s most famous equation.
      

      	Explain how Einstein’s most famous equation is used.
      

    

    
      The amount of charge on a particle is described using a unit called a coulomb. When the electron was believed to carry the smallest size charge, [image: (1.602 \times 10^{-19} \;\mathrm{C})], physicists created a unit of energy to match the electron’s charge. It is called the electron volt—abbreviated [image: \;\mathrm{eV}.] An [image: \;\mathrm{eV}] is equal to [image: 1.602 \times 10^{-19}] joules. Instead of saying a particle carries an energy of [image: 1.602 \times 10^{-19}\;\mathrm{J}] or [image: 3.204 \times 10^{-19}\;\mathrm{J}], physicists now can say a particle carries an energy of [image: 1 \;\mathrm{eV}] or [image: 2 \;\mathrm{eVs}] respectively.
    

    
      One of the nice aspects of the electron volt is that it also relates the energy gained by an accelerating particle to the potential difference it crosses. This is the mechanism that a linear accelerator uses to accelerate a charged particle. One particle with a charge equal to an electron, changes its kinetic energy by [image: 1 \;\mathrm{eV}] when it accelerates between two plates connected to a [image: 1] volt potential difference, shown in Figure 1.
    

    
      
        [image: LHC Stage 1]
      

      
        Figure 5.1
      

      
        A particle with a net electric charge equal to one electron gains one [image: \;\mathrm{eV}.]  of energy after crossing the metal plates. It gains instead of loses the energy because the plate (on the right) opposite the electron is oppositely charged and attracts the negatively charged electron.
      

    

    
      Colliders are large machines designed to smash small charged particles such as protons, electrons, and the nucleus of atoms at extreme speeds. The colliders send particles into each other or into a stationary target. These moving particles have kinetic energy, [image: KE = \frac{1} {2} mv^2,] where [image: KE] is the kinetic energy of the particle, [image: m] is the particle’s mass in kilograms, and [image: v] is the particle’s velocity. An object has kinetic energy as long as it has velocity. One of the ways colliders are classified is by the kinetic energy of the collisions. Because the particles are very small with masses typically in the range of [image: 10^{-28}\;\mathrm{kg}] the kinetic energies are measured in [image: eVs]. But the collisions are millions or billions of [image: eVs] not just [image: 10] or [image: 20]. The collision’s energies are listed using the prefixes listed below.
    

    
      
        
          	
            Prefix
          
          	
            Pronunciation
          
          	
            Number
          
          	
            Math Expressions
          
        

      
      
        
          	
            [image: MeV]
          
          	
            Mega [image: eVs]
          
          	
            Millions of [image: eVs]
          
          	
            [image: 10^6 \;\mathrm{eVs}]
          
        

        
          	
            [image: GeV]
          
          	
            Giga [image: eV’s]
          
          	
            Billions of [image: eVs]
          
          	
            [image: 10^9 \;\mathrm{eVs}]
          
        

        
          	
            [image: TeV]
          
          	
            Tera [image: eVs]
          
          	
            Trillions of [image: eVs]
          
          	
            [image: 10^{12} \;\mathrm{eVs}]
          
        

      
    

    
      Einstein showed that a particle at rest has a rest energy given by [image: E = mc^2,] where [image: m] is the mass of the particle measured in kilograms, [image: c] is the speed of light, [image: 3.00 \times 10^8\;\mathrm{m/s}], and [image: E] is the rest energy. The rest energy is measured in the standard S.I. unit of joules. If an object of mass, [image: m], was annihilated (destroyed), then this formula would describe how much energy would be released. This equation shows that the mass and energy are equivalent: It allows physicists to quantify the mass of an object in terms of energy.
    

    
      Example:
    

    
      The mass of a proton is [image: 1.67 \times 10^{-27}\;\mathrm{kg}]. What is the energy associated with proton’s mass in units of joules and [image: eVs]?
    

    
      Solution:
    

    
      We use [image: E= mc^{2}] with the speed of light [image: c = 3.00 \times 10^{8} \;\mathrm{m/s}]. Then
    

    
      [image:  E & = (1.67 \times 10^{-27}\;\mathrm{kg}) (3.00 \times 10^8\;\mathrm{m/s})^2 \ E & = 1.50 \times 10^{-10} \;\mathrm{J} \ E & = 938,000,000\;\mathrm{eV} ]
    

    
      Using the prefixes shown above, this is typically written as [image: 938 \;\mathrm{MeVs}].
    

    
      What is a “Collider?”
    

    
      Lesson Objectives
    

    
      	Describe the purpose of a collider.
      

      	Describe what a collider is in a complete sentence.
      

      	Describe the steering mechanism for directing the charged particles.
      

      	Compare linear and ring designs.
      

    

    
      Overview
    

    
      It is theorized that when the universe began the temperatures were so hot that protons and neutrons did not exist. Instead the building blocks of these particles, quarks, roamed in space by themselves. As the universe cooled down, the quarks began to regroup into protons and neutrons. Today, the universe in our location is too cool for quarks to float around by themselves. The collider will do two things to solve this. First, it will accelerate protons or electrons to such high speeds that the energy of the charges at impact will be converted into thermal energy. Second, the energy of the particles at impact will be converted into new particles.
    

    
      To generate these high levels of energy, charged particles are accelerated into each other at speeds near the speed of light. Nothing can start out slower than the speed of light and then accelerate to a speed faster than the speed of light. However, large electric fields are used to accelerate charged particles to speeds near the speed of light. There are two basic design geometries.
    

    
      The linear accelerator has charged particles that travel down a straight line. The particles can start at opposite ends of a long tunnel and collide into each other.
    

    
      The linear accelerator works best with electrons because they are a thousand times lighter than protons. A high percentage of the energy put into the accelerator goes into speeding up the charge (Schwartz, 1997). But electrons generate large amounts of synchrotron radiation. Protons generate less radiation but cannot achieve the same velocities.
    

    
      Synchrotron radiation is caused any time a charged particle accelerates. When a particle accelerates in a straight line it is called brehmsstrahlung radiation. The (simplified) formula for calculating the radiation's power is: [image: P = \frac{2 ke^2} {3c^3} \gamma^2 a^2,] where [image: k] is Coulomb’s constant, [image: e] is the elementary charge’s value, [image: c] is the speed of light, [image: \gamma =\sqrt{1- (v/c)^{2}}] is a factor to account for relativistic speeds, and a is the acceleration. (When the speed is less than [image: 10]% the speed of light, [image: \gamma \simeq 1]). This equation applies, for example, for the power radiated by a (radio-) antenna. When a particle accelerates in a circle or curve it is called synchrotron radiation. The same formula applies except the acceleration is found from: [image: a_c = \frac{\upsilon ^2} {r}] This means for circular motion: [image: P = \frac{2 ke^2} {3c^3} \gamma^2 \frac{\upsilon^4} {r^2}] Because the [image: \gamma] varies with speed, the [image: \gamma]-factor for an electron moving near the speed of light can be [image: 10^{13}] times greater than for a proton. This means that accelerating electrons is more difficult than the accelerating protons. In order to keep synchrotron radiation as small as possible protons are used and as the speed increases the radius must also increase.
    

    
      If the charges were placed in an energized ring, then they could continually be pumped up with energy to reach relativistic speeds. Because the proton generates less synchrotron radiation, it would make for a more viable candidate for acceleration in a circular collider.
    

    
      Large Hadron Collider, LHC
    

    
      Lesson Objectives
    

    
      	Describe the brief history of the CERN facilities.
      

      	Give an overview of the purpose of the experiments at the LHC.
      

    

    
      Overview
    

    
      When particles move at relativistic speeds, their energies are large enough to generate new particles when colliding with other particles. Huge amounts of energy can also overcome the strong nuclear force holding particles together. This may allow scientists to see what’s inside the protons and neutrons. To achieve these high energies, a bigger collider needs to be built.
    

    
      CERN is the French acronym for European Nuclear Research Centre. This collider is located at the foot of the Jura mountains straddling the border between France and Switzerland (CERN, 2009). CERN built its first synchrotron accelerator in the late 1950s. The first synchrotron gained notoriety in 1959. Since then several new colliders have been built on top of existing colliders at CERN. The new colliders either use the previously built colliders for pre-staging or the existing tunnels. The current LHC is no different. It uses the tunnels that were finished in 1989 for the LEP, Large Electron-Positron Collider. The LEP ceased running in November 2000 to make room for construction of the LHC (CERN Courier, 2001). The LHC is retrofitting the LEP’s tunnels with the most advanced superconducting magnets and updating its detectors to collect new data. There are currently six experiments requiring six different detectors at the LHC (CERN, 2009).
    

    
      When Einstein came up with his theory of general relativity he could not foresee the practical applications of this theory today. But a hundred years later, the theory of general relativity is used to calculate your position on the planet using a GPS-enabled device, (TED, Patricia Burchat: The Search for Dark Energy and Dark Matter, 2008). The LHC is doing science for the sake of education to answer some of the big questions such as:
    

    
      	What causes mass?
      

      	What is dark matter?
      

      	Are there more than three spatial dimensions?
      

    

    
      The implications in science and technology of these answers is not yet known. But in a hundred years, it may have a profound effect on society (TED, Brian Cox: An Inside Tour of the World's Biggest Supercollider, 2008).
    

    
      ALICE: A Large Ion Collider Experiment
    

    
      	Collisions in this section will be [image: 100,000] hotter than the sun.
      

      	Looking for the particle responsible for mass.
      

      	Investigating of quarks can be freed from protons and neutrons (CERN–ALICE Collaboration).
      

      	Size: [image: 26 \;\mathrm{m} ] long, [image: 16 \;\mathrm{m}] high, [image: 16 \;\mathrm{m}] wide (CERN, 2008).
      

      	Mass: [image: 10,000] tons (CERN, 2008).
      

      	Look up “ALICE” on Google Earth to see its location.
      

    

    
      ATLAS: A Toroidal LHC ApparatuS
    

    
      	It is a general purpose detector.
      

      	Looks at mass while searching for evidence of:
        
          	the Higgs particle responsible for mass.
          

          	dark matter.
          

        

      

      	The ATLAS is the largest particle detector in the world (CERN–ATLAS Experiment 2008).
      

      	Size: [image: 46 \;\mathrm{m}] long, [image: 25 \;\mathrm{m}] high, and [image: 25 \;\mathrm{m}] wide (CERN, 2008).
      

      	Mass: [image: 7000] metric tons (CERN, 2008).
      

      	Look up “ATLAS” on Google Earth to see its location.
      

    

    
      CMS: Compact Muon Solenoid
    

    
      	It is a general purpose detector.
      

      	Looks at mass while searching for evidence of:
        
          	the Higgs particle responsible for mass.
          

          	dark matter.
          

        

      

      	Unlike the ATLAS it will look for this evidence using different techniques (CERN–CMS Outreach).
      

      	It generates a magnetic field 100,000 times stronger than the Earth’s.
      

      	Size: [image: 21 \;\mathrm{m}] long, [image: 15 \;\mathrm{m}] wide, and [image: 15 \;\mathrm{m}] high (CERN, 2008).
      

      	Mass: [image: 12,500] metric tons (CERN, 2008).
      

      	Look up “CMS” on Google Earth to see its location.
      

    

    
      LHCb: Large Hadron Collider Beauty
    

    
      	Looking to answer the question of why is there so little antimatter in our region of the universe (CERN–LHCb Experiment, 2008).
      

      	Size: [image: 21 \;\mathrm{m}] long, [image: 10 \;\mathrm{m}] high, and [image: 13\;\mathrm{m}] wide (CERN, 2008).
      

      	Mass: [image: 5600] metric tons (CERN, 2008).
      

    

    
      TOTEM: TOTal Elastic and Diffractive Cross Section Measurement
    

    
      	Looks at the size of the particles and the beam’s luminosity.
      

      	This will complement the CMS’s data and give some quality assurance.
      

      	Size: [image: 440 \;\mathrm{m}] long, [image: 5\;\mathrm{m}] high, and [image: 5\;\mathrm{m}] wide (CERN, 2008).
      

      	Mass: [image: 20] metric tons (CERN, 2008).
      

    

    
      LHCf: Large Hadron Collider Forward
    

    
      	Produces cosmic rays under laboratory conditions to look at how cosmic rays interfere with our atmosphere.
      

      	Two detectors.
      

      	Size: [image: 30\;\mathrm{cm}] long, [image: 80\;\mathrm{cm}] high, and [image: 10\;\mathrm{cm}] wide.
      

      	Mass: [image: 40 \;\mathrm{kg}] each.
      

    

    
      LHC Facility
    

    
      Lesson Objectives
    

    
      	Describe how the proton bunch gets up to speed.
      

      	Describe some of the physics involved in the proton bunch’s motion.
      

    

    
      Overview
    

    
      Several scientists have called the LHC “the largest scientific experiment in the world” (Cox, 2008). To successfully accelerate the particles to relativistic speeds, the particles must be energized in stages. The circular geometry of the LHC and the fact that it is built using previous machines makes this possible.
    

    
      When launching a rocket to the moon, the rocket has multiple stages. Each stage pushes the rocket a little faster. The LHC does something similar to get the protons up to speed (www.YouTube.com What is CERN Large Hadron Collider LHC? End of the World? Search for God Particle and Micro Black Holes, 2008).
    

    
      
        [image: LHC Stage 1]
      

      
        Figure 5.2
      

      
         In the early stages, hydrogen gas is ejected into a chamber. Using electricity to generate a large electric field, the electrons are stripped from the atom. Protons are then sent into the linear accelerator. This is stage one of five for the process. This collection of charges contains 2808 protons. This collection is called a bunch. The device accelerating the bunch is called the “lineac 2.” By the time the proton bunch reaches the end of the tube it will be traveling at 1/3 the speed of light. That is fast enough to go around the Earth’s equator two and a half times in one second. The charge injection process is repeated to create a collection 1.15 X 1011 bunches. This many bunches creates a beam of protons.
      

    

    
      
        [image: LHC Stage 2]
      

      
        Figure 5.3
      

      
        Upon leaving the lineac 2, the proton bunch enters stage 2. This booster stage consists of rings with a radius of 25 meters. The packets are accelerated by electric fields. The electric fields are pulsed in such a way to speed up the packets and more tightly pack the protons together. Powerful magnets with a B-field perpendicular to the direction of motion steer the packets in the circular rings. The packet leaves this stage at 96.1% the speed of light.
      

    

    
      
        [image: LHC Stage 3]
      

      
        Figure 5.4
      

      
        Now in stage 3 of the acceleration, the packet is in the proton synchrotron. In this ring the bunch gets closer to the speed of light. Upon leaving this ring the protons will move as if they are 25 times heavier than when they were at rest. The proton will stay in this ring for 1.2 seconds and reach a speed of 99.9% the speed of light before leaving the ring. Each proton will leave the ring with 25 GeVs.
      

    

    
      
        [image: LHC Stage 4]
      

      
        Figure 5.5
      

      
        In stage 4 of the acceleration process the bunch enters a larger ring. This ring is called the super proton synchrotron. It has a radius of about 1000 m. Energy added in this ring will increase the mass of the proton to 450 times its resting mass. At this point, each proton will leave the ring with an energy of 450 GeVs. When the bunches leave this stage, half will enter the large ring traveling clockwise. The other half will leave the ring traveling counterclockwise. 
      

    

    
      
        [image: LHC Stage 5]
      

      
        Figure 5.6
      

      
        The packet enters the large ring. The large ring has a radius of 4300 m. The protons will travel around 11,000 times per second. This large ring contains two tunnels. The beams will travel in opposite directions until they are directed to a location for a head-on collision. Each proton will reach an energy level of 7 TeVs while traveling at 99.9999991% the speed of light. This head-on energy generates a temperature of 20 X 106 C(www.YouTube.com, What is CERN Large Hadron Collider LHC? End of the World? Search for God Particle and Micro Black Holes, 2008; CERN, LHC Beams, 2008).
      

    

    
      What is Mass?
    

    
      Lesson Objectives
    

    
      	Describe the current theory of mass being tested at the LHC.
      

      	Describe why knowing the mechanism for mass is important.
      

      	Describe the LHC’s contribution to this search.
      

    

    
      Overview
    

    
      Inertia is one aspect of mass. The larger the mass of a resting object, the harder it is to move that object. But what causes mass? Is gravity related to particles the same way an atom’s charge depends on the protons and electrons it holds?
    

    
      When you incorporate the standard model into the familiar formula for universal gravitational attraction you get a variable that keeps appearing in the mathematics.
    

    
      This is a small part of a formula that is handwritten on about [image: 35] lines of notebook paper. And in this formula the “[image: H]” variable keeps appearing. The “[image: H]” variable represents a particle called the Higgs. Because the Higgs particle is responsible for a force, it is a boson. Somehow stuff attracts Higgs particles. The more Higgs particles you attract, the more your motion is retarded. This is termed inertia and it can indicate the mass of an object. If the Higgs particle exists then it will lend more support for the standard model of subatomic particles. If the something different from the particle is found, then the fun really begins as new theories are developed and old ones are modified (Brian Cox: An Inside Tour of the World’s Supercollider, 2008).
    

    
      The ATLAS experiment at the LHC is designed to search for this particle (Cox, 2008). Previous experiments have hinted toward this particle’s existence but were inconclusive. It has been determined that a more energetic collision is needed in a chamber with more sensitive detectors in an effort to find more conclusive evidence (CERN, “History,” 1999).
    

    
      Super Symmetry
    

    
      Lesson Objectives
    

    
      	Describe some of the concepts the standard model does not describe.
      

      	Describe “super symmetry,” abbreviated SUSY.
      

    

    
      Overview
    

    
      The standard model appears to be incomplete. While it does describe many phenomena and can predict many more, there are a few concepts it does not adequately describe.
    

    
      Electron Size
    

    
      According to the standard model, when examining the forces involved in the electron, it cannot be any smaller than [image: 10^{-17}\;\mathrm{m}] due to repulsion in the electron cloud.
    

    
      
        [image: Size of the Electron]
      

      
        Figure 5.7
      

      
        According to the standard model, the electron cannot be smaller than 10-17m in diameter. This is due to the internal forces pushing outwards. However, an electron is approximately 10-15m in diameter. If you include superparticles, using the concepts of super-symmetry, then this smaller size is allowed by this modified standard model.
      

    

    
      Singular “Super Force”
    

    
      As the universe ages it cools down. To examine the conditions of the universe when it was young, it must be heated up. One current belief is that in the beginning all the forces acted as one “super” force. Perhaps the electroweak and the strong forces combined to create a single super force. If the universe is heated up, physicists have shown that their strengths change. Electroweak get weaker and the strong force also gets weaker. However, according to the standard model, these forces don’t converge as the universe gets hotter.
    

    
      
        [image: Comparison of the Two Standard Models]
      

      
        Figure 5.8
      

      
        Comparison of the Two Standard Models
      

    

    
      In a super collider such as the LHC, much of the kinetic energy of the colliding particles is converted into thermal energy. This re-creates the high temperatures believed to have existed at the moment the universe was created. Essentially this is looking back in time to when the universe was young. During a collision the LHC will experience temperatures of [image: 10] million billion degrees Celsius, or [image: 1 \times 10^{16}\ ^{\circ}\mbox{C}]. This is [image: 500] million times hotter than the Sun, (www.YouTube.com, LHC accelerator at CERN, 2008).
    

    
      The Search
    

    
      Evidence of super symmetry (SUSY) lies in finding tangible evidence of “superpartner” particles. Some evidence has already been found at experiments at Fermilab’s Tevatron, KEK’s KEKB [image: e+ e-] collider in Japan, and PEP II [image: e+ e-] storage ring at Stanford Linear Accelerator Center in the United States (U.C. Department of Science, "Particle Physics as Discovery’s Horizon,” 2006). A "superpartner” is related to the particles in the standard model.
    

    
      
        [image: Visual Representation of the Standard Model.]
      

      
        Figure 5.9
      

      
        Visual Representation of the Standard Model
      

    

    
      In the standard model the particles can be divided into particles responsible for mass and particles responsible for force. The electron, [image: e^-], muon, [image: \mu], the tau, [image: \tau], the three neutrinos, [image: \nu_e], [image: \nu_{\mu}], [image: \nu_{\tau}], and the quarks are responsible for mass. The photon, [image: \gamma], gluon, [image: g], [image: Z-]boson, [image: Z], and the [image: W-]boson, [image: W^{\pm}] are responsible for force. In other words, the [image: 12] quarks and leptons pictured on the left in the standard model’s table are called fermions and are responsible for mass. The four particles in the last column on the right are called bosons and are responsible for all the forces. If the Higgs particle is confirmed in collider experiments, the standard model table could change to look something like the table below (Cox, TED, 2008).
    

    
      
        [image: Visual representation of the standard model if the Higgs particle is substantiatied.]
      

      
        Figure 5.10
      

      
        This chart shows how the standard model could change if evidence of the Higgs particle is substantiated.
      

    

    
      The super–symmetry model says that matter and force are not separate but somehow connected. Because of this connection, every fermion has a super–symmetric partner boson and for every boson there is a super–symmetric fermion. These super–symmetric particles are called the superpartners for the particles in the standard model. The superpartner particles are different from their counterparts by having half a quantum spin difference. They also have specific names and symbols.
    

    
      
        [image: Visual representation of the standard model if superpartners are found.]
      

      
        Figure 5.11
      

      
        The chart shows how the standard model could change if the superpartners are found.
      

    

    
      The symmetrical particles for the fermions are the superpartner bosons. The suffix, “ino,” is added to the name. The symmetrical particles for the bosons are the superpartner fermions. The letter, “[image: s],” is added in front of their name.
    

    
      
        Particle and the Corresponding Symmetrical Particle
      
      
        
          	
            Fermion
          
          	
            Symmetrical Boson
          
        

      
      
        
          	
            quark
          
          	
            squark
          
        

        
          	
            electron
          
          	
            selectron
          
        

        
          	
            neutrino
          
          	
            sneutrino
          
        

        
          	
            muon
          
          	
            smuon
          
        

        
          	
            tau
          
          	
            stau
          
        

        
          	
          	
        

        
          	
            boson
          
          	
            symmetrical fermion
          
        

        
          	
            photon
          
          	
            photonino
          
        

        
          	
            gluon
          
          	
            gluino
          
        

        
          	
            [image: \mathrm{W}^{\pm}]
          
          	
            [image: \mathrm{Wino}^{\pm}]
          
        

        
          	
            [image: \mathrm{Z}]
          
          	
            Zino
          
        

        
          	
            Higgs
          
          	
            Higgsino
          
        

      
    

    
      Many of the superpartners are very heavy. This means they are short–lived during and after a collision and can only be created by converting a lot of kinetic energy to mass. The LHC could provide enough energy to create these superpartners. One theory has the sneutrino as being responsible for dark matter.
    

    
      Dark Matter and Dark Energy
    

    
      Lesson Objectives
    

    
      	Describe what led to the theory of dark matter.
      

      	Describe what dark matter may be made from.
      

      	Describe what led to the concept of dark energy.
      

    

    
      Overview
    

    
      There is much that scientists don’t know. When astronomers peer into space, they take pictures and make observations about the change in locations of the stars and galaxies above. From this data they propose theories and make sense of motions. One of the most exciting events is when the galaxies and stars don’t behave as predicted. Scientists then begin to think how and why they are getting unusual results. Eventually a theory will arise that is supported more than others. It does not mean that it is correct, it may just be the most heavily tested at the time. Now is one of those times and dark matter and dark energy is one of those theories.
    

    
      When astronomers look at the speed of each planet in our solar system, they see that the farther away the planets are from the Sun the smaller the planet’s velocity. This can be calculated according to Newton’s law of universal gravity and the concepts of circular motion. This concept extrapolates to the motion of galaxies as well as our solar system. But when astronomers look at the motion of other galaxies to examine the velocities of the stars in the systems, the results do not match the expectations. Instead, after a certain distance the speeds remain relatively constant.
    

    
      Astronomers measure the mass of a galaxy by looking at the average luminosity of the galaxy and the star density. This luminosity is then proportioned to our Sun’s luminosity to mass ratio. If Newton’s law of universal gravity is used to verify the the motion of the galaxies, then it turns out that more mass must be in the galaxy than can be accounted for. About [image: 50] percent or more of the needed mass is unaccounted for (Imamura, 2008). This is too much to be accounted for by the unseen planets in the galaxy’s solar systems. Not enough additional objects can be seen using frequencies above or below the visible light spectrum to account for the [image: 50]% missing mass. Because this mass is not giving off any form of energy in the electromagnetic spectrum, it is given the name "dark matter.”
    

    
      Dark matter is not detectable by looking in the electromagnetic spectrum. The collisions at the LHC may discover evidence of dark matter. It could find a connection between the lightest super partner and dark matter, or it may find evidence of multi-dimensions supporting string theory. A lot is to be determined (Green, 2008).
    

    
      More Evidence of Dark Matter: Einstein’s Rings
    

    
      Before Einstein it was thought that all light traveled in a straight line between the galaxies and the observers on Earth. Einstein proposed as part of his theory of general relativity that gravity not only curves the trajectory of objects and particles like baseballs and electrons, but it also bends light by bending the trajectory of photons.
    

    
      Light from a distant galaxy travels in all directions. Some of the light travels straight to the observers on the Earth. Many light rays would pass the Earth.
    

    
      
        [image: Galaxy Cluster]
      

      
        Figure 5.12
      

      
        If there is a massive galaxy between the Earth observer and the distant galaxy, the light could be bent toward the Earth as pictured above.
      

    

    
      
        [image: Galaxy Cluster]
      

      
        Figure 5.13
      

      
        The Earth observer will see the galaxy as if the galaxy cluster in the middle were not there. The observer will see the galaxy at the end of the dotted line.
      

    

    
      
        [image: Galaxy Cluster]
      

      
        Figure 5.14
      

      
        The distant galaxy will also emit other rays that will bend around the galaxy to reach the Earth.
      

    

    
      
        [image: Galaxy Cluster]
      

      
        Figure 5.15
      

      
        This means that the Earth observer will see the distant galaxy in another position.
      

    

    
      Because Earth exists in a three–dimensional space, the Earth observer will see more than these galaxies. He will see an infinite number of galaxies. All these galaxies will form a distorted ring in space. This distorted ring is called an Einstein ring.
    

    
      
        [image: Galaxy Cluster Abell 2218]
      

      
        Figure 5.16
      

      
        Using the Hubble telescope, astronomers have discovered many visual examples of an Einstein ring. This is an image of Galaxy Cluster Abell 2218. In this image you can see white circular streaks. These streaks form the image of Einstein’s rings.
      

    

    
      For these rings to appear in images, there must be something in between the Earth and the observer. It is theorized that that something is dark matter—A substance that does not reflect or emit any energy in the electromagnetic spectrum but does exert the forces of gravity on photons.
    

    
      Vocabulary
    

    
      	
        B-field
      

      	
        The abbreviation for magnetic field. The use of the letter “[image: b]” is rumored to have come for the variable “[image: b]” that was used in a published paper by Michael Faraday.
      

    

    
      	
        boson
      

      	
        A subatomic particle, such as proton, that has no quantum spin. They follow the description given by Bose and Einstein. These particles are responsible for forces in the universe.
      

    

    
      	
        bunch
      

      	
        A collection of electrons or nucleons. For the LHC a bunch equals [image: 2808] charges.
      

    

    
      	
        CERN
      

      	
        European Organization for Nuclear Research: The Abbreviation originates from the original title, Conseil Europeén pour la Recherche Nucléaire.
      

    

    
      	
        collider
      

      	
        A machine in which two particles are guided into a head–on collision.
      

    

    
      	
        Coulomb
      

      	
        The Systems International’s standard unit of charge. Abbreviated with a capital “[image: C].” Named after Charles Coulomb.
      

    

    
      	
        dark matter
      

      	
        A substance with mass that does not emit, absorb, or reflect any type of electromagnetic energy.
      

    

    
      	
        E-field
      

      	
        The abbreviation for electric field.
      

    

    
      	
        electric field
      

      	
        A force field that moves objects with a charge that is positive or negative. Measured with the standard Systems International units of a Newton/Coulomb or the non-standard unit of a volt/meter.
      

    

    
      	
        electron volt
      

      	
        A small unit of energy directly proportional to the charge of an electron. [image: eV]: Abbreviated [image: eV].
      

    

    
      	
        fermion
      

      	
        A subatomic particle, such as electrons, a quantum spin of a half. They follow the description given by Fermi and Dirac. These particles are responsible for mass.
      

    

    
      	
        giga
      

      	
        Prefix standing for billions. Example: A [image: 4] gigabyte hard drive stores four billion bytes of information.
      

    

    
      	
        hadron
      

      	
        A subatomic particle including baryons and mesons.
      

    

    
      	
        Higgs
      

      	
        A subatomic particle believed to be responsible for mass. Direct evidence of its existence has not been found as of February 2009.
      

    

    
      	
        Joules
      

      	
        The Systems International’s standard unit of energy. Abbreviated with a capital "[image: J]." Named after James Joules.
      

    

    
      	
        kinetic energy
      

      	
        The energy associated with moving objects.
      

    

    
      	
        LHC
      

      	
        Large Hadron Collider.
      

    

    
      	
        lineac
      

      	
        Linear accelerator used to accelerate subatomic particles to high velocities.
      

    

    
      	
        magnetic field
      

      	
        A force field that affects moving charges. Natural sources are iron, nickel, cobalt, etc. The standard Systems International unit is the tesla.
      

    

    
      	
        mega
      

      	
        Prefix standing for millions. Example: Six megavolts is six million volts.
      

    

    
      	
        tera
      

      	
        Prefix standing for trillions.
      

    

    
      Review Questions
    

    
      	How much money would a “meganaire” have?
      

      	At one time Bill Gates was worth [image: 50] billion dollars. Express this in words using the science prefixes for sizes.
      

      	A particle of negligible mass moves between two plates of a linear accelerator as shown in Figure 17. By how much does the energy (in [image: \;\mathrm{eVs}]) of the particle’s energy change?
        
          
            [image: ]
          

          
            Figure 5.17
          

        

      

      	A particle of negligible mass moves between two plates of a linear accelerator as shown in Figure 18. How much energy (in [image: \;\mathrm{eVs}]) does the particle’s energy change by?
        
          
            [image: ]
          

          
            Figure 5.18
          

        

      

      	A particle of negligible mass moves between two plates of a linear accelerator as shown in Figure 19. How much energy (in [image: \;\mathrm{eVs}]) does the particle’s energy change by?
        
          
            [image: ]
          

          
            Figure 5.19
          

        

      

      	What is the centripetal acceleration needed to turn a particle with a mass of exactly [image: 100] protons traveling at [image: 2.00 \times 10^8\;\mathrm{m/s}] around a ring the size of the LHC ([image: \mathrm{circumference} = 27 \;\mathrm{km})]?
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      Virginia Physics Standards of Learning
    

    
      This chapter fulfills sections PH.3, PH.4, PH.5, PH.6, and PH.14 of the Virginia Physics Curriculum.
    

  
    
      Chapter 7: Nanoscience
    

    
      Tapas Kar. "Nanoscience", 21st Century Physics Flexbook.
    

    
      Introduction
    

    
      The little word, nano, has been rapidly insinuating itself into our consciousness because of its big potential. In the media, nano has captured headlines in television news channels and almost every technical and scientific journal. A number of instruments with nanometer-scale resolution made this possible. We are entering the era of nanoscience and nanotechnology—many remarkable mysteries lie ahead and several fascinating developments are forthcoming. The application of nanotechnology has enormous potential to greatly influence the world in which we live. From consumer goods, electronics, computers, information and biotechnology, to aerospace, defense, energy, environment, and medicine, all sectors of the economy are to be profoundly impacted by nanotechnology. Properties (chemical, electrical, mechanical, and optical) of materials used in these sectors changes significantly in nanoscale than their bulk form. Expected impact of nanotechnology on different sectors is illustrated in the following pie-chart, created by Lux Research—an independent research and advisory firm providing strategic advice and ongoing intelligence for emerging technologies.
    

    
      
        [image: Lux Research Pie Chart]
      

      
        Figure 7.1
      

      
        Lux Research Pie Chart
      

    

    
      Future of Nanoscience and Nanotechnology
    

    
      In 2001-02, the National Science Foundation (NSF) predicted that nanotechnology will be a [image: \$ 1] trillion global market within 10–15 years. In October 2004, Lux Research estimated market growth to [image: \$ 2.6] trillion by 2014, and in July 2008 they predicted a growth to [image: \$ 3.1] trillion by 2015, while already [image: \$ 147] billion worth of nano-enabled products were produced in 2007. It is estimated that by 2015, the scientific and technical workforce needed in nanotechnology will be greater than two million.
    

    
      The following figure shows a series of technology “[image: S-]curves.” They represent the general pattern of slow emergence of a nascent technology, followed by extremely rapid (exponential) growth, ending in a very slow growth or stagnation of the now maturing technology.
    

    
      The figure shows these behaviors for cars replacing railroads for intercity transport (car growth was limited until the old horse and carriage dirt road infrastructure was replaced with roadways and cars became more reliable—growth exploded after that was accomplished). It also shows various stages of aircraft growth as the new aero technology and support infrastructure (encouraged by the government with the FAA and NACA) matured slowly at first, then grew exponentially. As of this writing (2009), nanotechnology is in its “late emerging stage” in a number of applications. The U.S. government sponsored a National Nanotechnology Initiative in 2000, which was aimed at supporting and encouraging early growth.
    

    
      
        [image: Time frames of Development of Technology]
      

      
        Figure 7.2
      

      
        Time frames of Development of Technology
      

    

    
      What is Nano?
    

    
      To understand nanoscience and nanotechnology, we have to first know what is nano? Nano means dwarf in Greek and it is a prefix in the metric scale.
    

    
      
        [image: Table 1. Metric Scale and Prefixes]
      

      
        Figure 7.3
      

      
        Table 1. Metric Scale and Prefixes
      

    

    
      Thus, a micrometer [image: (\mu \mathrm{m})] is one-millionth [image: (10^{-6})] of a meter and a nanometer [image: (nm)] is one-billionth [image: (10^{-9})] of a meter. Larger scales are easier to conceptualize than smaller scales. The following are some examples that provide a sense of scale (small) for milli-, micro-, and nanometer objects.
    

    
      Understanding Size
    

    
      Although in the United States the standard unit of length is foot, the meter is the standard unit of length used in many other countries. Let us first examine the relationship between a foot and a meter.
    

    
      [image: 1 \;\mathrm{foot} = 0.3048 \;\mathrm{meter}] or [image: 1 \;\mathrm{meter} = 3.2808 \;\mathrm{feet}]
    

    
      [image: 1 \;\mathrm{yard} = 0.9144 \;\mathrm{meter}] or [image: 1 \;\mathrm{meter} = 1.0936 \;\mathrm{yards}]
    

    
      [image: 1 \;\mathrm{mile}= 1.609 \;\mathrm{kilometer}] or [image: 1 \;\mathrm{kilometer}= 0.6216 \;\mathrm{miles}]
    

    
      Online conversion calculator: http://www.onlineconversion.com/length_common.htm
    

    
      How Small is One Millimeter (mm)?
    

    
      [image: 1 \;\mathrm{mm} = 0.001 \;\mathrm{meter}]
    

    
      The diameter of one dime is [image: 17.91 \;\mathrm{mm}] and the thickness is [image: 1.35 \;\mathrm{mm}].
    

    
      
        [image: ]
      

      
        Figure 7.4
      

      
        
      

    

    
      A CD or DVD is thinner than a dime. The diameter and thickness of a CD or DVD are [image: 120 \;\mathrm{mm}] and [image: 1.2 \;\mathrm{mm}], respectively.
    

    
      
        [image: CD or DVD]
      

      
        Figure 7.5
      

      
        CD or DVD
      

    

    
      We can see objects as small as [image: 0.05] millimeter [image: (mm)]—that is the limitation of the human eye. For example, the typical width of a human hair is [image: 0.05 \;\mathrm{mm}].
    

    
      
        [image: Human hair]
      

      
        Figure 7.6
      

      
        Human hair
      

    

    
      How Small is One Micrometer (µm)?
    

    
      [image: 1 \ \mu \ \text{m} = 0.001 \ \text{mm}; 50 \ \mu\ \text{m} = 0.05 \ \text{mm}]
    

    
      We need a microscope to see objects smaller than [image: 50 \ \mu\;\mathrm{m}=0.05 \;\mathrm{mm}]. The most widely used microscopes are optical microscopes, which use visible light to create a magnified image of an object. The best optical microscope can magnify objects about 1000 times.
    

    
      How Small is the Smallest Thing You Can See Under a Microscope?
    

    
      The smallest object that can be seen under a microscope is about:
    

    
      [image: 0.2-0.5 \ \mu \text{m}\ \text{(micrometer)} & = 0.0002-0.0005 \ \text{mm}\ & = 0.0000002-0.0000005 \ \text{m}\ \text{(meter)}\ 1 \ \mu\text{m}\ \text{(micrometer)} & = \frac{1}{1,000,000}\ \text{(meter)}\ 10^{-6}\text{of a meter} & = \frac{1}{1000}\ \text{(millimeter)}]
    

    
      
        [image: Optical microscope]
      

      
        Figure 7.7
      

      
        Optical-microscope. 
      

    

    
      If you could split a human hair into [image: 50] separate strands, each would be about one micrometer [image: (\mu m)] wide.
    

    
      How Small is One Nanometer (nm)?
    

    
      One nanometer is
    

    
      [image:  10^{-9}\text{of a meter} & = \frac{1}{1,000,000,000} \ \text{m}\,\text{(meter)}\ \text{One-billionth of a meter} & = \frac{1}{1,000,000} \ \text{mm} \, \text{(millimeter)}\ \text{One-millionth of a millimeter} &= \frac{1}{1,000} \ \mu\text{m} \, \text{(micrometer)} ]
    

    
      If you could split a human hair into [image: 50,000] separate strands, each would be a nanometer [image: (nm)] wide. In fact, human hairs grow by one nm every few seconds.
    

    
      To see nanometer scale objects, we need an electron microscope, in which electrons are used instead of light, to see nanometer scale objects. An electron microscope can resolve objects about 1000 times smaller than an optical microscope, enabling magnifications of 1,000,000 times, without loss of detail.
    

    
      Step-by-Step Magnification
    

    
      
        [image: Step-by-Step Magnification]
      

      
        Figure 7.8
      

      
        Step-by-Step Magnification
      

    

    
      Periodic Table and description of Elements: http://www.webelements.com/
    

    
      Periodic Table and description of Elements: http://www.chemicool.com/
    

    
      Periodic Table and description of Elements: http://www.lenntech.com/Periodic-chart.htm
    

    
      So at the nanometer scale we see molecules (a combination of different atoms connected by bonds). For example, any form of water (ice, snow, water vapor) is a combination of two hydrogen [image: (H)] atoms and one oxygen [image: (O)] atom, where the oxygen-hydrogen distance is about [image: 0.1 \;\mathrm{nm}].
    

    
      Some Examples of Different Objects on the Nanoscale
    

    
      
        [image: Water Molecule]
      

      
        Figure 7.9
      

      
        Water molecule. Red and gray balls represents oxygen and hydrogen atoms, respectively.
      

    

    
      
        [image: Different Objects on the Nanoscale]
      

      
        Figure 7.10
      

      
        Different Objects on the Nanoscale.
      

    

    
      More examples of step-by-step magnification: http://micro.magnet.fsu.edu/primer/java/scienceopticsu/powersof10/
    

    
      
        [image: How Small is a Nano?]
      

      
        Figure 7.11
      

      
        How Small is a Nano?
      

    

    
      Atoms and Molecules: the Building Blocks
    

    
      Figure [image: 7.8] illustrates some examples that any material or object or thing (living or non-living) in this world is made from atoms. Size (radius) of atoms is about [image: 0.01] to [image: 0.3 \;\mathrm{nm}]. The human body is composed of several elements, such as carbon, hydrogen, oxygen, nitrogen, phosphorus, potassium, sulfur, calcium, iron, zinc, etc. Oxygen is the most abundant element (about [image: 63]%) in the body. The next one is carbon ([image: 18]%), followed by hydrogen ([image: 10]%), and then nitrogen ([image: 3]%). In fact, [image: 99]% of the mass of the human body is made up of the six elements oxygen [image: (O)], carbon [image: (C)], hydrogen [image: (H)], nitrogen [image: (N)], calcium [image: (Ca)], and phosphorus [image: (P)].
    

    
      For a complete list of chemical elements found in the human body visit http://web2.iadfw.net/uthman/elements_of_body.html.
    

    
      Nobel Prize winner Dr. Horst Störmer said that the nanoscale is more interesting than the atomic scale [image: (> 0.3 \;\mathrm{nm})] because the nanoscale is the first point where we can assemble something—it's not until we start putting atoms together that we can make anything useful.
    

    
      On the nanoscale, we can potentially assemble atoms together to make almost anything. For example, oxygen and hydrogen found in the human body is mostly as a component of water [image: (H_2O)] molecule. Carbon, hydrogen, and oxygen are integral components of all proteins, nucleic acids (DNA and RNA), carbohydrates, and fats. The combination of all of these molecules creates the living cells of the body.
    

    
      What is Nanoscience and Nanotechnology?
    

    
      The properties and functionalities of any living or non–living object come from its constituent molecule(s). Over millions of years, Mother Nature has perfected the science of manufacturing matter molecularly. Nanoscience is basically understanding science at the molecular scale. Nanoscience is both the discovery and study of novel phenomena at the nanoscale as well as the creation of new concepts to describe them.
    

    
      Since the Stone Age (approximately [image: 2.5] million years ago), we have been using available materials around us to produce tools and devices for practical uses. New discoveries in science enabled us to create more application-oriented products, new devices, and electronic gadgets. Since the beginning of the 1980s, the world witnessed the development of microtechnology, a step toward miniaturization. Nanotechnology is the engineering of functional systems at the molecular scale (sizes between [image: 1 - 100 \;\mathrm{nm}]). Nanotechnology is the fabrication, characterization, production, and application of man-made devices, and systems by controlled manipulation of size and shape at a small scale that produces devices and systems with novel and superior characteristics or properties.
    

    
      
        [image: Table 2. Technology at a Different Scale]
      

      
        Figure 7.12
      

      
        Table 2. Technology at a different scale.
      

    

    
      What Happens to Materials at the Nanoscale?
    

    
      At the nanoscale, property and functionality of materials are either changed or enhanced significantly more than their bulk forms. For example, gold is a yellowish orange color when its dimension is more than [image: 100 \;\mathrm{nm}]. The color changes to green when particle size is [image: 50 \;\mathrm{nm}] and to red/ruby at [image: 25 \;\mathrm{nm}]. Similarly, silver is yellow at [image: 100 \;\mathrm{nm}], but blue at [image: 40 \;\mathrm{nm}]. These changes in color are due to confinement of electrons in smaller areas.
    

    
      Changes in properties of nanomaterials are due to greater surface area per unit mass compared with their bulk form or larger particle size. That means most of the constituent atoms are at the surface, and hence, the nanomaterials are chemically more reactive. Additionally, at the molecular scale quantum effects begin to play a vital role—affecting their optical, electrical, thermal, and magnetic behaviors.
    

    
      Why Nanoscience and Nanotechnology are Important to Us
    

    
      Nanotechnology is not just the miniaturization of the electronic gadgets we use today. This [image: 21^{st}] century technology will provide a better understanding of nature's science and technology. For example, we have a deeper understanding of the underlying features at the molecular level regarding how viruses take control of normal cells within the body and spread in different conditions. For many diseases, early detection is the single most important determinant in faster and successful treatments. Besides early stage determination, we will be able to target and destroy or completely stop reactivity of molecules responsible for different diseases, including cancer, as they begin to spread in the body. A present treatment of cancer, chemotherapy, causes severe side effects as a bulk quantity of medicine is injected into the body. Nanotechnology will enable us to deliver drugs more efficiently to the exact location of cancer cells, reducing side-effects significantly. The concentration of a small molecule found in urine could reveal how advanced a patient's prostate cancer is. This recent (Jan. 2009) discovery could lead to simple, noninvasive tests for men who have the disease and might help avoid the need for biopsies. These are a few examples of nanotechnology's impact on health care.
    

    
      The other aspects of nanoscience and nanotechnology are man-made nanomaterials. Over the years, scientists and technologists have developed and fabricated new materials for wider applications. The following image depicts the comparison of natural and man-made things at different sizes. Technological development at the nanoscale enables us to see and understand the underlying features of Mother Nature's science more closely.
    

    
      
        [image: Nature and man-made things in different scales]
      

      
        Figure 7.13
      

      
        Nature and Man-made Things in Different Scales.
      

    

    
      The following sites have summarized some basic and pertinent information.
    

    
      An Introduction to Nanotechnology: http://www.nanowerk.com/nanotechnology/introduction/introduction_to_nanotechnology_1.html
    

    
      How Stuff Works: http://science.howstuffworks.com/nanotechnology.htm
    

    
      A Brief History of Nanotechnology's Rapid Emergence
    

    
      Dec 29, 1959
    

    
      Richard P. Feynman, a Nobel laureate physicist, made a speech (at an APS meeting at Caltech) envisioning the manipulation of materials on the nanoscale.
    

    
      "The principles of physics, as far as I can see, do not speak against the possibility of maneuvering things atom by atom."
    

    
      "Why cannot we write the entire [image: 24] volumes of the Encyclopedia Britannica on the head of a pin?"
    

    
      Feynman's Lecture: http://www.zyvex.com/nanotech/feynman.html
    

    
      
        [image: Richard P. Feynman]
      

      
        Figure 7.14
      

      
        Richard P. Feynman
      

    

    
      1974
    

    
      The term nanotechnology was coined by Tokyo Science University Professor Norio Taniguchi to describe the precision manufacturing of materials with nanometer tolerances http://en.wikipedia.org/wiki/Norio_Taniguchi
    

    
      Why did it take so long to implement nanotechnology? Because there was no tool to see and work on such a small scale.
    

    
      1981
    

    
      Gerd Binnig and Heinrich Rohrer invented the scanning tunneling microscope (STM), which can image atomic-sized objects. Electron microscopes help technology to move from micro-to nanoscale.
    

    
      
        [image: Heinrich Rohrer]
      

      
        Figure 7.15
      

      
        Heinrich Rohrer
      

    

    
      
        [image: Gerd Binnig]
      

      
        Figure 7.16
      

      
        Gerd Binnig
      

    

    
      1985
    

    
      C60 fullerene (also known a “buckminsterfullerenes” or “bucky balls”), a new form of carbon, was discovered by Robert F. Curl, Jr., Sir Harold W. Kroto, and Richard E. Smalley.
    

    
      
        [image: Fullerene]
      

      
        Figure 7.17
      

      
         Fullerene, diameter 0.7 nm. A soccer ball is a model of buckyball, but 108 times larger.
      

    

    
      1986
    

    
      K. Eric Drexler, in his 1986 book Engines of Creation: The Coming Era of Nanotechnology, proposed the idea of a nanoscale "assembler," which would be able to build a copy of itself.
    

    
      For more information about K. Eric Drexler: http://en.wikipedia.org/wiki/K._Eric_Drexler
    

    
      1991
    

    
      Sumio Iijima, a researcher at NEC in Japan, discovered the carbon nanotube; he went on to produce an advanced, single-walled version in 1993.
    

    
      
        [image: Sumio Iijima]
      

      
        Figure 7.18
      

      
        Sumio Iijima
      

    

    
      
        [image: Single wall carbon nanotubes]
      

      
        Figure 7.19
      

      
        Different forms of single-wall carbon nanotubes. These are hollow tubes made from carbon atoms and their diameters vary from 0.5 to 3 nm. The longest tube synthesized so far is a few millimeters long. The discovery of fullerenes and nanotubes helped to expedite nanotechnology.
      

    

    
      Changes in Man-Made Technology Over the Years
    

    
      The Computer
    

    
      Let us see how these metric units (mm, [image: \mu \mathrm{m}], and [image: nm]) are related to technology by considering the computer as an example. The first digital computer ENIAC (dimension: [image:  2.6 \;\mathrm{m} \times 0.9 \;\mathrm{m} \times 26 \;\mathrm{m}], weight: about [image: 54,000 \;\mathrm{lb}], total space: about [image: 680 \;\mathrm{sq \ ft}] or [image: 63 \;\mathrm{sq}] meter) contained [image: 17,468] vacuum tubes (acts like an on-off switch), [image: 7,200] crystal diodes (blocks electricity at certain conditions and allows it to pass when those conditions change), [image: 70,000] resistors (limits the flow of electricity), [image: 10,000] capacitors (collects electricity and releases it all in one quick burst), and around [image: 5] million hand-soldered joints.
    

    
      
        [image: First digital computer ENIAC]
      

      
        Figure 7.20
      

      
        First Digital Computer ENIAC
      

    

    
      The size of the vacuum tube, which is a key component of the computer and other electronic devices (such as the telephone, radio, and TV), is about [image: 5 - 30] millimeter [image: (mm)].
    

    
      
        [image: Vacum tubes]
      

      
        Figure 7.21
      

      
        Vacum tubes
      

    

    
      The vacuum tube (invented in 1941) was replaced by much smaller millimeter scale transistors in 1955. In 1971, Intel introduced the first microprocessor, which contained about [image: 2300] transistors for use in a calculator. In the following year, Intel doubled the number of transistors in an [image: 8-]bit microprocessor designed to run computer terminals. The number of transistors in current processors, such as in the Pentium [image: 4] is more than a few million, and the size ranges between [image: 0.2 \ \mu \mathrm{m}] to [image: 0.06\ \mu \mathrm{m}] each. Presently, Intel's Duo-core chips contain [image: 191] million transistors in [image: 143] square millimeter area, and the Quad-core Itanium chip (launched in Feb. 2008) packs more than [image: 2] billion transistors in [image: 65] nanometers is almost the same size as the chip. The size of the transistor is further decreased by Taiwanese Chipmaker TSMC to [image: 40 \;\mathrm{nm}], and recently IBM developed a [image: 22.9 \;\mathrm{nm}] chip.
    

    
      
        [image: ]
      

      
        Figure 7.22
      

      
        Transistors 
      

    

    
      
        [image: A microprocessor]
      

      
        Figure 7.23
      

      
        A microprocessor incorporates most or all of the functions of a central processing unit (CPU) on a single integrated circuit (IC) or chip.
      

    

    
      Over the last 40 years, the size of the transistor, which is a key component of almost all electronic gadgets used today, was reduced in size from a millimeter to a micrometer to a nanometer. The mid-'80s to 2006 - 07 marked the period when technological development was based on micro (one-millionth of a meter) size components, and hence, termed microtechnology. Similarly, the current use of nanometer sized components (size less than [image: 100 \;\mathrm{nm}]) deem calling it nanotechnology. In the future, we will use single molecule transistors of sizes less than [image: 1 \;\mathrm{nm}].
    

    
      
        [image: Single molecule transistor]
      

      
        Figure 7.24
      

      
        Single molecule transistor
      

    

    
      View animation of single molecule transistor: http://stm.phys.ualberta.ca/wolkow/molecular/WebMidRezAudio.mov
    

    
      Examples of Computer Hard Disks
    

    
      In 1956, IBM invented the first computer disk storage system that could store [image: 5 \;\mathrm{MB}]. It had fifty [image: 24-]inch diameter disks. The following are some images of hard disks and drives developed between 1960–1980. The weight of this hard drive is more than [image: 600 \;\mathrm{lb}], and the diameter of the disk is [image: 1] foot. Technicians had to manually replace the disks and drives from time to time depending on usage.
    

    
      
        [image: Hard Disk Drive and Hard Disk]
      

      
        Figure 7.25
      

      
        Hard disk drive and hard disk
      

    

    
      Microtechnology
    

    
      In 1980, Seagate Technology introduced the first hard disk drive for personal computers. It was [image: 5 \ 1/4]" drive and held [image: 5 \;\mathrm{MB}].
    

    
      
        [image: Comparison of large and hard drive.]
      

      
        Figure 7.26
      

      
        The large drive is a 5.25" full-height 111 MB drive. The smaller drive is a 2.5" 6495MB  IDE drive. These drives also contained the disk. Currently, a 2.5” drive is able to hold more than 300 GB worth of data.
      

    

    
      Nanotechnology
    

    
      Atoms will be used in future drives and about [image: 1] million [image: GB] worth of data may be stored in one square cm area.
    

    
      
        [image: Future hard drive]
      

      
        Figure 7.27
      

      
        Future Hard Drive
      

    

    
      In summary, miniaturization of man-made devices significantly improves efficiency, capacity, and functionality of all electronic gadgets, and at the same time saves lots of electrical energy.
    

    
      Introduction to Electron Microscopes
    

    
      Electron microscopes are the most important tools to enable us to see, manipulate, and characterize objects at the nanoscale. An electron microscope uses electrons (instead of light) to “illuminate” an object. Electron microscopes have an electron gun that emits electrons, which then strike the specimen. Conventional lenses used in optical microscopes to focus visible light do not work with electrons. Magnetic fields are used to create “lenses” that direct and focus the electrons. Because electrons are easily scattered by air molecules, the interior of an electron microscope must be sealed at a very high vacuum.
    

    
      Human vision spans from [image: 720 \;\mathrm{nm}] in the red wavelengths of light to [image: 400 \;\mathrm{nm}] in the blue-violet wavelengths. The human eye cannot see electron wavelengths; therefore, we need a television-type screen or special photographic film to make electron microscope images visible to human eyes. Electrons have a much smaller wavelength than light [image: (400- 700 \;\mathrm{nm})] and thus resolve much smaller objects. The wavelength of electrons used in electron microscopes is usually [image: 5] to [image: 0.05 \;\mathrm{nm}].
    

    
      There are two types of electron microscopes—the Scanning Electron Microscope (SEM) and the Transmission Electron Microscope (TEM). The SEM is a type of electron microscope that images the sample surface by scanning it with a high-energy beam of electrons. The electrons interact with the atoms that make up the sample, producing signals that contain information about the sample's surface topography, composition, and other properties such as electrical conductivity.
    

    
      The TEM beam of electrons is transmitted through an ultra–thin specimen, interacting with the specimen as they pass through and then scatter providing a 2-D image of the specimen. The Scanning Transmission Electron Microscope (STEM) is a combination of SEM and TEM.
    

    
      
        [image: Scanning Electron Microscope]
      

      
        Figure 7.28
      

      
        Scanning Electron Microscope
      

    

    
      The other kind of electron microscope uses a probe that scans the surface of objects providing 3-D images of atomic networks at the surface. Extremely sharp metal points that can be as narrow as a single atom at the tip is used in scanning probe microscopes. The Scanning Tunneling Microscope (STM) is an example of this type of microscope.
    

    
      
        [image: How the Scanning Tunneling Microscope works]
      

      
        Figure 7.29
      

      
        How the Scanning Tunneling Microscope works.
      

    

    
      Another type of scanning probe microscope is the Atomic Force Microscope (AFM). As the probe in an AFM moves along the surface of a sample, the electrons in the metal probe are repelled by the electron clouds of the atoms in the specimen. As the probe moves along the object, the AFM adjusts the height of the probe to keep the force on the probe constant. A sensor records the up-and-down movements of the probe, and feeds the data into a computer to construct a [image: 3-D] image of the surface of the sample.
    

    
      
        [image: Atomic Force Microscope]
      

      
        Figure 7.30
      

      
        Atomic Force Microscope
      

    

    
      
        [image: Block Diagram of Atomic Force Microscope (AFM)]
      

      
        Figure 7.31
      

      
        Block Diagram of Atomic Force Microscope (AFM)
      

    

    
      AFM and STM enable us to work on atoms and design molecules the way we want by placing atoms by atoms. An excellent example is placing [image: 48] iron atoms (step-by-step) to form a quantum coral (see image at the bottom right-hand corner of Figure 11 and check out this Web site http://www.almaden.ibm.com/vis/stm/corral.html.
    

    
      Here are some additional links to electron microscope images:
    

    
      http://www.mos.org/sln/sem/sem.html
    

    
      http://www5.pbrc.hawaii.edu/microangela/
    

    
      http://www.denniskunkel.com/
    

    
      http://www.ou.edu/research/electron/www-vl/image.shtml
    

    
      Applications of Atomic Force Microscope (AFM):
    

    
      http://www.pacificnanotech.com/application_part.html
    

    
      How Are Nanomaterials Made?
    

    
      There are two approaches to make nanomaterials: “Top-down” and “bottom-up.” Top-down technique is as old as the Stone Age—that is cut, process, and design tools for practical purposes from large pieces of materials. This fabrication method is used to manufacture electronic circuits on the surface of silicon by etching. The most common top-down approach to fabrication of circuits involves lithographic patterning techniques using optical sources and high-energy electron beams for etching. Top-down approaches work well at the microscale, but it becomes increasingly difficult to use for nanoscale fabrication.
    

    
      http://www.wisegeek.com/what-is-a-lithograph.htm
    

    
      Further reading: http://en.wikipedia.org/wiki/Lithography
    

    
      Building atom-by-atom and molecule-by-molecule is the philosophy of the “bottom-up” approach. This concept of a self-assembly technique comes from biological systems, where nature has harnessed chemical forces to create essentially all the structures needed for life. Different self-assembly methods have been developed for producing nanoscale materials, such as chemical vapor deposition (CVD) and molecular beam epitaxy (MBE). The basic concept of these methods is to create atoms from suitable precursors and allow them to deposit layer by layer on a substance in vacuum. In this approach highly pure nanomaterials without defects in structure can be made. Also SEM tip can be used to design and create nanostructures by placing atom by atom. This process is tedious and time consuming and is not useful for industrial purposes.
    

    
      Magic of Carbon
    

    
      Carbon is one of the most abundant elements. It is not only the key element in all known life forms, but it is also present in several common materials that we use in our daily life. For example, coal, gasoline, pencil, pitch, and aromatic compounds are all carbon based. Carbon has a unique capacity to form bonds with itself and many other elements making possible to form millions of compounds.
    

    
      Graphite and Diamond
    

    
      Graphite and diamond are two compounds of carbon and they have different properties. Diamond, in which each carbon is bonded to four other carbon atoms to form a three-dimensional network, is the hardest known natural material. Graphite, in which each carbon is bonded to three neighbors, is one of the softest materials. Diamond is an insulator but graphite is a good conductor of electricity. Even though graphite and diamond are the same chemically, their structures are significantly different to produce very different properties.
    

    
      
        [image: Diamond (left) and graphite (right)]
      

      
        Figure 7.32
      

      
        Diamond (left) and graphite (right) are two allotropes of carbon: pure forms of the same element that differ in structure.
      

    

    
      Fullerenes
    

    
      Fullerenes (also known as buckyballs) and carbon nanotubes are new forms of carbons that were discovered in the late 1980s. The first fullerene reported was a hollow ball that contained sixty carbon atoms. There are [image: 12] pentagons and [image: 20] hexagons in [image: \mathrm{C}60] and each pentagon is surrounded by [image: 5] hexagons and each hexagon is surrounded by alternating hexagons and pentagons. At present, several other cage structured fullerenes containing [image: 50] to [image: 540] carbon atoms are available. Traces of fullerene are available in nature and several chemical methods are developed to synthesize pure ([image: 99.9]%) fullerenes. Carbon nanotubes are synthesized in laboratories.
    

    
      
        [image: Different forms of Carbon]
      

      
        Figure 7.33
      

      
        Different forms of Carbon (allotropes of carbon) : a) Diamond, b) Graphite, c) Lonsdaleite, d)C60  (Buckminsterfullerene or buckyball), e)C540 , f)C70 , g) Amorphous carbon, and h) single-walled carbon nanotube or buckytube.
      

    

    
      Because of their unique structure and properties (semiconducting and electron acceptor), fullerenes can be used in different technologically based areas, such as the solar cell, trapping active molecules inside the cage, drug delivery, and bio-sensors.
    

    
      Carbon Nanotubes
    

    
      Carbon nanotubes can have different forms depending on how a single hexagonal graphitic sheet is rolled to form the nanotube. Depending on their structures, carbon nanotubes can be either metallic or semiconductors. Figure 7.34 is an illustration of single-wall carbon nanotubes (SWCNT). Double-wall and multi-wall (MWCNT) nanotubes are also synthesized in the laboratory. However, synthesis results in a mixture of all kinds of nanotubes and it is hard to separate them. This has hindered some applications of individual carbon nanotubes, and current research is progressing to separate them.
    

    
      However, it should be noted that nanotubes are not synthesized by rolling graphite sheet(s), tubes simply resemble rolled up graphite sheets. The following image illustrates the possibility of different forms of SWCNTs that can be related to rolling patterns of hexagonal networks of graphite sheets.
    

    
      
        [image: Different Forms of Single-wall Carbon Nanotube]
      

      
        Figure 7.34
      

      
        Different Forms of Single-wall Carbon Nanotube.
      

    

    
      
        [image: Single-wall carbon nanotubes]
      

      
        Figure 7.35
      

      
        Single-wall Carbon Nanotubes.
      

    

    
      
        [image: This image is a 12 nanometer carbon nanotub]
      

      
        Figure 7.36
      

      
        This image is a 12 nanometer carbon nanotube, filled with several 3-4 nm cobalt nanoparticles.
      

    

    
      It can be seen from the following tables that the carbon nanotube is lighter than aluminum but stronger than steel.
    

    
      
        
          	
            Material
          
          	
            Elastic Modulus (GPa)
          
          	
            Strain (%)
          
          	
            Yield Strength (Gpa)
          
          	
            Density [image: (\mathrm{g/cm}^3)]
          
        

      
      
        
          	
            Single-wall carbon nanotube
          
          	
            [image: 1210]
          
          	
            [image: 4]
          
          	
            [image: 65.0]
          
          	
            [image: 1.3]
          
        

        
          	
            Multi-wall carbon nanotubes
          
          	
            [image: 1260]
          
          	
            [image: 1.5]
          
          	
            [image: 2.7]
          
          	
            [image: 1.8]
          
        

        
          	
            Steel
          
          	
            [image: 207]
          
          	
            [image: 9]
          
          	
            [image: 0.8]
          
          	
            [image: 7.8]
          
        

        
          	
            Aluminum
          
          	
            [image: 69]
          
          	
            [image: 16]
          
          	
            [image: 0.5]
          
          	
            [image: 2.7]
          
        

        
          	
            Titanium
          
          	
            [image: 103]
          
          	
            [image: 15]
          
          	
            [image: 0.9]
          
          	
            [image: 4.5]
          
        

      
    

    
      
        Comparison of Stability, Electrical and Thermal Properties of CNTs with Other Material Used Currently
      
      
        
          	
            Properties
          
          	
            Nanotubes
          
          	
            Current Materials
          
        

      
      
        
          	
            Size (diameter)
          
          	
            
              	
                MWCNT: [image: 20 – 50 \;\mathrm{nm}]
              

              	
                SWCNT: [image: 0.6 – 1.8 \;\mathrm{nm}]
              

            

          
          	
            Electron beam lithography can create lines [image: 50 \;\mathrm{nm}] wide, a few nm thick
          
        

        
          	
            Temperature stability
          
          	
            Stable up to [image: 2,800 ^\circ \;\mathrm{C}] in vacuum, [image: 750^\circ\;\mathrm{C} ] in air
          
          	
            Metal wires in microchips melt at [image: 600 - 1,000^{\circ}\;\mathrm{C}]
          
        

        
          	
            Thermal conductivity
          
          	
            Predicted to be as high as [image: 6,000 \;\mathrm{W/m} \cdot \;\mathrm{K} ] at room temperature
          
          	
            Nearly pure diamond transmits heat at [image: 3,320\;\mathrm{W/m} \cdot \;\mathrm{K}]
          
        

        
          	
            Field emission
          
          	
            Can activate phosphors at [image: 1 – 3 \;\mathrm{V}] if electrodes are spaced [image: 1] micron apart
          
          	
            Molybdenum tips require fields of [image: 50 – 100 \;\mathrm{V} / \mu \mathrm{m}] and have very limited lifetimes
          
        

        
          	
            Current conductivity
          
          	
            Estimated at [image: 10^{9} \ A/\mathrm{cm}^{2}]
          
          	
            Copper wires burn out at about [image: 10^{6} \ A/\mathrm{cm}^{2}]
          
        

      
    

    
      As a result of these extraordinary properties, CNTs promise ``a tiny revolution." Their unique and extreme properties allow them to be used in a variety of engineering disciplines:
    

    
      	
        Magnetic nanotube
      

      	
        Molecular quantum wires
      

      	
        Thermal protection
      

      	
        Hydrogen storage
      

      	
        Single electron transistors
      

      	
        Field effect transistors
      

      	
        Supercapacitors
      

      	
        Field emission flat panel displays
      

      	
        Solar storage
      

      	
        Electron microscope tips
      

      	
        Reinforcement of polymer
      

      	
        Electromagnetic shielding
      

      	
        Reinforcement of armor materials
      

      	
        Dialysis filters
      

      	
        Nanogear
      

      	
        Data storage
      

      	
        Nanotube actuator
      

      	
        Collision-protection materials
      

      	
        Nano tweezers
      

      	
        Controlled drug delivery/release
      

      	
        Nano balance
      

      	
        Conducting composites
      

      	
        Nano electronics
      

      	
        Batteries
      

      	
        Nano lithography
      

      	
        Artificial muscles
      

      	
        Nanotube reinforced composites
      

    

    
      Synthesis of Carbon Nanotubes
    

    
      Carbon nanotubes can be produced by several techniques, such as chemical vapor deposition, arc discharge, laser ablation, high-pressure carbon monoxide (HiPCO). Most of these processes take place in a vacuum or with process or carrier gases. In the CVD method, carbon-containing gas (such as acetylene, ethylene, ethanol, methane, etc.) and carrier gas (ammonia, nitrogen, or hydrogen) are heated at [image: 700 ^\circ \mathrm{C}] in the presence of metal catalyst particles (such as nickel, cobalt, iron, or a combination) in a reaction chamber. Nanotubes grow at the sites of the metal catalyst; the carbon-containing gas is broken apart at the surface of the catalyst particle, and the carbon is transported to the edges of the particle where it forms the nanotubes. Graphite is used as a precursor in the arc discharge and laser ablation methods.
    

    
      Color and Nanotechnology
    

    
      Chemical compounds are the origin of color in most objects (natural, synthetic, and food). For example, the chemical formula of methyl orange (dye) is [image: 4-]dimethylaminoazobenzene-[image: 4'-]sulfonic acid sodium salt. This color changes to bright yellow as the [image: pH] (acidity indicator) changes.
    

    
      
        [image: Methyl orange]
      

      
        Figure 7.37
      

      
        Methyl orange
      

    

    
      
        [image: 4- -4'- sulfonic acid sodium salt]
      

      
        Figure 7.38
      

      
         4-dimethylaminoazobenzenesulfonic-4'-sulfonic Acid Sodium Salt. 
      

    

    
      Some metals in bulk form also possess color. For example, gold is a yellowish orange color when its dimensions are more than [image: 100 \;\mathrm{nm}]. The color changes to green when the particle size is [image: 25 \;\mathrm{nm}] and to red/ruby at [image: 25 \;\mathrm{nm}]. Similarly, silver is yellow at [image: 100 \;\mathrm{nm}], but blue at [image: 40\;\mathrm{nm}]. These forms of tiny crystals of gold and silver are termed nanocrystals.
    

    
      The stained glass windows in churches are good examples of gold and silver nanoparticles or nanocrystals. Medieval artisans unknowingly became nanotechnologists when they made red stained glass by mixing gold chloride into molten glass. That created tiny gold spheres, which absorbed and reflected sunlight in a way that produced a rich ruby color. While some of these stained glasses were made more than 1000 years ago, their color has maintained its brightness and saturation.
    

    
      
        [image: Stained glass window]
      

      
        Figure 7.39
      

      
        Stained glass window
      

    

    
      Quantum Dots (QDs)
    

    
      Quantum dots are basically nanocrystals and possess properties of a semiconductor with unique optical properties. Sizes of QDs range between [image: 2-10 \;\mathrm{nm}] ([image: 10-50] atoms) and color changes with the size of QDs. Sometimes they are also referred to as artificial atoms.
    

    
      
        [image: Quantum Dots]
      

      
        Figure 7.40
      

      
        Quantum Dots
      

    

    
      QDs are normally semiconducting materials and the band gap (energy gaps between conduction and valence bands) can be tuned by size of the QDs. Besides colloidal gold and silver, other possible QDs are composed of periodic groups of II-VI, III-V, or IV-VI. Cadmium Selenide CdSe is a good example of solid QD.
    

    
      Because of their unique electrical and optoelectronic properties, QDs can be used in several application areas such as in solar cells, displays, light emitting devices (LEDs) and life sciences. QDs will replace present organic dyes used as biosensors and biomedical imaging.
    

    
      Further reading: http://www.evidenttech.com/quantum-dots-explained.html
    

    
      Risks Factors?
    

    
      Because materials at the nanoscale behave differently than they do in their bulk form, there is a concern that some nanoparticles could be toxic. Nanoparticles are so small that they could easily enter living cells and cross the blood-brain barrier, a membrane that protects the brain from harmful chemicals in the bloodstream. More powerful weapons, both lethal and non-lethal, may be created using nanotechnology. Because of their light weight, a small quantity of useful or harmful nanomaterials could easily be smuggled into the wrong hands.
    

    
      References / Further Reading
    

    
      Nanoproducts
    

    
      The following Web sites are good sources of nanoproducts:
    

    
      	
        http://www.nanoshop.com/
      

      	
        http://www.nnin.org/nnin_nanoproducts.html
      

      	
        http://www.nanotechproject.org/inventories/consumer/browse/products/
      

    

    
      Virginia Physics Standards of Learning
    

    
      This chapter fulfills sections PH.4, PH.10, and PH.14 of the Virginia Physics Curriculum.
    

  
    
      Chapter 13: Modeling and Simulating NASA's Launch Abort System
    

    
      Introduction
    

    
      Complex systems abound in our world and it is valuable to model and simulate them to better understand how they work and improve their design. In our case, the model will be a set of physical laws and assumptions that can be applied using a computer program to simulate (or imitate) the motion of NASA’s Launch Abort System (LAS) system for the Orion Crew Exploration Vehicle (CEV). As stated in the abstract of a paper by Davidson, et al [1] “Aborts during the critical ascent flight phase require the design and operation of Orion Crew Exploration Vehicle (CEV) systems to escape from the Crew Launch Vehicle (CLV) and return the crew safely to the Earth. To accomplish this requirement of continuous abort coverage, CEV ascent abort modes are being designed and analyzed to accommodate the velocity, altitude, atmospheric, and vehicle configuration changes that occur during ascent. Aborts from the launch pad to early in the flight of the CLV second stage are performed using the Launch Abort System (LAS). During this type of abort, the LAS Abort Motor is used to pull the Crew Module (CM) safely away from the CLV and Service Module (SM). LAS abort guidance and control studies and design trades are being conducted so that more informed decisions can be made regarding the vehicle abort requirements, design, and operation.”
    

    
      [image: ]
    

    
      Figure 1: The launch abort system for the Pad Abort-1 (PA-1) flight test is positioned on the launch pad in preparation for the test at the U.S. Army's White Sands Missile Range in New Mexico. The uncrewed, integrated flight test will evaluate the ability of a launch abort system to pull an astronaut crew to safety in the event of an emergency on a launch pad. (Attribution: NASA)
    

    
      The LAS has been tested and according to the NASA web site [2], “NASA's 97-second flight test of Pad Abort 1 (PA-1) was launched at 7 a.m. MT on May 6, 2010, at the U.S. Army’s White Sands Missile Range, New Mexico. PA-1 is the first fully integrated flight test of the launch abort system being developed for the Orion Crew exploration vehicle.” Refer to NASA’s myexploration web site for a video of the test flight and more details about the LAS and the Pad Abort 1 flight test. “The information gathered from the test will help refine design and analysis for future launch abort systems, resulting in safer and more reliable crew escape capability during rocket launch emergencies [3]”.
    

    
      From the description of the LAS, it is clear that systems can be very complex and you can have systems within systems. The LAS is a subsystem of the CEV system, just as Earth’s atmosphere is a subsystem of the Earth system and the atmosphere plays a very important role in the LAS. It is clear that systems and subsystems can interact to further complicate the modeling.
    

    
      Physics and Engineering
    

    
      Physics attempts to understand the physical world through theories and models and engineering applies the models to design and understand real-world objects like the LAS. However, physicists and engineers may both do either physics or engineering, which represent two extremes of a continuum of activities. Osborne Reynolds (1842 –1912), one of the first professors of engineering in the UK, did research in fluid dynamics and developed turbulence principles that allowed data on small models (such as ships) to be applied to larger full-scale objects. Richard Feynman (1918-1988), who won the Nobel Prize for fundamental work in quantum electrodynamics, helped determine the cause of the failure in the Challenger disaster of 1986. In the processes of doing physics or engineering, practitioners use modeling and simulation to help understand theories/laws and to design/understand real-world products.
    

    
      Theory/Law, Prediction and Observation/Experiment
    

    
      One way of looking at how science and engineering work is pictured in the diagram below. Scientists and engineers create theories and laws to explain what they observe and then try to predict new things from their theory/law (A law is a statement that is true given a set of assumptions and a theory attempts to offer explanations for basic observed truths. See the chapter, “Toward Understanding Gravitation" in this book for more detail). Then they go back and observe to see if their prediction holds. When their prediction doesn’t hold, they modify their theory/law or maybe even have to build a new theory/law. There is no set order in the theory/law, observe/experiment, predict cycle, and depending on the circumstances, scientists and engineers will jump around between the three complementary processes.
    

    
      [image: ]
    

    
      Figure 2: Modeling and simulation using a computer can play a very important role in the above process. (Attribution: Randall Caton, CC-BY-NC-SA.)
    

    
      Modeling, Simulation and the LAS
    

    
      Newton’s laws will play an essential role in the process of simulating the LAS as they are the basic laws that govern the motion of the LAS. In programming the simulation using Etoys, we will make various assumptions that will be part of the model. Etoys is embedded in the Squeak programming environment. Squeak is a free, open-source, object-oriented, multimedia authoring environment that runs on many platforms and can be used to construct active learning environments. Programs can be written in the Squeak environment by novices using Etoys graphical programming tiles or by experts using Smalltalk. Everything in the Etoys world is an object. Each object has properties and can send messages to other objects. The objects are like actors on a stage. Each object can be imbued with actions that create interactive experiences for learners and authoring is always on. Students learning from this chapter will be using Etoys to simulate the LAS. When first learning to program simulations, it is best to start with the simplest case and work towards the more complex actual case by relaxing some of the simplifying assumptions. Students will make a series of modifications to the simulation as they progress towards a more realistic model of the LAS.
    

    
      Describing One-Dimensional Motion
    

    
      We will start by describing one-dimensional motion, even though the LAS is embedded in a three-dimensional world. As long ago as the 17th century, Galileo Galilei (1564-1642) made great progress in understanding motion in three-dimensions by breaking the problem into separate one-dimensional problems. From centuries of study, scientists have determined that position, velocity, and acceleration are the important and necessary quantities to describe motion. See the Kinematics chapter in this book for more discussion of one-dimensional motion: motion diagrams, observing motion with motion sensors, graphing of motion and understanding graphs of motion. Also see Laboratory Activities in this book for experiments on motion.
    

    
      Position and Displacement
    

    
      Position is where you are in space. It is measured with respect to a coordinate origin using MKS units of meters. When simulating the one-dimensional rocket, we will be interested in the up and down position of the rocket. We often call that the y direction and the position value y. Displacement is defined as the difference in position between two elapsed times. Displacement differs from our concept of distance. If we make a round trip going from Minneapolis to Grand Rapids Minnesota, the displacement is zero while the distance traveled is around 650 kilometers. Displacement, not distance, is the crucial concept in understanding motion.
    

    
      Velocity
    

    
      Velocity is how fast you move through space. It is the rate of change of position with time. Average velocity is defined as the displacement divided by the time elapsed. For large elapsed times, average velocity gives us a very rough idea of how rapidly we moved through space and sometimes not even that. For the round trip described above the average velocity is zero even though we may have been moving at a reasonable average rate during the whole trip. The concept of average velocity becomes most useful when we consider its limit as the elapsed time interval approaches zero. Then we get a measure of the rate of motion at the instant in question. We call the limit of the average velocity as the elapsed time approaches zero the instantaneous velocity. When we speak of motion in the y direction we call this vy. If you know calculus, it is the derivative of position with time dy/dt. Graphically, instantaneous velocity is the slope of the tangent line to the y vs. t curve at the time in question (see the Kinematics chapter for more detail). The concept of instantaneous velocity is essential to a further understanding of motion.
    

    
      Acceleration
    

    
      Velocities aren't always steady - they often change with time. Sometimes the magnitude (or absolute value) of the velocity increases, like when you drop a ball, and sometimes velocities decrease or stay steady. It is valuable to realize that we use the same process in defining rates of change of velocity as we did above when defining rates of change of position. Acceleration is the term we use for rate of change of velocity. Average acceleration is the change in velocity divided by the elapsed time. Again it is instantaneous acceleration, or the limit of the average acceleration as the elapsed time approaches zero, that tells the best story about motion. If you know calculus, it is the derivative of velocity with time dvy/dt. Graphically, instantaneous acceleration is the slope of the tangent line to the vy vs. t curve at the time in question. On Earth, freely falling objects accelerate downward at roughly 10 m/s2. Once the rocket engines cut off, the only force on the rocket is gravity (if we neglect air resistance) and we say the rocket is in freefall accelerating downward at a constant rate – even if its motion continues upward for some time.
    

    
      Positive and Negative
    

    
      It is important to assign a positive or negative sign to the values of position, velocity and acceleration. It makes a big difference whether the rocket is going upward or downward. We will choose upward as positive. You could choose downward as positive as long as you are consistent, but every sign would be interpreted oppositely. For position, picking upward positive means that everything above the origin (launch pad) is positive and everything below is negative. For velocity, moving upward is positive and moving downward is negative. Finally, the acceleration of the rocket during the burn is positive because we are increasing its velocity upward. Once the burn stops, the acceleration is negative because gravity pulls the rocket downward. Use the concepts of positive and negative when you analyze and interpret your data and graphs later.
    

    
      Force: The Cause of Motion
    

    
      Mass
    

    
      Mass is the amount of stuff in an object and we give it the symbol m. The more atoms, molecules, or whatever there is in an object, the more mass it has. Mass used to be called inertia because it is hard to change the motion of a large mass. Mass likes to continue moving like it is moving and it takes a force to change its motion.
    

    
      Force
    

    
      Force is a push or a pull. When an elevator accelerates upward, the motor exerts a force on the cable attached to the elevator to pull it up. Even when the elevator is going down, the motor must exert a force on the cable to keep the elevator from falling too fast. When you stand on the floor, the floor exerts an upward force on you to keep you from falling through the floor. When you stand on a scale, the floor exerts an upward force on the scale and the scale in turn exerts an upward force on you, which is read on the scale. Complicated - isn't it?
    

    
      Gravity
    

    
      Now that you understand the basics of motion, we can discuss an important force in many cases involving motion. All masses attract each other. We call that gravity. The Earth is a very large mass equal to about a trillion billion elephants. The Earth attracts the rocket towards its center and this often causes the rocket to return back to Earth. The acceleration of a freely falling body near the surface of the Earth is given the symbol g. How would things change on the Moon or other planets? You can explore that later.
    

    
      Weight
    

    
      When you stand at rest on the floor, the floor pushes up on you to keep you from falling through. The value of this force is your mass times the acceleration of gravity and we call the value of this force your weight W = mg. This is what you actually feel because of Earth's gravity.
    

    
      Newton’s Laws: Putting It All Together
    

    
      Isaac Newton (1643-1727), one of the greatest minds ever, discovered that force was directly related to acceleration. The more total force you exert on an object, the greater its acceleration F = ma, where F stands for the total force on the mass in question. In many cases there can be many objects acting on one another, so using Newton's idea can be complicated. In our case the rocket motor and gravity will be acting on the rocket in the simplest case. We will also consider the air drag acting on the motion (wind can also act on the rocket, but we won’t model that). Thanks to Newton, we now have the reason for acceleration and thus motion. See Laboratory Activities in this book for experiments on Newton’s laws.
    

    
      Modeling and Simulation
    

    
      In the simplest case where the rocket motor provides a constant upward acceleration and we neglect air drag, wind, and the rotation of the Earth (not a realistic assumption for an actual rocket), the motion can be solved in closed form with relatively simple algebra. However, as we add air drag and model the rocket engine more realistically, we have to resort to solving differential equations. Ultimately, a numerical simulation using a computer is called for. Leonhard Euler (1707-1783) developed a conceptually simple method for numerically solving equations like those we will deal with. The method involves rates of change and equations that can’t be solved with algebra. Although there are more sophisticated and efficient numerical methods, modern computers are fast enough that we will be able to get by with Euler’s conceptually simpler method. It is very powerful in its simplicity.
    

    
      Approach to Learning
    

    
      Students can learn a lot by looking at examples of how others solved a particular problem and then modifying the solution to adapt the problem to less stringent assumptions. It is in the modification process that the student’s understanding of the solution is tested and where valuable learning takes place. We will follow that process in this chapter. Using Etoys, a simulation of the rocket, with simplifying assumptions will be available for the learner to modify to a more realistic solution. As more complexity is included along the way, the learner will be rewarded with a sense of accomplishment and a deeper understanding of modeling, simulation and motion.
    

    
      General Assumptions
    

    
      We start by making several assumptions to simplify the problem of the LAS and relax several of them as we approach a more realistic model.
    

    
      	The acceleration of gravity is constant at 9.8 m/s2. This is a reasonable assumption near the surface of the earth, but at the International Space Station, that acceleration has already dropped to around 0.9 the value that it has at the Earth’s surface. We can relax this assumption without too much effort.
      

      	We will neglect air resistance. This isn’t a reasonable assumption and it is one of the first we will attack with Euler’s method.
      

      	The rocket engine will be modeled as providing a constant upward acceleration. This isn’t realistic and we will later model the rocket engine with a constant gas exhaust velocity relative to the rocket and a constant rate of mass decrease of the rocket fuel. However, we won’t be able to model the actual engine used by NASA, as that is proprietary information – proprietary information is information or intellectual property owned by a company and protected from unauthorized distribution for the purpose of allowing the company to make money.
      

      	We will neglect the fact that Earth is rotating. Newton’s laws apply in a coordinate system that isn’t accelerating. Because the Earth rotates about its axis, a coordinate system attached to the Earth from which we observe the motion, is accelerating. Anything moving in a circle accelerates because the direction of the velocity is always changing. Velocity is a vector and has both magnitude and direction. If either the direction or magnitude changes, the velocity changes and the object is said to accelerate. The acceleration of a point on the equator is around 0.034 m/s2. Although this is a small fraction of g, the effect is very noticeable for the range of motion of a typical rocket. In addition there is a smaller acceleration because the Earth revolves around the Sun 0.006 m/s2 and an even smaller one because the Sun revolves about the center of our Milky Way galaxy 2.4 x 10 -10 m/s2, and so on... It isn’t easy to do physics calculations in a rotating coordinate system and we will leave that as an independent investigation for the learner. Read about the Coriolis effect (Gaspard-Gustave Coriolis 1792-1843) if this topic interests you.
      

      	We will neglect forces from winds.
      

      	We will neglect departures of the Earth from a uniform sphere.
      

      	We will neglect the buoyant force of the Earth’s atmosphere on the rocket.
      

    

    
      Model 1: Constant Acceleration in One Dimension
    

    
      We could solve some of the models using algebra and others would require solving differential equations, which requires a greater mathematical sophistication. Although we could use closed form techniques, we will use the Euler method, which is conceptually simple, powerful and can be used to solve nearly any problem given enough computing power and time. Learning to solve problems numerically is a valuable skill to have. We will start modeling the rocket engine as providing a constant upward acceleration of the rocket, which moves upward in one dimension until the burn is completed. Once the burn is finished, the rocket will be in freefall as we will neglect air resistance and winds. We will ignore the fact that we are in a rotating coordinate system.
    

    
      Description
    

    
      You can access this model after downloading and installing Etoys at squeakland.org. The URL for the model is http://www.pcs.cnu.edu/~rcaton/flexbook/flexbook.html. If you can’t find a computer where you can install Etoys, it is possible to run the simulation off a memory stick. You can download a copy of Etoys-To-Go at squeakland.org and the simulation at http://www.pcs.cnu.edu/~rcaton/flexbook/flexbook.html. The simulation is an Etoys project with an extension .pr. If the downloading process puts a .txt extension on the end, remove the .txt extension. You need to unzip the downloaded file and put Etoys-To-Go and the simulation on the same memory stick. The simulation .pr file should go in the Etoys directory.
    

    
      Experimental Observation and Understanding
    

    
      Scientists and engineers find it useful to plot data on a graph to visualize what is happening and you will too. Before modifying the simulation, it is instructive to take data on the simple model in the Etoys project.
    

    
      Exploration 1: To start collecting data, set your values for burn time and acceleration in the Control and Data Center, click the yellow reset button, record the time and altitude, click the red launch button, click the yellow pause button approximately every second, record your new data, and click the red launch button to resume. Take data until 10 seconds after the burn time is over. Plot the position on the vertical axis against the time on the horizontal axis. Work in groups and brainstorm how you should best collect and record the data. Have each member choose different burn times and accelerations for the rocket. Discuss your results in the group and compare with others' data and plots.
    

    
      	How does the burn time affect your graph's shape?
      

      	How does the acceleration affect your graph's shape?
      

    

    
      Exploration 2: Record data in your notebook on the velocity of the rocket approximately every second until 10 seconds after the rocket's burn time is over. Plot the velocity on the vertical axis against the time on the horizontal axis. Work in groups and brainstorm how you should best collect and record the data. Have each member choose different burn times and accelerations for the rocket. Discuss your results in the group and compare with others' data and plots.
    

    
      	What is special about the shape of your graph? Remember, there is always error in real data, so your graph may not be perfect. Try to visualize what the ideal graph would look like.
      

      	How does the burn time affect your graph's shape?
      

      	How does the acceleration affect your graph's shape?
      

    

    
      Exploration 3: What would happen if you launched the rocket on the Moon or a planet other than Earth? Work in groups and have each member find a value for the acceleration of gravity at the surface of the Moon or planet. Use books and the Internet. Be sure the units are meters per second per second so you can compare with the value given for Earth. If the values are in different units, look up how to convert the values to the needed units. Enter the new gravity values in the second from bottom box in the Control and Data Center. Take data on the new motions and plot it. Discuss your results in the group and compare with others' data and plots.
    

    
      Model 2: Air Resistance
    

    
      We will relax some of the simplifying assumptions one at a time starting with air resistance. For large objects like the CEV, the air resistance can be modeled as producing a force proportional to the square of the speed and opposing the motion of the object. Your assignment is to add this to the previous model by modifying the force expressions for the two regions: the constant acceleration upward while the rocket engines are burning and the subsequent freefall. It would be wise to include a proportionality constant in the air resistance term so you can vary the strength of the force of the air on the rocket. Although Euler’s method is used in the simulation, it would be good to explicitly present the notation here.
    

    
      Because y and vy are constantly changing with time, they need to be continually updated. Take a small step in time dt to change y and vy. Calculate the new values for y and vy using
    

    
      [image: {\mathbf{\color{red}y}} &= {\mathbf{\color{green}y}} + dy = {\mathbf{\color{green}y}} + {\mathbf{\color{green}v_y}}dt\ {\mathbf{\color{red}v_y}} &= {\mathbf{\color{green}v_y}} + dv_y = {\mathbf{\color{green}v_y}} + (a_y)dt\ a_y &= \frac{F_y}{m}]
    

    
      For example, [image: F_y = (-mg + kv^2)], with k positive when the rocket is freely falling toward Earth. You need to figure out the other cases during the motion. The green values are current values of y and vy and the red are the new values. The amazing thing is that for small enough dt the result approaches the correct solution with arbitrary precision for well behaved systems.
    

    
      Model 3: A More Realistic Rocket
    

    
      Rockets aren’t usually designed to provide a constant upward acceleration. Although we can’t divulge the proprietary propulsion scheme, a first step in modeling a more realistic rocket is to assume a constant burn rate for the fuel and a constant ejection speed of gas relative to the rocket. The force on a rocket taking off from Earth has two components: one from the gravitational force of the Earth and the other from the expulsion of gases from the rocket engine (thrust). We will continue to neglect the rotation of the Earth and small variations in the acceleration of gravity from height above the Earth and departures of the Earth from a perfect uniform sphere. The discussion below leaves out air resistance. You can add it if you wish.
    

    
      Call M the mass of the rocket. The force of gravity is -Mg if we take upward as positive and assume we are near the Earth's surface where g is fairly constant. The rocket force can be found from the impulse momentum theorem: Frdt = -vedM because dM (the small change in M) is negative. ve is the velocity of the ejected gas relative to the rocket. We assume that dM/dt ( = -C) and ve are constant to make the problem easier. The total force can be written as
    

    
      [image: F = -Mg - (v_e) \left (\frac{dM}{dt} \right )]
    

    
      We get the following finite differentials:
    

    
      [image: dM &= -Cdt\ dy &= v_y dt \ (y \ \text{is upward})\ dv_y &= a_ydt = \left (\frac{-g - v_e \left (\frac{dM}{dt}\right )}{M} \right ) dt]
    

    
      Because y, vy and M are constantly changing with time, they need to be continually updated. Take a small step in time dt to change M, y and vy. Calculate the new values for M, y and vy using
    

    
      [image: {\mathbf{\color{red}M}} &= {\mathbf{\color{green}M}} + dM = {\mathbf{\color{green}M}} -Cdt\ {\mathbf{\color{red}y}} &= {\mathbf{\color{green}y}} + dy = y + {\mathbf{\color{green}v_y}}dt\ {\mathbf{\color{red}v_y}} &= {\mathbf{\color{green}v_y}} + dv_y = {\mathbf{\color{green}v_y}} + \left (\frac{-g - v_e (-C)}{{\mathbf{\color{green}M}}} \right )dt]
    

    
      The green values are current values of M, y and vy and the red are the new values. Again for small enough dt the result approaches the correct solution with arbitrary precision for well--behaved systems.
    

    
      Your assignment is to modify the previous model to use the more realistic rocket engine described above. You can include air resistance if you wish, but it may be best to leave it out at first until you have the rocket engine model working properly. You can get some numbers to test your model from Physics by Alonso and Finn (p. 136).
    

    
      Model 4: Accounting for the Change in Gravity as the Distance from the Earth Changes
    

    
      Earth’s force of gravity reduces as the rocket’s distance from Earth increases. To model this, assume an Earth with spherically symmetrically distributed matter and then you can replace the Earth with a point mass at its center. Newton held up publication his Principia until he could prove this was true. For the LAS at the launch pad, the variation of the force of gravity isn’t a big effect because the CEV doesn’t get that far from the Earth’s surface, but it is valuable for your education to model this behavior.
    

    
      Model 5: Simplified LAS
    

    
      [image: ]
    

    
      Figure 3: Scope of LAS Operating Environment. (Attribution: NASA)
    

    
      A simplified 2D model of the LAS implemented in Etoys can be downloaded at http://www.pcs.cnu.edu/~rcaton/flexbook/flexbook.html. Explore this model to learn how it works. A simulation with changing mass would be a much better representation. The LAS + CM loses about a 7th of its mass during the abort motor burn. We used a simplified thrust curve for the abort motor because the actual thrust curve is “NASA sensitive.”
    

    
      Extensions
    

    
      Adapt the 2D LAS model to employ a rocket with constant exhaust velocity and constant rate of mass loss. Model a two-stage 1D rocket.
    

    
      Contact Information
    

    
      If you have questions about the simulations, feel free to contact Randall Caton at rcaton@cnu.edu.
    

    
      This chapter has been reviewed by John Stadler.
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