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A truly astounding revelation concerning the immense power our universe houses may be closer at hand, particularly to anyone living in Argentina or Colorado, than many would have guessed.
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The universe is replete with mysteries, and scientists of all fields are constantly endeavoring to offer plausible explanations for thousands of these phenomena.  However, few research projects can claim such potentially earth-shattering cosmological significance as the Pierre Auger Collaboration.

This organization, named for a twentieth century French physicist, is at the forefront of cosmic ray research.  It includes more than 250 scientists from 17 countries, and its dedicated members are devoted to finding the answer to one of the greatest scientific mysteries of the age.  Members include Colorado State University’s own Professor John Harton, among many other renowned physicists including Nobel Laureate Jim Cronin of the University of Chicago.

COSMIC RAYS:
FINDING THE POWERHOUSE

Physicists have long been familiar with cosmic rays.  These rays, which are actually high-energy, fast-moving particles such as atomic nuclei or protons, can be measured to determine their energy and the direction from which they came.  Scientists speculate that cosmic rays with energies of less than 3x1018 electronvolts (eV), or the energy required to move one proton a distance of 2.93x1025 meters (1.82x1022 miles) in one second, originate within the Milky Way galaxy, possibly from supernovae, the explosive deaths of stars.  
The magnetic fields created by these explosions reflect charged particles back and forth, causing them to gain increasing amounts of energy, until they have sufficient energy to overcome the magnetic forces and accelerate into space.  This possible explanation for cosmic rays, known as the magnetic shock acceleration model, cannot, however, account for the highest-energy cosmic rays.  Physicists are thus led to believe that the most energetic cosmic rays originate beyond our galaxy.

Nothing is known conclusively about the origin of the highest-energy cosmic rays, or indeed those of lower energy, but on November 8, 2007, the collaboration announced that there is strong evidence to support the theory that active galactic nuclei (AGN) are responsible for imparting such high energy to the most energetic cosmic rays.  Scientists believe AGNs, compact regions at the centers of some galaxies, are powered by supermassive black holes.  They consume gas, dust, and other types of matter from their surroundings and then release particles and energy.  
An active galactic nucleus containing a black hole. http://www.auger.org/cosmic_rays/mysteries.html
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The importance of this discovery cannot be overstated.  With a likely cosmic ray source to study, physicists can now concentrate on unraveling the exact process by which AGNs might form cosmic rays.  Prior to this breakthrough, the collaboration was studying the paths of air shower particles and their parent cosmic rays, hoping that if many rays appeared to be arriving from the same direction, a source could be pinpointed.  The physicists now have a clear path to follow, buoyed by their inspiring recent discovery. 
STUDYING THE MYSTERIOUS

Physicists were not even aware that cosmic rays with energies greater than 1018 (one million trillion) eV existed until two different teams of researchers, one in Utah and one in Japan, accidentally measured energies six times greater than they thought possible.  Cosmic rays of lower energies are ubiquitous; in fact, around one hundred secondary particles from cosmic rays pass through our bodies every second, depending upon altitude.  However, above the energy of 1018 eV, only one particle falls on an area of one square kilometer (0.386 square miles) in a given week.  Particles of more than 1020 eV are even more elusive, falling on the same area only once every century.  Obviously, studying these highest-energy cosmic rays requires very advanced and widespread technology.
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Cosmic rays are directly observable only above the atmosphere.  The highest-energy cosmic rays are so rare that it would not be feasible to send a detector beyond the atmosphere to collect data as is done for lower-energy rays.  It would be impossible to detect a great enough number to facilitate study.

Luckily, scientists are able to utilize the interference of the atmosphere to aid their research.  When cosmic ray particles reach Earth’s atmosphere, they collide with air molecules and break into millions of secondary particles that fall to the earth over an area of up to sixteen square kilometers (6.178 square miles).  The particles in these ‘air showers’ can be detected and studied to gain insight into the energy of the original particle and the direction of its origin.  The highest-energy cosmic rays do not appear to be significantly deflected by the magnetic field of the earth, so cosmic ray physicists observed many particles coming from the same direction, leading them to the possibility of AGNs as the source of cosmic rays.

The collaboration’s primary research method involves air shower detectors.  These enormous detectors, consisting of 1600 stations situated to form a hexagonal array, cover an area of about 3000 square kilometers, or 1160 square miles.  Each station holds a 3000 gallon tank of water and instruments that gauge how many particles go through the tanks where they cause measurable bursts of light.  Particles from the same shower reach many different stations almost simultaneously, so computers send the information about each particle to a data center which combines the different measurements to determine the direction and energy of the original cosmic ray.  The detector array measures about 30 high-energy cosmic ray events each year along with many of the comparably low-energy ones.
The second method of research utilizes light sensors, known among some researchers as “fly’s eyes”, to measure the glow (fluorescence) caused by the collisions between air shower particles and air molecules.  The total amount of light, along with its shape and path, can be analyzed to determine more about the energy of the cosmic ray and its direction.
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An artistic depiction of an air shower: a cosmic ray splits into secondary particles which are detected by one of the ground stations while an air fluorescence telescope notes the path of the particles.  
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http://www.auger.org/features/hybrid_detector.html 

The Auger Collaboration currently has one detector system in place on the Pampa Amarilla in Argentina, known as Auger South.  Plans are in place to construct an even larger detection system, Auger North, in southeastern Colorado.  Between the two, scientists anticipate that they will be able to observe all portions of the night sky for these high-energy cosmic ray events.  The hard work and diligence of the scientists has already led to greater understanding of cosmic rays; the impressive goal of understanding the great powerhouses within our universe seems startlingly and amazingly attainable.
For more information, 

please contact John Harton (harton@lamar.colostate.edu) 

or visit http://www.auger.org.

T2K 
Science is arguably one of the few fields in which there is always more to be discovered and the brightest minds of the day are constantly trying to build upon, or even completely disprove, the conclusions of their predecessors.  As Sir Isaac Newton stated, “If I have been able to see farther than others, it is because I have stood on the shoulders of giants.”  This powerful testament could very well be the motto of many scientific research groups, including the physicists involved in the forthcoming T2K project in Japan.

T2K (Tokai to Kamioka) will research neutrinos, particles created by radioactive decay and other nuclear interactions.  Billions of these particles reach the earth every second, arriving from the sun as well as other stars and supernovae.  In the Standard Model, neutrinos were defined to be massless, chargeless particles that barely interacted with matter.  While the latter two of these characteristics have yet to be disputed, neutrinos have recently been proven to have mass.  This ground-breaking discovery by the project’s parent collaboration, Super-K, necessitated an overhaul of the Standard Model of the Atom, a tremendous accomplishment for all the scientists involved.

Scientists initially speculated that neutrinos might have mass because of the solar neutrino problem, or the deficit in the number of neutrinos from the sun expected to reach detectors.  Neutrinos can be separated into three categories, or flavors: electron-, tau-, and muon-neutrinos.  The sun produces electron-neutrinos (solar neutrinos) which then travel to Earth.  However, scientists observed two times fewer electron-neutrinos arriving from the sun than their calculations predicted.  This unanticipated deficit led them to the idea that some of the electron-neutrinos changed, or oscillated, into another flavor that escaped detection.  Such flavor oscillations would require the neutrinos to be massive particles.  The Super-K Collaboration claims the discovery of the nonzero neutrino mass after utilizing its detectors to observe flavor oscillations.

Building on this amazing discovery, the T2K Collaboration hopes to detect the heretofore unseen flavor oscillation of muon-neutrinos into electron-neutrinos.  The parameters required for neutrino flavor oscillations to occur are not yet fully understood, and researchers hope to define the necessary conditions that support oscillatory behavior. 
Neutrinos can change, or oscillate, from one type to another.  T2K physicists hope to observe the oscillation of muon-neutrinos (the green circle) to electron-neutrinos (the red circle).
http://www-nu.kek.jp/jhfnu/japanese/public/index.html

OBSERVING FLAVOR OSCILLATIONS

The neutrino experiments will be conducted in Japan, using some of the same technology so successfully employed by the Super-Kamiokande project.  However, upgrades in certain features will allow for greater power and thus more neutrinos for the detectors to observe.  The experimental process will begin at the JPARC facility in Tokai where an accelerator will speed protons down a long tube where they will collide with a target material, producing particles called pions.  These pions will decay into muons and muon-neutrinos; the muons will subsequently decay to electron- and muon-neutrinos and electrons.  The entire process will take mere millionths of a second.  Two detectors, one near the source in Tokai and another in Kamioka, a mine 295 kilometers (about 183 miles) away, will collect data about the neutrinos, data which scientists hope will indicate flavor oscillations from muon- to electron-neutrinos.

The Kamioka detection apparatus itself is quite amazing and has already been used, to great success, to observe neutrinos.  It relies on the phenomenon of the Cherenkov effect and the fact that neutrinos hardly interact with matter.  The speed of light, which is constant in a vacuum (3.0 x 108 meters per second, or more than 671 million miles per hour), is actually only about 75 percent of that when the light propagates in water.  Neutrinos will enter water tanks, and when each neutrino flavor interacts with water it can produce fast-moving particles that travel faster than light in water.  Their astonishingly fast motion produces bursts of blue radiation, akin to a sonic boom, known as Cherenkov radiation (named after the Soviet physicist Pavel Alekseyevich Cherenkov who first observed the effect).  Interpreting the patterns of this radiation allows physicists to study the neutrinos, which have distinctive ‘signatures’: electron-, muon-, and tau-neutrinos release electrons, muons, and tau particles, respectively.
An example of one of the many sets of data the scientists collect and study to learn about neutrinos. 

http://www-nu.kek.jp/jhfnu/japanese/public/details.htm

    NEUTRINOS: 
RESPONSIBLE FOR LIFE?

Neutrinos are of interest to physicists for a variety of reasons.  When neutrinos were thought to be massless, they were not included in the mass calculations of the universe.  However, now that they are known to have mass, their vast numbers lead scientists to speculate that a significant portion of the universe’s total mass is comprised of neutrinos.  This hypothesis, in turn, points to the hugely important role neutrinos may have played in the formation of the universe.  Every particle has a corresponding antimatter particle (equal mass, opposite charge). In the early universe, there ought to have been an equal amount of matter and antimatter created from the energy of the Big Bang, but the fact that mass exists proves that there is more matter than antimatter.  Cosmologists postulate that this lack of symmetry must have been present within the few seconds after the Big Bang or the matter and antimatter would have canceled out, leaving no mass and no universe as it is understood today.  Now that neutrinos are known to be massive particles, it is quite likely that they played a part in this unbalance and thus the formation of the universe.  The process by which matter came to exist in greater amounts than antimatter is known as baryogenesis; without this unbalance, life would not have been possible.




Humans have always wondered where they originated and how everything they know came to be.  The fact that a group of brilliant scientific minds is on the way to discovering answers to these most fundamental queries is absolutely astounding.  Colorado State University professors Walter Toki and Robert Wilson and their team of engineers and post-doctoral researchers are currently designing and building parts of this experiment.  As they strive to discover more about the mysterious neutrino, a unified theory of physics as well as explanations concerning the origin of life may be within reach.
For more information, 

please contact Walter Toki (toki@lamar.colostate.edu) 

or Robert Wilson 

(wilson@lamar.colostate.edu).

KamLAND

In the very same mine shaft where the renowned Super-K Collaboration discovered that neutrinos— mysterious, high-energy particles— have mass, another group of physicists is dedicated to defining the parameters associated with neutrino flavor oscillation, or the change of one type of neutrino to another.  However, unlike the T2K Collaboration, KamLAND (Kamioka Liquid Scintillator AntiNeutrino Detector) does not study the neutrinos directly; instead, it utilizes much of the same technology to observe and record data about antineutrinos, the antimatter pair of neutrinos.  Antiparticles have the same mass as their corresponding particle but the opposite charge or, in the case of neutrinos and antineutrinos which are both neutral particles, opposite spins.  Thus, as physicists recently confirmed that neutrinos have a nonzero mass, antineutrinos are now defined to be massive particles as well.  Both neutrinos and antineutrinos exist as one of three flavors, or types: electron-, tau-, or muon-.

Electron-antineutrinos are created by products of nuclear fission in nuclear reactors.  The KamLAND detector is situated in a prime location for observation of these particles as it is surrounded by more than fifty Japanese commercial power plants, ranging in distance from about 100 kilometers (62 miles) to 200 kilometers (124 miles).  Due to different powers and distances to the reactors, scientists must make careful adjustments.    For examples, the flux (concentration, or rate of flow through a specified area) of antineutrinos decreases as 1/R2 (where R is the distance from the antineutrino source) as R increases.  This relationship means that the antineutrino flux measured at a distance twice as far away as another measurement will be one fourth as large.  

Even taking this knowledge into account, however, physicists still measure far fewer antineutrinos than their calculations predict.  This seeming disappearance of particles was actually what led scientists to speculate that neutrinos had mass.  They postulated that, under certain circumstances, and if they did indeed have nonzero mass, neutrinos could change from one flavor to another in a process known as flavor oscillation.  The experiment’s apparatus would not detect the new flavors, thus accounting for the decreased flux.  This same logic can be applied to antineutrinos.  At the KamLAND site, the number of antineutrinos has been less than expected time and time again, as observed during ‘disappearance tests’ that record changes in flux.  KamLAND’s results, combined with the results from experiments conducted with solar neutrinos, have yielded the most accurate parameter determination yet.

OBSERVING THE UNCOMMON

KamLAND uses this double-layer detector filled with oil to gather information about antineutrinos.

http://kamland.lbl.gov/Pictures/pictures/KamLAND-detector-ill.jpg


Because of the low flux associated with antineutrinos, it is difficult to detect a sufficient number for meaningful study.  To combat this problem, KamLAND’s detection apparatus was designed to be significantly larger than any previously employed apparatus; even so, detectors may identify as few as three antineutrino events per day.  The equipment used is composed of an inner detector and an outer detector.  The outer portion detects and absorbs muons and other radioactive particles that could interfere with the antineutrinos.  The inner detector is a large metal sphere which houses a nylon balloon filled with mineral oil.  This oil emits light when charged particles move through it, and photomultipliers arranged over the area of the metal sphere detect the light and convert it into a corresponding signal of a very brief voltage change. 
KamLAND does not actually measure the signal from antineutrinos directly; instead, it relies on positrons and neutrons, the products of antineutrinos colliding with protons.  The detector measures the energies of the positrons and neutrons when they pass through the oil, and these energies can then be used to estimate the energy of the parent antineutrino.  Thus, scientists are able to measure the total number of antineutrinos as well as their energies.  Data from many events is compiled into a spectrum.  Different hypothetical parameters for flavor oscillations can be compared to this data, thereby allowing scientists to get even closer to an exact parameter definition.  Once such parameters are conclusively defined, it will be easier for scientists to observe flavor oscillations and look for new flavors in ‘appearance searches’.  Eventually, they hope to definitively measure the mass of neutrinos and antineutrinos.

In addition to detecting antineutrinos from nuclear power plants, the KamLAND Collaboration has been successful in its attempts to study antineutrinos formed by radioactive decay within the earth.  These geoneutrinos are produced by the decay of uranium and thorium and account for approximately half of the heat dissipated by the Earth. 
The left half of the Earth shows the distribution of geoneutrino production, while the right half shows the Earth’s basic structure.

http://kamland.lbl.gov/

In the future, the KamLAND Collaboration intends to expand its studies to include solar neutrinos.  Some 80 other scientists, from 12 institutions in Japan and the United States, in addition to Colorado State University professor Bruce Berger,  are currently contributing their vast knowledge to these studies, and soon they may be able to contribute the mass of neutrinos and antineutrinos to the Standard Model, a great achievement for modern physics.


For more information, 

please contact Bruce Berger (Bruce.Berger@colostate.edu) 

or visit http://kamland.lbl.gov. 

Future Projects: ILC and uno

In the world of science, researchers are always organizing new projects and discovering more phenomena.  The Center for High Energy and Particle Astrophysics hopes to expand upon its current research and bring even more scientific knowledge to the CSU community.

STRIVING FOR GRAND UNIFICATION

One such potential collaboration is the International Linear Collider.  Scientists have proposed that the collider be constructed in northern Illinois, an ideal location due to low population density and other environmental factors.  The collider will consist of two linear accelerators approximately 35 kilometers (21.7 miles) in length, end to end, and will require cutting two rock tunnels in the ground in addition to three surface-level data-interpretation components.

The collider would be used to accelerate and smash electrons and their antimatter particles, known as positrons, together at nearly the speed of light.  

An artistic interpretation of the collision of high-speed particles, resulting in a cascade of new particles.

http://ilc.fnal.gov/aboutus/


Every particle in existence has an antiparticle, which has the same mass and opposite charge.  When particles and their antiparticles are crashed together, they annihilate one another and give rise to an array of new particles.  In the proposed collider, there would be around 14,000 collisions each second.  Detectors would record information about each particle by taking photographs that could then be analyzed for distinctive ‘signatures’ of certain discoveries.  Scientists hope to study the newly created particles for insight into some of the most puzzling mysteries of particle physics, including the natures of the Higgs boson, dark energy, and dark matter.  Explanations for these incredible physics concepts could provide answers to fundamental questions about the origin of the universe and, indeed, all life. 
In the Standard Model of particle physics, there are three fundamental forces: strong, weak, and electromagnetic.  These forces are carried by specific particles, known as bosons; the strong force is carried by gluons, the force carriers for the weak force are W and Z bosons, and photons carry the electromagnetic force.  The Higgs boson is not a force carrier and is not even known to exist, but physicists speculate that this hypothetical particle could cast light on the yet unknown reason that photons are massless while W and Z bosons are relatively heavy.

One of the most fascinating new discoveries in physics involves dark energy and dark matter, phenomena with aptly vague names because scientists do not know what they are, though strong indirect evidence indicates they exist.  All that is known for certain is that around 95 percent of the universe is comprised of these mysterious substances while everything that can be seen makes up a mere five percent.  The array of new particles created through the annihilation of the electrons and positrons could lead physicists to a greater understanding of the fundamental natures of dark energy and dark matter because some of the created particles are likely to be of types not found in nature and never before studied.  

About 2000 people from 24 countries are involved in the work to make the dream of creating and utilizing this high-precision device a reality, anticipating the sweet success of taking one more giant step toward the realization of Albert Einstein’s vision of Grand Unification: a cohesive, all-encompassing theory of physics in which all the fundamental forces are indistinguishable.

BARYOGENESIS AND NEUTRINOS 
IN THE EARLY UNIVERSE

Another project of great interest to the Center is the UNO (Underground nucleon decay and Neutrino Observatory) Collaboration.  The UNO detector is proposed to be constructed in the Henderson Mine in Colorado where it will be shielded from cosmic rays and other possible sources of interference.  Unfortunately, the mine is not yet available for the scientists to begin the necessary arrangements, but they hope to have the UNO project running within ten years of ground-breaking.   Its primary research aims include discovering and observing proton decay as well as detecting neutrinos from very distant supernova explosions— even in the Andromeda galaxy.  These collected neutrino events could allow scientists to pinpoint the formation of black holes through changes in neutrino flux, or concentration.  Neutrinos are the only particles known to be able to escape the hugely dense cores of supernovae; thus, they are a most useful means of collecting information about the components of star deaths, from supernovae to the resulting black holes. 
The remnant nebula from Kepler’s Supernova.
http://www.nasa.gov/images/content/65906main_image_feature_219_jwfull.jpg


Information about both proton decay and neutrinos is probably necessary to understand why the universe exists at all.  A very complicated physics concept known as CP symmetry should have rendered the formation of the universe impossible.  Much simplified, CP symmetry mandates a balance between matter and antimatter and says that since all matter has corresponding antimatter, the two amounts should be equal.  As a result of this symmetry, the Big Bang should have produced equal amounts of matter and antimatter.  If it had, however, and CP symmetry was preserved, all the matter and antimatter would have canceled out and the universe would be no more than a vast number of massless photons.  Obviously, since life developed and the universe is currently composed of much more matter than antimatter, there was a CP violation.  The asymmetry created by this violation is known as baryogenesis, and it is responsible for the very existence of matter and, ultimately, humans.

In order to conduct research concerning these fascinating cosmological mysteries, the detector will utilize the water Cherenkov technology which consists of a huge underground container of water— 650 kilotons in the case of the proposed UNO project.  The speed of light, which is constant in a vacuum, is actually only about 75 percent of this constant when the light wave propogates in water.  However, neutrinos can exceed the speed of light in water and pass through matter relatively unhindered.  The neutrinos will penetrate the ground and enter the water moving faster than light.  When this occurs, the neutrinos can interact and produce signature particles.  The particles emit blue electromagnetic radiation, known as Cherenkov radiation, thus allowing the physicists to interpret the recorded patterns of the radiation and further their understanding of neutrinos.  In time, such knowledge will hopefully lead to greater comprehension of the universe, from CP violations to fundamental forces.  Meanwhile, however, the mystery of how matter and life came to be continues to equally fascinate and befuddle the brightest minds in physics.
For more information about any of the projects, 

please visit the 

Colorado State University Physics Department, 

located in the D-Wing of the Engineering Building.
