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Accelerators are machines where particles are accelerated to very high speeds. These particles collide with each other to produce a host of new particles. The type of particles produced and the nature of the collisions act as a probe to understand the Universe, and all matter, at a very fundamental level. These particles correspond to sizes as small as 10-15 m, much much smaller than cells (10-6 m) which were first probed by microscopes.

Hence accelerators are like microscopes into the tiny world of fundamental particles and their interactions. They help us find answers to questions such as, when and how the Universe was formed, and what it is made of.

What do we know about our Universe?

We already know that the Universe was produced in a Big Bang nearly 14 billion years ago. The hot Universe cooled slowly and produced galaxies, stars, and our Earth, and life as we know it today.

We also know that all matter is made up of fundamental consituents called atoms. These atoms have a central core nucleus, surrounded by negatively charged particles called electrons. The nucleus contains positively charged protons and the electrically neutral neutron together called nucleons. These are in turn made up of fundamental building blcoks called quarks.

Atoms can interact with light by absorbing and emitting it. During these studies it was found that light can also be thought to be made up of particles called photons. These photons are massless, unlike matter (and all particles that make it up). Light (and so also photons) travel at a constant and very high speed of 3 lakh km/sec.

How does a probe work?

To see how scientists use such machines to seek answers to fundamental questions, let us start with an analogy: Suppose you are given some thing to eat, say some sweet, and you don't know what it is made up of.

What do you do? You put it in your mouth, dig deep into it with your teeth. This helps the tongue to savour the taste and figure out the contents of the eatable given to you. In a sense you now have some understanding of the constitutents of the sweet given to you.

Now replace your mouth by the laboratory, the teeth by a probe which may be a particle like electron or proton accelerated to high speeds by an accelerator, the sweet by a target and your tongue by a particle detector which identifies the ejected contents. You have now a whole complex like the LHC project on hand (or in your mouth!).

BOX : Particle accelerators

A particle accelerator is a machine that uses electromagnetic force to propel charged particles, like electrons and protons, to high speeds. In addition they also focus the particles to a narrow beam.

The simplest example of a particle accelerator is a television tube where electrons collectively create images that we see on the screen.

Initially, particle accelerators were used for creating beams of high speed particles to probe the structure of matter such as atoms and nuclei---hence they were also called atom smashers. Nowadays they are also used in radio-therapy, industrial processing and biomedical applications.

Early particle accelerators

The idea of using probes that we know well to study the structure of matter is a very old one. X-rays were used to study bone fractures. This was after it was known that the rest of the human body is transparent to X-rays but bones are not.

Higher energy X-rays were also used to study the structure of crystals. It turns out that, the higher the energy or the speed of the probe, the smaller the distance it can probe. These probes may be made up of light particle or photons as in X-rays, or even electrons and protons.

Since electrons and protons are charged they can be easily accelerated to high speeds by electric and/or magnetic fields.

Linear versus circular accelerators

The early accelerators used simple technology to create a high voltage difference between two ends of the accelerator. The charged particles were then accelerated in this voltage gap. These were called linear accelerators. The larger the distance, the more speed the particle could reach. This was more suited to low energy studies.

In order to create high energies that are required to probe the structure of nuclei, the particle needs to be accelerated over very long distances and it becomes impracticable to build such a machine. Instead, it is more suitable to use circular accelerators.

In a circular accelerator the charged particles move in a circle. The circle many times over until they reach the desired speed or energy. The particle moves in a circle by suitably arranging electromagnets to turn the particle beam in a circle.

END OF BOX

BOX Energies and distances

The higher the speed, the more its energy (since the kinetic energy of a particle depends on its speed). Heisenberg was the first to realise that there is a connection between the energy of a probe and the size of the object it can probe. The relationship occurs because of complicated reasons that are explained through Quantum Mechanics. As a result of this, it turns out that higher energy probes can study smaller and smaller sizes. Hence high energy probes are most suitable for studying fundamental particles and their interactions, which occur at very small scales.

Some examples of typical sizes and the energy needed to probe them are listed in the table. The table lists all the energies in natural units called electron volts (eV). This is the energy gained by an electron as it falls through a voltage of 1 V. It is a very very small quantity. 

Different units of energy

One calorie (cal) is the amount of energy needed to raise the temperature of 1 gm of water by 1 degree centigrade. For instance, you may know that an apple or orange contains about 100 kilocalories (ususally written as Cal with a capital 'C') of energy. A kilocalorie (Cal) is one thousand calories (cal).

Mechanical energy is measured in Joules. One calorie equals 4.2 Joules while 1 eV = 1.6 X 10-19 Joules! That's really small.

Object 
Size/Thickness 
Energy equivalent

Hair 
10-4 m   
--

Cell 
10-6 m  
0.2 eV

Atom 
10-10 m  
2000 eV

Nucleus
10-15 m 
200 X 106 eV

END OF BOX

The Large Hadron Collider

Large Hadron Collider (LHC) is a particle accelerator where beams of protons moving at 99.999999 percent of the speed of light collide with each other. The collisions are so intense that they recreate conditions that existed a fraction of a second after the birth of the Universe.

It is the biggest, and also the most expensive, such machine built to view and understand the smallest fragments of matter in the universe. It is indeed the world's biggest microscope. The milestone was achieved on March 30, 2010.

LHC is just as the name suggests---large. It weighs more than 38,000 tons. The circumference of the circular tunnel in which the collider is situated is 27 km. More than 1,600 superconducting magnets are used to bend the beam and these are supercold, at -271 degrees C.

It took nearly 16 years to build the machine and cost around 10 billion U.S. dollars. The beams that collide with one another travel along a circular tunnel some 100 metres below the surface near the city of Geneva in Switzerland. It is built by the European Organisation for Nuclear Research (CERN).

The LHC is designed to accelerate protons beams to an energy of 7 tera-electron volts (7 TeV; 1 TeV=1012 eV) or approximately 1 micro joule=10-6 J). It appears to be a very small amount of energy; however, the proton is a very small object and so this is not true, as can be seen from the table.

It is called a collider since opposing beams of protons are simultaneously accelerated to collide at this energy. At these energies it is possible to probe the deep interior of a nucleon and provide answers to some of the most fundamental questions of physics.

The collisions are expected to produce novel interactions which will help in understanding the laws of physics at the most microscopic level.

The tunnel is only a part of the LHC project. The beams are highly focussed (less than 100 micrometres in size). They cross and collide at four different points around the LHC tunnel. At these spots, four detectors called ALICE, ATLAS, CMS and LHCb are placed to record the data from these collisions.

During these interactions thousands of new and old particles are produced which are then recorded and analysed. As the energy increases, these collisions provide scientists a peek into the most fundamental structures and their properties. The extreme conditions may also throw up new and fundamental particles unknown until now. Indeed LHC may take us to the threshold of new and fundamental discoveries.

The GRID is a global network of computers and software, including in India, to analyse the data generated by the colliding proton beams in LHC.

The particle zoo

The laws of physics at the most fundamental level are summarised in the Standard Model of particle physics. This model lists the properties of very basic building blocks of matter, like electrons (and heavier versions of these, like muons and tauons) and quarks.

In addition, every particle has an anti-particle associated with it. For example, the anti-electron or positron is the anti-particle of the electron. Anti-particles have the same mass but exactly opposite electric charges as the associated particles.

While particles (such as electrons and protons) come together to form matter, anti-particles bind together to form anti-matter. When matter and anti-matter of the same type meet (such as electrons and anti-electrons, etc.), they annihilate or destroy themselves, producing instead an equivalent amount of pure energy.

Interactions

The Standard Model also describes the different interactions in a very simple way: an interaction occurs between two particles when they exchange so-called mediator particles. For example, two electrons exchange photons in order to experience electromagnetic interactions.

When quarks exchange gluons, they are bound into protons. Finally, weak W and Z bosons mediate interactions responsible for the decays of unstable particles such as radio-activity.

Hence there are two different sets of particles: one which make up matter (such as electrons and quarks) and the other which enable these particles to interact, called force carriers.

What exactly will the LHC study?

1. The origin of mass

Mass is the amount of matter a body contains. Matter particles (such as electrons and quarks) do have mass. A fundamental question is the origin of these masses. Why do particles have masses? Why do they have different masses?

The British physicist Peter Higgs and several others proposed the existence of a force field (now called the Higgs Field). This is supposed to pervade the entire Universe.

The unique property of this field is its interaction. Particles exchange force mediators to interact. They are also initially massless. It is their interactions with the Higgs field that make them appear to have mass. The associated particle is called the Higgs particle (just as the particle associated with light is called the photon) and is expected to be some 100--200 times heavier than the proton.

Thus if the theory is right we should be able to detect these particles. This is one of the primary goals of the LHC.

2. The origin of the Universe

Another important question that LHC will probe is about the origin of our Universe. How has it come to be the way it is?

According to our present understanding, the Universe started with a Big Bang. In the beginning the Universe consisted of a hot soup of fundamental particles such as quarks and electrons and the force carriers like photons, gluons etc. As the Universe expanded, it began to cool.

As it cooled, the quarks and gluons combined to form particles like protons and neutrons. From these arose nuclei, atoms and all the matter that we see around.

The highly energetic collisions at LHC will break up protons into their original constituents. This will re-create for a short time the hot soup-like conditions that occurred at the beginning of the Universe and allow scientists to study them.

This hot matter will cool into a state containing particles, just as the Universe did so long ago. These particles will be observed by the various detectors and will will help us understand how matter particles were produced in the first place.

3. Matter versus anti-matter

The Big Bang is thought to have created equal amounts of matter and anti-matter. However, our Universe has been observed upto very large distances and it appears to be entirely dominated by matter. For instance, we have not seen any anti-matter galaxies. Where has all the anti-matter gone? Or perhaps it was never formed in the first place?

One possible way out is that anti-matter was formed in equal amounts during the Big Bang. But interactions that occur are not symmetric between matter and anti-matter. This could result in the anti-matter having transformed or decayed away.

Experimentally there are already hints that there are some particles which decay at different rates compared to their anti-matter partners. One of the aims of the LHC is to study this fundamental question.

4. The final theory?

For several reasons, physicists believe that the Standard Model is not the final theory. We are able to understand the world based on the accuracy of our probes.

Early scientists thought that the atom was indivisible until probes were found to show the presence of its central nucleus. In the same way, the present understanding could be correct at the energy we are probing the Universe. Perhaps there is a different theory that will get revealed when we probe at higher energies. 

One new idea that is very popular is called super-symmetry. If this theory holds, then there should exist a number of other particles which are heavier and as yet undetected.

Related to this issue is the puzzle of so-called dark matter in the Universe. When astronomers look at galaxies, they can "see" it through telescopes and such probes. From this they make estimates of the amount of matter in the galaxy. This is called the visible mass, for obvious reasons.

Astronomers have also used gravitational effects in the rotation of the galaxy to determine its mass. This turns out to be much larger than the visible mass. It is therefore likely that a large part of the matter in galaxies is not visible and hence is called dark matter. It is possible that these unseen matter particles may be the supersymmetric particles.

The LHC is a good place to search for such particles that may lead us to a new, improved theory of fundamental particles and their interactions.
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