Using Lego to Model Quarks
'Who ordered that?'
In the mid 1930's, Physicists already had discovered the electron, the proton and the neutron.  They had, they thought, the particles and the knowledge to explain the world of atoms and molecules.  Then, in 1936, out of the blue, a new particle was discovered.  It had unexpected properties and prompted one Nobel Laureate to ask 'Who ordered that?'  The particle was the muon.  In the 1950's and 1960's a whole 'zoo' of particles was discovered, having no obvious relationship to each other.  Clearly there was a need to understand and put some order on this particle 'zoo'.  Hence, the quark model of particle physics was developed by Murray Gell-Mann and others.
Aim of the Activity
The aim of this activity is to use Lego bricks to describe and explain, at a simple level, the quark model of particle physics.
What you need
Lego bricks of different colours and sizes, 24 in all to represent the 6 types of quark and their anti-particles, together with the 6 types of lepton and their ant-particles.  (See Figures 1 and 2.)




Figure 1

Method
· Each of the 24 bricks represents an elementary particle, the larger bricks loosely assigned to the heavier particles.  Figures 1 and 2 also show the name, charge and mass of each particle.  As is often the case in particle physics the masses are given in MeV (or GeV).  MeV is really a unit of energy, but then, energy and mass are equivalent.  You can convert MeV to kg by first multiplying by 1.6 x 10-13 to bring to Joules and then divide by 9 x 1016 (the speed of light squared) to bring to kg.
· Print a copy of Figures 1 and 2 so you have an easy reference as to which bricks have been assigned to which quarks and leptons..
· You can now use the bricks to 'build' particles, such as protons, neutrons, alpha particles (helium nucleii), etc..  See Figure 3.  You can also model anti-particles, such as anti-protons and anti-neutrons.




Figure 2

· Baryons, like protons and neutrons, consist of three quarks.  Further examples of baryons for you to model are shown in Figure 5.
· Mesons consist of a quark-antiquark pair.  Examples are shown in Figure 4.
· Look up the quark composition of other particles and construct the models.
· You can also construct larger nucleii, like Lithium or Beryllium, if you have enough bricks.



Figure 3
· Processes can also be modelled, like nuclear fusion or beta decay.  Beta decay occurs when a neutron, inside a nucleus, changes to a proton + electron + anti-neutrino.  See Figure 6.



Figure 4

It's a Bit More Complicated Than This!
You may now have the impression that any combination of quarks (and anti-quarks) can be combined to create new particles.  But the laws of physics, particularly quantum physics, restrict what can and cannot happen.  The following describes some of the laws and restrictions.
· Baryons and mesons only ever possess integral (including zero) charges.  Therefore, the charges on the quarks that make them up must add to an integer value.

· A single quark has never been found isolated, outside the particles that they make up.  The nuclear force that binds the quarks together is not an inverse square law.  The force actually increases as the distance between them increases - as though they were attached by springs.  This leads to what is known as 'confinement', where almost infinite energy is required to isolate them.

· The strong nuclear force is mediated by gluons, in the same way that the electromagnetic force is mediated by photons.  Quarks within a proton are continuously exchanging gluons, which can come into and go out of existence at will - the gluons are bosons, whereas the quarks are fermions.



Figure 5

· If you look at the masses given for the particles above, you will notice that the mass of the proton, for example, is much greater than the sum of the masses of the three quarks that make it up.  Because quarks are confined to the tiny space occupied by baryons or mesons, Heisenberg's Uncertainty Principle dictates that because their position is known to a high degree of accuracy, their momentum will have a large range of values.  So within the proton (or any baryon or meson), the quarks and gluons possess a lot of energy and this explains the much greater mass for the proton than one would expect.



Figure 6

· Why can we not have a particle with four quarks?  To explain this requires the concept of 'colour charge'.  'Colour' here is only a name, and has nothing to do with colour in the normal sense.  Each matter quark has either a red, green or blue colour charge.  A quark of a particular colour will repel another of the same colour and so cannot exist together within a particle.  So, for three quarks to exist together within a baryon, they all must have different colours.  The colours red, green and blue when added give white - a neutral colour.  Anti- quarks also exist with three colours: anti-red, anti-green and anti-blue.  So an anti-proton must consist of quarks of these three colours - these colours add to give white also.  The two quarks that make a meson must consist of a colour and it's anti-colour, in the same way that a colour and it's complementary combine to give white.  The law is that, for all particles made of quarks, you must end up with white.

· The π 0 meson above consists of a down and an anti-down quark.  One would expect these to annihilate and give gamma rays.  But, because each has a different colour, they are not identical so it cannot happen.  Also, a proton consists of two up quarks and a down quark.  Because quarks are fermions, one would expect that the two ups, being in the same state, could not exist together because of Pauli's Exclusion Principle.  However, they have different colour charge so can exist in the confines of the proton.

In the early 1960's a new particle, which Gell-Mann called the Ω –, was predicted to exist.  So it was a great triumph of his theory when it was discovered in 1964.

The above model of quarks and leptons, together with the force particles such as photons and gluons, forms part of the 'Standard Model' in physics which explains three of the four forces in nature.  The fourth force, gravity, is explained by Einstein's Theory of General Relativity and is not part of the Standard Model.  Integrating the four forces of nature into one coherent theory remains one of the great challenges of modern physics.










Microsoft_Office_PowerPoint_Slide3.sldx
Building a Universe



Proton (uud)

Charge +1

938.28Mev

Anti-neutron (ūđđ)

Charge 0

939.57Mev

Anti-proton (ūūđ)

Charge -1

938.28Mev

Neutron (udd)

Charge 0

939.57Mev

Alpha Particle (Helium Nucleus)

2p + 2n

Charge +2

3727.3Mev





image1.jpeg









Building a Universe






image4.emf
Making Mesons

π

-

(dū)

Charge -1

139.57Mev

π

0

(dđ)

Charge 0

134.98 Mev

π

+

(uđ)

Charge +1

139.57 Mev

K 

-

(ūs)

Charge -1

493.68 Mev

K 

0

(dš)

Charge 0

497.65Mev

K 

+

(uš)

Charge +1

493.68Mev


Microsoft_Office_PowerPoint_Slide4.sldx
Making Mesons



π - (dū)

Charge -1

139.57Mev

π 0 (dđ)

Charge 0

134.98 Mev

π + (uđ)

Charge +1

139.57 Mev

K - (ūs)

Charge -1

493.68 Mev

K 0 (dš)

Charge 0

497.65Mev

K + (uš)

Charge +1

493.68Mev





image1.jpeg

W W

N
et









Making Mesons






image5.emf
Some More Baryons

Σ

–

(dds)

Charge -1

1197.45Mev

Σ

–

(uds)

Charge 0

1192.64Mev

Σ

–

(uus)

Charge +1

1189.37Mev

Ω

–

(sss)

Charge -1

1672.45Mev


Microsoft_Office_PowerPoint_Slide5.sldx
Some More Baryons



Σ – (dds)

Charge -1

1197.45Mev

Σ – (uds)

Charge 0

1192.64Mev

Σ – (uus)

Charge +1

1189.37Mev

Ω – (sss)

Charge -1

1672.45Mev





image1.jpeg









Some More Baryons






image6.emf
Neutron Decay
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Neutron Decay.
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