Bose-Einstein Condensates


 http://www.colorado.edu/physics/2000/index.pl 

Temperature

1) Compare temperature and heat. Refer to the simulation and an example from a kitchen.

Temperature is the average speed/energy of the atoms bouncing around and heat is the sum of this energy. A fresh mad cup of tea has a higher temperature than a sink full of water to wash dishes, but the sink may have more heat because there are way more molecules.

2) What is absolute zero and why is it more significant than zero Centigrade or Fahrenheit? 

The other zeros are defined by the freezing point of some liquid (water, alcohol) and other liquids and freezing points could define other scales, Absolute zero, is where all motion stops. You can’t get colder than this.

What is BEC?

3) How do the possible energies of the atoms in the gas compare to the energies of electrons in an atom?

Both have discrete or quantized energy states. However, in the gas, the difference between energy states is so small, they aren’t noticeable until you get to very low energies.

4) Describe what happens to the atoms in the simulation when you slowly lower the temperature.

The atoms move more slowly and are found in lower energy states on average. There is a spread of values until you reach a low temperature, but not zero, when they all condense into the lowest state and stop moving. This is a sudden transition. Further cooling has no further effect. The atoms are all in the same place!

Laser Cooling

5) Describe how a laser can heat or cool an atom. Include diagrams to make it clear.


If the atom is hit head-on, it can result in the atom being slowed down or cooled. To conserve energy, the photon must gain energy and it can only do this by an increase in frequency, not speed. A rear-end collision can result in the opposite effect. This is seen in the simulation if you keep hitting the atom with the laser. It slows down, stops and then speeds up.

6) How many atoms can you stop at one time? Describe what you had to do.

You have to get the atoms completely stopped or else they will drift off. This includes up/down drift. You have to avoid giving it another kick when you are positioning the laser for the next atom. You need to be lucky or choose to stop atoms that are spread out vertically. 

Tuning the Laser
7) Explain why the laser light has to be a particular colour? Refer to atomic spectra.

The atoms don’t simply collide with the photon. The atom must absorb the photon and then re-emit it. The atomic energy levels are very specific and only allow certain jumps in energy. The energy of the photon must match that energy difference. Note that the photon can be emitted in any direction, unlike a billiard ball. Therefore the cooling comes from the absorption and not in general, from the emission. 

Doppler Shift

8) Describe how the Doppler shift makes this laser cooling both easier and harder.

The Doppler shift ensures that the atoms get slowed (head-on collisions) without others being sped up (rear-end collisions). The head-on atoms see a higher frequency/energy and it is this value that is set to match the absorption energy. However, this energy has to be lowered as the speeds are reduced and the Doppler effect diminishes.

Optical Molasses

9) How many atoms can you stop at one time? How did you do this?

This simulation requires very fine adjustment of the colour. There is a lot that is beyond your control. Once you stop one atom, you just hold it at this frequency and wait until atoms come by with reasonable positions and momentum.

10)  How are magnetic fields used and why are they necessary?

A small magnetic field is applied, that changes the atomic energy levels slightly when the atom is at the centre. This means it will no longer respond to the laser kicks. 
Magnetic Trapping

11) How are magnetic fields used differently here and why are they necessary?

A large magnetic field exerts a force on the magnetic dipoles of the atom. The atoms will have some motion and we want to keep them contained without contact with a material wall that would transfer energy to the atoms.

Evaporative Cooling

12) Get a BEC as fast as you can on the simulation. How much time did it take? How did you do this? What is the problem with this technique?

Make the sides really low and it cools very quickly – in seconds. You don’t have many atoms at the end, just a few.

13) What is the maximum number of atoms you can get in a BEC in 120 seconds? How did you do it?

I was able to get 24. You only lower the walls, when it looks like it will be a really long time until the next atom escapes.

What does a BEC look like?

14) A BEC is supposed to have all the atoms in one spot. Why is there a spread to this spot?

This is due to Heisenberg’s Uncertainty Principle. You are limited in how precisely you know the momentum and position of the condensate. To find its position, you bounce light off it. However, this light gives the condensate momentum, but you don’t know in which direction. The more light you bounce, the more precisely you can locate it and the less you know about where it is going. This uncertainty is a fundamental, theoretical restriction and not a technical one that can be surpassed.

What is BEC good for?

15) What is BEC good for? Compare it to lasers.

There are no applications now and probably won’t be any for decades. However, a BEC is very similar to lasers, where the photons are all in the same state. It had no uses at first and then the specific position/direction found uses as a survey device, code reader, precision welder and surgical tool. The specific colour provides a tool for manipulating individual atoms as we’ve seen here and in quantum computers. It has lots of potential.

