Quantum Polarization: Part 3

Polarized Photons

Demonstration of Entanglement


Before starting this lesson, you might want to give the students a sense of why entanglement is so very, very strange. To do this you need to demonstrate two objects that have random properties and yet are correlated. To do this you need a couple of coins. Flip one coin and then the other. Arrange that if one comes up heads the other, then the other is also heads. If one is tails, then the other is tails. Of course, you will have to cheat, lie or do something magical. One you are exposed, you then tell them that quantum objects appear to be able to do something just like this, without cheating – it’s called entanglement.
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It is possible to produce pairs of photons where the polarization of one photon is always the same as the polarization of the other one. Particles, whose properties are correlated in some way like this, are said to be ENTANGLED.

Particles can be entangled with other properties like spin or angular momentum. For example, in PET (Positron Emission Tomography) a positron and an electron annihilate to produce two photons. In order to conserve momentum, these photons must have equal and opposite velocities. The two photons are detected separately. We know that they traveled at identical speeds in opposite directions, so we can determine where they were produced.


Einsteins’ original entanglement argument dealt with the momentum and positions of two identical particles emerging from one event, like this. David Bohm rephrased the problem in terms of spin to nail it down more firmly. The switch was made to polarized light because it was easier to test experimentally. This thought experiment is called the EPR paradox after the paper by Einstein, Podolsky and Rosen. 
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1) Does a polarizing filter act like a sieve, separating particles with different properties or does it act like a grid orienting crayons? Explain.

The purpose of this question is to start the students thinking about the question and the answer, but not to come to a conclusion. 
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Niels Bohr is the main person responsible for the standard Copenhagen Interpretation of quantum mechanics. It says that you can’t know what the polarization of a photon is before measuring it – you can only know the probability of it having a certain polarization. It even goes farther than this. It says that the photon has no particular polarization before measuring; it is in a superposition of states. It only acquires a polarization when it is measured. You can’t ask what its polarization is before measuring only what the probability of it having a particular polarization will be after measuring. Bohr would say that the polarizers are more like a grid than a sieve. However, it is an imperfect analogy because a crayon is actually in one orientation before approaching the sieve, while the photon is in no orientation before measuring. 
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Einstein led the criticism of the Copenhagen Interpretation. He wasn’t willing to give up causality and leave things to probability – ‘God does not play dice’. He wasn’t willing to give up objective reality. Before measuring the photon, we may not know what its polarization is, but it is silly to say that it doesn’t have a polarization independent of our measurements. If quantum mechanics does not provide a description of this reality, it must be incomplete. He would say that the polarizers act like sieves and select specific photons based on some property that we aren’t aware of. Its like identical twins separated at birth, they will tend to have the same color of eyes, height, mathematical ability, way of speaking and opinions of movies. This occurs because they have the same genetic code – not because they are somehow connected across space.
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Most physicists agreed that there was something funny going on, but they didn’t think the issue could be resolved experimentally. It seemed more like philosophy than science and there was lots of opportunity to use quantum mechanics to develop physics and technology. This is know as the ‘shut up and calculate’ interpretation. 
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This was true until John Bell (1964) proposed an experiment in which the two interpretations gave different predictions. As he put it “Einstein and Bohr considered correlations at 0 degrees and 90 degrees – I considered what happened at 37 degrees.” His analysis of the statistics is referred to as Bell’s Inequality.
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We will look at entangled photons going in opposite directions towards detectors. We will concentrate on how many times the photon pairs agree, i.e. both pass or both don’t. 

2) Four entangled photons head toward two vertical polarizers. If four make it through on the left, how many make it through on the right?





Four photons make it through the left detector, which is at 0(. Therefore four photons make it through the right detector, also at 0(. The percentage agreement is 100%. 
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3) Next, we will orient the right detector at 30( to vertical. Four photons made it through the 0( detector on the left. What would you expect to see on the right?

a)



b)


c) 


d) 





These photons would also pass a 0( filter which is at 30( from this one. The probability of passing is given by (cos30)2 or ¾. On average 3 of the 4 should pass. However, we would often get 4 and could even get 0, but not very often.  However, if we take bigger and bigger samples, our numbers would become very predictable.
Slide 16

4) What percentage agreement do you expect? 

a) 0%


b) 25%



c) 75%


d) 100%

There will be on average, 75% agreement. With only four photons, there can be considerable variation from this, so the experiment would be done with 4 million photons.

Slide 17

5) Next, suppose we put the left detector at -30( and the right one at 0(. What will be the percentage agreement?

a) 0%


b) 25%



c) 75%


d) 100%

This is just like the previous experiment; both detectors have been rotated by 30( in the negative direction and the angle between them is still 30(. This really just redefines which direction we are using as the reference.
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6) Next, we will combine the two experiments and put the left detector at -30( and the right at 30(. Which of the two scenarios below is/are possible?


a) left only

b) right only

c) both


d) neither

Both sides will (on average) have 1 photon that doesn’t pass. However, which photon this is, is random. They could match as on the left or not match as on the right. 

Slide 19

7) How much agreement is expected?

a) 25%


b) 50%

c) 75% 

d) 100%
The agreement can range from 100% to 50% and will probably average around 75%. 
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8) According to quantum mechanics, how many photons should agree?

a) 0%


b) 25%


c) 50% 

d) 75%

What does quantum mechanics predict? If each of the two detectors is rotated by 30(, there will be an angle of 60( between them. If the first passes, then its partner has a probability of cos260 or 25% of also passing. 
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Well, 25% is clearly not the same as 100 to 50%. This is one example of Bells’ Inequality. If we make reasonable assumptions about local, objective reality as Einstein did, then the statistics should between 100% and 50%.
 So what happens when you do the experiment? Alain Aspect in Paris tested this conclusively (40 standard deviations) in 1983. To keep proper track of the photons, he used crystals like calcite that directed the polarizations in different directions, so that each and every photon was accounted for. 

This experiment and every other one since has confirmed the predictions of QM and refuted the sensible predictions of Einstein et al. Nature does not support Bells’ Inequality. Make sure that they note this in their answer to questions #4 and #5. Their  ‘reasonable’ answer is wrong according to nature. 

Entanglement has been demonstrated to 20 km so far. 
When you measure a photon, you automatically and instantly affect its partner. This diagram is from http://www.ipod.org.uk/reality/ a good source of further information. You can see Alain Aspect talk at a public lecture sponsored by the Perimeter Institute of Theoretical Physics. Just go to http://www.perimeterinstitute.ca/Outreach/Public_Lectures/View_Past_Public_Lectures/ 
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The image shows the magnetic levitation of a superconductor.  

The electrons flow with zero resistance because they are all in the same state. Normally, this is impossible (remember the Pauli exclusion principle?) because they are fermions with spin ½. Bosons – like photons – have whole number spin and will go into the same state if given half a chance. Lasers are an example of photons all in the same state. 
In a superconductor, the electrons form entangled pairs with a spin of 2 x ½ =1, so they now obey boson behavior. 
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There’s a great video if you Google “superfluid image”. It has a really long address that I haven’t managed to get in a manageable form. 
The image on the left shows an eternal fountain. It keeps flowing because there is zero viscosity. You get viscosity when a layer at one speed rubs against a layer at another speed. There is no viscosity here because all He4 atoms in a superfluid are in the same state, so they all must move together. 
He 4 atoms can all be in the same state because they have an even number of neutrons and protons. He3 can also be a superfluid if its atoms are entangled in pairs. These pairs are made of 2x3=6 fermions and therefore act as bosons. 
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Entanglement is essential for quantum computers, teleportation and often for cryptography.
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Erwin Schrodinger, who came up with the term entanglement, said that entanglement was ‘the characteristic trait of quantum mechanics, the one that enforces its entire departure form classical lines of thought.” (Proceedings of the Cambridge Philosophical Society, 31, 555 (1935).) 

Extension Questions

9) Does a polarizing filter act like a sieve, separating particles with different properties or does it act like a grid orienting crayons? Answer according to

a) Bohr - grid but with no orientation before hand. 

b) Einstein - sieve


c) most physicists before 1983 - didn’t care or gave up  


d) after 1983 – grid but with no orientation before hand.

10) For what separation has entanglement been demonstrated?

The detectors were 10 metres apart in Alain Aspect’s experiment. In 1997, N. Gisin at the University of Geneva performed a similar experiment with detectors 11 km apart. More recently it has been over 20 km.

11) In your own words, explain why these results are so strange.

Somehow, the entangled particles are instantly connected, no matter how far apart. It appears to violate relativity. 

12) How is entanglement related to superconductors, superfluidity or quantum computers?
Superconductors owe their property of zero resistance to Cooper pairs of entangled electrons. Resistance acting on any one electron must act not just on the pair but also on all the pairs as they are all in the same state. It’s like hundreds of people standing on a conveyor belt moving with the same velocity, vs. hundreds of people walking in different directions in the same sized space. Normally electrons, as spin ½ particles or fermions cannot be in the same state (Pauli Exclusion Principle). However, as entangled pairs they act as one object with integer spins and prefer to be in the same state.

Quantum computers store information in qubits, which can be 1, 0 or any superposition in between. If two qubits are entangled then they can be in 00, 10, 01, 11 or any superposition of these states. This means that the power of qubits to store information grows exponentially with the number of entangled qubits. The world record in 2008 is 16 entangled qubits. 

He3 can only be a superfluid like He4if it is made up of entangled pairs. This is similar to the Cooper pairs of electrons in superconductors. A superfluid has zero viscosity, just like a superconductor has zero resitance.s

13) Do the analysis for a rotation angle of 45( instead of 30(. Why are these results not as clear?

Each rotation gives rise to 50% agreement. Therefore both rotations at the same time could have 0% to 100% agreement. The angle between the two detectors is 90(, so QM says the disagreement will be 100%. If the result is significantly less than 100%, this supports HV, but a value of 100% won’t distinguish the two.

14) Do the analysis for 0(. What are these results inconclusive?

Each interpretation says there will be 0% disagreement. That’s why the thought experiment, as originally proposed couldn’t settle the argument.

15) These results look like they violate Special Relativity. It seems as if information is travelling faster than light. Imagine that you send one glove to Akai in Tokyo and the other to Boris in Moscow. When Akai opens the package and sees the left glove, she knows that Boris must have the right glove. Has information been transferred from Tokyo to Oslo? What if instead of gloves, these were entangled photons. Can they use this to transfer information between each other? 

In this case, no information was transferred between Akai and Boris. The information was transferred from the sender because of the understanding that gloves have a left and a right. However, this is different from photons, because they contained their handedness values before they were measure. They had hidden values. The photons don’t. David Bohm feels that there is information transmitted instantaneously between the photons. Others feel that the entangled photons are somehow ’local’ or connected, so no transfer is needed. Either way, there is no way that Akai and Boris can you this to send information faster than light.
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� This is the simplest example of the statistics of entanglement I have found and it comes from “The New Quantum Universe” by Tony Hey and Patrick Walters. Theirs is the best popularization of quantum mechanics that I’ve read.


� This is very similar to the double slit experiment. If photons, electrons or bucky balls behaved like reasonable, classical particles, then the distribution with two slits should just be the sum of the distributions with one slit open at a time – but it isn’t.





