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Unit: Quantum

The Observer Effect, Schrödinger, 
and the Heisenberg Uncertainty Principle
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Observer Effect

1. Imagine that you are measuring the temperature of a small quantity (a thimble-full) of hot water with a thermometer that is very cold. What happens? You will not be able to get an accurate reading because your measurement changes the object you are measuring.

2. Imagine that you are in a dark room trying to locate a ping pong ball using a metre stick. What happens? Again, your measurement changes the object you are measuring. You can find the ping pong ball’s position at a specific time, but not its velocity.

3. Other examples are: measuring tire pressure normally lets some air out, voltmeters and ammeters modify the circuit slightly

Note: The observer effect can happen at the macroscopic level, but it always happens at the quantum level.  When one measures really small, quantum scale, things (on the level of atoms and electrons), the very act of measuring a quantity (even one photon reflecting off something) disturbs the system and changes that quantity. You see, everytime you measure something, you have to interact with it in some way.

Digression into Schrödinger's Equation. 

Schrödinger looked at de Broglie's ideas (and relatively simple math) and came up with an incredibly complex mathematical equation that describes particles as waves.

Each object (particle) is represented by a wavefunction,  ψ(r, t). Although ψ is a complex number, |ψ|2 is real, and corresponds to the probability density of finding a particle in a given place at a given time, if the particle's position is measured.  When  |ψ|2 = 0, the probability of finding an electron there is zero – e.g. at the nucleus.


The Schrodinger equation plays the role of Newton's laws and conservation of energy in classical mechanics - i.e., it predicts the future behavior of a dynamic system.
 


This is Schrödinger's wave equation for non-relativistic particle, moving in an electric field, as a function of position and time.

  



This is the same as the first one, but for stable, time-independent states (standing waves). 


   This equation is for standing waves, i.e. electron orbitals.

One of the great achievements of QM was the solution of the wave equation for the hydrogen atom.

The Schrödinger equation has only been solved exactly for the hydrogen atom. Multi-electron atoms require approximate methods.  Solving this requires using spherical co-ordinates. The solution automatically generates the electron quantum numbers n, l, and m.  To get the 4th quantum number (spin) you need to take relativistic effects of electron speeds into account.
  

( This means that we can no longer predict exactly what will happen in a certain circumstance. All that we can do on the quantum scale is predict the probabilities that something will happen. This is completely different from classical physics.

( All of the particles in your body have a small probability of being located on the other side of the moon. Strangely, you never suddenly just materialize there.

Wave function collapse:

When you fire electrons at a double slit, they produce an interference pattern. Thus they behave like waves. BUT, if you try to detect which slit an electron passes through, you no longer get an intereference pattern, just two dots where the two beams of electron hits.  Why?

The “Copenhagen Interpretation” (which is the most common interpretation) of this effect is that when you observe the wavefunction, you cause it to collapse into a particle. According to this interpretation, the act of measurement causes the set of probabilities to immediately and randomly assume only one of the possible values (of the wave function). This feature of the mathematics is known as wavefunction collapse.  Wavefunctions only collapse when they are observed. What does it mean to observe? It seems to imply a conscious intelligence. Not just a robot or a cat.  If a tree falls in a forest and no one hears it, does it make a sound?

( The weirdest thing about all of this is that you're made of quantum particles.  The entire universe should actually have one giant, ridiculously complex wave function, and you, me, the cat and the electron are all part of it. So, for the universe to collapse into particles, atoms, stars, people, cats, galaxies, something, an intelligent mind, has to observe it. But who or what???

So, the Copenhagen Interpretation is a special quantum mechanical example of the observer effect!

(The other two most common interpretations of QM are

2. the Many Worlds Interpretation: when an electron interferes in a double slit experiment, the interference comes from interactions with electrons in other parallel universes! 

3. the Instrumentalist Interpretation, a position often equated with eschewing all interpretation. It is summarized by the sentence "Shut up and calculate!".  ) 

ASIDE…

The Copenhagen Interpretation connects to the Anthropic Principle.

The anthropic principle is one attempt to explain why the universe is so perfectly designed for stars, planets and life to exist. 

The Fine-Tuned Universe

Most scientists agree that the constants of the universe have very precise values that allow stars and galaxies to form, heavy elements to be produced, etc. etc. If any one of 25 constants varies from its current value by just a few percent, life would not be able to exist. (Some of these constants have much tighter constraints: for example, the ratio of electrons to protons  can change by less than 1/10^37 ; the ratio of electromagnetic force to gravity can only change by less than 1/10^40.) The chances of these numbers just randomly having their current values is something like 1 in 10^10^30. 

Main Explanations of the Fine Tuned Universe (with my ideas after them). 

1. Anthropic Principle: The universe must be set up exactly how it is, because if it wasn’t we wouldn’t be here to observe it.  (There are various other ways of phrasing things: Because we're here to observe it, the universe must have those properties which allow life to develop at some point in its history.)
X This seems like circular reasoning to me, no matter how it’s worded. It’s illogical to say that the universe would not exist unless at some point intelligent life evolved to observe it. 

2. Multiverse Theory: every possible universe exists somewhere in a parallel space. Ours is not special, it's just the only one that is suitable for life – and here we are!
X General relativity also tells us that after a fraction of a second of the universe's existence, “the space-time manifold of the universe has been thermodynamically closed.” This means that it is impossible for any other potential universe to overlap with ours, and consequently, forever impossible to detect parallel universes. (I need to find a second reliable source to verify the preceding statement.) Not only is there no proof of multiverses, but there will never be a proof of them. One might as well believe in clouds of invisible, undetectable pink unicorns floating around us.

3. Intelligent Design: some being of unfathomable intelligence designed the universe specifically so that life could exist. This being would have to exist outside the universe and totally apart from it, outside of space and time. We are not smart enough to envision what a mind or being like this would be like.

4. There was no beginning (Big Bang) to the universe – it has always existed in its present form, so we don't really need to know why it is like it is. Some variations of this say that the universe was created by virtual particles (see below) in vacuum, but this is nonsense. Vacuum (( nothing. In a vacuum there is still space, time, energy. 
X However, many observations support the Big Bang. General relativity also tells us that the Big Bang created not just matter and energy, but also space and time itself – in one singularity.  

… end of Aside
Heisenberg Uncertainty Principle

Shorter wavelengths can measure the position of object more accurately. We’ve discussed this with electron vs light microscopes, Blu-ray vs normal DVDs.

But shorter wavelengths mean more energy, therefore the recoil of the object you are measuring is greater. So the more accurately you know its position, the less accurate the (speed) momentum can be known.  This is an example of the observer effect, but it is more specific, in that (i) it doesn't matter how you measure something, (ii) this has nothing to do with measurement devices, but rather with how the universe is fundamentally designed, (iii) there are two specific quantities that are linked, (iv) measuring one more accurately results in measuring the other less accurately, 

We measure accuracy using a term called uncertainty. The smaller the uncertainty, the more accurate the measurement.

Position can be measured to an accuracy of about x    (i.e. The position is x ( x)  The delta reflects the error in measuring, but the whole equation is not a statement about the inaccuracy of measuring instruments. It’s about nature limiting what we can learn about a particle.

Now, when an electron or photon hits something, it has momentum of p = h /   .: p = h/ 
or p = h

This is changed to 
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(the 4( comes from unit corrections between energy and frequency as well as changing from 1D to 3D)

( h/2 is so common that is has a special symbol h-bar

This is one of the formulas which is used to express Heisenberg’s Uncertainty Principle (1927)
It says that the more precisely one measures the position, the less precisely one can measure the momentum (mass or velocity), and vice versa.

Heisenberg was stopped by a police officer for speeding: “Sir, Do you know how fast you were going?” “No sir, but I can tell you exactly where I am.”

( particles can tunnel through thin obstacles (their wave function may be spread out so that there is a probability that the wavefunction could on the other side of the obstacle)

The other formula comes from measuring frequency. If you hear a very short note, or detect a wave for a very short time, you can't really tell what the frequency is. You need a longer period of time to get a more accurate value.

f  t

Now, for light  E = hf  or f = h/E

(I don't know how this is applied to non EM-waves)

h / E  t

or E t = h
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This says that the law of conservation of energy can be broken for a time (t, by an amount (E.

( Superselection rules in quantum mechanics say that charge (and mass?) cannot be subject to HUP.
These values are fixed for an electron (or proton), unlike its position, energy, momentum.

Implications of Heisenberg Uncertainty Principle

· We can’t know everything about everything. It is inherent in nature that we can’t know the exact details of quantum particles.

· (from HUP and SWE) Bohr’s model of the electron orbiting a nucleus like a planet around the sun is wrong. The electron is not a point particle, but a probability of being somewhere – a probability cloud. Electrons have orbitals, etc. However, Bohr’s model is still useful enough for many purposes.

· (from HUP and SWE) Quantum tunneling. Quantum tunneling is used a number of electronic devices, as well as scanning tunneling microscopes.

· The second form of the HUP implies that virtual particles can exist for short periods of time. It’s a little unclear what they are (at least I’m having trouble explaining them). 

Virtual particles are needed in a lot of theories in subatomic physics. They can also transfer forces (by the exchange of virtual particles). The maximum range of the force is on the order of range = c(t = h/4(mc

* There are various reasons why an electron cannot be in a nucleus. See http://web.mst.edu/~sparlin/Phys107/Lecture/chap11.pdf for 4 of them.

Applications

* Scanning Tunneling Microscope (built in 1981)

· sharp tip (1 atom) brought near surface to be studied

· electrons don't have the energy to jump across the small gap between the metal surface and the metal tip

· electrons can tunnel across the barrier – especially if you make the tip slightly positive.

· The amount of tunneling is very dependent on the size of the gap .: you get an accurate map ot the surface.

· The STM can measure surface features to 0.001 nm (1/100 of atomic diameter!)

Quantum Tunneling:

· this puts a lower limit on the sizes of insulators in transistors of about 1nm. Otherwise too much current tunnels through even when the transistor is supposed to be off, and it's useless. 
· SQUIDs use quantum tunneling of superconducting electron pairs to detect very weak magnetic fields

· in sun for nuclear fusion (protons can tunnel through the repulsive barrier to fuse)

· in types of radioactive decay: (-particle can tunnel out of the nucleus far enough that it can leave.

Sample Calculations:

** See Giancoli p 809,810.

1. What is the uncertainty in the speed of an electron that is confined to an atom?
(x = 10^-10 m
…
(v = 10^6 m/s !  This means that the electron really can’t be thought of as a point particle orbiting a nucleus.

2. What is the minimum energy that an electron must have to stay in the nucleus?
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We observe electrons being emitted from the carbon-14 nucleus (beta decay) with the relatively small energy of 0.016 MeV. Does that imply that there are electrons hanging around inside the carbon nucleus? Definitely not!! The minimum confinement energy for an electron in the nuclear volume is a preposterously high 10.2 GeV, a half-million times greater than the observed decay energy of the carbon-14 nucleus. The calculation of required confinement energy then implies that the observed electron has been created inside the nucleus as a part of the radioactive decay process rather than being simply an ejection of an electron which was already there. 
(from hyperphysics.phy-astr.gsu.edu/hbase/quantum/carbconfine.htm and http://hyperphysics.phy-astr.gsu.edu/hbase/uncer.html#c3)
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