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The problems posed by quantum mechanics are as difficult as they are profound. There is no consensus …as to how to solve them p. XIV

The theory [of quantum mechanics] has steadfastly resisted interpretation. It gives a detailed set of instructions for calculating submicroscopic processes, while….failing to provide the usual comprehensive picture of how these processes take place. 

Niels Bohr… originated the so-called Copenhagen interpretation, according to which all hope of attaining a unified picture of objective reality  must be abandoned. P. xv
Einstein disagreed, noting that for centuries science had viewed its aim as the discovery of the real.
In his book The Character of Physical Law, Richard Feynman declared that “nobody understands quantum mechanics”. 

Recently however, renewed efforts to explore these puzzles has gained momentum.

Two important advances stand out:1)  Bell’s theorem, which showed that questions pertaining to QM were not purely matters of interpretation and philosophy, but actually had physical implications. 2) enormous technical strides now permit us to perform experiments with single
Quantum entities: atoms, electrons, photons.

P. xvi

In our view, modern research has only made the theory’s paradoxical nature more evident.
We present conceptual issues in an experimental context. P. xvii
It will become evident as this book proceeds that ….the challenges to our understanding posed by quantum theory extend all the way to our conceptions of the nature of physical reality, and the proper function of science itself. The research we describe has made it abundantly clear that the conventional view is entirely inadequate.

New issues have arisen, such as quantum beats, quantum non-demolition measurements, quantum non-locality, and quantum erasures. 

A new mood is on the rise in which the contradictory features of QM are enjoyed in their own right.

These mysteries encourage us to ask ever deeper questions. Perhaps we will come to a new way of seeing.
P xviii
Chapter 1 Matter Waves 
An experiment

In 1989, an experiment reported by A Tonomura et al dramatized deBroglio’s matter wave conundrum.  Individual electrons were passed through an apparatus which simulates a double slit.

These electrons then passed through an electron counting devise to image (via photons) the arrival of electrons one by one.

p. 1

sparkles appeared, each indicting the arrival of an electron. At first these tiny bursts of light

appeared to spread uniformly across the image plate. But as time went on, hints of a pattern began to emerge. By the time 70,000 arrivals had been recorded, the wave interference pattern was clearly evident.

p. 3.

A second experiment
The results of the first experiment are intriguing.

We now plug up one of the two slits and run the experiment again
There is not the slightest doubt what the results of this experiment 

Would be. 

Me:  why is there no doubt? the experiment was not performed, so the outcome cannot be known with certainty.

Blocking slits a and b would cause  the sequence of light and dark bands to be replaced by a single band, directly under slits b and a respectively.

Authors state that this implies each electron went through both slits; but there is another possibility: 50% of the electrons went through each slit. But this is also weird: how would each electron know what the other electrons re doing ???

The logic seems irrefutible  each electron was in two places at the same time.
Or were they? This interpretation is not the only one. This interpretation would only be true if we assumed that plugging one slit has no effect on the electrons traveling thru the other slit. This assumption is called “locality”: things done at one location only effect that location. But if we drop the locality hypothesis, we are no longer forced to conclude that electrons can be in two places at once. 

p. 7 

1.4 Beyond the Electron

These results have been replicated using neutrons, atoms, and Bose Einstein Condensates.

p. 12

1.5 Quantum Theory of the Two Slit Interference

The locations of maxima and minima brightness of the screens on which the electrons fall coincide with the predictions form the wave function.

Pg 18
1.6 Critique of the Quantum Mechanical Account
QM has accurately predicted the interference pattern observed in the experiment. But has the theory explained how this effect can be the result of particles passing through the slits? No. the quantum theory used in the prediction pertains to waves. it is impossible to visualize what has been going on in these experiments. 
De Broglio noticed the connection between particles and waves.

Historically, a long struggle has ensued on how to think of the world; as waves or particles. 

p. 18 f
Chapter 2 Photons

Ever since the early days of quantum theory, physicists have tended to regard matter and light as equivalent: particles show wave like properties and light shows particle like properties. Recent research however, has shown the situation to be a good deal more subtle than this. In 1969, it was shown that the photoelectric effect could be understood without invoking the concept of photons at all.  Subsequent experiments designed to expose the particle nature of light failed to do so.

p. 23. 

2.1 Do Photons Exist ?
Light waves are not like water waves. Nothing prevents an ocean wave from hitting the sand

Simultaneously along its entire wave front, but the analogous case does not hold true of light waves. One finds that individual grains of silver halide on a photographic plate are blackened 
One at a time.
We find a similar situation with more modern light detection systems, like photomultipliers and avalanche photodiodes. These devises respond to a continuous light source by “clicking”, but the clicking is the result of a cascade of electrons forming a detectable pulse, the cascading electrons set off by light. That click of electrons is typically regarded as representing a photon, but does it?

Discrete detection of events does not imply discrete impact events. For example, on a fall day we may see a shower of leaves hit the ground after a gust of wind. Do we then infer that the wind is a hail of bullets that picks off leaves? The shower of leaves was caused by a continuous undulating fluid that moves the leaves until they fall off. Similarly, could the electrons be rocked by a continuous light wave, until they fall off?

In 1922, Einstein received the Nobel Prize, not for his relativity theory,  but for his interpretation of the photoelectric effect as being due to particle like photons striking the surfaces of metals and ejecting electrons.

Text books often repeat Einstein’s argument as proof
P 24
 that light has a particle nature. And yet, it has been cogently argued that Einstein’s conclusions were not fully justified.

In some form, the photoelectric effect stands behind all types of light detection.
Four features need to be explained by any potential theory: photo current vs time, vs light intensity, vs retarding potential, and vs frequency

p. 25.
Einstein’s photo electric effect theory explains these four features. In 1969, Lamb, and Scully showed  that Einstein’s theory is not the only possible one accounting for the four features.

Their conclusion was that the photoelectric effect does not constitute proof of the existence of photons.
Lamb, and Scully treated atoms quantum mechanically, but regarded light as being a purely classical electromagnetic wave, with no particle properties.
p. 26

What are the firm grounds for believing in photons as particles of light?  By its nature a particle
Can only be in one place at a time, while a wave spreads out over a large region. Experiments have been designed to test light sources to determine if two light detectors click at the same instant (implying wave) or click at different times (implying particle.)  the results of such experiments are analyzed in terms of an “anticorrelation parameter” A.

If the two detectors never trip at the same time, implying particles of light  (photons), A is zero.

if the two detectors trip randomly and independently, implying a combo of particles and waves, A = 1. A measured value of A greater than 1 implies the two detectors are clicking at the same time
more frequently than purely random behavior would allow- a “clustering” tendency implying more waves than particles.
p. 29.

In 1956, the first careful investigation of coincidences was made by Hanbury-Brown and Twiss using a weak light source.

p. 30
They found a strongly coincident signal. The measured value of anticorrelation parameter A was 2.

Not only did their experiment fail to demonstrate the existence of photons and the indivisibility of weak light; it showed that light seemed to travel bunched up: One can divide the bunch in half, but the two half bunches arrive at the detectors at the same time. These results startled the physics community and launched a new discipline, the study of the quantum nature of light. 

If light behaved in a purely classical way, every event would be coincident, and the anticorrelation parameter would be huge, but this is not the case. No purely classical explanation of the Hanbury-Brown and Twiss results has ever been found.
P. 31

However, the results may be understood in a semi-classical way: The light is described in purely classical terms; ie as waves with no particle properties. The detectors however, are treated as quantum mechanical systems, with several energy levels, and the process of detection is regarded as a transition from a ground state to a positive energy contiunuum state.  (how does this bear on the concept of biophotons?) This is how Scully and Lamb approached a photon free description of the photo-electric effect.
Hanbury-Brown and Twiss used a light source of fluctuating intensity (light bulbs), which means that the autocoorelation parameter will always be greater then one, and no evidence of a particle nature of light will be found. 

The  Hanbury-Brown and Twiss experiment was repeated using a non fluctuating laser source. 
The  autocoorelation parameter turned out to be one, still not what one would expect from a particle source. The semiclassical theory predicts this for a constant light source.
p. 33.

Photons at Last
Experiments that attempt to show that light is composed of photons will only succeed if the light they study is composed of a well defined number of photons: ie, One photon. The light must be in the eigenstate of the operator  corresponding to photon number. This was achieved by Grangier, Roger, and Aspect in 1986. Random light was eliminated, and only specific photons were measured. They obtained an anticorrelation parameter value = 0 for the specific photons, demonstrating particles.
Many think of photons as being the constituent of light in the same way that atoms are the constituent of matter, but this is not correct.

Most forms of light, for example from the sun or from electric light bulbs, are not composed of any particular number of photons. This light may be accounted for as classical waves, combined with a quantum treatment of the detectors. The concept of light is much more subtle than had previously been thought.

p. 34-37.

Wave Particle Duality for Individual Photons. 
Grangier, Roger, and Aspect showed that individual photons at a beam splitter either reflected or transmitted; never both. They allowed these particles to travel thru an interferometer. Data from their experiment clearly shows an interference pattern. The photon, which before took one path, now takes both. Recall however, the crucial role played by assuming locality in this case. 

p. 37.

The essence of QM is held between these two experiments by Grangier et al. Taken individually, neither is problematic. Taken together, our understanding grinds to a halt.
Light appears as a wave under certain circumstances, and as a particle under others. The same is true of electrons, neutrons, and atoms. 
Delayed choice

Is there any way to understand these phenomena while keeping common sense intact?

One possibility exists that would account for this phenomena: electrons, neutrons, atoms, and light sense an experimental setup, and adjust their nature accordingly. If they sense an experiment capable of showing interference, they become waves. Else, they become paticles.
We refer to this vies as the “conspiracy theory” of physical reality. 

In 1978, physicist John Wheeler proposed a means of testing it: the so called delayed choice experiment.

p. 39

This experiment has been performed. Its results imply that no revision of this sort is sufficient. 

The “conspiracy theory” fails. Further, the delayed choice experiment dramatizes the puzzling nature of light still further. 
Wheeler’s delayed choice experiment is capable of detecting either particles (anticoincidence) or waves (interference), but the experiment is designed so that the choice of which aspect is observed is delayed until after the photon has decided what it will be. 

The physical arrangement is much like the Mach-Zehender interferometer, except that a second beam splitter can be inserted or removed at will, after the photon has passed thru the first beam splitter and “decided” to behave as particle or wave. 

p. 40.

If a photon acts as a particle going through the first beam splitter,   according to the “conspiracy theory”, the last instant insertion of the second beam splitter should have no effect: the photon particle will remain a photon particle. 
The implementation of the experiment used linearly polarized short pulses of laser light, with an average of one photon in each.

p. 41

The results were that no matter when the second beam splitter was inserted, an interference pattern was observed. Conversely, if the experiment began with the second beam splitter in place,

Interference was never observed, regardless of when the second beam splitter was removed. These results are exactly what quantum theory predicts, and contradicts the “conspiracy theory.”
The photon can go from traveling one path to both paths at any time in its history.

Light is never fooled. What does this tell us? 

p. 42

This experiment shows how flawed the simple wave particle description is. Once light is in an interferometer, we cannot think of it as either a wave or a particle. What is called for is not a composite theory stitched together from various classical concepts, but a new theory. Same with matter particles also.

The notion of “altering the past” is a flawed concept. As we shall see, it is wrong to think about a real physical situation prior to observation of that situation. In chapter 8 we give a more careful interpretation of the implication of the delayed choice experiment. 
P. 43.

Quantum theory is completely unperturbed by these results. It says nothing about splitting at a beam splitter, a photon “choosing” one path or both. These are just holdovers from a classical description of the world. 

Yet quantum theory provides a clue. The QM calculation of interference always makes use of the superposition principle.  The theory always involves the sum of two or more terms that are then squared. With this, even a single “indivisible” particle can be put into a superposition state, and in this state it no longer has a physical location.    In a detector, photon, electrons etc  always appear as simple unitary objects; but outside the detector, these same objects are capable of developing into a complex extended form susceptable to an interferometer.

Wheeler has referred to the quantum as “a great smoky dragon”, simultaneously existing in every 

Nook and crany of an interferometer, which suddenly bends forward to bite the detector. Perhaps this is as good a description as we can find at the moment.  
The objects and structure of quantum theory suggest a deep reformation of what the world is and how it is put together.

p. 44.

Chapter 3: The Uncertainty Principle

The Pfleegor-Mandel Experiment
2 lasers, one photon; a single letter mailed from two locations.

Relative coherence is achieved for short periods of time between laser beams. An interference pattern was shown when the beams from two independent lasers were passed through a series of beam splitters and a mirror to converge. When the laser light was reduced in intensity to the point where only one photon was present in the beam splitter mirror apparatus, a weak interference pattern was still observed.

p. 45-46.

P.A.M. Dirac has written that “….each photon interferes only with itself. Interference between different photons never occurs.” Dirac’s statement seems to imply that the single quantum is being “co-produced” in the two different lasers.    
We will argue that this is the case.
p. 46.

Quantum theory provides no way to determine which laser each photon comes from. This is not due to poor experimental design, but due to the fundamental nature of quantum physics.

This result follows from application of Heisenberg’s Uncertainty principle, as explained below. 

Heisenberg’s Uncertainty principle
Often, when we measure something, we disturb it. To measure the position of an atom requires that we bounce light (or something) off of it, which will obviously disturb it. This is an observation based on classical physics. Heisenberg recognized the new fundamental limits to measurement set by the “quantum of action.”
There are two limits: While according to classical physics we can make the disturbances as small as we want, according to quantum mechanics we cannot. The action of light, for example, is quantized, so it cannot avoid disturbing a particle it hits. The second limit is that this disturbance is uncontrollable and unpredictable: correction for the disturbance is impossible.

Heisenberg’s “uncertainty microscope”:
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A particle is observed by illuminating it with light/photons, which scatter and are captured by an observing lens. 

The uncertainty of the position of the photon is the same as the resolving power of the observing lens.
The change in momentum imparted to the particle is roughly the same as the momentum of the light photons, but not exactly, due to the photon scattering. There is an uncertainty in this momentum.
A classical equation can be developed giving the total uncertainty as the product of the

Uncertainty due to resolving power of the lens times uncertainty of momentum due to the scattering of photons. 

Uncertainty of momentum X uncertainty of position =  wavelength of light X momentum of incident light/2

A high resolution experiment will try to minimize this uncertainty, allowing the experimenter to determine both the particle’s position and momentum.

Minimum light wavelength and minimum light intensity give a minimum uncertainty. In the classical world there is no lower limit to this minimum uncertainty.

In the quantum world, there is a limit to the minimum intensity of light by virtue of the fact that in the limit, light is not a wave, but a single photon.   
The momentum of this photon is inversely proportional to wavelength, so wavelength cancels
Out on the right side of the above equation, so 

Delta position X delta momentum is greater than or equal to h/2

p. 49
The  Pfleegor-Mandel experiment clearly violates our common sense notion of causality.

Light is normally produced (caused) by some process in a devise. 

p. 53
yet in this experiment, an ambiguity arises as to which source emitted the photon. This essential ambiguity means that we are also uncertain about the explanation for physical events. 

In 1812, Pierre –Simon de Laplace wrote of an all seeing “intelligence”, that could know the positions “the positions of all things of which the world consists.” With initial conditions, forces of interaction, and the laws of physics,  everything was determined.
But quantum theory demands a reconsideration of this framework. Heisenberg’s uncertainty principle limits our knowledge of the world.

p. 54
Uncertainty principle and descriptions of natural phenomena

Classically it is possible to follow in the mind’s eye the passage of events in a nuclear reactor. We can imagine each individual neutron striking it’s nucleus, each nucleus fissioning and emitting other neutrons, which move in definite paths thru space, till by chance, they strike other nuclei. In this way we can imagine a movie, which shows in detail the actual sequence of events in a reactor.  But according to QM, no such movie is possible. We find ourselves unable to visualize the operation of a nuclear reactor.

p. 56

the uncertainty principle has allowed the solving of certain problems that were at one time perplexing.

Continue pg 57 
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